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ABSTRACT

Global population is expected to increase 30% by 2040, which will result in an
increased need for crop production to feed the growing population. Combined with
projected increased drought conditions worldwide, plant genetic research sangtes
gain a deeper knowledge of the molecular factors involved in plant drought response in
order to engineer crop species with improved drought tolerahageilegiahas been
recently developed as a model species for gene exploration based on itscathifitye
in a wide variety of environments including arid locations. An attractive akset
Aquilegiais its evolutionary position, equidistant between rice Arabidopsis
Multifaceted molecular biology techniques were employed in these studdentdyi
biological components associated withuilegids response to drought. Techniques
utilized were; suppression subtractive hybridization, using drought-strasdaah-
stressed tissue-derived mRNAs to selectively amplify differineapressed genes,
metabalomic profiling as a means to examine the identity and possible function of
accumulated metabolites, and exploration of proteomes obtained under differerflevels
drought stress. Subtractive hybridization yielded numerous sequences siRiBEas D
known to be involved with drought and other genes with no known association to drought
response. The metabalomics approach yielded vitexin and vitexirZ><@tucoside,
identified via LCMS and HPLC. Vitexin concentration witliiquilegialeaf tissue
increased 357% over the time course of the drought experiment. Previously, vitexin had
not been associated with drought response. Proteome analysis identified varions protei

known to play some defensive role in drought stress. This parallel initia¢iegi



several possible gene candidates for genetic engineering of cox@sspesults from
this project confirmAquilegids role as an excellent genetic resource for studying

responses to a wide range of abiotic stresses, specifically drought.
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CHAPTER ONE

INTRODUCTION
Drought Effect on Plants

Since plants remain in one location during their entire existence, they have
developed numerous ways to deal with environmental stresses such as drought, salt, cold,
heat, and extreme temperature change. Drought occurs throughout the world on an
annual basis. High temperature combined with water deficits affects crop fowaduc
(Boyer, 1982). Crop loss due to drought stress most likely exceed losses fobineiall
causes combined (Chaves et al., 2003). More research into how plants respond to
drought conditions is needed and will become more important in the future based on
climate change predictions of an increase in arid areas (Petit et al., 198$9rstanding
plant responses to drought is of great importance in order to make plants ngsre stre
tolerant (Reddy et al., 2004). Advances in the understanding of these processemdmay |
to genetically modified drought tolerant crop plants.

Plants experience drought stress when water supply to roots is decreased and
transpiration rate is higher than water uptake. Decreased water con@i#idrie many
adverse effects on plants such as disruption of water potential gradients, tiogeof
denaturation of proteins, disruption of membranes, and other detrimental effects
(Kozlowski and Pallardy, 2002). Some of these effects may take place ingust a f
seconds, such as a change in phosphorylation of proteins, while other responses occur
over days such as the gene expression profile of a plant. The severity of plansec®

drought depends on many factors, such as plant species, the length of time exposed to



decreased water conditions and soil conditions. Some species of plants &re able
maintain growth better in drought conditions; these species can be studied to gl ide
genes and pathways that may be introduced to agricultural crops to increase thei
resistance to drought. Genetically engineering drought tolerant crop plartade
economical prospects. In order to successfully modify plants, there is muclesoriell
about the molecular mechanisms involved in drought tolerance (Shinozaki, 2006).

Arabidopsishas been used as a model species for the dissection of stress
responsive pathways in plants. Numerous genes that are responsible for algdamste
stress have been discoveredinabidopsis The monocoOryza sativarice) is another
model species that has particularly large economic impacts worldwide. tWeese
species have been studied comparatively to determine mutual stress regpathswag's.
Another newer model species being discussed hé&mguegia. AquilegigColumbine)
is positioned equal distance between the model species ridgandopsisand is a
member of the basel most edudicot clé®anunculales)Most Aquilegiaare interfertile
between species. This asset can be used to determine variations responsible for
environmental adaptations and dissect genetic diversity among the clamienaklidn
gained from this study may be applied to other model species and prospective gene
candidates transformed into other crop species.

Aquilegiais currently being developed as a new model species for general study
of plant adaptation to the environment because the genus has: 1) a wide range and
variability in its environment, 2) mosgtquilegiaare interfertile between species, 3) fast

evolutionary changes, yielding low sequence variability, and 4) diploid (n=7)



chromosome number with a small genome (1C= 320-400 Mbp) (Hodges and Kramer
2007).

Aquilegiahas a natural range from Alaska to Florida (USDA, 2008) and can be
found from an elevation of 10,000 feet to sea level. The wide geographic distribution
ultimately shows the broad adaptabilityAxrfuilegia Aquilegiais found in shaded forest,
alpine zones, desert spring areas and rocky outcrops (Munz, 1946). Because @ the wi
geographic range of Columbine and the extreme environments it thrives in, it is an
excellent candidate for gene exploration for the possible transfer ofgjer@tmation

into crop plants for enhanced resistance to drought.

Plant Defenses to Drought Stress

Plants have developed numerous defenses to deal with drought, which are
categorized by three basic mechanisms; drought escape, drought avoidance drd droug
tolerance (Levitt, 1972). Some plants have evolved to escape drought conditions by
completing their life cycle and reproducing while there is still moigtuesent in the
soil, before drought conditions are present (Mooney et al.,, 1987). Avoiding tissue
dehydration due to drought is a challenge met in many different ways, withithatalt
goals being minimization of water loss and maximum water uptake. Some avoidance
mechanisms are closing stomata, reducing the surface area of leavegytd sxMpbsure
(Ehleringer, 1992), and increasing trichome level (Larcher, 2000). Some guizmpt
to avoid dehydration by various physical mechanisms such as regulating thei

transpiration rate. Some decrease their leaf surface area, leaf nunibaf Jangevity



which in turn reduces the photosynthesis rate, resulting in a reduction in cahp yiel

When escape and avoidance to drought are impossible, a plant must become accustomed
to reduced water availability and adapt to tolerate the low water ligflavithin the
environment. This is done in several ways such as osmotic adjustment (Morgan, 1984),
acumulation of osmolytes (Williams and Leopold, 1989), and stomata regulation, (Jones,
1973). The specific response to drought is dependent on the type of plant and conditions

present in the environment.

Stomata Regulation

It has long been debated how photosynthesis is down-regulated due to drought
and whether it is due to stomata closure or metabolic blockage (Jones, 1973). In an effort
to reduce the transpiration rate when exposed to arid conditions, some plants have
evolved ways to regulate stomata size. Stomata closure reduces tremmspatatand
leads to a lowered level of carbon uptake, resulting in lower level of photosynthesis in
leaves (Chaves, 1991). A reduction in the number of leaves reduces water loss due to
transpiration and can also be viewed as a way to redistribute nutrients in oldsrdadv
stems before they are shed.

The cascade of events that leads to stomata closure has long been sought. It is
known that stomata often close in response to drought before any change in watdr cont
in the leaf is detected (Socias et al., 1997). A major player in the signal tahedose
stomata is abscisic acid (ABA). Abscisic acid is produced in the root wherelikabs

the first responses to drought occur (Davies and Zhang, 1987). A direct relationship in



the concentration of ABA in the transport tissue xylem due to drought conditions has
been defined only in a few instances (Correia et al., 1995). ABA is not the only factor
that induces stomata closure. Other factors include; leaf water pot€&atidies and
Davies, 1992), xylem sap pH (Davies and Wilkinson, 1997), and leaf-to-air vapor
pressure deficit regardless of the available water present in the il €Qal., 1999).

The regulation of stomata in relationship to drought, decreased leaf water
potential, relative water content, available water, ABA, in addition to otherfactaries
widely between different species and genotypes. Due to this fact, sonessedbetter
adapted to drought conditions and should be studied to further improve knowledge of the

signal cascade leading to drought resistance.

The Role of Abscisic Acid

The hormone ABA helps regulate various stress responses in plants to drought,
cold and salinity (Leung and Giraudat, 1998; Davies and Wilkinson, 1997). During
drought conditions ABA alters ion transport of guard cells, this in turn promoteatstom
closure and prevents stomata opening, allowing the plant to slow the transpiration
process. Abscisic acid-activated protein kinase (AAPK) is detectadana gells but not
in roots, leaf epidermal cells, mesophyll cells, flowers, or seeds (Assehahn2000).
The AAPK protein is activated by ABA although not by darkness or elevated carbon
dioxide level, the conditions that normally trigger stomata closure (Assmahn2200).
The increased level of ABA in water stressed plants has been found to stimulate the

release of potassium by stomata guard cells, this in turn leads to stomaita @Hssao et



al., 1985). It has been noted that moderate starvation of potassium inhibits wsser stre
induced stomata closure and resistance to low water conditions. This may be one of the
main causes of plant dehydration in plants growing in low potassium soil (Benlloch

Gonzalez et al., 2007).

Osmolytes

The morphological effects of water deficits are fairly well known and can be
easily visualized in a plant, though the causes of these symptoms are not well known on a
biochemical and molecular level (Bruce et al., 2002). One of the first respnwater
deficit is osmotic adjustment (Leung and Giraudat, 1998). Plants increasestheiic
potential by accumulating osmolytes such as proline, glycine betaine andchumng
sugars and polyols. Osmolyte accumulation allows additional water to be taken up from
the environment buffering the immediate effect of decreased water withptethte
Osmolytes do not interfere with normal cellular biochemical reactionsiéisl and
Leopold, 1989, Jaleel et al., 2007). Osmolytes incris@smodynamic stability of folded
proteins and provide protectiagainst denaturing stresses (Yancey, 2001).

The accumulation of soluble sugars such as sucrose, glucose and fructose is often
associated with drought tolerance in plants. It is thought that soluble sugarsotedtp pr
the plant in times of drought in one of two ways: first, the hydroxyl group of sugars may
act as a water molecule to maintain hydrophilic interactions in membaiadgsoteins
by hydrogen bonding with them (Williams and Leopold, 1989). Secondly, these sugars

form a highly viscous layer in the cytoplasm of the dehydrated cells redheing t



molecular movement and helping to maintain the structural stability of the
macromolecules (Sun and Leopold, 1997). Several genes involved in metabolism of
these sugars have been found to increase the ability of different transgetsaplresist
stress (Shinozaki, 2007). Over-expression of drought-inducible galactinol syathetas
gene AtGolS2)in Arabidopsisyielded increased drought resistance because of the excess
accumulation of galactinol and raffinose (Shinozaki, 2007). Also, transgenic plants t
express the DREB1A/C- repeat binding factor 3 (CFB3) accumulate mactigal and
raffinose than wild type plants, helping them improve their drought toleranvom¢a et
al., 2004).

In addition to the sugars mentioned above, trehalose is often accumulated in large
guantities in response to desiccation. Trehalose is an alpha-linked disacaharatienf
nature from a wide variety of sources such as bacteria, fungi, yeass, plaht
invertebrate animals (Elbein, 1974). Trehalose is a factor in toleranceitoranental
conditions such as drought, heat, and salt stress (Thevelein, 1996). The high water
retention capacity of trehalose helps stabilize proteins and membranasgetiabtells
to recover when rehydration conditions are present. Tobacco has been transformed wit
the trehalose phosphorylase (TP) gene fRdeurotus sajor-cajiand showed an
increased ability to withstand drought. The trehalose synthetas¢Tgase from
Grifola frondosaalso yielded an increase in the ability to withstand drought in tobacco

(Han et al., 2005)



Proline Accumulation

The amino acid proline is thought to play a role in a plant’s ability to withstand
drought stress by helping regulate osmotic adjustment, stabilizing subcslifutaures,
scavenging free radicals, and acting as a stress signaftaldidopsisover-expression of
proline synthetase gene produced plants with an elevated resistance to drbilght, w
suppression of this gene results in plants with a decreased ability to withstanat droug
(Bartels and Sunkar, 2005).

A strong correlation between the accumulation of proline and drought tolerance
has been demonstrated by over-expressing{pgroline-5-carboxylate synthase gene
(P5CS in Arabidopsis Deficiency of proline from antisense suppression oPHES
gene resulted in decreased drought tolerangeahidopsis. Gene knockout of proline
dehydrogenasd”(oDH) led to growth inhibition, indicating that excessive proline is

detrimental to plant growth (Borsani et al., 2005; Chinnusamy, et al., 2005)

Genes Involved in Drought Resistance

As plants are subjected to increased levels of desiccation, numerous genes are up
regulated in response to surrounding environmental conditions. For example, microarray
analyses oArabidopsisusing 1300 different cONAs have revealed 44 different genes
that were up-regulated (Seki et al., 2001). Not every gene that is up-regsiliateldect
response to drought stress. Some genes that are up-regulated are i tesgpamage
caused by drought induced stress. In general, responsive genes can be grouped into tw

categories: 1) genes that are turned on immediately, and 2) others toah@geon



within days or weeks of dehydration. It may be that the genes immediatelg turne
provide initial protection to drought while the genes that are turned on later may be
involved in adaptation to the stress (Shinosaki and Shinosaki-Yamaguchi, 2007).

Several attempts to genetically engineer drought tolerant plants éene b
successful. One such example is the transfer of functional genes that encodgrfwse
associated with the synthesis of osmotically active compounds such as traasporter
chaperones and reactive oxygen species (Shinozaki, 2006). One recent filded gie
novel synthetic pathway for glycine betaine. Glycine betaine is an osmdpntEtnd
in halophilic microorganisms (Reinkkainene, 2000). Transg&rabidopsis expressing
the betaine synthesis genes, showed a higher level of glycine-betaine thawlities ¢
oxidizing enzyme from the conventional pathway (Takabe, 2005). These plants showed
significant dehydration tolerance, possibly due to a protective function oh&etai
molecules which could stabilize proteins and cellular structures and/or scayehifyee
radicals (Chen and Murata, 2002).

It is well known that the plant hormone abscisic acid (ABA) plays a major role in
drought tolerance (Elbein, 1974; Shinosaki and Shinosaki-Yamaguchi, 2007). Recent
findings have yielded a cytochrome P450 CYP707A family of 8'-hydrolaseplthat
role in ABA levels in seed imbibitions and dehydration stress conditions (Saitp et a
2004; Shinozaki, 2006). An insertional mutant of CYP707A3 exhibited drought tolerance
in conjunction with a reduction in the transpiration rat@nabidopsis(Kushiro et al.,

2004).



Photosynthesis Regulation

Photosystems | and Il obtain high-energy by capturing electrons as suslight
absorbed by chlorophyll molecules and the electrons become excited. The two
photosystems are linked and transfer electrons from water to NADP+ to DRI,
generating @as a byproduct. The H+ is pumped into the thylakoid space and the
backflow of H+ occurs through an ATP synthase producing ATP in the chloroplast
stroma. These products of photosynthesis, ATP and NADPH, are used in all biological
pathways. The carbon fixation pathway is one of these; carbon dioxide enters the
pathway and combines with ribulose 1, 5 biophosphate. With the help of the catalytic
action of rubisco it is converted to triose phosphates which are exported to the cell
cytosol to provide a carbon source for cellular reactions (Alberts et al.,.1994)

Water is an essential part of life for a plant because plant metabolismesequi
water to form energy. Drought stress is one of the most important environfaetaes
inhibiting photosynthesis (Bradford and Hsiao, 1982). If a plant cannot carry out
photosynthesis, it cannot produce ATP which is needed for virtually all plant pesces
This leads to one theory of how decreased water availability chemicallgrsitige

slowdown in carbon assumption (&@om the environment.

Late Embryogenesis Proteins
Late Embryogenesis Abundant Proteins (LEAS) are known to accumulate during
seed maturation, and are also expressed when a plant is exposed to watduet@ess

drought or freezing. These LEA proteins vary over a large molecular wengj® filom
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9-200 kD; they are thermostable and contain a high proportion of glycine and lysine
residues. LEASs are found in a broad range of vascular plants, mosses, ferns, éolke
algae. Because LEAs do not catalyze any metabolic reactions, theiulaofeaction is
somewhat unclear. There are different groups of LEAs based on chemicatigesoged
motif similarity. Group 1 LEAs contain a 20 amino acid motif. Group 2 LEA proteins
are referred to as dehydrins. They are characterized by a 15 amino atttahéarms

an amplipathi@-helix, a tract of continuous serine residues and a conserved sequence,
DEYGNP at the N-terminus (Cuming, 1999). It is thought that due to the amphipathic
properties of these LEAs they act as membrane stabilizers. Theseinelopdtain-

helices which form lipid binding domain that can help stabilize the hydrophobic parts of
proteins. The random colil structure yields an exceptional water bindiagitsap

(Campbell and Close, 1997). Group 3 LEA proteins share an 11 amino acid stretch that
forms ana-helix. Group 4 LEAs contain a conserved N-terminus that is predicted to
form ana-helix and a diverse C-terminal with a random coil structure. Group 5 LEA
proteins contain more hydrophobic residues than the other groups, are not soluble after
boiling and are likely to adopt a globular structure (Alberts et al., 1994).

The dehydrin gene fro@icer pinnatifidum(chickpea), DHN1, can be induced by
drought, salt stress, ABA, and expressed during seed development. Over-expression of
DHN1 in tobacco plants positively affected the growth of seedlings undecialrivater
stress. Mature plants, transformed WidtHN1 had larger root mass and were able to

recover more readily after re-irrigation than the controls (Beck et al., 2007).
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Aquilegia as a Model Species for Adaptation

Aquilegia’s ability to thrive in a wide variety of biotic and abiotic environments
has allowed it to become a model species in studies dealing with environmental
adaptation (Hodges, Kramer, 2007). The fact that speciation has occurred régidiy al
resources created in one species to be applicable in other species becauseqiénwe
variation, this combined witAquilegiarelatively small genome of 320-400 Mbp, allows
for efficient use of current resources availablAduilegiasuch as three Bacterial
Artificial Chromosome (BAC) Libraries, a genetic map, 90,000 cDNA clones and a
physical map. Becaugguilegiais positioned equidistant betwe&rabidopsisand
Rice, information obtained froquilegiamay be useful in studies 8fabidopsisand
Rice.

The complexity of drought responses in plants can be explored on many levels
such as identification of; genes transcribed, proteins accumulated, and osmolyte
accumulated in response to drought. In order to fully understand what is occurring in a
drought stressed plant, a multifaceted approach increases the likelihooahioilear
important information valuable and applicable to other plant species. Here | propose
utilization of a genomic, proteomic and metabolomics approach to identify genes,
metabolites, and proteins that play an important rofquilegia’s ability to withstand

drought conditions.
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CHAPTER TWO
IDENTIFICATION OF DROUGHT RESPONSIVE GENES FROM AQUILEGI A

THROUGH SUPPRESSION SUBTRACTIVE HYBRIDIZATION

Abstract

In an effort to ease data analysis and reduce constitutively expressed gen
transcripts, a suppression subtractive hybridization library was construmteddth
drought stressedlquilegiatissue, termed “tester”, and unstressed tissue termed “driver”.
PolyA mRNA was obtained from stressed and unstre&geadegiatissue, cDNA was
created, and competitive hybridization was utilized followed by adaptor gpeCiR
amplification to increase number of differential expressed transcriptse Tvexre cloned
and sequenced. One hundred and seventy three transcripts from the stressed and one
hundred and eight from the control library were identified and classified into various
functional categories. One hundred and thirteen sequences were found only in the
drought stressed library. Many of these genes show homology to known gene sequences.
Just as importantly, 24% of the sequences showed no homology to any known gene
sequence in searched databases. The unknown sequences are possible novel gene
sequences involved iquilegia’s ability to withstand drought conditions. Our goal is to
identify genes and pathways used in a drought response. Knowledge acquiredl here wi
not be limited solely to drought stress responses, but can be applied to other absstic str

responses that share mutual pathways.
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Introduction

Aquilegia(Columbine) has a natural range from Alaska to Florida (USDA, 2008)
and can be found from an elevation of 10,000 feet to sea level. Columbines are found in
shaded forest, alpine zones, desert spring areas and rocky outcrops (Munz, 1946).
Aquilegias ability to thrive in many different environments makes it an ideal candidate
for novel gene exploration, with plant transformation of crop species the ultioelte g
Understanding the mechanisms that facilitate regulation of genes is atantpssue for
genetic improvement of various crop species via plant transformation.

A method to selectively identify genes that are present in one sample but not
another is the use of subtractive suppression hybridization (SSH) (Gurskayd @9).
This techniques allows for amplification of differentially expressed trgriscwithout
the redundant sequencing of the abundant transcripts. There are numerous sequences
present fromAquilegiaat Harvards Gene Index Project
(http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=aquilegia).s&he
sequences originated from mixed tissue of shoot, floral apical meristemer uds,
leaves and roots. The advantage of an SSH library and data presented in thephanuscr
is the fact that the tissue was subjected to moderate drought conditions and tlo&comm
transcripts were “subtracted” out leaving primarily only genes thairagent in drought

stressed tissue.
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Materials and Methods
Plant Growth

AquilegiaF1, Origami Mix cultivar seeds were obtained from Harris Seed
Company in Rochester, NY. The seeds were rinsed and cleaned with distilledndater
then allowed to germination in a Petri dish containing moist filter paper at room
temperature. After germination, seeds were placed in moist germinationacbvered
growth flat under constant light. Once the seeds had developed a root systeneréney w
moved to larger 18 section flats containing more growth area. Flats were thenplaced i
growth room for 6 months to increase tissue mass. The temperature wasn@diatain
average temperature of 20Gwith 12 hours of artificial light. Plants were watered to
saturation every 2 days for approximately 6 months.

Plants were grown to a height of 10 cm. The plants were then subjected to
drought conditions. This was performed by watering plants on Day 0. On Day 1 plant
tissue from root, stem and leaf was collected and frozen in liquid nitrogen, to bewsed f
the “control or driver RNA”. Tissue samples were collected every 12 hours overa 6 da
period with no water applied to plants. Samples were taken at 8:00 am and 12 hours later
at 8:00 pm. Each day plant tissue was collected as mentioned above and froZ¥n at -80
until total RNA could be extracted. The morphogical changes to the leavesrasd ste
appeared late on Day three. Stressed plants showed slight signs of wiltingtefitke
and leaves. The earliest morphogical change that hintekhthkegiaplants were
undergoing drought was our point of interest. The early levels of drought weterekt

so that identification of transcription factor genes can be examined.
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RNA Extraction and PolyA Enrichment

All instruments and supplies were cleaned appropriately to assure tren®wa
RNAase present. When all tissue samples were obtained, they were remove&0fom
and total RNA extraction was performed. The RNA extraction was based on tiemet
by Meisel et al., 2005. Extracted total RNA was checked for quality by gel
electrophoresis (1.2% agarose, 80V for 30 minutes). Only high quality RNA with a
28S/18S rRNA ratio of 1.8 — 2 was utilized for polyA isolation. PolyA RNA enrichment
was performed on all total RNA samples according to the instruction and itsateria

contained within the MicroPoly(A) Purist™ Kit (Ambion, Hilden, Germany).

Quantitative Real Time PCR

The cDNA was generated from RNA using VERSO™ Reverse Transcriptase in
conjunction with Thermo’s (Waltham, MA) SYBR® Green 1-Step QRT-PCR Low ROX
Kit according to the manufacturer’s instructions. To confirm that conditiores riggrt to
induce a drought response, Quantitative Real Time PCR (qRT-PCR) was perésrmed
mentioned on a set of genes that are well known to be involved in the drought response,
DREBJ andDREB2A while actin was used as a constitutively expressed transcript to
normalize data. Each cDNA sample was amplified in triplicate with e&the primers
listed inTable 2.1. Primers for gRT-PCR were designed based on sequences obtained
from Harvard University's DFCAquilegiaGene Index in addition to sequences obtained

from our research (data not shown).
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PCR conditions were; cDNA synthesis abGGdor 15 minutes, Thermo-Start
activation at 9%C for 15 minutes, denaturation of DNA at®@5for 15 minutes; 50 cycles
of 95°C for 15 seconds, 82 for 30 seconds, and 8D for 60 seconds. To determine
specificity of the primers a melt curve analysis was performed fré@ &8599C at
0.4°C intervals. RNA was extracted in triplicate for each 12 hour time point and those
were run in triplicate for each of the 3-primer sets. The threshold &glefeach was
recorded. ThAAC; method (Livak and Schmittgen, 2001) was performed to determine
the relative transcript level for each time point. Data from the repliexigeriments was
examined to determine the transcript level of genes of interest due tordesmm
drought conditions.

The RNA extractions were carried out in duplicate and run on qRT-PCR in
triplicate; the average cycle threshold \@as taken to identify the level of expression.

The formula;

[AI[A]C: = [A]Ctsample- [A]Ct
Where G = the number of cycles it takes for the sample to cross an arbitrary line. This
method was used to determine the relative amount of transcripts of genes sf intere

present in thé&quilegiaRNA samples over the different time points.
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Table 2.1Primer sequences for DREB1, DREB2A and actin to determine steddy s
transcript level.

5GTGAGGGAGTATGATATGTCCAAG 3
DREB2A
5'GTCCACCATATACACCTGAGTGAT 3’
STTTCATTATGTTCCTCTTCGATCTC 3
DREB1
S5GTTTGTATTTTTGGCTTGTCACT 3
5 GTATAGTAAGCAACTGGGACGACA 3’
ACTIN
5 GGATAGCAACATACATAGCAGGAG 3

Suppression Subtractive Hybridization (SSH) Library Construdion

DNA was synthesized using Super SMART cDNA synthesis kit from
CLONETECH according to the manufacturer’s instructions. For construction of the
suppression subtractive hybridization library, a PCR-select subtractiddMA Gbrary
kit (CLONETECH) FIGURE 2.1) was used. Root, leaf and stem cDNA from Day 3
and 4 were combined in equal amounts and used as the tester, while Day 1 unstressed
control cDNA was utilized as the driver. The final subtracted products warectinto
pPpGEM T Easy vector. After overnight ligation a6 the ligase was heat denatured at
65°C, placed on nitrocellulose membrane, desalted on 5% PEG and then transformed into
ElectroMAX™ DH10B™ Electrocompetent Cells from Invitrogen. These celis we
allowed to recover in SOC media for one hour, and then plated onto LB media containing
300ug/mL of carbenicillin with X-gal and IPTG (isopropyl beta-D-thiogalpgtanoside.
Both a forward reaction (tester) resulting in a library containing slassociated with
drought stress and a reverse library (driver) containing clones present essedtplant

tissue were created according to manufacturer’s instructions.
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PCR-Select™ cDNA Subtraction Kit User Manual

Tester cONA Tester cONA
+

*
Adaptor 1 Driver cDNA Adaptor 2R
(in excess)
T ——e R e —
[E— ] e e f— ]
First hybridization

a W p——— b a
b - - s = T b
] ey ] - —

Second hybridization

Mix samples
Add fresh denatured driver
Anneal

—_—
l Fillin the ends
_——
D — | —
e —
-

c

Add primers e
Amplify by PCR

a, d no amplification
B> b5 noamplificarion
c linear amplification

and e  exponential amplification*

— “Although there is a primer binding sequence on both
ends of the type @ molecules, the shorter overall
homology at the two ends effectively negates the
suppression PCR effect—except for very short molecules.
See Appendix A for more details on suppression PCR

Clontech Laboratories, Inc. www.clontech.com Protocol No. PT1117-1
6 Version No. PR732188

Figure 2.1: Diagrammatic representation of Suppression Subtractive Hybridization
and cDNA library construction. Subtractive SubHybridization library creation.
Schematic of ligation of adaptors to both subsets of tester cDNA. The firsdlizgkion
when combined with driver cDNA, followed by exponential amplification of tester
cDNA containing different adaptor sequences on ends.

Positive recombinant clones were selected via blue and white screeningo obtai
a total of 1920 transformants from the “tester” and a total of 960 of the “driver”. They
were picked robotically using the Genetix Q-bot and stored as individual clones in

Genetix 384-well microtiter plates as glycerol stocks at -80°C. Riaesdecondensed

for sequencing into 96-well microtiter plates for use.

19



Bacterial Mini-Prep

DNA isolation was performed using a modified alkaline lysis protocol. One
hundred and fifty pL of 2XYT media containing carbenicillin was inoculated with about
1 pL of culture on a 96 well replicator. These were then allowed to grow for 18 hours in
a 37°C incubator. After 18 hours these cells were then lysed utilizing SDS (10%), and
sodium hydroxide (200mM). Cell debris was precipitated by addition of ice cold 7.5M
ammonium acetate. In order to separate cell debris from DNA, the solutiomcanta
the cell debris and DNA was added to Pall Filters (East Hills, NY) aneglac
ABgene collection plates and centrifuged for 7.0 minutes at 4200 rpms in a Beckman
centrifuge (Allegra X-15R) at 22°C. Centrifugation yielded a cleanatidtthat was
precipitated with 0.7 volumes of isopropanol, centrifuged for 30 minutes at 3500 rpms,
followed by a 70% Ethanol wash, 15 min at 3500rpms. The 70% ethanol was decanted
and the DNA pellets were allowed to dry in a laminar flow hood for 1 hour. Pellets wer
resuspended in 80 uL of DNAse free water (GIBCO, Carlsbad, CA). to remove any

RNA. Samples were digested with RNAse for 30 minutes at 37 °C.

Sequencing

A total of 960 clones from the Day 1 control, unstressed/un-subtracted SSH
library and 1920 clones from Days 3 and 4 SSH stressed library were subjected to Sange
style sequencing using ABI PRISM® BigDye™ Terminator v3.1 reaction Apypl{ed
Biosystems, Foster City, CA). SP6 primer (5GATTTAGGTGACACTAT&BGwas
used to sequence from the 3’ end of both libraries. PCR conditions for the sequencing

reactions were carried out using the following condition8CJ6r 5 minutes, and 35
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cycles of (98C for 45 seconds, 8Q for 5 seconds, and 80 for 4 minutes) in an MJ
Research DNA engine cycler. Sequencing results were createdladed from an

ABI 3730xI Genetic Analyzer from Applied Biosystems (Foster City, CA).

Analysis of Sequence Data

Sequences were trimmed of vector and adaptor sequences along with any low
quality sections of bases with a Phred score less than 20. Sequences that hadrfewer t
100 high quality bases were not processed. A unigene set was constructed using CAP3
(Huang and Madan, 1999). Gene Ontology (GO) of the Extended Sequence Tags (EST)
was performed using Blast2Go (http://www.blast2go.de/). This software iasdito
perform BLASTX similarity searches against GenBanks non-redundaeimpdatabase
(http://www.ncbi.nim.nih.gov/blast/blast.cgi). In order to detect simple seguepeats
(SSRs) a version of the Perl script SSRIT was used (Temnykh et al., 20@&l1). T
modified version, CUGISSR (Jung et al., 2005) was used to search for SSRs ranging

from di-to penta-nucleotide repeats.

Results and Discussion

We constructed a Suppressive Subtracted Hybidization (SSH) library to identify
genes and pathways differentially expressed in response to drought. Tieseege
thought to play some role in the abilityAfjuilegiato conserve water in its surrounding

and hold retain water present within the plant.
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The day three and four time-point was chosen for evaluation of differentially
expressed transcripts, with the idea being the genes expressed would be some of the
earliest responses to desiccation conditions. To assure that most of thesesparige
genes were “captured”, Days 3 and 4 RNA were combined equally from root leaf and
stem tissue RNA.

Under increasing drought conditioAguilegiadisplayed very little
morphological change when water was withheld until Dayi@ure 2.2). In this
experiment 18 section flats were utilized so available water was sagrifitess than if

larger one gallon containers were utilized as in the other experiments.
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Figure 2.2: Morphological changes iAquilegiaplants in drought conditions. Column
one: no drought conditions. Column two: overall plant. Column three: close up of leaf.
Plants were surveyed for morphologic variation as drought conditions increased over a
eleven day experiment.

Quantitative Real Time PCR

Leaf and stem samples were taken between 8:00 and 9:00 AM and again 12 hours

later between 8:00 and 9:00 PM. Samples were divided into two different data sets, AM
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and PM, because of the variation in metabolic activity with increased exposigi to |
over the 12 hour period thus increasing the level of genes of interest.

From the data extrapolated from the qRT-PCR results, we found that both
DREB1A and DREB2 were up-regulated under the presented drought stress conditions

(Figures 2.3 t0 2.4)

Figure 2.3: Relative transcript DREB1 Level in morning and evening

RNA was obtained in mornind@(_UE) and eveningRED) for this quantitative assay.
The [A][A]C: method was utilized for relative transcription leveRagiilegiawas
undergoing drought.
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Day 2 Day 3 Day4d Day5 Day 6

Figure 2.4: Relative transcript DREB2A Level in morning and evening
RNA was obtained in mornin@(_UE) and eveningRED) for this quantitative assay.
The [A][A]C: method was utilized for relative transcription leveRagiilegiawas
undergoing drought.
Subtractive Hybridization Library Characterization

One major setback in utilizing traditional cDNA libraries for rare trapsgenes
is a difference in mMRNA abundance. More than half of clones produced in thesedibrari
can come from several highly and moderately expressed mRNAs, and the remaining
fraction of sequences are from several thousand different mMRNAs (Sodre$%94).
In order to obtain the rarer transcripts present in one sample but not another tibe crea
of supressive subtractive hybridization library was utilized. This utibpespetitive
hybridization to bind transcripts present in driver sample to homologous transcripts

present in the tester cONA population. This is followed by adaptor speciRcoPC

adaptor ligated tester samples to amplify low abundance an mRNA population. This
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method decreases the amount of sequencing needed to find rare transcripts, aselsdecrea
the data analysis complexity.

Competitive hybridization was utilized to subtract abundant transcripts present
Day 1 (unstressed) samples from Day 3 (stressed) samples. This tecasidigs in
exponential amplification of differentially expressed transcripts fr@ay 8 followed by
TA cloning into pGEMgem T Easy vector termed a forward library. A seconayibra
was created utilizing the same technique but reversely, resulting in ctifning
differentially expressed genes present on Day 1 but not on Day 3, termed a reverse
library.

It is assumed that due to the increased drought conditions from well watered Day
1 to the initial stages of drought on Day 3 and 4 there will be a change in the gene profile
of Aquilegia It was hypothesized that identification of genes and their tentative function
could be utilized to expand current knowledge of the drought signal cascade. Idgntifyi
genes up-regulated under drought conditions but not present, or present at extremely
reduced levels, under non-stress conditions will further understanding of mliffere
mechanisms of drought resistance.

Suppressive subtractive hybridization libraries for Day 1 (AHOHggilegia
Hybrid Origami mix Tomkins Est g) and Day 3 and 4 combined (AHOTBlguilegia
Hybrid Origami mix Tomkins_Est h)Aquilegiawere constructed by ligation Bisd
digested cDNA into pGEM T Easy vector. From the AHOTEGQ library 1920 clones we
randomly selected via blue white screening in the presence of carbenididT Bg

inserts were released wiltoRI the inserts ranged from 300 base pair (bp) to 2000 bp
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with an average insert size of 761 (base paltg)ufe 2.5. This library contained 0%
non-recombinant clones. Sequencing success from AHOTEg was 95.29%, and yielded a
success rate of 86.18% after trimming of adaptor sequence, poly-A tails and vector
contamination.

From the AHOTERh library 960 recombinant clones were randomly selected in the
presence of carbenicillin, Xgal (5-bromo-4-chloro-3-indolyl-beta-Cagf@pyranoside),
and IPTG (isopropyl beta-D-thiogalactopyranoside). AHOTENh yielded aags/@rsert
size of 573bp with sizes ranging from 350bp to 1000 bp and contained 3% non-
recombinant cloned={gure 2.6). Sequencing success from AHOTEh was 97.6 % and
yielded a success rate of 88.23% after trimming of adaptor sequence, poly-ahathil

vector contamination.

Figure 2.5: Insert size of AHOTEQ.
The insert sizes of 32 randomly picked cDNA clones were determinEdd&
digestion. Average insert size was 761 base pairs with 0.0 % non-recombinant clones.
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Figure 2.6: Insert size AHOTEh.
The insert sizes of 32 randomly picked cDNA clones were determinEdd&
digestion. Average insert size was 573 base pairs with 3.0 % non-recombinant clones
Assembly and Annotation of Sequences

Sequences that were trimmed of vector sequence were subjected to a CAP3
assembly program (Huang and Madan, 1999). This program is designed to align
homolgous stretches of sequence and assemble them into one contiguous (contig) stretch
of sequences to reduce the size of a dataset and also to create a moretreddnda
longer sequences for further searches.

For the stressed library AHOTEg the CAP3 program yieled 173 contigs and 272
singlets. For the unstressed Day 1 library AHOTENh, the CAP3 program yieled 108

contigs and 324 singlets. These unigene sets were subjected to Gene Ontology based
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data mining by Blast2GO (Conesa et al., 2005). These sequences wdredsaganst
the non-redundant database of NCBI, using a BLASTX cut off value 1 E-3.

Of the 108 contigs and 324 singlets obtained from the Day 1 library, 55% were
annotated using the Blast2GO software, 28% showed no homology to any database, 11%
yielded no annotation, and 5% yielded no mapping regtiljsie 2.7) Day 3 and 4
library was searched and, 56% were annotated using the Blast2GO software, 24%
showed no homology to any to any database searched, 14% yielded no annotation, and

6% yielded no mapping resultSigure 2.8).

AHOTEh

m Noannotation
B Nomapping
= No Blast Results

m Annotated with Blast2GO

Figure 2.7: Data distribution from Day 1, AHOTEh SSH Library.
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AHOTEg

m Noannotation
B Nomapping
= No Blast Results

m Annotated with Blast2GO

Figure 2.8: Data distribution from AHOTEg, Day 3 /4 SSH Library.

Further analysis of the AHOTE( stress data set yielded the number ofluadivi
sequences present within each Contig. Of the 173 contigs, the one that contained the
most sequences was a major latex protein 28 (MLP28). The number of clones present in
the stressed library gives some idea into the abundance of these sequdrees in t
transcriptome oAquilegiain drought conditions. Most of these genes are known to play

some role in defensive mechanisms of plants in helping deal with drought (Figure 2.9)
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MLP-LIKE PROTEIN 28, contig 2
Defensin, contig 12
Defensin, contig 130
Putative plant defensin contig 113
Hypothetical protein, contig 109
Glutathione s-transferase, contig 163 |
Hypothetical protein, contig 99 |
Ring finger protein, contig 76

Plant defensin, contig 78

Pathogenesis-related 10 protein, contig 162

- / 4 r,

hd

0 20 40 60 80 100 120 140 160 180 200
Number clones in contig

Figure 2.9: AHOTE(g clone frequency. Annotation of Stressed libraries contigs. Top ten
contigs containing most individual sequences.

Genes with known function were sorted into biological, molecular and cellular
functional categories. The three catagories are represerfegune 2.10, 2.11, and
2.12,respectively, for the unstressed library (AHOTEN), Rigdire 2.13, 2.14, and 2.15,
respectively, for the drought stressed library (AHOTE(Q). Percentagesdd up to
greater than 100% because individual genes can fall into multiple catagdei@sences
associated with a response to stimulus make up the largest fraction of the &iologic
function subset in the stressed library (14%). This was expected due to the drought
conditions present at the time of RNA extraction and gives validity to the siditrac

hybridization method used to selectively amplify differentially exeggenes.
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Figure 2.10:GO Mapping of Aquilegia Day 1 (AHOTENh) biological process unstresse
library
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Figure 2.11:GO Mapping of Aquilegia Day 1 (AHOTEh) Molecular Function
unstressed library
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Figure 2.12:GO Mapping of Aquilegia Dayl (AHOTENh) cellular component unstressed
library
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Suppression subtractive hybridization (SSH) amplifies rare mRNA tiptsc
and differentially expressed genes present in one sample but not another. Thedxpresse
sequences present in only the stressed library can be seanlern2.2. Sequences found
only in the unstressed library can be seehahle 2.3 Of the 173 Tentative Contigs
(TCs) present in the stressed library, 113 of these sequences were diffgrenti
expressed, meaning they had no homology to sequences that were obtained from the un-
stressed library. Many genes known to be involved in drought and various stress
responsive pathways were identified from the stressed library. Trarmstifigttors such
asDREBcontaining sequences, ethylene-responsive transcriptional co-actarador
Homeodomain leucine zipper prot¢#iDZ2 were present only in the stressed library.
DREBIs known to have a role in plant response to drought (Shinozaki, 1999).
Overexpression dREB1A/CBF3n Arabidopsisunder control of cauliflower mosaic
(CaMV) 35S promoter yielded an increased tolerance to freezing (Jagke®et al.,
1998). Overexpression BIREB1Ayielded an increase in tolerance to drought, high-salt,
and freezing stress (Liu et al., 1998; Kasuga et al., 1999). Other proteins found in the
stressed library known to play a role in drought response are aquaporons which help
regulate water levels within plant cells, peroxidases which help with detdioh of
H20:2 (Aroca et al., 2005), Glutathione S-transferase which has been shown to increase
during drying of the drought-tolerant moBsrtula ruralis (Dhindsa, 1991) and low temp
and salt responsive protein LT16B. These are only a few of the proteins with known
homology to drought responsive genes found in the stressed subtractive hybridization

library.
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One significant observation was that 20 Tentative Contigs had no known function,
or were listed only as hypothetical proteins. The large number of completed plant
genome sequences and the ease of availability of this sequence datatbagtest
genes represented here represent novel genes or novel pathways. Theseudere
interesting for further functional analysis and could possibly lead to a fanidemore
in-depth understanding of known drought defense pathways. It can be anticipated that
these sequences will be a focus of further study and will have more lightshleem in
the coming years with a draft sequenc@aqtilegiacurrently in progress at the Joint

Genome Institute (http://www.jgi.doe.gov/sequencing/why/51280.html).
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Table 2.2: Annotation of differentially expressed ESTs obtained from drought induced

SSH library

Protein of Known Function Homologous organism e Value ID#
BIOLOGICAL PROCESS

Localization

Temperature-induced lipocalin Lycopersicon esculentum 1.62E-72 Contig10
Aquaporin PIP1-2 Gossypium hirsutum 1.09E-42 Contig89
Acyl-COA binding protein Panax ginseng 1.39E-38 Contig1l68
Autophagy-related protein 8 precursor Lodderomyces elongisporus 6.61e-33 Contig65
Ferritin-3, chloroplast precursor Glycine max 4.13E-48 Contig15
Response to stimulus

Norcoclaurine synthase Thalictrum Flavum 9.06E-29 Contig27
Antifungal protein Sinapis alba 3.47E-24 Contig39
Low temp and salt responsive protein LT16B Arabidopsis thaliana 3.39E-12 Contig100
Peroxidase 25 Ricinus communis 8.56E-40 Contig46
GAST1 protein precursor Ricinus communis 3.98E-25 Contig32
SAUR family protein Populus trichocarpa 1.21E-30 Contig49
Metabolic process

Atp-dependent cop protease proteolytic subunit  Ricinus communis 4.11E-33 Contigl6
Cysteine proteinase Ricinus communis 1.74E-75 Contig129
Xyloglucan endotransglycosylase hydrolase Gerbera hybrid cultivar 4.98E-115 Contig66
Triosephhosphate isomerase Coptis japonica 7.19E-85 Contig150
Beta-cyanoalanine synthase Malus x domestica 1.06E-23 Contigl4
Putative arogenate dehydrogenase isoform 2 Oryza sativa 2.55E-57 Contig112
Beta-1,3 glucanase Vitis vinifera 1.61E-50 Contig19
Beta-1,3 glucanase basic isoform precursor Ricinus communis 1.01E-57 Contig38
Beta-glucosidase Ricinus communis 5.21E-29 Contig1l51
Oxidation reduction

SFerH-3 Glycine max 4.13E-48 Contigl5
Peroxidase 25 Ricinus communis 1.41E-42 Contig46
Canadine synthase Thalictrum flavum 1.79E-13 Contig135
Biological regulation

Pi starvation-induced protein Cicer arietinum 4.23E-31 Contig159
MOLECULAR FUNCTION

Catalytic activity

S-norcoclaurine synthase Thalictrum flavum subsp. glaucum 9.03E-29 Contig27
Actoylglutathione lyase family protein Arabidopsis thaliana 4.78E-54 Contig21
Transferase activity

3’hydroxy-N-methyl-(S)-coclaurine 4-OMT Thalictrum flavunsubsp. taucum 7.39E-60 Contig3
Glutathione s-transferase Ricinus communis 2.82E-79 Contig35
Glutathione s-transferase GST 22 Glycine max 3.14E-77 Contig163
S-scoulerine-9-OMT Thalictrum flavunsubsp Glaucum 4.53E-40 Contigl65
Pavine-N-methyltransferase Thalictrum flavum 4.97E-80 Contig86
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Table 2.2: (Continued)Annotation of differentially expressed ESTs obtained from

drought induced SSH library

Protein of Known Function Homologous organism e Value |ID#
Oxidoreductase activity

Putative phosphatase Solanum lycopersicum 2.49E-95 Contig84
UDP-glycosyltransferase 85A8 Stevia rebaudiana 1.34E-53 Contigl73
Binding

Fiber annexin Gossypium hirsutum 1.00E-56 Contig158
Phosphatidylethanolamine binding protein Ricinus communis 2.7569 Contig171
Oxidoreductase Activity

Cytochrome P450 Populus trichocarpa 1.19E-52 Contig41
Cytochrome P450 Petunia x hybrid 2.15E-94 Contig33
lon binding

Metallothionein-like protein Arachis hypogaea 5.77E-20 Contig147
Nucleic acid binding

Ethylene-responsive element-DREB Nicotiana tabacum 3.41E-33 Contigl
Ethylene-responsive transcriptional coactivator Elaeis guineensis 1.89E-62 Contig133
Homeodomain leucine zipper protein HDZ2 Phaseolus vulgaris 2.80E-69 Contig64
Structural constituent of ribosome

60S Ribosomal protein L6 Ricinus communis 3.11E-73 Contig63
60S Ribosomal Protein L13a Ricinus communis 1.04E-97 Contig98
60S Ribosomal protein L23 Zea mays 7.30E-18 Contigl72
Transporter activity

Transparent testa 12 protein Zea Mays 1.35E-37 Contig90
CELLULAR FUNCTION

Putative root storage protein Ranunculus asiaticus 1.11E-42 Contig36
AWPM-19-like membrane family protein Arabidopsis thaliana 1.27E-51 Contig139
Erwinia induced protein Zea mays 8.23E-41 Contig34
NO KNOWN FUNCTION

Predicted protein Populus trichocarpa 6.36E-19 Contig91
Predicted protein Populus trichocarpa 1.07E-34 Contig67
Drm3-like protein Solanum tuberosum 7.46E-29 Contigll
Auxin-repressing protein Zea mays 1.59E-9 Contig20
LEA protein group3 Zea mays 5.33E-19 Contig22
Zinc-finger protein 1 Datisca glomerata 4.63E-24 Contig40
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Table 2.2: (Continued)Annotation of differentially expressed ESTs obtained from

drought induced SSH library

Protein of Known Function Homologous organism e Value |D#
NO ANNOTATION

Predicted protein Vitis vinifera 49E-11 Contig28
Predicted protein Populus trichocarpa 6.13E-6 Contig42
Hypothetical protein Vitis vinifera 1.58E-37 Contig43
Putative chorismate prephenate dehdratase Oryza sativa 1.30E-68 Contig44
Dehydrin Citrus X paradise 3.99E-8 Contig53
Hypothetical protein Vitis vinifera 2.15E-11 Contig62
Protein disulfide Vitis vinifera 1.09E-8 Contig70
PR-10 norcoclaurine synthase-like protein Eschscolzia californica 8.69E-39 Contig71
Pathogenesis-related protein Cucumis sativus 1.25E-30 Contig75
Transparent testa 12 protein Zea mays 2.71E-9 Contig77
Conserved hypothetical protein Ricinus communis 4.37E-5 Contig81
Ripening-related protein Medicago truncatula 2.58E-100 Contig87
Predicted protein Populus trichocarpal 1.22E-30 Contig94
Unnamed protein product Vitis vinifera 5.35E-31 Contig95
Hypothetical protein Vitis vinifera 1.99E-46 Contig43
Protein Vitis vinifera 2.01E-18 Contig97
Little protein 1 Arachis hypogaea 1.47E-29 Contig99
Conserved hypothetical protein Ricinus communis 1.12E-48 Contig104
Conserved hypothetical protein Ricinus communis 1.50E-23 Contig109
Histone h2 Populus trichocarpal 3.30E-38 Contig117
Putative staygreen protein Nicotiana tabacum 4.31E-101 Contig118
Antifungal protein Bassica napus 3.19E-5 Contig119
Hypothetical protein isoform 2 Vitis vinifera 5.83E-28 Contig120
Hypothetical protein Vitis vinifera 2.97E-7 Contig121
Hypothetical protein Vitis vinifera 7.43E-63 Contig126
Universal stress protein 1 Gossypium arboreum 8.62E-56 Contig127
Hypothetical protein Vitis vinifera 4.32E-67 Contig128
Hypothetical protein Ricinus communis 4.63E-35 Contig143
Homeobox-leucine zipper protein athb-12 Arabidopsis thaliana 3.32E-32 Contig145
Polyphenol oxidase Camellia sinensis 2.67E-24 Contig153
Hypothetical protein Vitis vinifera 1.98E-54 Contig155
CBL-interacting serine threonine-protein Ricinus communis 2.98E-40 Contig160
Conserved hypothetical protein Ricinus communis 1.17E-4 Contigl61
Hypothetical protein Vitis vinifera 2.70E-89 Contigl67
Unknown protein Arabidopsis thaliana 5.46E-30 Contig169
Protein Populus trichocarpal 6.95E-8 Contig170
Putative carboxy-layase Ricinus communis 2.26E-44 Contigl74
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Table 2.3: Annotation of differentially expressed ESTs obtained from non- induced SSH

library
Protein of Known Function Homologous organism e Value |D#
BIOLOGICAL PROCESS
Localization
TMP-C Plasma membrane intrinsic protein 1;4 Arabidopsis thaliana 6.90E-84 Chontigl17
Putative H-type thioredoxin Citrus hybrid cultivar 2.34E-49 Chontig24
Thioredoxin H-type, putative Ricinus communis 9.77E-38 Chontig34
Lipid binding protein Ricinus communis 6.61E-42 Chontig38
Protein transport protein SEC61 gamma subunit  Oryza sativalaponica group 1.58E-22 Chontig84
ADP-ribosylation factor Elaesis guineensis 3.93E-99 Chontig87
Response to stimulus
Nucleoside diphosphate kinase B Flaveria bidentis 7.24E-39 Chontig66
Low molecular weight heat-shock protein Papaver somniferum 1.25E-40 Chontig5
Heat shock protein 90-1 Glycine max 9.14E-42 Chontig19
Cationic peroxidase Nelumbo nucifera 3.83E-102 Chontig36
Metabolic process
Progesterone 5beta reductase-B Nicotiana tabacum 1.29E-51 Chontig92
Cinnamyl alcohol dehydrogenase 1b Festuca arundinacea 2.09E-67 Chontig80
Catechol O-methyltransferase Thalictrum tuberosum 4.96E-40

Chontig108
Cysteine protease Vitis vinifera 3.37E-92 Chontig22
NAD-dependent malate dehydrogenase Prunus persica 2.42E-18 Chontig37
Dimethyladenosine transferase Zea mays 2.09E-55 Chontig78
Phenylalanine ammonia lyase Robinia pseudoacacia 4.21E-55 Chontig74
Putative heat shock protein Ricinus communis 1.08E-42 Chontig19
Triose phosphate isomerase cytosolic isoform Solanum chacoensel 1.95E-23 Chontig4
Aspartate aminotransferase putative Ricinus communis 5.92E-25 Chontig61
Oxidation reduction
1-aminocyclopropane-1-carboxylate oxidase Momordica charantia 495E-11 Chontig75
Nitrogen compound metabolic process
Isoflavone reductase-like protein 5 Vitis vinifera 1.79E-35 Chontig79
MOLECULAR FUNCTION
Catalytic activity
S-adenosyl-L-methionine Coptis chinensis 7.18E-71 Chontig47
Structural constituent of ribosome
Ribosomal protein L30, putative Ricinus communis 8.77E-51 Chontig76
60S ribosomal protein L35 Ricinus communis 4.70E-38 Chontig42
Putative L24 ribosomal protein Arachis hypogaea 1.40E-50 Chontig32
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Table 2.3: Annotation of differentially expressed ESTs obtained from non- induced SSH

library

Protein of Known Function Homologous organism e Value |D#
Structural constituent of ribosome

60S ribosomal protein L29 Arabidopsis thaliana 4.17E-18 chontigl4
Binding

Calmododulin-related protein, putative Arabidopsis thaliana 8.60E-38 chontig98
CELLULAR COMPONENT

Organelle

Putative frnE protein-like Arabidopsis thaliana 1.91E-78 chontig70
Chloroplast pohotosystem Il light-inducabel protei Pachysandra terminalis 1.52E-40 chontig101
Putative photosystem | reaction center subunit Il Arabidopsis thaliana 4.90E-27 chontig12
NO KNOWN FUNCTION

Hypothetical protein Vitis vinifera 3.14E-48 chontig99
NO ANNOTATION

Glutathione peroxidase 4 Populus trichocarpa 5.32E-26 chontig8
Desacetoxyvindoline 4-hydrolase, putative Ricinus communis 7.34E-52 chontig9
Progesterone 5-beta-reductase Digitalis cariensis 3.30E-34 chontig13
Transparent testa 12 protein Zea mays 2.23E-32 chontig26
Protein Vitis vinifera 2.89E-41 chontig46
TR11 Cleome spinosa 3.23E-61 chontig54
Hypothetical protein Ricinus communis 1.00E-21 chontig83
24 kda seed maturation protein Elaeis quineensis 4.06E-13 chontig93
UP-9A Nicotiana tabacum 1.84E-16 chontig100
Tropinone reductase homolog Datura stramonium 1.18E-56 chontig102
Thioredoxin m Populus trichocarpa 1.32E-51 chontig107
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Recent studies suggest that simple sequence repeats (SSRs) located atdimn pr
coding regions and their untranslated regions (UTRsS) can lead to a gain or lass of ge
function via frameshift mutation or expanded mRNA which can ultimately lead to
disruption of cellular function (Li, 2004). SSRs present within genes show an increased
rate of mutation, similar to the increased mutation rate of SSRs in the UTRs sfgene
2004). The elongation/shortening process leads to an increase in biologic complexit
These SSR regions are listed in Appendices A and B. These seqgalenpessible
candidates for use as genetic markers in marker assisted breeding teaimore in
depth understanding of drought resistance and an additional avenue to improve various
crop species. The rarest and most specific SSR can be used for identificatran am
different crosses to help dissect molecular traits. Based on the SSEsasaleral
contigs contain numerous SSRs ranging from one to four nucleotide repeats. The genes
containing SSRs, could be compared with their homolodsabidopsisand other
species for comparison to help with the study of function.

From the drought-stressed library (AHOTEQ) 113 of the sequences were
differentially expressed. SSR analyses of these tentative contigterktrest 39 of them
contained at least one SSR and are composed of di- to tetra- nucleotidegapeatt
(Appendix A). Nearly 44% of all SSRs are tri-nucleotide repeats. Thamoestt
common SSR consists of tetra-nucleotide repeats and accounts for 31% of thdd$SRs
nucleotide repeats make up 24% (Appendix A)

The un-stressed library resulted in 62 differentially expressed sequiress

tentative contigs were analyzed for SSRs. Of which, 22 TCs were found to cd®Rsn S
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Of the sequences containing SSRs, 58% of these were found to be tri-nucleotitte repea

16% tetra nucleotide repeats and 26% di-nucleotide repeats (Appendix B).

Conclusions

Response to drought and the means plants utilize to cope with drought conditions
is a highly complex cascade of events. In order to attempt to simplify the eloengron
of these various pathways SSH libraries are an excellent resource wigen Sa
sequencing is to be utilized. This study is the first utilization of SSH to shatyges in
the transcriptome oAquilegiain response to drought. Sequences obtained from the
forward subtracted SSH library yielded numerous gene sequences of proteins wi
functions known to deal with drought conditions in plants. Genes encoding for proteins
such as, Aquaporins, Low temp and salt responsive protein, glutathione S-transiferas
ethylene-responsive element-DREB were identified in this data set.

Numerous gene sequences were obtained with no known function. Identification
and functional analysis of these genes with no known function will be valuable in
furthering understanding of the various pathways involved with drought response.
Twenty nine pecent of the sequences obtained from the stressed library produced no
homology to any sequences in the public databases. This proves that the SSH approach is
a powerful tool for identifying uncharacterized genes, specificallyeel@ increased
stress conditions. Additional research is needed to study these novels genes toeleterm

if they are truly involved in a defensive mechanismAquilegia.
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SSR analysis has yielded various possible genetic markekgudegiathat may
be utilized in a breeding program to improve the overall drought resistaAcgiitégia
with any information gained applicable to various species because of its evalutiona
position. These sequences need to be annotated as to what their homologous genes are
and examined in depth the future as to the number of SSRs present in each sequence.
This data should be very useful when aligned to homologs present in the NCBI database.
This may yield information applicable to a marker assisted breeding progfatare
dissectAquilegia’s ability to withstand drought conditions.

The information gained from this subtractive hybridization library is aelnt
resource for parallel experiments dealing with what particularsgemeymes, or
proteins are instrumental Aquilegia’sability to withstand drought. This type study will
contribute to determining the molecular basi&qtilegiaselevated resistance to
drought. Equally important will be determining new genes involved in drought toderanc
to possibly be transferred to crop species for an increased ability toandrdrtought and

increase yield in water limited climates.
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CHAPTER THREE
IDENTIFICATION AND CHARACTERIZATION OF TWO FLAVANOIDS

ACCUMULATED IN AQUILEGIA WHEN EXPOSED TO DROUGHT

Abstract
Plants possess numerous mechanisms to deal with decreased water conditions

such as reduction of leaf size and number, stomata closure and accumulation of
osmolytes. IMAquilegia a response to severe drought is reflected by increasing
production of osmolyte-like compounds. Methanol soluble, polar compounds were
isolated fromAquilegiaunder drought stress and quantitatively analyzed by HPLC in
relation to unstressed plants. Two compounds with the highest rate of change were
unambiguously identified structures by mass spectrometry when compared to known
standard compounds. We baseline purified four fractions corresponding to four different
fractions that were significantly increased over the two-week droughteddime span.
From the MS and MS/MS fragmentation patterns two of the compounds were identified
as apigenin 8-C-glucoside (vitexin) and vitexin 2Bdb-glucoside. The identification
of these glucosides and their structural similarity to a known osmolytelasehaupport
the hypothesis that these compounds play an important rAguitegia’sability to

withstand severe drought conditions

Introduction

The term "-omics” refers to the identification, analysis, characteizand

interactions of groups of biological molecules systematically such tabaolges,
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proteins, or the transcriptome. This often means analysis of hundreds to thousands of
biological molecules present at any given time within a cell, simultaneoBsidging

the genome and proteome to the metabalome is one of the major goals in plant genetic
studies. Plant genome sequencing efforts have yielded identification ofugetier

that lead to exploration into the proteome and subsequently into the metabalome to better
understand plant metabolism.

Plants have numerous ways to deal with drought; many drought responsive genes
and proteins in plants have been identified by transcriptome analysis and proteomic
analysis (Komatsu, 2006). It is observed that the mRNA level may not direathjate
with a protein expression level (Gygi et al., 1999). Similarly, proteins can §enpre
within cells but not in active form (Sumner et al., 2003). In other words, the
transcriptome and proteome are only partial representations of the oveedibhte
processes that are occurring within tissue at any given time, an aneamdtabalomics
can shed some light in understanding the discrepancy in stress responses t@bibiecme
level.

This study used metabalomics, for differential profilingAglilegids
metabalome under various drought conditions. Metabolites which accumulated in larger
guantities when subjected to drought conditions were identified. Metabolites are end
products from their respective gene expression pathways and take some partgtya vari
of different functions within the biological process. Here we report on quantitative
analysis of metabolites by reverse phase HPLC of methanol fradthouilegia

subjected to increased levels of drought conditions over a two-week induction period.
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Aquilegia(Columbine) has a natural range from Alaska to Florida (USDA, 2008) and can
be found from an elevation of 10,000 feet to sea level. This wide geographic distribution
shows the wide adaptability siguilegia Columbines are found in shaded forest, alpine
zones, desert spring areas and rocky outcrops (Munz, 1946). Because of the wide range
of environments Columbine thrives in, it is an excellent candidate for identifyindg nove
genes for drought resistance which becomes increasingly more impasrtaotic
population increases.

The morphological effects of water deficits are fairly well known and can be
easily visualized in a plant, but the cause of these symptoms are not as well known on a
biochemical and molecular level (Bruce et al., 2002). One of the first respgonsater
deficit is osmotic adjustment (Leung and Giraudat, 1998). Plants increasestheiic
potential by accumulating osmolytes such as proline, glycine betaine andchumng
sugars and polyols. Osmolyte accumulation allows additional water to be taken up from
the environment, buffering the immediate effect of decreased water Wighorganism.
Osmolytes increagbermodynamic stability of folded proteins and provide protection
against denaturing stresses (Bolen and Wang, 1997).

The accumulation of soluble sugars such as sucrose, glucose and fructose is often
associated with drought tolerance in plants. It is thought that soluble sugarsobtetp pr
the plant in times of drought in one of two ways, first, the hydroxyl group of sugars may
take the place of water molecules helping maintain hydrophilic interactions i
membranes and proteins by hydrogen bonding with them (Williams and Leopold, 1989).

Second, the sugars form a highly viscous layer in the cytoplasm of the debyckts
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reducing the molecular movement and help maintain the structural stabthiy of
macromolecules (Sun and Leopold, 1997). The true mechanism is still unknown.
Several genes involved in the metabolism of these sugars have been found to inerease t
ability of different transgenic plants to resist stress (Shinozaki and Yamaghinozaki,
2007). Over-expression of drought-inducible galactinol synthetase gtbel$2)in
Arabidopsisyielded increased drought resistance because of the excess accumulation of
galactinol and raffinose (Shinozaki and Yamaguchi-Shinozaki, 2007). Additionally,
transgenic plants that express the DREB1A/C- repeat binding factor 3 (CFB3)
accumulate more galactinol and raffinose than wild type plants, helping th@avin
their ability to withstand drought (Avonce et al., 2004).
In addition to the sugars mentioned above, trehalose is often accumulated in large
guantities in response to desiccation. Trehalose dslimked disaccharide found in
nature from a wide variety of sources such as bacteria, fungi, yeass, qohant
invertebrate animals (Elbein, 1974). Trehalose is also associated witmteattsstress
related responses (Thevelein, 1996). The high water retention capacityabdteeis
thought to help stabilize proteins and membranes enabling the cells to reconer whe
rehydration conditions are present. Tobacco has been transformed with tloséreha
phosphorylasel{P) gene fromPleurotus sajor-cajland showed an increased ability to
withstand drought. The trehaolase synthetase @esasefrom Grifola frondosaalso
yielded an increase in the ability to withstand drought in tobacco (Han et al., 2005).
Study of accumulated metabolites may shed some light on the process plants use

to cope with increasing drought conditions. A systematic and quantitative survey of a
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large number of metabolites in a time course study undergoing severe dasiccati

treatment should provide clues of the inner-working machinery in drought resistance

Materials and Methods:
Plants

AquilegiaF1 Cv. Origami Mix seeds were obtained from Harris Seed Company in
Rochester, NY. Seeds were rinsed with distilled water then germinatdtein dish
containing moist filter paper at room temperature. After germination, sedlaced
in moist germination soil in a covered growth flat under constant light. When seeds had
developed a root system, they were moved to larger 18 section flats with mwtlke gr
area. Seedlings were then placed in a growth room for 6 months to build tissue mass.
Temperature was kept at an average ofZD(R1°C max, 20C min), with 12 hours of
artificial light. Plants were watered to saturation at two day interx&llsen plants had
outgrown their flats they were transplanted into larger one gallon contakgudegia
plants were then transferred to the greenhouse to adjust and establish root sydtems a
build tissue mass. At around six months the gallon pots containidgjthkegiaplants
were moved from the greenhouse to a growth room with better controlled enviratment
20.89°C (21°C max, 20C min). TheAquilegiaplants were kept in the growth room for a
week prior to stress treatments.

Before tissue was collected all plants were watered to saturation on Dty O w
tissue samples being taken the following day (day one). Dehydkgtel@giatissue was

pooled from 18 different plants to represent the average drought response. Tissue
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samples were taken on days 1, 3, 5, 7, 9, 11, and 14 from stems and leaves separately,

and then frozen in liquid nitrogen immediately and stored &G80

Chemicals

All chemicals were purchase from Sigma. Chemical standard (vitexin) was
purchased from Sigma-Aldrich (St. Louis, MO). The vitexin standard was sp&dbih
80% methanol; a serial dilution in methanol was made to construct a standard curve.
Vitexin was also subjected to LC-MS for fragmentation patterns. To do this, ammoni

hydroxide was added for negative ion mode acquisition of MS spectra.

Extraction of Methanol-Soluble Polar Compounds

The frozen tissue (0.5g) collected from Day 1, 3, 5, 7, 9, 11, and 14, samples were
removed from -80C and were homogenized using mortar and pestle under liquid

nitrogen to powder-like material. Ground leaf tissue was added to 9.8 mL otiextrac
buffer (80% methanol, 20% water and 100ul of 2% DMSO, and 100 pl of berberine (500
pg/ml)) in a 50mL tube, and then homogenized using a tissue homogenizer (PowerGen
125, Fisher Scientific) for 60 seconds followed by sonication (Bransonic 32, Bransonic
Cleaning Equipment, Shelton, CN) for 15 minutes at room temperature. The sample was
vacuum filtered through a 0.2 um filter and the filtrate was transferred ihto mL

micro centrifuge tube and spun at 13,000 rpm for 3 minutes. The supernatant was
collected and aliquoted evenly into micro centrifuge tubes (500 pL) and placed &da spe

vacuum (Lab Conco, Kansas City, MO) to dry completely. Dried samples were
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resuspended in 150 pL 50% methanol in water (each tube) and spun at 13,000 rpm for 3
minutes. The top 100 pL of supernatant was collected and combined before injection

into HPLC for separation and quantitative analysis.

HPLC Analysis

Methanol extracts oAquilegiawere analyzed by reverse-phase HPLC (717 plus
Autosampler, 1525 Binary HPLC Pump, and 2487 Dual wavelength detector, Waters).
Separation used a Symmetry 4.6 x 150mm reverse phase column (Waters). Absorbance
was measured by duel wavelength at 214nm and 280nm. The LC chromatogram was
generated using linear gradient (1 minute at 95% A: 5% B, 5 minutes at 80% A : 20% B,
35 minutes at 50%A : 50%B, and 36 minutes at 5%A: 95%B). Solution A was 0.1M
acetic acid/ammonium acetate. Solution B was 90% methanol, 10% acetondcle. E
sample was run on the HPLC in triplicate with 50 pl injection volume. Data was
acquired and processed (Breeze, version 3.30). Fractions were collectediaaligmat
(Waters Fraction Collector Ill) in 30 second intervals in 96 well microtitzepl
(ABgene, Epsom, UK) for bioassay. Fractions of interest were collected nyanuhlb

mL centrifuge tubes and dried for identification by LC-MS and MS/MS.

Quantification of Compounds
Berberine was used as an internal control for normalizing variations inesampl
preparation and injection. Relative levels of metabolites were determinatkgyating

the peak Area Under the Curve (AUC) of the chromatogram acquired from #weBre
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software. AUCs from three injections were averaged and plotted in fxealdsheet for

visualization of relative peak levels over the period tested.

Quantification of Vitexin

Vitexin was solubilized in 80% methanol and serial dilutions were made. These
were injected in triplicate into HPLC using the same protocol as fadkdbéegia
metabalome extracts. The points were averaged and the AUC was cdlouthte
Breeze software (Waters). This information was then placed in Microseft fexc
analysis and creation of a standard curve representing AUC vs. concentratiexiaf vi
present. Based on this standard, all peak 23s from HPLC runs for each time point were

measured and quantified.

Crystallization of Fractions

In an attempt to identify the structure of compounds of interest that accumulated
in response to drought, fractions containing fractions of interest were cdllecte
individually from repeated HPLC runs, pooled and dried in a Speed Vac. They were then
re-solubilized in various solvents, placed in glass screw-top vials from &Vatet

placed at 4°C with a small opening in caps to allow solvent to evaporate slowly.
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Liquid Chromatography-Mass Spectroscopy

Fractions of interest from HPLC were further analyzed by a nanoflowargpil
HPLC coupled to a ESI-tandem mass spectrometer (Q-TOF-micro; Wasstion of
instrumentation used MassLynx software (V4.0, Waters).

All compounds were registered in both positive and negative ion mode to cover
broad spectrum. For positive ion mode, formic acid was added to protonate ions (0.1%
final). In negative ion mode, ammonium hydroxide was added to deprotonate ions (1%
final). Fractions were injected into ion source directly at a flow rate of Intipute for
both positive and negative ion mode acquisition. The ion source voltages were at
+3000V, sample cone was at 35V, the extraction cone was at 3V, and source temperature
was at 100°C. The quadrupole was scanned from 100 to 800 m/z at 1s with 0.1s inter-
scan delay in continuum mode, and the nebulizer gas (nitrogen) flow was at 30L/h Fo
MS/MS product ion acquisition. TOF was scanned from 50-800m/z. To calibrate mass

real-time infusion, Sodium formate was used for the accurate mass calibration.

Semi- Quantitative Real Time PCR

For Real Time PCR, tissue samples were collected every 12 hours over a 6 Day
period with no water supplied. Samples were taken between 8:00 and 9:00 AM and 12
hours later between 8:00 and 9:00 PM. PolyA RNA enrichment was performed on total
RNA sample using manufacture’s protocol (MicroPoly A Purist™ Kit, Ambiordéh|
Germany). cDNA was generated from the polyA RNA using VERSO™ Reverse

Transcriptase in conjunction with Thermo’s (Walthan, MA) SYBR® Green 1-Stép QR
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PCR Low ROX Kit according to the manufacturer’s instructions. Each sanagleun

in triplicate for each of the primers pairs. Primers for both actin and UDEbs#:

vitexin 2”-O-B-D-glucosyltransferase, used for RT-PCR were designed based on

sequences obtained from a Subtractive Hybridization Library created fressedr

tissues isolated frorAquilegia The primer sequences are showiiable 3.1 To

determine the specificity of the primers before RTPCR, genomic DNA obtammad f

Aquilegiawas subjected to PCR reaction with expressiaacth as control for variation

in sample preparation and concentration. PCR conditions used cDNA syntheSi€at 50

for 15 min, Thermo-Start activation at®d5 for 15 min, and denaturation at°35 for 15

min, 25 cycles of; (95C for 15 sec, 52C for 30 sec, and 6UC for 60 sec). Data from

the replicated reactions were examined to determine the transcriptfiéve particular

genes of interest.

Table 3.1: Primer sequences of glucosyltransferase and actin to determine sédady st
transcripts level. RT PCT performed to determine if there was an iedreianscript
level in response to drought in relation to actin for normalization.

vitexin 2”-O- p-D-
glucosyltransferase

5TCAGTAGCTTCTTCTGCTTTTTGTT 3’
5TGTACTTCTTCTATACGGGGAATTG 3’

Actin

5" GTATAGTAAGCAACTGGGACGACA 3
5" GGATAGCAACATACATAGCAGGAG 3’

Spore Germination and Appressorium Development

Conidia were harvested from a 12-day-old cultur®afinaporthe griseagrowing on

V8 agar (10% (v/v) V8, X (w/v) CaC§1.5% agar) at room temperature to make a spore
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suspension of 2 x £@onidia/ml. Droplets of 20 pl of the spore suspension were placed
on glass slides containing 20 ul of vitexin of different concentrations, includingNdp0
250 uM, 100 uM, 50 uM, 10 uM and distilled water, used as the negative control. All
treatments were covered with cover glasses and incubated in a 100% moistirerchta
room temperature for 5 hr and 24 hr. Spore germination and the development of
appressorium were recorded from each treatment by an inverted lightcopedZ eiss
Axiovert 200 M). The metabolic activity of conidia from each treatment wanaist

by MitoTracker Red (MT Red) fluorescence analysis.

Results and Discussion

The methanol extraction and subsequent UV-VIS HPLC analysis are sensitive to
detect differentially expressed small molecules. Four metabolitesgscteignificantly
over the two-week period wheéyuilegiaplants were subjected to increasing drought
conditions, while most metabolites remained stationary. Liquid chromatography
procedure not only enabled relative quantification of the difference, but alsogurifie
compounds to baseline separation, thus allowing the integration of quantity.

An 80% methanol solution was found to yield the greatest number of compounds
in the hydrophilic to moderate hydrophobic range by a linear gradient from agoeous
acetonitrile HPLC. We are mainly interested in hydrophilic metabolitesdoan their
guantity and complexity in the chromatogram. The chromatograms wereeahaly that
individual peaks and retention times were recorded and integrated as the AreehE&nder t

Curve (AUC). The AUC of 38 selected peaks were recorded and placed in a Microsoft
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Excel spreadsheet for further analysis. A more in depth analysis usingmtiffer
extraction solvents, such as chloroform, warm water or methylene chloride, staild |

to the extraction of additional compound not studied here. Of the 38 peaks that were
given a relative quantification over the time course of our experiment, four peaks we
found to be present at higher levels as drought conditions progressed. They were
identified tentatively as peaks 13, 23, 30 and 33, having retention time of 13.9 minutes,

23.15 minutes, 32.38 minutes, and 34.79 minutes, respectirgly¢ 3.1).
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Elue, Day 14 in Elack.

Figure 3.1: HPLC profile of Aquilegia using methanol extraction. Obtained from leaf
tissue under increased drought conditions. Black trace is drought stressedtissue
trace is control tissue.
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The individual fractions were collected on at least three runs from drought-

stressed tissues for calculation of standard deviation of the quaraitye 3.2shows the

corresponding fraction number, retention time from HPLC chromatogram, monogsotopi

mass (m/z), daughter ions from MS/MS scan in positive and negative ion mode, and

identification (if known).

Table 3.2:Mass spectroscopy data from four compounds of significant
accumulation over course of drought experimenPeaks identified as being up-
regulated via HPLC analysis in drought conditions. Compounds were extracted via
methanol extraction buffer from leaf tissue. Retention time, mono-isotopi¢ mass
daughter ions in positive and negative ion mode and any identification information is

shown.
Peak Retention | Mass Daughter ions Daughter ions, | Name CAS
Identification | time (Accurate | (Positive ion (Negative ion number
(min) mass) mode) mode)

Fraction 13, | 13.9 594.53 595.16, 577.15,| 593.20, 551.33, | Vitexin XxX
Compound A 559.14, 529.13, | 503.29, 473.16, | 2"-O-B-D-

499.12, 475.12, | 431.18, 385.16, | glucoside

445.11, 281.09, 269.11,

415.10,397.09, | 163.06

379.08, 337.07,

313.07, 283.06
Fraction 23, | 23.15 432.38 433.11, 415.08, 431.09, 341.04, | Apigenin | 3681-93-
Compound B 397.08, 379.04, | 311.03, 283.03, | 8-C- 4

367.06, 337.06, | 269.2, 271.05 | glucoside

313.04, 283.0% (Vitexin)
Fraction 30, | 32.37 463.2849 447.13, 441.30| N/A unknown | unknown
Compound C 429.11, 371.09,

355.06, 304.25,

282.27, 240.15,

210.11
Fraction 33, | 34.80 447.1179 430.12, 411.11] N/A unknown | unknown
Compound D 393.08, 381.10,

351.08, 327.08,
297.07, 285.07,
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In order to identify the compounds that accumulated under drought conditions, the
dried pooled individual fractions were re-solubilized in 80% methanol and placed in
individual glass vials, which were then capped. A small hole was pierced in tle top t
allow minimal air flow in and out, then maintained at 4°C to allow the solvent to
evaporate slowly at 4°C. Fraction 23 formed small yellow tread-like tsystar 5 days
which were allowed to continue to grow until most of solvent had evaporated. The
identified compound formed a complex of yellow, needle-like crystals. This
crystallization pattern was supported by information obtained from the Maalek |
(Budavari, 1989). Compound A corresponding to fraction 13 formed a small brown
cube, crystal but both of the resulting crystals were deemed too small for X-ray
crystallography.

Crystallization of these molecules was difficult due to the highly hydroscopi
nature of the compounds of interest. When exposed to atmospheric conditions the dried
crystals would absorb water from the atmosphere disrupting any crystdishiarmed.

To alleviate this, once the small crystals formed, they were placedyirethe speed
vacuum, allowed to dry and when removed, flooded with nitrogen gas and placed in an
air tight vial. Even at this level, the structures were unstable and formed thick,
supersaturated, viscous liquids when left at room temperature for an elongated @mount
time. This was likely due to some residual water contained within the vial. This
observation adds to the hypothesis that these molecules are vital in helpinggtéants r

and cope with water loss, due to the high water retention capacity of the compounds.
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OH 0]
Figure 3.2: Molecular structure and fragmentation breakdown of apigenin 8-C-glucoside

(vitexin), m/z 431

Fraction 23, with a retention time of 23.15 minutes, was identified as Apigenin 8-
C-glucoside (Vitexin) Eigure 3.2) by identification of its accurate mass and MS/MS
fragmentation pattern match to published results (March et al., 2006). For further
verification, a known standard compound of vitexin (Sigma) was purchased and
subjected to LC-MS in both positive and negative ion mode. The fragmentation pattern
of the standard vitexin matched the mass and MS/MS fragmentation patterns of the
corresponding fraction 23 from tiAguilegiaextract Figure 3.3 and 3.4. Previous
studies have shown a Mass Spectrum for vitexin in negative ion mode which can be seen
in Figure 3.3 The slight differences in spectrum can be caused by a difference in

voltage in the cone, ion source, and extraction cone.

58



1.TO7 MSME 431 09ES-
Som M 0676 18323

3421084

3 FIRPTT) Py
268.071 3 -

L P0TSsggsar | daTotederceppizeizen 212098 TP ?‘qmqnq sz.fusza ‘1“”31'3 s ] aszzist FE 15

B R T T T e T T TR S I T T e T R T e i Tl

Figure 3.3: Mass spectra of Apigenin 8-C-glucoside, molecular weight 4B38¢egative
ion mode obtained frorAquilegia.
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Figure 3.4: Mass spectra of Apigenin 8- C gluc03|de molecular Welght 438egative
ion mode. Spectra copied from (March, et al. 2006).
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Figure 3.5: Mass spectra of Apigenin 8-C-glucoside, molecular weight 432, iniyaosit
ion mode.

A standard curve of vitexin was created by a series of dilutions run and separated
by HPLC using the same protocol asAguilegia This allowed for accurate
guantification of fraction 23 present over the 2 week experimental span. The compound
increased 357% from Day 1 to Day 14. At Day 14 the percentage of vitexin was 0.9% of
the total weight of the leafiFigure 3.6 shows the increasing total percentage of vitexin

(in weight) present per gram of leaf tissue on Day 1 through Day 14 as drought stres

increased.
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Figure 3.6: Content of vitexin iAquilegialeaf tissue. Percentage of vitexin present in
Aquilegialeaf tissue weight using a standard curve run with vitexin purchased from
Sigma. Vitexin concentration was measured for each time point and quantifiedantperc
of total tissue mass.

In addition to identification of fraction 23, fraction 13 with retention time of 13.9
minutes was identified as vitexin 2{©b-glucoside Figure 3.7). Based on the HPLC
data Vitexin 2"-Of-D-glucoside is present at higher levels throughout the life of the
tissue. This is possibly because it is the end product of the vitexin to vitexirgZD-O-
glucoside pathway (Heinsbroek et al., 1980), with the precursor vitexin beingeahass
preparation for enzymatic synthesis of final product in response to increasyuyate&imn

conditions. The fragmentation pattern in both negative and positive ion mode can be

seen inFigures 3.8 and 3.9
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Figure 3.9: Mass spectra of Vitexin 2”-Q-D-glucoside, m/z 594, in positive ion mode.

Interestingly, both of these metabolites are associated with the samaypah
vitexin B-glucosyltransferase reactiofigure 3.10. Apigenin, being the precursor to
vitexin, is catalyzed by an unknown enzyme. Vitexin being the precursor to Vitexin 2"-
O-B-D-glucoside is catalyzed by the enzyme UDP-Glucose: vitexin B*Ed-
glucosyltransferase (Heilsbroek et al., 1980). Real Time PCR of droughtdtreBRNA
obtained fromAquilegiawas performed on a vitexifi-glucosyltransferase homolog,
which catalyzes the reaction Apigenin 8-C-glucoside (vitexin) to vitexin-B=
glucoside. The partial gene sequence was obtained fréqualegiadrought stressed
subtractive hybridization library as one of the differentially expregseds in response
to drought. This resulted in the obvious upregulation of our particular gene of interest

when compared to the control transcript adgig@re 3.11).
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Figure 3.10:Schematic of metabolic pathway of apigenin to vitexin 3-O-glucosice.
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Figure 3.11:Semi-quantitative RTPCRquilegiaUDP-Glucose: vitexin 2"-(-D-
glucosyltransferase homolog (top). The increase of transcript level dmatvthdre is an
increase in gene number as drought increases. Expression of constitutivelgezkpres
actin is seen in bottom window.
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Based on findings from both our subtractive hybridization libraries (Chapter two)
and metabolite study, we conclude that the enzymatic reaction that yiekds gite
glucosyltransferase plays a vital roleAguilegia’sdrought defense. The accumulation
of sugars and osmolytes in plants when subjected to drought-like conditions has been
known for some time, but vitexin and Vitexin 2"{Db-glucoside have yet to be
associated with drought resistance. Vitexin 2B-D-glucoside’s suger moiety closely
resembles trehalose, a known and highly studied osmolyte. Gene pathwaysegksocia
with Apigenin 8-C-glucoside (Vitexin) and Vitexin 2"-@D-glucoside could be
valuable gene overexpression candidates for increasing drought tolerancegrflplat
al. 2007).

Accumulation of soluble sugars in plant tissue in reponse to drought has been
documented as a defensive response to drought-like conditions. For example, pea
cultivars with highest sugar content had the highest osmotic adjustmentgdecity
(Ayerbe et al., 1998). Also tobacco (Pilon-Smits et al., 1995) and sugaBbé&set (
vulgarig) (Goddijn and van Dun,1999) transformed witticBgene, a levansucrase, from
Bacillus subtillisyielded increased drought tolerant plants.

Previous studies have shown that vitexin posseses antioxidant activity in cell
culture (Pyo et al., 2005). This is important because reactive oxygen spéaisq(ie
known to damage cellular components. A good source of ROS inhibitors and free radical
scavengers are plants. For example, greerCaaéllia sinensjshas been examined

extensivly for its polyphenols. Metabolites such as epigallocatechin&ehks been
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shown to inhibit ultraviolet radiation-induced oxidate stress on human skin (Ketigé,
2000).

To test the biological activity of vitexin on fungiagnaporthe griseavas
utilized. M. griseawas surveyed for any inhibition or delay of spore germination. As
shown inFigure 3.12 and Figure 3.13high concentrations, 500 uM and 250 pM, of
Vitexin caused delayed spore germination and further differentiation poesgorium.
Reduced number of germinated conidia and short (<10 um) germination tubes were
observed from these two treatments at 5 hr post-treatment. The appressaiusesiar
by parasitic fungi to enter host organisms by utilization of turgor presspenetrate
host cells. From the images of MT Red fluorescence analysis for the netaltivity,
there was high activity at the tapered end of germinating conidia whegeriegubes
initiated and the tip of the germ tube that was at early stage of differentiation f
appressorium; whereas, the activity was absent from the treatments withd5280au M
of vitexin. However, there is no significant suppression in both germination and
differentiation after 24 hr post-treatment. The metabolic activity could le\ausat

conidia end, the knot of the germ tubes, and the mature appressoria from all treatments
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Effects of vitexin on spore germination and
appressorium formation of M. grisea
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Figure 3.12: High concentration of vitexin suppressed spore germination at 5 hr post-
inoculation. Spore suspension was treated with different concentrations of vitdxin a
incubated at room temperature for 5 hours. Germination rate and further difteventia
of the germ tubes were then examined.
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Figure 3.13: Vitexin delayed spore germination and appressorium developmight of
grisea

A andB, spore treated with 500 uM Vitexin at 5 hr post treatment. Only less than 5 um
germ tube was visibl€ andD, spore treated with dH20 at 5 hr. Extended germ tube
(=30 um long) began to develop swelling &pandF, spores treated with 500 uM

vitexin at 24 hr post treatment. mature melanized appressoria were developedndA, C
E were bright field microscopy and B, D and F were MT Red fluorescerages from

A, C and E, respectively.
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Conclusion

This study attempted to determine if any metabolites were accumulated in
Aquilegialeaves under imposed drought conditions. Based on the methanol extraction,
we found many different small molecules present in different levels ovantagériod
of the experiment. The four compounds that accumulate the greatest were the focus of
this study.

This study yielded the identification of two metabolites never known to be
associated with drought. Different plants could be examined in the same manner as
leaves were examined in this experiment to possibly identify other composodsased
with drought Figure 3.14). Lastly, more studies need to be performed to determine the
enzyme responsible for catalyzing the apigenin to vitexin reaction. lafmmmgained
from this study furthers understanding into plant defense to drought with the hope of
being able to apply this knowledge to produce crop plants better suited to tolerate drought
conditions.

Additionally, the biologic activity needs to be surveyed further. Results of the
spore germination data presented show that vitexin possesses some inhibgeryigs

that could be commercially valuable.
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CHAPTER FOUR
PROTEOME ANALYSIS OF AQUILEGIA WITH INCREASED LEVELS OF
DROUGHT
Introduction
Specific research is necessary to gain a deeper knowledge of the molecotar fact

involved in plant drought response in order to engineer crop cultivars with improved
drought tolerance. The use of comparative proteome analysis in determining possible
proteins involved in the defensive mechanism of plants has important implications in
development of drought tolerant transgenic crops. The goal of this study isgareom
proteins present in stress&duilegiato unstressedquilegia. Dynamic changes in
protein levels, both qualitatively and quantitatively, reflect the mobilizatiompbrtant
players directly involved in drought responses. Proteins of interest will beigatedt

as related to results from genomic and metabalomics data obtaineddtolegia.

Materials and Methods
Preparation of Plant Material

AquilegiaCv. F1 Origami Mix seeds were obtained from Harris Seed Company in
Rochester, NY. Seeds were rinsed with distilled water then germinatdtein dish
containing moist filter paper at room temperature. After germination, sedlaced
in moist germination soil in a covered growth flat under constant light. When ggedlin
had developed a root system, they were transplanted to larger, 18 section ftataiefda

placed in a growth chamber and temperature was kept at an averag@©f(2@6
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max, 20C min), with 12 hours of artificial light. Plants were watered at two day
intervals. Plants were then placed in a greenhouse and transferred to one gallon
containers to keep roots from becoming root bound in the smaller containers and allowed

to grow for six months before harvesting of tissue.

Stress Treatment - Induction of Drought

At around 7 monthAquilegiaplants were subjected to increased periods of
drought. This was performed by watering plants on Day 0. Water was withheld from
thereon until the end of the sampling time to provide the drought stress needed to
stimulate a response in tissues over the time points from Dayl to Day 6. Tissctedolle
on Day 1 and Day 6 was weighed to obtain the total fresh weight. The tissue daltecte
each sampling time was quickly frozen in liquid nitrogen then transferred to -80°C f

storage before usage.

Extraction of Soluble Proteins

Day 1 and Day 6 tissue, frozen at -80°C, was weighed (10grams) and then ground
in mortar and pestle under liquid nitrogen into a fine powder. Ground tissue was then
transferred to individual 50 mL conical tubes containing extraction buffer (abaoféiti
g tissue / 2 ml buffer) consisting of 1mM NakQ@.5 mM NaHPQ,, 10 mM KCI, 0.2
mM EDTA, 0.1mM PMSF, 0.2 mM Thiourea, 1.5% insoluble PVPP, and protease
inhibitor tablet (Sigma&AST100mL). Plant powder was homogenized by a polytron

tissue homogenizer (OMNI international) to break the cell walls for 30-60 seanhda
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uniform consistence paste was achieved. The sample was then extractetefos jpor

one hour on shaker at 4 °C. The resulting slurry was centrifuged (Beckman XHegra
15R) for 10 min at 3,000 rpm to remove cell debris. The supernatant was poured into a
new 50 mL conical tube and proteins were differentially precipitated usingsgicge
percentages of ammonium sulfate. First, ammonium sulfate was added slowly up to
20%, and the sample was allowed to equilibrate for 15 minutes at 4 °C. The tubes were
then centrifuged at 3,000 rpm for 10 minutes to remove precipitated residue. The
supernatant was poured into a new conical tube and ammonium sulfate was gradually
added in increments to the final concentration of 80% saturation while the conical tubes
were shaking at 4 °C. The sample was then placed in a centrifuge for 15 min at 4,400
rpm to concentrate remaining proteins. The supernatant was decanted andhgemaini
pellet was resuspended into three mL of distilled water and vortexed until tievyess

fully solubilized. The sample was then dialyzed in 12 — 14 kDalton molecular weight
cutoff dialysis tubing, against four liters of 20 mM Tris pH 6.0 for 6 hours at 4 °C. The
buffer was changed to a fresh 4 liters of dialysis buffer and allowedlyaeliavernight.

The following day, samples were removed and aliquoted into 1.5 mL microcentrifuge
tubes. These were lyophilized (frozen while concentrating) in a Speed Vac¢hab,C
Kansas City, MO) to a small volume. This was the total soluble protein extract to be

used for comparison study among the different time points.
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Protein Separation by Gel Electrophoresis

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Dimensional (1D) and 2 Dimensional (2D), was utilized to separate proteied ba
their molecular weight and charge. For 1D-gel, the protein samples werdizetuin
30 ul of sample loading buffer (100 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 10%
2-mercaptoethanol, 0.002% bromophenol blue) and heated to 95°C for 4 minutes. A 10
lane, 12% acrylamide separating gel with a 5% stacking gel was usedt&npr
separation. Total protein extracts were loaded in individual wells of the gel and
electrophoresis occurred in a Mini-Protein 1l Cell (Bio-Rad, U.S.A). Teistelphoresis
was run at 200 volts until dye front reached the bottom of gel (about 1.2 hours.). Protein
markers were loaded along with protein extract for size references asglite gel
electrophoresis occurred properly.

For 2D-gels, the procedure used a modified protocol of O’Farrell (1975). For
separation in the first dimension (isoelectric focusing), protein pellets sedubilized in
450ul rehydration buffer (8 M urea, 2% CHAPS, 50 mM DTT, 0.2% Bio-lyte
ampholytes), vortexed, and centrifuged for 3 minutes at 10,000 rpm to remove any
insoluble proteins. Supernatant was loaded onto immobilized pH gradient (IPG strips pH
3-10, BioRad, U.S.A) with gel side facing down in Isoelectric Focusing) @B&mber.

One mL of mineral oil was used to cover the chamber to prevent evaporation. Strips
were allowed to rehydrate the IPG strip for 12 hours at 10 °C at 50 volts (active
rehydration). Following active rehydration, isoelectric focusing vaased out at,

250V, rapid ramp for 1 hour, increased to 10,000 V 2.0 hours and held at 10,000 V for
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16 hours, at a maximum of 50p A for two strips for duration of isoelectric focusinge Afte
isoelectric focusing the IPG strips were reduced and alkylated withbegtion buffer 1,

(6 M urea, 0.375 M Tris-HCL, pH 8.8, 2% SDS, 20% glycerol, 2% w/v DTT), for 20
min. This was followed by equilibration with equilibration buffer 2 (6 M urea, 0.375 M
Tris-HCL, pH 8.8, 2% SDS, 20% glycerol, 2.5% (w/v) iodoacetamide), for 20 minutes in
dark. The IPG strips were rinsed in 1X SDS running buffer to remove any residual
equilibrium buffers.

Raised protein bands in the IPG strip, as well as the dye indicator werévisua
examined to assure the completion of focusing. Proteins in the IPG striph&rere t
subjected to the second dimensional separation based on molecular weight. The IPG
strips were placed on top of a slab SDS-PAGE gels (20cm x 20cm x 1mm, BioRk) ma
of 12% acrylamide separating gel, with a 5% stacking gel. Electrophiovasi
performed at a constant 400 V until dye front reached end of the gel. When run was
completed, the gel was removed and placed in 200 mL fixing solution, (20% [v/v]
ethanol, 8% [w/v] acetic acid, 0.08% [w/v] Coomassie Brilliant Blue G-250) antkstai
for 2 hours. The gels were destained in distilled water with gentle agitatton, w
numerous changes of water and addition of paper towel on top to absorb the dye from
gel. After destaining, gels were preserved by drying. Drying waedarut by placing
gel in a 10% glycerol, 20% ethanol solution for 2 hours followed by placement between
two sheets of drying film (BioRad), clamped into a drying rack, and allowed doyatio

completion for storage.
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In-Gel Trypsin Digestion

In order to identify proteins present in a time point sample, an in-gel trypsin
digestion was performed to digest all protein bands present on SDS/PAGE teteompl
the shotgun proteomics for comparative studies. These digestions were performed |
accordance to reported methods by Rosenberg (2006). Briefly, protein bands covering
the entire lane were excised 1.5 mm apart from top to bottom continuously. Each band
was cut into 3 to 4 cubes, placed in an Eppendorf tube and destained to remove
Coomassie dye in 100mM ammonium biocabonate, 50% acetonitrile. Following dye
removal, proteins were reduced witlu3f 45mM DTT (20 minutes at 37 °C), alkylated
with 4 ul of 200 mM IAA for 20 minutes in dark. After removing all chemicals, gel
pieces were semi-dried at 37°C for 30 minutes in an incubator until no liquid was present
and gel pieces were shrunk. Trypsin digestion was commenced by adding 4ul of 0.04
pHg/uL trypsin to gel pieces, where trypsin, smaller than the pore size oatged,m
entered the gel matrix through rehydration force. Enough 100 mM ammonium
bicarbonate was used to cover gel pieces (t3@ependent on volume of gel pieces).
Digestions were incubated for 18 hours at 37 °C. The supernatant recovered from
digestion was then transferred individually to clean tubes and the gel pieceringntai
tryptic digested peptides were extracted twice with 100ul of 60% acdriit1% TFA.
These were sonicated for 30 minutes and resulting peptide fractions were dried under

vacuum to completion.
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LCMS and Identification of Peptides and Shotgun Proteomics

Tryptic peptides were reconstituted in 50 pl of injection solution (50% methanol,
0.1% formic acid) and 4 pl injected into a capillary liquid chromatographyL@ap
system (Waters Corporation, Milford, MA) using an autosampler for high-thpuig
data acquisition. Peptides were partitioned by high performance liquid chroapdtpgr
(HPLC) on a C18 reverse phase column (NanoEase C18, Waters) over a 2-40%
acetonitrile gradient in 30 minutes. Liquid chromatography was coupled to the ion
source of a tandem mass spectrometer (Qaliofo™, Waters) which enables a real time
acquisition of peptide ions (retention time and m/z) and their de novo sequences using the
DDA method (data-dependent acquisition). For each run, an external standard peptide
(NaFormate; Sigma) was injected for real-time calibration of accunassesDe novo
sequencing of peptide ions and protein database search were performeddiipntibiz
Proteinlynx Global Servers software (Version 2.1, Waténgjufe 4.1) The
interpretation of a peptide sequence is achieved through a series otatatrsiysis,

whose authenticity is reflected by the e-values that rank the probabilitg ef/ént.
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Figure 4.1: ProteinLynx Software

A raw mass spec data file by DDA method is processed by ProteinLyrprdaices a

peak list file composed of daughter ions, also known as fragment ions from parent ion
568.34". Trypsin cleaves at basic residues, which produces more Y ions (red) than b ions
(blue). Sequence read from b ions corresponding to N-terminal to C-terngnahse,

which agrees with Y-ions, read from C-terminal to N-terminal.

Verification of Proteomic Results with Genomic Tools

To identify possible matches of peptide sequences obtained from
microsequencing of peptides derived from protein gel, protein sequences stere fir
converted into a Fasta file format and assigned an arbitrary number fiolepsgrne.
TBLASTN of peptides sequences against AQGI.062608, the DFCI-Aquilgia Gene Inde
(AqGI), supported by the Dana Farber Cancer Institute, was perfornte@WAST
filtering turned off and word size set to 2. Peptide sequences produced significant
homology to sequences found in the AqGI database. These proteins were manually

annotated with the help of Blast2Go to confirm the fidelity of the match.
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Results and Discussion

In this proteomic study, an overall glimpse into the proteonfejaflegiaunder
drought stress was examined as an independent verification to the results obdamned f
the genomic and metabalomic approaches. Total proteins were extrantachBtressed
Day 1 tissue and subjected to 1 D-gel SDS-PABgUre 4.2) and 2 D-gel SDS PAGE

(Figure 4.3) separation.

a7 .0

&35 1.0
450

311D
2110

1310
& 1D

Figure 4.2:1D gel of proteins from stressed and unstressed tidsaies M, Protein
marker; Lane E, empty, Lane 3, Day 1 protein extract 40% ammonium suHate?,
Day 1 protein extract 80% ammonium sulfate; Lane 3, Day 6 protein extract 80%
ammonium sulfate; Lane 4, Day 6 protein extract 40% ammonium sulfate.
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Figure 4.3: 2Dgel-SDS/PAGHighlighting regions with different Day 1 and Day 6
protein expressions

1D-Gel Shotgun Proteome

1D-gel shotgun proteomics is performed to sequence all proteins present in a
sample. Proteins digested with trypsin yield peptides with unique masses hglangi
specific amino acid sequences. Separation of these peptides is achieved by liquid
chromatography. Data analysis using these peptides were seagetiest protein
database, this allows for identification unknowns based on each peptide’s unique
sequences.

Total soluble leaf protein extracts from the time point samples were run on a one
dimensional polyacrylamide gel (1D-gel, 12% acrylamide). Proteins from conttol a
stressed tissues were separated based on their molecular weight andraeatmegrated

over entire lane evenly. Overall banding pattern were similar betveegrocand treated
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tissue, but some were clearly different. For example, at the 30 kD region, tistynod
the bands are visually different between control and treatment sample: 28kibe
region, the relative intensity (lane 1) was higher than other fractions s 2a0e4. It was
expected 1D-gel should give numerous bands acrossed the individual lanes that are
clearly focused and spread out over entire length of &gglre 4.2).

These lanes were subjected to the in-gel trypsin digestion. Since more protein
was recovered from 1D-gel, protein sequences obtained from the 1D-gel SDS/PAGE

outnumber peptide sequences obtained from the 2D-gel.

2D-Gel Proteome

Two Dimensional-gel SDS/PAGE was performed on both un-stressed and
stressed protein extracts. Due to the complexity of recovering solubdéngrisom leaf
tissue, loss of protein post-extraction, and plant derived hydrophilic macromslecule
interferring with isoelectric focusing, a large number of proteins did notvetmkhe
anticipated level of consistency. Two Dimensional-gels typically requine protein
(50~100 fold) than that of 1D-gel (a lane contains 10 pdtbtal proteins across can be
seen comfortably by Coomassie staining). Interfering compounds, and/or inhibitory
compounds present in the extract interferred with the immobilized pH gradieneveiow

there were isolated areas within the gel where proteins did producefspate @.3).
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Protein ldentification

Mass Spectrometry analysis yielded a total of 1974 tentative peptide sexjuence
from the in-gel trypsin digestions from both stressed and unstressed protaatsexith
both 1D and 2D gel results combinddble 4.1).

Some sequences did show homology to gene sequences present in DFCI-
Aquilgia Gene Index (AqGl). The protein homologs from Day 1 can be s@@bla
4.1 and Day 6 proteins are seeriliable 4.2 These proteins are categorized into one of
eight different classes according to their function; enzyme, regulatangport, storage,

motile, structural, scaffold, or protective proteins.
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Table 4.1: Results of BLAST search d&quilegiaEST database from Day 1 protein

sequences
Name Accession Species e-value peptide homolgy  seq name EST
Enzyme # # (%)
receptor protein kinase, putative EEF30210 Ricinus communis 31 1 32% Seq 986  DT767316
Glutathione transferase EEF30504.1  Ricinus communis 0.88 3 76% Seq_1074  DR949706
lactoylglutathione lyase, putative EEF43857 Ricinus communis 12 1 100% seq_1449  TC20087
polyamine oxidasel NP_001105106 Zea mays 0.39 1 83% seq_1220  TC24685
fructose-1,6-hisphosphatase NP_190973  Arabidopsis thaliana 16 1 91% Seq 1308  TC22551
2-nitropropane dioxygenase NP_568988  Arabidopsis thaliana 15 100% Seq_20 TC24230
NADP isocitrate dehydrogenase BAC77065 Lupinus albus 4.4 1 57% seq 1162  TC22980
flavonoid 3-hydroxylase EEF40985 Ricinus communis 2.6 1 3% seq 861  TC25151
beta-D-galactosidase BAF31234 Persea americana 0.75 1 41% seq 1119  TC25259
sucrose cleavage protein-like AAMB2596 Arabidopsis thaliana 5.4 1 76% seq_1473  TC26550
glutathione-s-transferase theta EEF30504 Ricinus communis 6.3 4 100% seq 1501  TC26575
cytokinin oxidase XP_002308930 Populus trichocarpa 8.3 1 45% seq 1502  TC27340
receptor-kinase, putative EEF43563 Ricinus communis 0.47 1 33% seq_1119  TC27557
polyamine oxidase 1 NP_001105106 Zea mays 1 2 2% seq_928 TC29091
Regulatory
zinc finger (C3HC4-type RING finger) ~ NP_001078548 Arabidopsis thaliana 12 1 33% Seq_845 EST1113245
KNAT3-like transcription factor ACJ09316 Juglans nigra 9 1 45% seq_767 TC24805
Chain A, Polyamine Oxidase 1B37_A Zea mays 0.39 1 83% seq 1220  TC24685
calcium ion binding protein EEF30929 Ricinus communis 3.3 1 39% seq_1426  TC25390
Transport
condensin subunit XP_002304405 Populus trichocarpa 9.7 1 57% Seq_1573 EST1108620
Motile,
peroxisomal membrane protein 34 EEF49824 Ricinus communis 0.43 1 39% Seq_858  TC22446
Structural
putative alpha7 proteasome subunit ~ CAC43323 Nicotiana tabacum 2.7 1 57% seq_1014  TC21745
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Table 4.2: BLAST hits to Aquilegia EST database from Day 6 protein sequences

Name Accession  Species e-value peptide homolgy seq name EST
Enzyme # # (%)

Ribose-phosphate pyrophosphokinase 4 Q9XGAL  Spinacia oleracea 7 1 3% Seq 437 TC21792
candidate plant disease resistance protein AALT76166  Glycine max 49 2 42% Seq_489 EST1177598
2-nitropropane dioxygenase NP_568988 Arabidopsis thaliana 15 4 84% ID_61 TC24230
Beta-amylase AAY40266  Glycine max 14 1 68% ID_274  DT732275
Fructose-bisphosphate aldolase EEF30862  Ricinus communis 0.099 3 87% ID_10 TC23892
2-oxoglutarate-dependent dioxygenase XP_00229812 Populus trichocarpa 3.2 1 73% 1D_239 TC20425
class | beta-1,3-glucanase XP_0022771€ Populus trichocarpa 12 2 100% 1D_146 TC23874

The protein spots that did resolve on the 2D-gel SDS/PAGE from both stressed and
unstressed samples were excised and subjected to in-gel trypsin digakiiwed by
subsequent LC/MS for identification of proteins. Based on the results ancettiativie
identification, some spots were found to be differentially expressed froyil RaDay 6
tissue. For example, 2-nitropropane dioxygenase was one of the abundant protein present
in the protein extract in day 6 tisstadure 4.3) The circled proteins iRigure 4.3all
yielded BLAST hits to 2-nitropropane dioxygenase. The spot pattern comparisen of th
2-nitropropane dioxygenase suggest that modification occurred to this particidan pr
leading to a shift in isoelectric point and molecular weight, which produced tloeisari
isoforms detected on 2D-gel. Post-transcriptional modifications such as phosapboryl
can cause shifts in charge and glycosylation can cause shifts in molecularlargjg
enough to be detected on 2D gels. Various post transcriptional modificatons are known
to affect the activity of enzymes, for instance, activating or inactivatiagmes (Voet
and Voet, 2004). The variation of states of this particular enzyme may be indicative of
the forms needed in response to drought conditions. In this instance 2-nitropropane

dioxygenase is known to be a Reactive Oxygen Species generator. R®S»mar¢o
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be detrimental to cells especially in stress conditions. The variations imisofi@m

Day 1 to Day 6 may indicate a modification to control function of enzyme.

Another protein identified from the 2D-gel as being present in the stressed but not
in unstressed protein extract is a putative plant disease resistance (tqisotein).

This obvious difference in spot pattern can be seen in the highlighted sqEayeren

4.3, Because this protein is only present in detectable amount in Day 6 (severely
drought-stressed plant leaf tissue), it is assumed that this particulan e a role in
general defense response overlapping dessiccation condition. Plant disetsseees
proteins are normally associated with detection of pathogens, actingeatyforeign

proteins are detected instigating a signal cascade where, metalscditenad and

defenses are activated (McDowell and Woffenden, 2003). It is known that plagmts util

one gene for many different functions depending on conditions and a need for expression
of certain products. This may be the case here , where an R-protein is expressed in
response to drought, signalling a drought defensive pathway.

Yet another protein that was tentativly identified from the 2D-gel widmaa-
phosphate pyrophosphokinase. This particular protein is the key enzyme in the
biosynthesis of nucleic acids and amino acids catalyzing the formation of alphask-
5-Phosphate from Phosphoribosyl pyrophosphate.

Many of the proteins that are shown in the representative fBdibde(4.1 and
4.2)are known to have some role in stress tolerance. For example, glutathione S
transferase is known to play a role in both detoxification of metabolites asd stre

tolerance in plants (Qing-Yin et al., 2005). Polyamine Oxidase tDNA mutants have bee

85



shown to alter their expressiomresponse to drought stress in the flavotaddynthesis
pathway (Nishimura, 2008). This may be related to our results presented in Chapter 2
highlighting the importance of two flavonoidsAguilegia’sresponse to drought.
Another identified peptide showed similarity to a flavonoid 3-hydroxyl8b&3H2,
found in sorghum, which has been suggested to play some role in pathogen-specific 3-
deoxyanthocyanidin synthesis (Lo et al., 2006).

From the Day 6 protein extract, a fructose-bisphosphate aldolase had the most
BLAST hits. Interestingly, this protein has been associated with drouglonss by
Zhang et al., 2009. An SSH library was constructed fs@suvium portulacastruta
halophyte species). From this library, a geseRPA)with high homology to a sequence
from Mesembryanthemum nodifloruga, succulent plant able to withstand high salt
concentrations) was identified. Wh8pFPAwas isolated and cloned inscherichia
coli, recombinank&. coli has shown an increased tolerance to salinity and related abiotic

stimulus (Zhang et al., 2009).

Peptides Compared to Subtractive Hybridization Library
Protein hits inTable 4.2were compared to cDNA sequences obtained from the
subtractive hybridization libraries. Proteins that showed homology to SSH gene

sequences were identifed via manual annotatidrabie 4.3
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Table 4.3: Proteins with homologous sequences to drought stressed suppression
sbtractive-hybridization library

EEF40985 Ricinus communis 2.6 1 | 37% seq_861 | TC251

flavonoid 3-hydroxylase 51

glutathione-s-transferase EEF30504 Ricinus communis 6.3 4 100% | seq_1501 | TC265

theta 75
TC294
38

zinc finger (C3HC4-type NP_001078548| Arabidopsis thaliana 1.2 1| 33% Seq_845 | >EST1

RING finger) Seq_847 | 113245
DR921
706

Conclusions

This study attempted to determine any quantitative or qualitative difieseseen
in Aquilegids proteome over a six day period of increasing drought conditions. Based on
the obtained results, some differences were noted. The 1D-SDS PAGE produced
differences between samples. Most of the Day 6 proteins that wereiatebhtited on
their homologous peptide sequences were associated with some form of metabolite
synthesis. This strongly corresponds with published research showing theamapanf
accumulated osmolytes as a defensive mechanism to drought and results presented i
Chapter 2 (Yancey, 2001).

In addition to a difference of peptides identified from the 1D gel data, 2D SDS
PAGE showed difference in the expression pattern of section of the 2D gel. These
proteins were identified as showing homology to a; 2-nitropropane dioxygenase , plant
disease resistance protein, and Ribose-phosphate pyrophosphokinase. 2-nitropropane
dioxygenase is known to be a reactive oxygen species generator. The chanf@mobi

from Day 1 to Day 6 suggest that a change in some regulatory element tadees pl
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possibly to down regulate the function of this particular gene. These differences
represent a real change in the expression of Aquilegia’s proteome doegbtdstress.
Information obtained from this study stressed the importance of metabalites a
osmolyte accumulation as a means to maintain stability and structure of plants
undergoing drought stress. In order to gain a deeper understanding of how the@rote
the transcriptome, and the metabolome are connected, a more indepth study 2Blizing
SDS PAGE consisting of more time points should be performed . This should allow for a

more quantitative analysis of proteome differences.

88



CHAPTER FIVE

CONCLUSIONS

This type of study, using multiple approaches will contribute to determining the
molecular basis oAquilegia’senhanced resistance to drought. Equally important will be
identification of new genes involved in drought tolerance by testing transgepic cr
species for increased ability to withstand drought and increase yield inlvwated
climates.

Plant response to drought and the genetic mechanisms plants utilize to cope with
drought conditions are highly complex. To attempt to dissect these various pathways
SSH libraries are an excellent tool utilizing Sanger sequencing. THalahtgiof SSH
library from drought stress tissue is a useful reference for othergbatadiss
experiments such as examination of proteome and metabalome. The usefulneds of a SS
library as a reference point can clearly be seen in this study: whem\atekvitexin 2”-
O-B-D-glucoside were positively identified from the metabalomics workydgevo of
the four accumulated molecules shown in Chapter 2. It was found that the vitexin to
vitexin 2”-O-3-D-glucoside reaction was catalyzed by the enzyme UDP-
glycosyltransferase 85A8. A homologous sequence to UDP-glycosyltraes85A8
was present in th&quilegiaSSH library. This partial gene sequence was subsequently
used for the Real Time PCR over increased levels of drought treatment. Bleswits

this particular gene is upregulated under drought conditions. To date, neither ndexi
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vitexin 2"-O-D-glucoside has been reported in literature to be accumulated or
associated with drought response in plants.

This is the first study to utilize SSH to detect changes in the trammsoepaf
Aquilegiain response to drought. Sequences obtained from the forward subtracted
subhybridization library have yielded gene sequences of proteins with knowiofisnct
dealing with drought conditions in plants. Genes encoding for proteins such as;
aquaporin, low temperature and salt responsive protein, glutathione S-trangidrase a
ethylene-responsive element-DREB were identified that are known toalbedréd
drought response and were present in the SSH library. Other sequences found in the SSH
library such as ferritin-3, chloroplast precursor, ribosomal proteins, natococ
synthase and many more have not been implicated in drought response directlys There i
a possibility that some of these genes may actually be found to have some role based on
the fact they were present in the tester SSH library. For example, untdbéw
glycosyltransferasbas not been classified as a drought tolerance gene. In Chapter two
we provide evidence linking this gene to sugar metabolism that possibly acts in a
drought-buffering small molecule synthesis pathway (Chapter Two).

Identification and functional analysis of these unknown genes will be valuable in
further understanding of the various pathways involved in drought response in other plant
species. Twenty-nine percent of the assembled contigs obtained from tbedstiesie
library produced no homology to any sequences in the public databases. Additional
research is needed to study these novel genes sequences to determinavelzerole

in drought stress mechanism fdquilegia. There is a high likelihood that one of the
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genes present in the stressed SSH library and showing no homology to known sequences
in the dataset, might be a partial gene sequence of the lacking enzymeibbspons
catalyzing the apigenin to vitexin reaction. If positively identifiedhfrfunctional

analysis of the gene, the pathway from apigenin to the final amassenattpyrotexin 2”-
O-B-D-glucoside, could be genetically engineered and transformed into cropssfueci

studies involved in drought resistance.

SSR analysis of assembled contigs has yielded various possible gear&gcsm
for Aquilegiathat may be utilized in a breeding program to improve the overall drought
resistance oAquilegia Because of its evolutionary position, any information gained
may be applicable to a large number of species. These SSR containing resdigs be
annotated as to what their homologous genes are and examined in depth. The complexity
of repeats increases the possibility of producing polymorphisms withinegtitfer
Aquilegiaplants. A comparison of the SSR containing regions should be very useful
when aligned to homologs present in the NCBI database from different species such as
Arabidopsisand rice. This may yield information applicable to a marker assisted
breeding program to future disséduilegia’s ability to withstand drought conditions.

It has been shown from previous studies that over-expression of trehalose-6-
phosphate and trehalose-6-phosphate phosphatase provides traAsg@dmpsis
thalianawith an elevated resistance to drought, freezing, salt and heat tolerarrcg@tur
et al., 2007). It is well known that accumulation of sugars and osmolytes yieldiprotec
against drought. Vitexin 2"-@-D-glucoside’s two glucose residues closley resemble

trehalose. Combined with the water retention capacity previously disgtissee is
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evidence to make the assumption that vitexin and vitexin B2EDglucoside play a

critical role inAquilegia’sability to withstand drought conditions. The UDP-
glycosyltransferase 85A8 gene obtained from the subtractive hybridizatiarylis an
excellent candidate for gene transformation and functional analy&ralmdopsisand/or
rice. Additional research should be pursued to identify the enzyme responsible for the
apigenin to vitexin reaction.

Based on the metabolyte data, both vitexin and vitexin B-fDglucoside are
accumulated at later stages of drought. Because the RNA was obtdimeaatiest
morphologic changes of drought, this may explain why there were not more sequences
present from th&DP-glycosyltransferase 85Afne. A subtractive hybridization
library from a later time point may provide a better understanding of lategllr
response by showing a different set of gene sequences related to drougluouldi
produce a partial gene sequence for the enzyme responsible for the apigenkirto vite
reaction among other possibilities.

Analysis of the proteome via SDS-PAGE and LCMS yielded numerous peptides
with homology to proteins known to be involved in drought responses. Also, tentative
identification was given to regulatory, transport, and structural proteins. Tbgtynaf
proteins extracted from the day 6 extraction were identified as showing hontology
functional enzymes, such as Ribose-phosphate pyrophosphokinase 4, 2-nitropropane
dioxygenase}-amylase, Fructose-bisphosphate aldolase, 2-oxoglutarate-dependent
dioxygenase, and clas$1,3-glucanaseAn additional candidate plant disease

resistance protein was identified from the day 6 protein sample based on horoology t
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NCBI database. The majority of these proteins are enzymatic, functiotahgr
reacting on a specific substrate to create a specific product.

In addition to a difference of peptides identified from the 1D gel data, 2D SDS
PAGE provided differences in the expression pattern. These differencesonrespond
to a; 2-nitropropane dioxygenase , plant disease resistance protein, Ribose-phosphate
pyrophosphokinase. 2-nitropropane dioxygenase is known to be a reactive oxygen
species generators. The change of isoforms from Day 1 to Day 6 stggesthange in
some regulatory element takes place possibly to down regulate the functis of t
particular gene.

The spot pattern comparison of the 2-nitropropane dioxygenase suggest that
modification occurred to this particular protein leading to a shift in isoetqmint and
molecular weight, which produced the various isoforms detected on 2D-gel. Post-
transcriptional modifications such as phosphorylation can cause shifts in charge and
glycosylation can cause shifts in molecular weight large enough to be deie@®
gels. Various post transcriptional modifications are known to affect the padtivit
enzymes, for instance, activating or inactivating enzymes (Voet and 20@4). The
variation of states of this particular enzyme may be indicative of thesfoemded in
response to drought conditions. ROSs are known to be detrimental to cells especially
stress conditions. The variations in isoforms from Day 1 to Day 6 may be a ntazhfica
to control function of enzyme.

Another protein identified from the 2D-gel as being present in the stressed but not

in unstressed protein extract is a putative plant disease resistance praiste(n).
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Because this protein is only present in detectable amount in Day 6 (seveta]iter
stressed plant leaf tissue), it is assumed that this particular protesnapiale in general
defense response overlapping desication conditions. Plant disease repistaaics are
normally associated with detection of pathogens, acting early on agf@reteins are
detected instigating a signal cascade where, metabolism is altered emskdedre

activated (McDowell and Woffenden, 2003). Itis known that plants utilize one gene for
many different functions depending on conditions and a need for expression of certain
products. This may be the case here , where an R-protein is expressed in response to
drought, signalling a drought defensive pathway.

Information obtained from this study stressed the importance of metabalites a
osmolyte accumulation as a means to maintain stability and structure of plants
undergoing drought stress. In order to gain a deeper understanding of how the@rote
the transcriptome, and the metabolome are connected, a more indepth study 2Blizing
SDS PAGE consisting of more time points should be performed. This will allcav for
more quantitative analysis of proteome differences.

The three approaches, genomic, metabalomic and proteomics, of this project are
interconnecting and complementary, with each aspect giving an overall glohps
biological processes. The subhybridization library yielded homologous sequentse
enzyme responsible for the vitexin to vitexin 2"pe-glucoside reaction found in the
metabolomic work. The proteomic analysis yielded tentative homologous prottins w
implications in the formation of different metabolites such as flavonoid 3-hythsey

Fructose-bisphosphate aldolase, ghdmylase. The large increase of specific sugar
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containing molecules lends value to the proteomic data that showed the presentg of ma
metabolic enzymes in the late stages of drought.

Our knowledge and understanding of drought and stress related pathways have
been expanded with the large amount of sequence data, and the various in-depth studies
into this stress mechanism. Until now vitexin and vitexin 23-D-glucoside have not
been associated as a defense mechanism to drought conditions. Functional analysis of
genes responsible for the synthesis of these two compounds could yield impstttst re

in the engineering of more drought tolerant crop species.
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APPENDICES
Appendix A
SSR analysis of AHOTEQ,
Simple sequence repeats present differentially expressed contigsrieesedtlibrary

AHOTEg. Table shows: name description, name, number of repeats in each contig,
overall sequence length, SSR location, and number of repeats.

SSR

Description SeglLen # Repeats Start Sille] o]

Conti g1 3 aac 5 219 233
Contigl 741 2 3 ctt 7 299 319
Contigll 687 2 2 ca 5 187 196
Contigll 687 2 4 gat a 3 261 272
Contigl4d 731 1 2 ct 11 418 439
Cont i g28 592 3 3 aca 4 171 182
Conti g28 592 3 4 aaga 3 428 439
Conti g28 592 3 2 ta 5 507 516
Conti g34 679 3 2 tc 11 602 623
Conti g34 679 3 4 caca 3 623 634
Conti g34 679 3 2 ac 6 624 635
Conti g35 806 1 4 acaa 3 118 129
Conti g36 764 1 3 aag 4 639 650
Conti g39 518 1 4 tttg 3 479 490
Conti g40 521 2 3 caa 10 11 40
Conti g40 521 2 3 act 4 283 294
Conti g43 756 1 2 gt 7 691 704
Conti g48 625 2 3 gta 5 467 481
Conti g48 625 2 3 ttc 5 508 522
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Conti g49 582 at 81 92

Conti g49 582 at 127 138
Conti g53 671 taa 29 49

Conti g53 671 gta 245 262
Cont i g56 762 tagc 593 604
Cont i g62 582 ttc 324 335
Conti g63 824 tct 355 369
Cont i g64 1157 ag 1122 1131
Cont i g65 605 ttct 52 63

Cont i g65 605 ctt 67 90

Cont i g80 576 aga 451 462
Conti g81 550 caa 136 147
Conti g91 532 tc 511 528
Cont i g94 1096 aatg 1046 1077
Conti g100 472 aaca 135 146
Conti g104 1094 tcc 106 117
Conti g106 277 gtct 187 198
Contigl1l7 519 tct 257 268
Contigll8 1090 caa 881 895
Conti g126 597 gt 222 231
Contigl133 569 caaa 20 31

Conti gl133 569 aaag 43 54

Conti gl135 409 ttaa 161 172
Conti gl136 365 agaa 129 140
Conti g143 1182 ta 69 78

Conti g147 450 acat 58 69

Conti g153 568 at 408 417
Conti g156 290 gttg 157 172
Conti g156 290 tott 242 253
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Conti g159 587 1 3 gca 4 480 491
Conti gl67 1247 1 3 ttc 4 217 228
Conti gl69 627 1 3 cag 7 120 140
Conti gl70 543 3 3 aac 5 1 15
Contigl70 543 3 3 tca 4 60 71
Conti g170 543 3 3 tct 4 188 199

Frequency of repeat motifs Simple sequence repeats present in all camigtréssed
library AHOTEg. Table shows sequence motif, number of times repeated and
percentage.

Frequency  Frequency (%

. 739726027
aaat 2 2.739726027 4
aac 4 2. 054794521 3
aaca 1 2.739726027 4
aag 4 2.054794521 3
aaga 1 2.739726027 4
aagaa 2 3.424657534 5
aatg 1 2.739726027 4
ac 3 1. 369863014 2
aca 1 2. 054794521 3
acaa 1 2.739726027 4
acat 1 2.739726027 4
acc 1 2.054794521 3
acgt 1 2.739726027 4
act 2 2.054794521 3
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ag 1. 369863014
aga 2.054794521
agaa 2.739726027
agaag 3.424657534
agct 2.739726027
agt 2.054794521
at 1. 369863014
ata 2.054794521
atc 2.054794521
atg 2.054794521
at ga 2.739726027
att 2.054794521
atta 2.739726027
ca 1. 369863014
caa 2.054794521
caaa 2.739726027
caca 2.739726027
cag 2.054794521
cat 2.054794521
cca 2. 054794521
cct 2.054794521
ct 1. 369863014
cta 2.054794521
ctag 2.739726027
ctt 2.054794521
cttt 2.739726027
ga 1. 369863014
gata 2.739726027
gca 2.054794521
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gct 1 2. 054794521
gt t 1 2. 739726027
ot 3 1. 369863014
gta 2 2. 054794521
gt ct 1 2. 739726027
otg 1 2. 054794521
gt t 1 2. 054794521
gttg 1 2. 739726027
ta 7] 1. 369863014
taa 1 2. 054794521
taaa 1 2. 739726027
taat 2 2. 739726027
tac 1 2. 054794521
tag 1 2. 054794521
tagc 1 2. 739726027
tc 5 1. 369863014
tca 2 2. 054794521
tcc 1 2. 054794521
tct 11 2. 054794521
tctt 2 2. 739726027
tg 3 1. 369863014
tott 1 2. 739726027
ttaa 1 2. 739726027
ttc 10 2. 054794521
ttcc 1 2. 739726027
ttct 1 2. 739726027
ttctc 1 3. 424657534
ttg 3 2. 054794521
ttot 1 2. 739726027
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ttta 1 2.739726027 4

tttc 2 2.739726027 4
tttg 1 2.739726027 4
tttgc 1 3. 424657534 5

SSR Summary Report AHOTE(Q

Sel ected Motif Type Mn # repeats

di nucl eoti des 5

trinucl eotides 4

tetranucl eoti des 3

pent anucl eoti des 3

Nurmber of sequences searched for SSRs ................ 113

Nunmber of uni que sequences with at | east one repeat.. 39

Nunmber of notifs that are unique ..................... 40
Motif Length Fr equency Frequency (%

2 bp 13 24.07407407

3 bp 24 44, 44444444

4 bp 17 31. 48148148
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Appendix B
SSR analysis of AHOTEh

SSR analysis of AHOTEh, Simple sequence repeats present in all contigdriessed
library AHOTEh. Table shows Name description, number of repeats in each Contig,
overall sequence length, SSR location.

#

Descri ption SeglLen # SSRs Mot i f Repeat s Start Sile] o]

Conti g3

Conti g5 729 2 3 tgt 4 520 531
Conti g5 729 2 3 tga 4 694 705
Conti g12 449 1 3 gaa 7 288 308
Conti g15 341 1 3 aga 5 89 103
Cont i g24 622 1 2 at 6 10 21
Conti g29 142 1 2 gt 5 85 94
Conti g31 521 1 2 tc 5 468 477
Conti g34 575 1 3 ttc 5 528 542
Conti g44 235 2 3 agt 4 188 199
Conti g44 235 2 3 cta 5 213 227
Cont i g46 685 2 3 ttc 6 354 371
Conti g46 685 2 3 caa 4 379 390
Conti g48 536 1 2 gt 5 258 267
Conti g50 1162 1 3 cta 6 272 289
Cont i g60 487 1 3 tcg 4 381 392
Conti g82 580 1 4 aaag 3 257 268
Conti g84 530 2 2 ag 5 496 505
Conti g84 530 2 4 agaa 3 504 515
Conti g85 580 3 3 att 4 459 470
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Cont i g85 580 3 3 ttc 6 490 507
Cont i g85 580 3 4 aaag 4 537 552
Cont i g86 616 1 2 ac 7 193 206
Cont i g87 907 1 2 ct 6 83 94
Cont i g89 912 1 3 tct 7 827 847
Cont i g98 683 2 3 tat 4 391 402
Cont i g98 683 2 4 t aag 3 667 678
Conti g100 774 1 2 at 5 762 771
Conti g103 645 1 4 caaa 4 166 181

Frequency of repeat motifs of un-stressed AHOTEh subtractive hybiadizdurary

Fr equency Frequency (%
aaag 2 13. 79310345 4
ac 1 6.896551724 2
ag 1 6. 896551724 2
aga 1 10. 34482759 3
agaa 1 13. 79310345 4
agt 1 10. 34482759 3
at 2 6. 896551724 2
att 1 10. 34482759 3
caa 1 10. 34482759 3
caaa 1 13. 79310345 4
ct 1 6. 896551724 2
cta 2 10. 34482759 3
gaa 1 10. 34482759 3
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gt 2 6. 896551724 2
t aag 1 13. 79310345 4
t at 1 10. 34482759 3
tc 1 6. 896551724 2
tcg 1 10. 34482759 3
tct 1 10. 34482759 3
tga 1 10. 34482759 3
t gt 1 10. 34482759 3
ttc 3 10. 34482759 3
tttc 1 13. 79310345 4

SSR Summary Report AHOTEh

Sel ected Motif Type Mn # repeats

di nucl eoti des 5

trinucl eotides 4

tetranucl eoti des 3

pent anucl eot i des 3

Nurmber of sequences searched for SSRs ................ 62

Nurmber of uni que sequences with at | east one repeat .. 14

Nurmber of notifs that are unique ..................... 17
Motif Length Fr equency Frequency (%

2 bp 5 26. 31578947

3 bp 11 57.89473684

4 bp 3 15. 78947368
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