




















Figure 2.1: Basic structure R1

of flavonoids, consisting of OH
two aromatic rings (A and

B) and a  central HO (o)

heterocycle (C). Positions \ ¢ R2

at which various additions

R3

on the basic skeleton take
place are indicated by R1-
R4. (van Tunen and Mol,
1991)

On the basic C;s skeleton various oxidations, additions and rearrangements occur, which
determine the flavonoid class formed. In this way anthocyanins, aurones, flavonones,
flavones, isoflavonoids and flavonols can be distinguished. In flowers the main flow of
flavonoid biosynthesis is usually towards the anthocyanin pigments, which include the orange
to brick red pelargonidin-3-glucoside, the red cyanidin-3-glucoside, and the purple to blue
delphinidin-3-glucoside. However, flavonoids belonging to other classes are produced in a

number of cases, and they can also play a role in flower pigmentation.

Flavonoids are synthesized via the complex phenylpropanoid pathway. starting from
phenylalanine, as shown in figure 2.2. The first reaction committed to flavonoid biosynthesis
is catalyzed by chalcone synthase (CHS), which condenses three malonyl-CoA residues with
the CoA ester of a hydroxycinnamic acid such as coumaroyl-CoA, caffeoyl-CoA or feruloyl-
CoA, and leads to the formation of yellow chalcones. The enzyme chalcone-flavanone
isomerase (CHI) then catalyzes the isomerization of chalcones to colourless flavanones. The
flavanones are converted to dihydroflavonols, also colourless, by flavanone 3-hydroxylase
(F3H). Although several different dihydroflavonols can be synthesized by F3H, only
dihydrokaempferol, which is derived from coumaroyl-CoA, serves as the precursor to the

anthocyanin pathway.

The next reaction is one of the key steps in anthocyanin synthesis, as it determines the type of
anthocyanin that can ultimately be produced. If flavonoid 3’-hydroxylase (F3'H) is present,
dihydrokaempfero! will be hydroxylated at the 3' position of the B-ring to form another
dihydroflavonol, dihydroquercitin, which may eventually become cyanidin-3-glucoside.
However, if flavonoid 3',5-hydroxylase (F3'S'"H) is present, dihydrokaempfero! — and also
dihydroquercitin — will be hydroxylated at both the 3' and 5' positions to produce

dihydromyricetin, which can be converted to delphinidin-3-glucoside. If neither F3'H nor









the anthocyanin chromophore and may also modify its colour, even though the co-pigment is
itself colourless (Aida et al., 2000; Harborne and Williams, 2000). Various substances are
known to serve as co-pigments, many of them being polyphenols or flavonoids. When
compared over a range of pH values, co-pigmented anthocyanins are usually bluer than
anthocyanins alone, and the relative amounts of anthocyanin to co-pigments can therefore
have a strong effect on colour. In fact, certain blue-flowered species such as cornflower and
Morning Glory do not even contain delphinidin derivatives. Their blue colour is largely due
to intensive co-pigmentation of cyanidin and peonidin glucosides, combined with high

vacuolar pH and metal chelation (Harborne and Williams, 2000).

Although all the enzymes of anthocyanin biosynthesis are cytosolic, floral anthocyanins are
known to accumulate in the vacuoles of petal epidermal cells. Conditions inside the vacuole
are therefore of utmost importance in determining the exact structure and colour of
anthocyanins. Recent evidence suggests that anthocyanins are tagged for transport into the
vacuole by glutathione S-transferases, which conjugate the glutathione tripeptide (y-Glu-Cys-
Glu) to a broad variety of herbicides and other toxic heterocyclic compounds (Marrs e al.,
1995; Alfenito et al., 1998). The phenolic group of anthocyanins is potentially toxic (Gerats
and Martin, 1992), explaining why anthocyanins are among the few endogenous substrates of
plant glutathione S-transferases. The glutathionated anthocyanins are then sequestered in the
vacuole via a tonoplast Mg-ATP-requiring glutathione pump, which actively transports
glutathionated compounds into the vacuole. Finally, the glutathione moiety is clipped off as
soon as the anthocyanins enter the vacuole, but the details of this reaction are still unclear

(Mol et al., 1998).

In addition to anthocyanins, other flavonoids can also play a role in floral pigmentation (van
Tunen and Mol, 1991; Markham et a/., 2001). Yellow aurones are synthesized from
chalcones, but little is known of the enzymatic reaction involved. Multiple enzymatic steps
are involved in the formation of isoflavonoids, but again, these have only been poorly
characterized. The flavonols kaempferol, quercitin and myricetin are synthesized from the
corresponding dihydroflavonols by flavonol synthase and are important co-pigments.
Flavones are synthesized from flavanones by flavone synthase and are known to be a
substantial part of protective plant waxes, but also function as co-pigments. Flavonols and
flavones are generally colourless, but can appear yellow under certain conditions. Some of
the yellow colour seen in flowers is therefore caused by yellow-coloured aurones, chalcones,
flavonols and flavones.” The other flavonoids are colourless to man’s eye but can play a role

in the attraction of some insects that perceive ultraviolet colours (Kevan ef of., 2001).



2.1.3 Genetic engineering of the flavonoid pathway

As can be gathered from the above discussion, the flavonoid pathway is immensely complex
and delicately intertwined with the surrounding conditions inside the cell. Some parts of the
pathway, such as the formation of co-pigments and the modification of anthocyanins, are still
known in only the barest outlines. These lesser-known parts do not form the most important,
key steps of the pathway, but can still cause genes encoding the key steps to have somewhat
unpredictable, pleiotropic effects. This makes the engineering of specific single, desirable
traits more complicated than the random transformation attempts in which any new, unusual

colour 1s deemed a success.

Yet there have been many reports of the successful development of novel-coloured flowers
through genetic engineering. Several different strategies have been employed, some with
more success than others. Most of the successful attempts involved a loss-of-function
strategy in which the expression of a gene of the anthocyanin pathway is blocked, using either
antisense or sense suppression. By suppressing these genes, anthocyanin synthesis can be
inhibited and a range of paler colours produced (Figure 2.3). To date, suppression of gene
expression at several different steps of the pathway has been successful in important
ornamental species such as rose (Firoozabady et af., 1994), carnation (Elomaa and Holton,
1994), gerbera (Elomaa ef al., 1993; Figure 2.3A) and chrysanthemum (Courtney-Gutterson
et al., 1994; Figure 2.3B), and has become almost routine in model plants such as petunia and
tobacco (van der Krol ef al., 1990; Jorgensen et al., 1996 and the references therein). The
results of these studies were not entirely predictable and the flowers of the transformants often
had random blotches of colour. Still, the colours of some of the transformants were stable and
attractive enough to be commercially viable, and Plant Variety Rights have been granted for

several of these (Elomaa and Holton, 1994).

Another possible strategy is to introduce genes of heterologous origin, encoding enzyme
activities missing from the target plant. This would allow formation of novel pigments not
naturally found in this species. The very first case of flower colour manipulation by genetic
engineering involved such an approach, in which a maize DFR was transferred into petunia
(Meyer et al., 1987). It has been found that the petunia DFR does not accept
dihydrokaempferol as a substrate, explaining why orange, pelargonidin-containing petunias
do not occur naturally. The maize DFR, however, is capable of producing pelargonidin by

reducing dihydrokaempferol. The maize DFR was therefore transferred into a petunia variety
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easily available to any copper enzyme. The same reactivity of copper that makes it so useful
in redox reactions also contributes to its inherent toxicity, should it ever occur free inside the
cell. Cells have therefore developed an elaborate system of intracellular copper-trafficking
pathways through which copper is accumulated and distributed while preventing its toxic
effects (Harrison et{az’., 2000; Himelblan and Amasino, 2000; Rosenzweig and O'Halloran,
2000). An important component of these pathways are a variety of cytoplasmic copper
chaperones. These high-affinity copper proteins quickly scavenge any free copper, sequester
it in a non-reactive form and deliver it to copper enzymes and copper transporters. During the
transfer of copper from a copper chaperone to a copper enzyme, the two proteins interact
closely through a key-and-lock mechanism (Harrison et al., 2000). The copper transfer
process is therefore highly specific, and each copper enzyme has its very own copper
chaperone. The copper enzyme can receive copper only from its own chaperone or

homologous chaperones from other species — not from any other copper chaperone.

This implies that whenever a tyrosinase or any other copper enzyme is expressed, its copper
chaperone must also be present. For the expression of melanin in flowers, then, only one
possibility remains: the Strepfomyces tyrosinases, which are the only tyrosinases whose

copper chaperones have been identified (Chen et al., 1992).

The expression of the Streptomyces antibioticus tyrosinase and chaperone in tobacco plants
has, in fact, been attempted by McBride and Stalker (2001). They tried two strategies:
expressing the melC genes without any modification, or expressing the melC genes with
plastid-targeting peptides added to each gene. When the enzymes were targeted to the
plastids, melanin was indeed produced and dark regions appeared in various parts of the
plants. However, the effects on the plants were highly deleterious. The growth of the plants
was severely stunted, leaves were narrow and meristems were often aborted. The causes of
these symptoms were not investigated, but might involve a depletion of the tyrosine amino
acid pools in the plastids, or perhaps a toxic build-up of the insoluble, reactive melanin inside

the plastid, turning the plastid into a kind of melanosome.

When thé melC genes were expressed without modification, no effect on the phenotype could
be observed (McBride and Stalker, 2001). This led the authors to assume that the
concentration of free tyrosine in the cytosol is not high enough for melanin synthesis.
However, they did not take into account that the chaperone has a strong signal peptide. The
plant cell would most likely recognize the signal peptide and translocate the nascent

polypeptide long before the tyrosinase can be activated. And even in the unlikely scenario
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Confirmation of transformation. To confirm that the plants were indeed transformed,
genomic DNA was extracted from young leaves using a cetyltriethylammonium bromide
(CTAB) method (Sambrook et al., 1989), and the presence of the transgenes or the CaMV35S
promoter was detected by PCR amplification. The same PCR parameters as given in section

3.5 were used, except that 1 ug of genomic DNA was used as template.

3.7 Testing of transgene expression

Since none of the transformed plants turned visibly blue or black, expression of the transgenes
had to be confirmed through Northern dot-blot analysis of RNA extracts from transformed

plants. The plants were tested approximately six months after transformation.

Dot-blots of bacterial mRNA. To ensure that the dot-blots can, in fact, detect RNA, the
experiment was first performed using total RNA extracts from £. coli cultures that are known
to express ido. E. coli cultures carrying the pSLHS8 plasmid were grown to early log phase in
LB-medium containing 30 pM isopropyl--D-thiogalactopyranoside (IPTG). To collect the
cells, 1.5 ml of the culture was centrifuged at 1000 x g for 1 minute. The pelleted cells were
gently resuspended in 100 pg protoplasting solution (15 mM Tris-HCI, pH 8.0, 0.45 M
sucrose, 8 mM EDTA, 40 pg/ml lysozyme) and incubated at room temperature for 10
minutes. 1 ml TriZOL reagent (GibcoBRL) was then added and the remaining steps of the
extraction proceeded as described by the manufacturer. Half of the RNA extract was
incubated in a DNase solution (10 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 0.1 mM CaCl,, 5
units RNase-free DNase) at 37°C for 30 min to remove contaminating plasmid DNA. The
remaining half of the RNA extract was incubated in the same DNase solution, but with 5
ng/ml RNase A added to the reaction. This served as a negative control to show that the dot-
blots actually detect RNA and not some remaining pSLH8 DNA. As another negative control
to ensure that the dot-blots do not detect ribosomal RNA, total RNA was also extracted from

an E. coli culture carrying the pGEM®-3Zf+ plasmid.

Dilution series of the RNA extracts were blotted onto positively charged nylon membranes
{Roche) using a dot-blot vacuum manifold (Bio-Rad) as described in Sambrook ef al. (1989).
The RNA extract that was treated with RNase was blotted onto a separate membrane and kept
separate from the other membranes, because of the presence of RNase. A dilution series of
pC-ido-tnaK was also blotted onto each membrane as a positive control. A DIG-labeled DNA
probe was generated from a PCR product of ido using a DIG High Prime DNA Labeling and
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(B} atgooogaga tcacccgﬁcg ccgegegete accgeggecag ccgeeghege cgogaccgec 60

{B) atgcocogaga tcacccgscg cogegegete accgcggcayg cogoegtoyge cgcgacogeo

{A) toggeggecy tcaccctoge cgoceccgee gegteggoog cgggecacca cgagooegee 120
(B) tcggegygecy tcaccctege cgecceoegee gegteggeeg €gggecacca cgagoocgeo

(A7) gogeccgagt ccttcgacga ggtcetacaag ggecgecgga tacagggocg tccggcgﬂgc 180
{B) gegeoccgagt cottogacga ggtctacaag ggeogeogga tacagggooy tccggcg!gc

(&) ggcgﬁcgcgc accaccacga acacggogge ggatacgagg tgttogtoga cggogtgcag 240
(B} ggcgﬁcgcgc accaccacga acacggodyge ggatacgagg tgttogtoga cggogtgoag

{B) ctgecacgtga tgogeaacge cgacggeoage tggatcageg tcegtcageoca ctacgaccog 300
(B} ctgeacgtga tgcgceaacge cgacggeage tggatcageg tcgtcageca ctacgacccog

(&) gtgccracce cgegcecgoeoge cgeccgtgeo geegtggacyg agotgcaggyg cgeccecgetyg 360
(B) gtgcccacce cgogogooge cgoeocoghgoe gocogtggacyg agectgcaggg cgoocegotg

(A} ctgcecgttco ccgecaactg a 381

(B} ctgccogttce cegecaactg a

Figure 4.6: Nucleotide sequence of the S castaneoglobisporus melCl gene as
determined in this study {(A), compared with the sequence given by Tkeda ef /. (1996)
{B). Bases at which the sequences differ are indicated by black shading.

The S. castaneoglobisporus ryrC and melCl sequences determined in this study were
submitted to GenBank as accession numbers AY254101 and AY254102, respectively. The
sequences were searched against the GenBank and EMBL nucleotide databases using the
BLASTN algorithm (Altschul ef al., 1997). For both tyrC and melC1 the most significant
alignment was to the corresponding S. galbus genes (GenBank accession number X95705),

with E values of zero for the tyrosinase genes and 107" for the chaperone genes.

Figures 4.7 and 4.8 show the amino acid sequences of the S. castaneoglobisporus tyrosinase
and chaperone as determined in this study, compared with the sequences given by lkeda er al.
(1996), and also the sequences of the tyrosinases and chaperones of S. antibioticus (Bernan et
al., 1985), S. lincolnensis (GenBank accession number X95703) and S. galbus (GenBank
accession number X95705). From these figures it can be seen that the amino acid sequences
of the S. castaneoglobisporus tyrosinase and chaperone as determined in this study show
closer similarity to the consensus sequences of Strepfomyces tyrosinases and chaperones than
the sequences given by lkeda ef af. (1996) do. Of the six differences between the nucleotide
sequences determined in this study and those given by lkeda er al. (1996), two are
synonymous substitutions {(at positions 417 in o7C and 18 in melC1), while one causes a
substitution of proline with threonine at a non-conserved position in the consensus sequence
{position 391 in y#(C). The remaining three (at positions 178 and 185 in melC1, and 391 in
tyr(y cause their corresponding amino acids to be replaced by those found in the consensus

sequence.
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It is not known whether the pigment genes were expressed during the first few months
immediately after transformation, as the dot-blots were only performed five months after
transformation. The regenerated shoots were the normal, pale green colour, so if the genes
were expressed it would imply that the pigmentation pathways did not work as intended.
However, the shoots only appeared after a few weeks, and this is sufficient time for silencing

effects to develop (Iyer et al., 2000).

The kanamycin resistance gene was certainly expressed during the first two months, since the
plants grew on kanamycin-supplemented medium (Figure 4.10). But this does not necessarily
mean that the other genes were also expressed. The pigment genes may have been more
susceptible to silencing than the kanamycin resistance gene. For instance, each pigment gene
had a NOS terminator, which could have led to post-transcriptional co-suppression. Silencing
and the accompanying methylation do not necessarily spread to other transgenes in the
vicinity (Kohli er al., 1999). A silenced transgene can even be found in between two
flanking, functional transgenes (Iyer ef al., 2000). It is therefore conceivable that the pigment

genes could have been silenced before the kanamycin resistance gene.

The study failed to tell anything about the feasibility of the use of the mel/C genes to create a
melanin biosynthetic pathway in flowers, since all the me/C-transformed plants were
phenotypically normal and no expression of the genes could be detected. The study will have
to be repeated — but in the next attempt an expression vector that is less likely to induce gene
silencing should be used, and the plants should be tested for expression as early after
transformation as possible. Any abiotic stress that may contribute to silencing should also be

carefully avoided.

5.5 The strangely blue stigmas and styles

Some of the pC-ido-tnaK-transformed plants showed an unusual phenotype that deserves
further discussion. For the first five months after transformation, the stigmas and styles of the
flowers produced by these plants were blue. Wildtype tobacco stigmas and styles are green,
and tobacco does not even produce blue, delphinidin-derived pigments (Shimada er a/., 1999).
Since the blue stigmas and styles only occurred in the pC-ido-tnaK-transformed plants, it
must somehow be the result of the ido and mak transgenes. Unfortunately, the plants stopped

producing flowers with blue stigmas and styles after five months, before they could be studied
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Even if only one of the two enzymes was functional, either of them could conceivably have
combined with endogenous enzymes to produce indigo in the stigma and style. A functional
tryptophanase, for instance, could have combined with an endogenous cyt-P450 enzyme to
form an indigo biosynthetic pathway. Most plants, including tobacco, express many more
different cyt-P450 enzymes than humans do (Gillam, 1999). So, if several human cyt-P450
could catalyze the oxygenation of indole to form indigo, it is likely that there are tobacco cyt-
P450s that can do the same. It is also more common for the expression of an enzyme, such as
a cyt-P450, to be limited to the same tissues in different plants, than it is for silencing to be

limited in such a way.

If only the indole dioxygenase was functional and not the tryptophanase, there had to have
been an endogenous source of free indole. Frey ef al. (2000) mention three classes of
secondary metabolites that depend on the tryptophan biosynthetic pathway and whose
biosynthesis may therefore involve BX1-homologous enzymes, namely indole glucosinolates,
indole phytoalexins and terpenoid indole alkaloids. However, contrary to what they
proposed, only the biosynthesis of indole phytoalexins such as camalexin is known to involve
the formation of free indole (Zook, 1998). The known biosynthetic pathways of indole
glucosinolates and indole alkaloids actually start from tryptophan and do not involve BX1-
homologous enzymes or indole (Chen and Andreasson, 2001; Facchini, 2001). And even if
other undiscovered biosynthetic pathways do exist, they could not be the source of free
indole, since tobacco does not even produce any of these three classes of secondary
metabolites (Rodman, 1991; Pedras e al., 2000; Facchini, 2001). Tobacco also does not
produce free indole as part of its floral scent, since neither indole nor any of its known

derivatives could be detected in the headspace of Nicotiana tabacum flowers (Loughrin ef af.,
1990; Spiteller and Steglich, 2001).

The only metabolite that is known to be produced in tobacco and whose biosynthetic pathway
does involve indole, is the important auxin hormone, indole-3-acetic acid (IAA). IAA can be
produced by either a tryptophan-dependent pathway or a tryptophan-independent pathway.
The tryptophan-dependent pathway takes tryptophan as its starting point and does not involve
indole. The tryptophan-independent pathway, on the other hand, branches from the
tryptophan biosynthetic pathway at indole-3-glycerol phosphate, and produces free indole as
an intermediate (Ouyang ef al., 2000). This tryptophan-independent pathway is the dominant
source of JAA in tobacco (Sitbon ef al,, 2000).

IAA is known to be present in the stigma and style of the flowers of certain citrus cultivars

(Kojima, 1996), so is likely to be present in the stigma and style of tobacco too. However, the
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showed that some part of the indigo biosynthetic pathway was functional. The study will

have to be repeated, but with additional precautions to avoid gene silencing.

Opsomming

Niemand kon nog ooit *n ware blou of swart roos, tulp, krisant of angelier kweek nie. Al die
vorige mislukte pogings om blou of swart blomme te kweek het gefokus op manipulasie van
die biosintese van flavonotedpigmente. Die doel van hierdie studie was dus om die gebruik
van alternatiewe, nuwe pigmentasie-biosinteseweé te ondersoek. Sulke biosinteseweé kan lei
tot die uitdrukking van pigmente wat nie normaalweg in blomme gevind word nie. Twee
belowende biosintesewed was gekies: ’'n indigo-biosinteseweg wat gebruik maak van ’n
Rhodococcus indool-dioksigenase (IDO) in kombinasie met Of ‘n Enferobacter aerogenes
triptofanase (TNAK) 6f 'n Zea mays indool sintase (BX1), en 'n melanien-biosinteseweg wat
gebruik maak van die tirosinase (TYRC) en chaperone (MELC!1) van die Streptomyces

castaneoglobisporus melC operon.

Die nukleotiedvolgordes van die melC-gene wat in hierdie studie verkry is, verskil van die
gepubliseerde volgordes. Dit word voorgestel dat die waargenome volgordes korrek is, en die
nuwe volgordes is voorgelé aan GenBank met aanwinsnommers AY254101 en AY254102.
Die Zea mays BxI-geen was geisoleer vanuit die PNR473 kultivar. Twee verskillende Bx /-
kopie€ is gevind, en die volgordes is by GenBank ingedien met aanwinsnommers AY254103
en AY254104. Alhoewel die Bxl-gene gekarakteriseer is, was hulle nie verder in hierdie

studie gebruik nie.

Tabak is onderskeidelik met 6f die ido- en tmaK-gene, 6f die tyrC- en melCl-gene
getransformeer. Al die geregenereerde plante het normale fenotipes vertoon — behalwe vir
een ongewone verskil: vir die eerste vyf maande na transformasie het ongeveer ‘n kwart van
die plante wat met ido en tmaK getransformeer was blomme met blou stigmas en style
geproduseer. Na die eerste vyf maande het al die plante egter slegs blomme met normale

groen stigmas en style geproduseer.
Uitdrukking van die transgene is getoets deur middel van Noordelike klad-analise van totale

RNA-ekstrakte, ongeveer ses maande na transformasie. Alhoewel komplimentére DNA en

bakterigle ido mRNA teen lae konsentrasies bespeur kon word, kon geen ekspressie van die
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