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Phylogeny of the Genusrachisand its Application to the Evolution of the Major Peanut
Allergen Ara h 2

Sheena Anne Friend
ABSTRACT

Peanuts A. hypogaepare an economically important crop, a source of food allergies and a
member of the South American gerArachis.The eighty species of genAsachishave been

divided into nine sections. The largest, secAoachis,has been furtheuddivided into three
genome groups. The current intuitive understanding of the evolutionary relationships among
Arachisis based on morphological, geographic and cytogenetic data, but a comprehensive
phylogenetic study for the genus is lacking. A tofal® species representing all nine sections
were usedo reconstruct a phylogeny based on sequence information from ptagtigtnF and
nuclear ITS genomic regions. Phylogenetic analysis resolved secti@mervosaeat the base,
followed by section3riseminataeandCaulorrhizae Two major terminal lineages were

recovered. One is comprised of secti@nsctoides, Heteranthae, Procumbentes, Rhizomatosae,
andTrierectoidesreferred to here as group erectoides. The other is comprised of two major
clades, arachis | (B genome, D genome, and aneuploid species) and arachis Il (A genome
species). The phylogenetic trees show that sequence data partially agrees with the relationships
described in the monograph; however, some further investigation is nedessanfy

relationships within and among species of the two terminal lineages. In addition, the major
allergen Ara h 2 from 12 wild species from across the genus was analyzed for mutations that
could potentially produce a hypoallergenic ortholog. I Waund that the evolution of the

allergen mostly reflected the species phylogenies based on ITS and combined. The majority of
substitutions and length variations were concentrated in the loop connecting helices H2 and H3.
SectionArachisspecies tendet have larger HH3 loops, while those from other sectidrad

shorter loops. The immunodominant epitopes #6 and #7, located within this loop, tended to
contain mutations or were truncated among species outside of seamns Dot immunoblots
showedreduced IgEbinding to peptides representing portions of theH®loop fromA.
guaranticaandA. triseminata Orthologs from wild species have demonstrated that they could
potentially contain variations of the allergen Ara h 2 that could be utilizeeMelap a safer

peanut cultivar.
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Chapter 1: Literature Review



Introduction

The economically important peanut crégdchis hypogaed.) is a member of the
legume family Fabaced€igure 1.1) The peanut is the seceambst widely grown seed legume
in the world and a major contributor to the global production of consumable oil and protein. Itis
one of the top 30 crops that feed the wgHdmmer et al., 2003nd is cultivated in over 100
countries with a 38.2 million metric tons global production (FAOSTAT, 2009). Notiserhe
peanut a good source of high temperature cooking oil, but also it is an economical source of
proteins and nutrients. In the United States, peanuts are often @shdirettly or in
confectiongdMottern, 1973)and the average American consumes approximately eight pounds of
peanuts annuall{SaavedréDelgado, 1989)

The crop peanut is the most wkiilown member of the legume gerArmchis The
Krapovickas and Gregp (1994)monograph ofrachisrecognized 69 species, all native to
South America, and divided them into nine sectipnsdominantly based on morphological
traits and geographic distributioArachis Caulorrhizae ErectoidesExtranervosae,
HeteranthagProcumbentesRhizomatosael rierectoides andTriseminatae An additional 11
species have been identified and taxonomically classified into the sections proposed in that
monographValls and Simpson, 2005)SectiorArachis the largest section, has bdarther
subdivided into three groups of species based on genome types (A, B and D) as determined by
the chromosome morphology and crossability dldtzsted, 1933; Smartt et al., 1978a; Stalker,
1991) The majority of theArachisspecies are diploids basenx=10 (Krapovickas and
Gregory, 1994) Five tetraploid (2n =x= 40) and four aneuploid species (2nx=218) are
presentinthegenykr apovi ckasl @94h v& é&Rpaaloza and Valls, 1997)

SectionArachiscontainstwo tetraploidsA. hypogaeandA. monticola while the remaining



Figure 1.1 lllustration of the peanut crop,. hypogaedy Franz Eugen Kohlel@87).

three tetraploid specieé (glabratg A. nitida, andA. pseudovillog) are members of section
Rhizomatosaérapovickas and Gregory, 1994The majority of the aneuploid species (A
decora, A. palustrisandA. praeco) are members of sectigkrachis(L a v 1 % 9P8&aloza and
Valls, 1997) the remaining aneuploid speciés,pophyrocalyx is a member of séon
ErectoideqP Baloza and Valls, 2005)
Despite containing an economically important crop and numerous species, a
comprehensive understanding of the phylogenetic relationship within geactsisis lacking.
Krapovickas and Gregoi1994)presenteg n i nt ui ti ve depiction of tF
phyl ogenetic relationshipso among the section

geographic distribution, and hybridization and pollen fertility data initially published by Gregory



and Gregory1979) Based on these datarectoidesExtranervosagHeteranthae
TrierectoidesandTriseminataear e consi dered t o be sAeachisi ons of
Caulorrhizag ProcumbentesandRhizomatosaar e consi dered relatively
(Krapovickas and Gregory, 19945ince the publication of the monograph, studieAmachis
examining the evolutionary relationship have resulted in inconsistent scenarios regarding species
relationships. The unclear and inconsistent evolutionary picturedérachisgenus has been
due to the use of small taxon sampling, lack of sectional representation, and insufficient markers
(Halward et al., 1991; Hilu and Stalker, 1995; Hopkins et al., 1999; Lu and Pickersgill, 1993;
Raina et al., 2001)Thus, the prapsed species and section relationships of this genus have not
been assessed well.

Here | present phylogenies that examine the species, genome, and sectional relationships
within the genug\rachisgenerated using DNA sequence information from the nudleasamal
internal transcribed spacer (ITS) and plastid intergenic spacers and intron of transfer RNAs
regionstrnT-trnL-trnF. The resulting phylogenies and species groupings were compared to the
sections proposed in the monogrghapovickas and Gregoyyt994) This approach is not
without precedent as sequence data have previously been used in phylogenetic studies to clarify
relationships among economically important crops and remaining species within its genus
(Buckler and Holtsford, 1996; Chacén &t 2008; Golovnina et al., 2007; Kellogg and Appels,
1995; Warwick and Sauder, 2005 robust phylogeny will not only benefit crop breeders
seeking to improve growth and productimtalso could be applied to the serious,-life
threatening medical isewf peanut allergy.

Food allergies, peanut allergies in particular, have become a major health issue in the past

decade because of the potential to cause severe to fatal re@ataoner, 1999) Allergies to



peanuts and tree nuts affect approximatedydof adults in AmericéSicherer et al., 2003)In
children, the prevalence of peanut allergies has almost doubled in the past(@Gzuadg et al.,
2002) Possible explanation of the increased prevalence irshaaker exposure to peant (
uteroor through breast milk) or through the growing number of foods that have small amounts of
nuts(Hourihane et al., 1996; Sampson, 1998hother possible explanation for the rise in food
all ergies is the fAhygiene hypothesis, o0 which
agents has caused the incidence of food allergies to inc&aseh@an1989). The more severe
reaction to éod allergy is anaphylaxis, which Bock et al. (2001) reported to cause 150 deaths in
the US annually. Of these, 80% are due to accidental consumption of peanuts or {(®@edkuts
et al., 2001)

The sources of peanut allergies have been identifiessh@ged storage proteins found in
the cotyledons of the seeds, referred to as Ardh(Asero et al., 2002; Burks et al., 1992;
Burks et al., 1991; Klebefanke et al., 1999; Krause et al., 2009; Pons et al., 2002; Rabjohn et
al., 1999) The allergens Axh 3 and Ara h 4 were found to be isoforms of the same protein
(Boldt et al., 2005) Of the ten allergens, Ara h 2 (conglutin seed storage protein) is considered
to be the most important allergen due to its ability to stimulate an allergic reactioy kwe
doseqKoppelman et al., 2004)Iinterestingly, this potent allergen exists in two forms in the
cotyledon(Chatel et al., 2003)The allergen has been studied mainly in the peanut crop;
however, Ramo&006)has looked at the Ara h 2 allergen irdwspecies proposed as the
progenitors of the crop using Southern blotting, sequence comparison, gamsituc
hybridization (GISH) and fluorescentesitu hybridization (FISH). Each of the two isoforms of
the Ara h 2 proteins was contributed by A @denome progenitors of the tetraploid peanut

crop,A. duranensigndA. ipaensisrespectively.



In this dissertation, | also examined the molecular changes in the allergen Ara h 2 in
fifteenwild Arachisspecies. The focus was on the changes in a Egpmr that contains
epitopes consistently recognized by peanut sensitive persons. Bioinformatics methods were
utilized to assess the changes and their potential effects on the protein structure. Homology
modeling was used to predict the influence mutetiand insertions/deletions to the amino acid
sequence had on the tertiary structure. | predicted potential antibody binding epitopes using T
cell epitope programs to determine if the Ara h 2 orthologs were less likely to be allergenic.
Mutations foundn the loop region with immunodominant epitopes were evaluated using dot
immunobloting. Differences in antibody binding affinity for the loop regions were asses
through the use of synthetic peptides probed with Ara h 2 specific antibodies generated in
chicken or sera from peansgnsitive persons.

In addition to looking at the variation in the allergen Ara h 2 in Wildchisspecies, |
have also compared the species grouping for the gene and phylogeny foAigais The
genus phylogeny will be udas a scaffold on which the evolution of the allergen gene will be
mapped. The evolution of the allergen Ara h 2 orthologs in the peanut genus serves as a case
study that can set the stage for future studies examining allergenic propertiegroteiren the

wild species.Genes found to be hypoallergenic can potentially be transferred to the crop.

Genus Arachis

Taxonomy and Geographic Distribution

The genudirachisis a member of the family Fabaceae, subfamily Papilionoideae, tribe
Dalbergieag(Wojciechowski et al., 2004)Pohill (1981)initially placedArachisin the tribe
Aeschynomeneakespite the lack of lamented pods. BasedatK/trnK sequence data, Lavin

et al.(2001)resolvedArachisin the tribeDalbergieaewithin the Pterocarpusclade.



Linnaeus described the crop spedeachishypogaean 1753 The first wild species of
Arachiswere not described until almasinetyyears late(Bentham, 1841) Taxonomic
assessments of the genus were completed in the early-twvemteth ceniry (Chevalier, 1933;
Chevalier, 1934, 1936; Hoehne, 194\t these evaluations did not categorize species
consistently Each taxonomist had his own classification and, thus, strong incongruence existed.
In the earlyl970s and early 1990s, researclatsmpted to clarify the taxonomic nomenclature
for sections withirArachis(Table 1.1,Gregory et al., 1973; Krapovickas, 1969; Singh and
Simpson, 1994) However, these taxonomic treatments of the genus were not considered to be
valid under the rules dhe International Code of Botanical Nomenclat{(Ressler, 1980)

The latest treatment of tihgachisgenus by Krapovickas and Greg¢ip94)provided detailed
descriptions of species and compiled geographic, morphological, and crossability data. This
classification recognized sixtgine species in the genus and divided them into nine sections
(Table 1.1). Eleven species were recognized by Simpson and2G05)based on an
examination of additional taxa samples collected since the publication of tiegraph.

Simpson and Valls (2005) identified three new species and elevated eight samples to species

status.



Table 11 Theclassificationof Arachissections with genomes of each section are designated within the

parentheses.

Gregory et al., 1979 Singh and Simpson, 1994 Krapovickas and Gregory, 1994

AmbrinervosaéAM) AmbrinervosaéAM) Arachis(A1, Az, A3)
Arachis(A1, Az, As) ArachigA1, Az, Az) Caulorrhizae(C)
Caulorrhizae(C) Caulorrhizae(C) ErectoideqEy)
ErectoideqE;, E, Eg) ErectoideqE;, E) ExtranervosadEx)
ExtranervosadEx) ExtranervosadEx) Heteranthag AM)
RhizomatosaéRi, Ry) ProcumbentegEs) Procumbentd&s)
TriseminalagT) RhizomatosaéRi, Ry) RhizomatosaéRi, Ry)
TriseminalagT) TriseminatagT)
TrierectoideqE;)

Geographically, thérachisspecies can be found east of the Andes Mountains and south
of the Amazon Rive(Figure 1.1) mainly in Argentina, Bolivia, Brazil, Paraguay, and Uruguay
(Krapovickas and Gregory, 1994The distribution of the species throughout these countries
follows the flow of the rivers, whichrehypothesized to be the main route of seed distribution
for this genus. The areas around the eastern boarder of Bolivia and western Brazil are believed
to be the areas in which the majority of species diversitfJawvis et al., 2003)Gregory et al.
(1980)cited central Brazil as the center of origin Aachisand northern Argentina or southern

Bolivia as the center of origin of the crop peanut

Arachis hypogaeaene pools
The peanut crop is known to have a narrow genetic background and thus improvement through

the use of germplasm from wilfachisspecies could be used to improve the &a@bility to



resist disease and droudKibchert et al.1996) Gene pools provide plant breeders an informal
view of the relationships between the crop and its wild relatives. Ha®&2)provided broad
descriptions of gene pools to indicate the genetic relationship between a crop and its related wild
speces. The primary gene pool (& consists of the wild and cultivated varieties that are
defined to be part of the same species (Figure 1.1). When crossing members, déiBle

hybrids produced appear to have good chromosome paring and, thus, ggragiont would be
straightforward. For the cultivated peanut ¢nepd and domesticated varieties Af hypogaea

are considered to be part of the primary gene (®ab and Murty, 1994) Another species
considered to be part of the @Hor the crop iA. monticola. The other allotetraploid species of
sectionArachiscan produce fertile hybrids with the cr(ftalker, 1990; Wynne and Halward,
1989) The second gene pool (&pas defined by Harlaf1992)consists of species that can
produce hybrids viin the crop; albeit, these hybrids are often sterile, may not reach maturity, or
are difficult to propagate. Based on this definition ofZgpeciesA. monticolacould be

included in the GR for A. hypogaea In accordance with Harlgd992) the GR2 is comprised

of diploid species taxonomically classified within secthoachisas hybridization between the
crop and these species rarely produces viable prayéyyne and Halward, 1989)The tertiary
gene pool (GR) consists of species that can bessea with the crop and produce hybrids that
are sterile or abort during developm@darlan, 1992) Species belonging to the other sections

of Arachisare considered to be members of the3=#% these species are unable to produce
fertile, viable hybridsvhen crossed witA. hypogaedGregory and Gregory, 1979; Krapovickas

and Gregory, 1994).
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Gene Pool 1
Arachis hypogaea
Arachis monticola

Gene Pool 2
Species from section
Arachis
Gene Pool 3
Species from sections Caulorrhizae, Evectoides,
‘xtranervosae, Procumbentes, Rhizomatosae,
Triseminatae, and Trierectoides

Figure 1.3Gene pools for the peanut crdpachis hypogaea
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Evolutionary relationships among the sections oArachis

The majority of studies examining species of the peanut gemahisgenerally focus on
sectionArachis which contains the crofy. hypogaea Very few studies have investigated the
other sectionsgandnone in great detail.

Gregory and Gregor§i979)conducted one of the first studies examining secdional
and intersectional relationshipsAmachisbased on crossability and pollen fertility data. In this
study,ninety-oneaccessions daiinete@ species oArachisandtenvarieties ofA. hypogaea
were included to examine the crassmpatibility relationship. Pollen fertility within sections
ranged from 0.2% (sectidixtranervosagto 86.8% (sectioaulorrhizag. The average pollen
fertility from hybrids produced from intersectional crosses was low, 1.9%. Species from section
Erectoideshad more success at generating intersectional hybrids than any other section. Also,
Gregory and Gregor§i979)concluded thiaspecies of sectioBrectoidegetained shared
elements with sectionsrachis Caulorrhizag Heteranthaeand the tetraploid species of section
Rhizomatosae At the time this study was conducted, sectiBrscumbenteandTrierectoides
were included irsectionErectoides Based on these results Gregory and Gref®y9)
suggestedhat sectiorkErectoidesshared a common ancestor with the sections that produced
hybrids Species of sectiofiriseminalae presently recognized as sectibimseminatagA.
triseminatg, and the diploid species for sectiBhizomatosa@A. burkartii) did not produce
hybrids with any other sections. While the ability to obtain intersectional hyibr@asimportant
indicator of sectional relationships, genetic barriers devdlfjpen the autogamous reproductive
system could mask relationsbi@mong sectionfKrapovickas and Gregory, 1994Krapovickas

and Gregory (1994) combined data on geographic distribution, morphology with the crossability

12



and pollen sterility data from tieregory and Gregory (1979) study and proposed an intuitive
prediction of species relationship among sections within garachis(Figurel.3).

Species and sectional relationships amaraghishave also been evaluated based on
molecular informatior{Barkley et al., 2007; Creste et al., 2005; Galgaro et al., 1998; Galgaro et
al., 1997; Gimenes et al., 2002a; Gimenes et al., 2000; Santos et al., @algro et al.
(1998)used restriction fragment length polymorphism (RFLP) and random amplification of
polymorphic DNAs (RAPD) markers to study the relationshimong 13 species from sections
Arachis Caulorrhizage ExtranervosagHeteranthagandTriseminatae The data were analyzed
phenetically using Unweighted Pair Group Methath Arithmetic Mean(UPGMA). Phenetic
methods predict species relationships based on the presence or absence of data and do not
consider the evolutionary historyrthe phenograms generated using RFLP and RAPD data
resulted in three major clusters. Two of the clusters were g@neousone cluster comprised
of species from sectidBxtranervosagand the second cluster was made up of the four
accessions oA. hypogaea The third cluster was a heterogeneous cluster that included species
of sectiongCaulorrhizag TriseminatagandHeteranthae UPGMA phenograms based on
RAPD or RFLP data used in the Galgaro e{E398)were not in agreement on the placement of

A. dardaniof sectionHeteranthaeandplacedthe validity of the sectiom question
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Figure 1.4 Sectional relationshfwithin genusArachispresented in the monograph by Krapovickas and Gregory, (128¥s

connecting sections were based on the hybridization data by Gregory and Gregory (1979).
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Santos et al2003)used RAPD data analyzed using phenetic methods to examine
relationships among sectioAsachis Erectoides ProcumbentesRhizomatosgeand
Trierectoides The accessions formed two clustershedendrogramone consisted of species
from sectiorArachis while the other cluster contained species from the remaining sections
divided into two subclustersThey suggested that sectiddcumbenteandRhizomatosaare
more closely related to sectioBsectoidesandTrierectoideghan to sectiolrachis Sections
ErectoidesProcumbentesandTrierectoidesdepict a genetic affinity that was previously
recognized by Gregory and Gregd@iyp79)

In another UPGMA phenetic analysis, Gimenes gR2&l02b)used Amplified Fragment
Length Polymorphism (AFLP) marketo assess relationships amongntyspecies from
sectionsArachis Caulorrhizag ErectoidesExtranervosagHeteranthagProcumbentesand
RhizomatosaeThree major clusters were also recovered in their phenogram. Section
Rhizomatosaspecies did nagroup together as expected. The diploid member of this seétion,
burkartii, was grouped with species from secti@aulorrhizae while the tetraploid species,
glabrata grouped with species from sectiBrectoides This study suggests that the diglaind
tetraploid species of sectid®thizomatosaare not closely relatednd thus, the validity of this
section comes into question.

Hoshino et al(2006)was the first to represent all sectiongdochisusing
microsatellites and analyzing the data WRGMA. The majority of the species grouped in
their respective sections as defined by Krapovickas and GrE@@y) However, the validity
of sectionHeteranthaavas once again questioned as members of sadateranthadailed to

group togethemhich was previously observed in the Galgaro e{l&198)study.
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Of the studies that examined the intersectional relationships within geacisis very

few had commented on its evolutionary hist@@yegory and Gregory, 1979; Krapovickas and

Gregory, 1994) Gregory and Gregorfi979)c oncl uded t hat the fAmost

Arachiswere from sectionExtranervosagErectoideqE1), andRhizomatosaéR;) based on

data from crossompatibility. In the monograph by Krapovickas and Gre@d®p4) an

institutive depiction of the evolutionary and phylogenetic relationships amorigdbhis

sections was provided. The@enome group was raised to sectional classification, section
Trierectoides and was consi der e ofthe genuslge ta ith legh degrees t
of genetic isolation and morphological characters that are found only in this section. The
phylogenetic relationship of thrachisgenus remains unclear since the studies to date
examining this genus looked at selected sectionsed few representative species and none
usedaphylogenetic approadGalgaro et al., 1998; Gimenes et al., 2002a)study examining

relationship of the entire genus and with adequate sampling is needed.

Genomes of Sectiorachis

SectionArachisis the largest in the genus, containthgty-onespeciegKrapovickas
and Gregory, 1994)The majority of these species are diploid (2n=2x=20). This section also
includes two tetraploid species (2n=4x=48) hypogaeandA. monticola andthreeaneuploid
species (2n =2=18),A. decoraA. palustris andA. praecoXL a v 1 % 9P8aaloza and Valls,
2005) Species in sectiorachishave been further subdivided into three genome groups, A, B,
and D, based on cytological data, such as chromogpairiag and hybrid fertilitfHusted, 1933;

Smartt et al., 1978a; Stalker, 1991)
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Husted(1933; 1936was the first to describe two distinct chromosomes (A and B) in
hypogae&ased on observations of chromosome pairing during meiosis. The A chrorsosome
were noticeably smaller than the rest, while the B chromosome pair contains a second
constriction with satellites. The difference between the two unique chromosomes indicated that
A. hypogaea@ontained two genoméSmartt, 1965) Species osectionArachisin which the
small A chromosome is present have been designated as A genome species, while those lacking
the A chromosome are B genome spectadrit et al.1978) The third genome in section
Arachis D genome, is found only . glandulifera(Stdker, 1991) The D genome lacks the
chromosomes distinct to the A and B genomes, and has a karyotype that is only seen in
accessions oA. glandulifera

The majority of species of sectioftirachiscontain the A genomeArachis batizocowas
the first sgcies of sectioArachisdescribed to contain the B genof@martt et al., 1978a)

Artificial hybrids among species of sectidmachiswere fertile with the exception of hybrids

from crosses witlA. batizoco{Smartt et al., 1978a)Hybrids produced usgnspecies with the A
genome had moderate to high pollen stability, while hybrids producediwithtizocoiB

genome) had no pollen stability. While stable pollen production was not present in hybrids with
A. batizocoj the ability to produce a hybrid thispecies from sectiohrachissuggests that the
evolutionary divergence of the A and B genomes occurred recently. Species with this genome
designation appear to be fairly divers&hile the genome oA. ipaensisvas not confirmed
cytogenetically untill994 byFernandez and Krapovickashas an RFLP banding pattern tisat
similar tothe B genome speciés batizocoiwhen compared tthe A genome speci¢Kochert

et al., 1991) Seijo et al(2004)examined banding patterns in secthnachisspecies using

fluorescenin situ hybridization (FISH) and noted that batizocohas a distinct profile when
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compared to profiles from other B genome spedeachis ipaensiandA. williamsii, canbe
clustered into their own subgroup. Based on infdrom from FISH dataBurow et al.(2009)
suggested thahe B genome species in sectidrachisshould be divided intbwo groupsthe
batizocoigroup and th@aensisgroup. SectiorachisspeciedA. cruzianawasgrouped with

A. batizocojwhile A. ipaensisformed a group witlA. magna The separate grouping of the B
genome species suggests that the B genome group might need to be split into two groups.
However, more data will be needed to taxonomically divide the B genome species into the
batizocoiand ipaensisgroups.

Morphologically, the A and B genome species are similar based on leaf size, pod shape
and length, flower shape and width, and meristem ler{§tlasker, 199Q) In a phenogram
depicting species relationship based on morphology afonpaensigB genome) was
considered to be most morphologically distinct from other species of séctohis(Stalker,

1991) Species that had the unique D genome karyotype did not cluster with the rest of the
groups from sectioArachis Within a mormology-based dendrogram, species with the A and B
genomes were mixed rather than forming separate clusters. This means that the A and B
genomes are morphologically closer to each other than eittieemto the D genome.

In addition to the diploid spees containing the A, B, or D genomes, secAoachisalso
contains aneuploid species. The aneuploid species have a base chromosome number of x=9
(2n=18)(Lavia, 1998) These species lack the small chromosomes characteristic of the A
genome species. Thasic chromosome number of x=9 of these species could have been
derived from arArachisspecies with x=10. If this is the case, then the aneuploid species are of a

more recent species evolution.
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Our recent study based on plastid sequence informatiomwl finat the B and D genomes were
more closely related to each other than to the A ger{@alkiry et al., 2005) The aneuploid
speciesA. palustrisandA. praecoxdid not group with the A genome group, nor to the B and D
genome group. This suggeststttieey could represent an intermediate between the A genome
and the other two genomes. Further study examining the relationship among thefsaction

genomes and aneuploids would contribute in a better understanding of these relationships.

Origin of the tetraploid crop peanut,A. hypogaea

Only a handful of species in gerdgchisare tetraploidsthe most noted of these is the
cultivated cropA. hypogaea The crop is an allotetraploid because it a hybrid containing both
the A and B genomgwesenin sectionArachisspeciefHusted, 1933; Stebbins, 1957he
origin of the peanut crop could have occurred by amphidiploidization of a hybrid of A and B
genome wild specig$ingh, 1988; Singh and Moss, 1984ectiorArachisspecies have long
beenconsidered to be potential progenitors since crosses with these species and with the
tetraploid crop have resulted in successful hyl(dapovickas and Gregory, 1994; Smartt and
Stalker, 1982; Stalker, 1990; Stalker and Moss, 198fderstanding of spexs relationshipin
sectionArachisis important because these are considered to be genetic resources for the crop
(Smartt et al., 1978bYhese are important becausehypogaednas a narrow genetic
background.

Various diploid species in sectidwwachishave been suggested to be the progenitors of
the crop Initially based on cytogenetic evidence, potential progenitors with the A genome
includedA. cardenasiiA. duranensisandA. villosa(Seetharam et al., 1973; Smartt et al.,
1978a; Varisai Muhammad973) Seed storage protein profiles have also provided evidence, in

addition to cytogenetics, fék. cardenasias a potential progenit@Krishna and Mitra, 1988)
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In addition to the cytogenetic evidence, FISH studies have provided supparwitbosaas a
potential progenito(Raina and Mukai, 1999; Raina et al., 200Recently, Milla et al(2005)
suggested\. helodesandA. simpsonias potential A genome donors based on AFLP data.
However, the majority of studies examining potential progenitave focused of. duranensis
as the A genome progenitor Af hypogaedased on data from seed storage protein profiles,
isozyme(Lu and Pickersgill, 1993RFLP(Kochert et al., 1991; Kochert et al., 199BAPD
(Hilu and Stalker, 1995DNA sequenceniformation(Jung et al., 2003and FISHSeijo et al.,
2004)

For the B genomé\. batizocohad long been assumed as the B genome donor for the
crop (Krapovickas, 1969) However, this assumption was due to the lack of other identified B
genome species. Based on evidence from RFLP, Kocheri{(®#98l)foundA. batizoconot to
be as closely related fa hypogaeas previously thought. Other studies have also suggbtne
exclusion ofA. batizocoias the B genome donor based on RAPDu and Stalker, 1995RFLP
(Burow et al., 2009; Kochert et al., 19980zymegLu and Pickersgill, 1993and FISH(Seijo
et al., 2004) Kochert et al(1991)was the first to suggstA. ipaensisa recently identified
species, to be the B genome donor. At the thné@paensisvas considered to be an A genome
species. However, Kochert et @l991)was the first to show tha. ipaensisvas a B genome
species using RFLP marker$his finding was later confirmed by Fernandez and Krapovickas
(1994)based orkaryotpying and Tallury et a{2005)usingplastid DNA sequences.

In the case of the other tetraploid classified species in seftammis A. monticola
hasbeen proposed teeawild progenitor of the crofSmartt et al., 1978a)The two
allotetraploid species are very similar morphologically, hybridize successfully producing fertile

hybrids, and have overlapping areas of geographic distrib(8iampson et al., 2001)Sone
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researchers believe thaat monticolais a weedy species that evolved from the cultivated crop
(Gregory and Gregory, 1976; Halward et al., 199ata from RAPD, RFLP, and AFLP have
shown that markers from the two allotetraploid species were nearbjcialgrialward et al.,
1991; Hilu and Stalker, 1995; Kochert et al., 1991; Milla et al., 200Bich does not support
the hypothesis tha. monticolawas a progenitor t8. hypogaeaas the two tetraploids could be
considered a single species genetically

The consensus is now thatduranensigndA. ipaensisare the A and B genome donors,
respectively, for the crop. hypogaedJung et al., 2003; Kochert et al., 1991; Kochert et al.,
1996; Seijo et al., 2004)Burow et al(2009)attempted to reconstite the RFLP markers
identified inA. hypogaea Of the crosses attempted, the combinations that gave the greatest
match to the crop were ones that cros&eduranensigandA. ipaensis However, the best
hybrid generated only 51% of the RFLP markersitbin A. hypogaea Other hybrids that were
able to produce a smaller portion of the RFLP bands similar to the crop were generafed with
ipaensisas one of the parent speci@hieA. duranensix A. ipaensiybrids only produced
about half of the RFLP markers as compared to the crop. The lack of bands could be explained
by the rapid genomic restructuring after a polyploidy speciation event has occurred; however,
Burow et al.(2009)also suggested that addital Arachisspecies that contained genomes more
similar to the crop could still be identified in the future.

Identification of additional species as potential progenitorafdrypogaeavould
provide a better understanding of its ori¢fgurow et al.2009) In addition, a clearer
understanding of tetraploid evolution would allow for the production of hybrids that are able to
cross with the crop and the introduction of alleles that could benefit farmers and consumers of

peanuts.
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Peanut allergy

Peanuis one of the eight foods that cause 90% of the immunoglobulin E-(IgE)
associated food allergi€¢sehrere et al., 2002)Consequently, these foods have been termed the
ABi g Elhegothef.dods t hat make up the ABiwlgeatEi ght 0 t
henb6s egg, fish, and Jq20@8xdncudesl that food allerBiessasau m an d
whole increased by 18% between 1997 and 2007. The cause of the rise in food allergies,
particularly those to peanut, has noebeell studied(Burks, 2@8). Currently, 4% of children
are predicted to have food allergi{&ampson, 1999; Sicherer et al., 200Beanut allergies are
among the most severe food allergies because they have the ability to induce anaphylaxis. In
2002, allergies to peanuts afted approximately 0.8% of children and 0.6% of adults in the U.S.
(Sicherer et al., 2003Yhe percent of children with allergies to peanut doubled from 0.4% in
1997 to 0.8% in 200gSicherer et al., 2003)Accidental consumption of peanuts is considéced
be the cause d¥vo hundrecanaphylaxis deaths annua{Bock et al., 2001) Other than
emergency treatments with antihistamine and epinephrine pins, preventsiveents for
allergies include avoidance, pharmacological treatment, and apegyic immunotherapy
For peanut allergieshe onlypreventativdreatment currently available for peanut allergies is

avoidancgBurks, 2008)

Peanut allergens

In the peanut cotyledon, ten proteins have been identified as all¢Agsme et al., 2002;
Burks et al., 1992; Burks et al., 1991; KleJanke et al., 1999; Krause et al., 2009; Pons et al.,
2002; Rabjohn et al., 1999} ike most plant food allergens, the majority of the peanut allergens

fall into one of a few protein families or superfamil{@sble 1.2).
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Cupin superfamily is considered to be a large superfamily of proteins that are very
diverse functionallfDunwell et al.,, 2004)The super f ami | yoarielzorenamed f o1
domain and can be divided into two groughe singledomain cums (monocupins) and two
domain cupins (bicupins). The 7/8S and 11S seed storage proteins that have also been classified
as allergens are considered to be one of the largest groups within bicupins. The major peanut
protein Ara h 1 is a 7S globulin whitke allergen Ara h 3/4 is an 11S globulmills et al.,
2004)

The prolamin superfamily includes proteins that boghwater and alcohoksolubleand
tend to be prolineand glutamingich (Breiteneder and Mills, 2005)Members of this protein
superfamly tendto below in molecular weightwi t h t he secondary -structu
helical in natureand the tertiary structure stabilized $iy to eight conserved cysteines that form
three or four disulfide bonds within the protein. Despite the ceedaature of the structure
and cystine motifs, members of this superfamily are very diverse, and have a variety of
functions These include 2S seed storage albumins;spaeific lipid transfer proteins, and
protease inhibitors. In peanut, the majéergiens Ara h 2 and Ara h 6, and minor allergen Ara h
7 are members of this protein superfamily. The recently identified Ara h 9, considered to be a
minor allergerhas been classified as a rgpecific lipid transfer protein and appears to be an
importantallergen in Mediterranean regio(térause et al., 2009)

The pofilin family, another protein family whose members include food allergens,
consiss of cytosolicproteins of small molecular weight (15 kDa). They generally are
involved with cellular ppcessesuch as signalingytokinesisand cellular movemeriwitke,
2004) Allergens that are from this protein are tyghllergenic and are known to elicit allergic

response from Q0% patients who are allergic to poll@ralentaet al., 1992) In peanuts, the
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only identified allergen classified as part of the profilin superfamily is ArgiieéberJanke et
al., 1999)

The allergen Ara h 8 has similarities to the major birch pollen allergen B#tittag et
al., 2004) which belongs to the suhily of pathogenesigelated protein PR1(Raudauer and
Breiteneder, 2007)Like other Bet v 1like allergens, Ara h 8 was not stable when heated or
digested with gastric juicg#littag et al., 2004)which could explain the low association of
peanut IgEo this allergen.

Peanut allergens Ara hR9aremembers of the protein superfamilies typical for plant
food allergens (Table 1.2). However, the recerglyognized Ara h 10 and Ara h 11 have been
classified in a protein family more noted for the fonmatf oil bodiegPons et al., 2002 hese
allergens are hypothesized to contribute to the aesstivity observed between peanut and
soybean.Further research needs to be conducted to fully understand the role of Ara h 10 and 11

in peanut allergie@Pons et al., 2002)
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Table 12 Identified peanut allergens, their function and protein classification.

Allergen Common Name Family/Superfamily  Function Size (kDa) Identified
Arahl Arachin Cupin 7S Vicilin-like Globulins, 71 Burks et al1991
seed storage
Arah 2 2S albumin/ Prolamin 2S seed storage, trypsin 17 Burks et al. 1992
Conglutin inhibitor
Arah 3/4 11S Globulin Cupin 11 S Globulin seed stora 60/53  KleberJanke et al1999
Arah5 Profilin Profilin Actin-binding protein 14 KleberJanke et al.1999
Arah 6 2S albumin, Prolamin 2S albumin 15 KleberJanke et al1,999
Conglutin
Ara h 7**  Conglutin Prolamin Conglutin -- KleberJanke et al. 1999
Ara h 8  Bet w1 homolog PR-10 Pathogerresistance -- Mittag et al.,2004
protein
Arah 9 Lipid Transfer Prolamin Lipid Transfer Protein 9.8 Krause et al.2009
Protein
Arah 10  Oleosin Oil-body formation 16 Pons et al.2002
Arah 1l  Oleosin Oil-body formation 14 Pons et al.2002

** Protein information, includingnolecular weight, currently not known.
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Conglutin Allergen: Ara h 2

The conglutin protein Ara h 2 was identifiedegseanut allergen using sera from patients
who were known to be allergic to pean(Bsirks et al., 1992)Ara h 2was recognized to be
present as a doublet consisting of a 16 kDa and 18 kDa isoforms. The pl of the allergen was
determined to be 5.2 using a tdomensional gel. Two isoforms of Ara h 2 have been identified
in peanut cotyleda) Ara h 2.01 and Ara h @2 (Chatel et al., 2003)The larger isoform, Ara h
2.02, has a twelve amino acid insertion, which contains an additional DPY S#ttiig
epitope. Chatel et a)2003)proposed the additional DPYSPS motif could make Ara h 2.02 a
more potent isoform #n Ara h 2.01, although this has yet to be confirmed. Stanley(&9al)
used synthetic peptides corresponding to the amino acid sequence of Ara h 2 and deduced the 10
IgE binding epitopes (Tabtk3). Sera from ten peansénsitive patients consistgnrecognized
three epitopes, 3, 6, and 7, which were determined to be immunodominant. Alanine mutations to
certain residues within these epitopes reduced or eliminatelimglihg (King et al., 2005)
Examining Ara h 2 orthologs in proposed progenijt®amos et al2008)identified an
accession ofA. duranensishat contained a single nucleotide polymorphism (SMR)jch
caugdan amino acid change within the same class, S73T. The amino acid mutation resulted in
a 5699% reduction in Igkbinding when probed by individual sera and quantified by
densitometry.

Sequence analysis of a peanut genomic library revealed a 624 baggepaieading
frame (ORF) forAra h 2gene(Viquez et al., 2001) The gend\ra h 2appears to lack introns
based on comparison betwetra h 2cDNA and genomic clone sequences. The genomic
sequence from the Viguez et @003)study was later referred aas theAra h 2.0lisoform,

which corresponds to some published cDNA sequencasadf 2in GenBank.Chatel et al.
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(2003)reported another sequence of &ra h 2gene that contained a 36 base pair (12 amino
acids) insertion that was namada h 2.02 which corresponds to the larger Ara h 2 protein
isoform Based on a Southern blot comparing Alma h 2isoforms Ramos et ali2006)
concluded the progenitor&, duranensigindA. ipaensiscontributed an isoform to the
allotetraploid crop The ortholog of Ara h 2from the wild progenitors migrated identically to
isoforms from the cultivated peantira h 2.01migrated the same distance as the ortholog from
A. duranensigA genome) andra h 2.02migrated the same distance as the ortholog #om
ipaersis(B genome). Sequences of Ara h 2 orthologs from the proposed progehitors,
duranensisaandA. ipaensisvere 99.7100% identical tcAra h 2.01and 99.4%99.9% identical
Ara h 2.02

In addition, Ramos et al. (2006) elucidated the expression pattdéra wioAra h 2
isoforms was examined by random sequencing of cDNA clones. The expression ratios were
determined by RPPCR to be 2.7:1 A:B genome. The expression ratios were similar to another
study that found the expression of two conglutin isofornmizet@:1 A:B genome from
sequencing 400 cDNA clones frofa hypogaedYan et al., 2005)

Ara h 2 has been shown to function as trypsin inhil{Maleki et al., 2003) The
function of Ara h 2 as a trypsin inhibitor increases when the peanut undergees methods of
thermeprocessing. Roasting increases the inhibition of trypsin 3.5 times compared to unroasted
peanuts.In addition to resisting degradation by trypshna h 2also protects the allergen Ara h

1 from that proteas@aleki et al., 2003)
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Table 13 IgE binding epitopes present in Ara h 2 represented by dietige amino acid code initially
identified by Stanley et al. (1997). Chatel et al. (2003) identified the second isoform, Ara h 2.02, which
contains an additional epitope Bositions of epitopes for each isoform as found in the peptide sequence

alignment are noted.

Epitope Amino Acid Sequence Ara h 2.01 Position  Ara h 2.02 Position

1 HASARQQWEL 1827 1827

2 QWELQGDR 24-31 24-31

3 DRRCQSQLER 30-39 30-39

4 LRPCEQHLMQ 42-51 42-51

5 KIQRDEDS 52-58 52-58

6 RDPYSPS 62-68 62-68/81-87
7 SQDPYSPS 6875 6875

8 LQGRQQ 120-125 132137
9 KRELRN 130-135 142147
10 QRCDLDVE 146-153 158165
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The Maillard reaction, which roasts food products while adding sugars, increases the Ara
h 2 binding to IgEMaleki et al., 200Q) When Ara h 2 protein was roasted in the presence of
glucosethere was a 2:fold increase in IgE binding, while roastingaAn 2 in the presence of
xylose increased IgE binding by 5@d. Recombinant Ara h 2 showed similar effects when
roasted irthe presence of suga(&ruber et al., 2005)Boiling peanut does not change the
binding of IgE to Ara h 2, even though immunracgvity of allergens from boiled peanut
decreased twiold. The dereassallergenicity of whole peanut is speculated to be due to the
loss of low molecular weight proteins by being transferred to water during bMimgdoulet et

al., 2005)

Homology Modeling

The threedimensional structure of a protein can provide information about its biological
function. Tertiary structures are determined experimentally througty Xrystallography or
nuclear magnetic resonance (NMBli and Kuriyan, 1999)Todate more than 60,000 protein
structures are available on the Protein Data Base (PDB) server. Advances in experimental
techniques havspeeded he process of elucidating a protei
experimentally determining a protein sttwure is still a timeconsuming and costly process.
Thus, the numbesf coding DNA sequences, and thus deduced amino acid sequences, available
on databases like GenBank demonstrates that there is a large gap between protein sequence and
structure informatin (Daga, 201Q) This gap in sequenesructural knowledge can be reduced
through the use of protein modeRredicted protein structures can be identified using eitber
novo(threading) methods or templabased (homology) modelin@aker and Sali, 20L).

Threading examines the sequences for predicted areas of tertiary structures that would have the
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lowest energies for those structures. In comparison to homology mqdleéogetical models
generated using de novo methods are not considered toybehalle.

Hypothetical tertiary structures generated using homology modeling are based on
experimentally derived template structu(Baker and Sali, 2001)This approach is possible
because tertiary structures of related proteins are more evolityor@rserved than the amino
acid sequenc@Marti-Renom et al., 2000)Also, structual similarity can be found in sequences
that are more divergent in protein families and superfamilies. The accuracy of the model is
influenced by the sequence homologyween the targgthe protein in which the structure will
be predictefland the templatéhe known structude Predicted models that have over 50%
sequence identity to the template are considered to be highly accurate, with approximately 1 A
root mean sgare (RMS) error for the backbone atofBaker and Sali, 2001)Target structures
with 30-50% sequence identity to the template structures are considered to have medium
accuracy, with the large majority of the model considered to be accurate with &ARNMS
errors. The majority of errors detected in models witb3% sequence identity to the template
structure can be attributed to errors in alignment. Models built using templates with less than
30% sequence identity have low accuracy and theselstwhd to have larger amounts of gaps
and errors within the alignme(i¥larti-Renom et al., 2000)Models with less than 30%
sequence identity to their template are notthbigp b e an accurate depicti
tertiary conformation.

Within a protein family, the majority of changes in the form of substitution, insertion, and
deletion of residues are found within areas of the sequence that correspond to loop regions
connecting secondary structu&sser et al., 2000) Due to the location of tke changes, loops

tend to determine the functional aspects of a protein. In the case of plant allergens belonging to
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the prolamin superfamily, Iglinding epitopes have been found within extended loop regions
(Monsalve et al., 1993; Robotham et al., 200B)vo approaches are generally used when
determining the loop structure, database and conformational searches. The former approach
relies on a database of known loops that are from proteins from experimentally derived tertiary
structures classified based conserved features, such as length andpeceof particular
residuegBurke et al., 2000; Espadaler et al., 2006; Li et al., 1998 database approach can

be an accurate and efficient method as long as the target loop is in the same clasgEiskrop

et al., 2000) This method is limited due tbe lack ofknown loop structures available and the
length of loops being modeled. Generally, loop conformation databases search for loops less
than ten residues in length. However, attempts haverba€ee to recognize larger loops
(Schlessinger et al., 2007; Vucetic et al., 2006pnformational searches can employ a variety
of search algorithms to elucidate the structure of a loop. Examples of these algorithms could
include global energy minimizain (Dudek et al., 1998)Jocal energy minimizatio(Mattos et

al., 1994) molecular dynamics simulatiofNakajima et al., 2000and optimizatiorbased

approacks(Fiser et al., 2000)

Homology models of the Ara h 2 allergen from the peanut crop

Determination of the protein structure of Ara h 2 would yield better understanding of the
allergeris interaction witHgE antibodies anéiow it elicits an immunological responséhe
structure of the peanut Ara h 2 protein was first modeled using Ria 23 albumin from castor
bean RicinuscommunisFigure 1.4A), which shares approximately 37% sequence identity with
Ara h 2(Barre et al., 2005) The molecular model of Ara h 2 shows that it is a figrided

alpha helical superstructure and has beerfirned by a homology model generated from the

31



recently released structure of the minor allergen Ara h 6 (FigdiBe (Lehmann et al., 2006)
The two peanut conglutin proteins sharé3% overall sequence identit¢onsidering only the
alphahelical regons, the sequence identity increasegi® Comparing Ara h 2 to the
determined structures of Ric ¢ 3 and Ara h 6, Ara h 2 contains five-a@litas(Barre et al.,
2005; Lehmann et al., 2006}our disulfide bridges stabilize the structure of thegmo These
disulfide bridges have been associated with the allé&gahility to be digested by gastric
enzymes chymotrypsin, pepsin, and tryd&en et al., 2002)

Structural information would provide more insight into how the plant protein functions as
an allergen antend insight on the mechanism that allows for some proteins to@asswith
each othe(Jenkins et al., 2005)Information on allergen structuceuld provide a clearer
picture of what contributes to the classificat@imAra h 2as an allergenThe current
understanding of the presence of this allergen in relatedAngichisspecies is limited.
Examining other wild species for this allergen Idoeveal natural mutantdt would also
provide information that could be used to develop therapeutic approaches to allergy treatment

(Radauer et al., 2008)
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Figure 1.5 NMR-determined structures of (A) Ric C 2 (PDB ID 1PSY) from castor bR&in(s communisPantojaUceda et al. 2003and (B)
Ara h 6 (PDB ID 1W2Q) from peanuffachishypogaealLehmann et al., 2006), which have been used as template structures for homology
models of Ara h 2 frorA. hypogaea Coordinates for the structures wergaiied from the RCSB Protein Databank and rendered in Swiss

PdbViewer v4.0.1
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Project Objectives

The peanut crop comes from a genus that contains numerous species, many of which are
potential genetic resourceblowever, the evolutionary relationships among species, genomes,
and sections of the genAsachisare not well understoodrhe first objective in this dissertation
is to present phylogenies examining relationships within garashisbased on DNA seaunce
information from plastid and nuclear genomic regions. This will be the first phylogenetic study
examining species, genomes and sectional relationships for the whole genus since the publication
of the Krapovickas and Gregory (1994) monograph. Théogepies produced here can be used
as a guide for improving the peanut crop not only from the agricultural perspective but also from
medical one. The second objective is to examine molecular changes within a protein that is a
major allergen, Ara h 2, fromild Arachisspecies. The species chosen were representatives of
the major lineages present in the phylogenies for the genus. In this dissertation, | have examined
the mutations among the Ara h 2 orthologs fidrachiswild species and their effects tre
secondary and tertiary structure of the protihe mutations observed in Ara h 2 orthologs
were evaluated for changes in potential antibody binding particularly in a loop region that
contains immunodominant Igkinding epitopes Differential antibaly binding to orthologs with
significant mutations in these lgliinding sites was assessed using dot immunoblots. The results
presented here will be the first to examine the major allergen outside of the peanut crop and its
progenitors and has the potehtio identify wild Arachisspecies that could be utilized for

treatment of peanut allergies.
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CHAPTER 2: Species, genomes and section relationships in genus
Arachis (Fabaceae): A molecular phylogeny
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Abstract

The economically important genAsachis(Fabaceae) is comprised of 80 species restricted to
South America. There is only one monograph for the genus that divided it into nine sections and
provided an intuitive assessment of evolutionary relationships. However, a comprehensive
phylogenetic stuglfor the genus does not exist. To evaluate the current systematic treatment of
the genus, we reconstructed a phylogenyAf@chisusing nuclear ITS and plastichT-trnF

sequences from a total of 48 species representing all nine sections. ITS cldhang o

allotetraploid species of sectidmachisindicated the presence of A and B genome alleles and
chimeric sequences. Our study showed species from séotianervosaeas the first emerging
lineage in the genus, followed by sectidmseminataeandCaulorrhizae with two major

terminal lineages, which we will refer to as erectoides and arakcimeage erectoides comprises
members of sectiortsrectoides, Heteranthae, Procumbentes, Rhizomatasadrierectoides.
Species in the arachis lineage formed two major clades, arachis | (B and D genomes species, and
the aneuploids) and arachis Il (A genome species). Our results substantiated the sectional
treatment ofCaulorrhizae Extranervosa@ndTriseminatagbut demostrated that five sections
(Arachis, Erectoides, ProcumbentasdTrierectoide$ are not monophyletic. A detailed study

of the genug\rachiswith denser taxon sampling, additional genomic regions, plus information

from morphology and cytogeneticssnee@d for a comprehensive assessment of its systematics.

Keywords:Arachisfpeanutfmolecular phylogen§concerted evolutioffevolutior]
systematics
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Introduction

The genudrachis(Fabaceae, subfamiRapilionoideaetribe Dalbergieae) contains
approximately 80 species including the economically important cultivated pdahypogaea
(Krapovickas and Gregory 1994; Lavin et al. 2001; Valls and Simpson 2005; Wojciechowski et
al. 2004) Krapovickas and Gregoi{1994)indicated that the most defining morphological
features of the genus are the underground structures, including the fruits, rhizomatous structures,
root systems, and hypocotyls. Speciesm@ichisare distributed east of the Andes Mountains
and south of th Amazon River, with the highest diversity around the eastern border of Bolivia
and western Braz{Krapovickas and Gregory 1994%5regory et al(1980)cited central Brazil
as the center of origin fakrachisand northern Argentina or southern Boliviatlas center of
origin of the domesticated peanut. Peanut is among the most important 30 crops that feed the
world (Hammer et al. 2003)nd is cultivated in more than 100 countries with 37.1 million metric
tonsproduced globally. Other speciesAraichishave also been cultivated, suchfas
villosulicarpa, as an indigenous food cr¢Balgaro et al. 1997ndA. glabrata, A. pintgiandA.
repenswhich are grown as forage crofsalgaro et al. 1998)

A comprehensive molecular systematic study of the genus is lacking. The latest
monograph oArachiswas based on morphology, geographic distribution, cytogenetics, and
hybridization(Krapovickas and Gregory 1994}t recognized 69 species, dividing thero
nine sectionsArachis, Caulorrhizae, Erectoides, Extranervosae, Heteranthae, Procumbentes,
Rhizomatosae, TrierectoidemdTriseminatae Recently, 11 additional species were recognized
in Arachis(Valls and Simpson 2005)The boundaries and phgenetic relationships of the
sections are poorly understood. Sect®ec.)Arachisis the largest, containing 31 species, or

45% of all currently recognized spec{&apovickas and Gregory 1994; Valls and Simpson
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2005) It is the most studied of thena sections because it contains the cultivated peanut and its
gene poolgSingh and Simpson 1994Yhe section is further divided into three groups of

species based on their genome type: A, B ¢8artt et al. 1978; Stalker 199With the
cultivatedA. hypogaeaand wildA. monticolacontaining AB genomes. The phylogenetic
relationships among these species are not fully understood.

A majority of theArachisspecies are diploid based »r 10 (Krapovickas and Gregory
1994) However, there are five tepiaid species (2= 4x = 40) and four aneuploispeciesX =
9, n=2%=18)(Kr apovi c k asl %%hdad vi59a98galorayand Valls 1997)Two
of the tetraploidsA. hypogaeandA. monticold are in secArachis and the remaining three are
in sectionRhizomatosaA. glabrata, A. pseudovillosandA. nitida) (Krapovickas and Gregory
1994; Valls and Simpson 20057 hree of the aneuploid8, decora, A. palustrigndA.
praecox,belong to sectiorachis(L a v1i 9a9P8&aloza and Valls 1997but their genomic
identity and phylogenetic position has not yet been established. The fourth anéuploid,
porphyrocalyxis placed in se&rectoideqP &aloza and Valls 2005)

Krapovickas and Gregoill994)presentedrai | | ustrati on of intuit.i)\
phyl ogenetic rel ati on s iaghisbasechomimforgatieanifran ni ne se
crossability, morphology and geography. They concludedatettoides, Extranervosae,
HeteranthaeTrierectoidesandTriseminataea r e fi ol d e r 0 ArackixCauloorlizee, whi | e
ProcumbenteandRhizomatosaar e mor e firecent 0 i n origin. T
sectionErectoidegroduce hybrids with members of sectidrachis, Caulorrhizae,
ProcumbenteRhizmatosaeandTrierectoides Although most intersectional hybrids are
sterile, Krapovickas and Gregof}994)considered sectioBrectoidego be less isolated than

the other sections. Other studies provided cytogenetic evidence for closer genoroitsrelati
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betweertErectoidesand the majority of the remaining sectiq@egory and Gregory 1979;
Stalker 1981; Valls and Simpson 1994jowever, Krapovickas and Gregd®994)maintained
that the use of cytogenetic studies to elucidate the phylogenetiomsl@ps among the sections
and species is insufficient because of the genetic barriers that have develapethisspecies
from geographic isolation and an autogamous reproductive system.

Relationships among species and seextions ofArachishavebeen evaluated using
molecular markers such as restriction fragment length polymorphism (RFLP) and random
amplification of polymorphic DNAs (RAPD(Barkley et al. 2007; Creste et al. 2005; Galgaro et
al. 1998; Galgaro et al. 1997; Gimenes et al. 2002i)of these studies were based on phenetic
analyses using the Unweighted Pair Group Methods (UPGMA). Some of these studies supported
the Krapovickas and Grego(¥994)classification, while others raised questions concerning the
validity of some sectionsuch as seons HeteranthaeandRhizomatosaeHoshino et al(2006)
werethe first to represent all nine sectionsAwéchisusing microsatellites buthe data were
analyzed phenetically with UPGMAThe majority of the species grouped into their retpe
sections as defined by Krapovickas and Gre¢d®@4) However, some of seBrocumbentes
species grouped with species from secEoectoideswhile a few grouped with sections
TrierectoidesandHeteranthae Their study also showed that membersexf.Heteranthae
failed to group together, which is in agreement with the findings of Galgaro£988)

Two studies used DNA sequence information to examine the relationships among
Arachisspecies, but the focus was on sec#iwachisand the likelyprogenitors ofA. hypogaea
(Jung et al. 2003; Tallury et al. 2005)ung et al(2003)used sequences of steardyP and
oleoylPC desaturases from seven species of segtiachisand analyzed the data using

Maximum Parsimony (MP). Their unrooted trg®vided further support for the origin of the A
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and B genomes &. hypogaedrom A. duranensigndA. ipaensisrespectively. Tallury et al.
(2005)used plastidrnT-trnF sequences to examine the evolutionary relationships among the
genomes in sectioArachisand the affinities of the aneuploid species to these genomes. Using
maximum likelihood (ML), the unrooted tree showed that the B and D genomes are more closely
related to each other than to the A genome, and that the aneuploids are closeraodliz B

genome species.

We present here a molecular phylogenetic study representing all nine sections and
recognized genomes of genisachisusing sequence information from two intergenic spacers
(IGS) as well as one intron of the plagtidT-trnF regionand both nuclear ribosomal internal
transcribed spacers (ITS1 & 2). DNA sequence information from these regions has been
successfully used to depict the phylogenetic relationships among species within genera of
Fabaceae (e.gun and Yamaguchi 2007; VaadStappen et al. 2002 he data were analyzed
phylogenetically using maximum parsimony and Bayesian inference. We also applied TCS
network analysis to assess relationships among genomes and alleles within the ITS region due to

the presence of diversets of haplotypes, including potential chimeras.

Materials and methods

Taxon sampling

We analyzed a total @8 accessions representing gpecies from all nine sections of
Arachisrecognized by Krapovickas and Greg¢t994) Stylosanthes humilis and feuticosa
were chosen as outgrogpeciesbased on their sister group relationshig\tachis(Lavin et al.
2001) We generated new ITS atrdT-trnF sequences f@4 accessions and supplemented the

ITS datasets with4 GenBank sequences. These GenBseduences did not have
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correspondingrnT-trnF sequences and genomic DNA was not available for them.

Consequently, we generated two data sets, one that included the 34 ITS accessions plus four

clones we sequenced representing the ITS alleles for thArsebistetraploids A. hypogaea

andA. monticola This data set overlaps completely with thel-trnF data set except for the

clones. The second data set included the above dataset pld€3beBank sequences for a

total of48 accessions, whichwewil r ef er to as the fnextended dat

sectional affiliation, and sources of material are noted in Table 2.1.

DNA extraction, amplification, cloning, and sequencing

Genomic DNA extraction followed Milla et g2005)using fresh leaf iterial. The ITS
region, including ITS1, 5.8S, and ITS2, was amplified using primers ITS4 and\Widte et al.
1990)i n a 25 €l reaction mixture containing 1x T
Ipswich, MA), 200mM dNTPs, 20 pmol each primer and U5 agqDNA polymerase (New
England Biolabs, Ipswich, MA). The amplifications were carried out in aBJ@thermocycler
(MJ Research, Waltham, MA) with 2 min initial denaturing at 94° C, 35 cycles of 2 min
denaturing at 94° C, 1 min of primer annealin§2ftC, and 1.5 min extension at 72° C, followed
by a final extension of 5 min at 72°C.

Amplifications of thetrnT-trnF region were carried out using universal prim{@ieberlet
et al. 1991ps described in Tallury et §2005) Primers rpsd66F andrnL-P6/7(Quandt et al.
2004)were used to generate amplified products when the universal primers failed to amply the
trnT-trnL region. PCRamplified products for the ITS archT-trnF regions were resolved on
1% TAE-agarose gels containing 0.03 mg ofi@ittm bromide and were cleaned using
QIAquick PCR purification or QIAquick Gel Extraction kits (Qiagen, Valencia, CA). Cycle

sequencing reactions were carried out using ABI Big Dye Terminator Ready Reaction kits
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(Applied Biosystems Inc., Foster City, Chollowing standard protocols and then
electrophoresed on an Applied Biosystems 3730 automated sequencer at the Core Sequencing

Facility at VBI, Virginia Tech, or at the DNA Analysis Facility of Duke University.

Cloning and sequencing of secArachistetraploid ITS alleles

The amplified ITS region from allotetraploid specfeshypogaeandA. monticolawere
ligated into the pGEMI Easy vector (Promega, Madison, WI) to separate multiple alleles
suspected from double peaks in pherograms from direct segqgesf PCR amplifications of
genomic DNA. Ligated plasmids were heat shocked into JINEL@®i cells (Promega).
Colonies were screened using the biigte screening method for detecting the insert. Positive
clones were grown and DNA was isolated by phasmid miniprep procedu¢Birnboim and
Dolye 1979) Inserts were sequenced directly using vector specific primers. When direct
sequencing failed, the ITS insert was amplified from the clones using the ITS primers, and the

amplified inserts wereleaned and sequenced as detailed above.

Sequence alignment and phylogenetic analyses

Sequences were manually aligned using Phgid@ler et al. 2005¥ollowing the alignment

rules in Kelchnef2000) One identified inversion in thenT-trnL spaer was positionally
separated in the alignments, and later included as a reverse complement in the phylogenetic
analyses, as discussed in Quandt €R803)and Borsch and Quan(009) Indels were coded
using SeqStat@Miller 2005)following the simpé indel coding metho(Bimmons and

Ochoterena 2000)
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Table 21 Arachisand outgroup species included in this study

Genome Plant
Genus & Section Species Collector no. Introduction# GenBank accession number
Arachis ITS trnT-trnF
Sec.Arachis A. batizocoKrapov. & W.C. Gregory B K 9484 298639 this study this study
A. benensi&Krapov., W.C. Gregory & C.E. A KGSPSc 35005 475877 this study this study
Simpson
A. correntina(Burkart) Krapov. & W.C. A GKP 9530 262808 this study this study
Gregory
A. cruzianaKrapov., W.C. Gregory & C.E. B KSSc 36024 476003 this study this study
Simpson
A. decoraKrapov., W.C. Gregory, & Valls -- -- AY615237 --
A. diogoiHoehne A GK 10602 -- this study this study
A. duranensiKrapov. & W.C. Gregory A K 7988 219823 this study this study
A. glanduliferaStalker D KGSSc 30091 468336 this study this study
A. helodedviartius ex Krapov. & Rigoni A KG 30029 468144 this study this study
A. herzogiiKrapov., W.C. Gregory & C.E. A KSSc 36029 476008 this study this study
Simpson
A. hoehneKrapov. & W.C. Gregory A KG 30006 468150 AJ320395 this study
A. hypogaed.. AB - 262090 this study this study
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A. ipaensiKrapov. & W.C. Gregory B KGBSPSc 468322 this study this study

30076

A. kempfimercadoiKrapov., W.C. Gregory & A KGSSc 30088 468333 this study this study

C.E. Simpson

A. kuhlmanniKrapov. & W.C. Gregory A VKSSv 8888 - this study this study

A. linearifolia Valls, Krapov. & C.E. Simpson A -- -- AY615242 --

A. magnaKrapov., W.C. Gregory & C.E. B KGSSc 30093 468338 AF203555 this study

Simpson

A. monticolaKrapov. & Rigoni AB BaRiK 7264 this study this study

A. palustrisKrapov., W.C. Gregory, & Valls VPmSv 13023 this study this study

A. praecoxXXrapov., W.C.Gregory, & Valls VSGr 6416 476128 this study this study

A. schininiiKrapov. Valls & C.E. Simpson A -- -- AY615248 --

A. simpsoniKrapov. & W.C. Gregory A -- -- AY615247 --

A. stenospermKrapov. & W.C. Gregory A -- -- AY615252 --

A. trinitensisKrapov. & W.C. Gregory A WiCla 1117 Grif 14278 this study this study

A. validaKrapov. & W.C. Gregory B VPoBIi9157 Grif 7689 this study this study

A. williamsii Krapov. & W.C. Gregory B WiClal1118 Grif 14229 this study this study
Sec.Caulorrhizae A. pintoiKrapov. & W.C. Gregory C 18748 604858 this study this study

A. rependHandro C HLK 467 338277 this study this study
Sec.Erectoides A. brevipetiolataKrapov. & W.C. Gregory E> -- -- AY615251 --
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Sec.Extranervosae

Sec.Heteranthae

Sec.Procumbentes

Sec.Rhizomatosae

Sec. Trierectoides

Sec. Triseminatae

A. majorKrapov. & W.C.Gregory

A. paraguariensi€hodat & Hassl.

A. burchelliiKrapov. & W.C. Gregory

A. lutescenKrapov. & Rigoni

A. macedoi Krapov. & W.C. Gregory

A. villosulicarpaHoehne

A. dardaniKrapov. & W.C. Gregory

A. appressipilisKrapov. & W.C. Gregory

A. kretschmerKrapov. & W.C. Gregory

A. matiensiKrapov., W.C. Gregory & C.E.

Simpson

A. pflugeaeC.E. Simpson, Krapowk Valls
A. rigonii Krapov. & W.C. Gregory

A. burkartiiHandro

A. glabrata Benth.

A. guaraniticaChodat & Hassl.

A. tuberosaBong. ex Benth.

A. triseminataKrapov. & W.C. Gregory

E.

E.
Ex
Ex
Ex
Ex
Am
Es
Es

Es
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HLKHe 559

GK 10588

GKP 9646

GKP 10127

GK 12943

GKP 9990

GKP 10034

GK12881

GK 12922

338294

262842

262142

276194

476142

this study
this study
this study
AY615262
AY615246
this study
AY615265
this study
this study
AY615220

AY615249

AY615233
this study
AY615245
AY615250
this study
this study
this study

this study

this study
this study

this study

this study

this study

this study

this study

this study
this study
this study

this study



Stylosanthes S. fruticosaRetz.) Alston -- 321413 this study this study

Stylosanthes S. humilisKunth -- 275764 this study this study
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The data sets were analyzed with indels coded (IC) as binary characters and without the use of
indels (IN). Aligned datasets for the nuclear ITS (excluding the 26S exon) and plastichF
were analyzed separately and in combination.

Since inArachisthe plastid genome follows a maternal inheritance (Tallury et al. 2005),
only the maternal ITS region as identified by the TCS analysis was used for the allotetraploid
species in the combined analysis. Phylogenetic analyses of the three data sets wetedcond
using maximum parsimony in PAUP* version 4.0i§$Wofford 2003)and Bayesian inference
(BI) in MrBayes(Huelsenbeck and Ronquist 200 Nlaximum Parsimony (MP) analyses were
performed as heuristic tree searches using tree biseettonnection (TBRpranchswapping
with 100 random addition sequence replicates, and incorporatipgtsienony ratchet algorithm
(Nixon 1999)via PRAP2(Mdiller 2007) A strict consensus tree was generated for each data set.
Support for the clades was obtained by perfogootstrap (BSkelsenstein 198%5earches
with 100 replicates and 10 random sequence replicates. Bayesian analyses were performed using
the GTR+0+1 models, with 2,000,000 generation
compiled using TreeGrapl{®uller and Muller 2004; Stover and Muller 2009)

A partition homogeneity test (PHFarris et al. 1995y as performed in PAUP*

(Swofford 2003)prior to the combined analyses to determine if the ITStienidtrnF regions

were congruent in their mode of éutoon. The PHT was conducted using 100 replicate

partitions. For each replicate partition, no more than 500 trees were saved with a score greater
than 1. The resulting-Palue (0.01) indicate the two regions are incongruent, which implied that
the ITSandtrnT-trnF regions should not be combined. However, PHT has been found to be
sensitive to noise and different mutation rates between genomic regions, and might not be an

accurate measure of congruence between re@ater and Lutzoni 2002; Darlu ahécointre
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2002; Dolphin et al. 2000)To assess the potential sources of conflict, the matrices for the two
genomic regions were analyzed separately and in combination. Comparison of trees derived
from the partitioned analyses showed that support fdticng nodes was low, implying soft
incongruencéJohnson and Soltis 1998)

Haplotype networks were constructed using TCEement et al. 2000; Clement et al.
2002) Because only singleton gaps were observed in the data, the probability of parsimony was
set to 95% cut off. The TCS analysis allowed for the identification of chimeric ITS sequences

that were subsequently excluded from phylogenetic analyses.

Results

ITS alleles and sequence statistics

Amplification and sequencing of the ITS region generated a single homogenous sequence
in each case with the exception of the two allotetraploid spAciegpogaeandA. monticola.
In these allotetraploids, although the initial reading of the chromatmsgdapicted a prominent
signal for the putative A genome allelesexeamination revealed the presence of secondary peaks
and what appeared as possible background noise (FigureCha3equently, the genomic ITS
PCR products of the tetraploids were cloaed sequenced. A total of 14 clones each ffom
hypogaeandA. monticolawere obtained. Fadk. hypogaeathe majority of the clones
corresponded to the ITS sequence of the A genome species (10 clones; 71.4%) while two clones
matched the B genome spexi(14.3%). The remaining two cloneare chimeric as noted
below. In case oA. monticolasix clones (42.9%) represented the A genonteereas two
clones (14.3%) represented the B genome. The remaining six eler@geshimeric as noted

below. The magrity of the clones with the A genome clustered withAheuranensis
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haplotype, while those with the B genome grouped wittAthpaensiaplotype in the TCS
analysis (Figure 2.2). There were a few clones in which the haplotype differed fronAeither
duranensir A. ipaensisiue to mutations in a few positions (Figure 2 3jhen the alignment

of the A and B genome clones was examined, the positions where mutational differences were
observed corresponded exactly to the position in the alignmerg getiomic sequences where
double peaks were detected. The two alleles differed by eight substitutions and-basegle

indel. The lower frequency of the B allele in the allotetraploids may have caused the lower
signal (smaller peaks) in the chromatogsamhereas the odgase gap resulted in a

chromatogram shift that appeared as background noise (Figure 2.1).

Alleles with chimeric sequences (total of 7 clones, 24%) were also observed in both
allotetraploids. These included three types of chimeradiffat in the genomic identity of ITS1
and ITS2 regions: 1) ITS1 represents the A allstale ITS2 represents the B allele (2 clones,
14.3%), 2) ITS1 represents the B allelhile ITS2 represents the A allele (1 clone, 7.1%), and
3) one of the ITS regions is a hybrid of the A and B genpmiesreas the other represents one
of the two genomes (5 clones; 35.7%). The postidrthe chimeric clones in relation to the A

and B ggnome haplotypes are illustrated in the TCS network (Figure 2.2).

ITS based phylogeny
The complete ITS region sequences for the genus varied in length fromA99 in
brevipetiolatato 657 bp inA. hypogaea The sequences were trimmed at the 26S rDNAIEt0b
63 bp, as these sequences were incomplete for this exon. Twelve ind8l®pfnlere required
for the alignment of all the species including the outgroup taxa, resulting in a total alignment of

614 characters. The ITS dataset consisted of 38 3&xaf whth were included in the ingroup.
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a. CCACAAGA d-cececceccccoTe

Direct genomic sequences l

LIt
b. 1 ¢ _ e f.
CCGCAAGJA CCACAAGA (CGeCCCCCCCOTC CGCCCCCCOTC

v 0 ; 1

Cloned sequences ’

Agenome clone B genome clone Agenome clone B genome clone

Figure 2.1 Examples of chromatograms of s@cachisallotetraploids ITS sequences showing double peaks andlatembasgair insertion. a.
An arrow marks a double peak in a genomic DNA sequence.Arrows mark corresponding positions from ITS sequences of cloned PCR
product ofA. hypogaeandA. monticolad. Direct genomic sequencing chromatogram showing a double peak, marked by, asd@rétkve of

a shift in the sequence due to a gap.Nucleotide present at that position in cloned sequences from the allotetraploids marked with an asterisk.
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Figure 2.2 Haplotype networks for se@rachisdiploid species and clones for the allotetraploflshypogaedH) andA. monticola(M):

a.ITS1 andb. ITS2 regions. Clones that contained chimeric haplotypes are shaded in gray.
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For the MP analyses of tm®nindelcoded dataset, of the 614total characters analyzed 153
(25%) were variable and 97 (63.4%) were parsimony informative. Based on this dataset, six
trees were generated with a length o6 $&ps. The consistency index (Cl) was 0.913 and
retentionindex (RI) was 0.938. For the indebded dataset, 174 (27.4%) of the total 634
characters were variable, and of thd€#8 (62.1%) were parsimony informative. Analysis of the
indelcoded ITS dataset generated seven trees with a length of 221 ste@$.afldeR| for this
dataset were 0.905 and 0.932, respectively. The Bayesian analyses with and without indels coded
generated 50% majority trees that were congruent in topology and identical to the MP consensus
trees, differing only in degrees of suppont $ome of the nodes (Figure 2.3). Since topology was
the same for the MP and Bl trees, the Bl tree is presented here with bootstrap (BS) and posterior
probability (PP) support values noted on the branches.

The monophyly of the genus received full BS afdsapported with (IC) and without
(IN) indels coded as characters (Figure 2.3). The first deriving lineage w&saoervosae
represented bj. macedqgiexcluded from the rest of the genus with low BS support (62% IN,
54% IC). When analyzed using B\, macedowas excluded from the remainidgachis
species with significant posterior probability (PP) without indels coded as characters (0.95), but
the exclusion of this species lost significant support when indels were included as characters
(0.89). Accessions of the monotypic s@ciseminataevere the next to diverge and received full
support in all analyses. Sectidnseminataaevas excluded from the remainidgachisspecies
by strong to full support in all analyses (99%-B& 100% BSIC, 1.00 PPIN, 1.00 PRIC).
The next diverging lineage comprised of species ofGaulorrhizae(A. pintoiandA. repeny

receiving strong support (95% BN, 99% BSIC, 1.00 PPIN, 1.00 PRIC). Section
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Caulorrhizaewas excluded from the remaining two lineagethwinoderate BS support (76% IN,
68% IC) in the MP analyses and full PP support in the Bl analyses.

The other terminal lineage consisted of gaachisspecies divided into two clades
(Figure 2.3), which we will refer to as arachis | and arachis Il. Towophyly of this lineage
received moderate support (68%-B§ 71% BSIC), but significant PP support (0.97 IN, 0.96
IC). Group arachis | comprised of B genome, D genome, and aneuploid species, and received
strong BS support (98% BISI, 98% BSIC) and ful PP support. Two subclades were resolved
within group arachis I. The first consisted of the aneuploid spAcipsaecoxandA. palustris
receiving full support in all analyses. The second subclade included B and D genome species,
receiving 86% BSN and 87% BSIC and strong PP (0.99 IN, 0.99 IC). Species within this
subclade appeared in two polytomies, one inclusldohtizocor A. cruziana(100% BSIN,
100% BSIC, 1.00 PRIN, 1.00 PRIC), A. benensisA. glandulifera(D genome)A. trinitensis
(B genome), and the other (65% BRS, 63% BSIC) comprised of\. ipaensis, A. magna, A.
williamsii, A. valida,and the tetraploid B genome clones. Group arachis Il (664NB67%
BS-IC, 0.65 PPIN, 0.86 PPIC) comprised of a polytomy @&%. major10588 (secErectoide},
A. hoehneandA. diogoiplusa subclade of yet another polytomy (61%-ES 0.92 PPIC) of
SectionArachisA genome specieA. correntina, A. duranensis, A. herzogii, A. kempéfcadoi,
A. kuhlmannijand clones representing the A genomeftbe tetraploid species. When indels
were excluded from analyses, a total polytomy was evident

In the extended ITS dataset, a total of 619 characters were analyzed using MP and BI, of
these 171 (27.6%) were varialsled 117 (68.4%) parsimony informative. Fifteen trees most

parsimonious were obtained with a length of 238 steps, Cl of 0.861, and RI of 0.929.
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Figure 2.3 Bayesian inference 50% phylogeny majority rule consensus treAsafciisrooted withStylosanthe humilisandS. fruticosaand
used GTR#+I model based on sequences from nuclear ribosomal ITS r@gigrandtrnT-trnF region(right). Arrows indicate branches that
collapsed when the IUPAC characters were inclddethe allotetraploid ITS sequendesthe datasetae= branchesvere not recovered in MP
analyses + = branchesiotrecoveredn MP analyss with indel codindg = branchesiotrecoveredn MP analygs without indel codingg =
branches not recoveatén the Bl analysis when indel characters were includedsterior probabilities are above the branches and bootstrap

supportvaluesare below. Supports with indels coded are on the left while those obtained without indel coding are on the right.
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When indels were included, the total of 652 characters contained 204 (31.3%) that were variable,
of which 133 (65.2%) were parsimony informative. The MP analyses generated 58 trees with a
length of 277 steps. The Cl and RI were 0.859 a@#3).respectivelyThe topology of the
consensus trees was the same with and without indel coding, differing in resolution within group
arachis | and arachis Il (Figure 2.4).

As inthe trees based dhenonextendedTS dataset, the monophyly of the gewas
fully supported (Figure 2.4). The first deriving lineage consisted of species from sec.
Extranervosa@and was fully supported in all analys@#is lineagdormedtwo claces, one
clade included the speci@s macedoandA. lutescen$94% BSIN, 98% BSIC, 1.00 PPIN,
1.00 PPRIC) andthe otherA. burchelliiandA. villosulicarpa(92% BSIN, 99% BSIC, 1.00 PP
IN, 1.00 PRIC). The exclusion of se&xtranervosadrom the remaining species Afachis
received moderate BS support (79% IN, 68% IC) and significant PP support (1.00 IN, 0.99 IC).
Accessions of the monotypic sdciseminataevere the next to diverge and received full
support in all analyses (Figure 2.4). The two basal lineagesexeiueded from the rest of the
genus withvery strong BS support (99% IN, 99% IC) and full PP supp®he monophyly of
sec.Caulorrhizaewas alscstrondy suppored(93% IN, 99% IC full PP support; however, their
exclusion from the remainingrachislineageseceive<50% BS supporand lackedsignificant
PP support (0.74 IN, 0.75 IC). The diplaigecieof sec.RhizomatosgeA. burkartii diverged
next. The exclusion dk. burkartiifrom remainingArachiswas less than 50% B#&ith or
withoutindelscodel as characters andceived slightly less thasignificant PP support (0.94)
however, the exclusion adlfiis specieslid receive significant support (0.96) when indels were not

coded as characters in the Bl analysis.
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Figure 2.4 Arachisphyl ogeny generated using Bayesian inference based
model. Phylogenies generated using MP were nearly identical to the Bayesian tree in topology. + = branches not rétB\arelyses wi
indel codingl = branches not recovered in MP analyses without indel codfing.branches not recovered in the Bl analysis when indel
characters were included. Posterior probabilities are above the branches and bootstrap support values are belswitiSingels coded are

on the left while those obtained without indel coding are on the right.
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The sections represented in each of the terminal lindegesimilar composition when
compared to tredsased orthe nonextended ITS (Figuged), with the exception of the inclusion
of the secRhizomatosaeetraploid specieA. glabratawith group erectoides. Within group
erectoides (79% B8\, 72% BSIC, 1.00 PPIN, 1.00 PRIC), two clades were once again
resolved. The first clade includedc.Trierectoidesand two species of seerectoidesA. major
559 andA. brevipetiolatain a polytomy that received low BS support (59% IN, 65%hi@)
significant to full PP support (1.00 IN, 0.99 IC). The second clade was more resolvéd with
paraguariensis(sec.Erectoide$ andA. pflugeagsec.Procumbentéssister to two subclades. In
the first subclade (63% BB, 68% IC, 0.96 PPN, 0.95 PPRIC), A. kreschmeriappeared
sister toA. glabrata(sec.RhizomatosgeplusA. appressipiliag'sec. Procumbente88% BSIN,
87% BSIC, 1.00 PPIN, 1.00 PRIC). The second subclade comprised\ofigonii, A.dardani,
andA. matiensisn a polytomy that received good BS support (87% IN, 86% IC) and full PP
support (1.00 IN, 1.00 IC).

In the othe terminal lineage ithe tree based on tleatended ITSsec.Arachisspecies
were resolvedhto groups, arachis | and arachigfigure 2.4). The whole lineage receivéow
BS support (52% IN, 58% IChutsignificant PP support (0.96 IN, 0.95 ICG)s in the
nonextended dataset, group arachis | received strong BS (94%, BS% BSIC) and full PP
support. Similar to the nonextended dataset, the aneuploids subclade received full support in all
analyses, and included the aneuploid spekiekecorawhich was not represented in the
nonextended dataséthe structure of the other subclade containing the B and D genome species
was the same as in the tree based on the nonextednded dataset {B$%8'B% BSIC, 0.99
PRIN, 1.00 PRIC). The polytomy thatontainedA. ipaensis, A. magna, A. williamsii, A. valida

and the tetraploid clones hlwv BS support (61% IN, 67% IC) and significant PP support (0.97
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IN, 0.97 IC). WhileA. batizocoiandA. cruzianahad full support in all analyses (100% 8%

100% BSIC, 1.00 PAN, 1.00 PRIC), the sister relationship &f. glanduliferato these two B
genome species was identified only in analyses using indels as characters. However, it lacked
significant PP support (0.59 RE) and had low BS support (65% IQupportfor analyses in

which indels were not used as characters, had less than 50% support values for BSTdred PP.
other clade, group arachis Il (within the s&cachislineagg contained the A genome species

and clone sequences as previously identifiedu@arachis 1l included. linearifolia, A.
stenosperma, A. schininandA. simpsoniin a polytomy (67% BSN, 74% BSIC, 0.93 PPIN,

0.97 PRIC) with the other A genome species as in the phylogenies basedinitigheTS

dataset.

trnT-trnF based phylogeny

The sequences of thenT-trnF region varied from 1789 to 1960 bplength Seventeen
indels of 222 bp were coded in the alignment, resulting in a matrix of 2052 characters. From the
5 &nL exon, 117 characters were excluded from thedyeses due tthe presence o large
amountof missing data. Consequently, 1935 characters were analyzed, of which 202 (10.4%)
were variable and 114 (56.4%) parsimony informative. tiiE-trnF dataset generated Bibst
parsimonious trees with a lengih241 steps with Cl and RI values of 0.892 and 0.912,
respectively. When indels were coded as characters for the reduced data set, the total number of
characters increased to 1995, with 261 (13.1%) characters being variable and 152 (58.2%)
parsimony infomative. From the indetoded dataset, 391 most parsimonious trees were
produced of 336 steps with Cl and RI values of 0.815 and 0.854, respectively. The phylogenetic

trees obtained from the MP analyses without indels coded and Bl analyses with antl withou
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indel coded produced congruent trees, differing only in degrees of support for the nodes (Figure
2.3). The phylogeny produced in MP analyses with indel coding was more resolved at the base,
but had low BS support and lacked PP support. The phylogstetature of the terminal
lineagesvasconsistent with that resulting from the MP without indels coded and all Bl analyses.

The monophyly of the genus received full support in all analyses. Based on the plastid
sequence data, two major lineages were re@al/in the Bayesian analyses (Figu®,2wvith
and without indel coding, and the MP analysis without indel coding. The phylogeny génerate
using MP analysis with indels coded as characters did not recover the first lineage and had a
backbone topology thavas more like the ITS based phylogenies, but lacked support (data not
shown). Thus, thenT-trnF based phylogeny recovered from the Bl analyses and MP analysis
with indels as characters is shown and discussed here (Bi@ur€he first lineage compresl of
three sections corresponding to the first three diverging lineages in the ITS based phylogenies,
Caulorrhizae, ExtranervosaandTriseminatae However, this lineage did not receive BS
support above 50% nor did it receive significant PP support (N,7.56 IC). The three
sections resolved in a grade corresponding to accessions of the monotypitssetnatae
(100% BSIN, 100% BSIC, 1.00 PPIN, 1.00 PRIC), followed byA. macedo{sec.
Extranervosag and then secaulorrhizag(100% BSIN, 100%BS-IC, 1.00 PPIN, 1.00
PPIC). The exclusion of setriseminatadrom remaining species within this lineage lacked
significant support (53% B8N, <50% BSIC0.61 PRIN, 0.63 PRIC).

The second lineage comprised of species in groups arachis |, araahis érectoides,
and received strong BS (89% IN, 95 IC) and full PP support (1.00 IN, 1.00 IC; Rigure
Group arachis Il resolved sister to groups arachis | plus erectoides; however, the sister

relationship between the latter two clades lacked sogmf PP support and received <50% BS
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regardless of indel coding. Group arachis Il received moderate BS support (73% IN, 77%IC)
and full PP support (1.00 IN, 1.00 IC). The aneuploid spécigsaecoxvas sister to the
remaining species of this groupptigh its exclusion received less than 50% BS support (IN and
IC) and lacked PP support (0.63 IN, 0.68 IC). Followiagraecoxthe species were divided

into two subcladesThe first subclade (80% BB, 58% BSIC, 1.00 PPIN, 1.00 PRIC)

consisted of a grade of the aneuplaidoalustris followed byA. ipaensig77% BSIN, 75% BS

IC, 0.99 PPIN, 0.99 PPIC), andA. cruzianaplusA. batizoco{94% BSIN, 97% BSIC, 1.00

PRIN, 1.00 PRC). In the second group, which represghe arachis | subclade (63% 8BS,

73% BSIC, 1.00 PPIN, 1.00 PRIC), A. magnacame sister to a polytomy (59% BIS, 60%

BS-IC, 1.00 PPIN, 1.00 PRIC) that was comprised &. benensiplusA. trinitersis (63% BS

IN, 65% BSIC, 1.00 PPIN, 1.00 PRIC), A. glanduliferaplusA. valida(59% BSIN, 73% BS

IC, 0.99 PPIN, 1.00 PRIC), andA. williamsii. Group erectoides was the second clade resolved
here (71%BSN, 55% BSIC, 1.00 PPIN, 1.00 PRIC) and rellects the same sections and
species composition as the ITS based phylogeny. The two speciesToieectoidedormed a
polytomy and were sister to another polytomy comprising the remaining species (8¢ BS
58% BSIC, 1.00 PPIN, 1.00 PRIC). Arachs appressipilisandA. dardaniresolved together

with good BS support (85% IN, 90% IC) and full PP support. Group arachis 1l was comprised of
a polytomy ofA. major(10588),A. kuhlmanniiA. monticola, A. hypogaea, A. duraner(8i8%

IN, 99% IC, full PPsupport) plus two subclades &f correntindA. diogoi/A. hoehnd64% BS

IN, <50% BSIC, 1.00 PPIN, 1.00 PRIC), andA. herzogilA. helodes/A. kempifiercadoi(0.66

PRIN) were resolved in polytomies.
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Phylogenies based on combined ITS antdh T-trnF data

The MP analyses of the combined dataset included 2547 total characters, of which 355
(13.9%) were variable and included 211 (59.4%) parsimony informative characters. This
analysis resulted in 167 most parsimonious trees of 446 steps. The Cl was 0.B8%vaad
0.909. When indels were coded, the dataset expanded to 2628 characters. The combined indel
coded dataset had 260 (60%) parsimony informative characters from the 435 (16.6%) variable
characters. The MP analyses of the irmEled dataset generate4l) most parsimonious trees
of 568 steps. The Cl and Rl were 0.835 and 0.872, respectively. Strict consensus trees from both
MP and Bl analyses were identical in topology (Figure 2.5), but differed in PP and BS support
values.

Themonophyly of the genusased on combined ITS atrdT-trnF sequence data was
fully supported in all analyse§igure 2.5. At the base of thArachisphylogeny, a grade
emerged representifgachis macedadisec.Extranervosag followed by secTriseminata, then
sec.Caulorrhizag thena clade ofyroup erectoides, and groups arachis | and arachibél
exclusion ofA. macedofrom the remaininghrachisspecies received moderate BS support (73%
IN, 79% IC) and significant PP support (0.97 IN, 0.98 IC), while the exclusiénmiacedoi

and secTriseminatageceived strong BS support (98% IN, 98% IC) and full PP support.
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Figure 2.5 Arachisphylogeny based on combined ITS amdl-trnF datasets analyzed with Bl, indels included as characters. Branches not
resolved inphylogenies generated using MP without indels coded are noted with a star and those not resolved in Bl without indel caded) a
with a diamond. Branches that were not resolved in MP with indels coded as characters are indicated by a pltergigprétusbilities are
above branches, without indels coded as characters on the left and values with indels used as characters notedBooteajghkialues are

below each branch and have BS values on the left without indels as charactersbdenith indel coding are on the right.
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Exclusion of secCaulorrhizaefrom the three latter groups received strong to full support (100%
BS-IN, 99% BSIC, 1.00 PPIN, 1.00 PRIC). Species topology within the strongly supported
group erectoides (96% BISI, 95% BSIC, 1.00 PPIN, 1.00 PRIC) was similar to thé&rnT-trnF
based tree. Group arachis | comprised of two subclades simitgologyto the ITS tree The
exceptiors were the placement &f. ipaensisandA. glanduliferawithin this subclade (Figure

2.5). Species composition and topology for group arachis Il was consistent with phylogenies

based on the partitioned ITS amdT-trnF dataset and received full support ineaalyses.

Discussion

Molecular Evolution

Considering the average length of 629 bp for the ITS region, the number of variable
characters was 153, or 24.3%. In contrasttriie-trnF region was 1914 bp in average length
with 202 variable characteos 10.4%. Therefore, it appears that the ITS regioratiagher rate
of substitution than thenT-trnF in Arachis In other words, for sequencing thifedd the
length of the ITS region, we obtained only 24.2% more variable sites fromnmirenF. Of
these variable sites, the number of potentially parsimony informative sites from the two regions
were similar, 97 P for ITS vs. 114 for taT-trnF. The Cl and RI values calculated on the
trees based on the ITS region were slightly higher than thosd baghdrnT-trnF, implying
higher proportion of homoplasy in the latter (p <0.05). When the robustness of the phylogenetic
trees obtained from these two genomic regiom®mparedit appears that the two regions
produced comparable number of resolmedes and overall PP and BS support. Therefore,

despite the low proportion of variable and PI sites irtth&-trnF compared with the ITS and
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the slightly higher homoplasy, the two regions provided comparable phylogenetic information in
Arachisphylogendic reconstruction.

Generally, the ITS region is thought to evolve towards one of the parental progenitors in
hybrids and allopolyploids because it undergoes rapid homogenitAtierez and Wendel,
2003; Soltis et al., 2008)Considering the signal the chromatogranobtained from the direct
genomic sequencing of the allotetraploids spe&idsypogaeandA. monticolathe A genome
ITS allele appeared to be the more dominant in positions where double peaks representing the
two alleles were found. Téimay be explained by the presence of the A allele clones at much
higher frequency than the B allele clones (71.4% vs. 14.3%.foypogaeand 42.9% vs.
14.3% forA. monticold. This implies that the ongoing process of concerted evolution is
favoring tle A allele over the B allele. Although the occurrence of multiple alleles has been
frequently documented (e.govarik et al., 2004; Soltis et al., 2008; Vander Stappen et al.,
1998) their detection can sometimes go unnoticed since the region contaipsljenorphic
sites indicativeof each genoméSoltis et al., 2008)or low signalexistsfor one of them as
shown in this study. This study has also shown the presence of chimeric alleles in six of the 14
(42.8%) A. monticolaclones, and 2 of the 14 hypogaealones (14%), implying the
occurrence of infrallelic recombination events in the ITS of both tetraploid genomes. The
presence of chimeric alleles was confirmed in our TCS analysis of the ITS1 and ITS2 alleles
from diploid species in seérachis and the cloned alleles from the tetraploid species (Figure
2.2). These chimeric alleles were closely linked with their respective ITS regions of their
parental alleles as demonstrated by the TCS haplotype network (Figure 2.2). This evolutionary

dynamicin the ArachisITS region as illustrated by the chimeric ITS may represent a fluid state
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that will subsequently undergo fixation by concerted evolution towards one of the ancestral
genotypes.

Without cloning, nucleotide sites showing multiple peaks éndinect genomic sequences
of taxa with multiallelic ITS regiomare usually assigned IUPAC ambiguity codes. Soltis et al.
(2008) have deomnstrated thatyjogenetic reconstruction will be negatively impacted when
IUPAC ambiguity codes are used as molaceharacters. This point received further support
from this study. The inclusion of the nine IUPAC coded characters for the allotetraploid species
in a dataset that has a totall&3variable characters af®¥ PI characters resulted in
considerable ctdpse of nodes in the clades containing the tetraploids (arachis | and arachis Il
clades; Figure 2.3). However, when cloned sequences representing the A and B alleles were
used alone to represent the tetraploid species in the MP esjalysolution impreed
significantly and the clones grouped with the sequences of the respective putative diploid
progenitors (Figure 2.3). The collapse of nodes illustrates the impact of ambiguous sequences
due to multiple copies not previously recognized in the genomsteestes the poionf how
carefully ITS data should be treated in general. Once ambiguous sites are detected then cloning

of this region is highly recommended.

Phylogeny of the genu#rachis

Analyses of the partitioned ITS atrd T-trnF regions produced alternative topologies
(Figures 2.42.5). The most notable was the resolutadthe bas and the placement of group
erectoides. The three basal lineages in the ITS based phylogenies (Figapp2atedn a
singlecladein most analgesof thetrnT-trnF data (Fig2.5. However, thenonophylyof this

lineage was50% BS and lacked significant PP support. difierencein topology at the base
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of the phylogenyan thus be regarded saft incongruence. Thatructureof the terminal

lineages and clades in the phylogeagieddepending on the dataseted(Figures 2.42.5). The

sister relationship of group erectoides to group arachis Il received less than 50% BS support and
did not have significant PP support, and could also be at#dhlo soft incongruence.

Phylogenies based on the combined datasets resalvedjor lineagesnd cladesvith strong to
moderate support (Figure 2.7). Thus, discussion of phylogenetic relationship and systematic

implication for Arachisspecies will focs on the phylogenidsased orthe combined dataset.

Basal GradePhylogenetic analyses of the combined ITS @n@-trnF datasets producectes

that resolved\. macedoof sec.Extranervosaeas sister to remainingrachis(Figure 2.5. The
extended ITS dataset included three additional species dixdeanervosagA. burchellii, A.
lutescensandA. villosulicarpa,which were resolved in one clade at the base. Galgaro et al.
(1998) showed\. burchelliandA. macedoappearingn one cluster in a RAPD based
dendrogram.Gimenes et al. (2000) includéuese specieas their UPGMA analyses of RFLP

data andound that theyormeda cluster with 81% BS support. ®ewo studies suppothe
placement oA. burchelliiandA. macedoin onelineagein this study Thegroupingof A.
macedowith A. lutescen$94% BSIN, 98% BSIC, 1.00 PPIN, 1.00 PRIC) andA. burchellii

with A. villosulicarpa(92% BSIN, 98% BSIC, 1.00 PPIN, 1.00 PRIC) in stronglysupported
clades can be further badsed with morphological characters (Krapovickas and Gregory, 1994).
Both A. macedoandA. lutescenpossess leaflets that are smooth on the upper surface, while the
leaflets ofA. burchelliiandA. villosulicarpaare covered in soft fine hairs. The phylogenetic
position for secExtranervosa&loes not completely agree with the phylogenetic notions of

Krapovickas and Gregoi1994)who consideredec.Extranervosag@o beai pr esumab |l y
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sect i oTmarectddeste . ipr obabl y t he mostusproi miTthievye b[ass
their conclusion on the assumption that Jeerectoides s figeneti cally very i
remaining sections of the genus. In this study, the two species ifrieeectoideswere nested
deeper in the tree withigrouperectoidedineage(Figure 2.5.

The second diverging lineage, s€dseminatagFigure 2.9, received 79% B3N, 68%
BS-IC, and full PP support for their exclusion fraamainingArachisspecies Krapovikas and
Gregory (1994) considered this section to be
genetically isolated based on unsuccessful attempts to generate hybrids in crosses between sec.
Triseminataeand representative species from otleations of the genus. The UPGMA analysis
of microsatellite markers showed the accessios trfiseminataforming a cluster distinct from
the remaining species of the genus (Hoshino et al., 2006). The placement of the third diverging
lineage, sedCaulorrhizae(A. pintoiandA. repenreceived full PP and BS suppdfhe
affinities between sectiongiseminataeandCaulorrhizaehave been previously demonstrated in
the UPGMA analysis of RAPD and RFLP data (Galgaro et al., 1988 se two speciad sec.
Caulorrhizaeare very closely related based on data from hybridization and pollen fertility,
microsatellite data, RFLP, and isozymes (Gimenes et al., 2000; Gregory and Gregory, 1979;
Hoshino et al., 2006; Palmieri et al., 2005). Morphologic@lypinta andA. repensare easily
distinguishable on the basis of leaf shape and leaflet size (Gimenes et al., 2000; Krapovickas and

Gregory, 1994) from other species of the genus.

Group ekectoides.The next diverging lineage in the phylogeny based on the cethlgiataset is
a heterogeneous lineage comprised of sectwestoides, Heterantha®rocumbentesand

TrierectoideqFigure 2.5. The structure of group erectoides in the analyses of the extended and
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nonextended dataset were similar with the excepliahthe extended ITS datasatludedA.
glabratafrom secRhizomatosa@-igure 2.4). A similar grouping was recovered in UPGMA
analysis of AFLP data (Gimenes et al., 2002b), with the excetbtadthe Trierectoidesspecies
were not used in Htstudy.However, tleir cluster received <50% BS support atsdsubgroups
also tended to have low BS support. The exception was the sister relationship #etween
dardaniandA. rigonii, which was strongly support¢89% BS support) in the Gimenes et al.
(2002) sudy. TheArachisphylogenies produced using combiri&® andtrnT-trnF data
resolvedA. rigonii as sister t&\. dardaniandA. appressipilia(the latter was not included in the
Gimenes studywith full PP and good BS support (78%) when indels were iredus
characters. Using microsatellite data, Hoshino €8D6)recovered a cluster of species from
sectionsErectoidesandProcumbentesnly. The emergence of erectoides in this study as a
strongly supported lineage (1.00-MP, PRIC, 97% BSIN, 99%BS-IC) can be explained in a
historic perspective. Sectidmierectoidesvas previously treated as part of Serectoidesput
was later segregated from this section based on the presence of three leaflets instead of the four
leaflets found in all othesectiongKrapovickas and Gregory, 1994%pecies currently
recognized as seBrocumbentesvere also historically included in sderectoides but were
removed by Krapovickas and Gregdiyp94)based on their decumbent habit and flower
development along the length of the branches. Therefore, except fhlese@nthaeit is not

surprising to see the other members converge into one lineage with such strong support.

Group arachis IMembersof sec.Arachishave appeared in one cluster in phenetic analyses
(Gimenes et al., 2002b; Milla et al., 20@B)din a well supported lineage in phylogenetic

analyses (Tallury et al., 200%)jth compositions different from the arachis | and arachis Il
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rewvered here. The species resolved in group arachis | included aneuploids, B genome, D
genome, and one A genome species fromAechis in two subclades.

The fully supported aneupl@dubcladevascomprised ofA. palustrisandA. praecox
(Figure 2.9. Inclusion of the ITS sequence from the third aneupldidjecorain the extended
dataset resolved all three aneuploids in the same subclade with full support from all analyses
(Figure 2.4). These three aneuploid species were classified withitraebisbased on
morphological feature@Krapovickas and Gregory, 1994PDnly a few studies focusing on sec.
Arachishave included these aneuploid spe¢i&svo et al., 2006; Creste et al., 2005; Gimenes
et al., 2007; Milla et al., 2005; Tallury et al., Z)0 Microsatellite data placed accessions of
these species together in a cluster with the A genome spedexgoi, A. kuhlmannigndA.
simpsonii(Bravo et al., 2006) In AFLP based dendrograms, the aneupltmdsied a separate
cluster(Milla et al.,2005; Tallury et al., 2005)However, in theérnT-trnF study of Tallury et al.
(2005)and here, the aneuploid species appeartdn the B and D genome clade and were
excluded from the A genome species with strong BS and PP support, implying higtier gene
affinities to the B and D genomes than the A genome (Figure3.®).3The phylogenetic
placement of the aneuploids points to chromosomal rearrangement following the split of arachis
| and arachis Il from a common ancestor. This event resulted indteo neages representing
the aneuploids2=18) and the mostly B genome species that maintained the common
chromosome complement &f=20. This interpretation is more parsimonious than a loss of a
pair of chromosomes in the aneuploids and ttegippeeancein the mostly B genome lineage.

TheB genome gecies formed the second subclade of group araahismd) withthe lone
D genome species. glandulifera The B genome is identified

chromosome characteristic of the A genqi@martt et al. 1978; Fernandez and Krapovickas,
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1994; Krapovickas and Gregory, 199Within this subclade, B genome species resolved into
two groupings bsed on the combined datagéigure 2.5) The first includedh. ipaensisA.
batizocoj andA. cruziana while the second was comprisedfobenensis, A. trinitensis, A.
williamsii, A. magna, A. validaand the D genome speci&sglandulifera. The emegence ofA.
ipaensiswith A. batizocoiandA. cruzianan the phylogeny based on combined plastid and
nuclear datavas not expectedArachis ipaensifas previously been considered more closely
related toA. magnahan to eitheA. batizocoior A. cruziara based on data from crossabilégd
RFLP (Burow et al., 2009), RAPD and RFLP (Gimenes et al., 2002a), AFLP (Milla et al., 2005),
sequence of nuclear hypervariable regions (Moretzsohn et al., 2004), and microsatellite markers
(Bravo et al., 2006) Thesestudies suggests that species lacking the A chromosome, and thus
identified as B genomgpecies, or no# genome species as suggested by Seijo et al. (2004), are
a fairly heterogeneous group. Burow et al. (2009) had proposed the B genome be spliinto an
batizocoigroup andA. ipaensigroupbasedn RFLP data. These proposed relationships are
supported here only with the ITS data (Figure 2.3, 2.4)

Recently, Robledo and Seijo (2010) suggested that B genome,-& ge@mome species,
be separated into e genome groups based on heterochromatin detection and mapping of
rDNA loci using FISH. The genome groups proposed wer. Bo@ensis, A. gregoryi, A.
magna, A. validaandA. williamsii), F (A. benensiandA. trinitensig, and K @A. batizocoi, A.
cruzana, andA. kropovickasj)i. The proposed F genome species appear nested within arachis |
with moderate BS (64% IN, 69% IC) and full PP support (Figure Z.b proposed K genome
group @. batizocoandA. cruziand formed a clade with full support ail analyses.The
species in the proposed B genome group were not recovered as a single grouping in the

combined andrnT-trnF data analyses but did so in the ITS data analyses (Figure 2.3, 2.5). This
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may reflect the impact of the maternally inheritedl -trnF on the evolutionary history of the
group. In thernT-trnF phylogenyA. ipaensigesolves sister to the proposed K genome species.
The placement oA. ipaensisvas inconsistent depending on the genomic region used (Figure
2.3, 2.5. Tallury etal. (2005 recoveredA. ipaensisas sisteto A. batizocoiandA. cruzianan
an ML network based amnT-trnF sequence data, albeit with weak BS supplorthe ITS
based trees (Figures 2.3 and 2.4), species belonging to the proposed K group mnesolged i
group with moderat¢o-low BS (61% IN, 67% IC) and significant PP support (0.97 IN, 0.97 IC).
The F genomepecies appeared as a polytomy in the tree based on the ITS dataset.

Only one species iArachis A. glanduliferahas been designated tovkahe D genome
(Stalker, 1991) The placement of this species in arachis | received strong supgwet in
analyses of partitioned and combined data($etgires 2.32.5). However, its position within
the clade differed based on the genomic region used. The ITS data showed low support for its
placement as sister fa batizooi andA. cruzianawhereas thé&nT-trnF data included it in the
groupingof A. magnaA. williamsii, A. benensis, A. trinitensendA. validawith moderate BS
and significant PP support (Fig. 2.4). It is to be noted that botinnfhérnF and combined data
showedA. glanduliferagrouping withA. valida but support varied (Figures 2215). Tallury et
al. (2005)resolved a moderately supported lineage that inclédeganduliferawith A.
williamsii andA. benensisA. magna, A. validaandA. trinitensiswere not includedh that
study. Therefore, although a common ancedsiryhe B and D gnome species is evident, there
seems to bdisagreemenn the placement oA. glandulifera possibly caused by the mode of

inheritance of the genomic regions or amount of phylogenetic signal.
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Group arachis I1.This group was comprised of species thatehiaeen identified mostly as A
genome species, but also included one species from sEc&otoides, A. majofFigures 2.3

2.5. In the first study that covered representatives of several sectidnaabiis(Gimenes et al.,
20021, sec Arachisformed a distinct cluster in a UPGMA tree based on AFLP data that
received less than 50% support. Lack of resolution is quite evident in arachis Il clade in this
study (Figures 2:2.5), as wellas in previous studig§&imenes et al., 2002b; Tallury dt,a

2005) The low resolution and support among members of arachis Il may imply recent origin or

low rate of substitution.

Origin of the allotetraploids in sec. Arachi§ he differential inheritance of the ITS atndT-

trnF regions provided insight o the evolutionary history of the allotetraploids,hypogaea
andA. monticola ThetrnT-trnF analysis confirmed the maternal origin of the A genome since
the allotetraploids appeared as part of the A genome lineage but in a polytoorgsFA@, 2.b
The ITS clones further substantiated the results afrtiietrnF data and provided evidence for
the paternal origin of the B genome (Fig2-2.4) as previously noted by Kochert et @991)
Jung et al(2003) and Seijo et a[2004) Although thepresence of polytomies prevented us
from pinpointing the exact species donors, the putative donor spects;anensiaindA.

ipaensis were recovereth those polytomies (Figures 2235). Therefore, better resolution and
support using more genomic regs with higher substitution rate is needed before molecular

phylogenetics can provide support for the ancestry of the A and B genomes.
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Systematic implication

At the present, the systematic monograph of Krapovickas and Grd§®4)for the
genusArachisrepresents the only comprehensive treatment. In their intuitive treatment, they
recognized nine sections based on morphological features from the leaf, hypocotyl, fruit, flower,
and branching habit. The size of these sections varied from bemagype, such as sec.
Triseminataeto considerably large ones, such as Beachis Krapovickas and Gregory
(1994)also provided information on geographic distribution and polyploidy levels for these
sections.This studyis among the first molecular phylogenetic treatment for the genus using
nuclear and plastid genomic sequences to examine the evolutionary history of species within all
nine sections. Based on the phylogenetic trees generated, only two sections appeayletamop
sec.Extranervosaand secCaulorrhizae besides the monotypic sélriseminatagFigure 2.3
2.5).

Krapovickas and GregoilL994)recognized se&xtranervosa®n the basis of perennial
habit, expanded corolla, and ogenstandard with red veils its lower surface. The present
study includedne species for each of the partitioned and combined IT8&m@hdrnF datasets,
while four of the nine species were used in the extended ITS dataset. It is evident from our
extended ITSnalyseshatthesection is monophyletig=igure 2.4) Our resultsvereconsistent
with those of Gimenes et §2002b) which placedA. macedoandA. burchellii(the only two
species used of sdextranervosagin one cluster with high BS supposand withGalgaro eal.
(1998)studywhere five of the species appeared in one cluster in their UPGMA analyses of
RAPD and RFLP dataThus based on the extended ITS data, we support the monophyly and

thus taxonomic treatment of sé&txtranervosae
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SectionTriseminata@s monotypic and it is characterized morphologically by the
apomorphy of cotyledons with veins deeply sunken on the upper s(idi@p®vickas and
Gregory, 1994) In an attempt to generate intersectional hybrids, Gregory and G(@§adS)
did not succeed inbtaining hybrids betweef. triseminataand members of other sections.
Further, very few hybrids were obtained when crosses were made among various accessions of
A. triseminataindicating the presence of an intraspecific barrier within this speclestwib
accessions oA. triseminata GK 12881 and GK 12922) used in this study appeared in one clade
with full PP and BS support (Riges 2.3-2.5), providing support for the monophyly of the
species. Therefore, our study confirms the sectional stafrsseminataeand its isolated
position.

Similarly, this study also confirmed the monophyletic nature ofGeaualorrhizaewith
bothA. pintoiandA. repensappearing in one clade in all analyses with highaB&full PP
supports (Figs. 2-:2.5). CrossedetweenA. repensandA. pintoiproduced hybrids that had high
pollen stainability (86.8%Gregory and Gregory, 1979mplying very close genetic
relationship. Similar conclusions have emerged from studies based on AFLP, microsatellite, and
RAPD data(Gimenes et al., 2000; Hoshino et al., 2006; Palmieri et al., 20&)tion
Caulorrhizaeis characterized by procumbent branching habit, standard of the petals with red
lines on its upper face, flowers and fruit that develop along the length of the laaddtems
that form roots at the nod@srapovickas and Gregory, 1994lts two species can be separated
morphologically on the basis of leaf shape and leaflet(&8zaenes et al., 2000; Krapovickas
and Gregory, 1994)However, despite the differencasiéaf morphology, thenT-trnF and ITS
sequences were identical. Similarly, protein profiles in the Bertozo and(2@04)study could

not discriminate between these two species.
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Since secHeteranthag Am genome is represented by one speci&sgardani, in this
study, its taxonomic status cannot be assessed at this time. However, it appears to show
phylogenetic affinities to sectiofgectoideqE,), ProcumbentefEs), RhizomatosaéR,) and
TrierectoideqE;) as evident in the analyses of partiedrand combined dataséisgures 2.3
2.5). Gimenes et a{2002b)showedA. dardaniandA. rigonii of sec.Procumbenteforming a
cluster in their AFLP based UPGMA phenogram, in partial agreement with this study.

The majority of the species representing sectitnestoides, Trierectoidesnd
Procumbentes our study were formerly placed in séecectoidesas serieJetrafoliolatae,
Trifoliolatae, andProcumbensaéGregory et al., 1973)However, Krapovickas ar@regory
(1994)raised serieProcumbensaandTrifoliolatae to sectional level, whereas series
Tetrafoliolataeretained the sectional narkeectoides Taxonomic treatment for these sections
was based on plant habit, leaflet number, flower color, and bygaharacterg¢Krapovickas
and Gregory, 1994)Section€rectoidesandProcumbentes;ontaining 14 and nine species,
respectively, and are characterized by the tetrafoliate leaves, cylindrical hypocotyl and standard
with red lines on the upper face. &two sections differ in their branching habit (erect for sec.
Erectoidesss. procumbent for seBrocumbentgsand flower position where they are distributed
along the branches in sé&trocumbenteand found closer to the base (collar) in $gectoides
SectionTrierectoidesgncompassing. guaranticaandA. tuberosais characterized by the
trifoliate leaf and tuberiform hypocotyl. Our study resolved the three sections in a highly
supportedineage in all analyses (Figures 24), implying a potenal nucleus for a new
taxonomic unit.

In a study examining intersectional relationships using crossability data, Gregory and

Gregory(1979)producechybrids among species from the three secti&neqtoides,
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ProcumbentesandTrierectoide$, however, masof these hybrids were highly or completely
sterile as indicated by pollen stainabiliti{rapovickas and Grego(994)used these
cytogenetic results to support the establishment of sedfi@toides, Procumbentasd
Trierectoides.Hoshino et al(2006) generated a dendrogram based on microsatellite data that
showed species of sderectoidesandProcumbentesitermixed in a cluster separate from
another cluster containing species of §aerectoidesimplying a close genetic relationship
between ac.ErectoidesandProcumbentes Raina and Mukai1999)have noted in their FISH
study of ribosomal DNA that species of sEpectoidesandProcumbentepossess the same
genome but belong to different sgpnomes as identified by Gregory and Gred@879.

The placement of on&. majoraccession within erectoides, while the other accession
in arachis Il, was not unexpectéelgures 2.2.5). Krapovickas and Grego($994)had noted
that crosses amomg majoraccessions from the furthest points efdistribution did not
produce fertile hybrids. Thus, they suggested that although the accessions appear to be
morphologically similar, it was possible that they belong to different biological species.
Therefore A. majoris in need of a detailed studitae population level to determine species
boundaries and its phylogenetic placement in the genus.

SectionArachisis defined morphologically on the basis of the vertical peg and lack of
rhizomeg(Krapovickas and Gregory, 1994However, their monogragbr the genus did not
further subdivide the section into the currently recognized genome groups A, B and D. Studies
using molecular markers have shown that species with the A and B genomes form distinct
groups(Burow et al., 2009; Gimenes et al., 2002ajvhrd et al., 1991; Hilu and Stalker, 1995;
Tallury et al., 2005) The sole D genome speciksglanduliferawas shown to be more closely

related to the B genome than to the A genome spéadisiry et al., 2005)a relationship
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supported in this studyrigures2.3-2.5). However, secArachisas a whole was not consistently
recovered as a single lineage and its monophyly lacked strong support in all analyses. Although,
trnT-trnF did not recover se@rachisas a single lineage, the monophyly of it idhsepported

with the ITS and combined datasets. Furthwertentativelyconsidents two componentgroups

arachis | and arachis Il as two separate but closely retktdds.
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CHAPTER 3: In search of a hypoallergenic peanut among wild

relatives
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Abstract

The peanutArachis hypogaeas an economical and nutritious food, but it also has the ability to

cause severe allergic reactions. Peanut alleadfiest1.2% of US population, whose only

treatment for this immunological disease is strict avoidance. The majority of resear@noh pe
allergens has focused on the crop. Only a few studies have been conducted on the putative
progenitors of the crofA. duranensigindA. ipaensis.The peanut genusrachisis comprised

of 80 wild species, many of which are considered valuable geestarces for the crop.

Twelve Arachisspecies were examined to identify potentially hypoallergenic orthologs of the

peanut allergen Ara h 2. The major allergen Ara h 2 is a seed storage protein that is recognized

by 90% of peanuéllergic individuals. [@duced protein sequences and homology models of Ara

h 2 ortholog revealed that mut at i-beficesHZande con
H3. The differences in the H23 loop included polymorphisms in immunodominant epitopes #6
and7,aswella del etions to the epitopedépitapdrared DPY
prediction programs ElliPro and #oTope were utilized to detect potential igiading regions

among the epitopes. Dot immunoblots of peptides representitiBHizmonstrated that

variations among orthologs did have reduced antibody binding. The natural variations in Ara h 2
orthologs from the wild species demonstrate that Wikachisspecies could be genetic resources

in the development of a safer peanut crop.

Keywords:Arachis,Peanut allergy, Ara h 2 orthologs, homology modeling, wild species
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Introduction

PeanutsArachis hypogaegasare an economical source of protein, vitamins and minerals.
The peanut itself and its products are widely used throughoutaberfdustry. In 2009, the US
production of shelled peanuts was approximately 2.45 billion palusBA-NASS, 2009)
Despite their economic importance and nutritional value, allergies to peanuts have become a
growing concern because of their wide usthanfood industry and the severe reactions that it
can elicit immunological reactiofBurks, 2003)

Food allergies are severe immune responseiated by IgEo specific foods, usually
proteins, and affect roughly 4% of the US population, or 12 milli@ple€Sicherer and
Sampson, 2006) The number of reported cases of children with food allergies increased 18%
from 1997 to 2007Branum and Lukacs, 2008 A majority of food allergies (90%) are caused
by proteins in a handfblbk, o6héebbt@sshinpkadubg,
fish, wheat, and soybea(isshrere et al., 2002)Allergies to these food products have the
potential to cause serious reactions, including anaphylaxis. The only treatment for food allergies
is avoidance.Some children who have allergies to milk, eggs, soybean, and wheat can outgrow
their allergies by the time they are old enough to go to elementary gtlood, 2003)
However, allergies to shellfish, tree nuts, fish, and peanuts are rarely, if eveoywoutdn the
US, allergies to peanut affect 1.2% of the population and the number of children with peanut
allergies is growingSicherer et al., 2003)

To date, ten peanut allergens have been iden{ifiedro et al., 2002; Burks et al., 1992;
Burks et al, 1991; KlebetJanke et al., 1999; Mittag et al., 2004; Pons et al., 2002; Rabjohn et
al., 1999) The majority of the peanut allergens are seed storage prdieiosdng to the two

protein superfamilies to which most plant food allergens are clas@iedeneder and Radauer,
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2004) specifially, the cupin superfamily (viin - Ara h 1 and leguminAra h 3/4) and the
prolamin superfamily (2S albuminsAra h 2, Ara h 6, and Ara h 7).

The major allergen Ara h 2 is recognized by over 90% of patidmisarne peanut
sensitive(Koppelman et al., 2004)Iit comprises ©% of the total protein content in the seed
(Koppelman et al., 2001)This allergen is present in two isoforms (Ara h 2.01 and Ara h 2.02),
with an average mass of 17 kp@hatel et al., 208). There are 10 IgE binding epitopes
(Stanley et al., 1997jhree of which are considered to be immunodominant. Ara h 2 has been
predicted to be composed of two bundles of helices connected by a loop, which contains two of
the three immunodominant éppes(Barre et al., 2005; Lehmann et al., 2Q0@he tertiary
structure is similar to 2S albumin proteins Ric ¢ 3 (castor bean) and Ara h 6 (peanuts), both of
which have been determined using NNIRhmann et al., 2006; Pantdjceda et al., 2003)

Like other 2S albumingt was predictedthaar a h 2 i s c éeligesi sed of
(Barre et al., 2005; Lehmann et al., 2008ya h 2 also has eight cysteine residues that are
common to other proteins in the prolamin superfarfiighmann et al., 2006; Sheyvet al.,

2002) C-Xp-C-X-p-CC-X-CXC-X-C-X-C . -Mettical sttiicture and multiple disulfide
bonds allow the allergen to maintain stability in high temperatures and resist digestion by
proteases, allowing it to reach the gut immune system relatively (Maceno and Clemente,
2008) Anothercoomon f eature of most 2S al bumin protei
regiono between helices 3 and 4 that contains
immunodominant IgE binding sites for Ara h 2, however, are located on the loop region
connecting helices 2 and(Behmann et al., 2006)
The loop portions of proteins are important to protein function because they are exposed

to the surface and can determine the functional specificity of a pf&iser et al., 2000) The
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majority of variations, such as substitutions, insertions, and deletions, between members of a
protein family are generally within loop regions. More information about these loops in
allergens and how changes can affect them, in particular their ability to bind aotigEdies,
could be useful for food allergy diagnosis and treatr{ioteno and Clemente, 2008)

Beyond the peanut crop specfeshypogaeathe allergen Ara h 2 has been examined
only in the progenitors of this tetraploid spedfegiuranensiaindA. ipaensigfRamos et al.,
2006; Ramos et al., 2008 he peanut genus contains 80 wild and cultivated species
(Krapovickas and Gregory, 1994; Valls and Simpson, 2008gse species have been grouped
into nine sections, and the largest secAoachis contining the crop and its progenitors
species, has been divided into three genome groups: A, B, édiehd1tt et al., 1978; Stalker,
1991) The wild species of gendgachisare considered to be important genetic resources for
improving the crogRao et al.2003)

In this paper, we examine the nucleotide, amino acid and structural differences of the Ara
h 2 ortholog from wild species dirachis We show that the allergen orthologs from the various
wild speciesArachiscontain significant changes in theops that possess the epitopes with the
DPYSPS motif. Also, species from secti@esulorrhizag ExtranervosaeandTriseminatae
contain orthologs with mutations that could render them hypoallergenic. This is the first time

that this serious allergen hiagen explored outside of the peanut crop and its progenitors.

Materials and Methods

Amplification of Ara h 2 orthologs

Genomic DNA was isolated from fresh leaf materiahodichisspecies (Table 3.1)
following Milla et al.(2005) The allergen gene féwra h 2was amplified by PCR using primers
designed in our lab based on a sequence AohypogaedGenBank accession AY007229).
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The primer sequences were Arah2Start5266( AT GG
AGCTTGCCTTAGTTAACACG 30) . Ampl i fications wer
Buffer (New England Biolabs, Ipswich, MA), 201 dNTPs, 20 pmol of each primer and 1.5 U
TagDNApo|l ymer ase (New England Bi ol abs, | pswich,
amplifications were carried out in a PT00 thermocycler (MJ Research, Waltham, MA) with 2

minutes of initial denaturing at 94° C, 25 cycles of 2 minutes denaturing at 94° C, 1 nfinute o

primer annealing at 53° C, and 1 minute 30 seconds extension at 72°, followed by a final

extension of 5 minutes at 72° C.

Table 31 Open reading frame length Afa h 2orthologs from 12 wild species éfrachisbelonging to

eight sectionsbp:basepair

Species Section Accession no. ORF (bp)
A. batizocoi Arachis K 9484 498
A. duranensis K 7988 483
A. glandulifera KGSSc 30091 513
A. ipaensis KGBSPSc 30076 519
A. palustris VPmMSyv 13023 531
A. pintoi Caulorrhizae 18747 477
A. paraguariensis Erectoides GKP 9646 468
A. macedoi Extranervosae  GKP 10127 471
A. dardani Heteranthae GK 12943 468
A. rigonii Procumbentes 10034 468
A. guarantica Trierectoides 483
A. triseminata Triseminata GK 12922 477

Ara h 2 amplification products were resolved on 1% agaf@de gels and cleaned using
QIAquick PCR purification or QIAquick Gel Extraction kits (Qiagen, Valencia, CA). Cycle
sequencing reactions were performed using the ABI Big Dye Terminator ReadyoR datcti
(Appli ed Biosystems I nc. , Foster City, CA) fo

electrophoresed on Applied Biosystems 373, 377 or 3100 automated sequencers (Applied
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Biosystems Inc., Foster City, CA) at Virginia Bioinformatics Insétat Virginia Tech or at the

DNA Analysis Facility at Duke University.

Sequence alignment and phylogenetic analysis

Amino acid sequences were translated directly from nucleotide sequences in PhyDE
0.995(Mdller et al., 2005) Both nucleotide and aminoidcsequences were aligned manually
using PhyDE 0.995. Phylogenetic analyses of Ara h 2 orthologs for the nucleotide and amino
acid datasets were analyzed using maximum parsimony in P@@uefford, 2003)
incorporating theparsimony ratchet algorithiNixon, 1999)via PRAP2(Mdiller, 2007)
Maximum Parsimony (MP) analyses were conducted using heuristic tree searches with TBR
branch swapping with 1000 random addition sequence replicates. Strict consensus trees were
generated for each data set. Supporttheiclades were obtained by performing bootstrap (BS)

(Felsenstein, 198%earches with 1000 replicates and 10 random sequence replicates.

In silico protein structure characterization: secondary structure prediction and

solvent accessibility

The Jpred &nd PredictProtein servers were used for secondary structure pregictien
et al., 2008; Rost et al., 2004Homologous sequence searches performed using the Jpred 3
server utilized BLAST and PBLAST, and predictions of secondary structures wereopmed
by Jnet(Cole et al., 2008) PredictProtein identified and aligned homologous results using the
algorithms of BLAST, PSBLAST and MaxHom(Sander and Schneider, 199The MaxHom
algorithm examines the database of homoldggived secondary structs of proteins (HSSP);

(Schneider et al., 1997)The Jpred 3 server predicts secondary structure elements with 81.5%
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accuracy(Cole et al., 2008) Two additional secondary structure predictors are available on the
PredictProtein server, PROFsec and PétDsPROFsec has a 76% accuracy rate, while PHDsec
has a 71% accuracy rgfeost et al., 2004) Since PROFsec prediction software is more accurate
in secondary structure, this study focused on prediction from this software in addition to those
produced bylpred 3.

PROFsec also predicted percent of residues that are accessible to the(Rolsteet al.,
2004) Residue accessibility to the solvent is one property that influences the propensity for a

protein to be recognized as an allergenic prdt€uikarni-Kale et al., 2005; Pomés, 2010)

Homology models of Ara h 2 orthologs

Homology models of Ara h 2 orthologs were generated in MODEL(&4R and
Blundell, 1993)using the allergen Ara h 6 structure (PDBID: 1g2wA) as a template. In
MODELLER, five models were generated. The best model was chosen based on the lowest
Modeller Objective Function score. Since the loop region of Ara h 2 orthologs is larger than that
of the Ara h 6 protein, these loop regions were refined using the Modloop Gasegret al.,
2000) which predicts the conformation of the loop regiomependent of known structures,
satisfies spatial restraintand the conformation for the loogpgion is optimized to possess the
lowest pseud@nergy score The majority of loop conformation predictions have been
performed on loops with lengths of 14 residues or less. However, predictions of rsekam
loops by ModLoop were as good as combinatanethodgJamroz and Kolinski, 2010)
Assessments of models after loop refinement were conducted using ANOA¢td\and
Feytmans, 1997and ProcheckMorris et al., 1992pn the SWISSMODEL servéArnold et al.,

2005)and ProSAWiederstein and Sipp2007)
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Epitope prediction

B-cell prediction programs have allowed for identification of areas that could potentially
contain Immunoglobulin E (IgE)inding epitopegPomeés, 2010) The majority of the epitope
prediction methods look for linear epitopesiich can be identified from the protein sequence.
Discontinuous or conformational epitopes are those that are present in the tertiary structure of the
protein by residues that are spatially close to each other. BarlowE&6)and Van
Regenmorte(1992)have estimated that >90% ofd®ll epitopes are conformational epitopes.
In absence of an-Xay or NMR crystal structure for allergens, computational methods have been
developed to predict potentiatdll epitopes.

Two programs, DiscoTope and iBlfo, were used in this study to predict linear and
conformational epitopg@ndersen et al., 2006; Ponomarenko et al., 20@83coTope
predictions combine computational methods proposed by Nishikawa arfii986)to measure
the amino acids located &tet protein surface. Additionally, the NACCESS prog(&mescott et
al., 2003)has been incorporated with DiscoTope to determine the residues that are accessible to
the solvent. ElliPro predicts epitopes through the use of three algorithms. Firstjntidesethe
approximate ellipsoid shape of the prot€iaylor et al., 1983)seconddentifies residues that
protrude beyond the protein ellipsoid and the protrusion index (Pl), and, lastly, it clusters
neighboring protruding residues based on the PI.HIifero method was modified from
Thornton et al(1986) which focused on identifying linear epitopes based on the PI for residues
that were beyond the approximate ellipsoid shape. The score reported are the averaged Pl values

for the residues identifiedaylor et al., 1983)
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Human sera
Seven peantallergic subjects (184 years old) and four neadlergic subjects (1:26)
were recruited for this study. Each subject donated 10 ml of whole blood, from which sera were
isolated by centrifugation at 300pm for 10 min. Sera samples were stored@t C until use.
This study was approved by the Institutional Review Board at Virginia Tech (IRBZD8and

informed written consent was obtained from each subject.

Dot immunoblots of epitope orthologs fran wild Arachis conglutin proteins

Ten IgEbinding epitopes were identified on the Ara h 2 by Stanley. €1297) two of
which contain a DYPSPS motif. From the derived amino acid sequene®8,dligomer
peptides were generated by GenScript (Piscataa)yto represent the portions of the orthologs
with this motif or variations of it (Table 3.2). Hydrated peptides were spotted directly onto
Protan nitrocellulose membrane in a dilution series ranging from eight nanograms to one
microgram, and alloweatdry. Dot immunoblots were incubated in 5% +ianmilk in Tris-
buffered saline with 0.5% Twee20 (TBST; pH 7.5) for one hour at room temperature with
shaking. Nitrocellulose containing blots were incubated overnight at 4°C in either 1:6000
diluted ch ¢ k €Ara h Pantibody or in 1:20 diluted sera from peanut allergic (PA) individuals.
Dotblots were washed three times with FB$or 10 min after antibody incubation. The dot
i mmunobl ot s pr oArahl2 antibotdytwere subsegkently indiobvith rabbit
antichicken 1gG horseradish peroxidase (HRBhjugated antibodies (1:2500; Bethyl
Laboratories Inc., Montgomery, TX) for one hour at room temperature. The immunoblots
incubated with human sera were incubated with rabbihamtian IgE HRRconjugated

antibodies (1:1000; Bethyl Laboratories Inc.). ECL Plus detection reagents were used for the
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HRP-conjugated secondary antibodies for chemiluminescent detection with a FUBQAS
camera. Differences in signal were determined by densitometrg the FUJIFILM Multi

Gauge ver3.X.

Table 32 Peptide sequences in cultivated peanut and species and five wild species representing portion

of the loop containing the immunodominant epitope motif DPYSPS and variations of that motif.

Species Length(AA) Sequence
A. hypogaea 15 RDPYSPSQDPYSPSP
A. batizocoli 15 RDPYSPSQDPYKQDP
A. glandulifera 15 DPDRQDPYSPSQDPD
A. guarantica 16 EQDPYRQDPYGPSPYG
A. rigonii 15 EQDPYGPSPYGPSPY
A. triseminata 15 QSPYSQDPYRQEPYE
Results

Nucleic acid and peptidesequences of orthologs from Ara h 2

TheAra h 2orthologs across the genigachiswere 471- 531 bp in length. Species
from sectiorArachistended to have larger coding regionsAoa h 2orthologs, ranging from
48371 531 bp (Table 3.1), with the largest from the aneuploid spécipalustris(531 bp) and
the shortest from the A genome spediesluranensis.Outside sectiorrachis the nucleotide
sequence length ranges from 4687 bp h orthologs fromA. dardani(sec.Heteranthag A.
paraguariensigsec.Erectoide$, andA. rigonii (sec.Procumbentes

A total of ten gaps, ranging from3® bp in length, were included in the matrix and
resulted in an alignment that was 558 charaatelength. When aligned, the mutations present

in the first 177 and 31958 characters nucleotides were substitutions. Both length mutations
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and substitutions were present in positions-3Z8. This variable region ranged from-2G0
nucleotides in thérachisorthologs. In the Ara h 2 orthologs, 4000% of the mutations present
were located in the variable region.

Peptide sequences of the Ara h 2 orthologs were deduced directly from the genomic
sequences and ranged from 165 residues (Table 3.2)Substitutions in nucleic acid sequence
of Ara h 2 orthologs that were outside of the variable region resulted in no more than two
missense amino acid changes in the peptide sequ&hedength mutations observed in the
nucleotide sequences did notukksn any premature truncatiaf the proteins (Figure 3.1).

Ortholog sequences from sectidrachisspecies had 904% sequence identity to the
published conglutin sequences from the crop and its proposed progehitdisgnensigndA.
ipaensi3. Species outside of sectighrachishad 8191% sequence identity. When compared to
the other peanut allergens from the prolamin superfamily, Ara h 6 and Ara h 7, sequence identity

ranged from 4%0% and 460%, repectively (Table 3.

Phylogenetic reldgionships among Ara h 2 orthologs

We previously examined phylogenetic relationships among species and sections within
genusArachisusing plastid and nuclear genomic sequences (Chapter 2), to which the
phylogenies produced based on aligned Ara h 2 segaewnit be compared. Nucleotide
sequences of orthologous Ara h 2 ORF from cultivated andAvddhisspecies were aligned
into a matrix that included a total of 558 characters. Three most parsimonious trees of 109 steps
resulted from the MP analysisitrist consensus tree that is comparable to the phylogenies based
on ITS andrnT-trnF data (Figure 3.2A). Ara h 2 orthologs frédmmacedoandA. triseminata

(100% BS) emerged at the base in one lineage with 100% BS support and were sister to the
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remainng taxa. Following the two basal speci&siigonii, A. guarantica, A. paraguariensis
andA. dardaniwere resolved. This group received strong BS support (92%) and is comparable
to the group erectoides lineage resolved in the phylogenies based orcsatptarfrom nuclear
and plastid regions presented in Chapter 2. Unlike the phylogenies produced with tiisand
trnF data, the ortholog froA. pintoiwas the next to diverge and resolved sister to those from
sectionArachis. However, the sister relationship betwe®erpintoiand sectiorArachis

orthologs was weakly supported (53% BS). The orthologs from setammisresolved

together with good support (89% BS). Despite the high sequence identity between Ara h 2
orthologfrom A. duranensisindAra h 2.01(Ramos et al., 2006)he sister relationship between
these two species received moderate 65% BS suffpigure 3.2A). The sister relationship
betweenrA. ipaensiandAra h 2.02received good support (80% BS).

Orthologsfrom Ara h 2 peptide sequences resulted in an alignment that included a total
of 185 characters. MP analysis resulted in 51 trees with lengths of 45 steps. The strict consensus
tree displayed a major polytomy (Figure 3.2B). Ara h 2 orthologs from gnagboides species,

A. dardani A.guarantica, A. paraguariensiandA. rigonii appeared together in a polytomy with
moderate (79%) BS support. Orthologs frAmmacedoandA. triseminataverealso resolved

together in onelade, but with low (60%) BSupport.
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Table 33 Characterization of Ara h 2 orthologs from wild species baseéd siticome t h olwkl&cal redibns and disulfide bonds were
identified in tertiary structures produced by t he-hélicahetehentgand model i r

accessible to solvent were predicted using the PROFsec program.

Peptide % Sequence % %
. Identity : . — residues residues
Species Arah  Ara Helical regions Disulfide bonds for mi accessible
6 h7 helices  to solvent

A. batizocoi 165 54 45 H1:3439, H2:4453, H3:91102, [33,109],[45, 96], 53.99 72.12
H4a:110119, H4b:123126, H5:130  [97,145], [111,153]
145

A. duranensis 160 59 50 H1:3439, H2:4352, H3:8597, [33, 104], [45, 91], 51.92 71.15
H4a:105114, H4b:118121, H5:126  [92, 140], [106, 148]
140

A. glandulifera 170 52 43 H1:3439, H2:4453, H3:92107, [33, 114], [45, 101], 55.29 71.18
H4a:115124, H4b:128129, H5:136  [102, 150], [116,
150 158]

A. ipaensis 172 51 44  H1:3438, H2:4353, H3:97109, H4a: [33, 116], [45, 103], 51.92 71.15
117126, H4b:1360134, H5:138152 [104, 152],

[118,160]

A. palustris 176 49 43 H1:3440, H2:4453, H3:100113, [33,120], [45, 107], 56.82 73.30
H4a:121130, H4b:134138, H5:142 [108-120],[122, 164]
156

A. pintoi 158 57 50 H1:3440, H2:4453, H3:8395, [33, 102], [45, 89], 56.33 71.52
H4a:103112, H4b:116120, H5:124  [90, 138],[104, 146]
138

A. 155 57 49 H1:3440, H2:4452, H3:8192, [33, 99], [45, 86], 58.06 71.61

paraguariensis H4a:100109, H4b:113116, H5:120 [87, 135], [101, 143]
135

A. macedoi 156 60 48 H1:3440, H2:4454, H3:8293, [33, 100], [45, 87], 56.41 71.15

H4a:100110, H4b:114117,H5:122  [88, 136], [102, 144]
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A. dardani

A. rigonii

A. guarantica

A. triseminata

155

155

160

158

56

57

55

56

50

50

46

48

136

H1:34-39, H2:4353, H3:8092,
H4a:100109, H4b:113117, H5:121

135

H1:34-40, H2:4453,H3:80-92,
H4a:100109, H4b5:113116, H5:120

135

H1:34-40, H2:4453, H3:8597,
H4a:105114, H4b:118121, H5:125

140

H1:34-39, H2:4453, H3:8395,
H4a:103112, H4bh:116120, H5:124

138

110

[33, 99], [45, 86],
[87, 135], [101, 143]

[33, 99], [45, 86],
[87, 135], [101, 143]

[33,148], [45, 140],
[91-104], [92, 106]

[33,102], [45, 89],
[90, 138], [104, 146]

56.77

56.13

53.75

60.13

712.26

70.32

70.00

71.52



H1

10 20 30 a0 _20. . 60 70 80 90 100
Ara h 2.01  MAKLTILVALALFLLAAHASARQOWELQGDRRCQSQLERANLRBCEQHIMQKIQRDED}SYER--——- DPYSPSQD——————=————m——— PYS-PS
A.duranensis MAKLTILVALALFLLAAHASARQOWELQGDRRCOSOLERANLRPCEOHLMOKIQRDEDS SYER--——- DPYSPSQD—— == === mmmmm e PYS-PS
Ara h 2.02  MAKLTILVALALFLLAAHASARQQWELQGDRRCQSQLERANLRECEQHLMOKIQRDEDESYGR----- DPYSPSQD-=--= PYSPSQDPDRRDPYS-PS
A.lpanensis MAKLTILVALALFLLAAHASARQQWELQGDRRCQSQLERANLRQCE LMQKIQRDED-SYGR-=--~~ DPYSPSQD----= PYSPSQDPDRRDPYS-PS
A.glandulif, MSNLTILVALALFLLAAHASARHQOWELQGDRRCQSQLERANLRRCEQHLMQKIQRDED-SYGRDPDRQDPYSPSQDPDRQD-———-——————~ PYS-PS
A.palustris MAKLTILVALALFLLAAHASARQQWELQGDRRCQSQLERANLR EQﬁLMQKIQRDED&SYGRDPDREDPYSPSQDPDREDPYSPS ------- PYG-PS
A.batizocoi MSKLTILVALALFLLAAHASARHOWELOGDRRCOSOLERANLRPCEQHIMOKIQRDED®SYGR----- DPYSPSQDPYRQD==—=======~~ PYT-PS
A.rigonii MAKLTILVALALFLLAAHASARQOWELOGDRRCQSQLERANLRYCEQH LMOKI QRDEDSYE- == === ======m==m= ODPYSP§=m=mmm=m PYG-PS
A.dardani MSKLTILVALALFLLAAHASARQQWELQGDRRCQSQL!RANLRRCE LMQKIQRDED; SYE---=—-—-====-——-- QDPYGPS-----~-- PYG-PS
A.paraguari. MSKFTILVALALFLLARHASARQQWELQGDRRCQSQLERANLRRCEQHLMQKIQRDEDGSYE-—-=---==-==~----~ QDPYGPS——-—-——~ PYG-PS
A.guarantica MAKLTILVALALFLLAAHASARQQWELQGDRRCQS(QLERANLRPCEQHLMOKIQRDEDLSYE-——————————— QDPYRQDPYGPS——————- PYG-PS
A.pintoi MSKLTILVALALFLLAAHASARQOWELRGDRRCOSQLERANLRPCEQH LMOKI QREED: QYE- —= === == === == mmm QDPYSPS————=—~ PYG-PS
A.macedoi MSKLTILVALALFLLAAHASARQQWELQGDRRCQSQLERANLRYCEQH LMOKI QRDQD}QYE- -~~~ —====~ QDPYRQD== == === === == PYD--§
A.triseminataMAKLTILVALALLLLAAHASARQQWELQGDRRCQSQL BRANLRRCEQE LMOKI QRDQS  PY~= - ~===~~~-~ SODPYRQE-======m==m=== PYEYES

H3 H4 H5

Ara h 2.01 PYDRRGAGSSQHQERCCNELNEFENNQRCMCEALQQIMENQSDﬁLQGRQQﬁQQFKRELRNLPQQCGLRAPd!CDLDVESGG
A.duranensis PYDRRGAGSSCGHQERCCNELNEFENNQRCMCEAJQQIMENQSD LQQRQQIQQEK&ELRNLPQQCGLRAPQRCDLDVESGGRDRY
Ara h 2.02 PYDRRGAGSSQHQERCCNELNEFENNQRCMCEALQQOIMENQS DRLOGRQOBOQFKRELRNLPQQCG LRAPQRCDLEVESGGRDRY

A.ipanensis
A.glandulif.
A.palustris
A.batizocol
A.rigonii
A.dardani
A.paraguari.
A.guarantica
A.pintoi
A.macedoi

PYDRRGAGS SQHQERCCNELNEFENNQRCMCEA QQIMENQSD&LQ@RQQ OOFKRELRNLPQOCGLRAPQRCDLEVESGGRDRY
PYDRRGAGS SCHQERCCNELNEFENNQRCMCEALQOIMENQS DRLQGRQQEQQFKREL RNLPQQCG LRAPQRCDLDVESGGRDRY
PYARRRAGSSGHQERCCNELNEFENNQRCMCEALQQIMENQS DRLOBRQQEQQFKRELRNLPQQCGLRAPQRCDLDVE SGGRDRY
PYDERRAGSSCGHQERCCNELNEFENIQRCMCEARQQIMENOS DRLOGROQIOO FRRELRNLPQQCG LRAPQRCDLDVE SGGRDRY
P———RRAGSSQHQQRCCNELNEFENDQRCMCEALQQIMENQSgﬁLQGRQQBQQFKRELRNLPQQCDLRAPQ‘CDLDVESGGRDRY
P--—RRAGSSCﬁQQRCCNELNEFEl\pQRCMCEA QOOIMENQS LQ!RQQ‘QQF ELRNLPQOCDLRAPQRCDLDVESGGRDRY
P---RRAGS SQHQQRCCNELNEFENDQRCMCEALQQIMENQS DRLOGRQOEQOFKREL RN LPQOCDLRAPQRCDLDVE SGGRDRY
P---RRAGSS hQQRCCNELNEFEQBQRCMCEALQQIMENQsDﬁLQ@RQQiQQFKhELRNLPQQCDLRAPQ CDLDVESGGRDRY
PYDRRHAGSS%hQQRCCNELNEF oreMcEAlooTMENQS DRLOIR0OBOO FRREL RNLPQQCGLRSPORCDLDVESGGRDRY
- YDRRHTGS SOHQERCCNELNEFENNQ RCMCOAROOTMENQS DRLOGRQQBOOFRKRELRNLPOOCGLRAPQRCDLDIESGGRDRY

A.triseminataH-DRRRAGS S%QERCCNELNEFEI\NQRCMCQAI;QQIMENQS LQ‘&QQ‘QQH{ELRNLPQQCGFRAPQRCDLEIESGGRDRY
" " s == = - s W= s - " = s = s
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Figure 3.1 Amino acid sequences of Ara h 2 orthologs fitmrelve wild Arachisspecies aligned with the tvisoforms from the peanut crop (Ara
h 2.01 and Ara h 2.02). Helical elements predicted by JPRED3 are highlighted in red. Jpred 3 predicts five heliceadahe steactural
elements of conglutin protein were not affected by the length mutations withprotein. Helices identified in homology models of orthologs are

also identified as HH5.
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Secondary and tertiary structures among Ara h 2 orthologs

The allergen Ara h 2 belongs to the prolamin superfafKitgis et al., 1985)which
consi sts of proteins t ha-+theligescenngrteceby disordered nt | 'y co
loops. Consistent with members of their superfamily, Ara h 2 orthologs were predicted to be
c ompr i shelices and disbrdered regions. The predicted amouetsfir dues -f or mi ng
helices ranged from 51.92% A ipaensigo 60.13% inA. triseminatgTable 3.3). Secondary
structure prediction of Ara h 2 orthheltcesgs by
(Figure 3.1). PROFsec predicted similari¢edIregions among Ara h 2 orthologsrh wild
species (Appendix Fig.T).

Homology models of Ara h 2 orthologs from wild spe@éthe genug\rachisconsisted
of f-helices, idgntified as HH5, connected by extended loops and arranged in a right
harded superhelix (Figures 3.3). The models produced here were consistent with Ara h 2 models
previously reporte@Barre et al., 2005; Lehmann et al., 200&he models were also consistent
with secondary structures predicted by Jpred3 and PROFsec, witkctation that the first
helix (Figure 3.1) predicted to form between residu€3 2emained a disordered region in the
models produced by MODELLER.

Members of the prolamin family are stabilized by eight to ten cysteine residues that form
intrachain disulfide bond&Shewry et al., 1995)The template Ara h 6 structure determined by
NMR contained ten cystine residugehmann et al., 2006)However, ght cysteines were
present in models of the Ara h 2 orthologs from vAtdchisspecies resulting in four disulfide

bonds were identified in (Table 3.3).
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A. B.

65— A. duranesis — A. duranensis
—A. hypogaea Arah2.01 ~ ——— 4. hypogaea Arah 2.01
— 81 —A. ipaensis —A. ipaensis
- —A. hypogaea Arah2.02 ———A. hypogaea Arah 2.02
80— A glandulifera —A. palustris
53 N — A. batizocoi — A.glandulifera
—  ————A. palustris —A. batizocoi
A. pintoi — A. guarantica
— —A. dardani 79 —A. dardani
67 —A. paraguariensis —A. paraguariensis
%2 ——A. guarantica —A. rigonii
——A. rigonii —A. pintoi
100 — A. triseminata 00 — 4. triseminata
— A. macedoi — A. macedoi

Figure 3.2 Strict consensus trees based on (A) nucleotide and (B) psptidences analyzed using MP For the aligned Ara h 2nucleotide
sequences, 81 of the total 558 characters were variable (14.5%), of which 41 were parsimony informative (50.6%). Parsérmoogius trees
of 109 steps resulted from the MP analysiswlite Cl and RI vakes of 0.798 and 0.796, respectiveB. The peptide sequences consisted of 185
characters when aligned, of which 31 were variable (16.8%) and 15 were parsimony informative (48.4%). MP analyses 5ésuiosd i

parsimonious trees Wi lengths of 45 steps. The Cl and Rl were 0.800 and 0.763, respectively.
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The majority of variations observed in the alignment corresponded to a loop spanning
helices H2 and H3, mostly as length variations. In the template structure, Ara h 6, the loop
between H2 and H3 was 17 residues in lerfgéhmann et al., 2006)Though the H2H3 loops
in Ara h 2 ortholog structures were 1-896 times the size of the one found in Arah 6. The
shorter loops among the orthologs were predicted in group erectpe@ssi\. dardani A.
rigonii, andA. paraguariensisspanning 2-29 residues. Longer loops were predicted.in
batizocoi, A. glandulifera, A. ipaensasidA. palustris with lengths spanning 387 residues.

The conformation of the loops varied amongdh#ologs. The H23 loop in the allergen Ara

h 2.01, which is also identical to tlhe duranensi®rtholog, was extended (Figure 3.3, 3.4). The
loops from the remaining orthologs appeared to be folded in towards the helices of the protein
(Figure 3.4).The folded H2H3 loop was more prevalent M batizocojA. glanduliferg A.
ipaensisandA. palustris.

Variations in amino acid composition of theH3 loop were also present in Ara h 2
orthologs from wildArachisspecies. Comparison of model\NMR and Xray determined
structures of 2S albumins in PDB showed that loops between heliedS M2re unique to
these orthologs. Also, this loop possesses the immunodominant Ara h 2 epitopes 6 and 7. These
two epitopes possess a hexapeptide DPYSPS (Btdifley et al., 1997)Ara h 2 orthologs
from sectiorArachisspecies tended to maintain the DPYSPS motif. Ao-$ variation at
position 78 was present in the ortholog frémmbatizocoiFigure 3.4). The Ara h 2 ortholog
from D genome specigs glanduliferalacked epitope 6; however, it contained an additional
copy of epitope 7. The aneuploid species contained an R to E variation in a modified epitope

very similar to epitope 6 Aradhidpintosvhichdesolvedi f i e d
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sister to sectiorachisspecies, contained an HE3 loop that possessed the epitope 7 and a part
of the hexapeptide motif (PYGPS) that included an S to G variation at position 71.

Like A. pintoi the same variations for the epitopes were also ideniifiéd rigonii. Wild

speciedA. dardaniandA. paraguariensi®oth possessed a variation of epitope 7 that contained
anStoG variation at position 6 6Arachislguaafticai s named
ortholog |l oop included an epitope A70 and al s
PYGPS). The two orthologs frof macedoandA. triseminatawhich grouped together at the
base MP nucleotidbased tree, contained only the QDPY partial motif ent#2H3 loop.

Arachis macedgpossessed two QDPY portions of the hexapeptide masgessments of Ara h

2 ortholog models were conducted on the SWIMB3DEL (Arnold et al., 2005and ProSA
servergWiederstein and Sippl, 20Q7Ramachandran plots gentsd by PROCHECK showed
thatphi-psiangle combinations for residues of Ara h 2 orthologs were >90% favorable to
generously allowed (Supplemental TaBld). Energy profiles generated by ANOELA tended

to identify residues located within the N terminus, H2, and the @erminus as high energy
zones (Supplemental Figures AL2). Some residues within the HH3 loop also were

identified as high energy zones. ProSA overall model quaBtores for the Ara h 2 were

similar to those obtained by NM&etermined structures, and its local model quality tended to
have negative knowledgmsed energy with the exception of the unstructureahd Gterminal
regions (Supplemental ke A. 2 and Figures A.124). Predictions in the @erminus the

majority of the Aa h 2 orthologs tended to receive the lowest scores, ranging from@&H

The orthologs fronA. hypogaeandA. batizocowere not predicted to contain an epitope in the

C-terminus.
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Figure 3.3 Model of Ara h 2 ortholog fromArachisduranensiggreen) compared to the Ara h 6 template

(PDB ID 1W2Q;gray). Helices are noted as #ib. N and C termini are also noted.
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Antibody binding to peptides representing part of loop region within Ara h 2
orthologs

Peptides representing pantis of the HZH3 loop that contained variations at the
nucleotide and amino acid levels were generated and antibody binding to these regions was
assessed using dot immunoblots that were probed with sera frerasaifed peantsdillergic
individuals. Thedot immunoblot probed with sera from PAs shown (Figure 3.6A).
Immunoblots probed with other sera showed similar results (not shown). Differences in antibody
binding to the peptides representing loop portions from Aithisspecies orthologs were
noticeable, and decreasing recognition corresponded with the lower amounts of peptides and
protein applied. Variation in signal was most noticeable in the 40 ng row, which was analyzed
semtquanttatively using densitometry. When the background was subttdom the
densitometry readinghtee categories of antibody recognition, high, moderate, and low, were
apparent when comparing signal intensities to the peptide representing the lodp from
hypogaea.Peptides with binding of 50% or less comparedh®gdeptide representing the Hi3
loop A. hypogaeavere considered to possess low antibody binding affinity (Figure 3.6B).
Peptides with binding affinity of 585% were considered to have intermediate and 75% and

above had high binding affinity.

118



Species

Orthologs Structure

Potential Epitopes

A. duranensisAra h 2.01
(Arachig

A. batizocoi(Arachig

A. glandulifera(Arachig

119

7

Epitope 6
RDPYSPS

62-68

Epitope 7
QDPYSPS
69-75

Yy

Epitope 6
RDPYSPS

62-68

Epitope =7~
QDPYTPS
62-68

%

Epitope 7
QDPYSPS
62-68

3

Epitope 7
QDPYSPS
79-85



A. ipaensigArachig
N
(&
-_/\

6 Epitope 6 Epitope 6
RDPYSPS RDPYSPS
62-68 81-87
5
Epitope 7
QDPYSPS
69-75

A. palustris(Arachig

o
Hﬁﬁa/
Epitope <6~ Epitope 6™
EPYSPS EPYSPS
68-74 80-86
PYSPS
87-91
A. macedo{Extranervosag
N
¢
QDPY
62-65
3k
*

QDPY
67-70

120



A. dardani(Heteranthag
C

Epitope 7~

QDPYGPS
62-68
LS

PYGPS
69'-73

o

Epitope 7

QDPYSPS
62-68

PYGPS
69-73

A. rigonii (Procumbentés

A. guarantica(Trierectoide} Z
Epitope =7
QDPYGPS
QDPY PYGPS
62-65 74-78
A. triseminata
(Triseminatag N
G
C
QDPY
62-65

121



Figure 34 Homology models of Ara h 2 orthologs from sectimachisspecies generated by Modeller

9v6. The NMR structure of the peanut conglutin protein Ara h 6 (PDB 1{F2qtojaUceda et al., 2003)
served as a template from which the models were generated. Epitopes 6 and 7 initially identified in the
Ara h 2 allergenrbm the crop are noted on the models and their conformations are also noted. Amino

acid substitutions present in the epitopes among the orthologs are highlighted in yellow.

: ElliPro
Discotope Discontinuous Linear

Overlap

Figure 35 Predicted epitopes for Ara h 2 ortholog frémbatizocoi A. Residues predicted to be

potential IgE binding sites by the program DiscoTope on the surface of the allergen ortholog are shaded
in yellow. B. Residues predicted to potential conformational epitbgebe program ElliPrare shaded

in orange C. Residueghat were predicted as potential epitopes by both programs are shaded in red. Both

programs predict thef¢rminus and HH3 loop to be sites of potential antibody binding.
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As expected, crude protein extract (CPE) frAnhypogaeaisolated Ara h 2, antthe
peptide representing the part of the loop fromAhlypogaeartholog were highly recognized
and signal was highest (Figure 3.6B). The peptides fkobatizocoandA. rigonii orthologs
were also highly recognized when compared to the oneAdmpogaea The peptide
representing the part of the loop ortholog frAnglanduliferawas moderately recognized when
compared to the one representing the crop. The lowest signals were produced by peptides
representing portion of the loop frofn guaranti@ andA. triseminata The signal from tha.
guaranticapeptide was 50.9% less than the one represeAtihgpogaea.The peptide fronA.

triseminatahad the lowest signal overall, 69.6% less when compared to the one from the crop.
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Figure 3.6 A. Dot Immunoblot of Ara h 2 ortholog peptideSera from peantdllergic individual PA5 was used to test the peptides representing
portions of the loop region belong to orthologs from five wild species. Peptides were applied to the nitrocediibszne, with amounts
decreasing by fiwold, then probed with sera. Densitometry measurements showed overall reduction in antibody binding to 40 ng of peptides
from wild specieswith signal from background subtracte@reatest reduction in antibodynbing was observed in peptides representing the

orthologs fromA. guarantica(50.6%) andA. triseminat69.6%).
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Discussion

Until now, the allergen Ara h 2 had been studied within the crop species and its putative
progenitoryRamos et al2006; Ramos et al., 2008; Stanley et al., 199¥3re we expanded the
number of species used to include more species Amachisgenomes and additional other
sections in the search for hypoallergenic proteins among members ofAganbs

GenerallyAra h 2 orthologs that were from species classified within segtiachis
tended to be larger in length (Figure 3.3). When plotted on the phylogenetic tree from chapter
one, the open reading frames and their subsequent products shows in size mdwng up t
evolutionary tree. ThAra h 2ortholog gene tree was very similar to fachisphylogenies
based ITS and combined ITS andT-trnF datasets (Figure 3.2). The notable deviation from
the phylogeny is the placementAfpintoifrom sec.Caulorrhizag which appeared in between
the sectiorArachisorthologs and those from sectiBnectoides.

The structure of 2 S-heliceshwhith form twesobursts, st s o f
connected by disordered loof&hewry et al., 2002; Shewry et al., 1995) -helichseH1 &nd
H2 appear to correspond to the light chain while H3 to H5 correspond to the heavy chain. The
overall structure Ara h 2 from the crop was consistent with previous m@iele et al., 2005;
Lehmann et al., 2006)Homology modelsf the Ara h 2 orthologs from wild species were
similar in structure to each other and to the model from the crop (Figure 3.4). The main
difference between the homology modeling and the secondary structure predictions from Jpred 3
and PROFsec was the kaof structure at the N terminus. However, this lack in structure was
due to thdack of structured regions along the N terminus in the template structure, Ara h 6
(PDB ID: 1W2Q). Additionally, the template also lacked a corresponding loop betwed.H2

Energy minimization refinement by MODLOOP allowed for residues withirH320 possess
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mostly favorable energy scores in ANOLEA and the local model quality plot in ProSA
(Supplemental Figures AA.12). The conformation of the H23 loop for Ara h 2 ottologs
varied from being fully extended (e . hypogae#. duranensis kinked (e.gA. guarantica,
and being folded in towards the heavy and light chainsAelggtizocai Figure 3.4).
Unfavorable energy scores were apparent for residue locatleel Mt e r mi -inelices;H2, U
H4, and H5; and portions of thet€rminus. Residues that received a high energy score in
ANOLEA have been generally thought to have errors or interact with other réNlelftset al.,
1997)

Members of the prolamin supenfidy contain a backbone structure ofX,-C-X-,-CC-
Xn-CXC-X-C-X,-C (Shewry et al., 2002)While the number of cysteines varies from eight to
ten within the protein sequence, these residues form four to five disulfide bonds that stabilize the
protein ancconnect the heavy and light chains. The template structure, Ara h 6, possessed ten
cysteines within its amino acid sequence. In the Ara h 2 orthologs from wild species, eight
cysteines were present in the amino acid sequence, which were predictedfaufadisulfide
bonds in the homology models. Lehmann et al. (2006) speculated that the lack of the fifth
disulfide bond allowed the-@&rminus to lack a secondary structure and remain flexible.

The majority of the variations were located within the ltdogt connected helices H2 and
H3. Typically, the hypervariable region in 2S albumin lies in the loop connecting H3 and H4
(Monero and Clemente, 2008Yariations in the HH3 loop appear to be specific to the Ara h 2
orthologs when compared to other@Bums. The evolutionary trend appeared to be that the
larger H2H3 loops were present in the more derived species.

The changes located within the #3 loop would affect two of the ten Iglginding

regions present in Ara h 2, epitopes 6 and 7. Thesepapes have been recognized as
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immunodominant as they were consistently recognized by patien(&ardey et al., 1997)
Both epitopes 6 and 7 share a hexapeptide motif, DPYSPS. The differences withirHBe H2
loop among Ara h 2 orthologs includadditional residues between the epitopes and amino acid
variations within the hexapeptide motif, and partial or complete deletions of either epitope
(Figure 3. 4). Chatel et gR003)identified that the Ara h 2.02 isoform contains arhti2loop
that is12 amino acids longer than Ara h 2.@hich was hypothesized could elicit a stronger
reaction. The Ara h 2.02 isoform is an identical sequence to the Ara h 2 ortholody.from
ipaensig(Figure 3.1), its putative B genome progenitor. Based on the poedintiChatel et al.
(2003) one could reason that the ortholog frAmpalustriscould also elicit a stronger reaction
because its HH3 loop is 16 amino acids longer than the Ara h 2.01 isoform and contains
potential IgEbinding regions that resemble et 6. The difference between epitope 6
(DPYSPS) and EDP¥SPSndetliregidentified the stbstitutiois the missense
variation in which there is a slightly bulkier side chain. The ortholog #otmatizocoicontains
a variation in epitpe 7 that was also identified by Ramos e{2008)in an accessioaf A.
duranensigDPYSPS/DPYPS). The S to T mutation had significant decrease in antibody
binding. In addition to an epitope that contains a similar variation identified by Ramos et al
(2008) the loop was five residues longer than the one for Ara h 2.01. The Ara h 2 ortholog from
A. batizocohas the potential to be less allergenic than the orthologsArgralustris, A.
duranensisandA. glanduliferaas it contains a similar variah that was present in tiAe
duranensisrtholog identified by Ramos et §2008)

In the majority of the orthologs from species outside se&rahis,the H2H3 loop
tended to be shorter in length and have variations within a full or trunepitege (QDPYGPS,

PYGPS, PYSPsor QDPY). Arachis paraguariensjsA. guaranticaA. rigonii, andA. pintoi
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contained an S to G variation in potential epitopes, a polar charged residue to a hydrophobic
residue (Figure 3.4). King et 42005)induced a snilar variation by site directed mutagenesis
(S to A), which resulted in a reduction in antibody binding to the recombinant protein product.
Orthologs with a similar variation could potentially have reduced antibating affinity. In
the orthologs frm A. triseminataandA. macedoiatruncated version of the epitope (QDPY)
was present (Figure 3.4). In combination with the shorteHB2oop, these two species have
the potential to be hypoallergenic.

The theoretical structure of the Ara h 2 ortholafiswed for linear and conformational B
cell epitopes to be predicted by the programs ElliPro and DiscoTope. Predictions of epitopes
would allow for better understanding of which residues would interact with an antibody and
could aid in the design of aitered protein that could be used for immunothe(&mynés,
2010) Generally, epitopes are determined experimentally using overlapping peptides or protein
fragments. For the peanut allergen Ara h 2, Stanley et al. (1997) determined 10 linear epitopes to
be present among 61 residues (38.13%) using overlapping peptides. Theditogas
predictedby ElliPro and conformational DiscoTope epitope predictions tended to identify a
larger portion of the Ara h 2.01 to be potential epitopes, 48.5 and 58.péctigsly.
DiscoTope predictiongereset at a threshold score-@t7, which allowed for 25% of the
predicted residues to be falgesitively considered to be epitop@sidersen et al., 2006)
Conformational ElliPro predictions predicted fewer resichgepotential epitopes than the
number determined experimentally (28.8%). Though the number of residues in the
conformational epitopes as predicted by ElliPro was fewer than the other methods, these residues
tended to receive higher protrusion index sctiiedurther away they were spatial to the heavy

and light chains. While these programs tended to predict more residues as epitopes than those
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determined experimentally, they could aid in identifying which regions of a protein should be
focused on for dealopment of hypoallergenic or immunothearpy targets.

Predicted epitopes were influenced by the conformation of ortholog models based on the
Ara h 6 template. The HA3 loop conformation varied from being extended, as seen i.the
hypogaeara h 2.01A. duranensisnod el , or f ol dheltesjanseeaninthaAras t he
h 2 orthologs from wild species (Figure 3.4). The linear epitope predictidn foypogaea
2.01A. duranensisnodel by ElliPro gave HH3 residues 549 a lower protrusion scor8.605)
than residue64-83 (0.77), as residues 59 were closer to the helical core of the modeled
protein. The ElliPro conformation epitope prediction gave the highest protrusion index score
(0.975) to five residues that were furthest away from thé &gt heavy chains. The remaining
residues that comprised the H3 loop were also recognized as conformational epitopes, but
with lower protrusion index scores (0.506/81). Both programs did include the residues of
immunodominant epitopes as partlo¢ir predictions irA. hypogae&.01/A. duranensis
ortholog.

For the Ara h 2 orthologs from willrachisspecies, théi2-H3 loop was consistently
predicted as a conformational epitope by DiscoTope in all of the Ara h 2 orthologs
(Supplemental Tabl€.2), even when the | oo p-helicesyFighre3.4).ed i n
Amino acid residues received higher protrusion index scores from ElliPro the further away it was
located from the heavy and light chains (Supplemental Tahle Overall, residues & were
identified as potential epitopes received scores that ranged as low as 0.545 to 0.934. Amino acid
variations seen in the peptide sequence or thelBifbop were not reflected in the epitopes

predicted in orthologs from wild species.
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Interestingly, conformational epitopes that included the residues of ti8H@op and
those of helices H4 through H5 were identified here (Figure 3.5 and Supplemental Table B2).
These potential conformational epitopes have not been previously identligeiro
conformational predictions did recognize these residues as part of an epitope in the orthologs
from A. ipaensigR55, D56, E57, Y60, G61, R62, D63, P64, Y65, R135, QI87Quarantica
(D56, E57, R119), and. triseminata(R55, D56, S58, P59, Y6 R117, G120, R121).
Molecular dynamic simulations for the Ara h 2 models were conducted by W.J. Allen in the
Bevan lab (Department of Biochemistry, Virginia Tech). The MD simulations showed that the
residues located betwehrlices H4 through H5 werestermined to be very flexible based on
root mean square fluctuation (RMSF) measurements. The RMSF measurements suggest that
residues between H4 and H5 could be a functional area and in combination of the data from
DiscoTope and ElliPro, this region withe H2H3 loop could serve as a conformational epitope
in Ara h 2 orthologs.

In addition to the computational predictions of epitopes, peptides representing the first
15-16 residues of the HR3 loop fromA. hypogaeand five wildArachisspecies were
synthesized and assessed for antibody binding using dot immunoblots. The peptide representing
the loop fromA. hypogaegroduced higher signal than the isolated Ara h 2 protein (Figure 3.6).
Of the linear epitopes identified by Stanley et al. (1997), epitopes 6 and 7 were consistently
recognized by patient sera. In comparison to isolated Ara h 2 protein, epitope 6 was mor
prevalent in thé\. hypogaegeptide spots than the isolated Ara h 2 spots (Figure 3.6). Peptides
representing the HRI3 loop fromA. batizocoisectionArachig andA. rigonii (section
Procumbentgshad the next highest antibody affinity, as indicdigdhe densitometry reading.

Even though there were variations in the peptides representing these two species, each peptide
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contained the DPYSPS motif (Table 3.2). Despite a complete hexamer present in the sequence
for the peptide representing tAe glandulifera(sectionArachig H2-H3 loop this peptide had

lower antibody binding affinity as shown in the densitometry measurement (Figure 3.6), which
was 32.6% less than the measurement of the pdpoickethe H2H3 loop fromA. hypogaea

While theA. glanduliferapeptide contains a DPYSPS motif, it also appears to possess fewer
residues with bulky side chains (Table 3.2). The peptide Aoguaranticahad next to the

lowest antibody binding affinity, with densitometry measurements that were 50.6%dasb¢
peptide fromA. hypogaedFigure 3.6) The peptide representing the 43 loop fromA.
guaranticapossessed a variation within the hexameric motif (DPYSYS/GIPPY). The peptide
from A. triseminata(sectionTriseminatag had the lowest antibody afity. Densitometry
measurement for peptide was 69.4% less than the peptidé\froppogaealt also lacked the
whole DPYSPS maotif within the peptide sequence. Only the DPY portion of the motif was
present in the peptide sequenceAotriseminatasuggsting the lack of a full DPYSPS motif
played a role in reduced antibody binding affinity.

In addition to the completeness of the DPYSPS motif, the number of prolines and
glutamines appears to have some correlation to antibody binding and subsequsity.intée
amount of proline residues appeared to have a positive correlation and higher densitometry
measurements (0.51). Theverseappears to be the same for glutamine residi@es1). These
data suggests that available loop regions with more pobin less glutamines could have some
affect on antibody recognition. Further study comparing the composition for the entire loop
would be needed to determine if a causal relationship exists between the type of residue and the

propensity it will be recogmed bylgE antibodies.
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Arachisspecies that contain Ara h 2 orthologs with significant changes in the IgE
binding epitopes could be targets for crop improvement or the development of immunotherapy.
Variations among the Ara h 2 orthologs were concemtdat on t he | ehelipesld2o0 nnect |
and H3, and could alter the Igiinding affinity towards epitopes 6 and epitope 7 (Figure 3.4).
IgE-binding epitopes were predicted to be present on the surface of Ara h 2 orthologs, including
the H2H3 loop. Howeve dot immunoblots demonstrated that species outside of section
Arachispossessed variations in the-H3 loop that had substantial reduction in antibody
binding (Figure 3.6). Though finding Ara h 2 variants with reduceebigBing affinity is one
objectve towards the goal of the development of a hypoallergenic peanut, further tests would be
needed to identify other regions that interact with immune cells, specifically antigen presenting
cells and regulatory-tells (Vickery and Burks, 2009)As shown bre, wild species could
possess variations to the major allergen Ara h 2 that could be less allergenic. Species with

hypoallergenic proteins would be important towards the development of a safer peanut crop.
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The legume genuArachiscontains 80 species including the economically important
peanut cropA. hypogaedKrapovickas and Gregor{994; Valls and Simpson, 2005The
monograph for this South American genus taxonomically clas@Miachisspecies into nine
sections based on data from morphology, crossability, and geographic distr{Buipavickas
and Gregory, 1994)Cytogeneti@vidence has indicated that sectAmachis the largest section,
can be further divided into genome groups, A, B, and D, based on chromosome morphology
(Husted, 1933; Smartt et al., 1978; Stalker, 199/hile the majority of species are diploid with
a base chromosome numbeneaflO, tetraploid and aneuploid species have also been identified
(Krapovi ckasl @94h v& &é&RBaaloza and Valls, 1997)The most well known
tetraploid is the peanut crop and wild members of the gerachishavebeen considered to be
potential genetic resources (Rao et al., 2003). Thus, a clear depiction of species relationships
would benefit efforts to improve the crop, which has a narrow genetic background. The
monograph depicted an intuitive illustration bétevolutionary and phylogenetic relationships
among theéArachissectiongKrapovickas and Gregory, 1994The species relationships
proposed by Krapovickas and Greg¢t994)were used as a hypothesis. The relationships
described in the monograph werpared to those reflected in the trees that resulted from
phylogenetic analyses of partitioned and combined plastid and nuclear genomic regions.

The phylogenies presented in the second chapter partially agree with Krapovickas and
Gregory (1994) in regards the validity of section€aulorrhizag Extranervosagand
Triseminatae.The phylogenetic trees based on ITS and comkimddtrnF data also
demonstrated that the most basal section of garahisis sectiorExtranervosaelt is
followed by the montypic sectionTriseminataeand sectiorCaulorrhizae The species

relationships in and among sectighiachis Erectoides, Heteranthae, Procumbentes,
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RhizomatosaandTrierectoidesneed further investigation, as species from these sections did not
resolveas monophyletic clades. Sectidfrectoides, Heteranthae, Procumbentey]
Trierectoidedormed a heterogeneous lineage and sublineages did not group according to their
taxonomic classification. SectioEsectoides, Procumbentes, Rhizomatosae, Trielectoides

were previously recognized as a single (@itegory and Gregory, 1979Among species in
sectionArachis this study showed it as a lineage that divided into two clades, groups arachis |l
(A genome clade) and arachis | (rRArgenome clade).

Further study is needed to resolve the polytomies found within the terminal lineages to
gain a full understanding of relationships within group arachis | and arachis Il. DNA sequence
information from genomic regions that evolve at highg&tem both nuatar and chloroplast
genomic regions would be beneficial. Examples of potential chloroplast markers that could be
utilized include theérnS-trnG spacer and the rpl16 intron (Shaw et al 2003), while nuclear
regions utilized should be lowopy nuclear gengslughes et al., 2006)As a whole,
phylogenies are useful in providing information on the diversity within the genus and the
relationships among specieghe molecular phylogenies produced in the second chapter are
among the first generated for the geand provides a clearer illustration of the relationships
among sections and genomes. Thus, the phylogenies from Chapter Two can be utilized for
conservation of germplasm and genetic resources for breeding to improve tfi€appplu et
al., 2010)

Theuse of wild relatives as a source of genetic material has normally focused on the
introgression of genes that can be utilized to resist abiotic stress and diBeaseset al., 2001,

Foncéka et al., 2009; Stalker, 1980)hese types of improvements damnefit farmers in terms
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of yield and crop quality. However the benefits of crop improvement should not be limited to
producers; it can benefit end consumers as well fog, 2005; Oritz et al., 2007)

The third chapter of this dissertation examindd species of genuarachisfor
variations among orthologs of the major peanut allergen Ara h 2. Peanut allergies are a serious
health issue, as they can cause severe reactions, such as anaphylaxis. These allergies affect 1.2%
of the US population, witthe number of children diagnosed with this food allergy on the rise
(Sicherer et al., 2003). Ten allerggiusing agents have been identified in the peanut seed, with
Ara h 2 being one of two major allergens that are recognized in the majority of geasitive
persons. Most of the studies on Ara h 2 have focused on the crop and its two putative
progenitorsA. duranensiaindA. ipaensigKoppelman et al., 2001; Ramos et al., 2006; Ramos
et al., 2008) The third chapter examined variations in Ara htBaogs from 12 wild species
across the genus. The size of the Ara h 2 orthologs tended to be larger withinAectios
than those from other sections. The majority of mutations were identified in thiS Hdp
region, which also contains the immunodominant epitopes #6 af&tatrey et al., 1997)The
two epitopes share a common hexapeptide motif, DPYSPS. The meda¢he two or more
DPYSPS motifs within the HRI3 loop was more prevalent in species from sechiachis
Orthologs from the species that were resolved in the group erectoides lineages in the second
chapter contained hexapeptide motifs that containesi t G variation (DP&PS) or were
truncated (DPY). Species from two of the three lineages identified at the basé\aichis
phylogenyA. macedoandA. triseminata possessed orthologs with loops that lacked a complete
hexapeptide motif. While Iear and conformational epitope programs consistently predicted the
H2-H3 loop to contain Igkbinding epitopes, dot immunoblots showed reduced antibody binding

to A. guaranticaandA. macedopeptides when compared to the peptide fAarhypogaea.
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Thus, wid species of genusrachisare not only genetic resources that can be used to improve
the crop by providing genes for resistance to disease and abiotiqBnesst al., 2003)hey
could also be used to improve the crop to benefit the consumer.

Furthe study of the proteins would be needed to understand the atlauging potential,
or lack thereof, for Ara h 2 orthologs from wild species. The dot immunoblot assay examined
differential antibody binding to peptides that represented the firs6I¥®sdues of the HAH3
loop. However, the remaining epitopes of Ara h 2 are distributed along the length of the protein.
Experimental data for the whole protein would be needed to examine the effects of the variations
and to supplement the bioinformatics agawrhes used here. Ara h 2 protein could be isolated
from seed or expressed recombinaigppelman et al., 2001; Lehmann et al., 2008pth
methods were attempted for this dissertation; however, sufficient amounts of purified protein
werenot obtainedOf the two methods, recombinant protein expression would produce larger
amounts of protein. The seeds from wild specie&rathistend to be substantially smaller
when compared to the crop, and as a consequence, protein isolation would require reore seed
and would not be as efficient.

In addition to the understanding the effect variations to the Ara h 2 orthologs have on
their allergenic potential, further study is also needed to understand the allergens interaction with
other macromolecules that couhl to the development of a hypoallergenic crop. Currently,
there is little information on the factors that influence the immune system to develop IgE
antibodies against specific food proteiBsgdehorsand David, 2001). The majority of food
proteinsrecognized as allergens have often been glycoproteins, including Ara h 2 (Burks et al.,
1991). Even though the Igiinding regions of Ara h 2 have been found to reside within the

protein portion of this glycoprotein (Stanley et al., 1997), carbohyditsiesnaybe present with
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Ara h 2 may increase its recognition as an allergen. Lipids may also play an important role the
identification of Aar h 2, in addition to other plant proteins, as food allergens (Thomas et al.,
2005). The variations observed iretAra h 2 orthologs work in concert with these
macromol ecules, and could affect the recognit
and | ipidsdé influence on the recognition of p
system andubsequent development of lgiEoducing Bcells needs to be further studied.
Results from such studies would be valuable not only in the treatment of food allergies in
general, but also in its prevention.

Orthologs of Ara h 2 that are found to be hypargjéenic could be utilized for crop
improvemen{Ramos et al., 2008)Using genes from wild relatives to produce a safer peanut
cultivar would be preferred over the use of RNA interferdba®lo et al., 2005; Dodo et al.,
2008) which would require the delopment of a transgenic peanut. Wild species that are
identified to have hypoallergenic variations of Ara h 2 could be used in breeding programs,
which would be most efficient to species closely related to the(Epcéka et al., 2009)Gene
introgresion of distantly related species would require more time and effort on the part of the
breede(Rommens et al., 200;/Mowever, this method would still be preferred to the
development of a transgenic crop. Alternatively, these species could be dewglepédally

for the treatment of peanut allergies.

Research Influence on my Teaching Philosophy

As a student, | felt that science was often taught as a set of facts. However, science is
not a set of facts that have to be learned. It is a processcolvdry. During my graduate

education, | have gained a greater appreciation for that process and have learned more through
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participating in research. | have also had the opportunity to share my enjoyment of science
though teaching laboratory classesaneént or i ng under graduates 1in

As a teacher, | would like to foster the same appreciation for science in my students by
showing them that it is more than just a set of facts that has to be learned. By allowing them to
also learn science through experimentation, | think they will beetaldee that it is process of

discovery and a dynamic subject. Additionally, | would hope that my students would be able to

see that conducting research is not limited to the stereotypical Caucasian male in a lab wearing a

white lab coat. | hope that bald lead by example that anyone can be a scientist, regardless of
gender, ethnicity, and background. My hope is my students not only appreciate the subject, but

would also see it as something they can do as well.
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Table B.1 Summary of Ramachandran plots for Ara h 2 orthologs models assessed by PRQCHECK

Species Length Percent of Residues in
Favored Additionally Generously Disallowed
Allowed Allowed
A. batizocoi 165 84.4 12.2 3.4 0.0
A.dardani 155 86.4 11.6 14 0.7
A. duranensis/ 160 88.1 9.8 2.1 0.0
Ara h 2.01
A. glandulifera 170 86.0 12.0 1.3 0.7
A. guarantica 160 84.5 12.7 2.8 0.0
A. ipaensis/ 172 85.4 10.6 3.3 0.7
Ara h 2.02
A. macedoi 156 84.6 11.9 2.8 0.7
A. palustris 176 79.9 16.9 3.2 0.0
A. paraguariensis 155 87.7 11.6 0.7 0.0
A. pintoi 158 85.8 11.3 2.1 0.7
A. rigonii 155 86.3 10.8 2.9 0.0
A. triseminata 158 84.7 12.5 0.7 2.1

Table B.2 Overall Model Quality zscore for Ara h 2 ortholog models assessed by ProSA, with scores
from species within sectioftirachison the left and those from other sectiongdchison the right. For

Ara h 2 orthologs from species outside secoachis,the section is noted within parentheses

Species z-score  Species z-score
Ara h 6 (AW2Q) -5.84
A. batizocoiArachig -3.41 A. pintoi -3.63
(Caulorrhizag
A.duranensisAra h 2.01 -3.89 A. paraguariensis -3.92
(Arachig (Erectoide}
A. glandulifera(Arachig -3.53 A. macedoi -3.15
(Extranervosag
A. ipaensisAra h 2.02 -3.53 A. dardani -3.50
(Arachig (Heteranthag
A. palustris(Arachig -3.17 A. rigonii -3.31
(Procumbentes
A. guarantica -3.68
(Trierectoide$
A. triseminata -3.21

(Triseminatag
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ANOLEA energy plots for Ara h 6 (PDB ID 1W2Q) and Ara h 2 orthologs
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Figure B.1 ANOLEA energy plot for Ara 6 (PDB ID 1W2Q)template from the cro@. hypogaea

Negative (favorable) energies are in green, while positive (unfavorable) energies are in red.
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Figure B.2 ANOLEA energy plot for Ara h 2 ortholog from. batizocoi(sectionArachig. Negative

(favorable) energies are in green, while posifive n f avor abl e) e n eheligal regonsar e

are highlighted in gray.
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Figure B.3 ANOLEA energy plot for Ara h 2 ortholog from. duranensis/A. hypogaéaa h 2.01
(sectionArachig. Negative (favorable) energies are in green, whiisitive (unfavorable) energies are in
r e d. -helitdl regiol are highlighted in gray. For the H loop, there were some residues with

positive energies that could be related to its extended conformation.
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Figure B.4 ANOLEA energy plot for Ara 2 ortholog fromA. glandulifera(sectionArachig. Negative
(favorable) energies are in green, whelichlegoposi tive
are highlighted in gray. For the H23 loop, there were some residues with positivegiastthat could be

related to its extended conformation.
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Figure B. 5 ANOLEA energy plot for Ara h 2 ortholog froi. ipaensis/A. hypogadsra h 2.02(section

Arachig. Negative (favorable) energies are in green, while positive (unfavorable) ereggiaged.

T h ehelldal regions are highlighted in gray. For theH2 loop, there were some residues with positive

energies that could be related to extended portions.
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Figure B.6 ANOLEA energy plot for Ara h 2 ortholog from. palustris(sectionArachig. Negative
(favorable) energies are in green, \whelichlegopositive

are highlighted in gray. For the H23 loop, there were some residues with positive energies that could be

related to extendecdptions.
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Figure B.7 ANOLEA energy plot for Ara h 2 ortholog frow. pintoi(sectionCaulorrhizag. Negative
(favorable) energies are in green, \whelichlegopositive
are highlighted in gray. For th2-H3 loop, there were some residues with positive energies that could be

related to extended portions.
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Figure B.8 ANOLEA energy plot for Ara h 2 ortholog frol. paraguariensigsec.Erectoide$.
Negative (favorable) energies are in green, whiletposv e (unf avor abl e) -hddicaler gi e s
regions are highlighted in gray. For the-H3 loop, there were some residues with positive energies that

could be related to extended portions.
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Figure B.9 ANOLEA energy plot for Ara h 2 ortholog from. macedo(sectionExtranervosag
Negative (favorable) energies are in grehelicgl whil e
regions are highlighted in gray. For the-H3 loop, there wereosne residues with positive energies that

could be related to extended portions.
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Figure B.10 ANOLEA energy plot for Ara h 2 ortholog from. dardani(sec.Heteranthag Negative
(favorable) energies are in green, \whelichlegopositive
are highlighted in gray. For the H23 loop, there were some residues with positive energies that could be

related to extended portions.
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Figure B.11 ANOLEA energy plot for Ara h 2 ortholog from. rigonii (sectionProcumbentés
Negative (favorable) energies are in grehelicgl whil e
regions are highlighted in gray. For the-H3 loop,there were some residues with positive energies that

could be related to extended portions.
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Figure B.12 ANOLEA energy plot for Ara h 2 ortholog from. guarantica(sectionTrierectoide$.
Negative (favorable) energies are in green, while pogitven f avor abl e) eneheligal es ar e
regions are highlighted in gray. For the-H3 loop, there were some residues with positive energies that

could be related to extended portions.
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Figure B.13ANOLEA energy plot for Ara h 2 ortholog from. triseminatasectionTriseminatag.
Negative (favorable) energies are in grehelitcgl whil e
regions are highlighted in gray. For the-H3 loop, there were some residues with positive energies that

could be related to extended portions
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A. Overall model quality B. Local model quality
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Figure B.14 A. ProSA overall model quality, shows ttemplate Ara h 6 (PDB ID) scored as well as
other structures that were determined using NIRRThe knowledge base energies for the majority of the
proteinreceived favorable (negative) scores for the majority of the protein, with the exception of the N

and C termini.
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A. Overall Model Quality B. Local Model Quality
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Figure B.15A. ProSA overall model quality, shows the model of AhdatizocoiAra h 2 ortholog
scored as well as an NMetermined struare. B. The knowledge base energies for the majority of the
protein received favorable (negative) scores for the majority of the protein, with the exception of the N

and C termini.
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A. Overall model quality B. Local model quality
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Figure B.16 A. ProSA overall model quality, shows the model of Ahdardani(sectionHeteranthag
Ara h 2 ortholog scored as well as an N/d&ermined structure. B. The knowledge base energies for the
majority of the protein received favorable (negative) scores for the majority of the protein, with the

exception of the Nrad C termini.
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A. Overall model quality B. Local model quality

10 3
X-ray ‘ — window size 10
= NMR = window size 40
2
>
2
o 1
c
@
©
@ 2
g 80
N &
©
2
! g -1
i v
-15 =2
=% 200 400 600 800 100 -3
Number of residues Sequence position

Figure B.17 A. ProSA overall model quality, shows the model of Ah&luranensisAra h 2.01scored as
well as an NMRdetermined structure. B. The knowledge base energies for the majority of the protein
received favorable (negative) scaffer the majority of the protein, with the exception of the N and C

termini.
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Figure B.18 A. ProSA overall model quality, shows the model of AhglanduliferaAra h 2 ortholog
scored as well as an NMRetermined structure. B. The knowledge base energies for the majority of the
protein received favorable (negative) scores for the majority of the protein, with the exception of the N

and C termini.
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A. Overall model quality B. Local model quality
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Figure B.19 A. ProSA overall model quality, shows the model of Ahguarantica(section
Trierectoide$ Ara h 2 ortholog scored as well as an Nld&ermined structure. B. The knowledge base
energies for the majority of the protein received favorable (negative)sdoote majority of the

protein, with the exception of the N and C termini
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Figure B.20 A. ProSA overall model quality, shows the model of AhgaensisAra h 2.02
ortholog scored as well as an NMiRtermined structure. B. The knowledge barsergies for
the majority of the protein received favorable (negative) scores for the majority of the protein,

with the exception of the N and C termini.
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A. Overall model quality B. Local model quality
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Figure B.21 A. ProSA overall model quality, shows the model ofAhenacedosection
Extranenosag Ara h 2 ortholog scored as well as an Nld&ermined structure. B. The knowledge base
energies for the majority of the protein received favorable (negative) scores for the majority of the

protein, with the exception of the N and C termini.
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Figure B.22 A. ProSA overall model quality, shows the model of Ahgalustris Ara h 2 ortholog
scored as well as an NMéetermined structure. B. The knowledge base energies for the majority of the
protein received favorable (negative) scores for the majority of the protein, with the exception of the N

and C termini.
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Figure B.23 A. ProSA overall model quality, shows the model of Ahg@araguariensigsection
Erectoide$ Ara h 2 ortholog scored as well as an Nld&ermined structure. B. The knowledge base
energies for the majority of the protein received favorable (negatbeegs for the majority of the

protein, with the exception of the N and C termini
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Figure B.24 A. ProSA overall model quality, shows the model of Ahgintoi(sectionCaulorrhizag Ara
h 2 ortholog scored as well as an NMBtermined structure. B. Tlk@owledge base energies for the
majority of the protein received favorable (negative) scores for the majority of the protein, with the

exception of the N and C termini.
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A. Overall model quality B. Local model quality
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Figure B.25A. ProSA overall model quality, shows the model of Aheigonii (sectionProcumbentés
Ara h 2 ortholog scored as well as an N/d&ermined structure. B. The knowledge base energies for the
majority of the protein received favorable (negative) scores for the majority of the protein, with the

exception of the N and @tmini
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A. Overall model quality B. Local model quality
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Figure B.26 A. ProSA overall model quality, shows the model of Ahériseminatasection
Triseminatag Ara h 2 ortholog scored as well as an Nld&ermined structure. B. The knowledge base
energies for the majority of the protein received fabate (negative) scores for the majority of the

protein, with the exception of the N and C termini.
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APPENDIX C: Predicted Secondary Structure and Epitopes among

Ara h 2 Orthologs from Arachis Species
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10 20 30 40 50 60 70 80 30

Ara h 2.01 MAKLTILVALALFLIAAHASAROOWE LQGDRRCOSOLERAN LRPCEQHIMOKI QRDED - STER————— DPYSPSQD——————————————
A.duranensis MARRLTILVALALFLILAAHASARQOWELOGDRRCOSOLERANLRPCEQHIMOKI ORDED-SYER————— DPYSPSQD——————————————
Ara h 2.02  MARLTILVALALFLLAAHASARQOWELQGDRRCOSQLERANLRPCEQHIMOKIQRDED-SYGR————— DPYSPSQD————— PYSPS-QDP
A.ipanensis MARLTILVALALFLLAAHASARQOWELQGDRRCQSQOLERANLRPCEQHLMOKIQRDED-SYGR-————— DPYSPSQD————— PYSPS-QDP
A.glandulif. MSNLITILVALALFLLAAHASARHOWELQGDRRCQSOLERANLRPCEQHIMOKIQRDED-SYGRDPDRQDPYSPSQODPDROD-—————————
A.palustris MAKLTILVALALFLLAAHASARQOWELQGDRRCQSOLERANLRPCEQHIMOKIQRDEDSSYGRDPDREDPYSPSODPDREDPYSPS————
A.batizocol MSELTILVALALFLLAAHASARHOWELQGDRRCQSQLERANLRPCEQHLMQKIQRDED-SYGR————— DPYSPSQDPYRQD-—————————
A.rigonii MAKLTILVALALFLIAAHASAROOWE LQEDRRCOSOLERAN LRPCEQHIMOKI QRDED - STE- ———————————————— QDPYSPS———-
A.dardani MSKLTILVALALFLIAAHASAROOWE LOGDRRCOSOLERAN LRPCEQH LMOKT ORDED - ST E-———————————————— ODPYGPS———-
A.paraguari. MSEFTILVALALFLLAAHASARQOWELQGDRRCQSQLERANLRPCEQHLMOKIQRDED-STE-———————————————~ QDPYGPS———-
A.pintoi MSKLTILVALALFLIAAHASAROOWE LRGDRRCOSOLERAN LRPCEQH LMOKI QREED - QT E-———————————————— QDPYSPS———-
A.gquarantica MAKLTILVALALFLILAAHASARQOWELQGDRRCQSQLERANLRPCEQHLMOEIQRDED-SYE-——————————~ QDPYRQDPYGPS————
A.triseminataMARKLTILVALALLLLAAHASARQOWELOGDRRCOSOLERAN LRPCEQH LMOKI QROQS —PY—— —————————— SODPYRQE-—————————
A.macedoi MSKLTILVALALFLIAAHASAROOWE LQGDRRCOSOLERAN LRPCEQH LMOK T QRDQD - QT E-———————————————— QDPYRQD-———

100 110 120 130 140 150 160 170 180
Ara h 2.01 ————PY%-PSPYDRRGAGSSOHQERCCNELNEFENNG REMCEALOO IMENQSDRLOGROOEQO FRRELENLPQQCG LRAPQRCDLDVE S GG
A.duranensis ----PY5-PSPYDRRGAGSSQHOERCCNELNEFENNGRCMCEALOQIMENQSDRLOGROOECOFERELENLPQOCELRAPORCDIDVESGGRDRY
Ara h 2.02 DRRDPYS-PSPYDRRGAGS SOHQERCCNELNEFENNG RCMCEALGO TMENQSDRLOGROOEQO FRRELENLPQQCGLRAPQRCDLEVESGGRDRY
A.ipanensis DRRDPYS-PSPYDRRGAGSSQOHQERCCNELNEFENNQRCIMCEALQQIMENQSDRLOGROOEQQFERELRNLPQQCCE LRAPQRCDLEVESGGRDRY
A.glandulif. ----PY$-PSPYDRRGAGSSQOHQERCCNELNEFENNQRCIMCEALQQIMENQSDRLOGROOEQQFERELRNLPQQCGE LRAPQRCDLDVESGGRDRY
A.palustris ---—-PYG-PSPYARRRAGSSOHQERCCNELNEFENNQRCMCEALQQIMENQSDRLQGRQOEQOFEKRELRNLPQQCGLRAPQRCDLDVESGERDRY
A.batizocoi —---PYT-PSPYDERRAGSSOHOERCCNELNEFENNGRCMCEALOQIMENOSDRLOGROOECOFKRELENLPOOCE LRAPORCDLDVESGGRDRY
A.rigonii -———PYG-PSP---RRAGSSOHQORCCNELNEFENDORCMCEALOO IMENQSDRLOGROOEQO FERELENLPQQCDLRAPQRCDLDVE SGGRDRY
A.dardani ————PYG-PSP---RRAGSSOHQORCCNELNEFENDORCMCEALOO IMENQSDRLOGROOEQOFERELENLPQQCDLRAPQRCDLDVE SGGRDRY
A.paraguari. ----PYG-PSP---RRAGSSQHQORCCNELNEFENDQRCMCEALQQIMENQSDRLQGRQOEQQFERELRNLPQQCDLRAPQRCDLDVESGGRDRY
A.pintoi ————PYG-PSPYDRRHAGS SOHQORCCNELNEFENNGRCMCEALOO IMENQSDRLOGROOEQOFERELENLPQQCGLRSPORCDLDVE S GG RDRY
A.gquarantica ----PYG-PSP---RRAGSSQOHQORCCNELNEFENDQRCMCEALQQIMENQSDRLQGRQOEQQFERELRNLPQQCDLRAPQRCDLDVE SGGRDRY
A.triseminata -—---PYEYESH- DRRRAGSSQHOERCCNELNEFENNGRCMCOALOQIMENQSDRLOGROOEQOFERELENLPQOCGFRAPQRCDLEIES GG RDRY
A.macedoi ————PYD--5-YDRRHTGS SOHQERCCNELNEFENNG ROMC QA LOO IMENQSDRLOGROOEQO FRRELENLPOQCG LRAPQRCDLDIES GG RDRY

Figure C.1 Secondary structure predictiosingP ROF s e c .

present throughout the pratei
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Table C.1 Linear and conformational epitopes predicted by ElliPro server. Residuesteginedicted to be potential IgE binding regions are

reported for both linear (left) and conformational (right) epitopes

Residues predicted as Linear Epitopes

epitopes
Species Number Percent  Positions Sequence Score Conformational Scores
Ara h2.01 86/48 53.8/28.8 1-29 MAKLTILVALALFLL 0.794 S73, P74, S75, P76, Y77 0.975
(A. duranensis) AAHASARQQWELQG
64-83 PYSPSQDPYSPSPYDF 0.77 M1, A2, K3, T5, 16, L7, V8, A9, 0.903
RGAG L10, A11, L12, L14

118128 DRLQGRQQEQQ 0.666 S66, P67, S68, Q69, D7P71, 0.781

D78, R79, R80
54-59 QRDEDS 0.605 L15, A16, A17, H18, Al9, S20, 0.770

A210.770
140148 CGLRAPQRC 0.603 Q124, E126, Q127 0.712
G122, R123, Q125 0.702
Q54, E57, D58 0.642
R55, D56, E61 0.554
G81, A82, G83 0.506
A. batizocoi 91/54 55.1/32.7 1-31 MSKLTILVALALFLL 0.805 Al1l, L12, F13 0.982
AAHASARHQWELQG
DR

101-104 NEFE 0.680 T5, 16, L7, V8, A9, L10 0.889
122130 DRLQGRQQ 0.647 D83, E84, R86 0.842
62-75 RDPYSPSQDPYKQD 0.611  L14, L15, Al16, A17, H18, A19, 0.789

S20, A21, R22
7795 YTPSPYDERRAGSSQ 0.604 Q28, G29, D30 0.717

HQER

145153 CGLRAPQRC 0.589 G127, R128, Q129, Q130 0.689
A87, G88, S89, Q91, H92 0.623
R55, D56, D58, S59 0.597
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A. glandulifera

95/61

55.9/35.9

A. ipaensis

96/68

55.8/39.5

1-28 MSNLTILVALALFLL

AAHASARHQWELQ
7897 RQDPYSPSPYDRRGA
GSSQH
5776 EDSYGRDPDRQDPYS
PSQDP
153170 RAPQRCDLDVESGGR
DRY
127-135 SDRLQGRQQ

1-29  MAKLTILVALALFLL
AAHASARQQWELQG

55-68 RDEDSYGRDPYSPS

8598 SPSPYDRRGAGSSQ

71-82 PYSPSQDPDRRD

130-137 DRLQGRQQ

154172 LRAPQRCDLEVESGG
RDRY

179

0.814

0.701

0.642

0.598

0.592

0.827

0.719

0.660
0.629

0.612
0.602

T5,16, L7, V8, A9, L10, Al1,
L12
S83, P84, S85, P86

M1, S2, N3, L15, Al16, Al7,
H18, W25, E26, L27
D161, V162, E163

A19, S20, A21, R22
D58, S59, G61, R62, D63, P62
D65, R66, Q67, D68, P69, Y7(
Q79, D8O, P81
G91, A92, G93, S94, Q96
S71, P72, S73, D75, P76
Y87, D88, R90
S164, G165, G166, D168
M1, A2, K3, L4, T5, 16, L7, V8,
A9, L10, A11, L12, F13, L14,
L15, A16, A17, H18, A19, S20
A21, R22
S73, P74, S75, Q76, D77, PT¢
D79, R80, Y84, D90, R92
R91, G93, A94, G95, S96, Q9!
R55, D56, E57, Y60, G61, R62
D63, P64, Y65, R135, Q137
S66, P67, S68
Q23, E26, L27, Q28, G29

S85, P86, S87, P88
L162, E165, S166, G167, G16
R171

0.941

0.934

0.791

0.788

0.707
0.694

0.688
0.678
0.636
0.537
0.512
0.898

0.718

0.686
0.682

0.618
0.597

0.576
0.567



A. palustris

91/50

55.1/28.4

A. pintoi
(Caulorrhizag

86/33

54.4/20.9

1-31 MAKLTILVALALFLL

AAHASARQQWELQG
DR

8599 PSPYGPSPYARRRAG
5467 QRDEDSSYGRDPDR
156164 CGLRAPQRC
136143 LQGRQQEQ
112119 NEFENNQR
71-82 YSPSQDPDREDP

1-29 MSKLTILVALALFLL

AAHASARQQWELRG
6382 DPYSPSPYGPSPYDR
RHAGS
116125 DRLQGRQQEQ
153158 GGRDRY
138151 CGLRSPQRCDLDVE
54-60 QREEDQY

180

0.812

0.729
0.651
0.623
0.574
0.550
0.538

0.785
0.755
0.771

0.635
0.564

0.502

L4, T5, 16, L7, V8, A9, L10,
Al1, L12

G89, P90, S91, P92, Y93, RY;
A16, Al7, H18
Q24, E26, Q28
M1, A2, K3
P85, S86, P87, Y88
R55, D56, E57, Y61, G62, R63
D64, P65, D66
R79, E80, D81, P82
A19, S20, A21, R22
N109, N112, C156, G157, L15!
M1, S2, K3

L7, V8, A9, L10, A11, L12

L4, T5,16

Al6, Al7, H18
Y65, S66, P67, S68, P69, G71
P72, S73, P74,Y75, H79, A80

G81, S82, S83

Al19, S20, A21, R22
G153, G154, R155, R157

D147, L148, D149, V150, E15!

0.941

0.882
0.877
0.816
0.807
0.690
0.684

0.609
0.554
0.516
0.945

0.936

0.865
0.783
0.735

0.722
0.593
0.558



A. paraguariensis 85/33 54.8/21.3
(Erectoide}

A. macedoi 92/54 59/34.6
(Extranervosag

A.dardani 83/78 51.9/46.3
(Heteranthag

1-32

54-61
113123
64-77

91-98
132-143

1-29

59-86

134156

92-95

114121

1-29

115122
5581

MSKFTILVALALFLL
AAHASARQQWELQG
DRR
QRDEDSYE

DRLQGRQQEQQ
PYGPSPYGPSPRRA
NEFENDQR
PQQCDLRAPQRC

MSKLTILVALALFLL
AAHASARQQWELQG
QYEQDPYRQDPYDS
YDRRHTGSSQHQER
QQCGLRAPQRCDLDI
ESGGRDRY
NEFE

DRLQGRQQ

MSKLTILVALALFLL
AAHASARQQWELQG

LQGRQQEQ
RDEDSYEQDPYGPSP
YGPSPRRAGSSQ

181

0.805

0.698
0.687
0.623

0.560
0.509

0.799

0.683

0.590

0.556

0.535

0.832

0.658
0.638

F4,T5, 16

L7, V8, A9, L10, Al11, L12, F13

G71, P72, S73, P74
H18, A19, S20, A21, R22, Q2:
L15, Al6, Al17
A139, P140, Q141
Q54, R55, D56, E57
P67, S68, P69

L7, V8, A9, L10, A11L12, F13
K3, T5, 16

Q67, D68, P69, Y70, D71, S72
D74,R75, R76
L15, A16, A17, H18, A19, S20
A21, R22
Q59, E61, D63, P64, Y65, R6¢
T78, G79, S80, S81, Q82, H8:
E26, L27, Q28
G118, R119, Q120
M1, S2, K3, L4, T5, 16, L7, V8,
A9, L10, A11,L12, F13, L14,
L15, A16, A17, H18, A19, S20
A21, R22, Q23, Q24, W25, E2¢
L27, Q28, G29, D30
A139, P140, Q141, R142
Q54, R55, D56, E57, D58, S5¢
E61, Q62, D63, P64, Y65, G6€
P67, S68, P69, Y70, G71, P72

0.951

0.941

0.827
0.819
0.705
0.699
0.698
0.555

0.950
0.878
0.811
0.808
0.657
0.634
0.630

0.630
0.818

0.782
0.638



