
NOTE TO USERS 

This reproduction is the best copy available. 





810-ENGINEERING ALFALFA @EDlCAGO SATlVA L.) TO ACCUMULATE 

A Thesir 

Preaented to 

The Faculty of Graduate Studios 

of 

The University of Guelph 

by 

UBlA MARITZA BERNAL 

In partial fuifiIlment of mqulrismsntr 

for the âegm of 

Mmter of Science 

September, 2000 

Q Ubir Maritza ûemal, ZûOll 



Acquisitions and Acquisitions el 
Bibliiraphic SeMces senrices bibliraphiques 

The author has granted a non- 
exclusive licence allowhg the 
National Library of Canada to 
reproduce, loan, distri'bute or seii 
copies of this thesis in microfonn, 
papa or elecironic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts fiom it 
may be printed or othewise 
reproduced without the author's 
permission. 

L'auteur a accordé une licence non 
exclusive permettant a la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la forme de microfiche/f5lm, de 
reproduction sur papier ou sur format 
électronique. 

L'auteur conserve la propriété du 
bit d'auteur qui protège cette thèse. 
Ni la thèse ni des extraits substantiels 
de ceîie-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 



ABSTRACT 

BIO-ENGINEERING ALFAVA (MEDICAGO SATlVA L.) TO ACCUMULATE 

FRUCTANS 

Libia Maritza Bernal 
University of Guelph, 2000 

Advisor: 
Professor Bryan O. McKersie 

Alfalfa (Medicago sativa L.) clone N4-4-2 was bio-engineered for the synthesis of 

fructans in order to generate genetic variability to improve its winter hardiness, yield 

stability, and forage quaiity. The sa& gene from Bacillus amyloliquefaciens encding 

levansucrase was expresseci and targeted to the cytosol. T, genotypes accumulated 

fructan in crown tissue but winter suwival was reduced. Three expression vectors were 

constructed to deliver the levansucrase protein to the vacuole. Two constitutive 

promoters (CaMV 35s and Super promoter) or a mot specific promoter (MasT) were 

used. A group of 25 To plants per constnict were produced by Agrobacteriumrnediated 

transformation. PCR and Southem hybridisation confirmed insertion of the sacB gene. In 

a field trial established at Elora, Ontario, in 1999, transgenic alfalfa plants exhibited 

significantly higher dry matter accumulation than the wild-type. Cmwn tissue 

accurnulated fructan up to 13 mq(g dw and also contained more starch than the witd 

type. 
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GENERAL INTRODUCTION 

Alfalfa (Medicago sativa L.) is the most important forage legume produced in 

Ontario, covering over 3.5 million acres. The lack of long-temi persistence of alfalfa is 

still the major limitation in production. Forage producers demand the development of 

new varieties wlh enhanced winter survival and nutritional quality (Ontario Forage 

Council, 1998). Suceessful improvement of forage legume suwival depends on sufficient 

genetic variability, the complexity of inheritance and the effectiveness of the procedures 

used to identify resistant genotypes (Smith and Kretschmer, 1989). Experiments canied 

out by McKersie and Bowley (1998) have demonstrated lhat it is possible to alter the 

agronomic performance of alfalfa using genetic engineering. 

Alfalfa accumulates organic reserves [soluble carbohydrates, starch and 

nitrogen) in taproots that are thought to be important in maintaining plant viability over 

winter, and are subequently used to support growth in eady spring (Graber et al., 1927; 

Hendershot and Volenec, 1992). Many of the adaptive responses of alfalfa to stress and 

regrowth following stress alleviation have been attributed to the metabolism of soluble 

carbohydrates in taproots (Hall et al., 1988). 

Results by Faquin and Lechasseur (1982) have shown that maximum 

accumulation of soluble sugars in crowns of alfalfa coincided with the occurrence of 

maximum frost hardiness in winter. Castonguay et al. (1998) indicated that the 

accumulation of oligosaccharides of the raffinose family wuld be a determinant factor of 

alfalfa's freezing tolerance. 

Fructan poiyfructosylsucrose wnsütutes the major non-structural carbohydrate in 

temperate perennial grasses (Meir and Reid, 1982). ln addition to its dominant role as a 

resenre carbohydrate, fnictan may have an osmo-regulatory function and influence the 

cold hardiness of fnictan accumulating species. Tninova (1965) showed %e occurrence 



of an extensive conversion of fructans to sucrose and fructose in wheat (Triticum 

aestivum L.) plants exposed to subfieezing temperatures. Gonzalez et al. (1990) 

suggested that fnictans play an important role in cryo-tolerance in ryegrass (Lolium 

pefenne L.) during winter due to a matked de-polymerization of fnictan with a high 

degree of polymerizatiin (DP) into low-molecular weight carbohydrates. In fructan 

producing species, low temperatures affect plant metabolism with high DP fructan 

constituting the main substrate for sucrose synthesis and accumulation. Such a pattern 

can be interpreted in ternis of carbohydrate sink useful for successful over-wintering 

(Chatterton et al., 1987; Pollock et al., t989; Gomalez et al., 1990). 

Fructan seems to be the resewe used preferentially for balancing seasonal 

differences due to changes in plant development and weather. Large quantities of 

fnictans are generally stored in leaves and stems of grasses during autumn and winter. 

They are mobilized again during initial growlh in early spring and during regrowth after 

mowing. 

Fructan's role as an osmotic regulator involves the regulation of water uptake and 

water retention (De Cugnac 1931 ; Pollock and Cairns 1991 ; Hendry 1993, Suzuki and 

Nass, 1988). Fnictans accumulate in response to an early moderate state of stress, 

such as chilling (Puebla et al., 1997). Fructans stored in wheat (Tdticum aestivum L.) 

and barley (Hordeum vulgare L.) influence yieid stabili and tolerance to environmental 

stresses (McGrath et al., 1997). Furaiemore, fructans were found to accumulate as a 

response to oxygen deficiency in flooding-tolerant (Senecio aquaticus L.) and intolerant 

species (Albrecht et al., 1997). 

Besides plants, bacteria al- synthesue levan, which is synthesized by a single 

enzyme, levansucrase, for the production of fructans of high DP (Vijn and Smeekens, 

1999). The expression of the bacterial gene sac8 for levan synthesis in tobacco resulted 

in increased dry weight accumulation under PEG (polyethylene glycol) induced drought 
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stress (Pilon-Smits et al., 1997). Addiinally, Pilon-Smits et al. (1999) reported that in 

sugar beet (Beta vulgaris i.) sac6 expression also resulted in higher biomass produetion 

of leaves, storage rwts and fibrous mots after drought stress. 

One of the problems encountered with perennial legumes, as a food source for 

ruminants, is their relatively low level of total non-structural carbohydrates as compared 

with protein. lncreasing the level of dietary carbohydrate is one of the means cunentiy 

being explored to correct this proteinkarbohydrate imbalance in Pasture plants (8eever 

and Thorp, 1997). The potential of fructans to provide an altemate supply of non- 

structural carbohydrates by genetic manipulation of alfalfa is being explored in mis study 

by the introduction of a bacterial fructosyltranferase gene that is available. The strategy 

in this context is to retain fructan accumulation within the tissues at high enough levels 

for assimilation by rumen micrwrganisms upon ingestion by ruminants. Biggs and 

Hancock (1 998) found that supplementation of bacterial levan from Envina herbicola and 

inulin from chicory (Chicoreum intybus L.) root in cow rumen fluid impmved fiber 

digestibility of white clover (Trifolium repens L.) and ryegrass. The results indicate aiat 

despite differences in sixe, both highly polymerized levan and short-chain plant inulin are 

readily metabolized. 

Alfalfa does not synthesize fructans. This study aimed to produce transgenic 

alfalfa plants that accumulate fnictans by using the bacterial gene sac5 from BaciIIlus 

amyloliquefaciens in orâer to generate genetic variability in relation to dry matter 

accumulation, carbohydrate composition and winterhardiness. The strategy implemented 

to bioengineer accumulation of fructan of high pdymerization inwlved transgene 

expression at the subcellular (cytosol or vacuole) and tissue level (constitutive and 

root). Two constitutive promoters (Super promoter and CaMV35S) and a mot -specific 

promoter (Mas2') were used to drive the expression of the sac6 gene. A population of 75 

new primary transformants was generated by Agmbacteriummediated transfomation. 
3 



PCR and Southem blot hybridization confirmed the insertion of at least one copy of the 

sac8 . The identification of dite transformation events was camed out directly in the field 

at Elora, Ontario, Canada, since previous evaluations suggested that pre-screening in 

the greenhouse for performance of transgenic alfalfa is not effective (McKersie et al.. 

1999). Preliminary carbohydrate assessment included fructan, starch, TSC, glucose, 

sucrose, fnictose and raffinose. ldentified dite primary transformants were used to 

generate a FI population that will be evaluated for winter survival during the winter 2001. 



Chapter 1. Literature Review 

1 .l. Definition of Fructans 

Fructans are molecules in which two or more fructosyl-fructose linkages 

constitute the majonty of linkages. Most natural fructans have linear or bnnched 

polymers containing a single sucrose and repeating linked (8,2 + 1) or (fi,2+ 6) fructose 

nsidues (Waterhouse and Chatterton, 1993). The linkages are between the reducing 2 

position of 1 fructose and either 1 or 6 position of fructose or 6 position glucose (the 

numbers indicate linkage position and the arrow points away from the reducing carbon) 

(Figure 1 .). French (1989) describes polyrneric fructans in ternis of their linkage type(s) 

including al1 possible 8 links; linear 2-l(inulin), linear 2-6 (levan), 2-6 branches on an 

inulin backbone, 2-1 branches on a levan backbone and mixtures of 2-1 and 2-6 in linear 

or branched molecules. Most fnictans are non-reducing because other sugars are 

attachai at the anornetic carbon atoms. Fmctans are vulnerable ta acid hydrolysis, 

possibly because of their high energy content, Characteristics such as çolubility and 

viscosity depend on spatial arrangement (French, 1989). 

Figure 1.1-kestose. This trisaccharide consists of a (2-1)-linked f& 

Pfmcbsyi unit to sucrose and is the shortest inulin molecule 
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Fructans are widespread, being synthesized by bacteria, fungi and plants 

(Hendry, 1993). Howevei, the fructan synthesized by these species varies accordingly to 

the fructosylfructose linkage and to the degree of polymenzation (DP) or molecular 

weight. Bacteria are able to produce fructans of high DP (greater than 10000), while 

plants only accumulate fnrctans with a DP up to 30. There are two types of fructans in 

plants: inulin (mainly 2-1 linked) and phlein (mainly 02-6 linked). On the other hand, 

levans are the fructans of bacterial otigin w f i  linkages g 2-6. 

1.2. Fructan Metabolism in Plants 

Most plants store starch or sucrose as nserve carbohydrates, but about 15% of 

al1 flowenng plant species store fructans which are linear and branched polymers of 

fructose (Vijn and Smeekens, 1999). Fnoctans are the main resewe carbohydrate in the 

highly evolved and economically important plant families Poaceae (wheat and barley; 

adapted to cool climates), Liliaceae (onion and tulip) and Asteraceae (Artichoke and 

Chicory). 

In plants, fructan is synthesised from sucrose by the action of two or more 

fructosyltranferases. The first reaction is mediated by sucrose:sucrose 

fructosyltransferase (SST) (EC 2.4.1 39). Fructan synthesis is initiated by catalysing the 

transfer of a fructosyl residue from sucrose to another sucrose molecule resulting in the 

formation of the trisaccharide 1-kestose (G1-2F1-2i7, plus glucose (Figure 2). 

Sucrose:fructan fructosyltransferase continues the elongation process, transferring 

fructose from sucrose to the 1- or bkestose andfor fructans. Additional oligosacharide 

elongation continues through addition of fructose via fructan:fructan 1-fructosyl 

transferase (EC 2.4.1.100) (Fmhner et al., 1984; Pollock and Chatterton, 1988). 



Vijn and Smeekens (1 999) suggest that fructosyltransferases might have ewiived 

from invertases. Biochemical analyses of fnictosyltranferases have already shown that 

some of these enzymes aiso have sucrose hydrolytic (invertase) activity. Furthemore, ii 

has been obsenred that at high sucrose concentrations most invertases have 1-SST 

activity (Vijn et al., 1998). The highest homology is found between the 

fructosyltransferases and the acid invertases. 

Models for the biosynthesis of fructan in higher plants are based upon studies of 

inulin (2-1 fructosyl-fructose linkages) accumulation in tuber vacuoles of Jenisalem 

artichoke (Helianthus tuberasus L.) (Edelman and Jefford, 1968; Frehner et al., 1984; 

Cairns et a1.,1989). Although the general model for fructan synthesis suggests that 

sucrose is the only substrate, fnrctan molecules consisting only of fructose are also 

found in plants (Ernst et al., 1996). 

Fructan mobilization by higher plants is mediated by the action of one or more 

9x0-hydrolytic enzymes, such as fructosyl exohydrolase (FEH). The activities of ihese 

enzymes are classified as &fnictofuranosidases along with the higher plant invertases. 

In Jenisalem artichoke, FEH hydrolytic activity is not always present (Frehner et al., 

1 984). 



fructose.6-P + UDP-glucose €1 sucrose-P sucrose 
_I, 

sucrose + sucrose E2 €3 1 -or 6-kestose + glucose 
4 

1 -or bkestose + sucrose oligofnictan + glucose 

oligofructan ( n )  + sucrose EI fructan (w) + glucose * 
fructan (,,) + fructan (fi) ~ l ,  fructan ( n i + i )  + fructan (n2-9) 

fructan (n) ES fructan (n-i) + fructose 
__+ 

glucose + fructose 

E l  Sucmse-phasphate synthate (EC 24.1.14) 
E2 aicn#ie:sucrose t-lnrctasyihaiufera~e (EC 2.4.1.99) 
E3 wct'0se:fniclcvi Glnielcsyttransferass (Owhaleau el ai.1995) 
€4 hudan- l 4 w -  (EC 2.4.1.100) 
€5 fructanexohydiolass (EC 3.2.1.80) 
E6 invartase (EC 3.2.1.26) 

Figure 2. Generalued biosynthesis and catabdism scheme for fructans in plants. 

Adapted from Gdud8t et al. (1 999). 

In Jerusalem artichoke tubers, it is suggested that the vacuole is the 

cornpartment in which inulin synthesis, storage or degradation occurs. The concentration 

of fructan depends on the stage of development d the tuber (Frehner et al., 1984). 60th 

key enzymes for inuiin synthesis, sucrose:sucrose l-fructosyîtransferate and 

fnrctan:fnictan l-fnrctosyitransferase, are vacuolar enzymes. The &el proposed by 

Edelman and Jefford (1 968) suggested mat the acüvity of SST is cytoplasmic in location, 

while FFT activity acted across the tonoplast. The mode1 proposed by Frehner et al. 

(1984) required transport of sucrose and glucose across the tonoplast. This latter model 

suggests that the vacuole is the sole cellular cornpartment containing ftuctan 

synthesising enzyme actMties as well as ftuctan degrading enzymes. 



L i e  is known mncerning the regdation of sucmse metabolisrn in storage sinks 

Hihem fructan synthesis is ocwrring. One hypothesis is that the rate of fructan 

accumulation is detemined exclusively by the rate of import of sucrose into the tissue 

(Simpson et al., 1994). Hexose released during fructan syntfiesis or degradation would 

thus be presumed to cross the tonoplast and following phasphorylation, be re- 

synthesised into sucrose (Simpson et al., 1994). 

It has been hypothesised that the chief role of fnictan metabolism is the controt of 

sucrose content within the vacuole. Both SST and FFï activities can reduce sucrose 

content. In the former, the fructan is synthesised, while in the latter, no net synthesis 

oceurs. Consequently, the controi of net carbohydrate storage as fructan is likely to 

reside with SST, the enzyme controlling the first irreversible step in the biasynthetic 

pathway (Housley and Pollock, 1993). 

In fnictan metabolism, the number of molecules contributing. to the osmotic 

potential once sucrose crosses the membrane does not change. Reduction in sucrose 

content without dramatic changes in osmotic potential or reducing m e r  would be the 

advantage of fructan metabolism. fhe potential for fmctan participation in turgor 

adjustment through hydrolysis can be important in rapidiy elongating tissues. In these 

tissues, the hydrolysis of fructan produces free fructose to increase osmotic potential 

and create turgor (Schnyder and Nelson, 19û9). 

1.3. Fructan Relevance in Plant Stress Tolerance 

The physiological role of fnictans is not fully understood (Vijn and Smeekens, 

1999). Not al1 gras species synthesise fructans, although the genes for fructan 

synttwsis may be present throughout the grass family. The level of expression of these 

genes, under natural conditions, is lafgely confineci to species from cool temperate 

regions (Pollock and Cairns, 1991 1. 



In general, fructans play an important role in buffering temponry imbalances 

between photosynthetic carbon supply and carbon demand for growth and development. 

Thus, fructans accumulate in leaves and in underground organs of many grasses during 

autumn, when low temperatures restrict growth but still allow photosynthesis (Roth et al., 

1997). Accessibility of fructans to support re-growth in the spring is influenced by three 

major factors: location of fructans, molecular size, and activity of fructan hydrolysing 

enzymes. A high concentration of fructan occurs in the elongation zones of the leaves, in 

the crowns are more readily available for regrowth than those in the roots. High 

polymerisation fructans proposed to function as non-structural storage carbohydrates in 

the vegetative parts of cool season grasses photosynthesis. 

Wheat stems store fructans to buffer the plant against nutritional and 

environmental influences. Fructans have been related to yield stability. McGrath et al. 

(1997) found a predictable inverse relationship between nitrogen and fructan. If fructan 

concentration deviates by more than 4 %, cereals growers in Australia are advised that 

their crop might be subject to stresses that might reduce its response to applied 

nitrogen. 

Crops that synthesise fructans store them in different tissues. Wheat (Triticum 

aestivum L.) and barley (Hordeum vulgare L.) accumulate fructans in leaves and stems, 

onions (Nlium cepa L.) in bulbs and artichoke (Helianthus tuberosus L.) and chicory 

(Chkorium intybus L.) in the roots and tubers (Van der meer et al., 1994). Fructan 

synthesis and utilisation of carbon stored as fructan are intimately related to the supply 

of sucrose. In leaves, sucrose in synthesiseâ in the cytoplasm from phosphorylated 

intermediates exporteci from the chloroplast. In developing heterotrophic organs, sucrose 

is imported via the phloem. Since fructan metabolism is deemed to be vacuolar in 

location, the substrates for synthesis and the products of degradation must cross the 

tonoplast (Housley and Pollock , 1993). 

10 



Fructan accumulates in species such as B m u s  pictus (adapted to a cold desert 

area) and B. auleticus (adapted to warmer climate) Puebla et al., 1997). In both species, 

fructan accumulates for periods of time longer than a day or two. The accumulation 

occurs in specialized storage tissues such as stems, crowns, tubers or rwts. The 

quantity present in storage tissues varies according to time of year, generally increasing 

with coder temperatures during the fall and decreasing with spring re-growth (Kunbauch 

and Thome, 1989). 

In cold hardy monocots, ftuctan accumulation is common in leaf tissue; often 

starch is also accumutateci. In kemels of wheat, fructan is initially the dominant 

carbohydrate, as the endosperm develops; however, starch becomes the dominant 

carbohydrate. Plants that contain tructans are usually capable of storing starch (Housley 

and Daughtry, 1987). 

The presence of fructans in the vacuole has been extensively docurnented in 

plants, thus, fructan synthesis might control sucrose in the vacuole (Frehner et al., 

1984). Fructan metabolism reduces sucrose concentration within the cell, preventing the 

sugar-induced feedback inhibition of photosynthesis (Poilock, 1986). The presence of 

fructans appears to be advantageous in plant acclimation, particularly under low 

temperatures and drought (Pontis, 1994). In grasses, fructan accumulation provides 

many advantages over starch under low temperature conditions, due to their high 

solubiliîy in water, tesistance to cfysîallizaüon at subzero temperatures and insensif i  

of fructan biosynthetic pathways to low temperatures. The accumulated fructan is the 

main carbon source for spring growth, until sufticient photosyntheüc activities are 

resumed (Suzuki and Nass, 1988). 

In temperate Gmmneae, fructan accumulates dunng hardening. Pollock et al. 

(1 W), studying hardening in Lolium, found îhat changes in freeting tolerance correlate 

poorly with changes in fnictan content. fhey  proposed that accumulation is the 
11 



mnsequence of the altered balance between photosynütesis and growth, rather than a 

mechanism of cryo-tolerance per se (Pollock et al., 1988). lnstead they considerd 

fnictan as an accessibte source of energy. 

The activity of SST in barfey leaves changes rapidly and drasacally upon 

induction or repression of fructan synthesis under various conditions such as cold 

treatment, excision and illumination (Wagner and Wiemken, 1987). tn wheat, during the 

second phase of hardening (successive 1-day periods at 6, -9, -12 O C )  the fruclan 

concentration decreased while the concentration of sucrose, glucose and fructose 

increased. Sugars wera the product of fnietan hydrolysis and their increase provided 

osmotic protection ta cells (Livingston, 1996). 

Suruki and Nass (1988) found no relation behrveen resistance to low 

temperatures and accumulation of tow DP fructans. However, high DP fructans were 

closely associated with freezing resistance. Hardy crops accumulate more fructans of 

higher DP than less hardy crops during the hardening process, but the conîribution of 

fructan accumutation to cryo-protection without being converted to sucrose is not known 

(Suzul(i, 1993). 

In addition to fructan accumulation under low temperatutes, fructan metabolism 

is influenced by salts, heavy metals, pathogens and insects (Suzuki, 1993). In rye 

(Secai8 cereale L.) shoots, fructan content increased at high concentrations of heavy 

metals in the soil. 

Fructans accumulate as a response to oxygen deficiency in both flooding-tolerant 

and fiooding-intderant s~ecies (Albrecht et al., 1997). Under flooding conditions, up to 

70% of total soluble carôohydrates were fnictans with a DP of 35, whereas, in non- 

ffooding conditions, no significant inmase in fnictan accumulation was found. The DP 

was not higher than 10 while the starch W o n  remaineci constant. Fructan 

accumulation may be advantageous in cornparison to starch synthesis for îwo reasons. 
12 



First, the location of ffnictan metabolism in the vacuoles has no negaüve feedback in the 

photosynthetic apparatus; second, the storage of sucrose in the fomi of fructose 

polymers without the intermediate stages and energy consuming processes essential for 

starch synthesis maybe possible. 

In seedlings of chicory (Chiconum inlyûus L.) under drought stress for two 

weeks, fructan accumulated in roots and leaves at concentrations ten times higher than 

in the non-stressed control. The onset of fnictan synthesis coincided with the increase in 

1 -SST activity in roots (De Roover et al., 2000). 

1.4. Fnictan Metabolism in Bacteria 

Besides plants, many microorganisms are capable of producing fnictans. 

Bacterial levan is produced directly from sucrose by a single enzyme, levansucrase 

(sucrose: 2,6-PD-fnictan 6-PD-fructosyltranferase, E.C.2.4.1.10.). Levansucrase 

synthesizes soluble polymers with a DP over 100,000. The main linkage type of these 

polymers is p(2-6) with p(2-1) branching (Dedonder, 1966). The pathway and events 

inwlved in the synthesis and secretion has b e n  most thoroughly studied in BaciIIus 

subtilis (Steinmetz et al., 1985). 

The formation of levan from sucrose or raffinose is not a simple stoichiometric 

transfer of fnictosyl units into polymeric levan but some free fructose residues are also 

liberated in the process (Figure 3). 

sucrose + H20 levan + glucose + fructose 

raffinose + H20 . meliobiose + fructose + levan 

Figure 3. Bacterial levansucrase system 

s-2,s-&o.hUcan *O a d w d  from cote and mm ,1993 



In addition to fnictosyltransferase acüvity, levansucrase can transfer fructosyl 

units to water (invertase activity) and to other sugars, such as glucose, fructose and 

raffinose, as a side reaction (Cote and Ahlgren, 1993; Vijn and Smeekens, 1999). 

Sucrose is converted directly to levan without the need for any primer, nucleotide sugar 

intemediates or sugar phosphates (Gay et al., 1983). 

The gene encoding levansucrase from Bacillus amyloliquefaciens has extensive 

hornology with that of Bacillus subtillis, at both the promoter and the regulatory region, 

and includes a sequence that could form a stem-loop terrninator (Tang et a1.,1990). The 

sa& gene from Bacillus amyloliquefaciens (Genebank accession # X52988) consists of 

2341 bp. This nucleotide sequence predicted a polypeptide of 473 amino acids, 

including a leader sequence, and a mature protein containing 444 amino acids. The 

arnino acid composition predicts a protein molecular weight of 50 kDa (Cote and 

Ahlgren, 1 993). 

When the levansucrase gene is expressed in 8acjiilus subtilis, the newly 

synthesized polypeptide contains a leader sequence involved in the secretion of the 

protein through the membrane. A two $tep mechanism is proposed for the formation of 

the soluble extra-cellular enzyme. The first event is the removal of the leader sequence, 

followed by folding of the enzyme. The second is its release from the membmne. The 

first step, signal peptide cleavage, results in a reduction of molecular weight from 53 kDa 

to the mature form of 50 kDa (Petit-Glatron et al., 1987). 

Several loci related to levansucrase synthesis have been identified. The 

structurai gene (sac8) for levansucrase was defineci by mutations that affected either its 

thermostability or its ability to synthesize levans (Lepesant et al., 1972). Altering the 

amino acid Arg-331 of the wild-type enzyme in the wild type to a His reduced its 

polyrnerase activity. Substituting Lys, Ser or Leu for His changed the acûvity of the 

enzyme from that of a bacterial SST to a plant SST-like activity foning t-katosa. The 
14 



enzyme from that of a bacterial SST to a plant SST-like actMîy foming 1-kestose. The 

substitution of Lys at position 331 gave greater sucrose hydrolytic activity than SST-like 

activity. These amino acid alterations are believed to change the catalytic properties of 

the enzyme by positioning diierent functional groups near the active site (Chambert and 

Petit-Ghtron, 1991). 

1 .S. Sace gene Expression in Transgenic Plants 

Sucrose can be efficiently redirected into fructan in crops such as potato 

(lpomoea batatas L.), sugar beet (Beta vulgaris L.), corn (Zea mays L.) and tobacco 

(Nicotianum tabacum L.) by using the sac6 gene. Expression of microbial 

fructosyltransferase encoding genes in sugar beet and tobacco has resulted in 

significant levels of fructan in the storage rwts and tubers ( van der Meer et al., 1994; 

Pilon-Smits et al., 1999; Caimi et al., 1997). Transgenic tobacco plants carrying the 

microbial fructosyltransferase from ûacillus subtilis under the control of the CaMV 35s 

promoter using the CPY (yeast carboxypeptidase Y) as vacuolar-targeting signal 

showed enhanced drought tolerance (Pilon-Smits et al., 1996). The study demonstrated 

the significance of fructan accumulation under artificial drought conditions, using PEG. 

The growth rate of the transgenic tobacco plants was higher, as well as its dry weight 

yietd, compared to the wild-type tobacco. The diierence in weight was more pronounced 

in the roots. The transgenic tobacco carrying the sac6 gene stored fructans in the range 

of 3-8% of the dry weight in mature leaves (Ebskamp et al., 1994). This result was 

promising since tobacco is a starch stonng plant and does not accumulate large 

quantities of sucrose. Pilon-Smits et al. (1999) used the same construct (CaMV 35s 

CPYsacû) to transform sugar beet and found that fnidan accumulated at very low levels 

(max 0.5% of dry weight) in raots and shoots. These transgenic sugar beets showed 

better growlti under drought stress, accumulating higher biomass in leaves and roots 
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The ability to direct the protein to the vacuole by different vacuoiar signals is 

variable. The sac8 gene was fused to the sporamin vacuole signal !rom potato and 

introduced into tobaeco (Tu* et al., 1997). Transgenic tobaeco leaves accumulated 

fructans to levels up to 21 % of the dry weight. However, leaves were bleached, and the 

plant showed stunted growth. The assumption was that aie levansucrase protein was 

not translocated to the vacuole but instead was mtained in the endomembrane system. 

In the same expriment, the sporamin N-terminal signal effechely transporied GUS to 

the vacuole without having any deleterious effect in tobacco leaves. 

When potato plants were transfomed with the chimeric gene CPY-sac8 driven 

by the enhanced CaMV 35s promoter, fmctan accumulated in different tissues (Van der 

Meer et al., 1994). The starch content in microtubers that accumulate high levels of 

fructan was severely reduced. The total non-structural neutrai carbohydrates fluctuated 

from 7 to 35 % in the transgenies. Pilon-Smits el al., (1996) demonstratecl that in potato 

the use of CPY targeting was not as efficient as in tobacco. The adverse effects on 

growth were attribut& to the use of the non-specific 35s promoter. 

Fmctans of high DP accumulated in potato transfomed with sac8 gene targeted 

10 the cytosol (Caimi et ai., 1997). However, fructan metabolism in the cytosol of potato 

tubers inhibited growth and cansequently reduced the dry weight accumulation. There 

was a positive comlation between cytosolic expression of sacB gene and appearance of 

necrosis in foliar tissue, 

The sac6 gene from Bacillus amyb11Quefaciens was fused to the vacuolar signal 

of sweet potato yxiramin and inttoduced into maize callus by parh'cle bombardment. 

fissuespecific expression and targeting of the sacû protein to enâosperm vacuoles 

resulted in a stable accumulation of high molecular weight fmctan. Fructan accumulation 

did not alter endosperm development, dry weight accumulation and seed germination. In 



contrast, the cytosolic fructan açcumulatian reduced the dry weight of mature kemds by 

10 % compared to mature dent seeds (Caimi et al., 1996). 

The objective of this research was to evaluate the effect of the sac8 gene from 

Bacillus amyloliquefaciens into alfalfa. The hypothesis was that alfalfa's carbotiydrate 

rnetabolism can be manipulated for the synthesis and accumulation of fructans by the 

expression of the sac8 gene and consequently improve its winter hardiness and nutrient 

quality. A biotechnological strategy was designed to accumulate fructans either in the 

cytosol or the vacuole. To target the levansucrase protein to the vacuole the NTPP from 

the sporamin protein was fused to the sac6 sequence. An untargeted sequence was 

used for cytosolic expression. Transgenic alfalfa plants were obtained via 

Agmbacferiummediated transformation and PCR and Southern blot analysis mfirmed 

the presence of at least one copy of the sac8 gene. A set of primaty transformants were 

evaluated under field conditions at Elora, Ontario, Canada. Analysis of dry matter 

accumulation in shoot, crown and root, together with carbohydrates (fructan, starch, 

TSC, glucose, fructose, sucrose and raffinose) indicated that there were differences 

between the wild-type control and transgenic alfalfa plants containing the sac8 gene. 

Elite transformation events were identified, and Tl genotype populations were generated 

that will be fumer evaluated during the winter 2001. 



Chapter 2. Evaluation of Transgenic Alfaifa Plants with Levansucm targeted to the 

cytosoi 

2.1. Introduction 

Fructan, polyfructosyl sucrose, is a water-soluble carbohydrate, synthesised by 

temperate grasses and bacteria. In temperate grasses, highly polymerised fnrctans may 

have an osmo-regulatory function and influence cotd-hardiness (Suzuki and Nass, 

1988). Demel et al. (1998) demonstrated in a model system that the water-stress 

protective effect of bacterial fructans may be mediated through a membrane-fnictan 

interaction that prevents lipid condensation and phase transitions. It has been argued 

that in plants the direct involvement of fructan in freezing tolerance is unlikely because 

the effect of fructans on freezing point depression would be minimal since they 

accumulate in the vacuole (Livingston, 1996). 

Alfalfa does not produce fructans but accumulates sucrose and raifinose 

oligosaccharides at low temperature (Castonguay et al., 1997). In alfaifa the 

accumulation of starch and sugar in mots is often associateci with defoliation tolerance, 

winter-hardiness, and persistence (Graber et al., 1927). Large changes in root starch 

and sugar concentrations occur in autumn and when alfalfa shoot growth resumes in 

spring. The accumulation of root soluble sugars is thought to enhanee tolerance to tow 

temperatures and other stresses associated with winter (Cunningham et al., 1998). 

Fruetan accumulaîion in the cytosol of transgenic alfalfa plants may pravide an 

alternative earbohydrate sink to improve its winter suwival and herbage yield. To test 

this hypothesis, the pSacB binaiy vector containing the sacB gene drken by the CaMV 

35s promoter was transferred into aifalfa. Sac6 encodes levansucrase that utilises 

sucrose and ratfinose as a substrate for the synthesis of highly polymerised fnictans. 

The regenerated pSa@ transgenic aifalfa plants were evaluated under field condADons 

for winter suivnral and carbohydrate content. 
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2.2.Materials and Methods 

2.2.1. Binary Vector pSac8 

pSacB was built in pART27 (Gleave, 1992) by Molian Deng at the Universijc of 

Guelph. It contains the coding sequence of the sac8 gene from 8. amyldiquefaciens 

(Tang et al., 1990) driven by the CaMV 35s promoter. No vacuolar-targeting sequence 

was included in this construct. Consequently, the sub-cellular localisation of 

levansucrase should be solely in the cytosol. As a selectable marker, this binary vector 

contained the nptll gene encoding neomycin phosphotransferase driven by the nos 

promoter thus conferring kanamycin resistance (Figure 4). 

2.2.2.Transgenic Alfalfa Plants 

Previously, the alfalfa clone N44-2 provided by Dr. S.R. Bowiey (University of 

Guelph) was transfoned with Agrobacterium tumefaciens strain ~ 5 8 ~ 1 "  pMPW 

containing the binary vector pSac8. Transformations were perfoned by Cecilio 

Gregono using the protocol described by McKersie and Bowiey (1998). Twenty primary 

transgenic alfalfa plants were selected on SH induction medbm (Shetrj and McKersie, 

1993) containing kanamycin (50 mg L") and claforan (500 mg L"). 

DNA was extracted by mixing leaf tissue of in vitro plants with 450 pL of 

homogenising buffer (0.2M Tris-HCL pH 7.4,0.25M NaCl, 25 mM EDTA, 0.5 % wiv SOS 

pH 8.0) and homogenised with an electncal pestle (Camfrano, Wiarton, Ontario). 

Extracts were centrifuged for 10 min and 300 pL of the resulting supernantant 

precipitated with 2 volumes of 100 % ethanol. Tho mix was centrifuged at 13,000xg for 5 

min and the resulting DNA pellet was air dried for 20 min, resuspended in sterile 

deionized distiiled water (pH 8.0) and stored at 20 OC. 



The putative transgenic plants were screened for the piesence of the T-DNA 

using PCR primers to amp l i  a 392 bp region from the nptII gene. The sense and 

antisense primers used were 5'-CCGGCTACCTGCCCATTC-3' and 5'- 

GCGATAGAAGGCGATGCG-3' respecüvely. The ampl i f i ion was carried out in the 

Perkin Elmer GeneAmp 2400 following the program: one cycle at 94 O C  for 5 min, one 

cycle 94 OC for 30 sec, 30 cycles at 57 OC for 30 sec, one cycle at 72 OC for 1.5 min and 

one cycle at 72 OC for 5 min. The PCR reaction was perfDrmed in a total volume of 25 FI: 

using: 2 pl of genomic DNA, 0.1 pl of Taq DNA polyrnerase (5UtpI) (Roche), 2.5 pi of 

deoxyribonucleotide triphosphate rnix (0.5 mM), 0.5 pL of each primer (20 pmoVpI), 2.5 

pI 10x reaction buffer 1.5 mM Mg (Roche) and t 6.9 pi sterile deionized distilled water. 

The PCR product was electrophoresed on 1 % agarose and visualised by staining with 

ethidium bromide. 

The PCR positive plants were transferred to the greenhouse. Rooted cutüngs 

were transplanted from in vitm cultures into Turface (Applied Industrial Material, 

Deerfield, IL) and grown in the greenhouse at approximately 21/18 OC (daylnight), and a 

minimum 16 h photoperiod. The plants were watered Wce daily and supplemented with 

N:P:K (15:15:30) (Plant Products, Brampton, Ontario, Canada). 



NOS 

Figure 4. Structure of the T-DNA from plasmid pSacB used for the transformation of 

alfalfa ckne N44-2. RB: right T-DNA border, LB: Lefl T-DNA border, OCS3': actopine 

synthase terminator, NOS: nopaline synthase promoter, NOS 3': nopaline synthase 

terminator; NPTII: neomycin phosphotransferase; sa& levansucrase from Bacillus 

amyloIiguefaciens; CaMV 35 S: cauliflower mosaic virus 35 S promoter. 



2.2.3. Field Trial 1 Wû-1999 

A field trial was established at the flora Research Station (R.R. # 2, Ariss, 

Ontario), located at 43 38.75' North latitude and 80 a24.5' West longitude. The soi1 type 

at this location is a clay brunisolic gray brown Luvisol-London (Guelph Loam). this field 

trial foHowed the protocols authorised by the Canadian Food Inspection Agency under 

permit number 98-UOG1-075-ALF20-462-ON01-01. A total of fwenty primary transgenic 

aifatfa plants containing vector pSacB and control wild-type plant N4-4-2 were asemtally 

propagated by cuttings and transferred to the fietd at the Elora Research Station on 20 

May 1998. Plants were arranged in 1 .S m x 1 m plots. Each expeflmental unit was 45 cm 

long and contained six propagules per genotype spaced 7.5 cm apart. The trial was 

arrayed as randomised complete blocks with four replications. Stand counts were taken 

at the beginning of the experiment, plants were defoliated on 8 July and 11 August 1998. 

çollowing the requirernents of the field test permit, the transgenic alfalfa plants were 

hawested before flowering, and al1 material was destroyed by autodaving after lab 

analysis to ensure that the transgenes did not escape to the envimnrnent. 

2.2.4. Late Fall Sampling 

In order to evaluate the carbohydrate composition during the fall acclimation 

period, one randomly selected propagule per genotype was excavated on 9 November 

1998 to a 35 cm depth. Plants were transported on dry ice ta the Iab. Plants were rinsed 

under cold running water to remove adherent soit. Crown and mots were separated. For 

this study a crown was defined as the intemediate tissue between shoots and roots, 2 

cm above the ground and 2 cm below the ground. Separated tissues were immediately 

frozen in liquid nitrogen and stored at -80 O C  for further analysis. 



2.2.5. Spring Sampling 

After the first winter on 5 May 1999, winter sunrival was scored by visually rating 

the appearance of green shoots fmm O to 5 where O = dead, 3 = stunted, 5 = alive. 

Plants were hanrested at 15 cm stubble height and herùage yield (total shoot dry weight) 

production was méasured for al1 surviving plants on 27 May 1999. 

2.2.6. Carbohydrate Extraction 

Total non-structural carbohydrates (starch and sugars) were extracted from the 

November samples as deseribed by Kalengamaliro et al. (1997). Crown and root tissues 

were oven-dried for 24 h at 80 O C  and ground in a Wiley miIl using 60 US-mesh scteen. 

Tissues were further pulverised using liquid nitrogen with a mortar and pestle. Total non- 

structural carbohydrates (starch and sugars) were extracted by mixing 50 mg of ground 

üssue wiVi 1 ml of 80 % (vlv) ethanol in an Eppendorf tube. Tubes were placed for 2 h in 

an oibit shaker at 300 rpm. Subsequentiy, tubes were centrifugai at 15000xg for 10 min. 

The supernatant was divided in iwo aliquots, one of 400 pl for total soluble carbohydiate 

(TSC) determination and 100 pl for analysis of individual sugars by gas chromatography. 

The aspirated pellet was used for starch determination. 

2.2.6.1 .Total Soluble Carbohydrate Analysis 

The procedure developed by Jones (1997) was used with the following 

modiications: 400 pi of supernatant was dried under nitrogen gas in a water bath at 60 

O C  using the Meyer h i - 8 ~ ~  anaiytical evaporator (Organomation Associates Inc). Once 

dried, the sampie was reconsütuted in 400 pl of deionized dislilled water and 

srrbsequentiy de-proteinated wiih 400 pl of 1-% wivu Ba(ûH) and 4ôû pi of 5 % (vh) Zn 

S0,. Tubes were vortex& and mixed in an orbit shaker for 1 O min and centrifuged at 
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15000xg for 5 min. The supematant (tOO pl) was transferred to a 16 x 100 mm screw- 

top glass tube and mixed with 2 ml of O-toluidine reagent (Sigma). O-toluidine reagent 

(acetic acid, ortho-phosphon'c acid and urea) reacts selectively with glucose and fructose 

producing a strong yellow colour. Tubes were sealed and plunged into a boiling water 

bath for exactly IO min and immediately placed in ice cold water for 5 min. W i i n  30 

min, absorôance readings were measured at 635 nm using a Bausch and Lomb 

Spectronic 2000 spectrophotometer. 

A glucose standard curve was sirnultams!y prepared by dikrting 100 pl of 

ghcose (Sigma) to different concentrations (0, 25, 50, 100, 200, 300 phi ) .  The 

resuiting absorbantes were plotted against concentration. Linear regtession was used to 

perform inverse prediction of concentration using absorbante readings. 

2.2.6.2. Starch Analysis 

Analysis of starch followed the protacol developed by Rose et al. (1991) and 

rnodiiied by Jones (1997). The pellet cdlected from the caaohydrate extraction was 

dried under nlrogen gas in a water bath at 60 O C  using the same apparatus as 

described for total solubte carbohydrates. Once dried, 500 pi of 

methanol:chlorophorm:water (12:5:3) were added, vortexed and shaken for 10 min in an 

orbit shaker at 300 rpm. Tubes were subsequently centtifuged for 5 min at 1300xg and 

the supematant was aspirated. The process was repeated three times to remove the 

sugars, lipids and proteins. The remaining pellet was dried under nitrogen gas, then 

mixed with 100 ml of 47.5 % ethanol (viv) and 400 pl of dehnizeddistilled water. Tubes 

were placed in a boiling water bath for 30 min to gelatinise the starch. After this step, 

500 pl of 0.05 M sodium acetate buffer (pH 5.1) was added to eadi tube. 



In order ta convert the gelatinised starch to sugars, a freshiy prepared mixture of 

500 pl of 0.05 M sodium acetate buffer (pH 5.1) containhg a-amyiase (400 unitdml) and 

amyioglucosidase (2 unitdml) was added to each tube. This mixture was incubated in a 

water bath at 50 O C  for 48 h. In order to stop the reaction, 100 pl of 1 % Ba(OH)2 and 100 

pl of 5% (vhr) ZnS0, was added per tube. Tubes were then centrifuged at 15000xg for 5 

min. The supernatant was used to detect reducing sugars; an aliquot of 10 pl was mixed 

wiai 2 ml of O-toluidine reagent (Sigma Cat No. 3635-6) as perforrned for the total 

soluble carbohydrates measurement. The regression equation relating glucose 

concentrations in standard solutions to absorbance readings on the spectrophotometer 

was: Y, = a+ b (x), where Y, is milligrams per 100 ml of glucose, a is the intercept, b is 

the slope and x is absorbance units at 635 nm. Glucose concentrations in the sampb 

were calculated by substituting the sample absorbance readings into the x variable in the 

regtession equations above. The general equation for calculating the milligrams of 

statch in a sample was: 

mg/of starcwmg of sample (y)= Y, dfvhJdw 

where Y, is the glucose concentration (mg/100ml), di is the dilution factor (10 for 1:9 

dilution), v is the original volume of the starch extract, dw is the dry weight of the sample 

(mg) and ht is 0.9 (starch hydrolysis factor, Volenec, 1986). 

2.2.7. Enzymatic Assay for Fructans 

Fnictan concentration was measured using a fructan assay kit from Megazyme 

International lreland Ltd (McCleary et al., 2000). The method measures oltgofructan and 

fnictan polysaccharide separately from sucrose and reducing sugars. Fructan extraction 

was done by mixing 1 g of sample with 80 ml of hot water with continuous shaking. The 

enradion was completed after 3Q min and the extract was transferred to a 100-ml 



vdumetric flask with water. An aliquot (200 pl) of this solution was placed in glass 

capped test tubes (16 x 100 mm) together with 200 BI enzyme mix A (sucrase, P- 

amylase. pullulanase and maltase dissohred in 0.1 M sodium maleate, pH 6.5) and A. 

nger agaladosidase (5 unitslml) (Megazyme Cat No. E-AGIAN). Tubes were 

incubated at 40 "C for 30 min. Subsequently, a 200 pl aliquot of sodium borohydride (10 

mglml in 50 mM sodium hydroxide) was added and incubated at 40 'C for 30 min to 

complete the reduction of reducing-sugars to sugar alcohol. In arder to remove the 

excess of borohydride and to adjust the pH to 4.5 an aliquot of 500 pl of 100-mM acetic 

acid was added per tube (solution A). 

Aliquots of 200 pl of solution A were dispensed in clean tubes and 200 pl of 

frucîanase solution was added; the contents were vortexed. Tubes were incubated at 40 

"C for 20 min to complete hydrolysis of fructan to fructose and gkieose. All tubes 

including the fructose standard, blanks, fnictan and cellulose control were treated with 5 

ml of PAHBAH (phydroxybenzoic acid hydrazide; Sigma cat No. H-9882) working 

solution and incubated in a boiling water bath for exactly 6 min. Tubes w r e  removed 

f m  the boiling water and immediately placed in cold water for 5 rnin.The absorbanœ of 

al1 solutions was measured at 410 nm against the blank reagent. 

Fnictan (% w h )  was calculated as follows: 

A€ x F x 5  x V  x1.110.2 x 1001~ x 111000 x 1621180 where: 

AE = PAHBAH absorbance of 200 pl reaction solution 

F = factor to convert absorbance values to ug fructose, 54.5 pg f~ctose 

5 = factor to convert h m  0.2 ml as assayed to 1 ml 

V = volume (ml) of extract used (100.50 ml) 

1 .110.2 = 0.2 ml taken from 1.1 ml enzyme digest for analpis 



W = weight (mg) of sample extracted 

1001~  = factor to express fnictan as a percentage of sample weight 

111000 = factor to convert to pg to mg 

l62/18O=factor to convert from free fructose, as determined, to 

anhydro fructose and anhydro glucose as occurs in fructan. 

2.2.8. Thin Layer Chromatography Analysis of Fructans 

TLC analysis is a convenient qualitative method to screen for fructan 

accumulation. The system separates neutral sugars according to site, and subsequently 

visualised using a urea phosphoric acid spray that preferentially reacts with ketose 

residues (van der Meer et al., 1994). Fructans with a DP of 15 or more do not migrate 

and stay at the site of application. TLC was performed on silica plates CS5 moult, 

(Whatman Inc. Cat. No.4804-820) as described by Wagner and Wiemken (1987). 

Fnrctans were extracted from 0.5 g of fresh tissue that had been pulverised in liquid 

nitrogen with a mortar and pestie. The powder was mixed with 400 pl of 80 % (vlv) 

ethanol at 80 O C  and centrifuged at 15000xg for 5 min. The supernatant was collected 

and another 400 pl of water (pH 8.0) was added the liquid incubated at 80 OC for 20 min. 

Tubes were centrifuged at 15000xg for 5 min and the supernatant was mixed wiVi the 

previous extraction. An aliquot of 5 pl was spotted on the TLC plates together with the 

standards, levan from €mina herbkuh and inulin from chicory root (both from Sigma). 

The TLC plate was devetoped twice in acetoncwater (9:1), dned and stained with 

fructose-specific urea phosphonc acid spray accarding to Wise et al. (1 955). 

Levansucrase acbMty was measured in vivo, aiter feeding exogenous sucrose to 

photosynthetically active tissues following methodology by Cairns and Pollock (1988 a 

and b). Shoots were harveçted frwn fiefd grcwn plants at Elora, Ontario, on 12 July 1098 
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and transported in a coder containing ice to the lab. Fructan accumulation was induced 

by placing the shoots on a 5% (wh) sucrose solution at 100 pmol sec-' mQ light intensity 

for 24 h. Fnictan extraction was perhrmed for induced and non-induced tissues as 

previously described. 

2.2.9. Analysis of lndividual Sugars by Gas Chromatography 

Individual sugars (glucose, fructose, sucrose and raffinose) were measured in 

the Perkin Elmer Autosystem GC. Samples from the carbohydrate extraction (100 pl) 

were derivatized by silylation using BSTFA (Kiefer and Herweche, 1996) and TMCS 

(Supelco Cat. No.33155-U). Sylil derivatives are forrned by the displacement of the 

active proton in -OH, -COOH for the formation of trialkylsilyl derivatives. BSTFA will 

readily sylilate a wide range of non-stearically hindered functional groups and TMCS is a 

sylilation catalyst. A volume of 100 pl from the carôohydrate extraction described 

previously was placed in a sylanised crirnp snap via1 (Hewlett-Packard, Cat No. 5183- 

4507) dried under Np gas, mixed with 400 pl BSFTA and TMCS mix containing 100 pg of 

phenyl P-D glucoside (Sigma) as an intemal standard. Vials were sealed under a 

nitrogen gas Stream with caps (TFEISîsilver 11 m from Chromatography Specialities 

Inc; Cat No. CS1 1 1005OM). 

lndividual sugars (glucose, fructose, sucrose and raffinose; Sigma) were used as 

standards and quantified simultaneously in concentrations of 50, 1 ûû, 150, 250, 300, 

350 and 400 pg. Samples and standards were placed in hot plates at 100 O C  for 24 h to 

complete the derivatisation reaction. Sugars were separated on a SP-2330 fused silica 

capiltary column (Supelco No.2-4019) with dimensions of 30 m x 0.25 mm ID x 0-20 pm 

film. Samples were injected by a split-injection method. The initial oven temperature was 

80 "C and increased 5 OCImin to final oven temperature of 240 OC which was maintaid 
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for 30 min. Sugars were detected by FID (flame-ionisation detector) at 330 O C .  Values 

were integrated using GC ChemStation (version A.05.02.) Wilmington, Delaware, USA. 

2.2.1 0. Statistical Analysis 

Samples from plants excavated on 9 November were analysed as a completely 

randomised model with sub-sampling. For carbohydrate analysis per plant per genotype 

was considered as the experimental unit with three sub-samples per tissue (crown and 

roots). Variation was partitioned into gencitype and tissue main effects and genotype by 

tissue interaction. For al1 carbohydrate analyses, the precision was tested by taking four 

extractions of mot or crown tissue (samples) and running two or three colorimetric 

analyses per extract. An examination of residuais confirmed that the data satisfied 

conditions of nonnality and homogeneity of error (Proc GLM SAS for Windows, Version 

6.12 SAS institute, Cary, NC). 

Field suivival and herbage yield were analysed as a RCBD with four replications. 

Winter sunrival values (%) found in thisstudy span the full range from 20-97 % therefore, 

were subjected to transformation arcsine square root (Bowley, 1999). Herbage yield 

values were also subjec! to log transformation since they covered a wide range of values 

(bwley, 1999). Statistical analysis was conducted using SAS for windows, Proc GLM 

(version 6.12 SAS Institute, Cary, NC). The type I error rate was set at mQ.05. Least 

square means and type III MS were calculated since s m e  values were missing resulting 

in an unbalanced data set. Multiple mean comparisons were wnducted using OunneWs 

test in order to establish comparisons to the control. 



2.3. Results 

2.3.1. Summer Sampling 

TLC analysis was performed on shoot tissues in order to detect levansucrase 

activity via fructan accumulation. Shoot samples were hanrested from transgenic aiialfa 

plants containing T-DNA from pSacB at the Elora Research Station on 18 July 1998. No 

fructan accumulation of high DP was detected using TLC analysis in induced or non- 

induced tissues (Figure 5). After induction with sucrose, primary transgenic plants 

containing pSacB accumulated sucrose but not detectable fructan of high degree of 

polymerisation. 

2.3.2. Late Fall Sampling 

During th3 growing season there was no major phenotypic differences in shoot 

tissues between the primary transgenic alfaifa and the control (wild type). A propagule of 

each To genotype plant containing the binary vector pSacB and wild-type control was 

excavated from the field at the Elora Research Station on 9 November 1998. 

Phenotypes of transgenic alfalfa plants and control N4-4-2 are shown in Figure 6. 

Primary transgenic alfaifa plants 39-6 and 39-5 had a marked difference in architecture 

of the crown and root tissue, compared to the non-transgenic control plant. Fibrous root 

density was reduced in the top 10 cm with more branched rwts and fewer and smaller 

secondary roots in the transgenic aifalfa plants. Table 1 indicates the values of crown 

and root dry weight. Significant diierences were found between control and transgenic 

alfaifa plants. The mean crown dry weight for transgenic plants was significantly higher 

at 7 g dwlplant (SE= 0.07) than the cantrol at 1.2 g dwlplant (SE= 0.18). Likewise, root 

dry weight was significantly higher for transgenic aifalfa plants at 7.5 g dwlplant (SE= 

0.07) than the conttol genotype at 2.6 g dwlplant (SE4.18). Signifiant diierences were 



Figure 5. Thin Layer Chmmatography analysis of levansucrase activity in sucrose - 
induced shoots of alfalfa (Medicago sativa L.) clone N4-4-2 containhg vector pSacB 

(levansucrase targeted to the cytosol). Plants were grown in the field at the the Elora 

Research Station and shoots were harvested on 18 July 1998. Shoots were induced 

by placing them on 5% (whr) sucrose, in a giowth chamber at 25 O C ,  and a light 

intensity of 400 pmol rnQ s" for 24 hours. Panel A: no sucrose-induced tissues. Panel 

0: sucmse- induced tissues. Lane 1: levan (bacterial fructan standard); lanes 2 -12 

dinerent TO genotype plants; C is the contml non-transgenic plant N4-4-2. 



Figure 6. Phenotype of prirnary transgenic alfalfa (Medicago sativa L.) containing T- 

DNA from the pSac6 vector (levansucrase targeted to the cytosol) and the non- 

transgenic control N44-2. Plants were grown in the field at the Elora Research Staüon 

during the growing season of May-October 1998. Plants were dug on 9 November 

1998 transported to the lab in dry ice and washed under cold water before the pichire 

was taken. 



Table 1. Mean values of crown and mot dry weight of transgenic alfaifa 

(Msd icago  sativa L.) clone N4-4-2 containing binary vector pSacB. Field grown 

pflmary transformants were transplanted on 20 May 1998 at the Elora Research 

Station, Elora, Ontario, Canada. During the growing season plants were 

defoliated on 8 July and 11 August. The plants were excavated on 9 November 

1998. ANOVA table presented in Appendix Table Al. 

Dry Weight (g /plant) 

Genotype Crown Root SE 

Mean transgenic 7.0 7.5 0.07 

N4-4-2 control 1.2 2.6 0.18 



Table 2 presents the values for TSC and starch content analysed in crown and 

m t  tissue. TSC content differed among transgenic genotypes; the range between 4 to 

46 mgig dw (SE=1.5), whereas the wild-type mt ro l  mean value was 35 mgig dw 

(SE=1.5). There was no signiiicant tissue effect but the genotype by tissue interaction 

was signifiant. The highest TSC in crown tissue was found for transgenic alfalfa 

genotype 39-6 at 46 mglg dw (SE=2) compared to the control at 24 (SE=2). Transgenic 

alfalfa plant 39-15 had the lowest TSC in crown tissue at 4 mgig dw (SE=2). Root TSC 

content also varied among transgenic alfalfa. Primary transformant 39-5 had the highest 

content at 46 mgig dw (SE=2.0). In contrast transgenic alfalfa plants 39-1, 39-2, 39-4, 

39-7, 39-9, 39-10, 39-1 1, 39-12, 39-14 and 39-15 had significant lower values, ranging 

from 4 to 10 mgig dw (SE=2.0) respectiveîy, than the control genotype at 46 mg(g dw 

(SE=2.0). 

The analyses of starch content in crown and mot tissues also indicated 

significant genotype differences. The starch content of transgenic alfalfa ranged from 27 

to 144 mgig dw (SE 3.2) whereas the control genotype averaged 57 mgig dw (SE4.2). 

There were also significant differences in tissue and for the genotype by tissue 

interaction. The highest starch content value was found for transgenic alfalfa plant 39-6 

in crown and root tissues at 11 3 and t 76 mglg dw (SE=2,0) respectively. Crown and m t  

starch content in mntrol genotype was 25 and 89 mglg dw (SE=2.0), signifiantly lower 

than the transgenic 39-6. The lowest starch content values were found in crown tissue of 

transgenic plants 39-1,39-2,394 39-7,39-9,39-1o139-t1,39-~2,39-i4, 39-15. 

The crown and mt samples from one primary transgenic alfalfa plant (39-6) 

were further analysed for fructan and indidual sugar composition. There was no 

detectable fructan accumulation using TLC anrtlysis in this transgenic plant (Figure 7). 

iiowever, enzymatic assay reveaied that fructan aceumulated up to 2.1 mgig dry weight 

in crown tissue and 1.7 mg(g dry weigM in mot tissue (Table 3). 
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Figure 7. Thin Layer Chromatography analysis of fnictan in transgenic alfalfa 

(Medhgo sativa L.) containing binary vector pSacB. Shoot, crown and mot of 

To genotype plant 39-6 and control plant N4-4-2 were grown in the field at 

Elora Ontario, Canada. Plants were excavated on 9 November 1998. 5 pl of 

tissue homogenates and standards levan h m  Emna herCIECoIa (Sigma) and 

Inulin from chicory mot (Sigma) were spotîed and stained with fructose 

specific urea-phosphoric acid stain. Lanes 1, 2 and 3: transgenic plant 39-6 

(root, crown, leaf respectively); ianes 4, 5, 6: control wild-type N44-2 (mot, 

crown, leaf respectively) lane 7: fructose; lane 8: sucrose; lane 9: glucose; 

lane 10: !HEU!; !me 11: inulin. 



Table 2. Total soluble carbohydrate and starch content in crown and mot tissues 

of transgenic alfalfa (MediCago sativa L.) containing levansucrase targeted to the 

cytosol pSacB fmm field grown plants at Elora, Ontario, Canada, excavated on 9 

November 1998. ANOVA table presented in Appendix tables A2 and A3. 

Crown Root Crown Root 

N4-4-2 control 24 46 25 89 



Table 3. Soluble sugar content in crown and rcmt tissue of transgenic aifalfa 

(Medicago sativa L.) clone 39-6, mntaining T-DNA from pSac6. Tissues were 

excavateci at Elora, Ontario, Canada on 9 November 1998. ANOVA table 

presented in Appendix tables A4, AS, A6, A7. 

N4-4-2 Control Transgenic Plant 
pSac6 (39-6) 

Carbohydrate Crown Rwt Crown Root SE 

Fructose 16.9 7.0 23.2 5.5 0.86 

Glucose 5.8 2.7 6.7 2.3 0.59 

Sucrose 1 65 241 150 232 9.1 

Raff inose 3.7 6.3 3.9 6.1 0.60 

nd: not detectable using enzymatic assay for fructan analysis 

SE: standard emr of the mean 

Analysis of soluble sugars for transgenic plant 39-6 containing T-DNA from 

binary vector pSacB and wild type plant N44-2 are presented in Table 3. F test 

indicated that there were significant diierences in fructose due to genotype, tissue, and 

genotype by tissue interaction effects. For glucose and sucrose, significant differences 

were detected due to tissue effect. Glucose was lower in the rwt  and higher in aie , 

crown of the transgenic compared to the wild-type control genotype. Sucrose was lower 

in the crown and rwt  of the transgenic alfalfa than the mntrol. No differences in 

raffinose were detected. 



2.3.3. Spring Sampling 

There were significant genotype diierences in winter suMval observed between 

the controt genotype and the primary trangenics and among Ta genotype plants after the 

first winter. Half of the primary transgenic alfalfa plants containing T-DNA from pSac8 

had low winter survival; survival values ranged between 22 to 60 % (SE=0.21). In 

contrast, control genotype N4-4-2 had a winter survival rate of 92 % (SE 0.21) (Table 4). 

Transgenic 39-3 had numerically similar winter suwival to the control at 96 % (SE= 

0.21). 

ln order to investigate the reduced survival rate of these transgenic alfalfa plants, 

suwival was plotted against the dry weight accumulated in crown and mot tissue 

measured in late fall sampling (Figure 8). Although there was considerable variability in 

winter survival observed among the To genotypes there was no relationship between 

suwival and dry weight accumulation in crown or mot tissue (crown r4.07; rwt  r=O.M). 

However, all the transgenic alfalfa plants accumulated higher dry weight in crown and 

mot tissue than the control plant N4-4-2. 

No correlation was found between total soluble carbohydrate content in crown 

and winter suwival r=O or TSC in rwt  tissue and survival (r4.22) (Figure 9). Roob of 

the transgenic plants contained Iess total soluble carbohydrate than the control. A 

similar trend was obseived for starch content and winter survival. There was no 

relationship between starch content in crown and winter sunrival (r=4.01) nor in root 

tissue (r=-0.02) (Figure 10). 

Herbage yield (total shoot dry weight) was measured for al1 sunriving plants. 

Plants that did not survive the winter were not included in this analysis (Table 5). Most of 

the transgenic plants had lower herbage yield than the wiîd-type. The value for the 

herbage yield of TO genotype 39.6 was 6.5 4(âw/plant while the non-tmnsgenic plant N4- 
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4-2 yield was 27.1 g dry weightlplant. There was a trend of high sunrival high yield but 

no correlation was found among aie To genotypes (rd.40). Most of the transgenic alfalfa 

plants containing pSacB showed reâuced survival compared to the non-transgenic 

wntrol (Figure 11). 

Table 4. Winter survival (%) of transgenic alfalfa (Medicago sativa L.) containing 

T-DNA from pSaB (levansucrase targeted to the cytosol). Values are fm field 

grown plants (Elora, Ontario, Canada) that over-wintered during 1998-1999. 

Winter s u ~ v a l  was recorded on 5 May 1999. Values were transformed using an 

amine square root transformation prior to analysis. Values in brackets are mean 

values back-transformeci to the original scale. Values are least square means of 

4 replicates. ANOVA tables presented in Appendix Tables A8. 

Genoîype Winter Suwival 

(%) 

SE: standard emr of the mean 
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Table 5. Herbage yield of transgenic alfalfa (Mediago saüva L.) containing the 

binary vector pSa& (levansucrase targeted to the cytosol). Values are from field 

grown plants (Elora, Ontario, Canada) that over-wintered during 1998-1999. 

Herbage yield of suwiving plants was measured on 27 May 1999. Values were 

subjected to log transformation prior to analysis. Values in brackets are mean 

values back-transformed to the original scale. Values are least square means of 

4 replicates. ANOVA tables presented in Appendix Tabte Ag. 

Genotype First Haiuest Yield 

(g dwlplant) 

Control N4-4-2 3.3 (27.1 ) 
SE 0.43 

SE: standard emr of the mean 



Figure 8. Relationship between winter survivat and dry 

weight accumulation in crown (A) and rw t  (6) tissue of 

transgenic Malfa (Medicap sativa L.) containing T-DNA 

from pSacS. Control genotype plant N4-4-2 is shown as 

open symbols and transgenic plants containing pSac6 as 

black symbols. Survival standard emr=0.21, crown dry 

weight standard emr4.07, root dry weight standard 

ermr=1.15. Winter survival vs. crown r=0.0792, winter 

sutvival vs. root r=O.W7 ANOVA Table presented in 

Appendix Al  and A8. 





Figure 9. Relationship between winter suMval after first winter and 

total soluble carbohydrate accumulation in cmwn (A) and root (6) 

tissues from field g m  transgenic alfalfa (Medicago sativa L.) 

containing T-DNA from pSac8 plants hanrested on 9 November 1998 

at the Elora Research Station. Control genotype plant N4-4-2 is 

shown as open symhls and individual putative transgenic plants 

containing pSacB as bladc symbols. Winter survival standard 

emr=0.21. Winter sunrival vs. crown r d  and winter sunrival vs. rwt  

r=0.22. ANOVA Table presented in Appendix A l  and A8. 
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Figure 10. Relationship between winter survival after first winter and starch 

content in crown (A) and mot (6) tissues from field grown transgenic alfaifa 

(Medicago sativa L) containing T-ONA from pSac6. Plants haivested on 9 

November 1998 at the Elora Research Station. Control genotype plant N44- 

2 is shown as open symbols and individual putative transgenic plants 

containing pSa& as black symbols. Survival standard error=0.21. Starch 

standard emr=2.0. Winter survivai vs. crown r=-0.008 and winter survival vs. 

mot r=-0.017. ANOVA table presented in Appendix A3 and AB. 





1999 Winter SuniivaI(%) 

Figure 11. Relationship between winter suMval (%) and yield (first harvest 

shoot dry weight) of transgenic alfalfa containing T-ONA of pSacB 

(levansucrase targeted to the cytosol). Control genotype plant N4-4-2 is 

show as open syrnbols and individual putative transgenic plants 

containing pSacB as black symbols. Winter survival was evaluated on 5 

May 1999 and yields of sowiving plants on 27 May 1999. Standard enors 

for sunival = 0.21 and first hanrest yietd = 0.43; suMval vs. yield r = 0.4. 

ANOVA table presented in Appendix A8 and A9. 



2.4. Discussion 

Transgenic alfalfa clone N44-2 was transfomied via Agrobacterium tumefaciens 

with binary vector pSac8, containing the Sac6 gene from Bacillus amyloliquefaciens 

driven by the constitutive CaMV 35S promoter. There was no trans-peptide sequence 

included in this vector; therefore, levansucrase presumabty accumulated in the cytosol. 

The presence of f-DNA from pSacB generated variability in relation to mot 

architecture, dry weight accumulation and cahohydrate composition of the plants 

excavated on 9 November from the field trial at Elora, Ontario, Canada. Overwintering 

tissues (crowns and mots) from transgenic alfaifa plants harvested during the hardening 

period (late fall) showed significantly higher dry weight accumulation and different root 

architecture compared to the control. The transgenic alfalfa plants were expected to 

have an enhanced survival due to the accumulation of fructan as a novel carbohydrate 

since this non-structural carbohydrate has been previousiy correlated with enhanced 

stress tolerance under cold and drought (Pilon-Srnits et al., 1999). Surprisingly, 

transgenic aifalfa plants that oveiwintered during 1999 showed a signifiant reduction in 

survival afîer their first winter and those that survived had lower herbage yield compared 

to the control genotype. 

These results are in contradiction to the hypothesis that accumulation of fnictans 

could enhance winter survival in alfalfa. This study reports the first field evaluation of a 

non-fuctan accumulating plant such as alfalfa, expressing the bacterial 

fnictosyltransferase. Evidently, the changes in starch, total soluble carbohydrates and 

individual sugars prewnted in this evaluation do not explain the reduced suivival rates 

found. However, it can be said that minimal alteration in carbohydrate composition of 

crowns and mots had a definite, albeii negative, impact in overall winter suivival of 

alfalfa. 



The sugar status of plant cells is of great importance during al1 stages of a plant 

life cycle (Smeekens and Rook, 1997). The increase or reduction of sugan triggers 

many developmental responses, and it is not surprising that sugars profoundly affect the 

expression of a large number of genes (Koch, 1996). Studies of acclimation of winter 

cereals have shown mat frwzing tolerance is stmngly correlated with the capacity to 

increase photosynthesis and with the capacity to increase soluble carbohydrate pools 

during cold hardening (Tugnetti et al., 1990). The accumulation of soluble sugars in the 

cytosol suggest that they might be active cryo-protectants (Santarius, 1982). 

Plants that synthesise fructans store them in the vacuole. In the design of the 

cytosol-targeted sac6 expression vector, it was the intention to genetically manipulate 

carbohydrate metabolism of alfalfa. The basic assumption was that sucrose is 

synthesised in the cytosol and that levansucrase utilised sucrose. Other researchen 

have also explored the cytosol-targeted sa& expression in corn, tobacco and potato 

(Caimi et al., 1996). The phenotype of transgenic potato lines containing the cytosot- 

sac6 was not different than that of the control at early stages of growth (before tuber 

initiation). However, as plants matured, the transgenic lines showed necrotic tissues and 

stunted growth (Caimi et at., 1996). Sirnilarly, fructan accumulating transgenic toôacco 

showed stunted growth, and bteaching of the leaves coupled with reduced root grwvth, 

Men using a vacuole-targeted sequence to deliver levansucrase (Turk et al., 1996). In 

other reports, cytosolic expression d sac8 in potato resulted in reduced size and tuber 

dry weight, possibly associateci with reduced starch synthesis (Caimi et al., 1997). 

Likewise, cytcsolic expression of sac8 in maize endosperm resulted in relatively low 

fmtan accumulation (1.6 % of dry weight) coupled with a dramatic reduction of starch 

synthesis, mature seed dry weight and seed germination (Caimi et al., 1996). 



TLC analysis failed to provide evidence of ffnictan accumulation of high DP in 

sugar-induced excised shoots from field-grown alfalfa plants, although sucrose was the 

major sugar detected after 24 hours. In fructan producing plants such as Lolium 

temulentum L.. fructan synthesis was initiated at 6-8 h when sucrose concentration 

reached 10-13% of tissue dry weight (Cairns and Pollock, 1988a). Bancal et al. (1991) 

were able to induce mature blades of wheat seedlings to fom fructan by excision and 

continuous illumination after 24 h. Van der Meer et al. (1994) demonstrated fructan 

accumulation in in vitro grown transgenic potato leaves using the TLC system. 

Fructan of high DP was not detected in either crown or root tissue of transgenic 

alfalfa plants when measured using the TLC system. When levansucrase was expressed 

in the cytosol of potato tubers, no fructan was detected by TLC in more than 70 

transgenic lines tested (Rober et al., 1996). Fructan of high DP was detected in leaves 

and stems but not in roots of transgenic potato plants containing the sa& gene from 

Bacillus subtilis fused to the CPY vacuolar signal (Pilon-Smits et al., 1996). 

Several experiments were carried out (data not presented) in order to determine 

the resolution of the TLC system. As a positive control, levan, a fructan of high DP from 

Enviha herbicola (Sigma), was applied at a concentration of 8 pg together with the 

samples. A positive signal was always present for levan when a TLC plate was stained 

with the fructose-specific urea-phosphonc acid stain (Wise et al., 1955). Furthermore, a 

fructose standard cunre showed that the minimum amount detected was 4 mM. 

Additionally, the TLC analysis was also able to detect accumulation of fructan in a 

fnictan-accumulating species such as barîey (Hordeum vulgare L.) (leaves from 

vernalized plants grown in the growth m m s  at the University of Guelph), and from 

Jerusalem artichoke (Helhnthus tubemus L.) (tubers from field grown plants, Guelph, 

Ontario). The TLC analysis was fumer optimised by using extractions at pH 8 in order to 

reduce the breakhg of glycosidie bonds andior actMty of endogenous acid Invertase. 
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These modifications to the pmtocol were not successful in improving the detection of 

fructan in transgenic alfalfa. Several tissues were tested, leaves, stems, crowns and 

rwts with no positive signal detected. One explanation could be that bacterial 

fructosyltransferases can transfer fructosyi units to water (invertase actMty) and to oaier 

sugars such as glucose, frucîose and rafiinose (Cote and Ahlgren, 1993). Glucose is an 

end product of the fructose polymedsation reaction and the levansucrase has been 

shown to act exciusively as an invertase at sucrose concentrations below 50 mM, 

releasing glucose and fructose (Chambert and Petit-Glatron, 1993). The evidence 

presented in this study only demonstrated significant differences in fructose content 

between transgenic and control this could be and indirect evidence of the 

fructosyltransferase activity in alfalfa. If levansucrase could have an invertase-like 

activity, it would depend on the avaitability and substrate concentration. Caims et al. 

(1999) proposed that for fructan synthesis, the sub-cellular compartment (vacuole) 

should contain both high enzyme and high substrate concentrations. Indirect 

rneasurements in timothy (Phleum pmfense L.) showed that the rnesophyll-vacuole 

sucrose concentrations were 100-200 mM during fructan synthesis. As Cairns et al. 

(1999) suggest, kinetic incompatibility and tow enzyme concentration may, at hast in 

part, explain the low rates of fructan accumulation obsewed in these transgenic alfalfa 

plants. 

Bacterial fructosyltransferases expresseci in plants compte with endogenous 

invertases for the substrate, sucrose. Cornparison of the amino acid sequences of 

fnictosyltransferases and the acid invertases reveals a high degree of idenMy. The 

highest homology is found between the fnrctosyitransferases and the acid invertases, 

but identity with cell wall invertases is also substantial (Vijn and Smeekens, 1999). For 

bacterial levansucrase it has been shawn that a single point mutation can convert the 



enzymes into invertases (Chambert and PeWGlatron, 1991). Further analysis is 

required. 

Fructan was detected using the enzymatic assay developed by McCleary and 

Blakeney, (1999). The methoci measures fnrctan after remwal of starch, sucrose, 

glucose and fructose. Starch is hydrolyseci to glucose wiîh a mixture of alpha-amylase 

and a highly purified sucrase which hydrolyses sucrose to glucose and fructose. Since 

alfalfa is known to contain galactosyl-sucrose oligosaccharides (raffinose and stachyose) 

an additional enzymatic step was included using a-galactosidase (plus sucrase) to 

catalyse complete hydrolysis. Using this assay the value found for the fructan control 

was 70 mgig dw. This fructan assay documented fructan accumulation of up to 2 mg/g 

dw in transgenic alfalfa. Cairni et al. (1996), using the same sacB sequence, were able 

to detect fructan levels beiween 5 to 48.97 (mgig dw) in the cytosol of potato tubers. 

Additionally, the primary transgenic alfalfa plant 39-6 containing binary vector 

pSac8 had a different carbohydrate composition compared to that of the control plant 

N4-4-2. Although fructan was synthesised, starch content increased by three-fold 

compared to non-transgenic plant N4-4-2. 

Winter survival of transgenic alfalfa containhg pSaM was severely reduced after 

the first winter. This response was completely unexpected. Minimal diierences in carbon 

partitioning among tissues could contribute to the reduced winter survival. Additionally, 

the levansucrase targeting to the cytosol might have also contributed to this unexpected 

response. Recent reports by Pilon-Smits et al. (1999) demonstrated that specific 

vacuolar targeting of the sac8 gene from BaciMus subtilis using the trans-peptide signal 

CPY (carboxypeptidase Y signal from yeast) under CaMV 35s promoter leads to fructan 

accumulation in sugar beet (Ma vuiganb L.). Oespite the lower fnictan content values 

found in transgenic sugar beet, these plants accumulated 35% higher total dry weight 

under dmught çtmss than ttteir Mû-type genotype. 
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Fructan synthesis in transgenic alfalfa may interfere with sucmse transport due 

to the terminal sucrose and di-fructose groups. The 35s promoter used to drive sac6 

expression is acüve in phloern tissue and fructans probably perturb sugar mobilisation. 

Soumsink interactions could be impaired because sugar transport was restricted. 

There is evidence that changing sugar levels rnight have an effect on sugar transporter 

expression and actMty. Evidence has b e n  provided that putative sucrose-sensing 

pathway could modulate the expression levels and acîiviîy of a proton-sucrose 

transporter as a function of changing sucrose concentration in the leaf (Chiou et al., 

1998). Sink cells either import sucrose frorn the apoplast directly via sucrose 

transporters or alternatively, sucrose can be hydrolysed to glucose and fructose by cell- 

wall bound invertases and taken up via monosaccharide transporters. Plants appear to 

have several mono-saccharide and disaccharide transporters to co-ordinate sugar 

transport in diverse tissues, at different developmental stages and under varying 

environmental conditions. Some sugar transporters play a purely nutritional rote and 

supply sugars to cells for growth and development, whereas others are involved in 

generating osmotic gradients required to drive mass flow or movement (Williams et al., 

Although fructans are synthesised in rwt  and crown tissues of the transgenic 

alfalfa plants studied, perhaps they are not being mobilised efficiently during spring re- 

growth, therefore reducing winter survival. Winter suwival of alfalfa is detemined by 

rnany factors including disease resistance, fall management, soi1 moisture and cold 

tolerance (Beuselinkc et al., 1994). Cold tolerance of alfalfa can be induoed by exposure 

to low, non-freezing ternperahires. This acclirnation is the result of rnany biochernical 

changes including the accumulation of large arnounts of sucrose at the expense of 

starch reserves in over-wintering organs (McKenzie et al., 1988). Transgenic and non- 

transgenic aIa!fa plants were las? defoliated on 11 Augus! 1998. The assumption that 
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the last fall defoliation date could be the cause for reduced winter suwival can be 

eliminated since the control genotypes were hawested simultaneously. Evidently, there 

is a transgene effect on carbohydrate metabolism, thus limiting winter survivai. 

The dynamic shii between simple and complex carbohydrates through the 

autumn and their accumulation and transport to and from leaves and crown and water 

loss are al1 normal components of the plant's preparation for winter suwival. Traditionally 

root total non-structural carbohydrates have been considered to be the primary organic 

reserve pool responsible for alfalfa stress tolerance (Kalengamaliro et al., 1997). Values 

found for total soluble carbohydrate in mots reported here were lower than those of the 

control plant N44-2 and might have an impact on the lower suwival rates found for the 

plants containing the bacterial transgene sacB. Stachyose and raffinose accumulate in 

crowns of alfalfa during low temperature acciimation (Castonguay et al., 1998). 

Differences in freezing tolerance between cotd-tolerant and cold-sensitive aifalfa 

cultivars were closely assaciated to the accumulation of raffinose and stachyose but not 

relatai to sucrose (Castonguay et al., 1995). The îuw levels of raffinose and stachyose 

found in transgenic alfalfa plants could also have contributd to the reduced winter 

suwival because levansucrase uses raffinose as a substrate for the synthesis of levan. 

Transgenic alfalfa plants containing pSacB synthesise fructan in the crown and 

the mots as an alternative storage carbohydrate. There is evidence that the presence of 

the sac0 gene generated geiietic variability in relation to dry weight accumulation, 

carbohydrate composition and partitioning. However, transgenic plants showed a 

reduced sunival rate after their first winter. No relationship was found between dry 

weight, total soluble carbohydrate and starch accumulated in either crown or root during 

the initial hardening priod and winter sutvival. It is proposed that levansuctase 

expression in the cytosol might be the cause of the reduced winter sunrival even though 

fructan was accumulated in the cytosd to levels up to 2 mglg dw. 
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The evaluation during the fall sampling has a limitation. Onty one plant was 

excavateci randomly from each genotype and was analyseci for carbohydrate content. 

The objective was to determine changes in carbohydrate composition during alfalfa's 

cold hardening and to determine if there were differences in underground tissues 

between the transgenic control and the wild type, since no major phenotypic differences 

were obsewed in shoots when growing in the greenhouse or in the field. Despite having 

only one experimental unit (genotype), the analysis provided insight about the changes 

in carbohydrate composition that occur during the initial hardening period but do not fully 

explain why these carbohydrate changes altered alfalfa's winter sunhval after the first 

winter. Unexpectedly, transgenic plant 39-6, which had a three-fold increase in starch 

content in crown tissue compared to the control, showed a 50 % reduction in winter 

survival. Although there was no correlation between fructan and starch content in the fall 

sample and winter survival, the study provided field performance evaluation ta idenüfy 

dite transformation events for further analysis. Introduction of the p W  generated 

genetic variability in dry matter accumulation, carbohydrate content and winter sunrivat. 

Previous work in transgenic alfalfa had demonstrated impmved winter suwival by 

oveiexpression of genes related to oxidative stress response (Mn-SOD, FeSOD) 

(McKersie et al.,1999a; McKersie et al., 2000) and an increase in dry matter 

accumulation in crown and rwts by using an anaerobic stress response gene (AOH) 

(McKersie et al., 1999c).This study reports for the first time a reduction in winter sunrival 

of alfalfa by the introduction of the sac8 gene from Bacillus amyIoIiquehciens for the 

synthesis of fructan of high DP. The fructan accumulated in crown and mot tissues up to 

2 mglg dw. Although somaclonal variation may have accurred in some transgenic plants 

the response was consistent among the population of primary transformants suppotting 

the fact that the effect was due to the presence of the sacê gene. To confim thii 
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Chapter 3. Development and Preliminary Assessment of Transgenic Alfalfa Plants with 

Levansucrase Targeted to the Vacuole 

3.1. Introduction 

Ffuctans are polymers of fructose that accumulate at high concentrations in cell 

vacuoles, which constitute up to 95 % of protoplast volume and therefore have a mwh 

larger storage capacity than plastids (Wagner et al., 1983; Pollock and Cairns, 1991). 

Among the many functions of this organelle are turgor maintenance, protoplasmic 

homeostasis, and storage of metabolic products (Marty, 1999). In the vacuole, fructan 

accumulation can reach levels in excess of 70 O h  of dry weight without inhibing 

photosynthesis. Unlike starch, fructans are soluble (Vijn and Smeekens, 1999). The 

vacuole is therefore the most compatible compartment for high levels of fnrctan 

accumulation (Turk et al., 1997). The total amount of storage carbohydrates in fructan- 

synthesising plants is often much higher than in starch-accumulating çpecies 

(Brocklebank and Hendry, 1989). 

Fnictans have been implicated as protective agents in the drought and freezing 

tderance of many plant species (Hincha et al., 2000; Livingston and Henson, 1998; 

Puebla et al., 1997; McGrath et al., 199t; Olien and Clark, 1993: Pontis 1989). Fructan 

is considered an osmotically active carbohydrate. On exposure to osmotic stress, due to 

low temperature, drought and high saliniîy, plants accumulate compatible solutes a 

osmolytes (Smirnoff, 1998). Because of aie vacuolar location of fructans and their ability 

to adjust the osmotic pressure, fructans behave as vacuolar osmotic buffers helping to 

maintain turgor and control water movement (Pontis, 1989). The latter function may be 

resetved for fructans wiai a DP gteater than 100. Bacterial fnictans wiai a high DP 

caused a veiy large increase in surface pressure of lipid monolayers in in vitro tests. The 
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suggested water-stress protecthre effect of fructans may be induced by membrane- 

fructan interactions which prevent lipid condensation and phase transitions (Dernel et 

al., 1 998). 

Vacuolar targeting of bacterial fructosyltranferases have been evaluated in 

several crops. In corn (Zea mays L.), tissue-specific expression and targeting of the 

sac6 protein to the endospem vacuoles using the sporamin signal resulted in staMe 

accumulation of high molecular weight fructan in mature seeds (Caimi et al., 1996). 

Sporamin is a vacuolar storage protein that is synthesized as a pre-protein (Hattori and 

Nakamura, 1988); it contains an N-terminal propeptide (NTPP) as a targeting 

determinant. Sporamin is delivered to the sink vacuole in cells from the tuberous roots of 

the sweet potato (Maeshima et al., 1995). The targeting determinants characteRzed in 

NTPPs from sweet potato sporamin (Nakamura et al., 1993) contain a consewed Asn- 

Pro-lle-Arg amino acid sequence. When the swwt potato sporarnin gene is expressed in 

tobacco protoplast, the sporamin protein is correctly translocated to the vacuole showing 

that the targeting is functional in heterologous species (Matsuoka et al., 1990). 

Previously, transgenic alfalfa was subjected to metabolic engineering 

manipulation by the expression of the sac6 gene from B. amyldiqu8faciens in the 

cytosol. Fructan accumulated at very low levels (up to 1 % of dry weight) in crown and 

root of field hardened plants grown at Elora, Ontario, Canada. After the first winter these 

plants had reduced winter sutvival (Chapter 2). Therefore, a new strategy was 

developed that involved the bio-engineering of fnictan accumulation in the vacade. 

Fructan accumulation should be high in the vacude, thw providing an osmo-protective 

metabolite to increase alfalfa's winter sutvival. If the expression of the vacuole-targeted 

sacû gene is high in the crowns then alfalfa winter suwival will increase; if the fnictan 

accumulation is high in the shoots then its nutritional quaiii will improve. In order to 
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implement this strategy and to achieve organelle-targeted fnic2an accumulation, the 

plant vacuolar sequence of the sporamin protein from sweet potato (lpomaa bahtas L.) 

was fused to the sac8 gene (Caimi et al., 1996) and introduced into alfalfa. Three 

diierent promoters, two constihitive (35s and the superpromoter which has a fusion of 

octopine and mannopine synthase mas promoteriactivator (Ni et al., 1995)), and a mot- 

specific promoter (Mas2), were built. A group of 75 primary transformants, 25 per 

construct were regenerated by Agrobacterivmmsdiated transformation. McKersie et al. 

(1999b) suggest that the required number of independent transgenic alfalfa plants 

should be over 20 before a reliable predictim of a general trend can be made. The initial 

molecular characteriration included PCR and Southern blot analysis confimiing the 

presence of at least one copy of the sac8 gene. Fructans accumulated up to 13 rnglg 

dw. 

Previous results from evaluations of transgenic alfalfa over-expressing 

superoxide dismutase determined that pre-screening in the greenhouse for performance 

is not effective (Mckersie et al., t999b). Therefore, the preliminary carbohydrate 

assessment of independent primary transgenic lines containing the sac8 gene was 

conducted at Elora, Ontario, Canada. Elite transformation events were selected from the 

population of To genotypes for high and low fnictan, starch and dry matter accumulation 

in crown tissue and were used to generate a FI progeny which will be examined futthor 

for winter sunrival in wintet 2001. 



3.2. Materials and Methods 

3.2.1 .Construction of the vacuole-targeted Sac8 Expression Vectors 

The binary vector pART27 (Gleave et al., 1992) was the base vector used for the 

construction of vacuole-targeted sa& expression vectors. Binary vector pART27 

contained the nos-nptll-nos sequence as a selectable marker gene on the left border of 

the T-DNA. The nptll gene encodes neomycin phosphotransferase, which confers 

kanamycin tesistance. Standard procedures were used for DNA isolation, sub-doning 

and restriction analysis, according to Sambrwk et al. (1989) and Ausubel et al. (1991). 

3.2. t .l .Vector pMLB98: 35s-Spor-sac6 

The mature sequence of the sac6 gene from Bacillus amyloliquefaciens (Tang et 

al., 1 990) was obtained from plasmid SporsacB kindly provided by Perry G. Caimi from 

Dupont Agricultural products. Previously, Caimi et al. (1 996) fused the plant secretion 

and vacuole-targeting sequences of the sporamin protein from sweet potato (Matsuoka 

et al., 1990) to the sac8 gene. 

The 1.5 kb fragment sporamin-sac6 was cut at the Ncol-Xbal site, filled in with a 

large fragment of DNA polymerase I (Klenow fragment) from GlBCO BRL life 

Technologies~ (Cat No. 18012-021), and ligated with an Xbal linker dGGCTCTAGAGC 

h m  New England Labs Inc. (Cat No. 1081). The fragment was subcloned into base 

vector pART27 at the Xbal site creating plasmid pMLB98 (Figure 12). Restriction 

enzyme analysis and DNA sequencing confirmed the correct orientation and identity of 

the constnict. Brad Cooney at Laboratory Setvices from the University of Guelph 

perfonned the DNA sequencing using the dye terminator cycle sequencer. One set of 

primers were specifically designed: Y 155 SACAAAACAGGGCTTGTGC3' (sense) and 

Y137 S'CAAACACAACGTGATAGCC 3' (antisense). The correct open reading frame 
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was mnfirmed by sequence analysis using GENE Runner version 3.04 frorn tlasting 

Software Inc. 
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Figure 12. Sub=cloning strategy implemented to generate sac8 vector pML898. The 

sac8 gene and the vacuolar targeting sequence (an N-terminal fusion of the signal 

peptide and targeting sequerace fmm the sporamin gene) was obtained in the vector 

psporsac8 from Caimi et al. (1996). This 1.5 kb fragment was cut at Ncol-Xbal site, 

filled with Klenow fragment, ligated with an Xbal M e r ,  digesteci wiîh Xbal and inserted 

at Xbal site of base vector pART27. RB: right T-DNA border, LB: Left T-DNA border, 

OCS3' : mtopine synthase terminator, NOS: nopaiine synthase promoter, NOS 3' : 

nopaline synthase terminator: NPfll: gene encoding neomycin phosphotranferase; 



Figure 13. Stnicture of the T-DNA fmm plasmid pML898 used for the 

transformation of alialfa clone N4-4-2. Plasrnid pMlBQ8 contains the CaMV 35s 

promoter driven the expression of the SB& gene. The vacuolar-targeting 

sequenced from the sporamin protein is fused to the sac6 gene. 

RB: right T-DNA border, LB: lefl T-DNA border. ûCS3' : actopine synthase 

terminator, NOS: napaline synthase pmoter, NOS 3' : nopaline synthase 

terminatoc NPTII: gene enooding neomycin phosphotransferase; sac& gene 

encoding levansucrase from BaciI~us amyWiquefaciens; CaMV 35s: cauliflower 

mosaic virus 35s promotar. 



3.2.1.2. Vectors pMW9ûûû (Super-spor-sace and pMWBOS (Mas-spor-sac@ 

In order to explore promoter strength and tissue-specific pattem of expression of 

sac0 in transgenic alfalfa, this study included iwo more vacuole-targeted sac8 

expression vectors that were derived from pART27 as a base vector (Gleave et al., 

1992) by Yang Wang at the Department of Plant Agriculture, University of Guelph. 

In common, both of these vectors contain a chimeric promoter that included sub- 

domains from the mannopine synthase prornoter/activator regions (Ni et al., 1995). For 

strong constitutive expression, vector pMW9808 (Figure 14a) contained the vacuolar 

targeting sporamin-sa& sequence driven by the chirneric SuperPromoter which 

contained a trimer of the OCS upstream activatirtg sequence to a MAS 

promoter/aclivator region: (AOC& AmasPmas. For mot preferential pattem of 

expression, vector pMW9809 (Figure 14b) contained the SporsacB sequence driven by 

the mannopine synaiase promoter and activator region (AmasPmas). 60th of these 

binary vectors contained the nos-nptll-nos gene as a seleetable marker. 



Figure 14. Schematic of the vacuoletargeted sa& gene expression vectors. 

For strong constitutive expression plasmid pMW9808 contains trimer of the OCS 

(octopine synthase) upstream activating sequence to a MAS (mannopine synthase) 

promoter/activator region: (Aocs)~ AmasPmas. For crown-root specific pattern of 

expression plasmid pMW9809 contains (AmasPmas) mannopine synthase promoter 

and activator region. RB: right T-DNA border, LE: Left T-DNA border, OCS3' : octopine 

synthase teminator, NOS: nopaline synthase promoter, NOS 3' : nopaline synthase 

terminator; NP'TII: gene encoding neamycin phosphottansferase; ac8: gene enwding 

levansucrase ftom Bacillus amyioiiquefaeiens; CaMV 35s: cauliflower m-c virus 

35s promoter. 

s I L  
1 AmasPmas 



3.2.2. Transformation of Agmbacterium tumefaciens 

The Agrobactenum tumefaciens strain CsC1 ~ i f R  containing the disarmed vector 

pMP9û (Koncz and Schell, 1986) was transformed with al1 three vectors via 

electroporation. The procedure was carried out following Deng (1993). DNA extraction 

was perfonned using the Quiagen Miniprep Kit. 

PCR analysis was used to confimi the presence of the binary vectors pMLB98, 

pMW9800 and pMW9809 in transformed Agrobactenum. PCR analysis amplified a 392 

bp from the nptll gene as described previously in Chapter 2 using primer N380 5'- 

CCGGCTACCTGCCCATTC-3' (sense) and N750 5-'GCGATAGAAGGCGATGCW 

(antisense). 

3.2.3. Agrobactedum-mediated Transformation of Alfalfa (Medicago sativa L.) and 

Regeneration of Primary Transgenic Lines 

The methodology used is based on the modified two-step regeneration 

procedure developed for alfalfa (McKenie and Bowley, 1998). Alfaifa plant genotype N4- 

4-2 (Bowley SR, University of Guelph) was used in al1 transformation experiments. 

Young petioles were used as explants. Petioles were harvested from greenhouse plants 

growing at 23/20 OC daylnight and 16 h photoperiod. Petioles were disinfected with 70 

% (vh) ethanol for 3 min followed by a wash with 25 % (VA) commercial bleach (5.25 % 

sodium hypochlorite) for 30 min. The remaining ethanol-bleach compound was removed 

by three washes with sterile water. Small petiole sections of 0.5-1 cm were cut using a 

sharp blade and infected with a log phase Agmbacten'um culture (O.Dm-1) for 3 min, 

then immediately placed for CO-culüvation on SH modified induction media (Schenk and 

Hildebrandt, 1972) containing 100 pM acetosyringone at 25 OC in daikness for 3 days. 



After co-cultivation petiole sections were immersed in half-strength MS liquid medium 

containing 500 mgii cefotaxime to remove the excess Agrobacterium. 

In order to regenerate alfalfa plants, petioles were cultureci on SH modified 

induction medium containing kanamycin (500 m@) and cefotaxime (100 mgA) as 

selecüon agents. Explants were transfened to fresh media every two weeks. Plates were 

maintained in the tissue culture room at 25 OC, 16 h photoperiod and 100-150 pmol m" 

s' light intensity approximately. Kanamycin-resistant, torpedo-shaped embryos were 

formed after 6-8 weeks and subsequently transferred to growth regulator-free half- 

strength MS medium for further development. 

3.2.4. PCR analysis 

In order to verify insertion of sa&, leaflets from in vitro seedlings were used for 

DNA extraction. Tissue was placed between the ceramic beads of the lysing matrix (Cat 

No. 6540-401 from BI0 101 Inc, 1070 Joshua Way Vista, CA 92083) with 1 ml of 

extraction buffer (0.2 M Tris-HCL pH 7.4, 0.25 M NaCI, 0.025 M EDTA pH 8, 0.5 % 

SDS). Tissue homogenisation was carried out by placing the lysing matrix for 45 s in the 

BI0 101 Savant Fast Prep FP 120 celldisruptor (BI0 101 Inc). 

A set of primers p3Levl L sense 5'-GCCGCCGTAGTACGCTTTGT-3' and 

p3Lev2R anti-sense 5'-AAGTTCGACGCCAACGATCC.3' were specifically designed to 

amplify a 407 bp fragment from the sac8 coding sequence using the software Primer 3 V 

0.1 beta 2 from MIT (htppdhw-genome.wi.mit.eduicgi-bi-. Primers 

were synthesised at the Guelph Molecular Super Centre from the University of Guelph 

Laboratory Senrices Unit. 

PCR reaction was optimised on a Robocyclem96 (Strategene Cloning Systems 

CA) using the gradient function. The PCR reacüon was carried out in a final volume of 
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25 FI containing a final comntraüon of: 25-50 ng of genomic DNA, 0.4 pmol of each 

primer, l x  PCR buffer, 1 mM Mg, 0.02mM dNTP mix, and 2 units Taq DNA polymerase 

GlHCO BRL Life Technologies " (Cat No. 18038-042). PCR amplifkation was carried 

out in twa steps, first 10 cycles (denaturation 95 OC 8Os, annealing 57 OC l:1Q min, 

extension 72 OC for 2:15 min) followed by 28 cycles (95 OC for 339, 57 O C  for 1 A0 min, 

72 OC for 2:15 min). PCR products were electrophoresed on a 0.8 % agarose gel and 

visualised under UV light after staining wiîh ethidium bromide. Only plantlets mat were 

sa& PCR positive transfomnts were transferred to turface for further development in 

greenhouse conditions at 25120 OC (daylnight), 16 h photoperiod. ln the greenhouse, 

plants were fertilised with N:PK (20:20:20) weekly. 

3.25 Southem Blot Analysis 

3.2.5.1. Genomic DNA Purification and Restriction Digestion 

PCRposiüve plants containing T-DNA h m  pMLB98 (35s-sporsacB) were used 

for Southern blot analysis. The isolation of genomic DNA of alfalfa was accomplished 

using the DNAzol@ES (Extra Strength) reagent and procedures from MRC Molecuiar 

Research Centre, Inc (Cat. No. DNIPB). 

Using liquid nitrogen, 0.5 g of fresh tissue was puhrerised and mixed with 1.5 ml 

of DNAzol reagent. The sample was mixed by immersion and stored for 40 min at room 

temperature. Samples were supplemented with 1.5 ml of chloroform and vigorously 

shaken for 30 sec. Tubes were centrifuged in a Sorvall centrifuge for 20 min at 

10,OOOxg. In order to precipitate the DNA one volume of supernatant was mixa wilh 

0.75 volume of 100 % cold eîbanol. Tubes were mixed and stored for 5 min at r o m  

temperature then centrifuged at 5OOOxg for 5 min. The precipitated DNA was re- 

suspended in 150 pi of water pH 8.0 containing 100 mgiml of RNAse. This mi% was 
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incubated for 20 min at 37 %. DNA was washed with 10 volumes of DNAzol ES-ethanol 

washing solution (1 volume DNAzol ES and 0.75 volumes of 100 % ethanol). Samples 

were stored for 5 min and centriiuged for 5 min at 5000xg. The washing solution was 

removed and the pellet washed with 1.5 ml of 95 % (vk) ethanol. The pellet was 

vortexed for 5 min and centrifuged for 5 min at 5000x9. DNA was dissolved in 100 pl 

sterile water pH 8.0 and quantified spectmphotometricaily at 260 nm. 

Genomic DNA (25 pg) was digested using EcoRV (Pharmacia) in a 400 pl total 

volume at 37 OC for 24 h. The EcoRV restriction site is present once within the T-DNA of 

pMLB98. DNA was precipitated using 0.25 M NaCl and 300 pl of 100 % ethanol. Tubes 

were kept at -20 OC for 16 h. The DNA was precipitated by centrifuging at 11000 rpm 

(Sorvall HB-4 rotor), then washed twice with cold 70 % (vlv) ethanol, dried a id re- 

suspended in sterile water. Restriction fragments were separateci on a 0.8 % agarose 

gel for 17 h at 15 volts and transferred to a positively charged nylon membrane 

(Boehringer Mannheim, Cat No. 141724) by capitlaiy transfer as described by Ausubel 

et al. (1991). Membranes wen fixed using the UV crosslinker FBUV XL-1000 from 

Fisher Scientiic. The optimal cm- l ink programs set the energy dose to 120 rnJcm2. 

3.2.5.2. Sac8 Probe Synthesis 

Southern-blot analysis was carried out using the non-radioactive digoxygenin 

(DIG) chemiluminescent system (Roche) as described by Van Miltenburg et al., (1995). 

The DIG-labelleci Sac8 probe was synthesised by PCR using DIG-dUTP following 

standard procedures (Roche). The primers used were P3 Lev1L sense 5'- 

GCCGCCGTAGTACGCllTGT-3' and P3Lev2R anti-sense 5'- 

AAGTïCGACGCCAACGATCC-3' located wiaiin the sac5 coding region. The plasmid 

DNA from pMLB98 was used as template. 
6s 



3.2.5.3.Hybridisation Conditions and Detection 

Biot pre-hybridisation was done at 37 OC for 30 min and hybridisaüon was camed 

out at 37 OC ovemight on a orbital shaker at 300 rpm using Dig Easy Hyb from Roche. 

The membranes were washed twice in 2X SCC for 5 min at rwrn temperature and once 

in 0.5 X SCC at 65 OC for 10 min. The remaining steps were perfomed according to 

Roche Dig System. Membranes were exposed initially for 40 min using a X-Ray film 

(XR5). 

3.2.6. Field trial 1999 

In order to evaluate the To transgenic alfalfa plants containing the vacuole- 

targeted sac9 constructs, a field trial was established at the Elora Research Station 

(RR#2 Ariss, Ontario) on 17 May 1999. The trial followed regulations of the Canadian 

Food Inspection Agency under field test permit No 99-UOGl-Q75-ALF. Eighty-eight 

primary transformants containing vectors pLMB98 (24), pMW9808 (24), pMW9809 (25) 

and pSac8 (15) were transferred directly from the greenhouse to the field. As controts, 

thirty-four vegetatively propagated plants of alfalfa clone N44-2 wem included in the 

evaluation. Each vector group and individual primary transgenic plants within each group 

were randomly distributed in two (1.5 m x 1 m) plots. The position of the indiidual 

primary transformants was carefully recordeci for subsequent observations dunng the 

growing cycle. 

Plants were defoliated on 12 July 1999 and excavateci on 17 September t 999. 

Plants were transporteci in a coder containing dry ice to the lab. The adherent suil from 

c m  and mots was removed by placing them under coid running water at 4 OC. 



Crowns and mots were dissectecl and processed as described in Chapter 2 for 

carbohydrate extraction and dry matter analysis. 

3.2.7. Statistical Analysis 

A oneway analysis of variance was wnducted on each of the variables studied, 

(dry matter accumulation, fructan, starch, TSC, glucose, sucrose, fructose and raffinose) 

using Proc Glm (SAS Version 6.12, SAS lnstitute Cary, NC). The analysis was 

conducted to determine if there were differences between transgenic and control 

genotypes. Least square means and standard error of the least square means were 

computed. A Dunnett's test was used to compare the mean of each group of primary 

transforrnants containing the same wnstnict and the rnean of the wild-type control. 

Analyses of residuals were also performed to confimi that the assumptions of the 

analysis were met. Pearson correlation e08tficients were calculated using Proc Cou 

(SAS Version 6.12, SAS lnstitute Cary, NC) to determine the level of association of each 

of the variables studied. The type I emr was set at a=û.05. 



3.3.Results 

3.3.1 .Construction of Vacuole Targeted sac6 expression vectors 

Three sac6 constructs were developed to target the levansucrase protein to the 

vacuole: pMLB998, pMW9808 and pMW9809. These constructs contained the sporamin 

signal from swwt potato for subtellular protein delivery to the vacuole as confirrned by 

sequencing analysis (Appendix A figures Al, A2 and A3). Constitutive or mot-specific 

expression was obtained using different promoters as shown in Table 6. 

Table 6. Description of the sac6 expression vectors used for the Agrobacterium 

mediated transformations of alfalfa (Mediago sativa L.) 

Vector Components Tissue Cellular 

Targeting Targeting 

pSacB 35s-sac6 Constitutive Cytosol 

pML098 35s-spor-sac6 Constitutive Vacuole 

pMW9808 Super-spor-sac6 Constitutive Vacuole 

pMW9809 Ma&'-spor-sac6 Root Vacuole 

3.3.2. Generation of Primary Transformants 

Seventy-five primary transformants were regenerated containing the vacuole- 

targeting sequence, sporamin, fused to the sac6 gene. Each of these plants was 

assumed to originate from an independent transformation event because only one 

torpedo-shaped embryo was selected from each indidual transgenic callus. The 

presence of the sac6 was demonstrated by PCR in al1 transformants containing T-DNA 

from pMLB98, pMW9808 and pMW9809 (Figure 15). Primary transgenic plants were 

ttansfened to the greenhouse for further development (Figure 16). No major phenotypic 



differences were obseived between the primary transfonnants and the wild-type contra1 

at early stages of deveîopment. 

3.3.3. Southem Blot Anaiysis 

Southem blot hybridisation cdnfinned the integfation of the sac5 gene in two 

transgenic alfalfa plants 74-16 and 74-2 containing a single copy of the T-DNA from 

pML898 (Figure 17). As expected, the iwo plants disptayed different T-DNA integration 

patterns indieating that they originated fmm different transformation events. These plants 

were transferred to the field and subsequent cartahydrate analysis was conducted. 



Figure 15. PCR ampii i t ion of total DNA fiom To alfalfa (Medkago sativa 

L.) clone N4-4.2 containing sac8 constructs. Primers were designed 

specifically to amplify a 407 bp fragment within the coding region of the 

sac8 gene. The agarose gel electrophoresis shows the PCR product 

used to identify positive sac8 individual plants. 

A. Lane 1 and 20: 100 bp DNA ladder (Gibco BRL); lanes 2-9: positive 

transgenic alfalfa containing constnict pM9809 (mas-spor-sacB); lane 1 1 : 

negative transgenic plant: lanes 10 and 12: sac6 positive To transgenic 

plants containing construct pM9809 (super-spor-sac& tanes 13-20: 

positive To transgenic plants containing constnict pMLB98 (35s-spor- 

sac8); Lane 15: negative plant. 

6. Lanes 1 and 20: 100 bp DNA ladder (Gibco BRL); lanes 2,4,5,7-14: 

To genotype plants cantaining pMLB98. Lanes 3 and 6: negative 

transgenic plants; lane 15: control non-transgenic alfalfa clone N44-2; 

lane 16: empty lane; lane 17: plasmid DNA (pMLB98); lane 18: plasmid 

DNA (pMW9808); lane 19:plasmid DNA (pMW9809). 



Figure 16. Production of Agmbacferiummediated To genotype alfalfa 

(Mediaigo sativa L.) N4-4-2 containing the 35s-spor-Sac6 construct. 

A. Petri plate with transformecl petiole explants on selection medium 

containing kanamycin (50 m@) and cefotaxime (100 m@L) 

producing torpedo-shaped somatic embryos. B. Regenerant 

transgenic alfalfa on BsG media without plant growth hormones; after 

4 -5 weeks rwts were formed; PCR screening was performed at this 

stage. C. Well-rwted plants were transferred to greenhouse. 



Figure 17. Southem blot hybridization of primary transgenic alfalfa (Medicago sativa 

L) containing T-DNA from plasmid pMLB98 A. Schematic of the vacuolar sac6 

construct showing the site of expected hybridization. 8, Southem blot analysis of 

alfalfa lines obtained after transformation with construct construct pMLB98 and non- 

transfomed control plant N4-4-2. Genomic DNA was digested with EcoRV. DNA 

blot was hybridized with a DIG labeled 407-bp fragment of the sac6 coding 

sequence. Lanes 3 and 7 primary transfomants (74-2 and 74-16, respectively) 

contained a single copy of pMLB98. Lane 2 is control wild-type alfalfa clone N4-4-2. 

Lanes 4, 5, and 6 primary transfomants 74-5, and 74-10 and 74-13 (a Imited 

amount of DNA was transfened, insufficient DNA sample for hybridizing with this 

method). 



3.3.4. Field evaluation 

Transgenic alfalfa plants containing the vacuole-targeted and cytosol-targeted 

sac6 and wild-type controls were excavated on 17 September 1999 at the Elora 

Research Station. Dry matter accumulation in shoot, crown and root tissue was 

significantly higher in To genotype plants than the control wild-type plants (Table 7). The 

preliminary assessment of carbohydrate composition of the To genotype population 

containing the vacuole-targeted sacB expression vector was conducted on the crown 

tissue samples. 

3.3.4.1. Analysis of Fructan Content 

Transgenic alfalfa plants containing the vacuole-targeted constructs pMLB98, 

pMW9808 and pMW9809 excavated on 17 September 1999 accumulated fructan in 

crown tissue. Figure 18 illustrates the variabiliîy generated in alfalfa, a non-fructan 

accumulating plant by the introduction of a fructan-synthesizing gene. Fructan levels in 

the cytosol-targeted (pSacg) varied from 5.2 to 8.8 (mglg dry weight); pML898 from 2.8 

to 8.0 (mglg dry weight); pMW9808 2.0 to il -5 (mglg dry weight); pMW9809 2.8 to 13.3 

(mglg dry weight). High fructan accumulating plants were identifid containing T-DNA 

from pMW9809 (73-21 and 73-5) and pMW9808 72-13 with fructan levels of 13.3,12.2 

and 1 1.5 mglg dry weight, respectively (Figure 18). 

Table 8 indicates the mean values for fructan content of the To genotypes 

containing the three vacuole-targeted and the cytosol sac6 construct. Significant 

differences were found due to vector effect. Plants containing T-DNA from pSac6 (35s- 

sacs) had the highest accumulation at 7 mg/g dw. The lowest concentration was found 

for vector pMW9808 (super-spor-sa- at 5 mg g dw. Mean values were the same for 

plants containing the vacuole-targeted sa& driven by the 35s or the mas promoter. Non 



detectable levels were found for wntrol genotype. As a control, the levan from Envina 

herbicola yielded 80 mg gldw using the enzymaüc assay. 



Table 7. Dry weight accumulation in shoot, cmwn and root tissues of primary 

transgenic alfalfa (Medicago sath L.) clone N4-4-2 containing sacS. Plants were 

planted on 17 May 1999 and excavated on September 17, 1999 at Elora, 

Ontario. Vaiues are means f standard emr. ANOVA table presented in 

Appendix Tables A10, A l  1 and A12 The values for individual prirnary 

transfomants are listed on Appendix table A1 7. 

Shoot Crown Root 
n g /plant a /plant g /plant 

Mas-sporsacB 23 7.8 k 0.87' 2.2 I 0.35" 3.7 i 0.49' 

Control wild-type 

Clone N44-2 14 4.7 f 1.1 6 0.93 I 0.46 1.7 i 0.65 

'eompaMon bmm Ihs contrd Wtypa and the consspondrnt tmmgenic was signiftcady diflemt 

biwd an DunnsiYs test. Type t errer aS.05. 



O 5 10 15 

Fmctan (mglg dry w'ght) 

Figure 18. Relationship between dry matter accumulation and ftuctan 

content in crown tissue of contml and primary transgenic alfalfa 

(Medicago sativa L.) clone N4-4-2 containing sac& pSac8 (diamonds) 

n=7 Standard erior, pMLB98 (circles) n=18, pMW9808 (stars) n=23 and 

pMW9809 (squares) n=20. No fnictan was detected in control plant N4- 

4-2. The plants were planted on 17 May 1999 and excavated on 17 

September 1999 at Hom, Ontario, Canada. Pooled standard error for 

fructan content was 0.027 (n=3) and for crown dry weight was 0.45. 

Pearson conelation coefficient = 0.14. ANOVA table presented in 

Appendix A1 5. The values fot individual primaty transformants are Iisted 

on Appendix table A l  7. 
m 



Table 8. Mean values of fructan content in crown tissues of transgenic aifalfa 

clone N4-4-2 containing T-DNA from vectors pSacB (35s-sacB), pMLB98 (35s- 

spor-sacs), pMW9808 (super-spor-sac@ and pMW9809 (mas-spor-sacm. 

Plants were planted on 17 May 1999 and excavated on 17 September 1999 at 

Ebra, Ontario, Canada. ANOVA presented in Appendix table A1 5. The values for 

individual primary transfomants are listed on Appendix table A17. 

Vector Fructan 
n 

dry 
Range 

35s-Spor sac8 23 6.2 i 0.06' 2.8-8.8 

Super-Spor sac8 21 5.0 i 0.06' 3.2-11.5 

Mas-Spor sac6 21 6.5 i 0.06' 2.8-1 3.3 

Control N4-4-2 1 O ND 

n: numbei of plants analyseci 

ND. Non-detectabie 

'significant diierences behmen the contml and the correspondent transgenic 

based on Dunneît's test Type I emr a 4.05 



TLC analysis was also used for the evaluation of levansucrase activity as 

describeci in Chapter 2. Fgure 19 illustrates a TLC plate containing extracts of 

homogenates after inducüon with sucrose for 24 hours. A signal was present at the point 

of ongin indicating that minimum quantities of fnictans of high DP were accumulated in 

five of To genotypes. These new fructose-based polysaccharides were not present in the 

control plant (Lane 7 and 8). In lanes 14-1 8 indidual primary transformants containing 

T-DNA from pMW9808 (14,15,16) and T-DNA from pMW9809 (17) and T-DNA from 

pMLB98 (18) accumulated a very small amount of fructan of high degree of 

polymerization. 

3.3.4.2. Analysis of Starch Content 

The introduction of the vacuole-targeted bacterial fnictosyltransferase gene 

(sac@ from Bacillus amyloliqueiciems in transgenic alfalfa plants allowed the 

accumulation not only of fnrctan but also significant higher amounts of starch in cmwn 

tissue than the levels normaliy found in the non-transgenic control alfalfa clone N44-2. 

The starch concentrations varied among independent primary transfomants, as 

illustrated in Figure 20. The starch levels of tmsgenic alfalfa plants containing T-DNA 

from pSacS fiuctuated between 145 and 271 mgfg dw. In pMLB98 the starch content 

range was 79 to 401 mgrg dw; for pMW9808 109 to 433 mglg dw and for pMW9809 the 

starch content was 185-462 mgig dw. 

There was no relationship between dry matter accumulation and starch content (Fgure 

20). Two genotypes containing the super-spor-sac8 had the highest starch content wilh 

325 mglg dw, followed by the plants containing the mas-spor-sac8 construct at 309 

mgig dw; both of this constnicts yielded thrw-fold higher content in crown tissue than 
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the control genotype at 114 mgig dw (Taûle 9). Plants containing the 35s-spor-sacB 

have two-fold increase in starch content at 251 mgig dw also significantly different from 

the control. The starch content in crown tissues of To genotype plants containing the 

cytosol-targeted pSac6 were not signifiantiy different from the control. 

3.3.4.3. Analysis of Total Soluble Carbohydrate Content 

There was no relationship between dry matter accumulation and TSC content 

(Figure 21). No signifiant differences were found between TSC content in crown tissue 

in the To genotypes plants containing the sac8 gene and the wild-type control genotype 

(Table 10). The plants containing the cytosol-targeted vector (pSacs) accumulated TSC 

in a range of 46-93 mgig dw. There was also variation in the transgenic plants oontaining 

the vacuole-targeted expression vectors: pMLB98 varieci between 3-176 mg(g dw; 

pMW9808 18 -1 62 mglg dw; pMW9809 38-1 80 mgig dw. 



Figure 1 9. Thin-layer chromatography analysis of levansucrase activity 

in sucrose-induced shoots of alfalfa (Medicago sativa L) clone N4-4-2 

containing the vacuole-targeted sac6 expression vectors. Plants were 

planted on 17 May 1999 at Elora, Ontario, Canada. Shoots were 

hawested on 14 July 1999. Lane 1: levan from Erwina herbicola 

(Sigma); lane 2: inulin from chichoiy rwt (Sigma); lane 3: Helianthus 

tuberosus L. fresh tuber homogenate; lane 4: raffinose; lane 5: sucrose; 

lane 6: fructose; lanes 7-8: wild-type plant N442; fanes 9 -16: primary 

transformants alfalfa plants containing T-DNA from pMW9808; lanel7: 

transgenic alfalfa plant containing pMW9809; lane 18: transgenic alfaifa 

plant containing T-DNA from pMLB98. Anow inâiites fnictan signal. 



3.3.4.4. Analysis of tndiidual Sugars 

Glucose, fructose, sucmse and rafiinose contents wen evaluated in cmwn tissue 

of To plant 74-2 containing a single copy of the T-DNA from pML898. This transgenic 

alfaifa plant accumulated tructan (Table II) and its concentration of starch was two-fold 

higher than the wiM-type control plant Fructose, glucose and raflinose content were 

significantly diifergnt from the wild !ype contrai. 



Figure 20. Relationship between dry weight and starch content in 

ctown tissue of control and primaiy transgenic alfalfa (Medicago 

safiva L.) clone N44-2 cantaining sa& pSacB (diamonds) n=7, 

pMLB98 (circles) n=18, pMW9808 (stars) n=23 and pMW9809 

(squares) n=20. Control wild-type open triangle symbol n=14. The 

plants were planted on May 17 and excavated on 17 September 

1999 at Bora, Ontario, Canada. The standard emrs for the 

mtrot plant were 6.5 (starch) and 0.46 (dry matter). Pearson 

condation coefficient d.07. ANOVA table presented in Appendix 

fable A13. The values for individual primary transforrnants are 

listeci on Appendix table A1 7. 



Table 9. Mean values of starch content in crown tissues of transgenic alfalta 

plants clone N4-4-2 conîaining 1-DNA trom vecton pSacî3, (35s- sacB), pMLB98 

(35s-spi-sac@, pMW9808 (super-spor-sacm and pMW9809 (mas-spr-sace). 

Plants were planted on 17 May 1999 and excavated on 17 September 1999 at 

Elora, Ontario, Canada. Values presented are means f standard error of the 

mean. ANOVA in Appendix table A13. The values for individual pnmary 

transformants are listed on Appendix table A17. 

Vector Starch 
n m&l dw Range 

Control N4-4-2 10 114 * 25.1 89-1 09 

'significant diiemnces benNeen the controt and the correspondent 

transgenic based on OunnetYs test Type I emr a =0.05 



Figure 21. Relationship between dry weight and total soluble 

carbohydrates content in crom tissue d control and prirnary transgenic 

alfalfa (Medicago sativa L.) clone N44-2 containing sacR pSacB 

(diamonds) n=7, pMLB98 (circles) n=18, pMW9808 (stars) n=23 and 

pMW9809 (squares) n=20. Control wild-type open triangle symbol n=14. 

The plants wem planted on May 17 and excavated on 17 September 

1999 at Uora, Ontario, Canada. The standard emrs for the conlrol plant 

were 6.7 (TSC) and 0.46 (dry matter). Pearson correlation coefficient = - 
0.15 N O V A  table prewnted in Appendix Table Ai4. The values for 

indiiual prirnary transformants are listed on Appendix table Al?. 



Table 10. Means values of TSC content in crown of transgenic planis of aitalfa 

clone N4-4-2 containing T-DNA from vectors pSacB (35s- ad), pMLB98 (355- 

Spor sac@. pMW9808 (Super-spor-sace and pMW9809 (Mas-spor-sac@. 

Plants were planted on 17 May 1999 and harvested on 17 September 1999 at 

Elora Research Station. Values reporteci are means k standard error. The values 

for individual prirnaiy transfonnants are listed on Appendix table A17. ANOVA 

table presented in Appendix table A14. 

Vector Total Soluble 

carbOhVdnne Range 
n m d ~  dw 

Control N4-4-2 6 69 k 18.0 60-73 

No signiiicant âiierences beîwwn the control and the correspondent 

transgenic based on Dunnett's test Type I emr a 4.05 



Table t 1. Mean carbohydrate content in crown tissue of transgenic alfalfa plant 

clone N4-4-2 containing a single copy of the T-DNA fmm vector pMLB98. Plants 

were planted on 17 May and excavated on 17 Septernber 1999 fmm the field at 

Elora, Ontario, Canada. Values reported are means I standard emr of the 

rnean. ANOVA pfesented in Appendix table A16. 

Carbohydrate Cantrol Transgenic plant 
(mgg dry weight) 74-2 SE 

(35s-spor-sacB) 

Fnrctan nd 1 3' 1.20 

Starch 110 250' 17 

Çnictose 15.7 24.8 ' 1.28 

Glucose 4.7 7.5 ' 0.23 

Sucrose 20.4 18.5 0.88 

Raflinose 1,9 O* 0.30 

(-1; nd: m n e b  

significant differences between the wild-type contd and the transgenic alfalfa plant 

based on Dunnett's test Type 1 emr a =O.OS 



3.4. Discussion 

In order to generate genetic variability to enhance alfalfa's winter hardiness and 

nutritional composition, a gmup of 20 To genotype was generated to contain 

levansucrase targeted to tfie cytbsol. Additionally, a population of 75 primary 

transfomnts was created by Agrobactenummediated transformation to contain the 

vacuole-targeting sequence sporamin fused to the sac8 gene fmm 8. amV,oIiquefaciem. 

The sac8 gene expression was driven by twa diierent constiîutive promoters ( C M  

35s and super promoter) and a mot-specik piornoter (Mas2'). The transgenic 

population was evaluated under field condiüons. This preliminary assessrnent 

demonstrated that genetic variabiliiy was created in relation to diy rnatter accumulation 

and carôohydrate composition. In the case of the vacuolar-largeted sa& transgemic 

alfaiia plants, no major phenotypic difterences or abnomaîities were visually observeci 

under in vitro, greenhouse or in field conditions; al1 plants exhibiied the originai wild-type 

phenotype. However, high dry matter accumulation, high starch content and enlarged 

ovenivintering tissues (crown and mots) were consistent among ttie Ta genotype 

populations. 

Pnmary transformants containing the sac8 gene had significantly higher dry 

matter accumulation in shoot, c m  and rwt independent of promoter or organelle 

targeting. The findings of this stuc& conhast with previous studies of the expression of 

levansucrase in transgenic potato, tobacco and corn. In tttese plants there was no 

increase in dry matter accumulation in aiese species M e n  compareci to their wild-type 

counterpart (Ebskamp et al., 1994; Van der Meer et al., 1994; Robe? et al., 1996; Caimi 

et al., 1996). This study repoits for aie first tim a field evaluation of the primary 

transgenic containing îhe sacB gene from 8 amyfoliquefaciens. Pmvious evaluations 



only incbded plants that were grown either in growth cabinets or in greenhouse 

conditions. 

The TLC analysis of shoots harvested on 14 July provided evidence of minimal 

fructan accumulation after sucrose induction in the plants that containeci the d i r e n t  

vacuole-targeted sacB expression vectois. These results are in contrast with the results 

presented in chapter 2 where no fructan signal was detected in plants containing the 

cytosol-targeted sacB expression vector. Caimi et al. (1996) demonstmted that in maize 

endosperm the vacuole-targeting (sporamin) of the sac6 gene from B. amyioIiqu8faciens 

resulted in stable accumulation of fructan of high OP detectable by TLC analysis. This 

accumulation of fructan may be due to the absence of a fructan specific hydrolase. 

The analysis of cmwn tissue was performed since storage of carbohydrates had 

been recognised to be a. necessary prerequisite for winter hardiness (Steponkus, 1978). 

Vacuolar-targeted expression of the saci3 gene in alfalfa resulted in fructan accumulaîion 

in cmwn tissue from 5 to 13 mgig dw. No significant diflerences were found between the 

Inictan levels in transgenic alfalfa plants containing either constitutive pmrnoter (super or 

CaMV 35s). This fructan content was mucn higher that the one reported in sugar beet 

(0.3-5 mg'g dw) using the sac6 from Bacilus subtilis and the CPY as vacuole targeting 

sequence (Pilon-Smits et al., 1999). Despite the lower fructan values, these transgenic 

sugar beets accumulated higher biomass under drought stress experiments than the 

wild-type plants. The amount of fructan produced in sugar beet was low compared to 

fnictan levels obtained in tobacco, and especially potato transformed with the same 

constnict, but comparable to values for Ambidopsis. Pilon-Smits et al. (1 999) suggested 

tfiat the foreign levansucrase protein might be degraded to d i r e n t  extent in these 

-0s. Altemaüvely, the levels of sucrose among these species may diier at aie 

intracellular location of the enzyme. It is expected that if alfalfa is able to accumulate 
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ftuctan in the vacuole at levels higher oian the ones reported in transgenic sugai- beet 

then fructans should provide an alternate osmatically-active carbohydrate that will 

enhance its winter sunhval. 

Studies camed out by Turk et al. (1996) in transgenic tobacco plants containing 

the sac5 from B. subtillis fused to the sporamin sequence detenined that fructan 

accumulated to levels up to 21 % dw. This study showed evidence that the tevansucrase 

protein was not translocated to the plant vacuole but was retained in the endomembrane 

system, resulting in bleaching of the leaves, stunted growth and increased levels of 

hexoses and starch. Vacuolar targeting was not histologically evaluated in the present 

study. Future studies of these transgenic alfalfa plants should include the use of 

monoclonal antibodies to detemine if in fact, fnictans accumulate in the vacuole as a 

result of effective targeting of the levansucrase protein by the sporamin transpeptide 

signal. 

The expression of heterologous enzymes that are not regulated or are regulated 

by different pathways may have an impact on important enzyrnatic steps (Herbers and 

Sonnewald, 1996). Remarkably interesting is that the present study generated a Ta 

alfalfa population that accumulated not only fructan but also three to five-fold higher 

levels of starch that the wild type. No signiiicant differences were found in starch content 

in transgenic alfalfa plants containing the cytosol-targeted sac8 expression vector 

compared to the control. This evidence suggests that the vacuolar signal might have an 

effect on the accumulation of starch. The exact mechanism for this high accumulation of 

starch is unknown and requires detailed anaiysis. When sugar concentrations in the 

plant increase, there is a repression of genes invohred in mobilisation of stored resefves 

and photosynthesis. At the same time genes required for metabolism and storage of 

carbon metabolites for future use are induced (Pego et al., 2000). Knowiedge about the 
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andogenaus mechanisms used by plants to wntrol metabolic paaiways may allow for 

the p t e d i i l e  modification of carbohydrate production and utilisation in plants (Sütt and 

Sonnewaid, 1995). 

Rober et al. (1996) fbund large amounts of free fructose in tubers of transgenic 

potato wiîh a vacuolar location of levansucrase. It swms possible that the free fructose 

results from degradation of polymeiised fripctan. The analysis of the transgenic plant 

containing a single mpy of the T-DNA fmm pMLB98 provided more information about 

the specific effect of the sac8 on alfalfa's carBohydrate composition. Fructan, starch, 

glucose and fructsrse levels were signikantly higher in the transgenic plant than the 

wild-type. 

This preliminaty assessrnent of primary transgcmic alfalfa plants containing the 

SBCB gene targeting its expression Io the vacude provided information about changes in 

caibohydrate composition and dry matter accumulation. Fructan can be accumulated in 

transgenic dfaifa shoots and crawns. The changes in starch content wen unexpected. 

The major limitations of this study included the la& of replication of the indMdual 

pnmary transfomants. However, the number of independent transgenic alfalfa plants 

generated by Agmbadetiumrnediated transformation and studied per consûuct was 

higher than 20 as suggested by McKersie et al. (1999b). Since there was a large sample 

size, a retiable predicüon of the effect of the introduction of the sac8 gene in aifaifa can 

be made. The M d  evaluation implemented in mis siudy allawed the pmscreening for 

dile transformaîhn events Mat have high and tow fructan, starch and dry matter 

accumulation in c m  tissue. Field-tesüng remains the most suitable measure for yield 

potentiai and winter suMval (McKersie et al., 1999b). Selected Ta genotypes had b e n  

already used to generate a Tt progeny in order to evaluate the eîfect of this transgene in 

a nomal production cyde of alfaifa in Ontario. 
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In conclusion, carimhydrate content in crown tissue of aifaiia was altered by the 

introduction of the bacterial sac8 gene with no apparent phenotypic effects beyond 

carbohydrate profile. Fnictan synthesis in alfaifa was bio-engineered to mach levels up 

to 13 mglg dwt. No evidence is presented ielating to the actual sub-cellular localisation 

of the enzyme, however, fnrctan was detected by TLC analysis in the vacuole-targeted 

levansucrase containing plants but not in the cytosol-targeted gmup. Dry rnatter 

accumulation was higher in stioot, crown and root tissues when compared to the wild- 

type control. lnteresting though was the finding that starch content was increased by 

three to five-fold in the transgenic alfaffa plants containing vacuole-targeted expression 

vectors compared ta the wild-type control plant. The use of the "strong" consütutive 

super pmmoter in transgenic alfalfa did not generate levels of expression comparable to 

the ones reported in tobacco by Ni et al., (1995). Addiional sîudies should indude 

pmmoter effect in a Ti genotype population since no stuây has been conducted 

specifically in alfalfa. The transgenk alfalfa plants generated in this shidy represent an 

excellent tool to study the effects of carbohydrate composition and its relationship to 

stress tolerance. The alteration of carbohydrate metabolism had a negaüve efiect on 

alfalfa's winter survival, specifically in the case of the plants containing the cytosol- 

targeted sacB. The high starch content found in the transgenic alfalfa plants containing 

vacuole-targeted sacB opens an interesting application. High levels of starch are 

desirable for forage legumes such alfaila in order to increase its digestible energy 

content in the designing of da@ radions. Further evaluation of this trait is recommended. 



4. General Conclusions and Perspectives 

This study outlines the bio-engineering strategy implemented to accumulate 

fnictans in alfalfa. Targeting the levansucrase protein to the cytosol resulted in low levels 

of fnictan accumulation in shoots, crowns and raots. Moreover, winter suivival was 

severely reduced after the first winter. Targeting îhe levansucme protein to the vacuole 

resulted in fructan accumulation in shoots detectable by TLC and in higher levels in 

c m  tissue up to 13 mglg dw. The preliminary assessrnent of the carbohydrate 

composition under field conditions allowed the identification of dite transformation 

events that were used to generate an Fi population to be evaluated during the winter 

2001. The bio-engineering for the synthesis of osmo-protectants, such as fnictans, to 

enhance winterhardiness in alfalfa should also consider organelletargeting and tissue 

specificity. lhere was definite evidence that the expression of the bacterial 

fnictosyltransferase in the cytosol of transgenic alfalfa reduced its winter suMval 

dramatically. Whether f ~ c t a n  accumulation in the vacuole could enhance winter survivai 

remains an unanswered question and should be the subject of a long-term field 

evaluation. The objective is to engineer osmo-protectant synthesis without detriment of 

the rest of metabolism or alfalfa's persistance. This may require the manipulation of 

multiple genes and the thorough analysis of metabolite fluxes and pool sires (Nuccio et 

ai., 1999). 

Rober et al. (1996) suggest that the major problems to be solved in order to allow 

high-level production of bacterial fnictans in transgenic plants are: (1) how to prevent the 

accumulation of large amounts of free glucose, which rnay lead to repression of genes 

encoding enzymes important for sink strength (e.g. sucrose synthase); and (2) how to 

achieve down-regulation of a putative vacuole invertase, which might result in a reduced 

rate of degradation of newly fomed fnictan. These two are applicable to aifaifa's case. 
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The FI generation of the identifieci genotypes containing, the vacuole and cytosd- 

taqeted sac8 vectors are being evaluated in field conditions. Future experiments should 

also include their metabolic pmfiling. It is necessary to know how the introduction of this 

bacterial gene changes carbahydrate metabolism at different dewlopmental stages and 

under different stress condiions (dd, drought, etc.). In addition, it is important to 

determine if in effect fntctan can increase the nutritional qualii of alfalfa's herbage. 

The present study used an available fructan synthesising gene (sac4 from B. 

amyldiquefaci'ens. Fructosylttansferase genes from plants are now available should also 

be exploreci. For instance, the introduction of 1-SSt from Helianthus tubemus L into 

sugar beet has shown that large amounts of short-chah fructan molecules are produced 

(Sevenier et al., 1998). The generation of transgenic alfalfa plants that are able to 

accumulate, higher levels of starch than nonnally found in wild-îype was unexpected but 

certainly opens an interesting area for future research. lnteresting possibilities will 

emerge in developing new alfalfa varieties with enhanceci nutritional characteristics 

(higher starch content, higher digestibili) that will provide a cornpetitive advantage for 

the Ontario dairy industry. 
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Appendix A. 

Table A l .  ANOVA for dry weight accumulation in cytosol-taqeted sac6 transgenic 

alfalfa plants hanrested in the fall (Proc GLM, SAS version 6.12) 

Refers to table 1. 

Source DF Mean Square F-value Pr>F 
Genotype 

Control vs. transgenic 1 97.5329 1426.4 0.0007 

Among transgenic 12 1 5.2289 222.72 0.0045 

Tissue 1 3.1 933 45.97 0.021 1 

Tissue x Genotype 

Control vs. transgenic x tissue 1 0.7384 10.80 0.0814 

Among transgenic vs tissue 12 2.2322 32.64 0.0301 

Error 2 0.068 

Table A2. ANOVA for TSC in cytosol-targeted sac6 transgenic alfalfa plants harvested in 

the fall (Proc GLM, SAS version 6.12) 

Refers to Table 2 and Figure 9. 

Source DF Type III SS Mean Square F-value PoF 

Genotype 13 16859.671 9 1296.8978 106.19 0.0001 

Tissue 1 0.620394 0.820394 0.07 0.7964 

Tissue'genotype 1 3 1559.80 1 1 9.9848 9.82 0.0001 

Emr 56 683.9189 12.21 283 



TaMe A3. ANOVA for starch in cytosol-targeted sac6 transgenic alfalfa plants hanresteci 

in the fall (Roc GLM, SAS version 6.12) 

Refers to Table 2 and Figure 10. 

Source DF SS Mean Square F-value P M  

Genotype 13 71643.34 55 1 1 .O265 88.1 7 0.0001 

Tissue 1 55293.31 55293.31 2 884.67 0.0001 

Tissue'genotype 13 3892.91 61 299.4550 4.79 0.0001 

Error 54 3500.1016 62.6501 81 5 

Table A4. ANOVA for fructose in crown tissue of cytosol-targeted sac0 transgenic aifalia 

plants harvested in the fall (Proc GLM, SAS version 6.12) 

Refers to Table 3 

Source OF SS Mean Square F-value PbF 

Genotype 1 17.11240 17.1 12408 7.64 0.0245 

Tissue 1 570.0786 570.0786 254.54 0.0001 



Table AS. ANOVA for glucose in crown lissue of cytosol-targeted sac6 transgenic aîfaifa 

plants harvested in aie fall (Proc GLM, SAS version 6.12) 

Refers to Table 3 

Source DF SS Mean Square F-value PDF 

Genoîype 1 0.2408333 0.2408333 0.23 0.641 9 

Tissue 1 43.396033 43.396033 42.06 0.0002 

Tissue'genotype 1 1.3601 33 1 .3601 33 1 32 0.2841 

Error 8 8.2532667 1 .O31 658 

Table A6. ANOVA for sucmse in crown tissue of cytosol-targeted sac0 transgenic alfalfa 

plants harvested in the fall (Proc GLM, SAS version 6.12) 

Refers to Table 3 

Source DF SS Mean Square F-value PDF 

Genotype 1 41 1.25520833 41 1.25520833 1.66 0.2334 

Tissue 1 1891 5.4620 18.91 5.46 7.41 0.0001 

Tissue'genoîype 1 1 8.52567 18.5256750 0.07 0.791 4 

Error 8 1980.3813 



Table A7. ANOVA for raffinose in crown tissue of cytasal-targeted sac6 transgenic 

alfalfa plants harvested in the fall (Proc GLM, SAS version 6.12) 

Refers to Table 3 

Source DF SS Mean Square F-value PhF 

Genotype 1 0.00187 0.001 875 O 0.978 

Tissue 1 16.685208 16.68520833 15.41 0.0049 

Tissue'genotype 1 0.18007 5 0.18007500 0.17 0.6741 

Error 8 8.661266 1 .O8265 

Table A8. ANOVA for winter survival (transfonned values) of cytosol-targeted sac6 

transgenic alfalfa plants (Proc GLM, SAS version 6.12) 

Refers to Table 4 and Figures 9 and 10. 

Source DF Type III SS Mean Square F-value PDF 
Block 3 6.654993 2.21 8331 12.61 0.0001 

Genoîype 12 4.597955 0.3831 62 2.18 0.0356 

Enor 36 6.332939 0.175914 



Table Ag. ANOVA for herbage yield log (glplant) of cytasol-targeted sac6 transgenic 

alfalfa (Proc GLM, SAS version 6.12) 

Refers to Table 5 and Figure 11. 

Source DF Surn of Squares Mean Square F-value PoF 
Model 17 25.66990269 1 3 9 9 8  4.48 0.0009 

Emr 20 6.74271 81 5 0.3371 3591 

Corrected 37 32.41 262084 

Total 

Source DF Type III SS Mean Square F-value Pr>F 
Block 3 2.45730778 0.81 910259 2.43 0.0952 

Genotype 14 24.34291 298 1.73877950 5.1 6 0.0005 

Table A10. ANOVA for dry matter accumulation in crown tissue. Samples frorn 

transgenic alfalfa plants containing sac8 binary vectors: psaci3, pMLB98, pMW9808, 

pMW9009 and the control non-transgenic N4-4-2 (Proc GLM, SAS version 6.12) 

Refers to Table 7 and Figures 18,20 and 21 

Source DF Surn of Squares Mean Square F-value PDF 
Vector 4 30.31599468 7.57899867 2.70 0.0355 

Enor 92 258.51 81 8058 2.80998022 

Corrected Total 96 288.8341 7526 



Table Al 1. ANOVA for dry matter accumulation in root tissue. Samples from transgenic 

alfalfa plants containing sac6 binary vectors: psacB, pMLB98, pMW9808, pMW9009 

and the control non-transgenic N4-4-2 (Proc GLM, SAS version 6.12) 

Refers to Table 7 

Source DF Sum of Squares Mean Square F-value PbF 
Vector 4 86.0278921 4 21 SM97303 3.94 0.0054 

Emr 92 502.55501096 5.46255447 

Correctecl Total 96 588.58290309 

Table A12. ANOVA for dry maiter accumulation in shoot tissue. Samples from 

transgenic alfalfa plants containing binary vectors: psacû, pMLB98, pMW9808, 

pMW9009 and the control non-transgenic N4-4-2 (Proc GLM, SAS version 6.1 2) 

Refers to Table 7 

Source DF Sum of Squares Mean Square F-value PeF 
Vector 4 243.76463928 60.941 15982 3.49 0.01 06 

Error 92 1605.52985969 17.451 41 152 

Corrected Total 96 1849.29449897 



Table A13. ANOVA for starch in crown tissue. Samples from transgenic alfalfa plants 

containing binary vectors: psacB, pMLB98, pMW9808, pMW9ûO9 and the controt non- 

transgenic N4-4-2 ( P m  GLM, SAS version 6.12) 

Refers to Figure 20 and table 9 

Source DF Sum of Squares Mean Square F-value PDF 
Vector 4 243.76463928 60.941 15982 3.49 0.0106 

Error 92 1605.52985969 1 7.451 41 1 52 

Corrected Total 96 1 849.29449897 

Table A1 4. ANOVA for TSC in crown tissue. Samples from transgenic alfalfa plants 

containing binary vectors: pSac6, pMLB98, pMW9808, pMW9009 and the control nm- 

transgenic N4-4-2 (Proc GLM, SAS version 6.1 2) 

Refers to Figure 21 table 10 

Source DF Sum of Squares Mean Square F-value P M  
Vector 4 8303.60147 2075.900036 1 .O5 0.3863 

Error 77 1 ~2002.3533 1974.0565 

Corrected Total 81 160305.9548 



Table AlS. ANOVA for fructan in crown tissue. Samples frorn transgenic alfalfa plants 

containing binary vectors: pSacB, pMLB98, pMW9808, pMW9009 (Pioc GLM, SAS 

version 6.1 2) 

Refers to Figure 18. fable 8 

Source DF Sum of Squares Mean Square F-value PnF 
Mode1 7f 778.9702 10.9714 67.91 0.0001 

Error 72 11.6328 0.16156 

Corrected Total 143 790.6031 

Source DF Type III SS Mean Square F-value PoF 
Vector 3 74.49999048 24.833301 153.70 0.0001 

Table A16. ANOVA for fructose content in crown tissue. Samples from transgenic alfalfa 

plant 74-2 containing single copy of T-DNA from pMLB98 (Proc GLM, SAS version 

6.12). 

Refers Table 11 

Source DF Sum of Squares Mean Square F-value P M  
Mode1 1 123.3974 123.40 25.19 0.007 

Error 4 19.5939 4.90 

Corrected Total 5 142.991 3 



ANOVA for glucose content in crown tissue. Samples fmrn transgenic alfalfa plant 74-2 

containing a single copy of T-DNA from pMLB98 (Proc GLM, SAS version 6.1 2) 

Refers Table 1 1 

Source DF Sum of Squares Mean Square F-value Pi>F 
Model 1 11.7041 1 1 .70 72.21 0.001 

ANOVA for sucrose content in crown tissue. Samples from transgenic alfalfa plant 74-2 

containing a single copy of T-DNA from pMLB98 (Proc GLM, SAS version 6.12) 

Refers Table 11 

Source DF Sum of Squares Mean Square F-value PoF 
Model 1 5.0233 5.02 2.16 0.215 

Emr 4 9.31 82 2.33 

Corrected Total 5 14.3416 

ANOVA for raffinose in crown tissue. Samples from transgenic alfaîfa plant 74-2 

containing a single copy of T-DNA from pMLB98 ( P m  GLM, SAS version 6.t 2) 

Refen Table 11 

Source DF Sum of Squares Mean Square F-value PPF 
Model 1 5.6067 5.61 20.33 0.010 

Conected Total 5 6.7099 



Figure Al .  pMLB98 partial sequence 

CAGACCTCCCCGTAAGACTGNNGACCAGl-rcATACAAGTCmAcGAcTcMTGc 

AAGAAGAAANTCmGGTCMcATGGTGGAGCANGACArrrrGGTNACTCCNAAAA 

TGTCAAAGATcAAGTCTCAGAAGACCAAGGGCTArrGAGAcmcANcAAAGGATA 

AmGGGAACCCTCCTCGGATTCCCAnGCCCAGCTATCTGTCACmATGAAGG 

NCAGTAGAAAAGGAAGGTGGCTCCTACAAATGCCATCA-GGC 

TATCAnCAAGATCTCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACNA 

GGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCMGTGGATTGA 

TGTGACATCTCCACTGACGTAAGGGATGACGCACMTCCCACTATCCTTCGCMGA 

C C C l T C C T C T A T A T A A G G A A G T T C A T T T C A T I l G G A G A G G  

CCCGGGMTTCGGTACCCCGGGTTCGAAATCGATAAGCTTGGATCCTCTAGAGCCA 

GATATCAATAACCAAAAAGCATACAAAGAAACGTACGGCGTCTCTCATAnACACG 

CCATGATATGCTGCAGATCCCTAAACAGCAGCAAAACGAAAAATACCAAGTGCCTC 

A A r r C G A T C A A T C A A C G A T T A A A A A T A n G A G T C T G C A A A G G  

ACAGCTGGCCGCTGCAAANCGCTGACGGAACAGAGGTGNTTCAAA 

'Sporamin: vacuole-targeting sequence 



Figure M. pMW9808 partial sequence 

nGANTCCCGATCGCCAGCCTCGCTAGTCAAAAGTGTACCAAACMCGCmACAG 

C A A G A A C G G A A T G C G C G T G A C G C T C G C G G T G A C G C C A ~  

GGATAAATAGCCTïGCnCCTATTATATCTTCCCAAATTACCAATNCATTACACTAGC 

ATCTGAATTTCATAACCAAT CTCGATACACCAAATCGACTCTAGAGCCATGGCCAAA 

CTCACACTCGCTCTC~CnAGCTCTTTCCCTCTATCTCCTGCCCMCCCAGCTCAT 

TCTAGGTTCMTCCAATCAGGCTTCCAACCACACACGAACCCGCCATGATATCAATA 

ACCAAAAAGCATACAAAGAAACGTACGGTGTCtCTCATAHACACGCCATGATAT 

GCTGCAGATCCCTAAACAGCAGNAAAACGAAAAATACCMGTGCflCMHCGAT 

CMTCAACGAHAAAAATAHGAGTCtGNAAAAGGACHGATGNGmGGACAGCN 

TGCCGAAAAAGCATACAAAGAAACGTACGGCGTCTCTCATATTACACGCCATGATAT 

G C T G C A G A T C C C T A A A C A G C A G C A A A A C G A A A A A T A C C A A  

AATCAACGATïAAAAATAlïGAGTCTGCAAAAAG 



Figure A3. Sac5 gene sequence from Bacillus amyloliquefacims (Gene Bank 

ACCESSION X52988) 

gaattccticaggaaaagaacgatggctgtcîiattagcggttgcaggcacatiiattü 

ggtca==cgssaats tc9Qcag~gt~~tccggt~ggmgggt  

ca9~c99~~gcgc~ggcgmta~~~9ccgcatcg9ctm9=9aaat9 

g g g c t = g = t t a ~ g t C Q 9 a t g g g g c a t g d g a t g c g g  

ag~~g~~gg~~gmgaagg-a~ggtcsttgtccgca~~Qccgcga~a~ 
tcatcatmcggaacgctcatcgcmttattgctamgga~ga 

gt9~~gaaa-g~~cg~gt9~ga9ccsclst~9~9-Qcgg 
t g a t d g g c t g c a t g î i c c c t t c g g a a t a t c a g a a t g ~ g g ~  

ccaccatcgcmattatctatcaagaaaaaataacctctCmmagagag~c 

cctaggoctgaagcaccCmagtctcaattacccataaattaaaaggccmtttc~ 

ttactatcattcaaaagaggaaaatagaccagttgtcaatagaatcagagtctaatagaa 

tgaggtcgaaaagtaaatcacgcaggattgttactga- 

tgttaagggcaaagt~ttCmggcgtcatcccttacatamtgggtcmWct 

gtaacaaacctgccatccatgaattcgggaggatcgaaacgg~gatcgcaaaaaaca@ 

acatacagaaggagacatgaacatgaacatcaaaaa-t 

gacmtacgactgcact tc tggcaggaggagcgactcaag~aa 

ccaaaaagcatacaaagaaacgtacggcgtctctcataitacacgccatgatatgctgca 
gatuxiaaacagcagcaaaacgaaaaataccaagtgcctcaattcgatcaatcaacgat 

t a a a a a t a t t g a g t c t g c a a a a g g a c t t g a t g t g t g g g a c c  

tgacggaacagtagctgaatacaacggctatmgttgtgîîtgctcttgcgggaagux 

gaaagacgctgatgacacatcaatctacatgmtatcaaaaggtcggcgacaactcaat 

cgacagctggaaaaacgcgggccgtgtctitaaagacagcgataagîicgacgccaacga 

tccgatcctgaaagatcagacgcaagaatggtcxggîictgcaaccîttacatctgacgg 

aaaaatcc~ttctacactgactattccggtaaacattacggcaaacaaagcetgac 

aacagcgcaggtaaatgt@caaaatdgatgacacBctcaaaatcaacgga~gaaga 

tcacaaaacgaMttgacggagacggaaaaacatat~~gaa~g~~t~a 

tQaaggcaattatacatccgQcgaC88ccatacgctQagagaWca~~mga 

c a a a g g c c a t a a a t a c c t t g t a t t c g a a ~ a c a c g g g g a g  

c9aagaat-~~~gcgtactacgQcg9cgQcacgaact-ttccgtaaa9a 

a a Q c c a 9 = s c t t ~ 9 = g a 9 c g c t a a a a a a c g c g a t g c t  
~tcatagagttaaataatgattacacattgaaaanagtaatQaagccgctgatcac 

119 



Figure A4. Sporamin signal 

UCACACTCGCTCTCTTCTTAGCTCTTTCCCTCTATCTCCTGCCCMCCCAGCTCA~CTAGG 

TTCMTCCAATCAGGCrrCCAACCACACACGMCCCGCCATMTATCMTMCCWGCA 

TACAAAGAAACGTACGGCGTCTCTCATATTACACGCCATGATATGCTGCAMTCCCTMCA 

GCAGCAAAACGAAAAATACCAAGTGCCTCMTTCGATCAATCMCGATTAAC\AATATTGAGTC 

T G C A A A A G G A C T T G A T G T G T G G G A C A G C T G G C C G C T G C A A  

GNVCAAANA 



Vecloi Trange~nic OryWeighî FRiclui Suich TSC 
Une anmmni m@ d 9  

wsipM 
1.1 na 109.7 74.0 






