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ABSTRACT

Cassava is a perennial shrub cultivated in theidab@nd sub-tropical regions of the world and is
characterized by its ability to develop secondants of high starch storing capacity. This rootpcro
shows certain advantages such as the capabilgyosfing in marginal conditions of drought periods
and poor and acidic soils. It also shows resistamecertain herbivore pests and can persist irstiile
for 8-24 months without decaying. Certain Africagions contribute to the main inputs in global
cassava production, where it is mainly used a®d $ource.

Cassava is known to accumulate linamarin in altotissues. The enzymatic action of linamarase
and HNL cause cyanide release from linamarin maafter tissue injury, serving as chemical
defense molecule against herbivores. In additianhas been considered the implication of
cyanoglycosides as storing and transportable fafmeduced nitrogerfi-cyanoalanine synthasp-(
CAS) provides the first step in the cyanide deioaiion pathway, allowing its incorporation intaeth
amino acid biosyntheses pathways. This enzyme geldo thep-substituted alanine synthases
(Bsas) family of enzymes, being close-related to cystesgnthase (CS). Despite the importance of
the B-CAS detoxification pathway in cyanide metabolisntassava, the enzymes involved in it have
not been identified at the molecular level. Thisjgct aims to isolate the cassa®sas genes and
determine their role in cyanide metabolism.

Three cDNAs were isolated using RACE-PCR, whichentrst identified asBsas-specific genes
harboring sequences of different molecular wei§kguencing information led to the conclusion that
two of these contained identical sequences, eaetobwhich encodes a short and a long version of
the same cDNA. Sequence analysis tools allowegrigdiction of the amino acid sequences encoded
by these genes, being MANes;BsasA the protein esttdny the two identical sequences and
MANes;BsasB the remaining gene. Sequence clustdyses grouped both proteins amongBsas
enzymes targeted to the mitochondria, the cell @impent wher@-CAS is found. However, one of
the sub-cellular location estimating tools ideetifiMANes;BsasA as a possible plastidic enzyme,
which together with the cytoplasm, comprise the taain organelles for cysteine biosynthesis.

Cloning and over-expression of these genes in #&ebam of Bsas mutant background provided
concrete evidence of tha vitro kinetic properties of these genes. MANes;BsasB sigolgherf-
CAS activity levels than MANes;BsasA and ARAth;B34s which was used aspaCAS positive
control. In the other hand, MANes;BsasA showed mbataly higher CS activity levels than
ARAth;Bsas3;1, but more importantly than MANes;B3asThis information clarifies that
MANes;BsasA truly encodes a CS isoform, whose sharersion lacking the signal peptide might
encode the cytoplasmic isoform. The longer cDNA Idoancode an enzyme of plastidic or
mitochondrial sub-cellular location, since both gamiments have been shown to have both
enzymes. In the other hand MANes;BsasB encodedaimoindrial-CAS enzyme, since no other
evidence has been shown that a fl@AS protein is targeted outside this compartment.

An attempt of transformation was done by cloningsth genes in a plant binary vector for
transformation of cassava somatic embryos. A toté,806 and 2,513 explants were transformed
harboring the ARAth;Bsas3;1 and MANes;BsasA genespectively, producing a total of 80 and

212 lines that endured antibiotic selection. Howew® line showed a repetitive pattern of PCR
amplification, when screening these lines usinded#int primer combinations. Moreover, no line

showed increase@tCAS activity. Apparently the selection protocol @oyed did not guaranteed a

proper selection of transgenic lines with the T-DM#egrated into its genome.



RESUMEN

La yuca es un arbusto perenne cultivado en regimopigales y tiene la capacidad para desarrollar
raices secundarias con alta capacidad de almaabnaton. Este cultivo muestra ciertas ventajas
como la capacidad de crecer en condiciones maegir(aequia y suelos pobres y acidos). También
muestra resistencia a ciertas plagas de herbivariesitras que es capaz de persistir en el suelo por
un periodo de 8-24 meses sin que decaiga su calitiadas regiones africanas contribuyen a los
principales insumos en la produccion mundial deayaonde se utiliza principalmente como fuente
de alimento.

La yuca acumula linamarina en todos sus tejidosadcén enziméatica de linamarasa y HNL causan
la liberacion de cianuro a partir de linamarindhrectodo después de la lesion tisular, actuando asi
como molécula de defensa quimica contra los hemvcAdemas, también se ha considerado la
implicacion de los cianoglicésidos como formas dimagenamiento y transporte de nitrégeno
reducido. La enzima sintetasa leyanoalaninaf-CAS) provee la catdlisis del primer paso en la
ruta de desintoxicacion del cianuro, lo que permitencorporacion a las vias de sintesis de ciertos
amino &cidos. Esta enzima pertenece a la familisirdetasas de alaninfssustituidas Bsas) en la
cual también se encuentra cisteina sintasa (C%),engima a la cugl-CAS esta proximamente
relacionada. A pesar de la importancia de estasnaszen el metabolismo de cianuro en yuca, las
mismas no se han identificado a nivel molecularpiglsente proyecto tiene por objeto aislar los
genes que codifican enzimas de la fantigas en yuca y determinar el rol que juega cada una en
metabolismo de cianuro.

Se lograron aislar tres cDNAs utilizando RACE-P@Bs de estos conteniendo secuencias idénticas
(MANes;BsasA) y otro gen con algunas diferenciaslaesecuencia de nucleétidos. Andlisis de
cluster utilizando estas secuencias agruparon aspioteinas entre las enzinBss especificas

del mitocondrio. Sin embargo, uno de los prograntdigados para la estimacion de la localizacion
sub-celular demostré que MANes;BsasA podria seibfgmsente una enzima localizada en los
cloroplastos.

La sobre-expresion de estos genes en una bactetét®, negativa en la expresion de genes de la
familia Bsas, proveyo6 evidencia cinética de estas proteinas. BBABsasB mostré mayores niveles
de actividad3-CAS al comparar con los niveles mostrados por M&RsasA y ARAth;Bsas3;1, el
cual fue utilizado como un control positivo pg<CAS. Por otra parte, MANes;BsasA mostro un
nivel de catalizacion de la reaccion de CS notabidgen superior a ARAth,Bsas3,1, pero una
diferencia méas drastica fue observada al compatanalor con el que obtuvo MANes;BsasB. Esta
informacion aclara que MANes;BsasA realmente codifina isoforma de CS, cuya version mas
corta carece del péptido sefial, codificando leisoé citoplasmatica. Por otra parte, MANes;BsasB
codifia la enzimg-CAS

Se hizo un intento transformacion de embriones Soasde yuca con éstos genes. Un total de 2,806
y 2,513 explantes se transformaron con constrggnéticos albergando los genes ARAth;Bsas3;1y
MANes;BsasA, respectivamente. Estos explantes peomiu un total de 80 y 212 lineas
respectivamente, que soportaron seleccion coniatntdn. Sin embargo, ninguna linea mostré un
patron repetitivo de amplificacion de PCR al anigdif utilizando diferentes combinaciones de
cebadores especificos para cada constructo. Adenm@gina linea mostré aumento de la actividad
enzimatica de3-CAS en sus tejidos. Al parecer, el protocolo decg#dn empleados no garantizé
una adecuada seleccion de las lineas transgémmicgszendo el T-DNA integrado en su genoma.
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“La mentira es siempre arma de cobardes”.

“To lie is always a weapon of cowards”.

San Josemaria Escriva de Balaguer (Forja n. 905).
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INTRODUCTION:
LITERATURE REVIEW AND OBJECTIVES



1 Introduction

1.1 Cassava Manihot esculenta Crantz)

1.1.1 The biology of cassava, taxonomy and origin

CassavaNanihot esculenta ssp.esculenta Crantz) is a perennial shrub cultivated in the
tropics and sub-tropics, where it can grow to aliebtmeters tall and is characterized for having
lobed leaves and starchy roots (figure 1.1). Cassapropagated using vegetative stem cuttings
and although the plant can develop seeds, this ¢fperopagation is preferred for breeding
purposes. This sub-species does not exist as aphdltt and it has been proposed to be the
product of human domestication, being close relabethe wild sub-speciell. esculenta ssp
flabellifolia and M. esculenta ssp peruviana within the Euphorbiaceae family (reviewed by
Allem, 2002). Cassava cultivation is thought to énatarted 5,000-7,000 years BC in South
America, from where Portuguese traders took it fdcA and Asia during the XVI century.
Differences between cassava and its wild relatregs mainly on: i) the ability of the crop to
develop secondary roots from stem cuttings at teifaate; ii) the formation of tuberous roots;
iii) being less toxic for food and animal feedirgyd iv) having shorter cultivation periods

(reviewed by Allem, 2002).

Figure 1.1: The cassava plant. A, one month old cassava growiagpot (approximately 0.5 m
tall); B, cassava starchy roots of a plant grown the field, C, field grown cassava
(approximately four month old).



1.1.2 Advantages of cassava as a crop

Cassava is characterized by its ability to devaepondary roots of high starch storing
capacity. These tuberous roots develop during itis¢ fonths of the plant as fibrous roots,
which initially grow longitudinally, providing roolength and anchorage. Later on these roots
start radial growth and thickening due to starcbuawlation, developing into tuberous roots
(Ceballos and De la Cruz, 2002). Root length vabietsveen cultivars, reaching up to 2.5 m in
length, depending on consumer and farmer prefesenée its ability to accumulate
carbohydrates lies the economical value of cassass. Cassava roots comprise 90% of their
dry weight as starch, stored mainly as granuléeeramyloplasts of root parenchyma (Buitrago,
1990).

Cassava also shows the capability of growing ingmat conditions, such as drought and
poor and acidic soils. It has been shown thatigh drought tolerance is due to stomata closing,
resulting in a low stomatal conductance that impesater loss under drought conditions (Mejia
de Tafur, 2002). Several studies have reported yigdd is only slightly affected at drought
conditions (reviewed by Mejia de Tafur, 2002). Hoewe Lopez (2002) states that even though
cassava is known for being a low input crop, presictudies show that irrigation practices
increase yield up to 60%.

Another advantage of cassava is that it has deedloptural barriers against herbivores.
Physical mechanisms, such as the presence of fpilasity, insect induced calli (phloem
cicatrisation) and the cell wall, interfere withetlestablishment of aphids in developing leaf
meristems (Calatayud and Munera, 2002; Calataywadl,et996). Chemical mechanisms against
arthropods include secondary metabolites, suclyasogenic glycosides that provide resistance

to root eating insects (Belloti et al., 1999), aglgcosilated flavonoids such as rutin, which



together with the aforementioned foliar pilli, ctihge the main constraining agents against
cassava mealy budpiienacoccus manihoti) establishment (reviewed by Calatayud and Muanera,
2002).

In addition, cassava can persist in the soiBf@4 months without decaying, providing
product security during drought periods, servingaagood source of staple food to subsistence
farmers (Nweke et al., 2002). This feature alspfiéd select the harvest time, avoiding the rapid
physiological post-harvest deterioration of cassawaés, which together with its low root protein
content (1-2% dry weigh, compared to 20-25% dryglven leaves) constitute two of the main

disadvantages of the crop.
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Figure 1.2 Major producing regions of cassava in the wodurce: “Centro Internacional de
Agricultura Tropical” (CIAT).

1.1.3 Global economical impact

Cassava is cultivated in tropical America, Asia amore extensively in certain African
regions, extending from Madagascar in the SoutheaSenegal in the Northwest (figure 1.2),
forming what has been sometimes called the cadsalvdBokanga, 1994). Ghana, Nigeria, the
Democratic Republic of Congo and Tanzania are cmsthat contribute to main outputs in

cassava harvesting (FAO/IFAD, 2000). Annually apprately 165 million tons of cassava



roots are harvested worldwide, being forth amorey rttain sources of calories in the tropics,
after rice, wheat and maize (Ceballos, 2002). Adiogy to statistics published by the Food and
Agriculture Organization (FAO) of the United Nat®rcassava production increased by a rate of
about 2.50% per year during the period from 19635985 (FAO/IFAD, 2000; Ceballos, 2002),
apparently mainly due to an increase in its extensultivation in Africa. These values compare
to trends in other crops such as wheat (4.32%gtpd®.00%), maize (3.94%), yams (3.90%),
rice (2.85%) and sweet potato (1.07%). MoreovefjpGff cassava cultivated lands worldwide
belong to this continent, providing 50% of totatsava production (Ceballos, 2002; figure 1.3).
Cassava has many uses in different regions of wrdwbut in sub-Saharan Africa it
serves mainly as a food source, preventing famurang drought periods. The clear increase in
cassava production worldwide can be associated iacease in its use for food (FAO/IFAD,
2000; figure 1.3), serving as a food reserve whierobasic crops fail. Even though countries
such as Ghana have develop strategies for theittma of cassava roots at industrial level, in
Africa it is traditionally cultivated by small farens, who mainly culture it in small farms and
backyards, last in rotation with other crops befeoé fallow. This practice provides the crop to
benefit from residual fertilizer, but could probgbhccount for yields far below optimum

(FAO/IFAD, 2000).
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The processed cassava roots are eaten in various:fboiled, baked, fried and as flour.
In Western Africa, cassava roots are commonly eatemari, a cassava flour paste made by
peeling and grating the roots until a mash is méaewed by fermentation for 1-2 days in bags
that allow its water loss and drying by pressing ltags. Further heating allows complete drying
and roasting, ending in the formation of the grangfari, which can be further ground to fine
flour. In Eastern Africa countries, cassava is riyafned. Some African cultures also consume

cassava leaves, which provide a good source oéiprahd vitamins (Bokanga, 1994).

1.2 Cyanide in cassava

1.2.1 Linamarin synthesis

As mentioned above, cassava is known to accumajaieogenic glycosides in all of its
tissues except seeds. These are a group of ritm&ining secondary compounds in plants that
yield free cyanide upon their enzymatic breakdoimna series of reactions collectively called
cyanogenesis. This process can also occur in pthrgsto cyanolipid hydrolysis and as a by-
product of ethylene synthesis (Poulton, 1990), iteitrelease due to cyanogenic glycoside
breakdown generally provide toxic quantities fomtaun consumption in this tropical crop.

Linamarin is the most abundant cyanogenic glycosideassava, accounting for 95% of
total cyanogens in the plant (Cock, 1985). Extemsesearch has been done in unraveling what
are the biosynthesis pathways involved in linamayinthesis, which is known to be synthesized
from valine, in reactions that occur in the vacsodé plant cells (figure 1.4; McMahon et al.,
1995; Koch et al., 1992). Initially, two sequentiaydroxylation reactions of valine occur,
catalyzed by the enzymes CYP79D1 and CYP79D2, wéielcytochromes P-450 (Andersen et
al., 2000) that allow the formation of the two sedpsent intermediatds-hydroxy valine and 2-

methyl-propanal oxime (figure 1.4). Further additiof oxygen by a putative CYP71E takes



place, producing the non-stable intermediate aeetyanohydrin. CYP71E has been proposed
to be present in cassava by Andersen et al. (200@pmology to dhurrin synthesis in sorghum.
Acetone cyanohydrin is finally glycosylated by awalar uridine 5’-diphosphoglucose (UDPG)-
glucosyl transferase, forming linamarin (McMahorakt 1995; figure 1.4).

The vacuolar localization of these reactions hasnbguggested by evidence showing
CYP79D1/D2 to be targeted to the tonoplast memb(&uoeh et al., 1992). In addition, the
guantities of linamarin in isolated vacuolar fraas account for that present in intact cells
(White et al., 1994). Furthermore, the localizatodrcyanogenic glycosides in vacuoles has been
also suggested in other plants such as sorghunmudntér tree (reviewed by McMahon et al.,
1995).

It is generally accepted that linamarin is synthegiin leaves and transported to roots by
mechanisms that to date are not clearly undersglaffiahon et al., 1995). The two linamarin
metabolizing enzymes linamarase and hydroxynilyése, which trigger cyanide release (figure
1.4), are located in the cell wall, requiring a gyastic transport of linamarin, or in default, a
partial modification of linamarin that prevents imdesired metabolization, if an apoplastic
pathway for its translocation is preferred. Variow®rks have suggested linustatin, the
glycosylated form of linamarin, as the translocdbolen, since its presence in other cyanogenic
plants has been proved (Koch et al., 1992; Selmal.£1988; Selmar, 1994). However, the
levels of linustatin in cassava tissues are appigréso low to account for the only source of
linamarin in roots; moreover, certain studies hdeeumented that roots are capable of certain

levels of linamarin synthesis (White et al., 199%Mahon et al., 1995).
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Transgenic approaches demonstrated the leaf spedéncing of the genes encoding
CYP79D1 and CYP79D2 involved in the first stepsliobmarin synthesis, resulting in a
significant reduction in leaf and root linamariméent, while a root specific silencing meant no
change in linamarin accumulation in any tissue itfiBiga and Sayre, 2003, 2004). This
information clarifies that linamarin is at leastinig synthesized in the leaves, which serve as a

main source of linamarin to other tissues.

1.2.2 Cyanogenesis

Cyanogenesis involves a series of reactions tledtl yree cyanide. The first reaction is
the deglycosilation of linamarin to produce acetamyanohydrin and glucose by linamarase
(figure 1.4; Mkpong et al., 1990), a very stalBlglucosidase enzyme. This step is broadly
accepted to be limiting for cyanogenesis to ocaince the produced aglycone acetone
cyanohydrin can be subjected to spontaneous detigpoto cyanide and acetone at pH > 5.0
and/or temperatures greater than 35°C (figure\WHite et al., 1998). Linamarase has a narrow
range of substrate specificity compared to offigiucosidases, as it is capable of hydrolyzing
linamarin and other non-physiological monoglycosidiubstrates, but not the diglycosides
amygdalin and linustatin (McMahon et al., 1995)ngeone of the proofs of linustatin serving as
the linamarin translocated form.

Cyanide can also be released enzymatically frontoaeecyanohydrin by hydroxynitrile
lyase (HNL; figure 1.4). This is the critical stdat releases cyanide, being acetone an additional
product. HNL, like linamarase, is very stable, shagano reduction in its activity after its storing
for one month at 4°C (McMahon et al., 1995), aueatparticularly common to extracellular
enzymes. Moreover, the highest HNL activity levélave been found in protein extracts

prepared from the apoplast, suggesting a locabzadf the enzyme at the outer inter-cellular



space (White et al., 1994), similar to linamaradd&fong et al., 1990; Selmar et al., 1988). This

information has driven the commonly accepted statdrthat these two enzymes are localized in

the cell wall (McMahon

|

et al., 1995).
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Figure 1.5: Sub-cellular distribution of linamarin and the em®s involved in its
synthesis and cyanogenesis.

1.2.3 Biological role of linamarin in cassava

Cyanogenic glycosides are thought to have two nfamttions: as chemical defense

molecules against herbivores, and as transportaidestorage forms of reduced nitrogen. The

idea of implicating cyanogens in plant defense leen widely supported (Bellotti et al., 1999;

Calatayud and Munera, 2002; Kakes, 1994; Moraral.et2007; Poulton, 1990; Vetter, 2000;

Zagrobelny et al., 2004), since cyanogenesis isvknto be triggered by tissue injury. The

different sub-cellular localizations of both theaoggenic glycosides and their catabolizing

enzymes evidences this statement. In cassava, dimans synthesized and stored in vacuoles,
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while linamarase and HNL are targeted to the call igure 1.5). In this case, cyanogenesis
can only be stimulated when the vacuolar conterésalowed outside the cell, which is what
occurs when the plant tissue is disrupted by machbmeans such as herbivore action (Poulton,
1990; Vetter, 2000). Moreover, the entire pathway fdhurrin synthesis, the main
cyanoglycoside present in sorghum, has been engiheen the non-cyanogenic plant
Arabidopsis thaliana, resulting in a 4% (dry weigh) dhurrin accumulatihich triggered 80%
reduction in the consumption of the plant by theaflbeetlePhyllotreta nemorum, which
naturally feeds from this plant (Tattersall et a001; Morant et al., 2007).

Various authors have also considered the implinabibbcyanoglycosides as storing and
transportable forms of reduced nitrogen. Nartey6@)9published the first evidence when
reported that two week old cassava seedlings, wieeh with *C-radiolabeled cyanide,
accumulated 49% of the label in asparagine. Sindeeat reaction leading to the formation of
asparagine from cyanide and serine or cysteine egemmlikely, this author proposed the
formation ofp-cyanoalanine as an intermediate molecule thatpglly converted to asparagine,
in accordance with other works that documentedféh@ation of this non-protein amino acid
specifically from cyanide (figure 1.4; Nartey, 1989unhill and Fowden, 1965; Floss et al.,
1965). Later on, the formation of asparagine frf@ryanoalanine was confirmed to occur in a
reaction catalyzed bf-cyanoalanine hydrolase (Castric et al., 1973).a#&gine, in addition to
serve as a protein precursor, is a key compoungitingen storage and transport, due to its
stability and high nitrogen/carbon ratio (Taiz a#eiger, 2002a). Asparagine is further
metabolized by asparaginase, which catalyzes itandeation, converting it to aspartate,
releasing ammonia. The latter is the utilizablerfaf nitrogen for amino acid synthesis, being

incorporated into the glutamine and glutamate bitdsgsis pathways. Nartey (1969) observed
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that a significant part of the label (6%) was dlsond in aspartate, confirming the possible role
of cyanogens as alternate sources of reduced aitragher than nitrate and nitrite reduction to
ammonia. In the other hand, asparaginase acteugi$ were found to be lower in cassava roots
than in leaves, in contrast to the other enzymeslved in asparagine synthegicyanoalanine
synthase ang@-cyanoalanine hydrolase, which showed higher agtivi roots, suggesting that
asparagine metabolization occurs mainly in leai#iag et al., 1997b)

Furthermore, Nartey (1969) also observed that ¢vel$ of asparagine increased after
seed germination. This was also observed by Sedm@ico-workers (1988) whom evidenced the
metabolization of linamarin in germinating rubbeet seedlings. Apparently the accumulation of
asparagine was accompanied by a decrease in limaroantent in the endosperm and an
increase in linustatin content. At the same tinotivdies of the linustatin diglucosidase afid
cyanoalanine synthase increased in seedlings,atmdicthat linamarin was somehow converted
to linustatin and translocated from the materndiosperm to the germinating embryo, following
its metabolism to asparagine, through the formatiofrcyanoalanine. Later on, Poulton (1990)
stated in his review about plant cyanogenic glyadesithat the utilization of linamarin in cassava
as an alternate nitrogen source seemed plausible.

Recent experiments aimed at decreasing cyanogetentom cassava tissues using
transgenic approaches provided further evidencenef role in nitrogen transport and supply
(Siritunga and Sayre, 2004; Siritunga and Sayr87R0Transgenic cassava plants developed to
specifically silence the CYP79D1/D2 gene expressi@ee section 1.2.1) showed no
accumulation of linamarin and these plants appbréaited to produce roots in medium devoid

of ammonium.
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1.2.4 Cyanide detoxification: g-cyanoalanine synthasefi{-CAS)

There are three possible cyanide detoxificatiatiways in living organisms that target
cyanide to be enzymatically metabolized. Theserhoglanase, formamide hydrolyase (FHL)
andp-cyanoalanine synthasp-CAS). Rhodanase is more likely to be present sedts and at a
very low level in higher plants but is not presentassava (Poulton, 1990; Miller and Conn,
1980). FHL is not present in any cyanide metabolsithway in plants (Miller and Conn, 1980).
The most common enzyme involved in cyanide detoaifon in plants isp-CAS, which
catalyzes the incorporation of cyanide into L-cyseto form-cyanoalanine, releasing sulfide
(figure 1.6).

B-CAS was first purified in 1969 from blue lupineesdéings by Hendrickson and Conn
and previous evidence showed that protein extrapared from this plant, as well as from
sorghum, common vetch ascherichia coli were capable of synthesizifigcyanoalanine from
cyanide (Blumenthal et al., 1963; Blumenthal et B868; Dunhill and Fowden, 1965; Floss et
al., 1965). The reaction was determined to occuar faster rate when cysteine and cyanide were
used as substrates and not serine as originalyested (Hendrickson and Conn, 1969).

B-CAS has been included among fsubstituted alanine synthasd3sds) family of
enzymes, which share the common feature of catajymactions off-replacement leading to
the biosynthesis of non-protein alanine-derived rmmacids (lkegami and Murakoshi, 1994,
figure 1.5). In general, all members of B&as family of enzymes are capable of usidecetyl-
serine as the donor of the alanyl moiety, but dse @apable of employing closely related
molecules such as L-serine or L-cysteine. FiguBeshows the general reaction catalyzed by all

Bsas enzymes, in which the formation of an alanineteglaamino acid is achieved, having an R-
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group bound to thp-carbon of alanine. These proteins are pyridoxasphate (PLP) dependent

enzymes requiring this molecule as a co-factoafomo acid binding.

Agetyl Alggyl
1) 6H3-c0-6-6H2-9H-Cooﬁ + RH —  R-CH,-CH-COOH + CH3-CO-O-H
|
NH- NH>
O-acetyl-serine B-substituted-alanine acetate
() HS-CHz-CH-COOH + N=C-H — N=C-CH,-CH-COOH + HS-H
NH. NH.
L-cysteine cyanide B-cyano-alanine sulfide

(3) CH3-CO-O-CH2-CIIH-COOH + HS-H —» HS-CHz-CEH-COOH+CH3-CO-O-H
NH> NH>

O-acetyl-serine sulfide L-cysteine acetate

Figure 1.6: Biosynthesis of-substituted alanines in plants (Ikegami and Mushko1994). (1) The
generalized reaction of the synthesispesubstituted alanines involves the replacementrgamic
groups (R-) withO-acetate, servin@-acetyl-serine as the donor of the alanyl moiey; Reaction
catalyzed byp-Cyanoalanine Synthase, using L-cysteine as theylationor molecule and cyanide,
resulting in the formation d§-Cyanoalanine and sulfide; (3) Reaction catalyzg€ysteine Synthase,
usingO-acetyl-serine and sulfide releases L-cysteinesmedate.

Ever since the first report of the isolation of #rezyme, protein fractions showing high
B-CAS activity have also been shown capable of ®gifiing cysteine, usinQ-acetyl-serine and
sulfide as substrates in a reaction more similah#éogeneralized scheme of the synthesig-of
substituted alanines (figure 1.6; Hendrickson arwhrC 1969). Cysteine Synthase (CS; also
called O-acetyl-serine(thiol) lyase), another key membethefBsas family of enzymes, mainly
catalyzes this reaction which provides the key stequlfur assimilation into organic compounds
(Taiz and Zeiger, 2002b). Due to the high degregeguience homology and hence structural and
functional similarities betweeltCAS and CS, it was not until the late 1990’s tinare concrete
explanations arose about the identity of each eezym

It has been reported that the synthesig-etibstituted alanines is catalyzed by reaction-

specific enzymes, but that CS is capable of thimsymthesis (lkegami and Murakoshi, 1994).

14



As expected, CS has been found to be capable tfesiningp-cyanoalanine (lkegami et al.,
1988, 1989a, 1989Db). In addition to the first rémdrthe isolation o-CAS (Hendrickson and
Conn, 1969), various works have documented fh@AS is capable of catalyzing the cysteine
synthesis reaction (Hatzfeld et al., 2000; Maruyaetaal., 2000, 2001; Warrillow and
Hawkesford, 1998, 2000; Yamaguchi et al., 2000)weler, each enzyme is capable of
catalyzing its corresponding activity to a highgteat, hence receiving its name by their kinetic
properties (Warrillow and Hawkesford, 1998, 200@f#feld et al., 2000).

The role of-CAS in cyanide metabolism received special attentwhen cyanide was
identified as a by product of ethylene biosynthesid that a ubiquitous distribution ICAS
was apparent (Wurtele et al., 1984; Wurtele etl&85). Ethylene is a plant growth regulator
primarily involved in senescence and fruit ripeningeaning that its biosynthesis is expected in
the vast majority of higher plants. Compared toeotBsas enzymes,;-CAS was found in
cyanogenic as well as non-cyanogenic plants, avi@hshat is also observed also in CS

(Ikegami and Murakoshi, 1994).

/cytosol
cCS

OAS = Cys

Figure 1.7: Cellular location and physiological roles of theffelient Bsas members in
Arabidopsis thaliana (Watanabe et al., 2008a). Legend: O&Bacetyl-serine; Cys, cysteinp:
CA, B-cyanoalanine; cCS, cytosolic CS; pCS, plastidic @6S, mitochondrial CS.
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Regarding the dual function of both enzymes in aps&t biosynthesis and cyanide
metabolism, more recently it was documented thatattual level at whic3-CAS is able to
catalyze the CS reaction is much lower than theéraon i.e. CS is more efficient in catalyzing
the B-CAS reaction, thal-CAS catalyzing the CS reaction (Watanabe et 8083). This work
focused on elucidating the physiological role df the genes encodinBsas in Arabidopsis
thaliana by assaying the ability of knockdown gene mutdan{s in both cysteine synthesis and
cyanide metabolism.

Another feature that has been used extensivelystiiorm characterization other than
kinetic properties is sub-cellular localization.tbtihondrial fractions have shown to have higher
B-CAS activity (Hendrickson and Conn, 1969; Wurteteal., 1985; Warrillow and Hawkesford,
1998). B-CAS is located in the mitochondria because ofrate in cyanide detoxification.
Cyanide interferes with the electron transport ©hafi the respiratory pathway by inhibiting
cytochrome oxidase. On the other hand, CS is pradontly found in plastids and the cytosol,
but the mitochondria are known to be capable oféréam level of cysteine biosynthesis (figure
1.7; Lunn et al., 1990; Takahashi and Saito, 1996is evidence took to the assumption trat
CAS has CS activity, though for example Anabidopsis thaliana two mitochondrialBsas
isoforms have been found, each one b@if@AS and CS according to their kinetic properties
(figure 1.7; Watanabe et al., 2008a). The presaric€S in the mitochondria is justified by
serving as a cysteine supply for ffe€AS reaction. In addition, serine acetyl transderéSAT),
the enzyme involved i@-acetyl-serine synthesis (needed for cysteine ggmhwas found also
in these three compartments (Watanabe et al., 20@8&knly because CS and SAT apparently

work together in sulfur assimilation by structuyaliteracting in a macromolecular complex that
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assures transferring biosynthetic intermediatesultiag in what has been called metabolic
channeling (figure 1.7; Berkowitz et al., 2002; \Réh 2004).

Apparently higher plants have evolvBdCAS as a CS mitochondrion targeted isoform,
that has a higher affinity for cyanide, rather thianthe original substrate J8. According to
sequence alignments, the major differences in seguleetween all thBsas isoforms present in
a single plant lies in a signal peptide preseng-@AS or in plastidic CS, which have been
shown to be a mitochondrion or a chloroplasticeting sequence (Maruyama et al., 2001). The

cytosolic CS does not have any signal peptidesiamino terminal.

1.3 Cyanide-related health disorders

Linamarin is the most abundant cyanogenic glycosideassava, accounting for more
than 95% of total cyanogens in the plant (Poultt#90). It has been reported that linamarin
levels is a genotype dependent characteristic,jivguyetween cultivars. There is no acyanogenic
cassava clone and only one member of the genuddms found not to contain cyanogens
(McMahon et al., 1995). Even though the biosynthesilinamarin occurs in leaves, where the
highest amount has been reported, linamarin lewelscassava roots (10-500 mg CN
equivalents/kg dry weight) are higher than the mmaxn recommended cyanide levels (10 mg
CN equivalents/kg dry weight) in foods establisbgdhe FAO.

Cyanide is toxic to most living organisms mainlytheg inhibition of cytochrome oxidase
(complex 1V), a mitochondrial enzyme involved inygen reduction in the respiratory electron
transport chain. In addition it can cause the itioib of plastocyanin reduction in photosynthesis
and the inhibition of catalase. Linamarin enters ttuman body, where its metabolism to
actetone cyanohydrin and cyanide mainly by bacteéniathe intestine causes toxicity.

Additionally, linamarin can be allowed to reach tirain by a glucose transporter. Iniarvitro
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study using neural cell lines, linamarin caused death to considerably high levels (Sreeja et
al., 2003).

In Africa, certain health disorders and even ddalie been associated with poorly
processed cassava (Aregheore and Agunbiade, 188parently, bitter cassava varieties are
preferred mainly due to product security, sinceauld serve in protection against unplanned
harvest by family members, theft and animal speildyomen in Malawi have mentioned these
as the main reasons for growing bitter cassavaw@ia-Karktun et al., 2000). The preparation
of cassava as the granular gari and similar pretievolving its fermentation and further sun-
drying and/or baking allows effective levels of nige volatilization (Padmaja, 1995). These are
practices broadly adopted in sub-Saharan Africaniypdecause farmers know about the high
toxicity levels of the cassava cultivars employedheir food (Chiwona-Karktun et al., 2000).
The level of harm caused by these disorders depemdke level and frequency of cyanogens
exposure and the state of nutrition of the consu®gmptoms are presented at a higher level in
nutritionally compromised individuals who have alprotein intake in their diets, especially of
sulfur containing amino acids, which are key molesunvolved in cyanide assimilation into
thiocyanate, which allows a certain level of cyanitktoxification (Tylleskar et al., 1992).

Western African cultures show a high incidenceropical ataxic neuropathy (TAN),
caused by long-term consumption of cassava-bassd dith relatively low cyanogen content
(Nhassico et al., 2008). Nigerian communities comsiwcassava daily, but the processing of
cassava to gari allows the release of most of yla@ide, thus not resulting in chronic cyanide
exposure (Nhassico et al., 2008; Oluwole et alg02@luwole et al., 2002). The prevalence of
TAN in Western African people is higher amongstiesenof 60 years or older, and also more

frequent in women, possibly because of their caltuole in cassava culturing and processing,
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thus being more prone to cyanide poisoning (Nhassi@al., 2008; Oluwole et al., 2000). TAN is
a progressive disease, causing unsteady walkisg,dbvision and sensation in hands, deafness
and weakness (Nhassico et al., 2008).

Exposure of relatively high toxic cyanide dietsasealed in the paralytic disorder Konzo
(Sreeja et al., 2003; Tylleskar et al., 1992). Kz an upper neuron disease of sudden onset
that causes irreversible leg paralysis, especatpngst children and young women, (Howlett,
1994). South, central and eastern African countn@ge a higher incidence of Konzo, where
larger epidemics and outbreaks have been reporddgddrought periods, since this abiotic
condition causes an increase in the total cyanogessent in cassava roots (Nhassico et al.,
2008). Since cyanide intoxication depends on thehteof the individual, it affects mainly
children, who also present a deficient and unba&dndiet, consuming daily up to 900 g of
cassava derived foods, compared to Western Afriegions where cassava based foods are

limited to 150-200 g daily within children (Nhassiet al., 2008).

1.4 Cassava genetic improvement

1.4.1 Main goals and methods in cassava improvement

During the XX century, plant breeding has contributed to majardases in crop yield
and productivity. Cassava genetic improvement edaldter than in other crops of agronomical
importance such as wheat and maize, whose econloexpbitation depends mainly on first
world countries where the private sector of thedsedustry finds an attractive market. It was
not until the second half of the 1970’s that the\@o Internacional de Agricultura Tropical”
(CIAT) in Cali, Colombia and the International liiste of Tropical Agriculture (lITA) in

Ibadan, Nigeria developed the first scientific peogs for gathering and improving cassava
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germplasm (Ceballos et al., 2004). These initiatwere due to the need to reduce hunger in the
third world, rather than based on the economicakich of the crop.

Productivity and stability of production are amoftfge main priorities in cassava
breeding. An increase in starch and dry matter tfyams important for the industrial
exploitation of cassava (Ceballos et al., 2004).t@nother hand, the improvement of cassava
lines for human consumption requires the modifaatiof starch composition and other
physiological and morphological traits involved fimod quality, such as cyanogen, carotene
(food color) and protein content, as well as p@strbst physiological deterioration. Apparently
the last two traits show limited genetic variagilwithin the known cassava germplasm, thus
requiring the employment of close-related species subspecies within thdanihot genus in
order to attempt the introgression of desired edl€Ceballos et al., 2004; Jennings and Iglesias,
2002).

Meanwhile, stability of production involves the impement of cassava to resist certain
biotic and abiotic stresses. Among the major biagients constraining cassava production are
viral (cassava mosaic disease mainly in Africa Asd), bacterial (cassava bacterial blight in
LAC), fungal and insect pests (reviewed by Cebaktsal., 2004). Certain abiotic factors
affecting productivity such as drought and low ifgyt soils have driven breeding programs to
suggest certain characteristics of the plant ire@hn its adaptation to these environments.
These characteristics include leaf longevity, optimleaf area index and ideal plant architecture
(Ceballos et al., 2004).

However, cassava breeding is dificult and time aamiag, mainly due to difficulties in
synchronization of flowering between parental lingigh frequency of self pollination, scarcity

of flowers in the inflorescence due to farmer sedec(since vegetative propagation is preferred)
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and time required for the seed to mature: it takes year to obtain seeds from a planned cross
(Ceballos et al., 2004). Moreover, cassava is chaniaed for having high levels of
heterozygosity within populations that make difftc obtain pure homozygous individuals for
the desired characters. Due to all these consdrag@netic engineering approaches have been
suggested as additional alternatives for the imésgjon of genes into parental lines of
agronomical importance (Taylor et al., 2004a; Tagloal., 2004b).

Genetic transformation offers the advantage of ittworporation of a single gene of
particular interest into cultivars of agronomicahportance, without the problems of gene
linkage and whole genome sharing that occur whadittonal breeding is employed in crop
genetic improvement. Nevertheless, the use of tteedanologies depends mainly on two things:
a method for the delivery and integration of exagenDNA molecules into the plant genome
and a method for thele novo regeneration of plants im vitro conditions. DNA transfer
technologies require the establishment of succkgsiocols, but apparently this is not the
limiting factor in plant transgenesis. On the othe&nd, not only the development of a
regeneration method, but also its compatibilityhwét selection system has been a matter of
intense research among scientists attempting tpeementation of these technologies in plants,

sometimes remaining far from its acomplishment.

1.4.2 Plant regeneration methods in cassava

To date, embryogenic suspensions developed frablé&iembryogenic callus (FEC) and
germinated somatic embryos (GSE) through cyclic rgodenesis are the two most successful
methods for the regeneration of plants in cassakar(g and Puonti-Kaerlas, 2004; Fregene and
Puonti-Kaerlas, 2002). These two methods are gemotyissue and developmental stage

dependent, thus their employment may vary depenalinthe ability to control these conditions
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in suitable variety candidates. Both methods dependa callus phase developed from
meristematic tissue of somatic origin such as ailbuds, young apical leaves and leaf lobes in

a medium containing auxin.

Plants Apical leaf
meristems
MS salts
MS salts, ; '
Cytokinin, iﬁx?n T lAuxm (2.4-D)
Plantlets (shoots) Callus
MS salts,
MS salts, I / \uxin (2,4-D)
Cytokinin
MS salts,
. Cytokinin, gibberellin ;
Somatic embryos > Germinated
somatic embryos
MS salts
GD salts, h ’
Axisna(;cloram) \Auxm (NAA)
Friable Friable
embryogenic o oy embryog_enlc
callus Auxin (picloram) suspensions

Figure 1.8: Scheme of plant regeneration methods in cassava.tWwh tissues suitable for
transformation are enclosed in rectangles. MS, Bhige and Skoog (1962) basal salt medium,;
GD, Gresshoff and Doy (1974) basal salt medium; Stamp and Henshaw (1987) basal salt
medium; 2,4-D, 2-Dichlorophenoxyacetic acid; NAA, Naphthalene acatid.

Evidence has shown that the development of eitli® Br GSEs in cassava depends
greatly on the mineral composition of the mediund #&pe of auxin employed (Taylor et al.,
1996). Development of somatic embryos is routirsdllieved using Murashige and Skoog (MS;

1962) basal salts and vitamins supplemented wélsyimthetic auxin,2-Dichlorophenoxyacetic

acid (2,4-D), while the employment of picloram ahd basal salt mixture of Gresshoff and Doy
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(GD; 1974) has been proven to be more effectiidendevelopment of FEC. These FEC can be
used for further establishment of embryogenic sosipas in picloram-containing Stamp and

Henshaw (SH; 1987) liquid medium (figure 1.8; Taydt al., 1996; Zhang and Puonti-Kaerlas,

2004).

Initial culture of meristematic tissues in MS satgpplemented with 2,4-D (figure 1.8)
triggers the development of two types of callushiwita period of two to four weeks: white hard
callus and brown friable callus. Young meristemarnfovhite hard callus more easily than
developed leaf lobes do. Eventually, after morentb&x weeks, white hard callus tends to
convert into brown friable especially near the lgwsd but this tissue does not show embryogenic
properties. Primary somatic embryos are of mulidat origin (Fregene and Puonti-Kaerlas,
2002; Zhang and Puonti-Kaerlas, 2004) and typicatlgear in clumps within white hard callus,
though occasionally individual embryos can be ole#r Each organized embryogenic unit is
characterized by resembling a bi-polar structuréh\an independent vascular system from the
maternal tissue and can be properly germinated andantlet through developmental stages
resembling that of an embryo of sexual origin wlggawn in cytokinin-containing medium
(figure 1.8; Raemakers et al., 1993; Stamp and kems1987).

Somatic embryos can also be stimulated to devehgrged cotyledonary leaves using
gibberellin together with cytokinin. These cotyledoof the GSEs have been found highly
embryogenic when employed for further acquisitibsecondary somatic embryos using auxins,
thus providing a cyclic method fade novo regeneration of cassava plantlets in a process
commonly known as cyclic somatic embryogenesiau(égl.8; Raemakers et al., 1993). While

primary somatic embryogenesis is known to be ggretiependent, certain reports indicate that
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secondary somatic embryogenesis is almost indepéeraied rather simple once the cyclic
process is established (Raemakers et al., 1993)200

Some cultivars, such as the Nigerian 60444 areulskeir the development of
embryogenic suspensions, since it can produce foiafde embryogenic tissue. Taylor et al.
(1996) reported the first evidence of the estabiisht of these suspensions in cassava when
somatic embryos (developed as previously explaimezte subsequently cultured in GD salts
supplemented with picloram. The friable consistentyhis callus allows the release of small
globular embryo-like structures able to grow aslstembryogenic clustered suspensions that
proliferate rapidly in SH liquid medium with piclam (Taylor et al., 1996). Plants have been
regenerated from these suspensions when culturek ibaMS salts containing the auxin
Naphthalene acetic acid (NAA), which stimulates degelopment of somatic embryos that are
capable of shoot organogenesis by further cultwiagucytokinins (figure 1.8; Taylor et al.,
1996; Taylor et al., 2001; Zhang and Puonti-Kaer2304). However, the ability of friable
suspension cultures to develop into somatic embda@ss not seem to be as successful as

meristem-dependent (primary) and GSEs-dependettir{dary) somatic embryogenesis.

1.4.3 Cassava genetic transformation

Both embryogenic suspensions from FECs and expfemts GSEs constitute the main
tissues employed in the genetic transformation adsava (figure 1.8; Fregene and Puonti-
Kaerlas, 2002; Taylor et al., 2004a; Zhang and B«aerlas, 2004; lbrahim et al., 2008).
Among the DNA transfer technologies used are darbombardmentigrobacterium-mediated
transformation and electroporation, though the farnwo have been used more extensively
(Fregene and Puonti-Kaerlas, 2002; Taylor et &@042). Moreover, Taylor et al. (2004a)

commented that there has been a general consemsugydaboratories dedicated to cassava
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genetic transformation in preferrirgrobacterium-mediated transformation mainly due to its
capability of producing single insertions vs mukinsertions that occur using biolistics, which
IS more prone to gene silencing.

In the case of embryogenic suspensions, the metoosists of developing fully
transgenic suspensions from co-cultivated or boddshrfriable suspensions selected using
paromomycin or hygromicin (depending on the selectiene within the construct) in liquid
medium that promotes the continuous proliferatidrooly transgenic tissue (Schopke et al.,
1996; Taylor et al., 2001; Raemakers et al., 2@ikng and Puonti-Kaerlas, 2004). In addition,
visual selection using reporter genes such as itk#lyf luc encoding luciferase have been
employed (reviewed in Raemakers et al., 2001). Qheeestablishment of entirely transgenic
suspensions has been achieved, plants can be ratgehby the method described above (see
last paragraph of section 1.4.2 and figure 1.8).

The first successful method for the regeneratiofuldy transgenic plants of cassava with
FEC was published in 1996, using negative seledtiitn paromomycin (Schopke et al., 1996)
or luciferase-positive visual selection (Raemaledral., 1996). In addition, Zhang and Puonti-
Kaerlas (2000) showed that positive selection usiapnose is possible in cassava FEC when
transforming cells with a gene encoding phosphoms@nsomerase and growing in a medium
containing mannose, since non-transgenic cellatecapable of metabolizing this compound
(Wenck and Hansen, 2004).

Transgenic lines of agronomical importance developsing embryogenic suspensions
include: increased protein content by expressioanoéndogenous storage protein (Zhang et al.,
2003), virus resistance (Chellapan et al.,, 2008¢rehsed starch content and increased

monosaccharides by silencing the gene encoding Apy#@Gphosphorylase (developed by the
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Richard Visser’'s group and reviewed by Taylor et a@004a). However, literature is still
emerging, encouraging the scientific community dabowercoming the difficulties and time
consuming efforts employed in the development obmymgenic suspensions (Hankoua et al.,
2006; Ibrahim et al., 2008). In addition, this tecjue has been found to be prone to somaclonal
variation resulting in morphological differencesween the maternal tissue and the regenerated
material, mainly due to the culture regime to whilel plant material is subjected (Raemakers et
al., 2001).

Explants from GSEs were the first tissue proposegrovide regeneration of transgenic
cassava plants and Li et al. (1996) reported ferfitist time the regeneration of fully transgenic
plants withp-glucoronidase activity, using shoot organogendsaser on Zhang et al. (2000)
followed by transforming also with théidA gene encoding-glucoronidase. These methods
employed negative selection with thigt gene for hygromicin resistance.

CIAT published the development of the first tramggeplants of agronomical importance
developed from GSEs, having thar gene integrated into its genome (Sarria et aDQ20This
gene confers resistance to the commercial herbi&idsta. However, no report has been
published about the use of these lines in comnlepcactices. Another successful work using
GSEs as the regeneration method reported transgassava plants with modified starch quality
(Ihemere et al., 2006). Several works have usedsGBE transforming cassava in order to
decrease cyanogens (reviewed in Morant et al., 20@7Siritunga and Sayre, 2007). However,
due to the multicellular origin of somatic embryasggme authors have identified friable
embryogenic suspensions, which are known to bangfles cell origin, as a better option for
cassava transgenesis, since it provides a methediddef the generation of chimerical

individuals (Schreuder et al., 2001; Fregene andnBKaerlas, 2002; Zhang and Puonti-
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Kaerlas, 2004; Ibrahim et al., 2008). Taylor et @004a) proposed that each regeneration

method has weak and strong points that have bekwitlrbe subject to further optimization.

1.4.4 Improving cassava for decreased cyanogenic content

Iglesias and co-workers reported in 2002 a breeéixgeriment attempting to gather
information about a possible statistical correlatletween cyanogen content in cassava roots
and linamarase activity by crossing cassava clohbgyh and low linamarin quantity (Iglesias et
al., 2002). No positive correlation was found. Towest linamarin content found in any clone
was 120 mg CN equivalents/ kg dry weight, surpassam fold the highest value for human
consumption established by FAO (see section 1.8)thH@ other hand, the development of a
cyanogen-free cassava plant has been one of theimmoartant issues in transgenic approaches
in this tropical crop (Taylor et al2004a). Koch et al. proposed in 1994 that biatetdyical
approaches can help us to better understand thsightyical implications of cyanogens in
plants, hence providing possible ways of improvifogpd security. Furthermore, various
successful attempts have developed transgenicveapknts with decreased amounts of cyanide
content (Jgrgensen et al., 2005; Siritunga andeSago7).

Siritunga and Sayre (2003, 2004) were able to toams cassava using GSEs and
developed Mcol 2215 (a Colombian cultivar) deriviegs with cyp79d1/d2 decreased transcript
levels. This first attempt used anti-sense RNA netbgy to knockout the expression of these
genes, which encode cytochrome P450, the enzymavew in the first-dedicated step in
linamarin biosynthesis (see section 1.2.1). Thdaet had decreased linamarin levels as well,
showing up to 99% reduction in linamarin contentraots compared to wild type plants.
However, they apparently failed to grow in mediumvaid of ammonium or potting soil

(Siritunga, 2002), thus showing a physiological elggence on cyanogens. These authors
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proposed that linamarin supports in reduced nitmogapply by thep-CAS detoxification
pathway (Siritunga and Sayre, 2004, 2007; see aedi2.4). Jgrgensen et al. (2005) also
reported an attempt to reduce cyanogens in cadsavsilencing thecyp79dl/d2 genes in
transgenic plants using RNAI silencing technolo@iiis group was also able to significantly
reduce the levels of linamarin, and showed thattttsesgenic plants were able to grow in soil.
Nevertheless, they reported no molecular evidenee gouthern blot) that these plants were
transgenic.

Later on the Sayre group also developed plants witfteased HNL levels (Siritunga et
al., 2004). This strategy allows the presence mérharin in the plant’s tissues, so that the
proposed role as a source of reduced nitrogernpisligd, while accelerating the rate of liberation
of cyanide from acetone cyanohydrin, which is therkatilized and eliminated from the plant.
HNL specific activity was increased approximateBfld in roots and a higher rate of cyanide
elimination was reported after tissue homogenimatompared to wild type plants. The actual
physiological status and agronomical importancéhi technology is now being tested in field

trials in Isabela, PR (Dimuth Siritunga, persor@henunication).
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1.5 Objectives

Despite the importance of tfieCAS detoxification pathway in cyanide metaboligm i
cassava, the enzymes involved have not been igeht#t the molecular level. Elias et al.
(1996a) reported the presence of the enzyme inacasky partially purifying leaf and root
protein extracts, but no molecular information attbe presence of this and otligsas members
has been reported. This information evidences tasgmce of the enzyme in cassava, but due to
the high homology to othddsas members, this published kinetic information does address
information about the specific role of each pot@nithember in cyanide metabolism and any
other close related metabolic event such as ththesis of cysteine and/or othgrsubstituted
alanines. As a general objective, this project aimdetermine the role of the cassg+&€AS
enzyme in cyanide metabolism. In order to achidus goal, the genes encoding any of the
possible Bsas members were isolated using PCR. Further charaatem using sequence
analysis provided insights about their possibleniiie The genes were tested for their kinetic
properties inin vitro conditions and ann vivo analysis of the3-CAS encoding gene was

attempted by cassava transformation.
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2 Materials and Methods

2.1 B-CAS cDNA isolation from cassava and copy number dermination

2.1.1 Primers design

All primers used for PCR were designed using the&3 tool (Rozen and Skaletsky,
1998) and the OligoCalc Oligonucleotide Propert@zdculator tool (Kibbe, 2007). A partial
cassaval-CAS sequence (accession CK644310; Lopez et a4)28nd the completp-CAS
MRNA of rubber treeHevea brasiliensis; accession AY207389) were used for primer design.
The rubber tree sequence®CAS was used due to its high degree of homologyhéopartial
cassav@-CAS sequence. All primers were synthesized byghatied DNA Technologies (IDT)
and are listed in Table A.1 (see appendix A). Thpproximate priming sites within tiffeCAS

MRNA are shown in Figure 3.1.

2.1.2 RNA isolation

Approximately 50 mg of leaves were harvested fromo tdifferent in vitro cassava
varieties: Mcol 2215, which is a sweet (low cyanieeel) variety, and TMS 60444, which is a
bitter-sweet (mid cyanide level) variety. Leavegaveovered with aluminum foil and frozen in
liquid nitrogen. Liquid nitrogen was poured in amao, allowing it to chill and the tissue was
ground with a pestle until the liquid nitrogen ewegdied completely. Total RNA was extracted
from the tissue using the RNeasy Plant Mini Kitg@en, Valencia, CA, USA) following the
instructions of the manufacturer. RNA stability wasecked by electrophoresis (0.8 % (w/v)
agarose in 1X TAE (40 mM Tris acetate and 1 mM lethgdiaminetetraacetic acid (EDTA); pH

8.5) prepared with 0.1 % (v/v) diethyl pyro-carbttnéDEPC) water). RNA concentration was
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measured in a Genesis 10 UV Scanning spectrophtgor(iehermo Electron Corporation) at

OD260. The RNA samples were stored at —80°C until use.

2.1.3 Rapid Amplification of cDNA Ends (RACE)-related reactions and cDNA synthesis

RACE PCR was done using the GeneRacer kit (Inv@npdsan Diego, CA, USA). For
5'RACE, three reactions were done before cDNA sgsif1 dephosphorylation, 7-methyl
guanosine cap structure removal and RNA oligo ilgeto 5’ end.

The dephosphorylation of RNA was done in apdl®@eaction containing pig of total leaf
RNA, 1X CIP buffer (50 mM Tris-HCI pH 8.5 and 0.1IMnEDTA), 10 U RnaseOut (Rnase
inhibitor) and 10 U Calf Intestinal PhosphataseP)Clin DEPC water. The reaction was
incubated for 1 hour at 50°C followed by the pugdfion of RNA using the GeneRacer Kit,
following the instructions of the manufacturer ga phenol.chloroform extraction protocol).

The reaction for the removal of the 7-methyl guam®€ap structure was done in a0
reaction containing all the RNA purified from thephosphorylation reaction (4ig), 1X TAP
buffer (50 mM sodium acetate pH 6.0, 1 mM EDTA,%.-mercaptoethanol and 0.01% Triton
X-100), 10 U RnaseOut and 0.5 U Tobacco Acid Pyosphatase (TAP), in DEPC water. The
reaction was incubated for 1 hour at 37°C and #fiisrperiod, the RNA was purified using the
GeneRacer kit, following the instructions of thenuatacturer.

The final reaction was the RNA oligo-ligation teeth’ end. In this, the purified RNA from
the previous reaction was ligated to 0% of lyophilized GeneRacer RNA oligo in a 10
reaction containing 1X ligase buffer (33 mM Trisekate pH 7.8, 66 mM potassium acetate, 10
mM magnesium acetate and 0.5 mM DTT), 10 mM ATPUlRnaseOut and 5 U of T4 RNA
ligase, in DEPC water. The reaction was incubatedLfhour at 37°C and after this period, the

RNA was purified using the GeneRacer kit, followihg instructions of the manufacturer.

32



Retro-transcription was done using the Omniscript Kt (Qiagen) in a 2Qul reaction
mixture containing Zug of total RNA (or ligated RNA), 1X RT buffer (Qiag), 0.5 mM dNTP
mix, 1 uM oligo dT primer (IDT) or 2.5uM GeneRacer oligo dT primer (Invitrogen; only for
3'RACE), 10 units Recombinant RNasin Ribonucleasahitor (Promega, San Luis Obispo,

CA, USA) and 4 units Omniscript Reverse Transcapfan DEPC water. The samples were

incubated for 2 hours at 37°C and stored at —20%Cuse.

2.1.4 Polymerase Chain Reaction (PCR)

PCR was carried out in 20-%0 reaction mixtures containing: 50-500 ng templeDNA,
0.2 mM dNTP mix, 0.44M each primer, 1XTaq buffer (10 mM Tris-HCI pH 9.0, 50 mM KCI
and 1.5 mM MgGCJ) and 0.5 UTaq DNA polymerase (Fisher).

An initial amplification was done using GeneRaceoi53’ primer (Invitrogen) an@-CAS
specific primers (see Table A.1 and Figure 3.1hwfte following program in a Mastercycler

thermal-cycler (Eppendorf, Hamburg, Germany):

Temperature  Time Cycles
94°C 2 min 1

94°C 30 sec

72°C 1 min, 30 slc 5
94°C 30 sec

70°C 1 min, 30 slc 5
94°C 30 sec

60°C 30 sec 20
72°C 1 min, 30 sg¢c

72°C 10 min
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A second amplification was performed to reduce speeific amplification, by coupling

touchdown and nested PCR, using as template DNR@f products from the first reaction and

primers that prime internal regions of these amgaifproducts (GeneRacer 5 or 3’ nested

primers an@-CAS specific primers). The program for touchdow®RPwas as follows:

Temperature

94°C
94°C
60°C
72°C
94°C
50°C
72°C
72°C

Time
2 min
30 sec
30 sec
1 min
30 sec
30 sec
1 min

10 min

Cycles
1

J

- 20, each cycle with a 0.5°C decrieamenealing temp.

N

J

- 15 cycles

Amplified PCR products were analyzed in 1.0-1.5 &arase gel prepared in 1X TAE

buffer. PCR products and bands extracted from #ie wgere purified using the QIAquick PCR

Purification kit and the QIAquick Gel Extractiont KQiagen), respectively. DNA was quantified

with agarose gel electrophoresis using the 1 Kis BPINA Ladder (Invitrogen).

2.1.5 Cloning of MANes;BsasA and MANes;BsasB

Cleaned PCR products were cloned in pCR2.1 vecginguthe TA Cloning Kkit

(Invitrogen). Ligation conditions were as follows 10 ul reaction mixtures: 1X Ligation buffer

(6 mM Tris-HCI pH 7.5, 6 mM MgG| 5 mM NaCl, 0.1 mg/ml BSA, 7 mNM-mercaptoethanol,

0.1 mM ATP, 2 mM DTT and 1 mM spermidine), 50 ngR#1 vector, 19 ng insert

(MANes;BsasA or MANes;BsasB at a 1:1 vector/ingatto) and 4 Weiss units of T4 DNA

ligase (Invitrogen). The reaction was incubatedroigt at 4°C.
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Chemically competent cells were prepared by thelCa@thod (Sambrook and Russell,
2001) with certain modifications. An overnight aukt of Escherichia coli DH5a cells in LB
medium (10 g/l tryptone, 5 g/l yeast extract andgANacCl; pH 7.0) was diluted five times in 5
ml cultures and grown to an @3 of 0.4-0.6. Cells were harvested by centrifugatb®00 x g
for 5 min in a microfuge 5415D (Eppendorf) at rodemperature. The supernatant was
discarded and the bacterial pellet resuspendedb@p® of ice chilled 50 mM CaGl| After
incubation for 30 min in ice, the cells were cdnfyed at 800 g for 5 min at room temperature.
The supernatant was discarded and the bacteriek peds resuspended in 2Q00of ice chilled
100 mM Cadl. The cells were immediately used for transfornmatay frozen using liquid
nitrogen (after addition of glycerol to a concetita of 10 % v/v) and stored at —80°C.

For transformation, I of the ligation mixture were added to gDof competent cells and
incubated in ice for 30 min. Heat shock was adrtenexsl at 42°C for 45 seconds and further
incubation in ice for 5 min. The cells were recadceby addition of 10@ of SOC medium (20
g/l tryptone, 5 g/l yeast extract, 0.5 g/l NaCIl5 2nM KCI and 20 mM glucose; pH 7.0) and
incubation at 37°C for 1 hour. Selection of colgnmarboring the pCR2.1 ligated vectors was
done in LB agar medium (LB with 15 g/l agar) contag 100ug/ml ampicilin.

Colony PCR was done in 10-30 reaction mixtures containing the same conditions
mentioned above (see section 2.1.4). The templatampd DNA used for amplification was
obtained by incubating each selected colony inull6f sterile water at 95°C for 10 min.|2 of
this cell lysate were used as template DNA. Thmers used were pTV-F and pTV-R (IDT; see

table A.2). The PCR cycle was as follows:
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Temperature  Time Cycles

94°C 2 min 1

94°C 30 sec

50°C 30 sec 34 cycles
72°C 1 min

72°C 10 min

Positive colonies were picked and grown in LB brethpplemented with 10Qg/ml
ampicilin. Plasmid DNA was isolated using the Rlak Mini kit (Qiagen) and quantified with
agarose gel electrophoresis. Sequencing was peartbusing the Nevada Genomics Center

facility (University of Nevada, Reno, Nevada).

2.2 MANes;BsasA and MANes;BsasB characterization

2.2.1 In silico characterization of MANes;BsasA and MANeBsasB

The two different -CAS cDNA copies isolated were named MANeSslafihot
esculenta);BsasA and MANes;BsasB and their amino acid secggemvere predicted using the
Translate tool of EXPASy (Expert Protein Analysigstem) proteomics server of the Swiss

Institute of Bioinformatics (SIB; URL:http://expasy.org/tools/dna.htinl Protein sequence

alignments were done using ClustalW2 (Chenna et 28103) tool for multiple sequence
alignment (see appendix C for accession numberghef sequences employed). Default
parameters for multiple sequence alignment werel,uaecording to the ClustalW2 version
available at the server of the European Moleculawlogy Laboratory of the European
Bioinformatics Institute (EMBL-EBI). Phylogeneticnalysis and tree construction was done

using Phylogeny fr. (Dereeper et al., 2004). Prediction of mitochordpéastidic and cytosolic
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sub-cellular location was achieved using Targetigguelsson et al., 2004) and Predotar (Small

et al., 2004).

2.2.2 MANes;BsasA, MANes;BsasB and ARAth;Bsas3;1 cloninmto pTV118N
Signal peptide length and potential cleavage sis estimated using the MITOPROT

tool (Claros and Vincens, 1996). Sequences wele aislyzed for restriction sites using the
NEB cutter V2.0 tool (New England Biolabs, IpswichMA, USA; URL:
http://tools.neb.com/NEBcutter2/index.php). Primes®gre designed to amplify engineered
truncated versions of MANes;BsasA, MANes;BsasB ARRAth;Bsas3;1 Arabidopsis thaliana
B-CAS), with a start (ATG) codon at amino acid pasis 37, 30 and 28 respectively (see Table
A.2 of appendix A). These versions of the genekdddhe mitochondrial signal peptide, absent
in the mature forms of the proteins. The primes® aksembledcol (forward primer) andbal
(reverse primer) restriction sites for cloning (Sesble A.2 of appendix A). Thérabidopsis
thaliana B-CAS full-length clone (accession AJ010505; Hatifelt al., 2000) was kindly
provided by Dr. Kazuki Saito (Chiba University, G&j Japan) and was used as a control.

MANes;BsasA, MANes;BsasB and ARAth;Bsas3;1 were Idre@ using the
aforementioned cloning primers at the same reacooitions mentioned in section 2.1.4. The
PCR cycle used was the same as indicated in se2tioh for colony PCR. The purified PCR
products and thEscherichia coli over-expression vector pTV118N (Takara) were depbsising
the restriction enzymdscol andXbal (Promega) in 20-5Ql reaction mixtures containing: 0.1 —
0.5ug DNA, 1X Buffer D (Promega; 6 mM Tris-HCI pH 7.8,mM MgCkL, 150 mM NaCl and
1 mM DTT), 0.1 mg/ml BSA and 2.5 U of each enzymeestions of the plasmid with each

enzyme in separate tubes (single digestions) weoedane as digestion controls. Reactions were
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incubated at 37°C for 3 hours. After the reactieniqu, the enzymes were heat inactivated at
65°C for 10 min. Digestions were checked in 1% aesmgels prepared in 1X TAE buffer.

The purified digested DNA molecules were ligateé dt1 vector/insert ratio, in 10-30
reactions containing the following: 1X T4 DNA ligasuffer (30 mM Tris-HCI pH 7.8, 10 mM
MgCl,, 10 mM DTT and 1 mM ATP), 100 ng ®icol/Xbal digested pTV118N and 32 ng of
insert (Ncol/Xbal digested MANes;BsasA, MANes;BsasB and ARAth;Bsis3The reactions
were incubated at 4°C overnight. Transformationddmns were done as indicated above (see
section 2.1.5) buEscherichia coli NK3 strain was used instead of Dét{Ssince this strain lacks
CAS and CS activities (Hulanicka et al., 1986).sT&irain was kindly provided by Dr. Kazuki
Saito. The expression of the genes cloned in\itw site of pTV118N are under the control of

thelacZ promoter for induction with isoproppD-1-thiogalactopyranoside (IPTG).

2.2.3 Bacterial over-expression and preparation of crudgrotein extracts

NK3 cell growth, induction and crude protein extraeparation was done as previously
reported (Maruyama et al.,, 2001; Hatzfeld et aOp®. Overnight cultures of NK3 cells
harboring the MANes;BsasA, MANes;BsasB and ARAtla&31 engineered genes in pTV118N
were diluted 100 times in 100 ml LB broth suppletednwith 100pg/ml ampicilin to have an
approximate initial Olgyo of 0.025. After initial growth for 5 hours undagitation at 145 rpm in
a InnOva 2000 platform shaker (New Brunswick Sdfeptat 37°C (VWR Incubator Model
1545; VWR, West Chester, PA, USA), the cells werduced by addition of IPTG to a final
concentration of 1 mM and grown for nine additiohalurs at 37°C under agitation. The cells
were harvested by centrifugation at 3,000 g forniid at room temperature in a Centrifuge
5810R (Eppendorf). The supernatant was discardedhencell pellet was resuspended in 10 ml

of ice chilled 50 mM Tris-HCI pH 8.5. The cells welyzed by 1 min sonication at 95% full
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power using a Microson Ultrasonic Cell Disruptorigbhix, Farmingdale, NY, USA). The cell
debris was separated by centrifugation at 16,006r @0 min at 4°C and the supernatant was
taken as the crude protein extract. Protein conggom was quantified by the Bradford method

(Bradford, 1976) using bovine serum albumin asaadsrd.

2.2.4 B-CAS and CS activity assays

B-CAS activity was assayed as previously reporteds@gawa et al1994; Elias et al.,
1997) with slight modifications. The reaction misg¢ucontained 25 mM KCN and 5 mM L-
cysteine in 50 mM Tris-HCI pH 8.5 and different qties of the crude protein extract to a final
volume of 1 ml in 1.5 ml microfuge tubes. The reattwas initiated by addition of the crude
protein extract and was incubated at 30°C for 10. Mhe reaction was stopped by addition of
200l of 0.03 M ferric chloride (prepared in 1.2 N H@Iind 200ul of 0.02 M N,N-dimethyl-p-
phenylenediamine sulfate (DPDS; prepared in 7.2 ®l)HThe microtube was closed, shaken
and after 20 min of incubation at room temperatgentrifuged at 13,000 x g for 2 min to
remove precipitated proteins. The amount of metig/lblue formation due to the presence of
H.S, one of the CAS reaction products, was measyedtr®photometrically at 665 nm. The
H,S concentration was measured against gMN#andard curve. Activity was definedpasol of
H,S Cmin™*mg proteif® (Hatzfeld et al., 2000; Maruyama et al., 2001).

Cysteine synthase activity was measured accordifgruyama et al(2001) and Lunn et
al., (1990). The reaction mixture contained 2.5 MgS, 5 mM O-acetyl-l-serine and 5 mM
dithiothreitol (DTT) in 50 mM sodium phosphate hkerffpH 7.5 and varying quantities of the
protein extract, to a final volume of 1@0in 1.5 ml microfuge tubes. The reaction was aigd
by addition of the protein extract and incubate@3C for 10 min. The reaction was stopped by

addition of 50pl 20% (w/v) trichloroacetic acid (TCA) and the pigtated protein was
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eliminated by centrifugation for two minutes at @ x g. The cysteine formed due to the
reaction was measured by the method reported byottks (1967), which is based on the
formation of a red-pink product when ninhydrin resaevith cysteine. The supernatant was
transferred to a glass tube containing L0®f concentrated acetic acid and 2@0ninhydrin
reagent (25 mg/ml prepared in 60:40 acetic acidyH e tubes were incubated in boiling water
for 10 min and rapidly cooled in tap water followey addition of 55Qul of 95 % ethanol. The
solutions were read for absorbance at 560 nm astdiog concentration was calculated by the

molar extinction coefficient for the colorimetrissay (25,000 MGm™).

2.3 Construction of the plant over-expression vectors

2.3.1 MANes;BsasA and ARAth;Bsas3;1 cloning into pKYLX

The pKYLX71:353 binary vector (Schardl et .al1987) was used for cassava
transformation. MANes;BsasA and ARAth;Bsas3;1 wamgplified with primers that contained
restriction sites as indicated in section 2.2.2cfoning into pTV118, but instead of &itol site
in the forward primer, &acl site was included (see Table A.2 of appendix H)e genes were
cloned in theSacl (5’ end) andXbal (3'end) sites of the pKYLX71:353multiple cloning site,
under the control of the duplicate cauliflower mosairus (CaMV) 35S promoter for
constitutive expression. Digestions, ligations, DH®ansformation and plasmid isolation were
also done as previously stated (see section 2Zd@pny selection was done in LB agar plates
containing 10ug/ml tetracycline. Colony PCR was performed asdat#id in sections 2.1.4 and
2.1.5, using a forward primer that primes the ddveasn region of the CaMV 35S promoter and
as reverse primer, the cassf3+&AS specific primer 2 for the pKYLX:MANes constitu(see

Table A.1), or the AratiXba primer for the pKYLX:ARAth construct (see Tabk.2).
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Sequencing was also performed using the Nevada riesoCenter facility (University of

Nevada, Reno, Nevada).

2.3.2 Agraobacterium transformation

Once the sequence of the constructs was checkedmigations by sequencing,
Agrobacterium tumefaciens LBA4404 strain ElectroMAX cells (Invitrogen) weteansformed by
electroporation according to the instructions & thanufacturer. Cells were thawed on ice for
30 min and 2Qul of cells were mixed with 40 ng of plasmid DNA an ice chilled 1.5 ml
microtube. The mixture was transferred to an ic#leth0.1 cm electroporation cuvette and
electroporation was performed at 2.0 kV in a Miartser elctroporator (Bio-Rad, Hercules, CA,
USA). Immediately after electroporation, 1 ml of YMedium (0.4 g/l yeast extract, 10 g/l
mannitol, 0.1 g/l NaCl, 0.8 mM MgSQH,O and 2.2 mM KHPO,B3H,0; pH 7.0) were added
to the cuvette, transferred to a 1.5 ml microtube mcubated at 30°C for 5 hours under slow
agitation. After the recovery period, 1Q0of the culture were plated in YM agar medium (YM
medium with 15 g/l agar) containing 1@@/ml streptomycin and 1Qg/ml tetracyclin. Colony

PCR was performed as indicated in section 2.1.5.
2.4 Plant transformation

2.4.1 Plant material and media

Plant transformation was done as previously redobg Siritunga and Sayre (2003).
Mcol 2215in vitro plants were micro-propagated in 4e medium (1X Mhoige and Skoog (MS;
1962) salts supplemented with 2 % (w/v) sucrosegll thiamine, 100 mg/l myo-inositol, 0.04
mg/l N°-benzilaminopurine (BAP), 0.05 mg/l gibberellic @diGAs), 0.02 mg/l naphthalene-1-

acetic acid (NAA) and 0.7 % (w/v) agar; pH 5.75heTplants were incubated at 28°C in a plant
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incubator (model 141LL, Percival Scientific, Perbj, USA,) under a 12 hour day photoperiod
regime (5umol photons /rfs).

Apical leaves were taken from micro-propagated tsland cultured in MS8 medium (1X
MS salts supplemented with 2 % (w/v) sucrose, 10 d@00X Gamborg's B-5 vitamins
(Gamborg et al 1968), 8 mg/l 2,4-dichlorophenoxyacetic acid {R) 0.5 mg/l CuS@ 50 mg/l
casein and 0.2 % (w/v) phytagel; pH 5.75) for irteut of somatic embryos. The cultures were
covered with cheesecloth and incubated at the smmeitions as the micro-propagated plants
for 4-6 weeks.

Embryo clumps were transferred to RM2 medium (1X $48s supplemented with 2 %
(w/v) sucrose, 1 mg/l thiamine, 100 mg/l myo-inokitl mg/l BAP, 0.5 mg/l GAand 0.2 %

(w/v) phytagel; pH 5.75) to induce the developmantotyledonary leaves (3-4 weeks).

2.4.2 Plant transformation and selection

Cotyledonary leaves were soaked in 50 ml 1X MSssadivoid of nitrogen, containing a
few drops of Tween-20. Leaves were cut into appnaxély 0.5 cri peaces and placed in MS8
medium containing 10QM acetosyringone. Two-day-old 15 ml culturesAgfobacterium cells
harboring any of the constructs, grown in a rotatshaker (Model TC-7, New Brunswick
Scientific, Edison, NJ, USA) at 30°C (Fisher Isgpelmcubator, Fisher Scientific, Madison, WI,
USA) were centrifuged at room temperature for 7 rain6,500 x g. The supernatant was
discarded and the cells were resuspended in 1XaU$S devoid of nitrogen, to an Q@§ of 0.45-
0.5. The cells were induced by addition of acetiogyme to a final concentration of 2QM and
incubation at 28°C for 2-4 hours. After this peritte cotyledonary leaves were inoculated with
one or two drops of the induced culture. Co-cuttva was done for two days at room

temperature in darkness.
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Co-cultivated explants were transferred to MS8 medi containing 75 mg/ml
paromomycin and 500 mg/l carbenicilin (for selectiof transgenic plantlets and killing
Agrobacterium, respectively), covered with cheesecloth and iatedh at the same conditions
mentioned above for two months. Clumps of putatre@sgenic somatic embryos that grew in
selective MS8 medium were transferred to RM2 medioomtaining paromomycin and
carbenicilin at the same concentrations and grawrtvio additional months. After this period,
germinated clumps were transferred to RM2 mediuwoidieof antibiotics and grown for at least
one month. Germinated plantlets were then trareddel micro-propagation medium and grown

for 3-4 months.

2.5 PCR screening and phenotypical analyses

2.5.1 PCR screening

DNA was extracted from 3-4 month old vitro cassava leaves according to a modified
version of the method of Dellaporta et al. (1988pproximately 100-200 mg of tissue was
ground using sand and a micropestle in 1.5 ml rfug® tubes containing 400 pl of extraction
buffer (100 mM Tris-HCI, 50 mM EDTA, 500 mM NaCl%4 (w/v) polyvinyl pyrrolidone
(PVPD), 10 mMp-mercaptoethanol and 1% (w/v) sodium dodecy! se)fpteviously warmed at
65°C. The homogenized tissue was incubated at &&°QA5 min with vortexing at 5 min
intervals. Samples were cooled to room temperdtrrg min followed by addition of 250 pl of
cold 5M potassium acetate and mixed by invertirgy tiibes several times. The samples were
then incubated in ice for 20 min and centrifugeg $peed for 15 min at room temperature. The
supernatant was transferred to a new 1.5 ml mibetdollowed by addition of 700 ul cold
isopropanol and mixing by inverting the tubes savémes. The samples were then incubated

for 2 hours or overnight at -80°C, centrifuged speed for 15 min and the DNA pellet was air
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dried for 2-3 hours in the bench top. After dryitige pellets were washed with 500 ml cold 70%
(v/v) ethanol and air dried for 1 hour in the bemap. The cleaned DNA pellet was dissolved in
50 pl of TE buffer (10 mM Tris-HCI pH 7.5; 1 mM EB). The DNA was quantified using a
NanoDrop ND 1000 Spectrophotometer (Thermo).

PCR screening of transgenic plants was done usiagréaction conditions stated in
section 2.1.4, but using 100-1000 ng of genomic Di varying cycle programs such as the

one stated in section 2.1.5. DNA was analyzed ukif@bo agarose gels prepared in 1X TAE.

2.5.2 B-CAS activity assays from plant tissue

Approximately 50 mg ofn vitro leaves were ground in 2 ml of ice chilled extrawati
buffer (Tris-HCI 50mM pH 8.5, 5 mM DTT, 5 mM phenyiethyl-sulfonyl fluoride (PMSF), 1
mM EDTA and 2% (w/v) polyvinyl pyrrolidone (PVPD)ith an ice chilled mortar and pestle.
The ground mixture was transferred to 2 ml micretuland burst by sonication at 95% full
power, followed by centrifugation at 13,000 x gaatemperature of 4°C. The supernatant was
separated and taken as the total leaf protein@x&Eazyme activity was assayed as indicated in

section 2.2.5.
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3 Results

3.1 BsascDNAs isolation, cloning and sequencing

3.1.1 3’ RACE

Rapid Amplification of cDNA Ends (RACE) PCR was dsas the strategy for cDNA
isolation, due to availability of a partial intetr@equence of the cassa@aCAS gene (figure
3.1). RACE PCR allows isolation of the ends of &\éDsequence, if at least a partial internal
sequence is known. For 3' RACE, an oligo adaptémnofivn sequence was included downstream

the oligo-dT primer provided by the GeneRacer &itRACE PCR (Invitrogen).

1,134 bp
— — —
SR SRN s 1 43 B
HRAARATH - W A R
—— — < S “— <
SP 6 5 2 3Rn 3R
S~ ~ — S~ 'z —
~500-600 bp ~400-500 bp
[ | Hevea brasiliensis mRNA RACE adapters
[ ] Cassava B-CAS EST Conserved region

Figure 3.1: Schematic representation of tBeCAS mRNA sequence. The conserved region
includes all the coding sequence, except the sigeptide and untranslated regions (UTR).
Primers 1, 3, 4, 5 and 6 were designed using tissavaf-CAS EST sequence (accession
CK644310). Primers 2, 7 and 8 were designed usiagubber treeHevea brasiliensis) mRNA
sequence (accession AY207389). Primers 5R, 5Ran8RBRn were provided by the GeneRacer
kit. “SP”, signal peptide; “start”, start codonidp”, stop codon; “AAAA”, poly-A tail.

The presence of a very long conserved region has teported to be shared between all
the members of th8sas family of enzymes. This region resembles the mwal phosphate

(PLP) binding domain, as well as other functionamains involved mainly in substrate binding
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and dimer formation, since these enzymes have teggrted to be homo-dimers in their active
forms in most plants (Maruyama et al., 2001; Hatkz& al., 2000). Maruyama et al. (2001) were
able to explain with certainty that the conservegion does not include a region of about 20-40
residues in the amino terminal that encodes thlgetiang sequence for protein sorting into their
respective compartments. This non-conserved regibich is different between the distinct
isoforms (i.e. mitochondrial, plastidic and cytasplprovides regions of sequence specificity
needed for specific primers design. In additiorg tton-conserved character of the 5 and 3’
untranslated regions (UTR) are useful sequencespiexific gene isolation.

Figure 3.1 shows the approximate priming siteshefgrimers within th@-CAS mRNA
molecule. Approximate amplicon sizes are also shdwn5’ and 3’ ends. Different PCR
reactions were done using different template/praimeombinations and the reactions were
labeled according to these criteria (e.g., readtidin2 means that the template RNA source was
from the Mcol 2215 variety, using forward primérand reverse prime2; on the other hand
T4/3R means that the RNA source was TS 60444 variety, using forward primérand the
reverse primer was tf8RACE primer;Rn means that the primer use®ACE nested primer).

Figure 3.2 shows results of a 3’'RACE PCR reactisingiprimer combinations 3/3R and
4/3R (long 3'RACE PCR), in which the approximate phicon sizes expected are 1,050 and
1,170 bp, respectively. The expected bands werairsat in all the lanes (figure 3.2).
Furthermore, multiple bands of expected size candserved in more than one lane (e.g., lane
T3/R). However, non specific amplification was alveel in all reactions. To reduce non-
specific amplification and assure that the multipgends observed afeCAS specific, reaction
products M3/3R, T3/3R, M4/3R and T4/3R were usedeasplates for PCR reactions using

primers 7, 8 and 3Rn (nested PCR). Results arershofigure 3.3.
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M3/3R T3/3R T3/3R* M4/3R  4/BR T4/3R* ladder
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1,400

A
Wy
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Figure 3.2: Long 3'RACE PCR (1% agarose on 1X TAE). *These fanentained, by error,
cDNA synthesized with oligo dT primer, as well ashaGeneRacer oligo dT. This gel was run
for 3 hours at 75 mV. It contained approximately38ul of the total reaction.

At least three visible bands are observed withexgected molecular weight for PCR
products 7/3Rn and 8/3Rn (400-500 bp; see figudy, 3vhich were named 1, 2 and 3. The
elimination of non-specific amplification was ackeel by coupling nested PCR (amplification
from a PCR product using primers that anneal teri#l regions of the amplicon) with a
touchdown program in which the annealing tempeeaivas decreased 0.5°C each cycle, starting
with 60°C until reaching 50°C (see section 2.1Aplification of more than one band was
obtained because the gene specific primers usezhhtma conserved region shared between the
different members of thBsas family of genes, thus amplifying all the possilbhembers (see
figure 3.1).

To check whether the bands 1, 2 and 3 (@AS or cysteine synthase (CS) specific
amplicons, bands were cut, purified and sequensedjuhe Nevada Genomics Center facility
(University of Nevada, Reno, Nevada). The sequempeeducts were checked for homology to

B-CAS sequences using the Basic Local Alignment 8ecgl Tool (BLAST; Altschul et al

1990). All the sequences showed homologf-@AS and/or CS sequences (data not shown).
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Ladder M7/3Rn T7/3Rn M8/3Rn T8/

Figure 3.3: Nested PCR of the 3'RACE products M3/3R and T3/3Rg primer combinations
7/3Rn and 8/3Rn (1.5 % agarose on 1X TAE). Thisaged run for 2 hours at 100 V and then for
3 hoursat75 V.

To check for sequence homology between the threddyasequence alignments were
done with the ClustalW tool using default parame{€henna et al., 2003). High homology was
found between sequences T7/Rn-1 and T7/Rn-2 (geeefB.4), except that a gap of about 54 bp
was observed upstream the poly-A tail of the T7ZR3equence, hence explaining the difference
in molecular weight observed between these two $amdhe agarose gel (see figure 3.3). The
third band, T7/Rn-3, exhibited slight differencagts nucleotide sequence, giving the possibility
that it belongs to a gene of the same family, lifférent from the gene encoded by T7/Rn-1 and
T7/Rn-2 (see figure 3.4). These results could dayully understood when a similar result was

obtained in 5’RACE (see next section).
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T7/3En-1
T7/3En-2
T7/3En-3

T7/3En-1
T7/3En-2
T7/3En-3

T7/3En-1
T7/3En-2
T7/3En-3

BTt T G A A A O T ACGTOTOCAGAATATTAGTTGTGATAMAC
T7/3Bn-> IKES. ' TATTAGTTGTG TA
T7/3En-3 ! A G

T7/3En-1
T7/3En-2
T7/3En-3

T7/3En-1
T7/3En-2
T?3En-3

T7/3En-1
T?3En-2
T7/3En-3

Figure 3.4: ClustalW alignment of bands 1, 2 and 3 of the PE&ction T7/3Rn (3'RACE).
Black backgrounds indicate conserved residues; aekgrounds indicate similar residues (i.e.
purine to purine, or pyrimidine to pyrimidine sBift white backgrounds indicate completely
different residues. The position of the stop corandicated for orientation.

3.1.2 5 RACE

For 5’RACE PCR, a RNA molecule of known sequencs Vigated to the 5’end of all
the mMRNA molecules of a total RNA sample from caaskeaves, using the GeneRacer Kit
(Invitrogen; see section 2.1.3).

An initial long 5’RACE PCR was done using primer 8R forward primer and primer 2
as reverse primer. Results are shown in figurel8ries M5R/2 and T5R/2. The expected PCR
product for these two reactions was ~1.2 kb, andufdenown reasons it was only observed in
reaction M5R/2. Non-specific amplification was oh®&El and was eliminated by coupling

touchdown and nested PCR in a second PCR reactimy products M5R/2 and T5R/2 as
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templates, and primer combinations 5Rn/5 and 5RRé8ults are shown in the first four lanes of

figure 3.5.

Ladder M5Rn/5 M5Rn/6 T5Rn/5 T5Rn/6 MS5R/2 T5R/2 Neg.

750

500

250

Figure 3.5 5’RACE PCR. The PCR products from lanes M5R/2 d&R/2 were used as
templates to amplify the contents of the first ftames. The bands marked as 1, 2 and 3, were
isolated and sequenced. The bands indicated wiglstigun marks were not isolated even thou
many attempts were made to do so.

In figure 3.5, the expected molecular weighs f@RPproducts using primer pairs 5Rn/5
and 5Rn/6 are approximately 600 bp and 400 bp.ectsely (see figure 3.1). The samples
belonging to the TMS 60444 variety showed threedbaof expected molecular weight (see lane
T5Rn/6), while the Mcol 2215 samples amplified oty of the three expected bands, based on
the results obtained in 3'RACE. Only the bands lethes “1”, “2” and “3” were successfully
isolated and sequenced.

Figure 3.6 illustrates a sequence alignment of ahd2 and 3 from T5Rn/6. High
homology was found between sequences T5Rn/6-1 &fh/6-3, and again a difference in
sequence length is observed: T5Rn/6-1 is ~100 bygelotihan T5Rn/6-3. On the other hand, the
sequence T5Rn/6-2 was shown to be more dissimildés nucleotide sequence than the first two

and showwn to be shorter than T5Rn/6-1 and lortger T5Rn/6-3. This result can be compared
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to the result obtained in 3'RACE (see last sectiovhere sequences belonging to the first two
bands (T7/3Rn-1 and T7/3Rn-2) were more similagdquence than the third (T7/3Rn-3), hence
raising the possibility that these bands belontpéosame genes as bands 1 and 3 from 5’RACE,
and that the band named as T7/Rn-3 in 3'RACE mpkesof the same gene together with band

TRN/6-2 from 5’RACE.

T5Ru/6-1
TSRu/6-2 . cThC
TSROG-F - - -« « @ & & & f oo

T

T5Enf6-1
T5En/6-2
T5Rn/6-3

T5Enf6-1
T5En/6-2
T5En/6-3

CTTGTTCAC '.Jiua_.u._.u._.u._.u._.iaT' ‘TTTT'_TI_"_‘T'_Jua_.ua_.uﬂ_ GAGCTTGC TJ LT

T5Rnf6-1
T5En/6-2
T5En/6-3

GOT SO TG

=
i T.T i T
T T g o

T5Enf6-1
T5En/6-2
T5Rn/6-3

Figure 3.6: ClustalW alignment of bands 1, 2 and 3 from PCRctiea T5Rn/6. Black
backgrounds indicate conserved residues; grey bagkds indicate similar residues (i.e. purine
to purine, or pyrimidine to pyrimidine shifts); whibackgrounds indicate completely different
residues.

These RACE PCR results hint about the presencat déast three genes encoding
members of thésas family of enzymes being expressed in cassava $eaMee two identical
sequences found in both 5 and 3’ ends tells ablo@itexpression of two identical members,
whose difference in molecular weight could be dodarge and short versions of the same
enzyme, if the differences in size are not resdconly to the un-translated regions of the

MmRNA. However, due to sequence identity, the pnste&incoded by these two identical genes
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are expected to be functionally identical. The reing gene is expected to encode a different

enzyme.

3.1.3 Isolation of two different full length cDNAs

In order to gather information that could lead solation of the full length cDNAs,
primers were designed using the sequences obt&ioedthe RACE PCR results, since they
show non-conserved regions that provide speciffoitygene isolation. Since sequence similarity
is an indicator of functionality and this projecinad to identify theg3-CAS gene, efforts were
directed towards isolation of the genes with défezes in their nucleotide sequence, in order to
provide insights about their functionality. In afiloin, the specific isolation of the two identical
isoforms cannot be achieved using PCR derived tqubs, since primers designed to amplify
one sequence will amplify the other as well. Ottemhniques such as the construction and

screening of a cDNA library might be a better mettho

A B
5 END 3" END
51 sl 2 31
—» —> . <« <«
(D[ suR ] s Ml W LYY W €)
52 s2 2 32
—» —> <«— D —
@ [Csum ] B | BRRRRains suR mad** (2)
Sy
3 ] BRI | ERRRiirsa ] 3

Figure 3.7 Scheme of the different bands obtained in RACIRRBGowing the primers designed
using these sequences. A, Primers designed usipgsees from the 5’end: 5’1 and 5’2 primers
anneal to the 5’untranslated region (UTR), whileagtl s2 primers anneal at the start codons; B,
Primers designed using sequences from the 3'emuePy 3’1, 3'2 and 3’3 anneal to the 3'UTR
region. Note that primer “2” is the same as the presented in figure 3.1 and already used for
long 5" RACE (see figure 3.5). Legend: white, UT&jions; grey, coding sequence; checked,
conserved region; * or **, identical sequences; ‘AKX’ poly-A tail.
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Figure 3.7 shows a schematic representation ahtiee bands obtained in both 5° RACE
and 3' RACE PCR and the approximate localizationtled annealing sites of the primers
designed. PCR reactions were done using differantgp combinations that could trigger the
specific isolation of the two different genes. Aweresting result can be observed in figure 3.8A.
When using primer 5’1, which anneals to one of tive identical sequences of the 5 end,
amplification was achieved when using primers 3itl 82, which anneal to the two identical
sequences (potentially the same gene) of the 3®ndthe other hand, when using primer 5’2,
which anneal to the second potential isoform, afcplion was not achieved using the same
cDNA sample. Moreover, when using this forward mnwith a primer that could hit the third
(non-identical) sequence of the 3’end, amplificatiof the correct molecular weight was

obtained (figure 3.8B, lane T5'2/3'3).

bp Ladder 51/31 51/32 52/31 52/ s1/2 s2/2 Neg. Neg. T5'2/3'3 M5'2/3'3  T5'1/3'L M5'1/3'L  Ladder pp

2,000
1,600

1,000

E

g0 Nege L + 1 2 3 & 6 7 8 9:10°11 12 13°15 L

Cc E

Figure 3.8: PCR amplification and cloning dfvo Bsas full length cDNAs. A, Amplification
from TMS 60444 |leaf cDNA; B, Amplification from TM80444 and Mcol 2215 leaf cDNA,; C,
colony PCR of amplicon T5'1/3'1 (see B) cloned i€R2.1 using the TA cloning kit
(Invitrogen); D, colony PCR of amplicon T52/3'3¢s B panel) cloned in pCR2.1. Both primers
used for colony PCR anneal to the vector (pTV-F pihd-R; see table A.2 of appendix A).
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These results support the hypothesis from theskstion, stating that the two identical
sequences might encode one gene, while the othaesee with slight differences could encode
a second gene. The genes were amplified from #ré sddon to the stop codon using primer
combinations s1/2 and s2/2 (see figure 3.8A). Ttleléngth cDNAs encoding these two genes
were amplified using primer combinations 5'1/3'1da’2/3'3, respectively, from TMS 60444
and Mcol2215 leaf cDNA (figure 3.8B) and the amgiis from TMS 60444 were cloned in
pCR2.1 using the Original TA cloning kit (Invitroge Figure 3.8 C and D shows the colony
PCR screening of the clones resembling the twondisgenes. Positive clones were sequenced
using the Nevada Genomics Center facility (Uniwgref Nevada, Reno). The two sequences are

included in Appendix B.

3.2 MANes;BsasA and MANes;BsasB functional characteriz@gon

3.2.1 Sequence cluster analysis

Hatzfeld et al. (2000) proposed for the first timelassification method for this family of
enzymes, in which the first three letters of thawugeand the two first letters of the specific name
of the organism of origin are used. Also the isofadentity based on sub-cellular location and
kinetic properties is considered, Bsasl and Bsag®jlthe enzymes showing cysteine synthase
(CS) catalytic properties and targeted to the @Jt@sd the chloroplast, respectively. The
enzymes showinf}-CAS activity and targeted to the mitochondria hbeen classified in a third
group, Bsas3. For example, the actual names prdptmethe Arabidopsis cytosolic CS,
plastidic CS and mitochondrif3-CAS are ARAth;Bsasl, ARAth;Bsas2 and ARAth;Bsas3,
respectively. In the case where more than one risoflas been isolated from the cytosol,

another number will follow: ARAth;Bsasl;1 is thesti cytosolic CS isolated from Arabidopsis.

55



Since no information was available when starting ith silico protein characterization, the two
cassava proteins were named MANes;BsasA and MANasiR

The identification of the two isolated sequences \iest achieved by analyzing their
sequence homology to previously identified proteéiguences of thBsas family of enzymes.
The full-length cDNA sequences were used for ptexhcof the amino acid sequences using the
Translate tool of EXPASy (Expert Protein Analysigstem) proteomics server of the Swiss
Institute of Bioinformatics (SIB). These sequenagsre aligned using the ClustalW tool
(Chenna et al., 2003) for multiple sequence aligmnigee appendix C for accession numbers of
the sequences employed). Default parameters fotipleulsequence alignment were used,
according to the ClustalW2 version available atsbever of the European Molecular Biology
Laboratory of the European Bioinformatics Instit(EMBL-EBI).

Figure 3.9 shows the multiple sequence alignmenth®ftwo cassava (MANes) proteins
with three isoforms (cytosolic, chloroplastic andanhondrial) from Arabidopsis, spinach and
potato. The rubber tree sequence was also inclugieth MANes;BsasA and MANes;BsasB
align with these sequences, with results compargutdvious bioinformatics studies (Maruyama
et al., 2001). As mentioned above (section 3.1hB)Bsas proteins share a very long conserved
region following the non-conserved signal peptidesan be observed that the main differences
between these sequences lie in the amino-termwvath is where these signal peptides are
encoded. The cytosolic Bsasl enzymes are the shoprteeins, since a lack of the signal peptide
is expected to target these enzymes to the cytosoihpartment. Chloroplastic Bsas2 sequences

have the longest signal peptides followed by thchiondrial isoforms.

56



AR &th Bsasl 1
S0Ltn_Psasl_1
5PIol Beasl 1
AR fith ] BsasQ 1
SOLtu_Bsas2_1 MAS-- - - -FINNPLTSLCNTESERNNLFEISLYEAQSLGFSKLNGS - -
SPIol Bsas2 1 MAS-- - - - LVNNAYMAIRTSKMELRE VENL ANF R -
MANes;BsasA - - - - - - - L

HEWbr Beas3 1 - ---- - - ------ 2 KESLTHHELAT - RRFVS

MANES,BSASB - - - -« - - - - -~ - - KNSLTYHNLE] - RRFF S
SOLt Bsash 1 - ---- - - -on-- b KRSLAGN - -- - - -RLFS
ARAth Bsasi 1 - ---c - oo b RETIFCFSHTY - RKLF§
SPlol Bsas3 1 - ---- oo oo L RSRTAHRIFKT SLRCFS

AR Ath Bsasl 1
S0Ltu_Bsasl 1
5PIol Beasl 1
AR Ath Bsas2 1
S0Ltn_Bsas2 1
SPlol Bsas2 1
MANes;BsasA |
HEWbr Beas3 1
MANes;BsasB
S0Ltu_Beas3_1
AR Ath ] BsasB 1
SPIol_Bsas3_1

te- () LD P fe P 0D ) ) LD LD LA

ARAth Beasl |
S0Ltu_Bsasl 1
5PIol Beasl 1
ARAth Bsasd |
S0Ltn_Bsas2 1
SPlol Bsas2 1

5Lt t\sasj 1 I
AR Ath ] Bsas3 1 Il
SPIol_Bsas3_1

AR &th Bsasl 1
S0Ltu_Bsasl 1
5PIol Beasl 1
AR &th Bsasd 1
S0Ltn_Bsas2_1
5PIol Beas2 1
MANes;BsasA
HEVbr Bsas3 1

S0Ltn_Bsas3_1
ARAth ] Bsas3 1
SPIol_Bsas3_1

AR &th Bsasl 1
S0Ltu_Bsasl 1
5PIol Beasl 1
AR &th Bsasd 1
S0Ltn_Bsas2 1
5PIol Beas2 1
MANes:BsasA
HEWbr Beas3 1
MANes;BsasB
S0Ltn_Bsas3_1
AR Ath ] Bsa53 1
SPIol_Bsas3_1 L LIVTRRsIP

mooooog.

Figure 3.9: Protein sequence alignment of MANes-BsasA and MABlessB with other 1Bsas
protein sequences. Three different isoforms (iy&osolic Bsasl, plastidic Bsas2 and mitochondrial
Bsas3) were included from three of the plants inctvthese enzymes have been extensively studied
(Hatzfeld et al., 2000; Maruyama et al., 2001), egmArabidopsis thaliana (ARAth), spinach
(Spinacea oleracea, SPIlol) and potatoSblanum tuberosum, SOLtu). Thep-CAS of rubber tree
(Hevea brasiliensis, HEVbr) was also included, due to high homologyctssave3-CAS. For a
complete list of sequences and accession numbeesagpendix C. Residues are enclosed in a
gradient of colored backgrounds ranging from blalgkk grey, light grey to white, being black most
conserved and white non-conserved residues. Thgnnaént parameters used distribute the
sequences from top to bottom based on sequenclarsiyniThe MANes;BsasA and MANes;BsasB
sequences are shown iBdld” and “Italics’ to facilitate observation.
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These ten sequences, as well as 14 additionalesegs, were used for a robust
phylogenetic analysis using thhylogeny fr. tool (Dereeper et al., 2008). This tool provides
very simple analysis of ClustalW alignments of bgital sequences. This information might
provide clearer insights about the identity of MA\@sasA and MANes;BsasB based on their
similarity to previously characterized enzymes. URissof the construction of a phylogenetic tree

are shown in figure 3.10.

ARAth Bsasl 3 )
ARAth_Bsasl 1
BRAju_Bsasl_2
BRAju_Bsas1_1 > cytosolic
SPIol _Bsasl 1
SOLtu_Bsasl 1
CITvu_Bsasl _1 .
SPIol_Bsas2 1 N\
GLYma_Bsas2 1
ARAth Bsas2 2
ARAth_Bsas2_1 3 plastidic
ALlsa Bsas2 1
CAPan_Bsas2_1
SOLtu_Bsas2 1 Y,
SPIol_Bsas3 1
SOLtu_Bsas3_2 \
SOLtu_Bsas3_1
VITvi

MALdo Bsas3 1
MALdo_Bsas3 2
GLYma_ Bsas3_1 mitochondrial
ARAth_Bsas3 1
POPtr
MANes;BsasB

MANes;BsasA
HEVbr_Bsas3 1 )

Figure 3.1Q Phylogenetic analysis of 2Bsas protein sequences with MANes;BsasA and
MANes;BsasB. A multiple sequence alignment usings@IW was first done, in order to
provide the cluster analysis required by Englogeny fr. tool using default parameters (Dereeper
et al., 2008). The accession numbers of the seggeused for this analysis are detailed in
Appendix C. Clustered branches are identified byuged isoforms: cytosolic Bsasl,
chloroplastic Bsas2 and mitochondrial Bsas3. Thguaeces POPtr and VITvi have not been
characterized neithén silico, nor kinetically The MANes;BsasA and MANes;BsasB sequences
are shown inBold” and “Italics’ to facilitate observation.
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According to the phylogenetic tree in figure 3.1xee main clusters can be observed
when using this set of 24 sequences. Each clustasmposed of cytosolic Bsasl, chloroplastic
Bsas2 or mitochondrial Bsas3 proteins. This infdroma clarifies that, based on sequence
similarity, the Bsas enzymes can be classified into these three granpagreement with the
published work of Hatzfeld et al. (2000). In adaolitj the two clusters comprised of cysteine
synthases are closer together than to the sequesiuestered among the mitochondrial
cyanoalanine synthases.

Both MANes;BsasA and MANes;BsasB sequences areads&vithin the mitochondrial
proteins grouped in the Bsas3 cluster, thus progidnsights about the possibility of both
enzymes encodin@g-CAS sequences (see figure 3.10). Interestinglgnegkiough MANes;BsasA
and MANes;BsasB show short distances within the, tANes;BsasA is closer to the rubber
tree B-CAS (HEVbr;Bsas3;1), which is also known to be yarmgenic plant. However, the
HEVDbr;Bsas3;1 enzyme has not been characterizettro or in vivo; rather, it has been only
characterized using sequence similarity.

This information strengthens the hypothesis of betizymes being mitochondrial.
However, clearer information regarding their actoahlization must be achieved using tools for

this purpose and further kinetic analyses.

3.2.2 In slico determination of the sub-cellular location of MANes;BsasA and
MANes;BsasB
The development of sequence analysis tools hasdadwadditional ways to analyze
biological enzymes, based on comparative approatthgseviously studied proteins. In this

way, the structural organization of a protein carabalyzed by the comparison of its amino acid
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sequence to a library containing protein sequentesdiverse range of protein structures and
functions.

Even though signal peptides are not enclosed irsezord protein domains, certain
structural features have been identified in plagna peptides that allow their import to specific
compartments (Murcha et al., 2005; Sj6ling and &la$998). Computer algorithms have been
designed for the identification of these featuresnew sequences, given a library of well-
characterized molecules. TargetP (Emanuelsson,e2@0) is one of these programs that has
been widely used among scientists aimingith&lico characterization regarding the sub-cellular
location of newly isolated protein sequences (Sidtbat al., 2006; Watanabe et al., 2008a). An
additional tool used for this purpose is Predotaméll et al., 2004). These two tools were
employed for the determination of the sub-cellulacalization of the MANes;BsasA and
MANes;BsasB proteins. The set of characterized mesypreviously used for the phylogenetic
analysis was also used, in order to provide infdlondeading to the level of certainty to which
these programs can estimate N-terminal targetingesges in plants. Results are shown in
Table 3.1.

According to TargetP, all the cytosolic and chldasgic Bsas enzymes were successfully
identified as previously reported by each groupolmed in their characterization. Only the
soybean Bsas3 (GLYma;Bsas3;1), which was originaégntified and submitted as®CAS-
encoding enzyme (accession ABQ88337) showed atresmipared to chloroplastic enzymes.
Moreover, this enzyme was also showed to be chlastip using Predotar. Also when using this
program, one of the two plastidic isoforms of Addpsis was shown to be mitochondrial, but
this enzyme has been confirmed experimentally toéa a mitochondrial CS (Watanabe et al.,

2008a). This information demonstrates the religbitif these tools in estimating sub-cellular
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localization, considering that only together withe tphylogenic tree and kinetic studies, a

complete characterization of the enzymes will daeaed.

Table 3.1 In glico analysis of a set of 28Bsas enzymes together with the isolated
MANes;BsasA and MANes;BsasB.

TragetP Predotar
Sequence
cTP mTP Other Location Plastid Mitoch. Elsewhere Predict.

ARAth;Bsas1;1 0.091 0.073 0.819 - 0.01 0.01 0.98 -
ARAth;Bsas1;3 0.094 0.125 0.731 - 0.02 0.01 0.95 -
BRAju;Bsasl;1 0.105 0.07 0.824 - 0.00 0.01 0.98 -
BRAju;Bsasl;2 0.119 0.074 0.753 - 0.03 0.01 0.97 -
ClTvu;Bsasl;1 0.048 0.068 0.886 - 0.00 0.01 0.99 -
SPlol;Bsasl;1 0.059 0.064 0.808 - 0.00 0.01 0.98 -
SOLtu;Bsasi;l 0.053 0.066 0.869 - 0.00 0.01 0.99 -
CAPan;Bsas2;1 0.92 0.027 0.117 C 0.86 0.01 0.14 C
ARAth;Bsas2;1 0.938 0.132 0.026 C 0.93 0.04 0.06 C
ARAth;Bsas2;2 0.744 0.473 0.006 C 0.03 0.33 0.61 ~M
SOLtu;Bsas2;1 0.859 0.048 0.238 C 0.90 0.01 0.10 C
SPlol;Bsas2;1 0.747 0.077 0.098 C 0.85 0.03 0.14 C
Allsa;Bsas2;1 0.836 0.491 0.01 C 0.94 0.32 0.04 C
GLYma;Bsas2;1 | 0.959 0.139 0.01 C 0.97 0.15 0.02 C
MANes-BsasA 0.405 0.397 0.064 C 0.16 0.72 0.23 M
MANes-BsasB 0.261 0.648 0.042 M 0.00 0.49 0.50 ~M
HEVbr;Bsas3;1 0.152 0.579 0.082 M 0.00 0.56 0.44 M
SOLtu;Bsas3;1 0.077 0.721 0.087 M 0.00 0.86 0.13 M
SOLtu;Bsas3;2 0.038 0.785 0.123 M 0.00 0.64 0.36 M
GLYma;Bsas3;1 | 0.365 0.276 0.045 C 0.96 0.38 0.02 C
MALdo;Bsas3;1 0.235 0.828 0.016 M 0.00 0.73 0.26 M
MALdo;Bsas3;2 0.103 0.838 0.015 M 0.00 0.6 0.39 M
ARAth;Bsas3;1 0.095 0.836 0.052 M 0.00 0.51 0.48 M
SPlol;Bsas3;1 0.586 0.784 0.007 M 0.35 0.5 0.30 M
POPItr 0.339 0.354 0.116 M 0.03 0.25 0.72 M
VITvi 0.227 0534 0.012 M 0.00 0.77 0.23 M

Notes to table 3.1: The analysis was done usingelBrand Predotar tools. The output score values of
TargetP do not refer to probabilities, nor do thegually add to 1, but the highest score is thet iiicey

one to tell about the protein’s location. Predatatput values are probability estimates as to wdretie
sequence contains a mitochondrial, plastidic orentargeting sequence. Classification sub-tittles. (i
“‘cTP”, “mTP”, “Plastid”, “Mitoch.”, etc) in each daomn were kept as given by each estimating tool.
Legend: “cTP”, chloroplast targeting peptide; “mTRiitochondrion targeting peptide; “Other”, mostly
cytosolic; “C”, Chloroplast; “M”, Mitochondrion; “M", probably Mitochondrion. The MANes;BsasA
and MANes;BsasB sequences are showmwmid” and “Italics’ to facilitate observation.

Using the TargetP program (Table 3.1), MANes;Bsas#s shown to be chloroplastic

and MANes;BsasA mitochondrial. However, the scavbsined are not as high as in other
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enzymes within the group shown to be located iheeitompartment, such as ARAth;Bsas2;1,
SOLtu;Bsas2;1 and SPlol;Bsas2;1 for plastidic esedo enzymes, and ARAth;Bsas3;1,
SPlol;Bsas3;1 and SOLtu;Bsas3;1 for mitochondmalyenes, which are the most characterized.
A different result was observed when the Predaial wvas used. In that case MANes;BsasA
showed high probability to be mitochondrial, whit® certain result could be obtained for
Manes;BsasB. There was a 0.49 probability that M&RsasB is targeted to the mitochondrion
and a similar probability (0.50) that it is targktlsewhere (see Table 3.1). This result cannot be
taken as a chance of MANes;BsasB to be targetéuktaytoplasm, since cytoplasmic enzymes
from the set of sequences used were readily idedtis cytosolic by Predotar. Possible
difficulties in the accurate prediction of the stddlular location of MANes;BsasA and
MANes;BsasA by these tools might be due to a pts$ittk of enough cassava proteins within
the databases employed by these tools. Furthetikiagidence will provide deeper insights

about the actual identity of these novel proterosifcassava.

3.2.3 Invitro kinetic properties of MANes;BsasA and MANes;BsasB

The characterization of any enzyme has been compnamhieved by determination of the
kinetic properties of purified protein fractionstaimed using methods such as ammonium sulfate
precipitation, differential centrifugation and difent types of liquid chromatography, being size
exclusion, affinity and ion exchange chromatogra@mongst the most employed. More
recently, molecular biology and functional genomltve provided approaches to enzyme
characterization in which a DNA construct resentplthe gene that encodes the enzyme in
guestion is tested for its ability to compensate tfe lost of function in a mutant organism
lacking that particular gene. Hulanicka et al. @P8eported aEscherichia coli cysteine

auxotroph that was shown to be negative for cystsymthase activity. This strain was originally
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developed and used for cloning and characterizatidhe cysAMK operon required for cysteine
synthesis irGalmonella typhimurium. Years later Hell et al. (1994) used this mutaratis for the
first time in the characterization &sas enzymes, reporting the actual function of two cBNA
encoding the cytosolic and chloroplastic CS isofard more complete study was achieved by
Hatzfeld et al. (2000), which used the NK3 mutamnais for further characterization of other
spinach and ArabidopsBsas isoforms. Maruyama et al. (2001) used it for chtazation of
two CS and tw@-CAS enzymes from potato.

L + 1 2 3 4 5 6 7 & 10 11 12 13 14 L

Figure 3.11: Colony PCR of MANes;BsasA and MANes;BsasB in pTVM1&rimers used
annealed to regions flanking the multiple cloniitg $pTV-F and pTV-R, see appendix A, table
A.2). For complete details of addition of restucti sites, digestion and ligations of DNA
molecules, as well as bacterial transformation, ssstion 2.2.2 and appendix A. Lanes 1-5,
MANes;BsasA; Lanes 6-14, MANes;BsasB; “+”, positoantrol, ARAth;Bsas3;1.

The aforementioned studies cloned Bsas-encoding cDNAs in the pTV118N (Takara
Bio, Shiga, Japan) vector, in which the cloninggehes with a start codon at exactly 8 bp
downstream from the Shine Dalgarno (SD) sequengaasanteed with the inclusion of tNeol

restriction site in the forward primer, exactlytla¢ start codon, since this restriction site presid

a start codon (&tgg). This positioning of the gene assures maximwnllef expression using
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thelacZ promoter, whose expression is increased by indiiaising IPTG. The MANes;BsasA
and MANes;BsasB cDNAs were cloned in this vectoge(digure 3.11), as well as the
ARAth;Bsas3;1 (which together with the NK3 mutardsakindly provided by Dr. Kazuki Saito,
Chiba University, Chiba, Japan). The Arabidod$€AS was used as a positive control. The
reverse primer contained a restriction siteXbal (for a detailed list of primers used see table 2
of appendix A). A fourth clone resembled the pTViI18mpty vector, serving as a negative
control.

After growth and induction of NK3 cultures harbayiany of the four clones, cells were
lyzed by sonication, centrifuged and the superriatzas taken as the crude protein extract
(Hatzfeld et al., 2000). CAS activity was measubbgda colorimetric method that measures the
accumulation of sulfide (Hasegawa et al., 1994)JeM8S activity was achieved according to a
cysteine colorimetric method using nin-hydrin (Gaile, 1967). Each reaction is shown below.

Cysteine + CN— [3-CAS + HS

O-acetyl-serine + BB — Cysteine + acetate
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Comparison of CAS to CS activities
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Figure 3.12: Comparison of CAS to CS activity levels of MANesaBA and MANes;BsasB
proteins over-expressed in tBscherichia coli NK3 cysteine auxotroph. Cultures harboring the
ARAth;Bsas3;1 and pTV118N empty vector (pTV-EV) weansed as controls. CAS activity
levels were measured pmol sulfide/min/mg protein. CS activity levels wereasured iumol
cysteine/min/mg protein. Statistical analysis ahdrtconstruction were done using InfoStat. All
values showed statistical differences using ANO¥#t it = 0.05), including Arath;Bsas3;1 and
pTV-EV in both assays (see Appendix D for detageatistical test scores). Bars depict standard
error. LSD, Least Significant Difference € 0.05; LSRas = 0.09504; LSRs = 0.00580).
Summarized information regarding enzyme activitgags for the MANes;BsasA and
MANes;BsasB proteins is shown in figure 3.12. As ba observed, the MANes;BsasB isoform
showed the higheq8-CAS activity, even than the ARAth;Bsas3;1 proteivhich has been
previously reported to be capable of mainly catalyzthis reaction (Hatzfeld et al., 2000;
Watanabe et al., 2008). Moreover, the MANes;Bsas&yme also showed highgl-CAS
activity than ARAth;Bsas3;1, suggesting both gearsodep-CAS enzymes. All thg-CAS

activity values for each enzyme showed to be siediby different (figure 3.12 and appendix D).
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The levels of the NK3 mutant strain in catalyzihg B-CAS reaction (pTV-EV in figure 3.12
and table 3.2) were barely detectable and actaatggative value was obtained for the mean
value.

Since theBsas enzymes have been shown to be multifunctionalfacherized by their
ability to catalyze the synthesis of cysteine asdwall as of othem-substituted alanines
(Ikegami and Murakoshi, 1994), the novel cassawfoimms were tested for their ability to
catalyze the CS reaction. In addition, is has bseggested that in any study reporting the
isolation of any of thé8sas members, a multifunctional characterization shdaddaddressed, at
least on the ability of these enzymes in synthegiziysteine and, in this cagecyanoalanine
(Warrillow and Hawkesford, 1998). Summarized resu#tbout the effectiveness of the
MANes;BsasA and MANes;BsasB compared to ARAth;BshsiB catalyzing the CS reaction
are also shown in figure 3.12. Interestingly, MANBsasA showed remarkably higher CS
activity levels than ARAth;Bsas3;1, but even a mdrastic difference can be observed when
compared to the levels to which MANes;BsasB caalga¢ this reaction. Statistical differences
were also observed between all isoforms (see app®)dincluding the NK3 strain, which as
expected, showed no CS activity (see figure 3.12table 3.2).

Table 3.2 Comparison of3-CAS to CS activities of MANes;BsasA and MANes;B3asoteins
over-expressed in tHescherichia coli NK3 cysteine auxotroph.

Isoform CAS CS CAS/CS CS/CAS
umol H,S miri*  umol Cys mirt
mg™ protein mg* protein
MANes;BsasA 1.2256 0.1105 11.091 0.090
MANes;BsasB 1.6333 0.0227 72.011 0.014
ARAth;Bsas3;1 1.0233 0.0533 19.207 0.052
pTV-EV -0.0358 0.0005 - -

These results suggest that MANes;BsasB might havenan role in cyanide

detoxification, or at least higher than the MANesgBA enzyme. In addition, CAS/CS and
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CSJ/CAS activity ratios were calculated (see tab®,3ince this have provided a simple way to
test the actual roles &sas isoforms in either catalyzing the CAS or the C&ct®n (Hatzfeld et
al., 2000; Maruyama et al., 2001). These resultsvsthat the MANes;BsasB isoform had a 6.5
fold CAS/CS ratio, compared to MANes;BsasA, whitenpared to ARAth;Bsas3;1 it had a 3.75
fold CAS/CS ratio. On the other hand, the CS/CA8Boréor MANes;BsasA was 6.4 fold
compared to MANes;BsasB, while an almost two foldaswobserved compared to
ARAth;Bsas3,1. These results clearly demonstrate thased on their kinetic properties,
MANes;BsasA has a main role in cysteine biosynt)eshile MANes;BsasB is more likely to

encode a trug-CAS enzyme.

3.3 Invivo testing of the role ofBsas enzymes in cyanide metabolism in cassava

The previous report about the presencf-GfAS activity in cassava protein extracts (Elias
et al., 1997a) did not address information regaydiutnich genes and/or isoforms are actually
contributing to cyanide assimilation. Even thougin#icant differences between MANes;BsasA
and MANes;BsasB in cyanide assimilation were foumdtro (see previous section), the unclear
results concerning their sub-cellular location gssoftware tools (see section 3.2.2) makes the
analysis of these genes using biotechnologicaktaanlintriguing approach. In other words, this
study also used plant transformation experimentagsava to aim for information regarding the
role of the over-expression of these enzymes imidgadetoxification within the plant. In this
sub-chapter the MANes;BsasA, MANes;BsasB and ARBd¢hs3;1 were cloned in a
Agrobacterium binary vector and used for cassava transformatbrgerminated somatic

embryos (GSESs).
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3.3.1 Construction of plant transformation vectors and transformation of the LBA4404

Agrobacterium tumefaciens strain

MCS
\/ A
35S Prom H RBC!/H\NOS! N NPTII H NOS Prom

-

1.9 kb 3.5kb

Figure 3.13: Schematic representation of the T-DNA region of Y355 binary vector. The
disarmed Ti-plasmid contains a cassette for clogjeges under the control of the constitutive
promoter of the cauliflower mosaic virus 35S ribosd subunit. Selection of transgenic plantlets
can be done using the neomycin phosphotransfetagenk (ptll) that confers resistance to
amino-glycoside antibiotics. Legend: LB and RB,t lahd right borders; 35S Prom, double
CaMV 35S constitutive promoter; RBC!, terminatorrobisco small subunit; NOS!, terminator
of nopaline synthase; NOS Prom, nopaline synthasen@er; MCS, multiple cloning site:
Hindlll*, BamHI, Xhol*, Pstl, Sacl*, Xbal* (“*”, unique sites).

The pKYLX71:353 binary vector (figure 3.13; Schardl et,al987) was used, since
previous reports have used this vector for cassaesformation (Siritunga et al., 2004). This
vector provides constitutive expression of genegeurthe control of the cauliflower mosaic
virus 35S promoter. Primers were designed to agpnptié MANes;BsasA, MANes;BsasB and
ARAth;Bsas3;1 genes with forward primers resemb8agd sites and start codons at amino acid
positions 37, 30 and 28, respectively (see prildaisesA-Sac, ManesB-Sac and Arath-Sac in
table A.2 of appendix A). AtXbal site was included in the reverse primer, whictoahad the
naturally occurring stop codon of each isoform (gemers Manes-Xba and Arath-Xba in table
A.2 of appendix A). These engineered versions ef photeins were expected to assure the
translation of the mature forms of the protein,ceirmost N-terminal encoded mitochondrial

signal peptides are cleaved after protein impothéomitochondria, hence not contributing to the

mature structure of the active enzyme (Sjoling &haker, 1998). Besides, a higher reduction of

68



cyanide levels within the plant might be expectédhe over-expression of the protein is

achieved, not only in plant mitochondria, but adsstributed within all the cytoplasm, which is

where the protein will be delivered when lackinguaeting sequence.

Figure 3.14 shows the colony PCRs of the threetoarts developed for this study. At
least four positive colonies (except from the 39%4%h;Bsas3;1 construct, which only gave one
positive colony) were picked and grown for plasnsdlation and sequenced using the Nevada

Genomics Center Facility (University of Nevada, BeNevada).
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Figure 3.14: Colony PCR of MANes;BsasA, MANes;BsasB and ARA®EB3;1 genes cloned

in pKYLX binary vector (1 % agarose on 1X TAE). Thereening was done using a forward
primer that anneals to the downstream region ofdakBIV 35S promoter and a reverse primer
specific for each gene (see table A.2 of appendjx A screening of 35S:MANes;BsasA

colonies; B, screening of 35S:MANes;BsasB coloni€s;screening of 35S:ARAth;Bsas3;1

colonies; D, scheme of each over-expression castsshowing approximate annealing sites of
primers used and amplified PCR products sizes.

Clones that showed no nucleotide mutations wered usor transformation of

Agrobacterium tumefaciens LBA4404 by electroporation. This strain contain® thirulence
genes used for T-DNA transfer and integration thi plant's genome in a second plasmid that

also contains the gene conferring streptomycinstasce. The pKYLX vector contains the
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tetracycline resistance gene, thus selectiorAgrfobacterium colonies harboring the binary
system must be achieved using these two antibiofessults of transformation of the
35S:MANes;BsasA and 35S:ARAth;Bsas3;1 construdis iBBA 4404 electro-competent cells
are shown in figure 3.15. The 35S:MANes;BsasA aK¥'lpX empty vector constructs were

also used foAgrobacterium transformation (data not shown).

35S:MANes;BsasA 35S:ARAth;Bsas3;1

1 kb

Figure 3.15: Colony PCR screening @grobacterium tumefaciens LBA 4404 strain harboring
either the 35S:MANes;BsasA or the 35S:ARAth;Bsas®itistructs (1% agarose in 1X TAE).
Primers used were the same as those employeduie f8y14 for each construct.

3.3.2 Transformation of cassava germinated somatic embryoand plant selection

Different explants have been reported to be swatdbt transformation in cassava, in
which de novo regeneration of completely new plants has beereaetl (Taylor et al., 2004; see
sections 1.4.2 and 1.4.3 for a detailed discussiOmge of these methods employ germinated
somatic embryos developed from meristematic tissueMS salts containing 2,4-D at a
concentration of 8 mg/l (MS8 medium). After embiyaluction, regeneration medium (RM2)

containing cytokinins and gibberellins was used $&moot induction and development of
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elongated cotyledons. This tissue, when taken afaets for further acquisition of somatic
embryos, shows higher embryogenic properties téahadpical meristems. In our laboratory, this
cyclic embryogenic system was established usinghtgely embryogenic cultivar Mcol 2215

(see figure 3.16).

Figure 3.16: Somatic embryogenesis in the Colombian cultivar IZ2d5. A and B, apical leaf
meristems (1) are taken from vitro cassava plants propagated in MS (Murashige anddsko
1962) salts and vitamins; C and D, after four weaksultivation of meristematic tissue in MS
salts supplemented with 2,4-D, white hard callup gliferation is induced, from where
organized embryogenic structures (3) form; E, saahbryos are then germinated in MS salts
containing cytokinins and gibberellins, which teggthe formation of elongated cotyledonary
leaves, suitable for regeneration and/or transfoma
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Even though three constructs were prepared fott pdansformation, only two constructs
were actually used due to the complexity of casswmmasformation, since transformation
efficiency in cassava is about 1-3%, considering dimount of transgenic lines obtained per
amount of explants used (Ihemere, 2003; Siritu@§&R). In this way, for obtaining at least 25
lines with 1% transformation efficiency, 2,500 exis must be obtained from somatic
embryogenesis and transformed. The establishmemydic somatic embryogenesis took a
period of acclimation of Mcol 2215 plants to tharihg tissue culture facilities employed for
this project, which was combined with a periodrofial training on tissue culture techniques and
cassava micropropagation. Hence, even though rhcétipn of plants and callus inductioniim
vitro conditions was started in June 2006, it was ndil trebruary 2007 that the first
transformation was done using the construct resembite ARAth;Bsas3;1 gene (see table 3.3).
Table 3.3: Transformation of explants from GSEs using eithdre t35S:MANesA
(MANes;BsasA) or the 35S:ARAth (ARAth;Bsas3;1) strncts. The number of explants used

for co-cultivation with any of the two constructsshown. Stars depict transformation events that
lead to the production of lines that endured s&ladh paromomycin.

Transformation Number of Time in selection
Date Construct event explants medium

13-Feb-07 35S:ARAth 1 160 -
15-May-07 35S:ARAth 2 203 -
15-Aug-07 35S:ARAth 3 361 -
16-Aug-07 35S:ARAth 4* 231 4 months
16-Oct-07 35S:ARAth 5* 395 4 months
19-Oct-07 35S:ARAth 6 500 -
24-Oct-07 35S:ARAth 7* 194 4 months
24-Nov-07 35S:ARAth 8* 344 not recorded
26-Nov-07 35S:ARAth 9* 418 not recorded
6-Mar-07 35S:MANesA 1 70 -
2-May-07 35S:MANesA 2 184 -
28-May-07  35S:MANesA 3 143 -
21-Aug-07 35S:MANesA 4 197 -
27-Aug-07  35S:MANesA 5* 367 5 months, 3 weeks
17-Oct-07 35S:MANesA 6* 456 4 months
23-0Oct-07 35S:MANesA 7* 515 4 months
16-Jan-08 35S:MANesA 8* 581 5 months, 3 weeks
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Table 3.3 shows the amount of explants used farutto+ation with LBA4404 harboring
either the 35S:MANesA construct or the 35S:ARAthnstouct. As can be appreciated,
transformations were done by alternating the twstioicts, so that a paired number of putative
transgenic lines from both constructs growing ilesteve medium were obtained through time.
After co-cultivation for two days, the explants wetransferred to MS8 medium containing
paromomycin and carbenicillin for selection of gkmnd killing Agrobacterim, respectively.
Organized embryos formed in selective medium wéen tgerminated using RM2 medium
containing the aforementioned antibiotics. The &&a period extended to not less than four
months {see table 3.3).

Table 3.4: Determination of transformation efficienciés the 35S:MANesA and 35S:ARAth

constructs. Detailed information regarding the $farmation event number 9 is given. TE,
Transformation Efficiency calculated by the follagiequation: TE (%) = (Lines/Explants)*100.

Construct
(transformation event) Explants Lines  TE (%)
35S:ARAth (all) 2,806 80 2.9
35S:MANesA (all) 2,513 212 8.4
35S:MANesA (1-8) 1,932 94 4.9
35S:MANesA (9) 581 118 38.2

In table 3.4, data concerning transformation edficly is presented. The 35S:ARAth
construct showed levels of transformation efficiermompared to previous studies in which
somatic embryogenesis was used for transformatiodaoml 2215 (Siritunga, 2002; lhemere,
2003). An interesting result could be appreciatéenvconsidering the transformation efficiency
for 35S:MANesA construct, since it obtained 8.4%isTvalue was mainly due to a high amount
of lines obtained from the co-cultivation of thetl®81 explants, which was abnormally higher,

showing to have 38.2% transformation efficiency.spie values closer to normal efficiency
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were obtained in the first 8 transformation evemswhich a total of 1,932 explants were

transformed, they were still too high, showing 4.9%

3.3.3 PCR screening of transgenic plants

a cbde ghf i k| p o] n g m
> 4PPP> 44> P\ ¢ttt > < > <+ <«
35S Prom HARAth;Bsas3;l RBC! H NOS! NPTII HNOS Prom
~— —~ d — —~ —
2.8 kb 3.5kb

Figure 3.17: Approximate annealing sites of primers designedHGR screening of putative
tra_msgenic 35S:ARAth plants. See table A.3 of adper for a detailed description of each
primer.

Due to the apparent presence of escapes withirpdpelation comprised of putative
transgenic plants developed using the 35S:MANestaact, PCR screening of only the plants
developed with the 35S:ARAth construct was doneterAfmicropropagation of putative
transgenic plants, DNA was extracted from leavedoaf month oldin vitro plants using a
method derived from Dellaporta et al. (1983). Prsndesigned for screening of putative
transgenic plants and their approximate primingssére shown in figure 3.17 (see Table A.3 of
appendix A for a detailed description). Summariz=ults of all the PCR reactions done for the
screening are shown in appendix E. Only severaigodar results will be discussed in detail.

As can be observed in tables E.1, E.2 and E.3 péragix E, no line was observed to
show amplification from both the selectiomp(ll) and the 35S:ARAth cassettes included within
the T-DNA region of pKYLX, except several casesttda not show a repetitive pattern of
amplification. An interesting result was obtaineden amplifying the downstream region of the

35S:ARAth construct: some lines showed to amplging a primer pair that hit the 35S:ARAth

gene (see figure 3.18 and table E.3, reaction ilAXba).
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Figure 3.18 PCR screening of putative 35S:ARAth plants ugnigner “i” as forward primer
(figure 3.17; table A.3) and Arath-Xba as reversmepr (table A.2) (1.5% agarose on 1X TAE).
The expected amplified PCR product was of aboutt®®ng. These results are summarized in
table E.3 of appendix E. “M1” and “M2”, amplificatis from two different DNA samples of
Mcol 2215 wild type plants; “+”, amplification fropKYLX 35S:ARAth plasmid.

The reverse primer of this PCR reaction was sugptsamplify from a short portion of
the Arabidopsif-CAS un-translated region included within the camst However, as can be
observed in figure 3.18 this primer set amplified M2 sample, which corresponded to genomic

DNA extracted from Mcol 2215 wild type plant.
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To check whether this result was or was not a fals&tive, amplification from five
different DNA samples extracted from Mcol 2215 wijghe plants was achieved. The same PCR
reaction was done, also using a plasmid resemhhlegcDNA sequence of the endogenous
MANes;BsasB gene. Results are shown in figure 3A9can be observed, this primer pair
showed to amplify the same sample at irregularnwale, since all reactions were done in
triplicates from the Mcol 2215 samples and ampliilcn was not always observed. Moreover,
the primer pair showed to hit the MANes;BsasB gémaddition, this reaction was done several
times (see tables E.1 and E.2 of appendix E) amghles showing amplification with this primer
pair did not amplify with many other different pemsets, thus the discussed result might be a

false positive.

Mcoll Mcol2 Mcol3 Mcol4 1] 15)
AL A

300 bp 300 bp

Figure 3.19: Amplification from different Mcol 2215 wild type ghts using primer set i/Arath-
Xba (1.5 % agarose in 1X TAE). See tables A.2 arf8l & appendix A for details concerning
primers. Each DNA sample (Mcoll, Mcol2, etc.) waspdified in triplicates. Lanes 6, 7 and 8
were amplifications from MANes;BsasB, pKYLX 35S:ARAplasmid and negative control,
respectively.

A second interesting result is shown in figure03.;h this case, amplification using
primers hitting the NOS promoter angtll gene were employed. This result showed that when
using this primer pair, seven lines showed ampiifan. However, when a different set of
primers was used for amplification of the selecttassette, amplification was not obtained (see

figure 3.21 and table E.3.)
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Figure 3.2Q PCR screening of putative 35S:ARAth lines witlk frimer pair m/n, amplifying
thenptll selective cassette (1.5 % agarose in 1X TAE). Mpeeaed amplified PCR product had
a molecular weight of about 900 bp. These resussammarized in table E.3 of appendix E.
See figure 3.17 and table A.3 for details conceyreach primer. “M”, Mcol 2215 wild type
plant; “+”, pKYLX 35S:ARAth plasmid.

The above (figure 3.20) and below (figure 3.2Buitts, even though contradictory, are in
accordance to previous results showing amplificatib close-related bands from this particular
genetic background. Siritunga (2002) showed thatnvemploying primers to amplify theptl|
gene from transgenic plants developed from Mcol5224 non-identified endogenous DNA
amplicon was obtained. Moreover, when employingnprs that could hit the NOS terminator
sequence, no amplification was obtained from thimes set of samples (see reaction o/p from

table E.3). When the first attempts of amplificatiof the NOS terminator were done, two lines

showed a positive result (see table E.1). Howewer,line showed a repetitive pattern of
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amplification, thus there was no molecular evideotéhe presence of the T-DNA within their

genome.

L (e

_— - e sl = e
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Figure 3.21 PCR screening of putative 35S:ARAth lines witle forimer pair g/n, amplifying
thenptll selective cassette (1.5 % agarose in 1X TAE). Mpeeed amplified PCR product had
a molecular weight of about 450 bp. These resuissammarized in table E.3 of appendix E.
See figure 3.17 and table A.3 for details conceyreach primer. “M”, Mcol 2215 wild type
plant; “+”, pKYLX 35S:ARAth plasmid.

PCR is not considered a concrete prove of theepoes of a transgene in a genome,
mainly due to non-specific amplification to whidig technique is prompt to. Concrete prove of
transgenesis can only be achieved using blottingnigues, such as southern blot, which can
also provide information regarding insertion copynier. Quantitative Real Time PCR has been

suggested and employed as a tool for estimating nomber, but this technique needs further

optimization for its employment in copy number detmation experiments. However, PCR has
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been extensively used for screening purposes diig éasiness compared to other more reliable
tools such as southern blot. Once the PCR screasiaghieved, the plants are further tested
using southern blots that confirm the stable irdegn of the T-DNA into the plant’'s genome. In
this experiment, PCR was used only for screeninggaes and these results do not provide a
reliable evidence of the presence of the pKYLX 28%Ath T-DNA region within any of the

lines developed in this experiment.

3.3.4 Phenotypical analysisB-CAS activity assays from putative transgenic plarg

In order to check whether these plants have théNF-htegrated in a region that might
not be facilitated by PCR amplification, some aof tihost healthy plants that showed a positive
result were propagated, grown for at least threath'oand checked for increased level$-of
CAS activity. Results are shown in figure 3.22.0&s be observed, only lines 42, 581 and 722-1
had activity levels lower than that of the Mcol 32Wild type plants. All other lines had an
activity level not different from Mcol 2215. Thigsult makes stronger the assumption to which

the PCR results lead, showing that no evidencefewasd of these plants being transgenic.
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CAS activity of putative 35S:ARAth transgenic plants

0.014+

0.0104

0.0074

Activity/mg tissue

0.0044

0.001 T T T T T T T T T T T
42 541-2 541-3 551-2 553 561 571 581 722-1 723-2 Mcol

Line

Figure 3.22 B-CAS activity in some putative transgenic 35S:ARAthes. Activity was
measured agmol/min/mg protein per mg of tissue. “Mcol”, Mcol22 wild type plant. The
Analysis of Variace output is shown in AppendixBars depict the size of the least significant
difference ¢ = 0.05; LSD = 0.00315).
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4 Discussion and concluding remarks

4.1 Presence of two functional members of thBsas family of enzymes in cassava.

One of the main goals of this project, the clonamgl characterization of one or more of
the Bsas family of genes from cassava in search for fHeéAS gene, has been fully achieved.
RACE PCR was used as the PCR-based strategy ferigelation since it allows amplification
of the borders of a cDNA molecule, given the segeesf the internal region. This technique has
been previously used for the isolation of differ&sas members of potato (Maruyama et al.,
2001). Our results show that based on the sizéisedd’ and 3’ ends of the cDNA molecules of
the Bsas enzymes being expressed in cassava leaves, tembens could be identified. Two of
these are identical in sequence, except for theepieee of gaps in both the 5" and 3’ un-translated
(UTR) regions, which evidence the expression of Wwemsions of the same RNA transcript that
differ only in size of the UTR regions. These cDNA&sre named MANes;BsasA and both have
identical open reading frames. In the other hamelsecond functional gene MANes;BsasB had a
similar sequence, but was not identical.

Multiple sequence alignment tools were used fosteluanalysis that allowed a similarity
characterization of the enzymes to previously idfiedt isoforms. These sequence cluster
alignments were used for the construction of a @iphetic tree that evidenced that these two
genes are more close together than each one toubartisoforms, except for MANes,BsasA
being closer to the rubber tr@eCAS. Phylogenetic analysis show tHzdas isoforms can be
divided in three groups, depending on sequencelaityi (Hatzfeld et al., 2000; this study),

these three groups being composed of cytosoligraplastic and mitochondrial enzymes,
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respectively. Based on these result both casBsasawere shown to be within the mitochondrial
cluster.

Based on the estimated sub-cellular location, nociege result was obtained. Two
different tools were used for this estimation, tioutnone gave similar results, even though the
reliability of the software used was tested by dothe analyses also with other previously
characterized enzymes. This result might be dug limck of cassava enzymes within the data
bases used by these programs. The only concreik tiest allowed a concrete characterization
was the testing of the kinetic properties of thieg® enzymes when over-expressed in a bacterial
background lacking the capability of catalyzingtbttep-CAS and CS reactions. These results
clearly demonstrate that MANes;BsasB encodes a¥GAS enzyme, while MANes;BsasA
encodes an enzyme that can catalyze better the&8an.

These results need to be considered together hétmtsilico analyses results. Sequence
alignment shed light about the possible mitochaldoicalization of both enzymes. On the other
hand, protein sorting using the proper tools is clear. In Arabidopsis, two mitochondrial
enzymes have been identified, each one resembéatgytc properties off-CAS and a CS
(Watanabe et al., 2008a). On the other hand, m® fHGAS has been identified outside the
mitochondria; the low cytosolic and chloroplagii€CAS activities extensively found in plants
have been attributed to Bsasl and Bsas2 cysteinihases present in these compartments
(Warrillow and Hawkesford, 1998; Warrillow and Haegford, 2000). Our results regarding the
kinetic properties of each isoform indicate that N&s;BsasB i$-CAS and that despite the
unclear sub-cellular location estimation, all thélshed evidence suggests that it should be

localized in cassava mitochondria.
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As for a concrete characterization of MANes;Bsakietic analyses showed that it is a
CS enzyme and any other consideration regardingutscellular location should be taken
starting with this proven statement. Moreover, haptinteresting consideration should be
analyzed. In order for a protein to be translatgdth®e ribosomes, a pyridine rich region is
needed at 5-15 bp upstream the start codon, foedopositioning of the mRNA transcript
(Lewin, 1999). The shorter version of MANes;BsaggKs this region and, if this transcript is to
be translated to a protein, only the third metmerencoding codon can provide a start codon
with the pyridine-rich box upstream the start coqdata not shown). This protein will be 25
amino acids shorter than the longer version ofigaform, providing the cytosolic version of CS
which, in Arabidopsis, is the enzyme that mainiptcibutes to cysteine biosynthesis (Watanabe
et al., 2008a).

On the other hand, the longer version of MANes;Bsasuld be either targeted to the
plastids, serving together with sulfur acetyl tfangse in sulfur assimilation into organic
molecules, or in the mitochondria, where it couldvide a good cysteine supply for cyanide
detoxification by MANes;BsasB, which has apparemdist significantly its cysteine synthesis
rate, in spite of a highgcyanoalanine synthesis rate. An additional optasyrMANes;BsasA is
that somehow, cassava has developed an enzymeathdt be targeted to the three discussed
compartments: i.e. the long version of the isofoesembles a signal peptide that allows sorting
of the enzyme to both mitochondria and plastidsems the shorter catalyzes cysteine
biosynthesis within the cytosol, as in any othempl Plant plastidic signal peptides tend to be
longer than mitochondrial transit peptides, as btanobserved in figure 3.9. Interestingly
MANes;BsasA shows a shorter version when compargdistidic signal peptides, while longer

when compared to those of mitochondrial sortingggesting maybe that this protein resembles a
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targeting sequence for commonly sorting of enzytogbese two compartments. However, this
hypothesis needs to be further tested, perhapg tsanslational fusions of chimeric proteins

resembling the signal peptide together with a rigpanolecule such as green fluorescent protein.

4.2 Cassava transformation using GSEs needs further oization.

A possible explanation to have obtained an abndymiaigh number of putative
transgenic plants after selection of the plantleisveloped using the 35S:MANes in
paromomycin could be the selection methodology. Thius developed in MS8 selective
medium was only moved to fresh medium when transfieto regeneration medium for
induction of shoots in the organogenesis step, wherleveloped embryos had at least 8 weeks
of culture in the same non-fresh medium in whiah ¢allus induction and selection was started.
Certain protocols establish that medium contairangbiotics for transgenic plantlet selection
must be replaced at least 1-2 weeks (Zhang andtiPiaerlas, 2004), to avoid the overcoming
of non-transgenic tissue to these selective carditi The geneptll encodes the enzyme
neophosphotransferase, which was originally isdlai®m Escherichia coli. The enzyme
inhibits the lethal action of amino-glycoside amdtits by addition of a phosphate group,
causing inactivation of these molecules which nyaimipair protein translation in the ribosomes.
It appears unlikely of wild type plants to overcoriese conditions, which constitute the
functional basis of the utilization of this mechami for plant selection in transgenic plant
regeneration. However, due to the long period wfetito which these explants were treated
without assuring that fresh antibiotic was admanmestl, it seems plausible that plants might
endure such a treatment.

In addition to selection in non fresh medium, ptawere regenerated using a treatment

that has never been reported. Li et al. (1996) vikeefirst group to report regeneration of
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transgenic plants using transformed GSEs, by ogmmesis of shoots from callus. This
induction of shoots has been reported to be deedlapselective medium (Siritunga and Sayre,
2003, 2004; Inemere et al., 2006). In the protamobloyed for the present study, after this
period comprised of eight weeks in MS8 selectivedion®, followed by shoot induction of

shoots in RM2 selective medium, the developed eothwyere transferred to RM2 medium
without the selective agent. This action triggetieel formation of shoots in a very marked way.
Moreover, this step was administered to the plaetgeloped from the fourth transformation
event to the last, which was when plant lines wiest observed to develop completely. This
action, together with the lack of a proper seletyootocol constitutes two of the main reasons

for the presence of escapes after apparent selaging paromomycin.
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APPENDIX A: Lists of primers used in this study.

Table A.1: Primers designed for the isolation of th cassavg-CAS cDNA

Primer name Abbreviation | Sequence used for design Primer sequence
and accession #

Manes-CDS FW 1 M. esculenta (CK644310) Cttgctatgcggagagttcttc
Hevea-CDS RV 2 H. brasiliensis (AY207389) | Ttagtcaactggaactgg
MANes-Lpz-FW1 3 M. esculenta (CK644310) Gacggtcttgatagagccaactt
MANes-Lpz-FW?2 4 M. esculenta (CK644310) Gtggagcttacatagccgtcaa
MANes-Lpz-RV1 5 M. esculenta (CK644310) Ccctcatagtcacccttctttcc
MANes-Lpz-RV2 6 M. esculenta (CK644310) Cttgacggctatgtaagctccac
HEVbr-FW1 7 H. brasiliensis (AY207389) | Gtgggaatatcatctggagccasi
HEVbr-FW2 8 H. brasiliensis (AY207389) | Cacagttgctgcacttagacttga
5UTR-1 51 M. esculenta (EU350583) Tgtgttgtccactgcgagag
SUTR-2 572 M. esculenta (MANes;BsasB) | Actctgttatccactacttgcgg
CDS-A sl M. esculenta (EU350583) gcttctagctttcatcaatggce
CDS-B s2 M. esculenta (MANes;BsasB) | gttcaatggcttcccttagg
3UTR-A 31 M. esculenta (EU350583) Agtagcggatactttgttttg
3UTR-B 32 M. esculenta (EU350583) tcaagctgaactagctag
3utr-CASB 3’3 M. esculenta (MANes;BsasB) | Gcacaggaattggttgcatag

Table A.2: B-CAS specific cloning primers and other primers use for this study

Primer name Abbreviation Sequence used for Primer sequence
design and accession

MAN-FCP-Sacl ManesA-Sac M. esculenta (EU350583)| ccgcagggagctcctatggaagctc
MAN-RCP-Xbal Manes-Xba | M. esculenta (EU350583)| ggtctagattagtcaactggaactgg
ManesA-H ManesA-Nco M. esculenta (EU350583)| ctgcccatggatctcectge
Manes-CASB Ncol-Sacli ManesB-Sac| M. esculenta (MANes;BsasB)| ccggagctcccatggaatctc
ManesB-H ManesB-Nco | M. esculenta (MANes;BsasB)| tgcccatggatcgtcctcaag
Arath-H2 Arath-Nco | A. thaliana (AJ010505) | ccccatggacttcccctctaccaac
ARAth-FCP-Sacl Arath-Sac | A. thaliana (AJ010505) | ctgagctccaccatgggatct
ARAth-RCP-Xbal Arath-Xba | A. thaliana (AJ0O10505) | tctagagctcccgagatttttggt
pTV-F pTV-F pTV118N (U07649) tgtgtggaattgtgagcgg
pTV-R pTV-R pTV118N (U07649) tttcccagtcacgacgttg

Table A.3: primers used for PCR screening of putatie transgenic plants

Primer name

Abbreviation (see
figure below)

Sequence used for
design

Primer sequence

35sFW1

a

pKYLX (appendix B)

aagttcgacggagaaggtgacg

35sFWmod

b

pKYLX (appendix B)

ccactatccttcgcaagtccc
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35sRV2 C pKYLX (appendix B) | Tccatggcctttgattcagtggg
35sFW5.1 d pKYLX (appendix B) | tcaccagtctctctctaagce
35sFW5.2 e pKYLX (appendix B) ggatcctcgagcetgcagg
Arath-FW f ARAth;Bsas3;1(AJ010505)| tgacgcctctctgcttattgggaa
Arath-Rv5.1 g ARAth;Bsas3;1(AJ010505)| tgaggaacacaagaggcg
Arath-Rv5.2 h ARAth;Bsas3;1(AJ010505)| Cccatgtttcctgaagtaggctc
Arath-Fw3 [ ARAth;Bsas3;1(AJ010505)| Gaggttagtagtgaggatgc
RBC ] pPKYLX (see below) Gttgtcgaaaccgatgatacgaacg
RBC-Rv3 k pKYLX (see below) Gattctggtgtgtgcgcaatg
RBC-RV3.2 I pPKYLX (see below) Acttcggtcattagaggcgac
nospromFW1 m pBl121 (AY781296) Ccgcaacgattgaaggagcc
nospromrFW2 q pBl1121 (AY781296) Caaaaatgctccactgargt
nptliRv1 n pBI121 (AY781296) Tatcacgggtagccaacgrtat
NOST Fw 0 pBlI121 (AY781296) Gaatcctgttgccggtcttg
NOST Rv p pBl121 (AY781296) Ttatcctagtttgcgcgcta
HNL-F-B - HNL gene (Z29091) Gcttttggagtcgtttcctg
HNL-R-B - HNL gene (Z29091) Ccgtaacctttttcggtgaa
a cbde ghf | k| p o] n g m
> 4PPP> 4> PN ¢t > < > <+ <«
ARAth;Bsas3;1 | RBC! NOS! NPTII HNOS Prom
~— —~— v — "= Y —
2.8 kb 3.5kb

Figure 3.17: Approximate annealing sites of primers designedHGR screening of putative
transgenic 35S:ARAth plants. See table A.3 foritetanformation regarding each primer.
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Sequence of the empty expression casseitg5s promoter, MCS and RBC!) of pKYLX
(available at URL:http://www.uky.edu/~aghuntO0/kylx.ht¥)| was used for the design of
primers employed in the PCR screening of transgplaints. The sequence is shown below in
FASTA format.

>pKYLX
GAATTCGCCCGGGGATCTCCTTTGCCCCAGAGATCACAATGGACGACTTCIATATC
TCTACGATCTAGTCAGGAAGTTCGACGGAGAAGGTGACGATACCATGTTCRECACTG
ATAATGAGAAGATTAGCCTTTTCAATTTCAGAAAGAATCCTAACCCACAGATGGTTA
GAGACGCTTACGCAGCAGGTCTCATCAAGACGATCTACCCGAGCAATAATCCCAG
GAGATCAAATACCTTCCCAAGAAGGTTAAAGATGCAGTCAAAAGATTCAGGACTAA
CTGCATCAAGAACACAGAGAAAGATATATTTCTCAAGATCAGAAGTACTAT TCCAGT
ATGGACGATTCAAGGCTTGCTTCACAAACCAAGGCAAGTAATAGAGATTGGAGTCT
CTAAAAAGGTAGTTCCCACTGAATCAAAGGCCATGGAGTCAAAGATTCAAATAGAG
GACCTAACAGAACTCGCCGTAAAGACTGGCGAACAGTTCATACAGAGTCTATACG
ACTCAATGACAAGAAGAAAATCTTCGTC{AACATGGTGGAGCACGACACGCTTGTCT
ACCTCCAAAAATATCAAAGATACAGTCTCAGAAGACCAAAGGGAATTGAGA CTTTT
CAACAAAGGGTAATATCCGGAAACCTCCTCGGATTCCATTGCCCAGCTATCGTCAC
TTTATTGTGAAGATAGTGGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGAT
AAAGGAAAGGCCATCGTTGAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACC
CCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTBAAGC
AAGTGGATTGATGTGATIAACATGGTGGAGCACGACACGCTTGTCTACCTCAAAAA
TATCAAAGATACAGTCTCAGAAGACCAAAGGGAATTGAGACTTTTCAACAA AGGGT
AATATCCGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTTATGTGAAG
ATAGTGGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGAAAGGC
CATCGTTGAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCAGTACGA
GGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGRATTGA
TGTGATATCTCCACTGACGTAAGGGATGACGCACAATCCCACTATCCTTCGAAGAC
CCTTCCTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACACGCTGAAATCACCAG
TCTCTCTCTAAGCTTGGATCCTCGAGCTGCAGGAGCTCGAATTGATCCTGNGAGCTT
TCGTTCGTATCATCGGTTTCGACAACGTTCGTCAAGTTCAATGCATCAGTTCATTGC
GCACACACCAGAATCCTACTGAGTTCGAGTATTATGGCATTGGGAAAACTATTTTC
TTGTACCATTTGTTGTGCTTGTAATTTACTGTGTTTTTTATTCGGTTTTCETATCGAA
CTGTGAAATGGAAATGGATGGAGAAGAGTTAATGAATGATATGGTCCTTTTGTTCAT
TCTCAAATTAATATTATTTGTTTTTTCTCTTATTTGTTGTGTGTTGAATTTGAAATTAT
AAGAGATATGCAAACATTTTGTTTTGAGTAAAAATGTGTCAAATCGTGGCCTCTAAT
GACCGAAGTTAATATGAGGAGTAAAACACTTGTAGTTGTACCATTATGCTTATTCAC
TAGGCAACAAATATATTTTCAGACCTAGAAAAGCTGCAAATGTTACTGAAT ACAAGT
ATGTCCTCTTGTGTTTTAGACATTTATGAACTTTCCTTTATGTAATTTTCCAGAATCCT
TGTCAGATTCTAATCATTGCTTTATAATTATAGTTATACTCATGGATTTGTAGTTGAG
TATGAAAATATTTTTTAATGCATTTTATGACTTGCCAATTGATTGACAACA TGCATCA
ATCGAT
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APPENDIX B: Sequences determined in this study

Sequence of MANes;BsasA (accession number EU350583)

> MANes;BsasA
CACTGGAGTGTGTTGTCCACTGCGAGAGAGAGCCTAGAGGGTTGTAATAGEATAC
CGTGGGTGAGGAAAAGCTTCTAGCTTTCATCAATGGCTACTCTTACATCAAGGCTA
CTCTTAGGAACTTGTTCACGAAAAAATCTTTTGCCTCAAACGAGCTTGCTAIGCGGA
GGTTCTTCACACCGCAGGCCGCTGCTGCTGAAGCTCCTTCTTTTGCTCABNGTCA
GGGATCTGCCCAAGAATCTCCCTGCAACTAAGATCAGGACTGAAGTTTCTBTCTCA
TTGGGAGAACTCCCCTTGTTTTTCTTAACAAAGTGAATGAAGGATGTGGATTACA
TAGCCGTCAAGCAAGAGATGATGCAACCAACTGCCAGCATCAAAGACAGGEGGCT
TTTTCAATGTTCAATGATGCAGAAAAGAAGAATTTAATCTCTCCTGGGAAGACGGTC
TTGATAGAGCCAACTTCTGGTAATATGGGGATTAGTATGGCTTTTATGGCACCATG
AAAGGATACAAGATGATTTTAACCATGCCCTCTTACACAAGCTTGGAAAGAAGGGT
GACTATGAGGGCATTTGGAGCTGAGCTAATTCTCACTGATCCCACCAAGGGATGG
GAGGAACAGTTAAGAAGGCCTATGATCTTTTGGAAACCACACCAAATGCTTACATG
CTACAACAGTTTTCGAATCCTGCAAATAGTAAGATCCATTTTGAAACGACAGGGCCT
GAAATATGGGAGGATACTCTTGGACAAGTTGATATCTTTGTAATGGGAATAGGCAGT
GGAGGAACAGTCACTGGCGTTGGACAGTACCTTAAATCCCAAAATCCTAATGTTAA
GATATATGGAGTGGAGCCTGCTGAAAGTAATGTGCTGAATGGTGGTAAACAGGTC
CTCATCAAATTACTGGAAATGGAGTAGGATTTAAACCAGACATATTGGACATGGAC
GTTATGGAAAAAGTTCTTGAGGTTAGCAGTGAAGATGCGATAAAAATGGCTAGGAG
GTTGGCATTGGAGGAGGGACTTATGGTGGGAATTTCATCTGGAGCCAACABGTTGC
TGCACTTAGACTTGCAAGGATGCCAGAGAACAAAGGCAAACTCATCGTGAOGTTC
ATCCAAGTTTCGGGGAGCGATACTTGACTTCTGTGCTGTTTGAACAACTGSAAATG
AGGCTGCAAACATGCAACCAGTTCCAGTTGACTAAGTGCTGTCAAAAGGATRGTTC
AATAAATAATATCAGAATCTATCGTGTGCAGCTTTTTGTTGACATCATGTATTACTTG
TTAGCTCTCTTGGGTGAAAAACTACGTCTCCAGAATATTAGTTGTGATAAAGCTTTT
GTAATCTGGTGCAAGTTCTGCATTATGGCATCTGTGGAAAAAACTAGCTAG@TCAGC
TTGAGTGTTGTTGTATAAGCAAGCTTTATTAATCCAAAACAAAACAAAGTA TCCG
CTACTAAAAAAAAAAAAAAAAAAAAAA
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Sequence of MANes;BsasB

> MANes;BsasB
ACTGGACTCTGTTATCCACTACTTGCGGTTGTTGCTTGTAATACTCTTGABGTTCAA
TGGCTTCCCTTAGGAACTTGTTGAAGAAAAATTCTTTAACGTCCAACAATCTITCCTAT
AAGGAGGTTTTTCTCTTCCGAAGCTGCGCTTGAATCTCCTTCATTTGCTCBAAAATC
AGGGATCTGCCCAACAATCGTCCTCAAGCTAAAATCAAGCCTGAAGTTTCTCAGCTT
ATTGGGAAAACTCCTCTTGTTTACCTTAACAAAGTGACTGAAGGATGTGGAGCTTTC
ATTGCAGTCAAGCAAGAGATGGTGCAGCCAACTGCCAGTATCAAGGACAGECGGC
TTTTGCAATGATCAATGATGCAGAAAAGAAGAATTTAATTTCTCCTGGAAA GACGAC
CTTGATAGAGCCAACTTCTGGAAATATGGGGATCAGTATGGCTTTTATGG@AGCCAT
GAAAGGATACAAGATGGTTCTAACCATGCCTTCTTACACCAGCTTGGAGAGAGGG
TAACTATGAGGGCATTTGGAGCTGAGCTAATTCTCACTGATCCCACCAAGGBAATGG
GAGGAACAGTTAAGAAGGCTTTTGAGCTTTTGGAATCAACACCAAATGCTITCATGC
TGCAACAATTTTCAAATCCTGCAAATACTAAGATCCATTTTGAAACTACGGGTCCTG
AAATTTGGGAGGATACACTTGGACAAGTTGACATCTTTGTAATGGGAATAGGCAGC
GGAGGAACAGTCTCTGGTGTTGGACAGTACCTTAAATCTCAAAATCCTGCEGTTAAG
ATATATGGAGTGGAGCCTACTGAAAGTAATGTGCTGAATGGTGGTAAACCAGGACC
TCACCATATTACTGGAAACGGAGTTGGATTTAAACCAGATATATTGGACTTGGATGT
AATGGAAAAAGTTCTTGAGGTTAGCAGCGAAGATGCAGTAAACATGGCTCGGAGGT
TGGCGTTGGAGGAGGGGCTTATGGTGGGAATATCATCCGGAGCCAACACAITGCT
GCGCTTAGACTTGCTAGAATGCCAGAGAACAAAGGCAAACTTATTGTGACTGTTCAT
CCAAGTTTCGGGGAGCGATACTTGACTTCTGTCCTGTTTGAAGAACTGAGAAAGAG
GCTGCAAACATGCAACCAGTTCCAGTTGACTAAGGCCTTCGAATGGAATGTCTATG
CAACCAATTCCTGTGCTGTGCAACCATTTGTTGAGATCGTATTACTTTTTACTCTGT
TGAGTTTTAAACTGTGCCCAGAAAACTTATTGTGATAAAAGCTTATTTGTCTAATAG
AAATCCTATTTATGGCTTCAAAAAAAAAAAAAAAAAAAAAAAA
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APPENDIX C: List of sequences used for homology, pthogenetic and sub-cellular location

analyses.
Sequence name Organism Common name Accession
number
Allsa;Bsas2;1 Allium sativum garlic AAX07221
ARAth;Bsas1;1 Arabidopsis thaliana Arabidopsis X84097
ARAth;Bsas1;3 Arabidopsis thaliana Arabidopsis X81697
ARAth;Bsas2;1 Arabidopsis thaliana Arabidopsis X80377
ARAth;Bsas?2;2 Arabidopsis thaliana Arabidopsis X81973
ARAth;Bsas3;1 Arabidopsis thaliana Arabidopsis AJ010505
BRAju;Bsasl;1 Brassica juncea Indian mustard Y10845
BRAju;Bsasl;2 Brassica juncea Indian mustard Y10847
CAPan;Bsas2;1 | Capsocum annum cayenne pepper X64874
ClTvu;Bsasl;1 Citrulus vulgaris water melon D28777
GLYma;Bsas2;1 | Glycine max soybean ABQ88339
GLYma;Bsas3;1 | Glycine max soybean ABQ88337
HEVbr;Bsas3;1 Hevea brasiliensis rubber tree AAP41852
MALdo;Bsas3;1 | Malus x domestica apple ABF13209
MALdo;Bsas3;2 | Malusx domestica apple ABF13210
POPTtr Populus trichocarpa poplar, cottonwood| ABK96537
SOLtu;Bsasl;1 Solanum tuberosum potato AF044172
SOLtu;Bsas2;1 Solanum tuberosum potato AF044173
SOLtu;Bsas3;1 Solanum tuberosum potato AB027000
SOLtu;Bsas3;2 Solanum tuberosum potato AB029338
SPlol;Bsas1;1 Spinacea oleracea spinach D10476
SPlol;Bsas2;1 Spinacea oleracea spinach D14722
SPlol;Bsas3;1 Spinacea oleracea spinach D37963
VITvi Vitis vinifera wine grape CAO39634
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APPENDIX D: Statistical analyses. Analyses were danusing InfoStat.

ANOVA test for B-CAS and CS activities determined from MANes;BsasAMANes;BsasB,
ARAth;Bsas3;1 and pTV-EV clones grown inEscherichia coli NK3 cysteine auxotroph.

CAS activity
Anadlisis de la varianza
Variable N Rz R2Aj CV

CAS (umol/min/mg) 36 0.98 0.98 8.63

Cuadro de Analisis de la Varianza (SC tipo Ill)

F.V. SC ¢l CM F p-valor
Modelo 13.67 3 456 661.16 <0.0001
Isoform 13.67 3 456 661.16 <0.0001
Error 0.22 32 0.01

Total 13.89 35

Test:Tukey Alfa=0.05 DMS=0.09504
Error: 0.0069 gl: 32

Isoform Medias n
pTV-EV -0.04 9 A
ARAth;Bsas3;1 1.02 9 B
MANes;BsasA 1.23 9 C
MANes;BsasB 1.63 9 D

Letras distintas indican diferencias significativas(p<= 0.05)

CS activity
Andlisis de la varianza
Variable N Rz RZAj CV
CS (umol/min/mg) 36 0.99 0.9910.83

Cuadro de Andlisis de la Varianza (SC tipo Ill)

F.V. SC gl CM F p-valor
Modelo 0.06 3 0.02 798.14 <0.0001
Isoform 0.06 3 0.02 798.14 <0.0001
Error 8.2E-04 32 2.6E-05
Total 0.06 35

Test:Tukey Alfa=0.05 DMS=0.00580
Error: 0.0000 gl: 32

Isoform Medias n
pTV-EV 5.4E-04 9 A
MANes;BsasB 0.02 9 B
ARAth;Bsas3;1 0.05 9 C
MANes;BsasA 0.11 9 D

Letras distintas indican diferencias significativas(p<= 0.05)
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ANOVA test for g-CAS activity measured from putative transgenic 353RAth lines.

Nueva tabla: 13/02/09 - 3:51:11 PM

Andlisis de la varianza

Variable N R2 R2zAj CV
Activity/mg tissue 72 0.52 0.4522.20
Cuadro de Andlisis de la Varianza (SC tipo Ill)
F.V. SC gl CM F p-valor
Modelo 1.9E-04 10 1.9E-05 6.72 <0.0001
Line 1.9E-04 10 1.9E-05 6.72 <0.0001
Error 1.7E-04 61 2.8E-06
Total 3.5E-04 71

Test:Tukey Alfa=0.05 DMS=0.00315
Error: 0.0000 gl: 61

Line Medias n

722-1 4.8E-03 9 A

581 0.01 6 A B

42 0.01 6 A B C

723-2 0.01 6 A B C D
551-2 0.01 6 A B C D
553 0.01 6 A B C D
561 0.01 6 B C D
541-3 0.01 12 C D
541-2 0.01 3 C D
571 0.01 6 C D
Mcol 0.01 6 D

Letras distintas indican diferencias significativas(p<= 0.05)
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APPENDIX E: Results of PCR screening of the putatig transgenic plants developed using
the 35S:ARAth construct.

a cbde ghf | k| p o] n g m
>4PPP> 4t > PN\ ¢t > <4 > <+ <«
35S Prom HARAth;Bsas3;l RBC! H NOS! NPTII HNOS Prom
— —— vV S — —— v
2.8 kb 3.5kb

Figure 3.17: Approximate annealing sites of primers designedHGR screening of putative
transgenic 35S:ARAth plants. See table A.3 foritetanformation regarding each primer.

Table E.1: PCR screening of the first 35S:ARAth lines from @fhDNA was extracted. Each primer
pair is depicted separating the forward and revprseers using “/”. See tables A.1, A.2 and A.3 of
appendix A for details concerning primer sequeaseyell as figure 3.17 for approximate annealing
sites of primers used. 100-250 ng of genomic DNAemesed for each reaction, unless otherwise
indicated in parenthesis. A primer pair indicataecdparenthesis following a first primer pair means
that template DNA used for amplification was takesm a previous PCR reaction attempted with
the primer pair specified in parenthesis. Legerd; amplified; “-”, did not amplify; “~”, faint bad;
“NA”, not attempted; “HNL” and “3/2”, amplificationof endogenous HNL an@-CAS genes,
respectively, checking for DNA stability.

Line b/5 3/2 b/Arath-Xba HNL 7lj o/p o/p(o/p) ik i/Arath-Xba(i/k)
522 + + - - -
511-2 + +
722-2 + +
571 + + +
721-3 + + ~
541-2 + + ~ +
532 + +
541-3 + +
511-1 + + ~
741 + +
531-2 + +
551-2 + +
723-2 + + ~ ~
711-2 + +
42 + + + +
572-2 + +
553 + + + +
722-1 + + NA
552-2 NA NA NA NA NA
521-1 NA NA NA NA NA
541-2 NA NA NA NA NA
512-2 NA NA NA NA NA
732-1 NA NA NA NA NA
732-2 NA NA NA NA NA
581 NA NA NA NA NA
552-1 NA NA NA NA NA - - - +
512-1 NA NA NA NA NA
733 NA NA NA NA NA
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721-2 NA NA NA NA NA - ~ -

731-2 NA NA NA NA NA - - -
583-2 NA NA NA NA NA - - -
583-1 NA NA NA NA NA - - -
582 NA NA NA NA NA - - -
552-3 NA NA NA NA NA - - -
712 NA NA NA NA NA - - -
723-1 NA NA NA NA NA - - -
559 NA NA NA NA NA - - -
551-1 NA NA NA NA NA - - -
561 NA NA NA NA NA - - - +
plasmid + + + NA + + + +
Mcol NA + NA + - NA - -
Mcol2 NA NA NA NA NA NA NA NA +

Table E.2: PCR screening of the second 35S:ARAth lines fronicWiDNA was extracted. Each
primer pair is depicted separating the forward ewrse primers using “/”. See tables A.1, A.2 and
A.3 of appendix A for details concerning primer seqce, as well as figure 3.17 for approximate
annealing sites of primers used. 100-250 ng of genid®NA were used for each reaction, unless
otherwise indicated in parenthesis. A primer pagicated in parenthesis following a first primeirpa
means that template DNA used for amplification wedsen from a previous PCR reaction attempted
with the primer pair specified in parenthesis. Leje'+”, amplified; “-”, did not amplify; “~”, fairt
band; “NA”, not attempted; “HNL”, amplification efndogenous gene, checking for DNA stability.

Line dig d/g(d/g) d/h d/h(dh) eh ik i/k(i/k) HNL(750ng) i/k(750ng) i/k(i/k) i/Arath-Xba(i/k)
7213 - - - - - - . + . . .
553 - - - - - - - + - - -
7222 - - - - - - - - - - -
5722 - - - - - - -
532 - - - - - - -
5512 - - - - - - -
42 - - - - - - -
5413 - - - - - - -
571 - - - - - - -
511-1 - - - - - - -
5412 - - - - - - -
7112 - - - - - - -
5112 - - - - - - -
513 - - - - - - -
584-3 - - - - - - -
741 - - - - - - -
7221 - - - - - - . + . . .
7232 - - - - - - - - - - -
5312 - - - - - - - - - - -
552-1 - - - - - - + . . .
5122 - - - - - - + . . .
712 - - - - - - - - - - -
551-1 - - - - - - - - - - -
521-1 - - - - - - - - - - -
7322 - - - - - - . + . . .
7321 - - - - - - . + . . .

+ + 4+ o+ + o+ o+ o+ 4+
' '
' '
' '

+
'
'
'
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554
552-2
583-2
541-2
721-2

581

561
552-3
512-1
731-2

733
583-1

Mcol
Plasmid

+

+ + + o+ o+

+

NA

Table E.3: PCR screening of the third 35S:ARAth lines from evhiDNA was extracted. Each
primer pair is depicted separating the forward sawérse primers using “/”. See tables A.1, A.2 and
A.3 of appendix A for details concerning primer seqce, as well as figure 3.17 for approximate
annealing sites of primers used. 100-250 ng of geni®NA were used for each reaction, unless
otherwise indicated in parenthesis. A primer pagiicgated in parenthesis following a first primeirpa
means that template DNA used for amplification wedeen from a previous PCR reaction attempted
with the primer pair specified in parenthesis. Leje'+”, amplified; “-”, did not amplify; “~”, fairt
band; “NA”, not attempted; “HNL”, amplification afndogenous gene, checking for DNA stability.

HNL

i/Arath-Xba

ifk(ifk)

o/p m/n g/n

Line
1 921
2 7231
3 9712
4 9644
5 9632
6 962
7 923
8 976
9 927
10 9413
11 &2
12 9641
B3 52
U g,
15 g112
16 915
17 9314
18 9204
19 9711
20 9722
21 g13
22 9712
23 974
24 g5
25 978
26 gp4

+ 4+ 4+ + 4+ + + + + + + + + + + + o+ o+ o+ o+ o+ o+ o+ o+ o+ o+
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
a4
45
46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

M1
M2

914
963-3
913
922-5
821
841
531-2
732-1
541-2
721-2
583-1
731-2
583-2
584-3
552-2
721-3
552-3
521-1
581
723-2
572-2
512-3
554
511-1
513
951
532
571
741
552-1
853
551-1
722-2
931-2
553
963-1
926
551-2
733
912
512-2
512-1
plasmid
Mcol
Mcol2
CASb

+ + 4+ 4+ + + + + + + + + + + + + + + + 4+ + o+ o+ + + o+ o+ + o+ + 4+ o+ 4+ o+ o+ o+ o+

NA
+

NA

NA

NA NA

NA

+ o+ o+ o+

+

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA
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