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Abstract

Medicine’s increasing interest in the role of free radical damage in human morbidity
has naturally focused upon the potential benefits of antioxidants such as the carotenoids.
Since some of these compounds are also useful and safe food colourings, commercial
interests have come to play an increasing part in their study.

Brevibacterium linens, which has been safely used in the ripening of cheeses for
hundreds of years, was investigated as a possible commercial source of lycopene. Wild-type
B. linens produces the orange coloured carotenoid 3,3'-dihydroxyisorenieratene, although
inhibition of the lycopene cyclase gene with nicotine caused cultures to accumulate lycopene.
By a process of random chemical mutagenesis using 1-methyl-3-nitro-1-nitrosoguanidine,
cultures of B. linens were obtained which accumulated lycopene in the absence of nicotine.
UV irradiation and ethyl methane sulphonic acid both failed to produce mutants with altered
pigment phenotypes. Further mutagenesis showed that lycopene concentration per cell could
be increased beyond the concentration of 3,3'-dihydroxyisorenieratene found in the wild-
type. Lycopene accumulation was also accompanied by gross cellular morphological

_changes, as seen in TEM images, and a reduction in culture growth rate and cell mass yield
compared with the wild-type strain. A number of B. linens strains were tested and the most
commercially promising, in terms of lycopene production and cell mass yields, were selected
for the analysis of media utilisation.

A number of growth media and conditions were tested in an attempt to enhance
lycopene production and efficient medium utilisation of the selected strains. One
carbohydrate by-product, Bundaberg Direct Consumption Raw Sugar (BRS), chosen because
of its low cost, caused an increase in lycopene accumulation at the expense of cell mass,
though it was not a suitable medium on its own. Deuterium labelled growth medium
indicated a highly oxidative metabolism in the lycopene accumulating mutant tested, based
upon the level of lycopene deuteration. Different organic and amino acids in the presence and
absence of carbohydrates did not elicit significant improvements in culture yields, nor did
concentrations of the vitamins thiamine and B15. _

In an attempt to find the most commercially viable medium, lycopene accumulating
B. linens was grown on a Soya flour digest (NSP). Yeast extract was also tested and found, at
a particular concentration, to promote lycopene production at the expense of cell mass. The
minimum concentration of protein digest relative to BRS, below which cell mass yield
declined, was identified, although this failed to affect lycopene accumulation. The overall
maximum lycopene accumulation value obtained was 0.83% per cell dry mass for a B. linens
lycopene accumulating mutant grown in a 3%(w/v) NSP plus 1.2%(w/v) yeast extract
medium.

Growth temperatures of 339C or above, as compared with 300C, were detrimental to
cell mass and lycopene concentrations (as was illumination), though at 270C, cell and
lycopene yields were highest. Culture pH was found to increase steadily over time, but
attempts to limit pH were detrimental to cell mass yields. Aeration was found to improve cell
mass yield and not diminish lycopene concentrations.

Attempts to amplify the lycopene cyclase genes of the mutant and wild-type strains
of B. linens by PCR were unsuccessful, based upon the lack of homology of the sequences
with the wild-type lycopene cyclase gene sequences from other organisms. A plasmid from a
strain of B. linens was partially sequenced and may be a useful vector in future work
involving genetic manipulations in B. linens.
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CHAPTER 1

INTRODUCTION



1.1 Characteristics of carotenoids

Carotenoids are natural pigments (biochromes) which absorb light in the
Wavelength range 380-550nm. More than 600 of these isoprgnoid pigments have been
identified, When carotenoids contain an oxygen function they are referred to as
Xanthophylls which may contain hydroxy- (e.g. 3,3'-dihydroxyisorenieratene (see
Introduction to Brevibacterium linens: The use of Brevibacterium linens for the
COmmercial objective of lycopene production), methoxy-, epoxy- (e.g. violaxanthin
(see below)), oxo-, aldehyde- or carboxylic acid moieties which, in appropriate cases

May be esterified or glycosylated (e.g. zeaxanthin diglucoside (Figure 1.6(b))).

HO

Violaxanthin

Both xanthophylls and the hydrocarbon carotenes are noted for their range of
°°10ration; usuaﬁy red, orénge or yellow (when seven or more conjugated double
bonds are present) though some biosynthetic intermediates are colourless and may be
ﬂuOrescent. In addition to the normal C,, tetraterpene compounds, examples with Cy,
(found jp St‘aphylococcus), C4s and Cgy skeletons also occur, for example

sarCmaxanthin, found in Micrococcus luteus.
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Sarcinaxanthin, the final pigment in the carotenoid biosynthesis pathway of

Mzcrococcus luteus

Several impbrtant factors affect the characteristics of a carotenoid moleculg
and therefore jts light absorption characteristics (and thereby its colour) its ability to
act as an antioxidant and its possible physiological role. With increased chromophore
length, there is increased m-electron delocalization, so that excitation is more easily
achieved with lower light energies (longer wavelengths). So for example, the three
“onjugated double bonds present in phytoene lead to UV-vis absorption peaks at 275,
285 and 296nm compared with 440, 470 and 502nm for lycopene which contains
Cleven conjugated double bonds. It is possible to find carotenoids containing from
three up to fifteen conjugated double bonds. Features such as cyclization and cis-

1S0merization alter the carotenoid molecule and hence the absorption spectrum.
1.2 Natural distribution of carotenoids

The most significant sources of carotenoids in terms of quantity are
miCrOscopic aquatic algae such as diatoms in which carotenoids are found both inside
and outside the chloroplast. In all, approximately one hundred million tons of
Carotenoids are synthesised in living organisms each year (Klaui, 1982). They are well

known a5 plant pigments in chromoplasts, accounting for fruit and flower colours, but



also occur in egg yolks, skin and feathers of birds, in fish, amphibians, reptiles, insects
and the reproductive organs of animals. Crustaceans such as Homarus gammarus
contain carotenoproteins such as a-crustacyanin. In the context of cellular location,
the very high hydrophobicity of carotenoids imposes limits upon the environments in
Which they can exist, though they can be made more water soluble when glycosylated

Or complexed with proteins.



13 Nomenclature

The numbering of the carbon atoms of carotenoid molecules reflects their
Symmetrical carbon skeleton, for example with B-carotene (B,p-carotene) (Figure 1.3).
COmmonly one end or both ends of the molecule are cyclized. A variety of Greek

letter designations describe the end groups (Figure 1.3).

Figure 1.3 Examples of the numbering system employed for carotenoids.



1.4 Functions and actions of carotenoids

In many cases, the coloration afforded by carotenoids must surely give a
significant selective advantage for the organism that makes them. Also, as protective
agents against the damaging side effects of otherwise essentigl reactions such as
Photosynthesis and as accessory pigments in the efficient harvesting of light,
Carotenoids play very important roles. Their actions in animal systems, especially in

human health, are also important.

14.1 Free radicals

The importance of free radicals in human disease has gained a growing
interest, particularly in the West where an increasingly aged population becomes more
Susceptible to the morbid effects of degenerative conditions, which proportionately

have become more significant as individuals survive for longer periods (Cutler, 1991).

Where an atom or molecule contains any number of unpaired electrons, the
fesulting species is said to be a free radical (Halliwell and Gutteridge, 1989). Free |
Tadicals take 4 number of forms; they are not only capable of causing damage to
biOmolecules, for example through lipid peroxidation, protein deactivation and DNA
damage (Sies et al 1992; Burton, 1989) and thus promoting processes that lead to cell
damage and déath (Krinsky, 1979), but may also drive the formation of other radical

SPecies and so cause damage indirectly.



Within animals, most free radicals are generated through the body’s own
Physiological processes. To a lesser extent, they result from the effects of external
physical events including ionising radiations, UV ir;adiation, rarely by ultrasound
(Riesz ef af, 1985), certain drugs including paracetomol (Wendel ef al,, 1979) and

Probably best known of all, cigarette smoke (Church and Pryor 1985).

Oxygen is highly soluble in a hydrophobic medium (Windrem and Plachy,
1980) and carotenoid molecules are found in precisely such an environment. Ground
State molecular oxygen (302), singlet state oxygen O,* (‘02) and the superoxide
anion radical (0y) are all variously implicated in degradative reactions involving
Unsaturated fatty acids, purines and aromatic amino acids (Farmilo and Wilkinson,

1973) and, in the case of the superoxide anion radical, in the formation of hydrogen

Peroxide,

Physiological processes may themselves be the source of free radicals. The liver
May form radicals as a result of the detoxification of certain substances and, in
Smokers, nitric oxide (NOs) and the nitrogen dioxide radical (NO,¢) may be
implicated in the indirect pathogenesis of cigarette smoke through the formation of
OXidants (Pryor et al, 1986). The respiratory burst which takes place during
phagOCytosis is of clear benefit but this too can lead to DNA lesions, protein or lipid
damage' Oxygen free radical formation is also promoted via electron leakage, within

the Vicinity of the mitochondrial electron transport chain (Chance et al,, 1979).



Free radical damage is implicated in the pathologies of not only cancer but
also Systemic - lupus erythematosis, rheumatoid ~ arthritis,  artherosclerosis,
erythropoietic protoporphyria and essential hypertension. Singlet-state oxygen is
believed to play a significant role in the pathology of erythropoietic protoporphyria
(Mathews-Roth er al, 1970) and improvements have been noted in patients

administered supplements of dietary p-carotene (Mathews-Roth 1986).

The elimination of free radicals, known as quenching, has led to a considerable
Volume of research into the potential of carotenoids as antioxidant molecules, though
there is often debate regarding their action. The arguments concerning the protective
Value of B-carotene are a case in point, where evidence has been produced which
Conflicts with generally accepted hypotheses (see the Carotene and Retinol Efficiency
Trial, mentioned below), putting into question the entire concept of the value of

®ertain carotenoids as protective antioxidant molecules.’
l. . . 3 3 ‘
4.2 Carotenoids in micro-organisms

The Gram positive bacterium Micrococcus luteus is known to‘ be more
Tesistant to singlet oxygen damage than its carotenoid-devoid mutants or other non-
Carotenoig pigmented Grani positive bacteria (Dahl et al., 1989), so the presence of
Carotenoid pigments would seem to provide a defence against phofdsensitised
damage. In particular, those carotenoids with nine or more\conju’gated douBle bondsk
Quench  singlet state oxygen most effectively (Mathews-Roth et al, 1974). In

Considering the protection offered by particular carotenoid molecules or their isomers



however, it is suggested that total cellular carotenoid quantity is in fact more

important than the quantities of individual carotenoids (Mathews-Roth and Krinsky,

1970).

Carotenoids are also thought to have an important role in maintaining the
dynamic properties of membranes. In naturally occurring membranes for example, it
has been shown that carotenoid producing strains of Staphylococcus aureus are able to
Mitigate the increase in membrane fluidity due to oleic acid compared with non-

carotenoid producing strains (Chamberlain, et al, 1991).

143 Photoprotection

Carotenoids offer protection against near UV irradiation (wavelength range
320‘400mn) but not against far UV (wavelength range 200-300nm). When
Carotenoids are present, the photosensitising molecules activated by NUV (nea}'-UV)
Which would usually attack the membrane are seen to be rendered less detrimental

(Tuveson ¢f al, 1988).

The radical quenching properties of carotenoids have generated interest in
their possible application in the prevention of the mélignant transformation of DNA
by Sunlight, Inclusion of B-carotene and canthaxanthin in the diets of mice for
inStanCe, has iaeen shown to reduce the incidence of UV-induced skin tumours
(Mathews-Roth, 1982). In micro-organisms work by Konicek et al (1988) indicates

the €xtraordinarily high resistance of some carotenoid-producing micro-organisms to
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doses of UV light which are many times greater than those lethal to E. coli. Where
cell membrane proteins are the target of the photosensitizér toluidine blue, the
Carotenoids of Micrococcus luteus are seen to offer protection. In contrast, nd such
Protection is available against the DNA damage instigated by 8-rnethoxypsora1eﬂn
Which is not a photosensitizer (Mathews, 1963). E. coli expressing the
Carotenogenesis genes of E. herbicola were found to be resistant to near-UV
irradiation (and phétotoxic molecules (Tuveson et al.,1988)) when accumulating
nequspore‘ne, B-carotene and zeaxanthin. In contrast, 1ycopen§ arid‘ C-carotene,

offered no such pro'tection (Sandmann et al., 1998).
1.4.4 Light harvesting in plants

Carotenoids can absorb ligHt from wavelengths not utilised by chlorophyll.
Once excited, carotenoids .acting as accessory light-harvesting pigments, rapidly
transfer energy to chlorophyll as their excitation level decays (Codgell and Frank,
1987). In plants, survival is made impossible in the absence of carotenoids because |
singlet oxygen is .generated by photoexcited chlofophyll as it trénsfers energy to'k |
Molecular oxygen in photosystem IT (PSII). Carotenoids protect against the’damage
Caused by singlet oxygen by quenching excited chlorophyll before singlet oxygen is
gene‘rated or by quenching éinglet oxygen itself or reacting with it in preference to

other parts of the photosynthetic apparatus.
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1.4.5 Carotenoids in human health

The focus of much of the current research undertaken on carotenoids is
Concerned with their action in humans when provided in the diet. Notable
ePidemiological studies such as the Carotene and Retinol Efficiency Trial (CARET)
(see below), have in some cases demonstrated links between the consumption of
Carotenoid supplements or carotenoid rich foods and a concomitant decline in the
Probability associated with contracting certain disorders such as heart disease and
some cancers. Certain other diseases are known to be d‘irectly associated with a
deﬁciency of carotenoids; these include cataracts and age-related macular
degeneration (Jacques et al 1988 and Bendich 1994). There are many other
Physiological processes known to involve harmful reactive species which merit the
Study of their interactions with carotenoid molecules; these include autoimmune
diseases such as rheumatoid arthritis and systemic lupus erythematosus and normal
Cellular events such as respiration (involving the release of electrons from the

Mitochondrial electron transport chain) and the oxidative burst elicited in the

defensive response of immune system polymorph cells.

Carotenoids are absorbed from food are carried in the blood, largely by low
density lipoproteins, though the:ir absorption is at first dependent upon their level of
biOavailability. ‘The factors which influence bioavailability and bioconversion (where
the carotenoid is to be converted into vitamin A) relate to the age and physiological

State of the individual consuming the food, the manner in which the carotenoid is

Complexed within the food matrix, the way the food is prepared and
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the type of meal in which it is consumed. Whilst extremes of heat and cooking time
destroy carotenoids, food preparation has the potential to increasg carotenoid

biOavailability by promoting their release from plant tissue.

Carotenoids are well known for their role as vitamin A sources, affecting night
Vision, cell growth, reproduction, immunity and epithelial cell ihtegrity (Basu and
I)ickerson, 1996). Diseases associated with a deficiency of vitamin A include night
blindness, conjunctival dryness and corneal damage, also the skin and mucosa can
become keratinized causing cellular water loss and changes in cell morphology.
Vitamin A deficiencies are also associated with respiratory disease and diérrhoea.
Indeed, in 4 workshop on the Bioavailability & Bioconversion of Carotenoids
(DaVidson, 1995), participants concluded that in populations at-risk of nutrient
deﬁciencies (including vitamin A) in developing countries, the consumption of
ca.YOtenoid-rich fruits and vegetables should be encouraged.

In epidemiological terms, associations have been noted between groups of the
POpulation and their carotenoid intake. Forman ef al (1996) found that carotenoid
intake was lower émong current smokers compared with non-smokers, the less
€ducated compared with the college educated, younger adults (age 18-39) compared

With older adults, those who regularly eat meals at restaurants compared with those

Who cat at home, and women who take oral contraceptives compared with those that

do not,



13

Controversy has sometimes accompanied the use of carotenes in human
health, Ip the Carotene and Retinol Efficacy Trial carried out in the US, an apparent
link wag discovered which suggested that B-carotene may actually increase the risk of
lung Cancer among long term smokers and asbestos workers. In a second study, there
appeared to be no good or bad effect on cancer or heart disease arising from -
Carotene intake, However, a most important caveat which relates to the bioavailability
and bioconversion of carotenoids, is that neither of the studies used natural source -
carotene or natural source carotenoid complexes. Both studies contrast with work by

Ziegler (1989; 1993) in which Serum B-carotene levels were associated with reduced

Cancer rigk.

Until very recently, whilst levels of carotenoids consumed have perhaps been
Considereq inadequate, foods have never posed any significant proven threat to the
levels which are already present in the body, though both smoking and drinking may
deplete Carotenoids and other antioxidants. With the introduction of the sucrose
Polyester ‘Olestra’, designgd as a non-fattening fat substitute, data have become
Vailable which show a decline in carotenoid levels when Olestra is consumed. It has
been estimated that moderate Olestra consumption could lead to 2,400 to 9,800
additiong) cases of prostate cancer each year in the US and that a 10 percent drop in
Serum Carotenoids could cause 32,000 extra deaths in the United States per year
(FaCkelmann, 1996). It is interesting to note the expected impact of low serum

Carotenoid levels on the incidence of certain diseases.
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Lycopene, which is located mainly in the prostate gland, liver, testes and
adrenal glands, is not thought to be stored for long periods in the body since levels
decrease in people on a low-lycopene diet, though they increase dramatically within
one day of eating a high-lycopene content meal. In a number of studies beneficial
links haye demonstrated between the consumption of foods containing lycopene and
¢ertain cancers and heart disorders. In a study of the dietary habits and health of
47,894 men, Giovannucci (1995) found that those who ate 10 or more servings of
tomato foods weekly appeared to be 45 percent less likely to develop prostate cancer.
A 45.559, reduction in the likelihood of contracting stomach cancer has also been
associated with the consumption of seven or more tomato servings per week. In the
Murine model, a 60% reduction in lung cancer appeared to be the result of dietary
lycopene, In other forms of cancer, lycopene was found to be a more potent inhibitor
of endome:trial, lung and mammary malignant cell growth than either a- or B-carotene
in vitrg, inhibiting cancer cell growth in a dose- dependent manner when present in
Micromolar concentrations. Sharoni and Levy (1994) also found evidence to suggest
that lycopene intervenes in the signal transduction mechanism in endometrial cancer
cll growth, As well as more effectively suppressing mammary tumour formation
When administered to rats (in comparison with a- or B-carotene), lycopene was also

5€eN o inhibit the growth of human skin fibroblasts in vitro.
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LS Commerecial exploitation

Quite apart from their serious therapeutic applications, carotenoids are also
used as colouring agents in the food industry on account of their low or absent toxicity
and high colour. In aquaculture, canthaxanthin, the main pigment of Rhodococcus
Fuber, is combined with astaxanthin in trout and salmon feeds to achieve the
aesthetically pleasing flesh colour which is absent in farmed salmonids. Palm oil is
Used as a carotene source to obtain yellow to orange food shades and capsanthin and
“apsorubin both give orange pigmentation from paprika. p-Carotene is used both to

colour ang fortify a variety of fruit drinks and margarines.
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1.6 Biosynthesis

In the classically recognised isoprenoid pathway for the origin of carotenoid
Pigments isopentenyl diphoshate (IDP) is derived from mevalonic acid (MVA). After
iSOmerisation of IDPV, the resulting dimethylallyl diphosphate (DMADP) is combined
With a further molecule of IDP to form geranyl diphoshate (GDP). Geranylgeranyl
diphosphate (GGDP) results after the addition of two more IDP molgcules. GGDP is
therefore 5 committed C,, precursor of carotenoids. T‘he‘ﬁrst C40 carotene phytoene,
is formeq when two GGDP molecules condense to produce PPDP (prephytoene
diphosphate) which is then converted into pﬁytoéne either as the 15-cis or the all-trans
isomer, With 3 conjugated double bonds,: phytoene has a A, value of 286nm. A
Series of desaturations follow after which cyclization and related reactions at the C-1,2
double bond and ﬁr;al modification complete the biosynthetic pathway. The

Isoprenoiq pathway to GGDP is shown in Figure 1.6. "
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Different organisms go on to bu&ld a va;iety of pigment molecules e.g.
Z€axanthin diglucoside, the main pigment found in the Gram negative, yellow non-
phOtOtYOPhiC, phytopathogenic bacferium Erwinfa herbicola, which is found in soil,
Water and in plants (Starr, 1981; Billing and Baker, 1963; Hundle, et al., 1991).
FOHOWing the desaturation of phytoene to lycopene, cyclization, hydroxylation and

glycosidation then yield the final carotenoid (see Figure 1.6(b)).
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(b) The carotenoid biosynthesis pathway as it occurs in Erwinia sp.
t al., 1991). Italicised codes indicate genes, and the enzymes for which
are named in parentheses.
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Desaturation reactions introduce further double bonds and extend the
Conjugated double bond system to give the coloured carotenoids. By this sequence
lycopene is made via phytofluene, -carotene and neurosporene (Figure 1.6(c)).

ISOIllc:risation of 15-cis phytoene is required for the synthesis of all-trans lycopene.

£-Carotene

|

\ .
A Vgl gl gl g gl Pl s N x \

Neurosporene

Lycopene

Fi
ing?re 1.6(c) The sequence of desaturations from phytoene to lycopene. (*
Cates the insertion of a double bond). ‘ ' ’ R
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After two dehydrogenations formirig -carotene, lycopene is formed from &-
carotene vig a further double dehydrogenation. In plants, two enzymes are involved in
Catalysing the conversion of phytoene to lycopene, encoded by the genes Pds and Zds.
The bacterial enzyme responsible for the conversion of phytoene to lycopene,
Phytoene desaturase, is encoded by the gene crfl. In plants, {-carotene desaturase
Catalyses the formation of lycopene from C-carotene via a double dehydrogenation
With the substrate supplied by the dehydrogenation of phytoene to pytofluene,
Catalysed by the enzyme phytoene desaturase (PDS) which may also be responsible

for the isomerisation of phytoene in the 15-cis- form to all-trans (Sandmann, 1994;

Fraser, 1997),

In plants, lycopene constitutes the point at which the carotenogenic pathway
diVerges, to give the two ring structures - and €-. In bacteria, lycopene cyclisation is
Catalyseq only by B-cyclases, leading to -carotene and subsequent p-ring molecules.
Cyciisation Can result in a variety of compounds, originating either from neurosporene
°r lycopene, Proton attack at the C-2 and C-2’ positions. of the acyclic precursor
Carotenoid yields an intermediate carbocation which is then stabilised by proton loss
from the C-1 or C-4 positions. Proton loss from the C-6 position yields a B-ring.
Similar loss from the C-4 position provides the e-ring. In plants, the two ring forms
can be found on the same carotenoid molecule, e.g. lutein, Whilst carotenoids with
Cithey one B- and one e-ring or two P rings are common, carotenoids with two € rings
¢ rare, When‘the B- and e-cyclase genes of Arabidopsis are introduced into lycopene

ac"Umulating strains of E.coli, lycopene is converted into B-carotene by the B-cyclase

*NZyme, but only a monocyclic molecule, 3-carotene, is produced through the action
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of the e-cyclase enzyme (Cunningham et al., 1996). The B-cyclases of Erwinia
uredovorg and Capsicuni annuum are not restricted to the cyclization of lycopene, but
they have been shown to be capable of cycling the 7,8-dihydro-y-end group in vitro in

Place of the normal cyclization of the y-end group of lycopene to a B-group

(Takaichi er g7 1996),

Tﬁe formation of xanthophylls by the introduction of various oxygen
functions, Occurs as the final stages of the biosynthetic sequence. Thus, for example,
OXYgenation of the C-4 position yields canthaxanthin from B-carotene (Lotan and
HirSchberg, 1995). Other ketocarotenoids may be derived from P-carotene, namely
echinenone, canthaxanthin, adonirubin and astaxanthin (Hirschberg, 1998). The most
Common]y occurring xanthophylls are those with hydroxy groups at C-3 and/or C3°,
e, lutein, formed by hydroxylation of a-carotene and zeaxanthin, produced by
hydrOX}’lation of the C-3 and C-3’ carbons of " p-carotene. The formation of
Zeaxanthin from B-carotene requires molecular oxygen and involves the monohydroxy

B'cr)’ptoxamthin as an intermediate (Britton, 1988).

Work by Rohmer, et al, (1996) has revealed an alternative route for formation of
the is‘)prene unit as IDP. Experiments involving the use of substrates labelled with
UC’ Showed that the acetate-mevalonic acid route is replaced by a glyceraldehyde-3-
P hosPhate/pyruvate pathway. Thus in the green alga Scenedesmus, B-carotene and

lutejy Were seen to be formed by this alternative pathway (Schwender et al., 1996)

Which g Operates in many bacteria (Figure 1.6(d)).
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Pyruvate glyceraldehyde-3-phosphate 1-deoxyxylulose-5-phosphate  isopenteny] diphosphate

Figure 1.6(d) A scheme for the non-mevalonate pathway proposed by Rohmer et

al, (1996). 1t is proposed that an initial condensation step takes place between a

PYruvate derived C; unit and a triose phosphate. A l-deoxyxylulf)se-S-phosphate
Intermediate is formed by combining with the C, unit from the triose phosphate

L.6.1 The enzymes and their regulation

In plants and algae, the first reaction specific to carotenogenesis is the tail-to-tail
dimerisation of two GGDP molecules forming prephytoene diphosphate. In the
CYanobacteriym Synechoccus PCC7942 and other organisms, the enzyme catalysing
this Ieaction, phytoene synthase, serves to catalyse both the steps from GGDP to (15~
€is)-phytoene (Sandmann, 1994). This reaction is dependent upon the availability of
the divalent manganese éation (Dogbo et al, 1988). The phytoene synthase complex is
known to be loosely associated with envelope membranes in Cyanophora paradoxa
(Lmke-Brinkhaus et al.,1982) and although the Synechococcus phytoene synthase is

thought to be a single polypeptide, often the entire carotenoid biosynthesis enzyme

System is believed to occur as a complex, as in Erwinia herbicola for example,

Phytoene desaturases (Crtl in bacteria and Pds in plants) are known to
demonstrate functional “diversity, thus the phytoene desaturase enzyme of R
“psulatys for example, yields mainly trans-neurosporene but the Crtl enzyme of E.

u .
redovorg produces frans-lycopene and two cis-isomers of C-carotene. The
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Neurosporq enzyme also desaturates to lycopene (Linden et al., 1991). Transformed
E. coli have been used to isolate the Synechoccus phytoene desaturase enzyme, which
is known, in its plants, to be associated with the thylakoid membrane (desaturating to
G

"Carotene), It is also known to be sensitive to feedback regulation by carotenes

(Fraser, Linden and Sandmann, 1993).

The plant B-cyclase enzyme lycopene cyclase, which shows significant
homology with the e-cyclase, has been isolated from Capsicum chromoplasts (Camara
and Dogbo, 1986) and the cyanobacterial lycopene cyclase has been expressed in E.
coli (Cunningham ef a1 1993). In higher plants and some classes of algae more than
One cyclase enzyme is present, i.e. a B-cyclase and an e-cyclase. The proportions of
B.p- and B,e-carotenoids in Arabidopsis for example, are strictly controlled by these
tWo differen enzymes (Cunningham et al., 1996). At least in vitro circumstances, a

Cyclase nzyme has a requirement for NADPH (Hornero-Mendez and Britton, 1996),

“Ontrasting with the phytoene dehydrogenase enzyme (see below).

In many instances, there is conservation between equivalent enzymes in
Carotenogenic organisms. Amongst the carotenogénic bacteria for example, there is
Significant amino acid sequence homology in the predicted data, e.g. for the
bifunctional 34KDa phytoene synthase enzyme (CrtB), which in two reactions yields
Phytoene from GGDP (Hirschberg, 1998; Armstrong et al, 1990), for the 33KDa
GGpp SS'nthase (CrtE) (which shows significant homology amongst its plant,
Archacal and eubacterial equivalents (Armstrong et al 1993, Adiwigala et al 1996;

Wiedemann et al 1993), and for the 54KDa phytoene desaturase (phytoene
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dehydmgenase) Crtl, which dehydrogenates phytoene four times to yield lycopene
(Schmidt e g, 1978; Lang et al, 1994; Armstrong et al., 1990), in contrast with
Photosynthetic eukaryotes which utilize two separate enzymes for the conversion of
Phytoene into lycopene (Hirschberg, 1998; Pecker et al; 1992; Albrecht ef al 1995;
Linden, ef o1 1994). The mechanism of phytoene dehydrogenase is thought to involve
Nucleotide coenzymes. The hydrophobic N-tenniﬁal region of the enzyme has an FAD

or NAD(P) binding domain (Armstrong et al., 1993; Armstrong et al, 1989; Gari et al,

1992; Lang et a1 1995 ),

Traditionally, carotenoid biosynthesis enzymes are very difficult to isolate and
Purify. The crer gene from E. uredovora was cloned and overexpressed in E. coli and
Was made active after the removal of urea (Fraser ef al, 1992); an FAD requirement
Was observeq and NAD(P) was found to be inhibitory. The Crtl enzyme is also
feported to require ATP (Fraser ef al, 1992; Lang et al, 1994). The enzymes CrtE
(Weidemany ef al,, 1993) and lycopene cyclase (CrtY) (Schnurr ef al., 1996) also
“Ontain a dinucleotide binding motif in common with the phytoene desaturases and &-

Carotene desaturases (Hirschberg, 1998).

The Xanthophyll violaxanthin has as its precursor zeaxanthin, which is
®Poxidiseq at the 5,6 and 5°,6° positiohs in a relaction catalysed by the enzyme
Zeaxanthin epoxidase which, in common with the Crtl enzyme, displays domains for
ADP and FAD'binding (Schwarti et all 1997). Zeaxanthin is derived from B-carotene

via B'Cl’yptoxanthin, catalysed by the enzyme B-carotene hydroxylase (Haycock C.,
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1996). Another enzyme responsible for the conversion of zeaxanthin, is the 45KDa

Zeaxanthin glycosylase CrtX, which requires UDP-activated substrates.

The enzymes responsible for the formation of lycopene, B-carotene and
Xanthophylls are thought of as being located in an intrabilayer position (Beyer P. et
al,1982; Schmidt A. ef al, 1989) so that the nonpolar product of phytoene synthase
Mmay enter the lipid bilayer for further modification. This provides advantages in the
Mmetabolje channelling of the intermediates (Michalowski ef al., 1991). In agreement
With thig hypothesis, the activity of zeaxanthin glucosylase (CrtX) has been observed
in the Cytosol and in membrane fractions but, within membranes, its activity is five-
fold higher, This disagrees with the work of Haycock (1996) with transformed E. coli
Who found 5 Putative CrtX protein that was restricted to the cytoplasmic fraction. The
location Of CrtX may be dependent upon two hydrophobic regions which possibly

S€TVe to anchor the enzyme in the cell membrane (Kyte and Doolittle, 1982).

In contrast with CrtX, B-carotene hydroxylase (CrtZ) activity is not found in
Membrane fractions though, as with other enzymes from disrupted cells, it may be
*Pendent upon the presence of membrane-based redox reactions which are disturbed
Y cell fractionation, When expressed in E. coli maxi-cells, carotenoid biosynthesis
Proteins from Erwinia herbicola were found in a variety of locations (Haycock, 1996).
Protein bands corresponding to Crtl (phytoene dehydrogenase) were evident in
periplasmiC, inﬁer membrane and cytoplasmic fractions, in partial agreement with
Lang (1994) where overexpression of Rhodobacter sphaeroides Crtl in E. coli

Ploduceq 5 mainly cytoplasmic enzyme association, contrasting with the membrane



27

bound Phytoene desaturase found by Schmidt et al (1989). A band corresponding to
the molecular weight of CrtB (phytoene synthase) appeared to associate with the outer
Membrane and cytoplasm (Haycock, 1996). A possible CrtE (GGDP synthase) protein
coincided with outer membrane, periplasm and cytoplasm fractiéns. The 43KDa
lycopene cyclase enzyme appeared to favour associations with the cytoplasm and

inner Membrane, though it has been found to be active in cell-free lysates.

1.6.2 Regulation of biosynthesis

Carotenoid biosynthesis is controlled for example, by the rate limiting IDP
SYnthaée and FDp synthase enzymes in Micrococcus luteus (Takatsuji et al., 1983;
Ruiz'Vézquez et al, 1993) and via outside influences such as the level of
lllumination, as in the Gram negative non-photosynthetic Myxococcus xanthus
(BabaIObre et al, 1987; Martinez-Laborda et al., 1990) and in Rhodobacter capsulatus
(ArmStrong, 1989) where the shift from dark (chemoheterotrophic) to light (anaerobic
ph‘)t‘)synthetic) induces the expression of at least six carotenogenesis genes.
CarOtenogenesis in Mycobacterium is also photoinduced and is probably regulated at
he transcriptional level. It is thought that the cr¢B gene product may constitute a rate-
llmxtmg ®nZyme in the carotenoid biosynthesis pathway since when present on a
Multicopy plasmid in Thermus thermophilus, carotenoid content is seen Vto‘rise
(Hoshing et al, 1994) (see Section 5.3). There is evidence of feedback inhibition in
Certain Carotenold systems, such as Phycomyces blakesleeanus, where neurosporene,
IYCopene B-zeacarotene and y-carotene all inhibit phytoene desaturation (Giuliano et

ol 1993 Corona et g/ 1996) Whatever the regulatory mﬂuence, carotenogene51s is
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Normally controlled at a pre-translational level, though a few organisms, such as the
daffodi] (Narcissus pseudonarcissus) for example, have both active (membrane
bound) and inactive (soluble fraction) forms of their carotenoid biosynthesis enzymes

(Schledz, 1996 Al-Babili, 1996).

In Rhodobacter sphaeroides where lowered oxygen levels induce
Photosynthesis component production, the photopigment suppression gene (pps)
Suppresses bacteriochlorophyll and carotenoid synthesis at the transcriptional level

under aerpbic conditions (Penfold and Pemberton, 1991).

Whilst the levels of xanthophylls in leaves are affected by light intensity, fruit
and flower carotenogenesis is developmentally regulated (Gillaspy et al 1993), for
®Xample iﬁ the tomato fruit, whére a 500-fold increase in lycopene concentration
Coincides with fruit riperﬁng. Such an increase is known to be the' effect of
developmental control which takes place at a transcriptional level (Corona ef al 1996).
Though the development of the chloroplast is light regulated, the expression of the
Benes fesponsible for chloroplast carotenoid prbduction is not (Hirschberg, 1998).

hug Plants grown in the dark contain in place of chloroplasts, etioplasts, which lack
Chlorophyn but contain xanthophylls (Britton, 1988). In contrast with green plants,
Algae such as Scenedesmus and Chlorella both require light to actiyate the production

of Carotenoidg (Sandmann, 1994). -

Light induction of carotenogenesis is not restricted to plants and bacteria, it is |

Also found in fungi such as Phycomyces blakesleeanus and Neurospora crassa. In N.
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Crassa blue light controls the expression of the genes al-1, which encodes a phytoene
desaturase enzyme; al-2 encoding phytoene synthase and al-3, which encodes the
geranylgerany] diphosphate synthase (Nelson et al., 1989; Baima ef al., 1991; Baima
€t al, 1992; Carattoli er al, 1991; Schmidhauser et al., 1990; Li and Schmidhauser,
1995). B-Carotene accumulation is known to be photoinduced in the fungus Mucor
rouxit (Mosqueda-Cano and Gutierrez-Corona, 1995) and the red yeast Phaffia

rhodozymg also gives enhanced pigmentation when exposed to constant illumination

(Meyer and Dy Preez, 1994).

The  carotenoid biosynthesis genes and their arrangements have been
chﬁlracterise.d in a number of organisms. In the gram negative, purple, non-sulphur,
f“‘Cllltative, Photosynthetic Rhodobacter capsulatus. which inhabits muddy lake
bottoms and sewage lagoons, nine crf (carotenoid biosynthesis) genes are to be found
n 2 46kp Photosynthesis gene cluster. Seven genes crtd, B, C',D' F, I and K within
the Cluster, form 5 subcluster of 11kb and are arranged in four operons (Armstrong,
1994; Marrs, 1981; Armstrong, 1989, 1990; Gari et al 1992 and Lang et al 1995). The
Rinth gene crtJ is separated from the others by approximately 12kb (Zsebo and Hearst,
1984)‘ It appears that the crid gene, responsible for the oxidation of spheroidene to
Spher Oidenone, undergoes stimulated transcription in response to oxygen and thereby
Protects the pﬁotosynthetic system from photooxidative damage by scavenging

Otherwige harmful oxidation (Zhu ef al., 1986).
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In Erwiniq herbicola, which produces B-cfyptoxanthin and zeaxanthin mono-
and di-glucosides as its major carotenoids (Starr, 1981; Perry et al., 1986)), the
Carotenoid biosynthesis genes were found within a 12.4kb chromosomal fragment and
identifieq by functional complementation (Perry ef al, 1986 and Misawa et al, 1990).
When elevated growth temperatures were applied to certain cultures of E. herbicola,
Pigment devoid strains which were incapable of reversion were found to carry their
carotenogenesis genes on plasmids (Chatterjee and Gibbins, 1971; Hoshino et al.,
1993) as with the thermophilic bacterium Thermus thermophilus (Tabata et al., 1994)

Where the genes for carotenogenesis are found in a cluster on a 250 kb plasmid.

In the Gram-negative bacterium Flavobacterium strain R1534, which is a
Natura) Producer of zeaxanthin, a 5.1 kb segment containing the carotenoid
bioSynthesis genes has been Sequehced. This cluster consists of five genes arranged in
at least twg operons, the proteins encoded by which show significant homology to the
crik (GGDp synthase), crtB (phytoene synthase), crtY (lycopene B-cyclase), crtl
(Phytoene desaturase) and crtZ (B-carotene hydroxylase) gene products of other

carotEnOgenic organisms (Pasamontes et al., 1997).
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Where carotenoid biosynthesis enzyme encoding genes are arranged in
Clusters, interspecies similarities between clusters are evident. In E. uredovora for
*Xample, there are no open reading frames between crtF and crtZ (Misawa et al.,
1990) In M. xanthus, M. Julvus and E. herbicola in contrast, one or more open reading

frameg are located within the functional region (Figures 1.6 (e) and (f)) (Kleinig,

1975, RuiZ~Vazquez, 1993), the whole of which (in the case of Myxococcus) appears
0 be under the control of a light induced promoter. A proposed mechanism for the

Dhotoinduotion of carotenogenesis in Myxococcus xanthus, is based on control by the

AR gene product (Figure 1.6(g)) which apparently suppresses carotenogenesis in the
dark (McGowan ¢/ al., 1993; Hodgson, 1993), hence carotenogenesis becomes
Constitutiye when mutations are present in the carR gene. carQ mutations in contrast,
affecy Pigmentation so that no crtE product is produced, which is again irrespective of

s level of illumination. The ¢rt/ gene responsible for the dehydrogenation of

phyloene, is governed by the level of illumination as well, but is also dependent upon

Statiop

Ary phase or carbon deficiency (Fontes, 1993).

b BB

iy ] 7 ORF12
ORF3  ORF4 cmE ORF6 criX ertY cril B or

ORF)

Figure 1.6(¢) The carotenoid gene cluster from Erwinia herbicola (Armstrong,
1994)

D6 mDh:-: D D @ B i

‘Figure ]~(’(f) Carotenoid biosynthesis gene cluster of M. xanthus (Haycock, 1996,
“4apted frop Botella ef al., 1995 and Armstrong, 1994)
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There may be an unexpectedly small number of carotenogenic genes despite
th _
® Number of carotenoids isolated so far, In Agrobacterium aurantiacum for example,

t
he ®NZymes Crtz (B-carotene hydroxylase) and CrtW (B-carotene C-4 oxygenase)
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have substrates .with large differences in polarity, so that p-rings and 4-keto-B-rings
are both utilized by CrtZ and B-rings and 3-hydroxy-B-rings by CrtW (Misawa et al,
1991, Yokoyama and Miki, 1995). In A. aurantiacum the organisation of the
Carotenoid gene cluster is similat; to that in Erwinia spp. for the genes crtY, crtl and

CrZ, but the order of transcription is different.

In cyanobacteria the phytoene desaturase from Synechocystis (encoded by the
S°NeS crtP or Pds) has been located (Chamowitz et al 1991) along with lycopene
Cyclase (Cunningham et o/ 1993; Cunningham er al 1994) using functional
Complementation techniques based upon herbicide resistances related to the two
8enes. When the cyanobacterial gene for phytoene synthase was located (Chamowitz
€ al 1992, homology was detected with the fruit-ripening associated tomato gene
PTOMs Which was subsequently confirmed as encoding for a phytoene synthase
(Bartley, 1992). Whilst there is conservation between the phytoene desaturase genes
°f both Plants ang bacteria, there is a greater level of homology among the équivalent
Plant Carotenogenesis genes (Hirschberg, 1998), thus it is feasible that a shared origin
£ Svolution exists between plant carotenogenic genes which is separate to that of
bacteria Similarities of this kind are reflected amongst the lycopene cyclases of
®Yanobacteri, and plants, whilst in their bacterial counterparts, homologies are limited
‘0 short regions specific to dinucleotide and possibly substrate binding. (Cunmngham
¢ al 1996, Cunmngham et al 1994; Pecker, et al 1996). Lycopene cyclase genes for
bacteria (Misawa et al 1990; To ef al 1994; Hundle ef al 1994) Synechococcus
(Cunnlngham et al 1993 and Cunningham et al 1994), tomato (Pecker et al 1996),

Ppper (Hugueney er al 1995), daffodil (Al-Bablili et al 1996) and Arabidopsis
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(Cunningham et al 1996 and Scolnik et al 1995) have all been cloned. Despite the
homologies observed across a variety of organisms, it is important to note that
eukaryote carotenoid genes are not clustered as they are in prokaryotes so, for
Xample, in eukaryotes, phytoene desaturase and phytoene synthase are the only

Carotenoid genes belonging to the same operon.
L7 Genetic manipulation in carotenogenic systems

In‘ view of the potential cost benefits and the possibility of yielding novel
“Ompounds, mych recent carotenoid research has been directed towards the genetic
Manipulation of carotenogenic organisms or of host organisms which are not naturally
Carotenogenic. The carotenoid biosynthesis genes of Rhodobacter sphaeroides have
been Xpressed in the non-photosynthetic, phylogenetically related Paracoccus
denity icans,  Agrobacterium  tumefaciens, ~ Agrobacterium radiobacter and
420tomonqs insolita (Pemberton and Harding, 1987). As with the majority of
Microbja] molecular genetics, specific enzymes able to catalyse the biosynthesis of
Carotenojqs have frequently been expressed in E. coli. Even carotenoid biosynthesis
®NZymes from different phyla have been shown to interact productively in the same
host (HirSChberg, 1998; Lotan and Hirschberg, 1995; Cunningham et al 1993;
Cham°WitZ et al 1992; Linden et al 1991; Kajiwara ef al 1995; Misawa et al 1994;

Maninez-Ferez et al 1994; Raisig et al 1996).

By Combining carotenoid biosynthesis genes in another carotenoid pigmented

Ol‘ganism’ novel compounds can be elicited, as with the expression of the crt gene
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from E, herbicola in R. sphaeroides for example (Hunter et al., 1994). In E. coli the
&enes responsible for carotenoid biosynthesis in Erwinia herbicola have been placed
under the control of the T7 promoter (Haycock, 1996). In the related E. uredovora, the
Carotenoid biosynthesis genes crtB, crtE, crtl and crtY expressed in the ethanol
Prodycer Zymomonds mobilis through conjugal transfer, yield B-carotene (Misawa,
Yamano and Ikenaga, 1991), but when expressed in Agrobacterium tumefaciens, the

final pigment yielded is zeaxanthin diglucoside (Nakagawa and Misawa, 1991).

Changes in carotenoid phenotype and improvements in carotenoid yield have
been achieved very effectively by the cruder methods of chemical mutation and
thmuﬁh media optimisation. N-methyl-N'-nitro-N-nitrosoguanidine is a commonly
used and Potent mutagen which has given chromatic variants in the filamentous
fungus Blakeslea trispora (Mehta et dl, 1995) and increasing carotenoid content in the

fi
UN8US Phycomyces blakesleeanus (Cerd4 Olmeda, 1985).

‘Whilst many mutations carried out on carotenogenic organisms have been
3chieved by treatment with chemicals or radiation, other methods including the use of
AnSposon Mutagenesis have been applied (Vertés et al, 1994). Interestingly, certain
targeteq deletions of small regions of carotenogenic genes may promote improved
productivity. This is the case with geranylgeranyl diphosphate synthase where the
deletion of fourteen amino acids at the C-terminal end and thirteen at the N-terminal
tnd (replaceq .by four novel amino acids) resulted in increased geranylgeranyl

"
lph(’Sphate synthase activity (Chamowitz et al, 1993).
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2.1 Bacteria

in thi ere as follows:
The bacteria] strains used in this work w

i

Bacteria Aberdeen, Scotland)

p (

7.75kb plasmiq)

i Berks)
K) Ltd., Reading,
Brevibacterium linens Christian Hansen (Chr. Hansen (U
BLland B,

k
i ium Tender ApS, Denmar
Brevibacterium linens W (Wiesby) Visby Labarotorium e
E. colixy, Blue MRF’: A(mcrd) 183 A(merCB-hsdSMR-mrr) dA

ol ~Blue :

CA, USA)
T Tet")] (Stratagene, CA,
Lreca) A96 reld] lac [F’ proAB laclMZAM15 Tnl10 (Tet)] (

&yr. re
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2.2 Reagents

Special reagents were obtained as follows:

MNNG 1—Methyl-3-njtro-l-nitrosoguanidine (Sigma Chemical Co., St. Louis, MO,
USA) (Chemical formula: CH;N(NO)C(=NH)NHNO,; RMM: 147.09)

Egg white lysozyme (Pharmacia Biotech, Herts., UK)

Grade | aluminium oxide (Woelm Pharma, Germany).

Dimethyl sulphoxide (Sigma Chemical Co., St. Louis, MO, USA)

Pure, DNAse free, 18MQ water (Sigma Chemical Co., St. Louis, USA)

Restriction enzyme buffef (Promega Ltd., Southampton, UK)

ACetylated 10mgmI? BSA (Bovine serum albumin) (Promega Ltd., Southampton,"
UKy

dATP, dCTP, dGTP and dTTP (Promega, Ltd., Southampton, UK)

Taq DNg Polymerase Buffer (Promega, Ltd., Southampton, UK)

Taqg DN4 Polymerase (Promega Ltd., Southampton, UK)

Mgmz (Promegy, Ltd., Southampton, UK)

Mineral il (Sigma Chemical Co., St. Louis, USA)*

Odium Caseinate (Eastman /Fisher Scientific, UK).
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23 Antibiotics -

Tetracycline (Sigma Chemical Co., St. Louis, MO, USA) was incorporated

into LB medium at a concentration of 12.5ugml™.

. -1
Ampicillin was dissolved in water to a final concentration of 35-50pugml™ and

then filter sterilized before adding to solid LB medium at 55°C or liquid LB medium.
24 Buffer compositions
The compositions of buffers as used in this work are as follows:

TE buffer (pHS.0): 10mM Tris Cl and 1mM EDTA

LysoZYme buffer (pH 8.0): 25mM Tris, 10mM EDTA, 10.3% w/v sucrose and
ysozyme Imgml’ |
Lysis Ieagent: 1% SDS plus 0.1M NaOH

3M Sodium acetate (pH 4.8)

Citrate tyfey (pH4.0): 18ml1 0.2M NaOAc to 82ml 0.2M HOAc
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25 Plasmid vectors

Il t — . p n
2
( g n y )

Tesistance

. 2 )
g . >

Tesistance
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2.6 DNA marker ladders

Agarose gels were calibrated using the Kb DNA Ladder (Stratagene, CA,

USA)- Size marker length and quantity are given per 500ng total aliquot:

(bp) " quantity (ng)
12,000 50

10,000 50

9,000 50

8,000 50

7,000 50

6,000 - 40

5,000 42

4,000 42
3,000 43

2,000 40

1,500 10 : ',‘,
1,000 . 8

750 8

500 7

250 10



43

27 Equipment

Special equipment was obtained as follows:

Transilluminator model UVP TMP-36E (UVP Ltd., Cambridge, UK).
Philipg UV/VIS scanning spectrophotometer (model PU8750, Philips, England).

Thermg) cycler block PHC-3 (Techne, Cambridge, UK)

Ultrawave sonicator bath

28 Growth media

28.1 YGB/A (Yeast glucose broth/agar) (AFRC, 1990)

The standard YGB growth medium contained the following:

gdm
Nutrient broth no. 2* (Oxoid, Unipath, Hampshire, England) 25
glucose >
Yeast extract (Gibco, Paisley, Scotland) 3
(agar (Gibco, Paisley, Scotland) 15

The medium was sterilised autoclaving at 121°C. *The composition of

Nuge:
Utrient Broth no. 2 is given in the Appendix.



44

28.2 Semi-Defined Medium (Tanaka et al,, 1971)

A semi-defined B. linens growth medium consisted of the following:
g dm”
Fumaric acid 50

Ammonjum dihydrogen phosphate 2.5

- Malt extract 2.0
VitaminB,, 2.0x10°
“NaHPO,.12H,0 3.0

- Mgso,.7H,0 0.2
CaCl2H,0 0.01
FeS0,.7H,0 o 5.0x10°
MnSo,. H,0 5.0x10°

5

When added, molasses was present at a concentration of 40 gdm™. This

Med; o .
dium was sterilised by filtration.
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283 Medium for assessment of carbohydrate utilisation (Yamada and

Komagata, 1977)

A medium for the assessment of carbohydrate utilisation consisted of the

following:
g dm
Tryptone 5.0
Sugar/sugar alcohol 5.0
Yeast extract 0.1
KzHP64 1.0
NaCl 5.0

The medium was adjusted to pH7.0 and sterilised by filtration.
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284 Test medium for assimilation of organic or amino acid (Yamada and

Komagata,

1972)

A test medium for the assimilation of organic and amino acids consisted of the

following:

Organic or amino acid as sodium salt ~ 5.0g (~0.03mol)

Glucose 0.2g
Yeast extract - 0.1g
Tryptone 0.1g
K,HPO, : 1.0g
NaCl 5.0g
Water 1dm®

This medium was adjusted to pH7.0 and sterilised by filtration.
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285 Luria-Bertani medium (Maniatis et al, 1982)

i ium i llows:
The composition of the Luria-Bertani (L.LB) medium is as follo

g dm
Bacto-tryptone 10
Yeast Extract ‘ 5
NaC] 10

29 Growth conditions

&

29.1 Standarg growth conditions for all B. linens strains

A 10% (viv) mid log phase inoculum was used to inoculate 50ml of culture
Medium in baffled 250ml glass shake flasks with foam stoppers. Cultures were grown
n darkness at 30°C, with orbital agitation at approximately 100 revolutions per

inute, Cultures were harvested at maturity (corresponding with stationary phase plus

i i as allowed
o additiong] period in which maximum pigmentation (estimated by eye) w

fo develgp),
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Standard medium consisted of YGB (see below), though inocula for other

i ium to
Media were first washed free of YGB medium and then resuspended in the med}um

be inoculated.

2.9.2 pH controlled fermentations |

. 1 i te of
A 2.5 litre fermenter vessel containing one litre of medium agitated at a ra
: . usi an LH
250rpm, aerated at a rate of one volume per minute was pH controlled using
: i s maintained
(no longer trading) pH controller set to the appropriate maximum. pH wa

by additio, of 7M hydrochloric acid.
293 Adjustment of pH at inoculation

S0ml aliquots of YGB were mixed with concentrated hydrochloric acid or

&

) i i i : s were
“oncentrateq sodium hydroxide prior to inoculation until the desired pH value

hieyeq,

ia
94 Selection for B. finens strains able to grow on carbohydrate medi

A single colony of B.linens mutant Wkiii was diluted in 250ml YGB medium.

Ol aliquots were spread onto 140mm diameter plates containing 2.5%(w/v)
neutralised soya 'protein, 0.5%(w/v) Bundaberg raw sugar plus 0.1%(w/v) yeast
PKtracy in 1.5%(w/v) agar. After 3.5 d#ys of incubation at 30°C, the largest colonies

inoc ium containin
ore Selected and suspended as above and used to inoculate a medium g
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2'O%(W/V) neutralised soya protein, 1.0%(w/v) Bundaberg raw sugar plus 0.1%(w/v)

Yeast extract in 1.5%(w/v) agar. The process of incubation, selection, suspension and
inoculation was repeated on media in which the protein concentration was
pl’Ogrﬁssively reduced and carbohydrate concentration progressively increased, thus
Reutraliseq Soya protein concentration was progressively reduced by 0.5%(w/v) whilst
Bundaberg raw sugar concentration was increased by the same amount to a final
Medium Composition of 2.5%(w/v) Bundaberg raw sugar, 0.5%(w/v) neutralised soya

Protein, plyg 0.1%(w/v) yeast extract in 1.5%(w/v) agar.

295 Cold shock treatment

B. linens was grown in YGB medium under standard conditions until 23.5,

35 or 89,9 hours after inoculation. At these times, cultures were refrigerated for two

hour at 4°C in darkness.

9.6 Effects of illumination on pigmentation of B. linens

YGA plates bearing B. linens lawns were covered with aluminium foil and
**Posed gt a distance of 20cm from a bank of 40W fluorescent lamps. The foil of one

» 0
Plate was Cut to allow illumination of the colonies. Plates were incubated at 30°C for

SeVen days,
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UNIVERSITY
 LIBRARY

[T 3
85 oY,




50

Alternatively, the same illumination intensity was applied to liquid cultures in

>0ml volumes contained in 250ml shake flasks incubated at 30°C, with agitation at a

Tate of 100rpm.

2.10 Use of nicotine ([-]-1-Methyl-2-[3-pyridyl]-pyrrolidine) as an inhibitor of

Cyclisation

Solutions of YGA were prepared and autoclaved. After the media had cooled
0 below 55°C nicotine was added such that a range of nicotine concentrations were
Wailable, Molten YGA containing nicotine was poured into petri dishes. When set,
Plates Wwere inoculated with wild type B. linens under sterile conditions. Plates were

ncubated 4¢ 30°C for seven days.

2, .
1 Mutation techniques
111 MUtation using ultra violet radiation at 254nm

Mid log phase cultures of B.linens NCIMB 8546 were grown in YGB medium

‘0 an absorbance of approximately 2 at 600nm. Cells were diluted 10,000 times in |
YGp, Aliquots of 100p1 were spread onto YGA plates; Plated cells were immediately
**Posed o ultraviolet radiation at 254nm at a range of intensities from 100 to 8000
Jouleg m? oyer time periods ranging from one second to twenty four minutes.
Tadiatioy Was provided by a UV cross linker (Stratagene Cloning Systems, La Jolla,

allfornia/Stmtagene Limited, Cambridge, England). After irradiation, cultures were
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incubated at 30°C for 5-7 days in darkness.
2.11.2 Mutation with methane sulphonic acid ethyl ester (EMS)

Methane sulphonic acid ethyl ester (‘S‘igma Chemical Co., Dorset) was added
0 1ml of mid-log phase B. linens NCIMB 8546 culture (approximately at an
absorbance of 2 at 600nm) at a concentration of 480uM (Bishop, 1971) or 0.14M
(Levin, 1971). After 12h incubation in an orbital incubator at a rate of approximately
100rpm, at 30°C, cells we‘re harvested and washed three times with YGB medium.
Cell were diluted five-fold and resuspended in 1ml YGB, and were spread onto YGA

Plates ang incubated at 30°C for five to seven days.
2113 Mutation with 1-methyl-3-nitro-1-nitrosoguanidine (MNNG)

24ul of a filter-sterilised (Millex-GV 5 filter (Millipore, Bedford, MA, USA))
*elution of MNNG in DMSO (dimethy! sulfoxide) (410pgul™) was added to 10ml of
catly log Phase (Agoonm =1) cell culture. After 15 min incubation at 30°C in darkness
With Orbita] agitation at a rate of approximately 100rpm, the MNNG-containing
Cultures Were diluted one hundred fold in YGB medium. Diluted cultures were used to

Mocylate 140mm diameter YGA plates by pouring to excess and draining. This was

i .
Olloweq by five to seven days incubation at 30°C in darkness.
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The freeze-drying medium was made by first dissolving the glucose and

Muttient broth in the water. After the addition of the horse serum, the mixture was

ﬁlter-

.

Sterlhsed through a 0.47um filter. Aliquots (0 2ml) were introduced 1nto sterile

glass ampoules. Sterile swabs were used to inoculate aliquots very heavily to produce

thick Suspensions,

214 Qualitative carotenoid extraction

A Quantity of cells grown to stationary phase on 90mm diameter petri dishes

" YGA Mmedium were transferred from the agar surface to a glass vial. A mixture of
acetOllti/methanol (8:2 (\}/v)) (approximately four volumes) was added to the collected
€ells ang the mixture was subjected to sonication in an Ultrawave sonicator bath for
ifteen Minutes, Cell fragments were allowed to settle until the solvent turbidity was
"imal, ang the collected supernatant was filtered thro?gh a plug of glass wool in a
Plpette ¢, femove finer debris. After drying under a stream of nitrogen, the residue
s redissolveq in approximately Iml of diethyl ether. Spectra over the wavelength
range 350-550nm were obtained by means of a Philips UV/VIS scanning

“PeCtrophotometer (model PUS7S50, Philips, England).
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215 Quantitative carotenoid extraction

After the required incubation, cells were harvested by centrifugation at 22,000
X8 for two minytes and twice washed with water. After removal of excess water, cells

Were frozen and lyophilised in preweighed tubes until no further moisture could be

Temoveq,

After the dry cell mass was determined by weighing, the cells were
fesuspendeq in one third the original cell culture volume of lysozyme buffer (25SmM
Tris, ‘1 OmM EDTA, 10.3% wiv sucrose, pH 8.0 (Santamaria et al,1984)). Cell
*Uspensions were then sénicated in an Ultrawave sonicator bath for a minimum of 45
Minyteg and egg white lysozyme (PharmaciavBiotech, Herts., UK) at a concentraﬁon

of lmgml'l was added before overnight incubation at 37°C.

The lysozyme treated cells were then repeatedly extracted with a mixture of
acetOne/methanol (of 8:2 (v/v), approximately one third the original cell culture
Volume)' After each addition of solvent, cells were subjected to further sonication for
Heen Minutes, Extracted cells were égain collectedrby ceﬁtrifugation at 4000 x g for
irty Seconds and supérnatant, containing dissolved carotenoid, was added to 40ml
lethy| ether in a 250ml separating funnel. Extractions with acetone/methanol were

repeated, With sonication, until no further pigment could be recovered from cell

debris.
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The pigment extract was transferred to diethyl ether in a separating funnel and
the etherea] solution washed with water or saturated sodium chloride solution. The
dieth)’l ether, containing the total carotenoid, was filtered through anhydrous sodium
Sulphate, The solution was concentrated by rotary evaporation, and made up to a
known volume of diethyl ether. Quanfiﬁcation analysis was performed by
Spec"I’C’DhOtometry, by means of the absorbance measurement at 472nm. The A,

Value for Iycopene is 34,000, so an absorbance of 0.34 corresponds to a lycopene

“Oncentration of 1pgul™. Dried carotenoids were stored under nitrogen at -20°C,

216 Thip layer chromatography
TLC plates (thickness 0.75mm) were prepared from a slurry of 50g silica gel

Gin 100ml distilled water. Plates were dried for 5-10 minutes and then placed at 100-

20°c until ready for use. Mobile phases used are given in the relevant sections of

Results and Discussion.
20
17 Mags spectrometry
171 Purification of solvents

Solvents to be used for purification of samples for mass spectrometry were

Purifieq by slow filtration through 10-20g activated alumina.
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2172 Purifying lycopene for MS/NMR

The lycopene sample was dissolved in purified petrol and chromatographed on
@ small column of alumina activity grade III. The lycopene was eluted in a small
Volume of further petrol (containing <2%(§/v) diethylether). The major lycopene

L \ . .
“Otaining fraction was collected and evaporated under nitrogen. No plastics were -

Used,

173 Mass Spectrometer

A VG Quattro quadruple mass spectrometer operated in the positive ion mode
™45 useq to obtain lycopene mass spectra of purified carotenoids. The ion source

temperature employed was 240°C, with emission current at 200pA and electron

energy at 70eV.

N | :
8 N“dear magnetic resonance spectroscopy

Spectra of lycopene in CDCIl; were recorded at 400mhz in a Bruker 400

Slrument at Unilever Research Limited, Colworth House, as kindly arranged by

Missp, Gambelli.



57

2.19 Transmission electron microscopy (TEM)

Colonies were scraped from solid medium and collected by centrifugation in
3% glutaraldehyde in 0.1M cacodylate buffer (pH7.4) fixative. Cells were incubated
3 room temperature overnight and then washed in 0.1M cacodylate buffer (pH7.4) for
three 5 min periods. A second fixation step used 1% osmium tetroxide in 0.1M
Cacodylate buffer (pH7.4), with incubation at room temperature for one hour. The
0.1M €acodylate buffer washes were repeated as before. Samples were dehydrated in
70% ethano] for one hour, 90% ethanol for one hour with two changes and 100%
Sthano] for one hour with three changes. Dehydrated cells were embedded by
incubatioll in propylene oxide for 30 minutes, followed by two hours in 1:1 propylene
OXide:resin (Epon-Araldite), then an overnight incubation in 1:2 propylene
OXide:reSin- Samples were finally embedded in resin over twelve hours with two
“hanges, The samples were placed in BEEM capsules, ‘which were topped up with

TeSin ang Polymerised at 80°C for 48 hours.

Blocks were sectioned with a Reichert Ultracut E ultramicrotome set to 120nm
Section thickness, Sections were picked onto 200 mesh hexagonal thin bar copper
Brids ang Stained in 2% uranyl acetate for 20 minutes followed by Reynold’s citrate
for five Minutes. Sections were observed by use of a Philips CM10 Transmission

“lectron Microscope at 80kV. Images were recorded on Kodak 4489 film.
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2.20 Molecular biology techniques
2.20.1 Extraction of genomic DNA

One ml of late log phase culture with an absorbance at 600nm of
apprOXimately 2, was collected by centrifugation at 12,000 x g for ten minutes in a
microcentrifuge and separated from the supernatant. After the addition of 400pl lysis
buffer (25mM Tris, 10mM EDTA, 10.3% w/v sucrose, pH 8.0) containing lysozyme
A a Concentration of 1mgml”, cells were incubated at 37°C for three hours. After
Collecting el by centrifugation for 30mins at 12,000 x g, the pellet was combined
With 340p1 of Nucleon reagent ‘B’ according to the kit protocol. Nucleon kits I and II

(Scotlab, Scotland) protocols were employed from this point.
220.2 Extraction of plasmid DNA

A Qiagen Plasmid Maxiprep kit (Qiagen Ltd., Surrey) was employed
according to the kit protocol after an additional lysozyme step was incorporated into
the fir St (P1) buffer stage. Modified buffer composition was as follows: 50 mM Tris-
ey, PH8.0; 10mM EDTA; 25% (w/v) sucrose; 100 mg/ml RNAse A; 100 mg/ml
lysozyme- The cell collected by centrifugation were incubated in the modified buffer

P for 29 minutes at 37°C (Wilson, 1996).
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2203 Restriction digestion of plasmid DNA

DNA was cut with restriction enzymes according to the method described

clow, Restriction enzymes used are given in the Results and Discussion section.

0-2'1.5ug substrate DNA was dissolved in pure, DNAse free water and

comb; . .
Ombined with reaction components as listed below;

Pure, DNAse free water to make a final volume of 20pul (Sigma Chemical Co., St.

LOUiS, US A)

2ul 10X concentration restriction enzyme buffer (Promega Ltd., Southampton,

UK)

0.2u1 acetylated 10mgml” BSA (Promega Ltd., Southampton, UK)

lpl Substrate DNA solution

After mixing by pipetting, 0.5ul of restriction enzyme at a concentration of ten

un:
s per M1 was introduced. Reactions were incubated for 3-4 h at 37°C.
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2204 Polymerase chain reaction
The composition of PCR reactions was as follows:

Approximately 1.2pg target DNA

~ S0pmol each primer (Perkin Elmer Limited, Cheshire)
10nmol each of dATP, dCTP, dGTP and dTTP (Promega, Ltd., Southampton,
UK) |
Taqg DNA Polymerase Buffer diluted from 10 X concentration to 1 X final
Concentration (Proniega, Ltd., Southampton, UK)
125nmol MgCl, (Promega, Ltd., Southampton, UK)
DNAse free pure 18MQ water (Sigma Chemical Co., St. Louis, USA) to a
final volume of 50pul
1 unit Tag DNA Polymerase (Promega Ltd., Southampton, UK)
One drop of mineral oil (Sigma Chémical Co., St. Iibuis, USA) was overlaid

-Onto each reaction.

Reactions not including target DNA were established as negative controls.
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2.
20.5 Polymerase chain reaction thermal cycle profile

Appropriate strains of B. linens were collected by centrifugation and their
DNA was isolated according to the Nucleon protocol. Purified genomic DNA was
used as template in PCR reactions with primers. PCR reactions took place in a Techne
thermg] Cycler, model PHC-3 (Techne, Cambridge). The temperature of the thermal
C¥cler block was allowed to reach 94°C. This temperature was held until all tubes
°0ntaining reaction components were loaded into the block. Cycle interruption was
then fémoved allowing one minute at 94°C. This step was only applied to samples

Ong . . ere .
© and constituted an initial denaturation.

T
he cycle was as follows:

Denaturation @ 94°C for 1 minute

&

Primer annealing @ 55°C for 1 minute

Elongation @ 72°C for 2.5 minutes

- After 35 cycles, reactions were subjected to a final elongation period of three

iy :
Utes followed by a block cooling stage to bring the temperature of the block
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2.20.¢6 Agarose gel electrophoresis

Agarose gels were prepared in TAE buffer (Maniatis, et al, 1982) and

lectrophoresis conducted in the same buffer at 100V.

2207 Purification of DNA from agarose gel slices containing the products of

Previous pCRg

Slices of LMP agarose (Sigma Chemical Co., St. Louis, USA) corresponding

O the molecular weight desired were weighed. 0.04 volumes of Agarase buffer
(750mM Bis-Tris plus 250mM EDTA) (Boehringer Mannheim, East Sussex, UK) at
SX c0ncent}ration was added to gel slices where 1g is equivalent to 1ml). After

#ding buffer, gel slices were melted at 65°C for 15 minutes. After cooling to 45°C in
A Water bath, agarase enzyme was added. 1 unit of agarase is required to digest 100mg

&

Sarose, Mixed buffer, gel and agarase were incubated at 45°C for one hour.

2204 PCR of DNA released by agarase from agarose gels containing the

prOdUcts of previous PCRs

Three bands were extracted with agarase, (no attempt was made to assess

A concentratlon) For each band two tubes were prepared one to hold 0.5ul
A act, the other to hold 1pul. A total of six tubes were thus used plus one negative
“ontro] tube containing no target DNA. PCR components were combined as shown in

® Standard pcR protocol (above).
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2, .
20.9 Production of competent cells by means of a rapid CaCl, transformation

Procedyre

20ml of LB (Luria-Bertani) medium containing tetracycline to a final
¢o .
NCentration of 12.5ugml” was inoculated with 1ml of overnight E. coli XL1-Blue

MRp: .
RF Culture and incubated for three hours at 37°C with agitation at 150rpm in shake

flaskg,

~ The culture was chilled on ice for 20 minutes, and the cells were collected by
“Nrifugation for Smins at 2500 x g at 4°C. Cells were again collected by
*Meifugation for 10mins following resuspension in 10ml ice cold 0.IM CaCl,
SOlution, Cells, now considered competent, were finally resuspend in 1ml of 0.1M

aC - .

L before chilling on ice for one hour or more.
20,

10 Transformation of competent cells

For each transformation, 100pul competent cell aliquots were transferred to
LSm]
€Ppendorf tubes prechilled on ice. A quantity of transforming plasmid DNA (2-
On
g)‘ was gently mixed with the competent cells. As a control, one tube of cells

Conty; :
Ained no added DNA. Tubes were again chilled on ice for 30-40 minutes.

Competent cells were heat shocked at 42°C for 2 minufes prior to chilling on

i(:e fi . i .
°f 2 minutes, Finally, transformed cells were diluted in 900ul N.B. (Nutrient
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broth CMy o4 a concentration of 15gdm™ Oxoid, Unipath, Hampshire, England) and

INcubateq gt 37°C for 1 hour at 225rpm.

- 100p1 transformed cell aliquots were spread onto plasmid selective agar
Containing ampicillin, Xgal and IPTG at a concentration of 35-50pgml” and incubated
A37°c Overnight. Untransformed cells were also plated as a negative control. White

Olonies Were picked and checked for the presence of recombinant plasmids.
22011 Preparation of Xgal and IPTG plates

A stock solution of Xgal was dissolved in dimethyl formamide to a
NCentration of 50mgml™ and stored at 4°C. IPTG was dissolved in water to a
NCentration of 0.1M. LB plates also containing tetracycline were prepared with a final

“Oncentration of filter-sterilised 0.1mM IPTG and 40pugml™ X-Gal.

&

2, . '
2012 Ligation of plasmid vector and insert DNA

Ligationg were carried out using the according‘ to protocol (Doyle et al., 1996)

th an ppropriate vector:insert ratio. Between 50-200ng vector DNA was used plus

tu TA’DNA hgase and 1pul 10X ligase buffer to a final volume of 10ul in nuclease-free
Water, All hgatxons were conducted on protruding end DNA molecules and
e ubatlons were at 16°C over night or at 22°C for three hours. If the vector to be used |
“ONtaineq two compatible ends after restriction digestion, it was first treated with calf

testinal alkaline phosphatase (CIAP) (Doyle et al, 1996). 10ul of CIAP 10X
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Teact]

Action buffer was mixed with 0.01u CIAP enzyme per pmol DNA ends, plus the
D

NA o be phosphorylated, to a final volume of 100pl. Reactions were incubated for

15 m;
Minutes a¢ 37°C, then another 0.01u CIAP per pmol ends was added. Incubation

the .
1 Continyeq for another 30 minutes.

2,
20.13 Nucleotide sequencing

Sequences were obtained by means ofan ABI (Warrington, Chester) 377 DNA
“Wencer ang ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit.
Rea¢ti°n5 were conducted accofding to kit protocols with 300-500ng target DNA and

"8 primer per reaction. The thermal cycle profile employed was as follows:

den .
Aluration, 96°C for 30 seconds; primer annealing 50°C for 15 seconds and

exte s . s .
Nsion at 60°C for four minutes. Reactions products were precipitated with ethanol

d
TUn on g 49 gel for seven hours.
4 Nucleotide and amino acid sequence comparisons

Nucleotide and amino acid sequence comparisons were carried out by means
f the GAP algorithm of the Wisconsin Genetic Computer Group’s Sequence
Nalysis Software Package (1994). Deduced amino acid sequences were derlved by
¢ of the TRANSLATE algorithm. The BESTFIT algorithm was used to assist in the
hgnment of overlapping sequence. The algorithms PRETTY and CONSENSUS were

ed f . i . f
O multiple sequence alignments and to obtain consensus sequences.
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31 Introduction to Brevibacterium linens: The use of Brevibacterium linens for the
‘¥mmercial objective of lycopene production

As discussed in the general introduction (Chapter 1), this work is targeted at the
commercially viable production of lycopene. The lycopene to be manufactured would
Almost Certainly enter the human food chain, possibly as a food colouring or as a
phaI“maceutical. With this in mind, certain limitations are imposed upon the organism
Which jg used to produce it; in particular, there is a need to avoid organisms which are
10t proven tq be harmless to humans. After the consideration of a number of a number

of Carotenogenic organisms, the bacterium Brevibacterium linens was chosen.

B. lineng has the advantage that it is a well known food organism used in the
fipening of certain cheeses (see below). At the same time B. linens is known to
Produce carotenoids and it is assumed to follow the well known pathway to Cyg
carot'e“Oids as discussed in the introduction, with the formation of the aromatic rings
0f3’’3"dihydroxyisorenierate:ne (see below) comprising the last steps. Hence GGDP is

¢ . :
XPecteq g be converted into phytoene, phytoene into lycopene, lycopene into -

c ]
"otene ang B-carotene into B-isorenieratene. These assumptions are supported by the

Motk of Haycock (1996) who obtained data to support the presence of 3,3'-

! ydmxyisorenieratene, monohydroxyisorenieratene, monohydroxy-p-isorenieratene,
“Carotene and cis-B-carotene. It is therefore assumed that mutations in the phytoene
Saturage gene (cril) (assuming it is present), would lead to mutants accumulating

Yioene ang that a similarly dysfunctional’lycopene cyclasevenzyme would lead to

Iy . .
tant With a lycopene accumulating phenotype. -
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By exposing cells of a carotenoid-producing organism to an inhibitor which
2ts upon the conversion of an intermediate in the carotenoid biosynthesis pathway, it
becomes Possible to elucidate some of the steps which compose the pathway.

Urthermore, ths information can be used to determine the value of a mutation
Srategy aimed at the formation of phenotypes which accumulate intermediates in the
Carotengiq biosynthesis pathway. Nicotine has been seen to block the cyclization of
€arotenoids in fungi and plants as well as in photosynthetic and nonphotosynthetic
bacteria including Brevibacterium sp. KY4313 (Hseih ef al,, 1974). Since lycopene is
formally accumulated in the presence of nicotine, these inhibition experiments
indicate that lycopene is the first carotenoid molecule to undergo cyclization. In

la"obaClerium sp. R1519, nicotine has been shown to inhibit lycopene cyclization
and therefore to block production of zeaxanthin (the wild-type final carotenoid
Digment). At low nicotine concentrations however, the monocyclic compound
rubixanthin was present in place of lycopene and underwent conversion into B-
cryptoXanthin and zeaxanthin (McDermott et al, 197:1). Similarly, the phytoene

"Saturase inhibjitor diphenylamine, first seen to block the formation of bacterial
Pigments (Kharasch et al., 1936), promotes the accumulation of phytoene in treated
ells. Tt s €Xpected that diphenylamine treatment would lead to the accumulation of

Yioene in the strains of B. linens tested here. If so, the creation of phytoene-
ccumuli-’tting mutants would also be of commercial potential, since the compound
"2y have application in topical prophylaxis aimed at the prevention of the exposure
f skin © UV radiation. It would appear that compounds sharing similar structures
(including diphenylamine) often block carotenogenesis in certain organisms and it has

Ce o g el . :
n Suggested that these molecules bear similarities to a region of the carotenoid
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Molecule which is subject to dehydrogenation and therefore may act as competitive

inhibjtorg (Rilling, 1965).

Brevibacterium linens derives its name from its ‘small rodlet’ morphology and

its Spreading or smearing growth pattern. It is a member of the Gram-positive
COryneform bacteria, a group of mostly soil-based organisms, some of which are used
induStrially for the production of amino acids, in particular glutamic acid and lysine
(Vidaver, 1982; Kinoshita, 1959). B. linens, in contrast (Mulder, 1966), was described
y W‘)lff(1909) as a major cheese-ripening bacterium and was given its present name
by Breed in 1953. B. linens develops after the yeast present in the cheese has
“hausted all available lactate and the pH has risen above 6 (B. linens has been
eported a5 unable to grow on rind below pH 5.85 (Kelly and Marquardt, 1939)). The
“heeses ripened (and to some degree coloured (Albert et al., 1944)) by B. linens (also
known as red smear cheese) are Livarot, Limburger, ‘Brick, Camambert, Munster,
Comtc and Roquefort (Mulder et al., 1966; Bernard, Aet al, 1993). As well as a
Possib]e role in the removal of unpleasant taste components of cheeses, B. linens is
oW to Convert L-methionine into methanethiol (CH;SH) (Pitcher and Noble,
9 78). It is known that methanethiol is an 1mportant constituent in the aroma of

¢ .
he ¢ddar Cheese, thus B. linens may impart flavour or aroma characteristics to the

Surf; .
ACe-ripeneq cheeses.

Because an attempt is being made to produce lycopene from mutants of B.
I . ) . :
"ens with a commercial objective, the efficient conversion of growth substrates is

Dortam’ to provide both cell mass and pigment. B, linens is a chemoorganotroph
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Which 8rows under strictly aerobic conditions and its metabolism is respiratory and
fever fermentative (no acids are formed in peptone media in the presence of glucose)
(Keddie and Jones, 1981). Optimum growth temperatures vary from 20-30°C
depending upon the strain and good growth is shown on peptone-yeast extract
Medium 5t neutral pH. B. linens, in common with all Brev‘ibacteria, is halotolerant or
halophilic; indeed up to seven strains have been grown in 15%(w/v) sodium chloride.

linens is also non-motile and displays a rod-coccus cycle on complex media so that
old Colonies of 3.7 days are mainly coccoid of 0.6-1.0pm diameter, though length
May vary. Colonies, if young (24-48 hours) are opaque, 0.5-1mm in diameter, convex,

SMooth and shiny, Older colonies are larger, of 2-4mm in diameter after 4-7 days of

Mcubatiop,

ThOugh Gram-positive, some strains or old colonies readily decolourize, so that
"ains can be equivocal. Capsule formation is non-characteristic but slime may occur
(COIWell 1969) which will not wash off in SDS, acidic c;r alkaline rinses. Though no
frue Mycelium exists among B.linens, primary branching may be observable. The
Pecies ig Catalase-pos’itive, not acid-fast and does not produce endospores. Two
raing of B. linens have been reported to produce'bacteriocins (linecins) which inhibit

+linens growth (Kato ef al., 1984). The production of these is conferred by plasmlds
akaklbal'a and Tomizawa 1974). Other strains known to contain plasmids include B.
finens CECT 75, The function of the 7.75 kb plasmid in CECT 75, known as pBL
100, is not kno%, although plasmids found in pathogenic coryneforms often confer

i .
Mlence 5 well as resistance to antibiotics (Kono et al, 1983). Alternatively,

L1oo May have a fatty acid breakdown or bacteriocin-producing capability (Kato et
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al 1984; Veldkamp, 1970). In this work, an attempt will be made to elucidate the
Sequence of thig plasmid with a view to its potential as an endogenous vector in the

genetic Manipulation of B, linens.

In taxonomical terms, B. linens is grouped closely with the genus Arthrobacter,
baseq Upon a variety of biochemical tests including acid production from sugars,
Vlisation of organic acids as sole carbon sources and DNA base composition
(Bousﬁeld, 1972). Fairly close comparison has been found with Nocardia which, like
Arthr Obacter, i generally isolated from soil. The similarity with Arthrobacter falters
hoWever, When amino acid composition and morphology are compared (Yamada and
Komagata, 1972). Although B. linens is normally associated with cheese, it has also
been found on the surface of sea fish (Mulder, 1966) though, based upon DNA

Omology Studies, only a small proportion of the B. linens-like bacteria found on sea
fish Were actually related to B. linens (Keddie and Jones, 1981).

The ceqp wall composition of B. linens strains appears unique amongst the
°Yynef0rms since it contains glycerol teichoic acids in the wall polysaccharides
(Keddle and Jones, 1981 Fiedler et al, 1981) As W1th all bacterial cell walls,
Dhosphate is present and the basic pattern of glycerol, glucose, glucosamine and/or
galactosal’rline is followed. No strains of B. linens contain mycolic acids (Collins et
% 1979), but some strains may contain galactose, arabinose, ribitol teichoic or
Mannito| teichoic' acids (Fiedler ef al., 1981; Keddie and Jones, 1981). Peptidoglycans

of Broup A (ie. there is direct cross-linkage between positions 3 and 4 of the
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Peptide subunits) and meso-diaminopimelic acid is present though cell-wall arabinose

1S absent.

The major fatty acids in B. linens are 12-methyltetradecanoic acid (anteiso-C,s)
an,
d Methylhexadecanoic acid (anteiso-C;;) (Suzuki and Komagata, 1983). As well as

antej .
€iso- and iso-methyl-branched fatty acids being present, small amounts of

Unb -
fanched  gatyrated fatty acids are also found. The polar lipids

di .
plms'phatldylglycerol and phosphatidylglycerol (Collins et al., 1980) also occur

to .
gether with phosphatidylinositol (Komura et al., 1975).

The only isoprenoid quinones detected in Brevibacteria are menaquinones (see
elow) and of which those with eight isoprene units in a dihydrogenated form (MK-
8[H2]) Constitute the major components as with the genus Rhodococcus (Collins and
Sodfellow 1979). MK-7[H,] menaquinones are also present in B. linens though in

sm .
all Quantities relative to MK-8 [H,].

Menaquinone-n
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Brevibacterium linens is known to assimilate a variety of organic acids,
famely acetic, pyruvic, L-lactic, D-lactic, malic, succinic, fumaric, o-ketoglutaric,
Citric, formic, propionic, butyric, oxalic, malonic, glutaric, adipic, pimelic, glycolic,
Blyoxilic, gluconic, hippuric and uric acids (decomposed to urea) (Yamada and
Kornagata, 1972a; Bousfield 1972), though some strains, such as B3 for example, are
Unable tq utilise acetate. Sugar and sugar alcohols utilised include glucose and
gl)Icerol, fructose and galactose (Bousfield, 1978) though sucrose and lactose are not
Utiliseq by all strains (Mﬁlder et al, 1966). Alanine and tyrosine have also been listed

¥ Carbon Sources (Bousfield, 1972), together with arginine, serine and lysine. All
"Vibacteria are proteolytic so that gelatin, milk and casein are hydrolysed by most
R2InS (Colwell e g, 1969; Bousfield 1972). More recently an extracellular alkaline
fine Protease has been isolated from B. linens and found to have a pH optimum

| ) , _
Ctween 7 and 8.5 (Juhasz and Skarka (1990)).

The genome of B. linens, which is 3105kb in ler;gth; has been reéolved into

Ight ﬂ’agments ‘with the restriction enzyme Dral and fifteen fragments With Asel

(Correjy e; al, 1994). The DNA base GC percent values of 60-67% are fairly high in
+ linens Compared with the other corynefoﬁn bacteria which are considered

"e198eneous based upon DNA-DNA hybridisation studies (Fiedler er al, 1981).

B"e\’lbacterzum Imens was originally thought to be the exclusive bacterlal
Prodyce, of the phenolic caroten01d 3 3’-d1hydroxy1soremeratene (see below), until
th

® Same Compound was discovered in a strain of Rhodococcus ruber (Haycock

19
%) The location of this pigment was analysed in 78 B. linens strams and it was
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found ¢ be associated with membrane fractions, and not in other cell components
including‘ the cell wall (Jones, Watkins and Erickson, 1973). The majority of strains
e reported to have light-dependent pigment production which may be affected by
OXygen levelg but strain B4 is only orange (the colour of 3,3'-dihydroxyisorenieratene)

if 40 . .y -
% sodium chloride is present in the medium (Mulder, 1966); this is not the case in

0 )
Other p linens strains,

3,3'-dihydroxyisorenieratene

?’1-1 The

in ¢} use of nicotine, a cyclase inhibitor, to establish the presence of lycopene

e A : .
Carotenoid biosynthesis pathway of B. linens
As discussed in the introduction, carotene ring formation is known to be
inhjb; :
lted by nicotine, so that the cyclase enzyme substrate lycopene would be

°d to accumulate in the presence of sufficient non-lethal concentrations of

mCOtine

Results of incubation of B. linens NCIMB 8546 for seven days at 30°C in the
Presence of nicotine without exposure td light, on solid YGA medium (see Materials
" Methods Section 2.9.1) are shown in Table 3.1 and Plate 3.1. The approximate

oncemrations of nicotine used were between 0.1 and 4.0mM as shown in Table 3.1.

Fj
8ur
© 3.1 shows the mass spectrum of lycopene extracted from cells of B. linens
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N .
CiIMB 8546 grown in the presence of nicotine (see Materials and Methods Sections

2,
10,2.14 anq 2.17). Figure 3.1(b) shows the UV-vis spectrum of lycopene extracted

f .
0m nicotipe treated cells.

e

APproximate concentration of mcotine Colony Level of inhibition
—— (mM) colour
e L | Orange Not observable
T~ 0.2 Peach Medium
T~ 05 Peach Medium
T~ 1.0 Peach Medium
T~— 20 Deep Pink High
e —— 4.0 Pink High
;I,:::;z 3.1 The effects of the cyclase inhibitor nicotine upon the pigmentation of B.

Strain NCIMB 8546, grown on solid YGA medium.



Plate 3.1 The effect of the cyclase inhibitor nicotine on B. linens strain NCINl
8546. Cells were grown on YGA medium containing nicotine at the follOwl
concentrations; 0.1mM, 0.2mM, 1.0mM (beginning from bottom of left colum?”

2.0mM, 4.0mM (beginning from bottom of right column)
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312 Evidence for the role of nicotine as an inhibitor of the lycopene cyclase
*NZyme and not as a mutagen of the lycopene cyclase gene

In order to establish that nicotine was in fact acting as an inhibitor of lycopene
C¥clization rather than exerting any permanent effect upon the cells exposed, namely

by Mutation, cells accumulating lycopene in the presence of nicotine were then grown

i R
N the absence of nicotine.

Cells of B. linens NCIMB 8546 grown in liquid YGB medium (see Materials

and Methods Section 2.9.1) containing concentrations of nicotine sufficient to cause
¢ acCumulation of lycopene were diluted in sterile YGB medium prior to plating out
Mo YGA medium contaiinjng no nicotine. In spite of the accumulation of lycopene in

i . :
uid Culture, cells grew normally on nicotine-free medium.

313 Conclusions -

Depending upon the concentrations of nicotine used, low, intermediate or full
hlbmon of the lycopene cyclization appeared to be taking place. Evidence of this is
glven by the variation in hue from the orange of 3,3 -d1hydroxy1soremeratene, the
P ment of wild type B linens NCIMB 8546 whxch can be seen at low nicotine levels,
Ough to the pink of the lycopene-accumulating strain in which nicotine inhibits the

Cyeligas:
Yelisation of Iycopene (see Plate 3.1).

The Pink to red appearance of nicotine-treated cells and also of the mutant

“lls (see Section 3.4 below) of B. linens NCIMB 8546 suggests the presence of
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lycopene, This was confirmed by UV-vis spectroscopy (see Figure 3.1(b)) and mass
5P eCtrOmetry of the isolated pigment (see Figure 3.1). The UV-vis spectrum is
Consistent with that for reference samples of lycopene with absorption maxima
cO"esponding to 446, 472 and 503 nm. The mass spectrum for lycopene is shown in
Figure 3,1 and is identical to that of an authentic crystalline sample of lycopene. The
Molecy] gy ion M* 536 corresponds to CyoHsg, the ion at m/z 467 denotes the M-69
fragment Which confirms the lycopene end group below. The fragment ion at m/z 430

(M-IOG), is characteristic of acyclic carotenoids and denotes the loss of xylene from

the molecye,

~The above data provide supporf for the common carotenoid biosynthesis
Dathway in B. linens, discussed in the introduction with lycopene as a precursor to the
€¥elic Carotenoids which follow. The result of the inhibition of the cyclase enzyme
°WS that the blocklng of the cyclase reaction through mutation of the cyclase gene is

%

valig Strategy W1th which to create lycopene-accumulatmg strains of B. lznens '

The

®haracteristi, M-69 ffagmént of Iyéopene with the separated end group -
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2 QUantitative analysis of 3,3'-dihydroxyisorenicratene in wild-type strains of

B. lineng

The wild-type strains of B. linens examined in this work do not appear, when
i .
SPpected by eye, to accumulate the same concentrations of 3,3
i : . . . . :
hydrox}’lsoremeratene. Since the concentration of pigment in non-mutated cells is

i _ .
kely to reflect the overall production of carotenoids, these values are of importance

w , :
M regard ¢ the potential of subsequent mutant strains for lycopene production.

Wild‘t}’pe cells of the B. linens strains BL1 (Christian Hansen), CECT7S,
N , :
ClMp 8546 and Wiesby were extracted quantitatively and the carotenoid contents

eterm; .
ermineq Spectrophotometrically. The results are shown in Table 3.2.

w
o nens Dry cell Ag477 in Total 3,3'- Percentage
Slrain mass (mg) | 20ml diethyl | dihydroxyisorenieratene DHIR per cell
W ether* (DHIR) (pg) dry mass

194 0.10
CECTs 195 0.85

> 0.14
W 221 1.74% 316

Nooe— | 99 1.28 233 0.24
<MBF575 730 1.63 206 0.13

T ‘
oble 3.2 Dry cell mass, total culture 3,3'-dihydroxyisorenicratene and

Wilq. ge 3 3"dlhydroxylsoren|eratene per dry cell mass values for B. linens
obt Pe strains in 50ml culture volumes. (*Values with the * suffix were

faine from 3 »3'-dihydroxyisorenieratene dissolved in 25ml diethyl ether).
The Concentrations of 3,3'-dihydroxyisorenieratene in wild-type B. linens

Sgests that certain strains may offer greater possibilities in terms of pigment

ductlon than others. This assumes that subsequent mutants will yield lycopene
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COncentrationg which are reflective of their 3,3'-dihydroxyisorenieratene
COncentrations, Based upon pigment concentration, mutants derived from Wiesby B.
linens are, likely to yield the highest concentrations of lycopene, though strain

CECT75 Yields the greatest mass of total culture pigment.

3. Evidence of the presence of compounds supporting the proposed carotenoid

biosyntheie pathway in wild-type B. linens

Thin layer chromatography was used to separate and purify the carotenoids
Present in Wild-type B. linens from Wiesby, and the carotenoids were analysed by

Wiis SPectroscopy and mass spectrometry.

The fing] caxjotenoid biosynthesis pathway pigment in wild type B. linens is 3,3'-
lhydmxyisore:nieratene which accounts for the orange colouration of cells (Plate 3.3).
he Carotenoiq mixture extracted from wild type B. Iin;ns (including phenolic 3,3'-
hydroxylsoremeratene) dlsplays a UV-vis spectrum in diethyl ether as shown in

Figure 33. By TLC separation (see Materials and Methods Section 2.16), three
P ‘ments bands were initially resolved from the wild type extract (approximate RF

Yalues 0.5, 0.8 and 0, 9). Further resolution of the uppermost pigment band yielded six

futher bands (approximate RF values between 0.5 and 0.8).

The Mmost significant fractions from thin layer chromatograms were purified and
an
aIYSed by mass spectrometry The data suggested the presence of 3,3'-

ydr(”‘}'lsoremeratene, through the presence of fragments at m/z 149, indicative of
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Aomatic enq groups, an intense peak at m/z 468 (M-92) which is typical of the
Presence of 5 dicyclic compound and the molecular ion m/z 560. In a further fraction,
the mO“Oh}'droxylated ¢,0-caroten-3-ol" is indicated by a molecular ion at m/z 544. A
fragment at m/z 133 is characteristsic of the unhydfoxylated aromatic end group. The
Molecular jon at m/z 528 is consistent with isorenieratene, that at m/z 536 ’of B-
“arotene anq that at m/z 532 of P-isorenieratene. These data lend support to the
Kistence of 5 biosynthetic pathway in which the aromatic end groups are formed
from B-ri

"TIngs one at a time, followed by the addition of one hydroxyl and then two

h
Ydroxy] functions. The UV-vis spectrum of ¢,¢-caroten-3-ol is shown in Figure
33(b),

Optical absorbance

| ! !

350 400 450 500 550
Wavelength (nm)
. Bur
ingly, del The UV-vis spectrum of B. linens NCIMB 8546 pigment extract
ng3.3 ~dihydroxyisorenieratene



. 40
Plate 3.3 B. linens lycopene accumulating mutant ‘Pink’ (Pink) and NCIMB 85

wild-type (Orange) grown on YGA medium
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NC[ ¢ Ig 3(b) The UV-vxs spectrum of¢ ¢-caroten-3-ol extracted from B. linens
iM . ‘
Utatiop to obtain Iycopene accumulating strains

Chemlcal mutation and mutatxon usmg UV hght and lonlslng radlatlons have

o been “Sed asa crude, undlrected but nevertheless effectlve mechan1sm by whlch
Strains of micro-organisms are generated In industrial environments mutant
rgamsms have been developed with 1ncreased ylelds either of the whole cell or some

d(,s
Irab
le PrOduct Someumes the end product 1tself is altered through mutation.
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Different Mmutagens affect cellular DNA in different ways and, alongside the direct or
indirect interaction between the mutagen and the DNA, cell age and the rate of cell

Teplication relative to the rate of repair are important factors.

Tonising radiations have been used deliberately or accidentally, to cause
"4ations in the DNA molecule. Most (65%) of DNA damage arises through the
formatiml of hydroxyl radicals which go on to alter the DNA. The remaining damage
e result of direct DNA fonisation (Ward, 1988). The most important damage
Tesulting from ionising radiation exposure, consists of breakages sustained in the

d .
e°’<yrlbose-phOSphate backbone.

uv irradiation is another well known mutagen, which is actually
Dathologically significant at a wavelength range (300-400nm) different to that which
damages DNA (260nm). UV-induced DNA damage promotes the formation of cross-
inkg betWeen Pyrimidine bases which share the same DI:IA strand. These may affect
Shape of the DNA molecule, interfering with replication processes or forming

rePaipros
Pa-resistant Jesiong (Chan et al.,, 1985).

Alkylating agents such as methane-sulphonic acid ethyl ester (EMS) (which is
k
o for Causing pomt mutations and 1-methyl-3-nitro-1-nitrosoguanidine (MNNG)

Ohich Mmust ﬁrst undergo metabolic conversion) see below) attack nucleophilic

"Gions of the DNA molecule, primarily at the N7-guanine, N’-adenine, O°-guanine
a
"o thymme sites (Roberts, 1978; Singer and Kusmierek, 1982). Upon alkylation,
the

~glyc08ylic bond is destabilised, leading to the formation of abasic sites within
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DNA (Loeb and Preston, 1986). DNA is not, however, universally susceptible to
*lkylation and, in particular, guanine-rich regions are notably sensitive (Richardson
and Richardson, 1990), the O° and N’ positions of guanine being readily accessible to
MNNG Within the DNA double helix (Dizdaroglu et al., 1991). Depurination also
fakes Place as 5 result of the alkylation of guanine residues, since the bond between
'® purine nitrogen and the deoxyribose molecule can be broken. Should this take
Place whep, the replication fork reaches the damaged region before repair has been
Made, an adenine is normally inserted opposite the apurinic strand, resulting in a GC

o TA transversion in a subsequent round of replication (Mymes and Krokan, 1986). -

CarOtenogenic organisms lend . themselves to mutation analysis because

Screening is elementary and rapid owing to the pigmentation changes associated with

Altereq Carotenoid phenotype. At a concentration of around 1 gdm-B’ MNNG is
Sllective in inducing pigmentatioh\ cﬁanges in Bre\:ibacterium Sflavum  and
"Vibacteriyp, sp. M27. Tetracycline and streptomycin resistant strains were also
Prodyceq by the same methods in Brevibacterium sp.M27 and B. flavum thus
indicaﬁng the randomness of the mutagen (Konickové-Radochovd et dl, 1988;’
KCnich et al 1988). In yedsts too, carotenoid mutations have been noted as with
4 Phdosyma wheschy UV ox EMS testment yields phytoene. and ot
accumulating as well as non-carotenoid containing phenotypes where the wild-type

bi . . .
Stent jg astaxanthin. Mutants accumulating higher than normal concentrations of

ast .
Wanthip have also been isolated (Girard, et al 1994).
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Any mutations induced, even if they are to affect pigmentation exclusively,
Must not be significantly detrimental to the physiology of the cell. Geranylgeranyl
diphosphate (GGDP) for example, is required for the synthesis of the phytyl or
Eeranylgeranyl side chain of plant and baéferial chlorophylls, so no carotenoid
Pathway Mutations would be expected before GGDP in the carotenoid biosynthesis

Pathway of Photosynthetic organisms (Goodwin, 1980).

In this work, an attempt has been made to mutate wild type strains of B. linens

that lycopene becomes the exclusive end product of carotenoid biosynthesis.
XPerimentg conducted with the cyclase inhibitor nicotine (see Section 3.1.1) suggést
3 deleterjoyg mutations in the gene encoding the lycopene cyclaée enzyme should
leag 10 mutants which accumulate lycopene In contrast with the requirement for

G
Dp (discussed above), cyclase inhibition experiments suggest that the absence of

a i -
Totenojdg beyond lycopene is non-lethal.

AlthOUgh not used here, more advanced mutation techniques have been applied
to
Other COrynebacterla such as transposon mutagenesis whereby a mobilisable

“lement of Corynebacterium glutamtcum DNA (insertion sequence 1S1831) for

ﬂmple, inserts itself into the genome of Brevibacterium ﬂavum MJ233C (Vertés et

QI‘ sl 994)‘
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| i
CH3—CH2—O-—|S|—-CH3

Methane-sulphonic acid ethyl ester .

H3C-—N—<

+
HOOC_ = Hp
CH-C—SH Cysteine
H,N
H,C—N=N—OH
+
HOOC, H, @ NH;
CH-—C-—-S—C
HN2 N—NOZ |
H;C—N,"

HOOC—C——I}I H |
HZC\S/C—N—-NOZ

Metabolic activation of MNNG
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341 Mutation using ultra violet radiation at a wavelength of 254nm

Mid log phase cultures of B linens NCIMB 8546 diluted 10,000 times in YGB

Spread onto YGA plates in ahquots of IOOul were exposed to ultraviolet radiation at a
avelength of 254nm at a range of intensities from one hundred to elght thousand
kJoules Per square metre (see Matenals and Methods Sectlon 2 11 1) over time perlods
fnging from one second to 24 mlnutes (see Table 3. 4) In all cases, progeny cell :
phenOtype appeared identical to that of the wild type Colony numbers subsequent to
Dosure are given in Table 3.4 (after 1ncubat10n to maturity in darkness at 30°C).
hese results, coupled with the high resistance of B. linens to levels of uv radlatlonﬂ ,
Many times those lethal in E coli imply a very efﬁc1ent DNA protectmg mechamsm .
Which, based upon the known quenching properties of some carotenoids against "
Pho t°°X1dat1ve damage, suggests that the carotenoid plgmentatlon in B. linens
Pro OVides o Protective effect against hght damage both to cell functlons and DNA. This
* been the Case with E. coli expressmg Erwinia herbicola carotenogenic genes
Which Were found to prov1de significant protectlon against photosensmsmg molecules

an .
A neay ultraviplet light (Tuveson et al, 1988).

Carotenords are frequently associated with cellular membranes so it is perhaps

o Surpnsmg that they may have an mﬂuence on cell membrane structure and
tegmy and thus the capability of the cell to endure harmful radiation. In expenments
duCted by Chamberlain et al. (1991) with Staphylococcus aureus 18Z, the killing

effy
“ctof oleic acid, which increases membrane fluidity, was mitigated in the presence

of m
Cmbrape carotenoids.
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T —
~Intensity (Joules m2 ) Dosage period (minutes) Total colonies
~—___ 100 0.5 6
— 100 1 0
\100 2 0
100 6 50
100 ' 12 45
~— 100 2 0
500 0.5 20
500 1 13
500 2 3
500 3 9
500 6 3
500 12 0
500 24 0
2000 0.2 38
4000 0.2 22
~—__ 8000 , 0.2 9

l(?(:) le 3.4 The effect of exposure to ultra violet light (254nm) upon survival in
M aliquots of B. linens NCIMB 8546. All colonies post irradiation displayed
ur Phenotype identical with wild- -type cells.

£

12 MUtation using Methane-sulphonic acid ethyl ester (EMS)

EMS was added to 10ml of mid log phase cells of B. linens NCIMB 8546 in
Y(}B

Medium gt 5 concentration of 0 14M (Levin, 1971) (see Matenals and Methods
“ion 2.11 2). After agitated incubation for 3.5 hours at 30°C, cell suspensmns were

dij
e five-folg and aliquots of 100ul were plated onto YGA medium.

I)‘3sl3ite a kill rate in the order of 99.8% (see Materials and Methods Section
21

) » Colonjes resulting from cells treated with EMS displayed pigment phenotypes

en
tical wigp those for untreated wild type B. linens NCIMB 8546.
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EMS is known to be a powerful alkylating agent, so it is difficult to envisage
Y mechanism by which the genome of B. linens is rendered less sensitive to its
effects, It i Perhaps feasible to suggest that the presence of cellular carotenoids may
Promote 5 membrane structure which is in some way less permeable to the compound

A0 in the Case of other, more easily mutated organisms.
343 Mlltation by 1-methyl-3-nitro-1-nitrosoguanidine (MNNG)

Of the mutagenic  treatments employed, only 1-methyl-3-nitro-1-
"Osoguanidine (MNNG) yielded strains of B. linens which displayed mutant
pigmeIltation Phenotypes (see Materials and Methods Section 2.11.3). B. linens strain
NCivp 8546 yielded occasional pink strains which responded to further rounds of

tation, Tesulting in increased lycopene yield. Strains were consistently found to be
{stable Phenotype, Cell and lycopene yield values for the mutant designated ‘Pink’
der Standard growth conditions (see Materials and Metllods Section 2.9.1) are in the
tder of 200mg dry cell mass, which yields approximately 0.1% lycopene per cell dry
S late 3 4) (exact values are given in Table 3.4(b)). This dry cell mass value
trasts With that seen in the wild-type strain Wthh is in the order of 230mg (see
Table 32), Tepresenting a decline in dry cell mass of approximately 31% based ‘upon
the Peak ‘pipi strain value. The kill rate of MNNG was estimated at approximately

99 ‘ s s
%. The contrast between B. linens NCIMB 8546 w11d-type and strain ‘Pink’ is

[
"aly shown ; in Plate 3.3.



Plate 3.4 B. linens lycopene accumulating mutant ‘Pink’ grown on YGA m"di“rﬂ
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\

Ty cell masg A47,in 50ml | Total lycopene | Percentage lycopene per cell dry
~mg) diethyl ether (ng) mass
—19 T80 264 0.13

177 1.70 750 0.14
~160 1.49 219 0.14
T
wzibglﬁt&"(b) Dry cell mass, lycopene mass and percentage lycopene per cell dry
v

Vol alues for B, linens NCIMB 8546 mutant strain ‘Pink’ in 50ml culture
Ines,

'4' .- 7 ' .
4 Characterlsation of lycopene accumulated in mutants

The confirmation of the pfesence of lycopene in the mutants was obtained by

Vevis Spectrophotometry, (see Figure 3.1(b)), TLC againsf an authentic cryétalline
Smple and mags spectrometry (see Figure 3.1). The identiﬁcaﬁon of lycopéne in the
most Promising sfrain (Wkiii, see Section 3.6) was cbnﬁrrned by NM‘R spectroscopy;

th » o o
* NMR Spectrum of the isolated lycopene was identical to that of an authentic

synthetic sample,

3, : , .
Muta"t Phenotypes which appear to accumulate pigments other than, or in

i . '
ition ¢o, lycopene and 3,3'-dihydroxyisorenieratene

Whilst lycopene-accumulating mutations could be isolated, mutants displaying

or Undetectable levels of pigmentation appeared more common. Occasionally

Co} ‘ ) . . ‘
°Y colours such as yellow or brown appeared, although more rarely than those

Wit . - | .
ha Pink or red phenotype. It is conceivable that yellow phenotypes still produce
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the fing] Product 3,3'-dihydroxyisorenieratene although at a reduced concentration

“hen compareg with wild type B. linens (a so-called ‘leaky’ mutation).

Incubation of B. linens NCIMB 8546 with 1-methyl-3-nitro-1-
"itrosoguanigine also resulted in a dull-brown mutant (Plate 3.5). The extracted
Carotenoiq had a UV/visual spectrum consistent with that for 3,3'-

ihydrOxyisorenieratene (Figure 3.3), though total carotenoid extraction using
YS02yme (see Materials and Methods Section 2.15) appeared impossible in the brown
Mutan Whilst being achievable in wild type B. linens, though the brown pigmentation
is not likely to be due to the presence of carotenoids. Brown pigmentation appeared to
“Come ®nhanced during storage which may indicate the effect of oxidation on
Pigmentation, Gradual colour changes have also been seen in E.coli possessing
carotenogenic genes from E. herbicola. Here very faint pigmentation, only evident

F Severa| days of storage, is present in cells of E. coli carrying a mutated crt E

&

G
(Gapp Synthase) gene (Hundle et al, 1994).

A further pink pigmented mutant created from a Wiesby dairy strain of B. linens
* foung 10 release a brown pigment, soluble in solid YGA medium and eventually
lfquing to uniform density (Plate 3.5(b)). It is perhaps the case that this pigment is

Sim; :
Milar that released by B. casei when incubated on milk agar.

UV.vis Spectra were also obtained from a weakly coloured mutant, M22, that
* detived from B, Jinens NCIMB8546 (Plate 3.5()) in an attempt to isolate

O¢ne aCcumulating mutant, Spectra from solvent extracts were consistent with the



Plate 3.5 B. linens brown pigmented mutant (see text) grown on YGA mediulIl






. o
Plate 3.5(b) A B. linens mutant that releases a brown pigment, alongside 2 nGA
pigment releasing lycopene accumulating strain. The culture was grown on
medium






in
Plate 3.5(c) B. linens mutant M22, which is a possible phyotene accum“liltl

strain. Grown on YGA medium
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Possible Presence of phytoene phytofluene and -carotene, structures for which are

8iven in the introduction, Figure 1.6(c).

3.6 Mlltation

st Strategies to enhance the accumulation of lycopene in B. linens
Faing

Mutants selected for lycopene accumulation were subjected to further
Mutation by MNNG in an attempt to enhance pigment yield through alterations in the
"gulation of biosynthesis. Two selected strains designated ‘RR’ and ‘MR’ yielded
Values i, the ranges 0.12-0.14% lycopene per cell dry mass and 0.20-0.27% lycopene
Per ce|) dry masg respectively when grown under standard conditions (Table 3.6). Dry
“ell masg yield appeared to follow an opposing pattern to the level of pigmentation
"Heh thag Mean values were seen to fall by 46% (for strain ‘RR’) and 62% (for strain

1

R%) When compared with strain ‘Pink’.

Mutant i Total lyco ’ene Percentage lycopene
degion... | Dry cell mass | Ayq, in 25ml otal lycop
~Lnation (mg) diethy] ether (1g) per cell dry mass

RR 131 v 0.12
108 1.78
$\

\ 95 1.77 130 0.14
~R T

86 1.66 122 0.14

~R T 158 0.07

~R T 185 136 0.20

~R T ® 229 168 021

~R T 321 163 0.25

::il;;ﬁ 36 Dry cell mass, lycopene mass and perccntagé lycopene per cell dry
ty

culy,. Y2ues for B, linens NCIMB 8546 mutant strains ‘RR’ and ‘MR in 50ml
ure Volumeg, S . . ' :
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In light of the slow growth rate, low cell mass yield and lycopene yield values
foung i B. linens NCIMB 8546 derived mutants, further strains of B. linens were
®Xamined visually and by growth rate (see Section 3.8.1) in view of their mutation to

Obtaj . . .
fain moye efficient media conversion to pigment and cell mass.

- Straing BL1 and BL2 of B. linens were acquired from the dairy suppliers
Chrisﬁan Hansen (Chr. Hansen (UK) Ltd., Berkshire) (Plate 3.6) and were subjected
® Mutagen;c treatment with MNNG. Since the levels of pigmentation and cell mass
Yield during the initial mutagenesis were relatively low (means 0.02% and 0.06%
Yeopene Per dry cell mass respectively, compared with mean 0.14% for strain
‘Pink’), Mutant colonies were not subjected to further mutation. Lycopene
accumulation values for mutants BL1 and BL2 grown under standard conditions

erived from ghe wild-type strains BL1 and BL2 respectively) are given in Table

3
S(b). Plateg 3.6(b) and 3.6(c) show the appearance of the two mutants.

els\?tltan.t Dry cell mass Agy7in 20ml Total lycopene Percentage
Enation (mg) diethyl ether (ne) lycopene per cell

S~ dry mass
g&\ 167 0.50 29 0.02
B&~ 173 0.23 14 0.01
~=l [T 0.6 39 0.02
% 167 2.03 119 0.07
B&\ 165 1.75 103 0.06
~L2_ T 2.05 121 0.05

T ' .

m::le 3'6(b) Dry cell mass, lycopene mass and percentage lycopene per cell dry

l::nva]ues for B. linens mutant strains ‘BL1’ and ‘BL2’ in 50ml culture
es,
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A Sample of B. linens strain ‘W’ supplied by Wiesby (Visby Labarotorium
Tender ApS, Denmark) was subjected to mutagenic treatment using MNNG. After
*election for the most highly pigmented presumed lycopene accumulating mutants a
fange of Strains were investigated after growth under standard conditions. Selection by
e wag Proven to be sufficient to detect mutants capable of accumulating higher
levels of lycopene than previously encountered. In particular, strain WBLM1Mk
Yieldeq 4 mean percentage lycopene yield of 0.24% in contrast with a mean of 0.23%
for Mutant strain ‘MR’. Although a mean dry cell mass of 31mg did not compare
faVourably With that of MR at 67mg. Whilst these figures suggest that ‘MR’ strains
Merit further investigation, their slow growth rate in contrast with Wiesby based
Straipg (see Section 3.8.1‘) militates against this. Lycopene accumulation and dry cell
Mass Values for Wiesby derived mutants are displayed in Table 3.6(c). Plates 3.6(d)
angd 3.6(e) show wild type B. linens from Wiesby and contrast B. linens Wiesby
Mitant WBLMIMK with strain ‘Pink’. Further WBLMIM derived strains are shown

1 Plageg 3.6(f) and 3.6(g).

%



- Y6
Plate 3.6 B. linens wild-type strain BL2 from Christian Hansen, grown on

medium







{he
Plate 3.6(b) B. linens mutant strain BLIM (and others) originating fr om i 1-
wild-type strain from Christian Hansen after mutagenic treatment wit

methyl-3-nitro-1-nitrosoguanidine. Cells were grown on YGA medium






stl‘ain

Plate 3.6(c) B. linens mutant strain BL2M originating from the wild-typ¢ ol
BL2 from Christian Hansen after mutagenic treatment with 1-methyl-3-2!

nitrosoguanidine. Cells were grown on YGA medium
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wh
Plate 3.6(d) B. linens wild-type strain from Wiesby (Visby Labarotorium) gro
on YGA medium .






 1atin®
Plate 3.6(¢) Shows the comparison between B. linens lycopene accumul?

mutant strains ‘Pink’ (bottom) and WKiii (top) grown on YGA medium






pe!
Plate 3.6(f) Mutant strains derived from mutant WBLMIM after furt
mutation with 1-methyl-3-nitro-1-nitrosoguanidine






pe!
Plate 3.6(g) A mixture of strains derived from mutant WBLM1M after f“rtGA
mutation using 1-methyl-3-nitro-1-nitrosoguanidine. Cells were grown 01
medium
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\
rV_Iutant Drycell | A4, in10ml| Total lycopene | Percentage lycopene
®Signation mass diethyl (1g) per cell dry mass
S — (mg) ether*
VBLMTM 74 1.04% 77 0.10
WBIM Mg 5 5735 &6 0.0
%Md 73 T28% 92 0.13
BLMIN 10 0.57 17 0.17
gBLMle 13 0.74 22 0.17
$&41Mj 11 0.57 11 8. ;(5)
1Mk 25 ~2.53 7 :
\\QIZBU\/I\IMk D) 335 69 0.16
Mﬂk 37 325 66 0.25
BLMIMg T " 2.89 85 0.18
\\XBLMIM 46 1.78 52 0.11
~SLMIM, 62 224 86 0.11
Table 3.6(c) Dry cell mass, lycopene mass and percentage lycopene per cell dry

;V:(i]gl{t Values for B, linens mutant strains WBLM1Md, WBLM1Mj, WBLM1Mk
v

LM1Mg in 50ml culture volumes. (*A,,; for values with * suffix are

t
ken gy, Om pigment dissolved in 25ml diethyl ether).

Strain WBLMIMK was subjected td fiirther I\{INNG treatinenf yielding
Uants designated Wki-Wkiv, some of which displayed promising increases in cell
Yielq and lycopene accumulation in comparison with strain ‘MR’.i Table 3.6(d) shows
"alues for these strains. Lyco’pene'values as a percentage of cell dry mass reach a
"an of 0.57% fof strain Wkiv, which represents a yield increase of 148% when
°°rnpared Wwith strain ‘MR’. With a mean dry cell mass value for strain Wki of
197

mg, biOm‘ass yields were seen to increase diamatically as well (by 194% when

Co . . .
MParing gtrain ‘MR’ with strain Wki).
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o
desi;:::-t Dry cell mass - | A4y, in 100ml | Total lycopene Percentage
1on ~(mg) - | diethyl ether* (ug) lycopene per cell
* dry mass
Wt: 188 1.00 585 031
. 179 1.84 541 0.30
% 223 243 715 0.32
WE: 139 1.8 553 0.40
Wi 116 143 421 0.36
S 123 1.44 424 0.34
Wt?{f 148 2.02 594 0.40
Wk& 174 2.34 688 0.40
W\f“ 150 1.98 582 0.39
$* 12 1.13* 67 0.55
‘ kav 11 1.13% 67 0.60
$ 10 0.95* | 56 70.56
Wll:: 132 1.28 377 0.29
Wi 127 1.28 377 0.30
~ 131 1.25 368 0.28
T .
w:::ﬁts‘G(d) Dry cell mass, lycopene mass and percentage lycopene per cell dry
5 Values for B, linens mutant strains Wki, WKkii, WKkiii, Wkiv and WKkiiv in

disSolc“ltfll‘e volumes. (*A,;, for values with * suffix are taken from pigment
ved in 20m) diethyl ether). ' ‘

©

 The combination of reasonable biomass and lycopene accumulation values
recteq further mutation using B. linens strain Wkiii. With a maximum cell dry mass
alue °f91mg and maximum percentage lycopene per cell dry mass value of 0.39%, it
appeared that the antepedent strain merited further investigation by manipulations

Othe ‘
"than mutation (Table 3.6(e)) (see Chapters 4 and 5).
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S —
;:man_t ~Drycell: | A4y, in 50ml | Total lycopene Percentage
gnation mass (mg) diethyl (ng) lycopene per cell
\ ether* dry mass
M 36 2.02* 119 0.33
~kiliMg 33 2.20* 129 0.39
~kiiiMg 36 0.60 38 0.25
~VkiiiM5 87 121 178 0.20
‘\;”E}}Ms 84 2.45% 144 0.17
M o1 1.32 194 0.21
W 9 | . 074 S22 024
Wllz}}}Mz 14 0.56* 33 0.24
M2 16 117" 34 0.22
m:l;:e‘i"f(e) Dry cell mass, lycopene mass and percentagF lycopene per cell dry
m culres for B. linens mutant strains WkiiiM4, WEKiiiM5, and Wkiii‘M2 in
issOlved ure volumes. (*Ay,; for values .w1th * suffixfare taken from p}gment
issoly In 20ml diethyl ether; values with the suffix ' are taken from pigment

ed in 10m] diethyl ether ).

A striking exception to the values obtained for lycopene accumulation in Wkiii
Maing M2, M4 and M5, are the values obtained for mutant WkiiiM1 (Table 3.6(f)).
Whilg Mean dry cell mass only reaches 29mg under standard growth conditions,
Dercemage Iycopene per cell dry mass values reach a maximum of 0.84%, which
"Preseng ayield increase of 265% compared with strain ‘MR’. -

~

Mutang

Sl Dry cell mass | Ay, in 50ml | -~ Total - - Percentage -
: 8hation (mg) diethyl ether | lycopene (ng) | lycopene per cell
\ . RN e : s e : deraSS;

, \‘:/,}:T'f,iMl 29 1.66 244 X
~iMT 29 164 241 083

~JkiiM 78 118 74 0.62

Tap) _ |
mass°v3.6(f) Dry cell mass, lycopene mass and percentage lycopene per cell dry ;
alues for B, linens mutant strain WkiiiM1 in 50ml culture volumes.
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A .
MorDhOIOglcal changes in the mutants

When grown for a long period after stationary phase, clustering in B. linens
Srown i liquid culture is apparent. Cells of the relatively slow grpwing B. linens
NCIMB ‘Pink’ mutant (see Section 3.8.1) formed clusters of 2-3mm in diameter after
hine days of growth. Cells of the faster growing B. linens mutant BL2 formed clusters
Vet four days of growth. Associated changes which appeared to be absent in wild
YPe Straing were also observed on solid medium; plate 3.7 shows ‘colony bunching’
Whereby Small areas of solid YGA medium display confluent ‘growth in which

Pigm .
®nt variation exists among colonies. After mutagenic treatment, some progeny

Colop; .
hies also displayed distinctive sectored growth (Plate 3.7(b)).

At g microscopic level, dramatic morphological differences appeared when

Vild type B, linens from Wiesby and mutant WKkiii were compared Plates 3. 7(c) and
M ) show low power transmission electron micrographs (TEMs) of sections through
Hild type and mutant B. linens. Many more ghost cells are evident amongst the
Utagt Cell population compared with the wild type’cells. Mutant cells can also be
en to b? far more irregular, displaying pleomorphic characteristics. Plates 3.7(e) and
70 also show wild type cells, one of which (Plate 3.7(f)) is undergoing division.
These images contrast sharply with similar high magmﬁcatlon images of mutant
i (Plates 3.7(g), 3.7(h) and 3.7(i)). In all cases, cell d1v1s1on appears to be

Mpa;
**d and often abortive as seen in Plate 3.7(h) where a single cell of B. linens

Stra
Wkiii appears to have divided unsuccessfully at least five times. This gives



. 4ia0
Plate 3.7 B. linens mutant BL2, derived from the wild-type strain from Chrl st
Hansen showing colony morphology. Cells were grown on YGA medium-






. g the
Plate 3.7(b) B. linens mutant derived from the Wiesby wild-type, showing
sectored colony morphology. Cells were grown on YGA medium






¢ wkiii

Plate 3.7(c) Transmission electron micrograph of the B. linens mutanb Ve
(]

grown on YGA medium. Cells show considerable pleomorphism and 8
cell division (Bar = 1pum).






Plate 3.7(d) Transmission electron micrograph of the B. linens wild-tyP¢
Wiesby grown on YGA medium. Cells show considerably less pleomorp
than in mutant Wkiii (Bar = 1pm).

fro®
his®






)

sosbY
Plate 3.7(e) Transmission electron micrograph of B. linens wild-type (Wies
undergoing cell division. Cells were grown on YGA medium. (Bar = 0.1pm)






by)
Plate 3.7(f) Transmission electron micrograph of B. linens wild-type W ’civ,,ll

grown in YGA medium. The small projections on the edges of cells may
bands, the sites of new wall synthesis (Bar = 0.1pm)






Wicsb)':

Plate 3.7(g) Transmission electron micrograph of B. linens wild-type ( 18 0
i

grown on YGA medium. The structure connecting the two cells may be a P
an artefact, (Bar = 0.1um)
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Plate 3.79(i) B. linens mutant Wkiii (Bar = 0.1pm)






| e paWith
Plate 3.7(j) Transmission electron micrograph of B. linens mutant WKkiil ShoYGA
abortive cell division and pleomorphic changes. Cells were grown 0P

medium. (Bar = 0.1um)
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ICreased Membrane proliferation at the expense of cell volume (and therefore
biornass) and may account for the high levels of lycopene accumulation observed in
Mtant Wy, Pleomorphism is known to occur on nutritionally poor media along
Vith muhicellularity (Romer and Herbert, (1982)) suggesting that mutations in strain
Wi have affected its ability to synthesise or take up sufficient quantities of growth
Wbstrateg or that non-essential substrates cannot be assimilated because of the extent

e mutations carried by this strain. Multicellularity is also concordant with the

Purple Membrane proliferation seen in Halobacterium during halted aeration (Stanier

el a[,, 1987)'

3, . . .
8.1 Comparison of growth of mutant and wild type strains of B. linens

AmongSt the strains of B. linens examined in this work, growth rates displayed
VariatiOn Such that some wild type strains reached stationary phase before others. The
e Was observed in mutant strains where lycopene-aécumulating mutants took a
l("‘ger time 1 reach stationary phase compared with the wild-type strain. The effect of
te mutatl0118 In strain Wkiii which affect growth can be seen clearly in comparison

the WleSby wﬂd-type growth curve (Figure 3. 8), strain WKkiii takes at least twice
“lon "8 10 reach stationary phase as does the wild type. The TEM images discussed in

®Ction 3.7 would appear to support this finding, since they show a reduced capacity

r °0mp1ete cell division amongst strain WKkiii cells compared with wild type Wiesby

B
lineng cells.
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"evibacterium linens strain ‘Pink’ is the slowest growing of all the mutants
lege h
tre, reaching stationary phase after approximately 55 hours of incubation
(Figllr
e . . : . .
3.3(b)), contrasting with the Wiesby wild type which reaches the same growth

A5¢ o
fter approximately 40 hours of incubation and wild type strain CECT75 Wthh

8rowg
ata Slmllar rate (Figure 3.8).
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tre th3 8 Growth curves for wild type B. linens CECT75 and from Wiesby. The
Mtang, Curve for mutant Wkiii is also shown. (Cultures were incubated in

r conditions, sce Materials and Methods Section 2.9.1).
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Standy,. (b) Growth curve for B. linens NCIMB 8546 strain ‘Pink’ grown under

¢onditions

3‘802
Acc“mlllation of lycopene during growth of mutant strains

8

ObSCI'Vation of lycopene accumulating strains when grown on solid YGA
Medi,
™M suggested that the most significant level of pigmentation occurs during the
Naﬁo «
n .
‘ Ay phase, Quantitative analysis of lycopene during the growth of strain Wkiii

LI
u . .
quid Culture confirms this (Figure 3.8(c)), in agreement with the findings of

anak
% Kato and Fukui (1971), who tested Brevibacterium KY4313 on a

ydrocarbon medium.
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‘3 C . . vy
Onfirmation of identities of mutant strains

.

. All mutants isolated were found to be of the genus Brevibacterium based upon
" Stained morphologicalv studies and biochemical (API Coryne) analyses. (See

Herialg and Methbds Section 2.12). By revealing enzymic activities or the
:rmema‘ion of sugars through the presence of detectable metabolic end products,
ether With the application of Gram staining and examination of microscopic
moxphology, the genus or species was confirmed. The reactions undertaken in the API

tQSt
Strj .o .
'P are given in Table 3.8, together with the results obtained for the wild-type

Iy
My .
tant strajns of Brevibacterium linens.
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Nitrate Reduction -
Pyrazinamidase +
Pyrrolidinoyl -
Arylaminadase
Alkaline Phosphate -
beta Glucuronidase -
alpha Glucosidase -
N-acetyl-B- -
glucosaminadase ’
Esculin (B-Glucosidase) -
Urease -
Gelatine hydrolysis -
Fermentations:
Glucose ’ : -
Ribose -
Xylose -
Mannitol -
Lactose - -
Sucrose -
Glycogen -
Catalase - +

Tapy,
gy 3.8 The results of the test strip API Coryne usmg B. linens and its lycopene

lating mutants
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39 Conclusions

The development and selection of strains that accumulate lycopene are shown
Sphically i Figures 3.9(a) (percentage lycopene per dry cell mass) and (b) (total
Cultyre ly00pene) whilst the corresponding biomass values are given in Figure 3.9(c).

A Summary of strain derivations, showing the origin of the mutants examined above,

8 given in Table 3.9,

A scatter plot, which shows the linear regression between dry cell mass and
yCOpene Concentrations for the above mutants is given in Figure 3.9(d), Figure 3.9(e)
hows total culture lycopene against dry cell mass. Clearly, there is an overall

Nogag: .
"Bative Correlation between dry cell mass and lycopene concentration (value -0.33

o2 dp.y), though this is not entirely consistent with the analysis shown in Figure

3, .
%e), Where a stronger, positive correlation (value 0.59 (to 2 d.p.)) is evident when

! : .

Ota] Cultyre lycopene is compared with dry cell mass values. This suggests that the
i i .

’“Drovement in lycopene concentration is a less important factor, in terms of
c . . . .
ommemial Considerations, than the improvement in cell mass yield provided strains

My
ke Sufficient concentration of lycopene per cell.

When attempting to assign the likely causes of these patterns, several factors
Mygt be Considered, Fifst, the mutagen used, MNNG, is effectively random, so there
iy ' , .
! Strong Probability that the lycopene-accumulating mutants examined here may

a . _ ) ,
ve Mutations elsewhere in their genomes, which might affect cellular metabolism.

§ o
econdly, although the alkylation caused by activated MNNG favours certain regions
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of the DNA molecule (see Section 3.4), the possibility exists that it will not have
ffecteq all mutants in the same manner (contributing to differences in genotype-
environmental interactions). Thirdly, there is a likelihood, supported by the data
aineg from these mutants, that either the direction of cellular resources away from
owth towards lycopene production and/or the membrane proliferation seen in
Mutan Wkiii (Plate 3.7(h)), or both, may contribute to the negative correlation

¢ \
Ween Plgment concentration and cell mass.

In termg of the efficient conversion of medium solids, total culture lycopene
ltes teng to be highest when cell dry mass values are highest (Figure 3.9(b)), so that
in Commerciq) terms, conditions that produce the most highly pigmented cells may
"otbe the mogt economically viable. At the same time, low lycopene accumulators do
"ot sufﬁCiently compensate by increased cell mass. The compromise which combines

th reasonably high dry cell mass and pefcentage lycopene per dry cell mass values

3

I8 be
Stseen in strain WKiii.

The evidence for membrane proliferation is important because it suggests an
enviro"ment in which the abnormally high levels of lycopene could accumulate, It is
imp 08sible to ascertain from these data whether the increased amount of lycopene
produced is as a result of increased membrane per cell, or increased lycopene per ilnit
e brane Mass, Centrifugation experiments would help in assigning the presence of
Yeop the to merr;brane or other cytosolic fractions (see Jones; Watkins and Erickson

(19
73y, Mentioned above).
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COmmercially, data which prove that B. linens mutants can produce and
acc"mmOdate large amounts of lycopene are important. Figure 3.9(a) shows the
Rotable increases in lycopene accumulation as strains have been selected for colour
intensity_ Mutant WkiiiM1 is particularly highly pigmented, though, as shown in
Fig“re 3.9(c), there is a concomitant decrease in cell dry mass values as lycopene
concentrations increase. When taking into account the concentrations of 3,3'-
by drox)’isorenieratene in the wild-type, lycopene concentration values in the mutant
“raing Show that cells are not restricted to producing quantities of pigment which do
" exceeq those of the wild-type (Section 3.2). The results obtained here also seek to

Prove that visual selection of mutants with increased pigmentation concentrations is a

Ylid megyg.

AS mentioned above, total culture cell yields are seen to fall as lycopene
cOnceﬂtrations increase. These findings are also matched by the change in growth rate
f the Mutant Wkiii compared with the wild-type (Secfion 3.8.1). TEM images of

i Show that cell division appears to be abortive in some cases (Plate 3.7(h)),
Mhich Would inevitably reduce culture growth rate. Whether or not the increased

producﬁ‘)n of lycopene or the effects of mutations affecting the cellular metabolism
¢l : : :
*Where I responsible for this, these data do not make clear. As discussed in Section
3, , .

'2 lycopene accumulates at its greatest concentrations as cultures reach stationary

Phase, in the manner of a secondary metabolite. It might be argued that the reduced

r . . . . »
*Wh fate seen in mutant culture WKiii is representative of individual cells which

ac . - .

tuany Teach levels of impaired growth consistent with stationary or senescent

¢ .
‘lltures, More rapidly than the wild-type. In this way cells may be producing large
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"Mounts of lycopene at an earlier stage of the growth of the culture and continue to
Prodyce ;¢ as culture growth proceeds. The reduced growth rate of individual cells is
“Onsisten With the finding that the growth curve for mutant Wkiii does not reach a

Period of S€nescence in the time period in which growth curves for the wild-type do.

In terms of the anabolic pathway which leads to the production of the cyclic
carote"oids Present in wild-type B. linens, there is evidence for a series of reactions in
Which individual ring formation is followed by sequential additions of functional
Soups (see Section 3.3 for example). The characterisation of the pigments in mutants
testeq here algq lends support to the notion that a lycopene cyclase gene exists in B.
lingpg along with a phytoene desaturase gene (Chapter 5 discusses an attempt at

¥Cterisation of the mutation in the Iycopene cyclase gene).

Many of the mutagens tested here did not yield altered pigment phenotypes,

Hhich IS at firgt surprising. However, it must be borne in mind that B. linens is a
elatively slow growing organism compared with Eschericia coli for example, so there
Ube 4 smaller number of cells in any culture which are at a point in their division in

Whicy, they are susceptible. Furthermore, in the casé of UV mutagenesis, it is highly
robable that 3 ,3'-dihydroxyisorenieratene affords protection both in light absorption

i ™ the Quenching of free radical species. It mlght also be p0551ble that the

Meg
hamSm of DNA repair in B. linens is superior to that in some other organisms.



108

xn
-
=
=
e
=~
£
Com
)
— LNIDIM z LINNDIM
ZWNDIM .w 1 M
2 1
SIWIDIM = SIIDIM
=
By YWIDIM .ﬂ.u B YWIDIM
9
MM = MM
-1
ADIM > ADIM
e Z Z
UBIM c = IETYY = =
- = m (o) -
< 1 —
DM e ] DM < =
.-nl..O @ mb m
DIM 2 n DM = o
7]
o WJ 5 m
BNLWIEM o = BNILWIEM T
g - 2 R
ANLWTIEM = 2 ANLNIEM 3 @
= = =
Waam = 2 iwem S 2
] - =)
=% S
PWLATEM PINLIWISM
- S =
{ 28 = z18 o
) =
H 18 S0 18 =
s , g
HN 5 U s
2 3
oy 5 Uy =
(- -
yuld iy juld ~
1 ! 1 1 - 1 ! 1 1 1 9
? @ N © v ¥ o o = O Y S 8 8 8 8 8 8 8 ° =Y
© © © © © © © o o . I~ o o 5 4 o =] A\

ssew Ap (129 32d uadodA| sFmusosng

a«% . ) uMquob EEEuzNSo L

FigUI'e 3
Figllre 3



250

200

150

100 |4

Cell dry mass (mg)

50

Lmivj |
LM1Mk
LM1Mg

= 2B

Mutant designation

igur
€3.9(c) Dry cell masses of mutants

wkiii [

109

Generations mutated to arrive at strain

par\
W [ 2 3 4
Chioed__ | Pink RR, MR
G BL o
o an BL2
W‘-‘_nSen BL2
¢
2y WBLMI WBLMIMA,
WBLMIM;,
WViest WBLMIMj
y WBLMI WBLMIMK Wki, WKii,
Wiesby Wkiv, Wkv
WBLMI WBLMIMK | Wkiii WKIiMI.
WkiiiM2,
WkiiiM4,
e WkiiiM5

abje
3.9 The derivation of strains of mutant B. linens examined in Chapter 3.
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CHAPTER 4

AN EMPIRICAL APPROACH TO OBTAIN OPTIMAL -
L
YCOPENE AND CELL MASS YIELDS THROUGH THE
MANIPULATION OF GROWTH MEDIUM

COMPOSITION AND GROWTH CONDITIONS
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4 Intl'Oduction

An examination of the effects of medium composition and growth conditions

U the accumulation of lycopene and on biomass yield for some of the mutants of B.
"ens allows the ‘investigation of genomic-environmental interactions. Thus, for
ample, ¢ there is a reduction in lycopene yield in high cell yield medium, this
Mggests that the available medium resources favour the path of cell growth over the
Path of lycopene production. If the production of lycopene poses a selective
sad"f‘m&lge then, over a number of generations, low lycopene accumulating progeny
Wil Predominate, Such behaviour is already implied by the values obtained for dry
Winagg When mutants ‘Pink’ and ‘MR’ are compared, for example (see Section 3.9).
Pending upon the number of generations produced in any closed fermentation

S tem, the application of continuously selective conditions, for example the use of

Uy

light to provide a selective advantage to more hlghly pigmented cells, may be

Production levels of natural carotenoids are affected by a number of factors
x Uding Carbon and nitrogen ratio and source, minerals, vitamins, aeration, pH and
Peratyye, Although mutation is probably the primary method for arriving at higher
Yleldlng Producers, quite significant increases in yield can be achieved by media
Misatjop, The carotenoid content of another Brevibacterium sp., for example, can

be 4

ubled or trebled by substituting fumaric acid molasses medium in place of a

bra:
tin Theart infusion or a hydrocarbon medium (Nelis and DeLeenheer, 1989).
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All strains of B. linens tested in this work were seen to grow well in YGB
Mediu, Commercially however, this medium is too expensive. By examining the
"Pability of a mutant to utilise a medium and then the effects of this medium upon
I)igm“-ntation levels and biomass yield, this work has been directed towards the

“Nification of 4 cheap, cost effective source of carbon, nitrogen and essential
Srowth factors, By means of an empirical approach, factors such as these were tested
their effects on Iycopene accumulation and cell mass yield with the aim of

hleVing the best compromise between cost, pigmentation and growth.
he effects of variation in the carbohydrate composition of growth media

Since cost savings were a major consideration behind the development of a
Sowth Medium for B. linens, the effects of predominantly carbohydrate medium
"MPositions were first investigated because carbohydrates are generally less
Penane than sources of proteins, peptides and amino acids. Ideally, mutant strains
e linens would be capable of obtaining their carbon requirements from these
r ®S. Even if the strains tested here were found to grow poorly upon predominantly

Ohydrate media, this finding would at least suggest the possibility of enhancing

he . .
Carbohydrate utilising capabilities of the strains in future.
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2,
1 CarbOhydrate-rich by-products and their effects upon cell mass and

Yeo .. . . .
Pene accumulation in B. linens mutant strain ‘Pink’

Cheap sources of carbohydrate include refinery by-products and products used

Y the brewing industry. Bundaberg direct consumption raw sugar (BRS) (Bundaberg

ear, Brisbane, Australia) is an inexpensive unrefined cane sugar composing 98.5-

99'7% (W/W) sucrose. As an unrefined product it contains small amounts of ash and is
e Cly to contam nitrogenous compounds and other growth factors. Bundaberg raw
“gar Molasses and black strap molasses are both viscous liquids containing mainly

fer 0se dextrose and laevulose. Here, non-carbohydrate material such as ashes (12%

W), hitrogenous compounds (4% (w/w)) and waxes (4% (w/w)) accounts for a

8reat
*TPart of the dry mass than in BRS.

Brevibacterium linens mutant ‘Pink’ was used to inoculate sterile liquid
Ultur ¢
® containing 3%(wi/v) carbohydrate source with 0.1%(w/v) yeast extract (the
lat
Cr . . . .
Was addeq since it comprises a broad mixture of minerals, amino acids and

8ro
Wth factorg (see Appendix)). Results are shown in Figure 4.2.

No growth of any strains tested here was observed in Black strap molasses

g 0.10
l/"(W/V) yeast extract, even when in a semi-defined medium also contammg
fur
Mar
© acid, ammomum dihydrogen phosphate, malt extract vitamin B12

atp
o O, 12}120 MgSO,. 7H20 CaClz 2H20 FeSO,4.7H,0 and MnSO4 nHZO
o
Domcns are given in Materials and Methods Section 2.8.2) (Tanaka et al., 1971),

Whig
s known to allow growth of a strain of Brevibacterium, KY 4313. When either
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l%(

WN) urea plus 0.1%(w/v) yeast extract or 1%(w/v) yeast extract were added to the

tdefined medium along with 3%(w/v) black strap molasses in the absence of

UMarie o . '
e acid some growth was observed, though unquantifiable because of medium

S0lj
Ids. (See Section 4.2.4 for conclusions)
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li E!:‘ €42 Dry cell mass and percentage lycopene per cell dry mass values for B.
010/ Mutant strain ‘Pink’ grown in either 3%(w/v) Bundaberg raw sugar +
Xty rae 2\V/Y) Yeast extract, 3%(w/v) brewing liquid maltose + 0.1%(w/v) yeast
50;," or 3%(W/v) Bundaberg raw sugar molasses + 0.1%(w/v) yeast extract in
0,10 Ulture volumes. No growth was observed in 3%(w/v) black strap molasses
o(w/ V) yeast extract.
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122 Illdividual carbohydrates and their effects upon cell mass and lycopene

ac ., . .
“Umulation in B, linens mutant strain ‘Wkiii’

Since this experiment was conducted when the high yielding strain Wkiii
“Came available, this was used as the inoculum in place of strain ‘Pink’. Sterile
iquig Cultures containing 0.5%(W/v) tryptone, 0.01%(w/v) yeast extract, 0.1%
KzHPO‘t(W/V) and 0.5%(w/v) NaCl (added to enable detectablé growth) plus
'5%(W/V) lactose, glycerol, sucrose, maltose, glucose or fructose (Yamada and
°magata’ 1972) were inoculated and grown in standard conditions (see Materials

nd MethOdS Section 2.9.1). The dry cell mass values obtained for B. linens strain

i are given in Figure 4.2(b). (See Section 4.2.4 for conclusions)
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elthe § 2(b) Dry cell mass values for B. linens mutant strain WKkiii grown in

glllc ", 5/o(w/v) lactose, 0.5%(w/v) glycerol, 0.5%(w/v) sucrose, 0.5%(w/v)
05/o(w/v) maltose or 0.5%(w/v) fructose in a medium containing
V) Tryptone, 0.01%(w/v) yeast extract, 0.1%(w/v) K,HPO,; and
NaCl in 50ml culture volumes (Yamada and Komagata, 1972).

2-
The ¢Xtent of deuteration of lycopene extracted from B. linens grown in a

)
20 d
cont‘““ing medium

Depending, on how oxidative the catabolic pathway in B. linens is, substrate

rO Jon o . . . ~
gen is subject to total depletion. In an attempt to learn more of the conversion of

Mg
M substrates into pigment, B. linens strain Wkiii was grown in standard YGB

mcd-
uy . s . )
", made up in deuterium oxide rather than water, so that carbon source derived

ydrO Jo
&N and medium derived hydrogen were distinguishable.
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Cultures took approximately two to three times longer to grow than they

W()u
ld have done if grown in YGB made in water (cells were otherwise grown in

$
landarq conditions).

Pigment was extracted using qualitative methods with mass spectrometry

8rad
¢ solvents (see Materials and Methods Section 2.17.1). A mass spectrum for the

l)’Co
Pene obtained from B. linens WKkiii grown in D,O YGB is shown in Figure 4.2
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"luta:t42(°) Mass spectrum obtained from pigment extracted from B. linens
€x iii culture, grown in D,O YGB medium. (The spectrum shown is an

Pap
Sion of the high mass region of the spectrum given below).

Dale
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mﬁ:lre 4.2(d) Mass spectrum obtained from pigment extracted from B. linens
ant

kiii culture, grown in D,0 YGB medium.

4.
24 C‘"IClusions

When percentage lycopene per dry cell mass figures are compared with those

()r . . .
Sowth in yGR medium, the carbohydrate sources brewing liquid maltose and

By
l ¢ . . -
]ddberg raw sugar molasses all showed a decline in percentage lycopene per dry

Qel ¢ . ~ . =
l Mass o mean of 0.03%, compared with 0.14% obtained by growth of B. linens
Stra- ‘Pi ~ ~ .
" “Pink> in YGB medium. Similarly, cell mass values fell to a mean of 48mg in
Co
Hras With the mean mass in YGB medium of 179mg. 3%(w/v) BRS + 0.1%(w/v)

S , N
: Xtract medium gave a mean percentage lycopene per dry cell mass value of
0-080
%, hoWCVer, which is rather closer to the value seen in YGB medium. Dry cell
Mag |
 Values followed the opposite pattern so that a mean mass of 22mg was obtained

Or 30
"o(w/ V) BRS medium.



121

~ The results shown in Figure 4.2 show that the accumulation of greater
c"“Centrations of lycopene, is accompanied by a fall in dry cell mass values. This
Megests that a degree of nutritional stress, which causes the decline in cell yield, may
Pomote the production of Iycopene. Though no starch utilisation test media were

mp loyed’ Starch is said not to be hydrolysed by B. linens (Crombach, 1974).

When individual carbohydrates were tested, no dry cell mass value exceeding

Mg Was Obtained although the same strain grown under standard conditions in YGB
“dium achieved a mean dry cell mass figure of 157mg. It is clear that fructose,
chQSe and glycerol facilitated greater cell mass accumulation than the remaining
sy la°t08¢, maltose and sucrose (see Figure 4.2(b)). Compared with some strains
Tthr obacter (among which B. linens was originally classified), B. linens is noted
leaving relatively large amounts of medium glucose unchanged (Mulder, 1966).
Though this pattern emerged amongst the sugars tested here, it is not ehtirely
Sistent With the values shown for final medium pH which differed significantly,
& by 8.3 for fructose in contrast with the overall mean value (for the other
s‘Jbstrate,s) of pH 7.4. Such a difference suggests that the presence of fructose may be

e oups. . .
0l1ragmg greater metabolic conversion of nitrogenous compounds, yielding

ammQnia.

ThOUgh in Section 4.2.4 no values were obtainable for lycopene content, it is

lik
U thay Iycopene yields would be low in at least the glucose medium tested here,

fing
bOth in E. herbicola and carotenoid expressing, transformed E. coli, the presence
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of .
8lucose hag led to repressed carotenoid pigmentation, probably through the action

of : . ;
®elic AMP, which has been implicated in the regulation of carotenoid gene

e .
Xpression (Perry et al., 1986).

Media >containing only 3%(w/v) glucose + 0.1%(w/v) yeast extract or 3%(w/v)
glucose + 0.05%(w/v) yeast extract in the absence of tryptone, K,HPO, and added
q showed no signs of cell growth. In spite of this and in agreement with the results
Tthe Previous experiment, Mulder (1966) found that in B. linens (strain unspecified)
glucose and glycerol served as good carbon sources. Sucrose and lactose served as
derate o unutilised sources depending upon the strain tested. These data suggest

: irnpol'tance of sufficient quantities of yeast extract being present in the medium or

sho
that substrates present in the carbohydrate utilisation assessment medium are

®SSentiq),

In 5 medium designed to test for the cleavage of carbohydrates contéining

L o ) Peptone; 2.5g(w/v) NaCl and 5g(w/v) carbohydrate (per dm3) at pH7 2, 28
Ohydrates and the total of eight strains of B. linens, formed no observable acid
Hou “eha Considerable number of strains caused an increase in pH in the absence of

Cltrgy
® (Yamada and Komagata, 1972).

The Mmass spectrum of lycopene obtained from B. linens grown in D,0 YGB
¢dj . ‘
im (Figure 4.2(c)) suggests that the metabolic processes leading to the formation
of :
Yeopene are highly oxidative, with an average level of deuteration of

Proy;
Ximatley 36 out of a possible maximum of 56 (see the distribution of relative
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%S valyeg around the molecular ion m/z 572). Fragments of the lycopene molecule
e also more difficult to define, this is shown, for instance, by the cluster of

fragments Surrounding m/z 75, which contrasts with the corresponding undeuterated

§
“8Ment at my/z 69 (see Figure 3.1).
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3 The effects of individual organic and amino acids upon cell mass of B. linens

"Utant strain Wiiii’

After studying the sugar utilisation of B. linens mutant WKkiii, the next factor to

¢ invegy; . g . . .
Vestigated was the consumption of individual amino acids and organic acids.

Many bacteria require a variety of amino acids for their growth and metabolism

4 these amino acids should normally be pfesent in the growth medium as small
PPlides (Zigkq, 1968, Kihara and Snell, 1960, Payne and Gilvarg, 1968, Payne,
o7 D1t is known that there is variation amongst B. linens strams in their nutritional
: qull"?-ments, where one or more amino acids are often specifically required (Mulder,
o ) Depending upon the cro}st of the ‘best’ amino or organic acid, a possibility
Kist to dGVeIOp a defined medium Cultures‘of B linens sfrain Wkiii were used to
ulate Sterile media (Yamada and Komagata 1972) containing approximately
o3 M Organic acid or amino ac1d glucose 0. O2%(w/v), yeast extract 0. 01%(w/v),
lrymome 0.01%(w/v), K,HPO, 0.1%(w/v) and NaCl 0.5%(w/v) (see Materials and
ethdds Section 2.8.4). Liquid cultures were grown in othefwise standard conditions

I\'I‘m‘-rlals and Methods Section 2.9.1). Dry cell mass values obtained are given in



Final pH

Dry cell mass

Added organic/amino
o acid (mg)
Valine 7.7 3
Valine 7.8 4
Valine 7.7 1
Serine 7.6 9
Serine 7.6 5
Serine 7.6 7
Citric acid - 7.7 3
Citric acid 7.7 2
- Citric acid 7.7 2
Fumaric acid 7.1 6
- Fumaric acid 7.0 6
Fumaric acid 7.0 8
o-Ketoglutarate - 84 10
a-Ketoglutarate 8.4 8
a-Ketoglutarate 8.4 4
Pyruvic acid 8.2 5
Pyruvic acid 8.2 5
Pyruvic acid 8.2 6
Glutamic acid 7.9 6
Glutamic acid 7.8 5
Glutamic acid 7.8 4
Leucine 6.7 2
" Leucine 6.8 -3
Leucine 6.8 5
. Methionine 7.1 1
Methionine 7.2 <1
Methionine 7.2 <1
Glutamine 7.0 4
Glutamine 7.0 2
Glutamine 7.0 3
Proline 6.7 1
Proline 6.8 9
Proline ~ 6.8 5:
Histidine 7.0 1
Histidine - A S
Histidine 7.0 4
Lysine 69 - 3
Lysine 6.9 I
Lysine 6.9 1
Phenylalanine 7.0 2
Phenylalanine 6.9 4
Phenylalanine 7.1 2

125
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Table 4.3
Srown iy
(Per. Centag

(Previous page) Dry cell mass values for B. linens mutalft strain WKkiii
media containing added organic acids or amino acids (see text).

¢ lycopene per dry cell mass values were unquantifiable). Culture
"lames were Soml,

431 COnclusions

With 4 dry cell mass maximum of 10mg when strain Wkiii is grown in a
Medium Containing o-ketoglutarate, values compare very poorly with those obtained
n YGp Medium (174mg maximum dry cell mass). Since both the sugar utilisation
. Medium and medium YGB contain 0.5%(w/v) glucose compared with
.02%(“’/ V) in the organic acid assimilation test medium, then the poor cell growth

"1 may be attributable to a shortage of carbohydrate. YGB medium also contains a
Mch highel‘» proportion of peptide and protein sources at 2.5%(w/v), together with
st EXtract at 0.3%(w/v) compared with the organic acid assimilation test medium
ich ®Ontains approximately only 0.5%(w/v) organic or amino acid plus 0.01%(w/v)
tryDt()nft. Cell mass values resulting from this experimenthwere too low to justify any

Co . g . .
"elusiong as to the utilisation of any individual amino acids or organic acids.

In View of the possibility that specific routes through the cytoplasmic membrane

: Wailable for single amino acids and peptides (Ziska, 1968, Kihara and Snell,
1 ,
960» Payne ang Gilvarg, 1968, Payne, 1971), the generally auxotrophic phenotype of

® Mutangg examined here may partly or wholly be the effect of the gross

m, ' . .
°Tph010gical changes (including changes to the membrane) present in cells of strain

Wi,
ki (see Section 3.D.
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Certain unpigmented cheese Arthrobacters required 3%(w/v) L-methionine
't not the addition of extra vitamins in a medium containing 0.5%(w/v) glucose,
") CaCO; and 0.025%(w/v) (NH,),SO, (Mulder, 1966) though there is no
ason o Suggest that the strains of B. linens tested here would respond in the same
*. In the case of Brevibacterium KY4313, added inciividual amino acids exhibited
" Positive effects upon carotenoid concentration or cell yield, when present at
concemrations between 1-2mM, apart from L-histidine which promoted carotenoid

o ] .
NCentration slightly, though not the dry cell mass yield (Tanaka, Kato and Fukui,
1971)

i

44 ‘ :
The effects of amino acids mixtures in the presence or absence of glucose

Upg
" 8rowth of B, finens strain Wkiii

Since amino acids, organic acids and carbohydrates have been investigated, to
some [
degree, individually, the effects of mixtures of amino acids and peptides, such as
are f . : .
ound in digests such as tryptone and casamino acids were examined in the

reSe
°¢ and absence of glucose.

Casamino acids (Difco Labs. Limited, Surrey, England) or tryptone at a
One . ' ' :
®Mration of 0.5%(w/v) were inoculated with B. linens strain Wkiii in liquid
cutu .
S in the presence or absence of 0.5%(w/v) glucose (yeast extract was absent, in
Orq '

er ’
10 assess the capability of the digests (casamino acids and tryptone) to supply

SSen .
Hal growth factors). Dry cell mass values are given in Figure 4.4. Cultures were



grOWn
under otherwise standard conditions (see Materials and Methods Section

As in the previous experiment, dry cell mass values were too low and the level

of 4
Ty ce - : — .
ell mass value variation too high to draw any justifiable conclusions.
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W';(‘;ize 4.4 Dry cell mass, and final medium pH values for B. linens mutant strain

t "ngr“Wn in 0.5%(w/v) glucose, 0.5%(w/v) casamino acids, 0.5%(w/v)

0.50 0 € or in combinations of 0.5%(w/v) casamino acids + 0.5%(w/v) glucose or
Wiv) tryptone+0.5%(w/v)glucose. Culture volumes were 50ml.
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.1
The effects of addition of the vitamins thiamine and B,; upon cell mass and

ch e ) ’
Pene accumulation in B. linens strain WKkiii

In cey free extracts of Flavobacterium R1560, phytoene formation is enhanced

the Presence of cofactors (Brown et al., 1975). In growth experiments using cheese
coryneformS, Mulder (1966) found that more than half of the organisms tested had no
Miremeng for added vitamins, 7% needed only biotin and the reméinder required a
ture of vitamins. Thlamlne with or without added biotin was often an essential

Srowp
faCtOr though nicotinic acid and vitamin B;, were sometimes required.

Here, 4 vitamin utilisation test medium consisting of 3% (w/v) neutralised
a
Peptone (Oxoid, Unipath, Hampshire, England) (a vegetable protein digest (see

Ction : .
4.8) plus various concentrations of either vitamin B, (thiamine) or vitamin

B
2 Wag ¢ _ . .
as Inoculated with B. linens strain Wkiii and incubated under standard

“Ondig

long (see Materials and Methods Section 2.9.1). Neutrahsed soya peptone
"pp|

*Mented with 0. 1%(w/v) yeast extract served as a comparative growth medium,

ic
h Yeast extract was present to ensure adequate cell growth.

Cultures of B. linens strain Wkiii grown in 3%(w/v) neutralised soya peptone
pluS .
€1 : . ' . . '
ther Vitamin B, or vitamin B, were assayed for dry cell mass and lycopene

Uyt
Ulation, Results are shown in F igure 4.5.
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"IasS

4' g ~ . . . ~ . P . .
2 The effects of low concentrations of thiamine in combination with

c'. M » . v gy . M «
. rl)Ohydmtcs and a protein digest, tryptone, upon lycopene accumulation and

q
. > - - . ’
L cell mass yield of B. linens strain ‘Pink

the Previous experiment (Results and Discussion Section 4.5.1) concerned

le
v ‘ ; 4 1 ‘ Y > 1 > « v »
ls of Vitamin B, in excess of those recommended. In this experiment an attempt
W’ ) ~ . N " . 5
'y Made to evaluate the effects of the presence of recommended thiamine

\() - 1h 1 - o =1 v » .
n"Lml'fitions (see below) upon the utilisation of carbohydrate (Bundaberg raw

Shp. - l . ‘
£ (see Results and Discussion Section 4.2.1) alone and carbohydrate plus
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rypto © iy
Plone. Strain Pink’ was used as the inoculum because of its availability at the time

fthe oo .
® Xperiment, The results are given in Table 4.5.

\
Medium Final | Drycell | Ag72*in Total Percentage

pH mass 10ml diethy! | lycopene | lycopene per

6% (mg) ether (ng) cell dry mass
Sy Ugar 4 V)BUndaberg Raw 8.1 3 - - SQ
gy eI 8.1 10 . : 5Q
o 8.1 3 - . SQ
suog(;:/V)BUndaberg Raw 8.1 6 - - SQ
\ 8.1 SQ - - SQ
o 8.1 7 0.08 2.3 0.03
3%8?3?“3 o 96 _|_ 196 215" 158.1 0.08
Ui Prone + 9.6 176 2.13" 156.6 0.09
Wlamme 9.6 92 - - SQ
Ugar 4 3(;ndaberg Raw 8.6 134 1.47° 108.09 0.08
°(W/V)tryptone 8.6 - 157 1.53 "7 112.5 0.07
8.6 184 1927 141.18 0.08

Tabl
My €45 Dry cell mass, lycopene mass and percentage lycopene per cell dry

for Vlalues for B. linens mutant strain ‘Pink’ grown in the media shown. (*A,;,
ethe r. s Y ueS with the suffix ' are taken from pigment dlssolved in 25ml diethyl
SQ denotes less than quantifiable.

<.

45
3 Conclusions

Figure 4.5 shows little contrast between the dry cell mass values obtained
A 1053 al) the vitamin concentrations employed whether vitamin B, or B, were added,
“Ugh they clearly pose a disadvantage when compared with the medium containing
) lltr liseq Soya peptone with yeast extract. Pigmentation values display more
anatlon however, such that the highest levels of lycopene coincide with the highest

vlta
mj
o Concentrations, whether B, or By, peaking at 0.08 and 0.1 % lycopene per

**ll mass for 300pg of vitamin By in 150ml culture volume and 10mM vitamin
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! reSpectively. However, the peak value for lycopene per dry cell mass in the
Mediun Containing 0.3pg vitamin By, in 150m! culture volume reached 0.09%
“Mpareg With 0.1% in the 300pg containing medium. The lowest values for lycopene
accumlllation in vitamin B, containing ﬁedia corresponded with 1mM vitamin B,

With
4 mean percentage lycopene per dry cell mass value of 0.03.

The single most important factor affecting the results obtained here is likely to

© the :
Concentrations of vitamins used, which in some cases may have been in excess
of th
® amounts required as proposed by Mulder (1966), who suggested 2;,tgdm"3

Vitam.
B, (equivalent to 0.3pg in 150ml culture volume and 1nM) and particularly

ng

® case of vitamin B,, where 100pgdm™ (equivalent to 15pug in 150ml culture
Yoly .

me (equivalent to 0.3uM)) was suggested. In light of the excesses used, a one

Undreq +;
d times excess of vitamin B, and a three hundred to 30,000 times excess of
Vitam.
1 " .
" B, appear to have a significant detrimental effect upon the cell masses

achie
v . ( .
¢d When compared with the neutralised soya peptone and yeast extract medium.

Sis Consistent with the potgntially harmful effects in mammalian systems when the
:hla inlenergy ratio of foods is highly unbalanced, but in the case of this strain of B.
ine
an’ N excess of either vitamin appears to be unacceptable. In the case of
revibacterium KY4313, thiamine concentrations of up to 200ugdm™ were not

ibj :
ory to cel growth, though carotenoid yield fell on the addition of vitamin B,
(

%a, Kato and Fukui 1971). The failure of additions of cobalt or methionine to
rQpl‘() '

Quce these effects suggests that Brevibacterium KY4313, at least, is not readily

ablq

® Synthesise vitamin B,,. No other water-soluble vitamins exhibited any growth-

P pi N
&mentation-enhancing effects.
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The addition of thiamine at a concentration of O.lugml’1 appears not to
SiSniﬁcantly improve either biomass yield or percentage lycopene per dry cell mass
Vhen both carbohydrate and protein digest are present (see Table 4.5). In Section
42, When the utilisation of individual sugars was examined, fructose was notable in

& the fina] PH of the medium was noticeably greater than that seen in the glucose
i Blycero] media, despite there being only small differences in culture dry cell mass
Yielg. An interesting, though not perfect, parallel is seen when comparing 6%(w/v)

“ﬂdaberg raw sugar + 3%(w/v) tryptone with the same medium plus thiamine; here

® fing] Medium pH is a full one pH unit higher in the thiamine-containing medium.

s Pethaps the case that the presence of thiamine promotes a particular form of
metabolism which encourages the formation of ammonia over and above the levels
°°nsi3tent With the amount of growth promotion achieved. Cell growth in Bundaberg
i Sugar medjum in the presence or absence of thiamine was minimal.

In animals, thiamine serves as a coenzyme in its active form of thiamine
diphosphate (TDP), which functions as a decarboxylase ehzyme cofactor, Because C-
" the TDP thiazole ring is highly acidic, it ionises and is thus able to combine with
| keto acids gyeh as pyruvic acid via a carbony! group. Through the action of pyruvate

decarboxylase, acetyl CoA is finally formed which yields energy in the TCA cycle.

¢ Conversion of a-ketoglutarate into succinyl CoA is also TDP-dependent as is the
° Yersion of branched chain amino acids for fatty acid synthesis. TD’P’ also ac’;ivateé
e tranSketolase enzyme of the hexose monophosphate shunt required in the synthesis

of ) ‘ I
Meleic acids (Basu and Dickerson, 1996). The most important source of vitamin
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B
2 (°°balam1n) in mammals is bacterial. In the mammalian metabolism, methionine
8enerat; . . . .
ation, succinyl CoA synthesis and the conversion of leucine are the most

Signify
l . . -
| ¢ant reactions in which B, has a role as coenzyme.

4.6
The effect of sodium chloride concentration upon cell mass and lycopene

cey .
Mulation in B, linens strain ‘Pink’

Br evibacterium linens is considered to be a halotolerant organism, surviving up
© M Sodium chloride (Bernard ef al, 1993). Whilst salt concentrations high enough
o alter cell growth may physically affect the cell through water and nutrient uptake
rnechz“'lisms, it appears that enzyme activity rather than permeability is affected by
i Chloride. Work by Mulder (1966) showed that sodium chloride may protect
te Blutamate uptake mechanism of B. linens at low pH, even when permeability

iers Were disrupted by freeze-thaw cycles. At concentrations greater than 1M
Sodi“m Chloride, growth of B. linens slows but can be restored by the additioﬁ of an
;moprOteCtant such as glycine betaine or its precursor choline at ImM concentration.
Mer OSmotic stress, ectoine accumulates in cells of B. linens together with
pOtaSSi“m ions (Bernard et al, 1993). An ability to grow in acid pH has also been

noted .
i . . . .
R the presence of high sodium chloride concentrations where normal B. linens

gr()wt
Ntook place at pH6 (Mulder, 1966).

Cells of B. linens strain ‘Pink’ were inoculated intd modified sterile YGB
mediu
M (which already contains sodium chloride at a concentration of 0.09M)

°°nta- :
Ming added sodium chloride at the concentrations 0.0, 0.2, 0.5 and 1.0M. Cells
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Were :
8rown under otherwise standard conditions (see Materials and Methods Section

29,1
) Data are displayed in Figure 4.6.
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Ime,, 4.6 Dry cell mass, and percentage lycopene per dry cell mass values for B.
°hlo,. ¥ Mutant g¢rain ‘Pink’ grown in modified YGB medium containing sodium

ide tg (), 09, 0.29, 0.59 and 1.09M

B
C"“clusions

Clearly optimum growth appears to be achieved at 0.09M sodium chloride
Which~ i

1S1In general agreement with the work of Bernard (1993) discussed above. At

02

59 and 1.09M sodium chloride, there appears to be no significant difference

b twe
0 the mean dry cell mass values obtained, with an overall mean value of
B
8 at 0.08 percent lycopene per dry cell mass (mean), compared with the mean



136

Ylue of 203mg at 0.10 percent lycopene per dry cell mass (mean) obtained from cells

8own in YgR medium containing no added salt (0.09M sodium chloride present).

T Examination of proteolysis in mutants and wild-type strains of B. linens:

Attempts to grow B. linens strain ‘Pink’ in medium containing defatted soya

floyy

Defatteq soya flour represents a significantly cheaper growth substrate than

“t or milk proteins or digests such as tryptone A medium was formulated in which
toy, test the growth of B. linens strain ‘Pink’ which, along with strain Wkiii, has been
oy 1o benefit from the presence of peptide or amino acid rich media rather than

tedgpm: |
edomlnﬁll'ltrly carbohydrate substrates (see Section 4.5.2 for example).

3/0(w/v) defatted soya flour, 0.3%(w/v) yeast extract plus 1%(w/v) urea was

el g a8 medium to test for growth of B. linens strain ‘Pink’ as well as lycopene

umulation. Urea was added in order to ensure that a non-protein nitrogen source
*Savailape, Cultures were grown under standard conditions.

4,
R COllclusions :

The defatted soya ﬂour medium was seen to have very poor characteristics at

3%
o YY) in terms of pigment yxeld whxch came to a mean value of 23ug (S. D t
) I 50m1 total culture volume This was in spite of supplementation with 1% (w/v)

Rand g :3%(w/v) yeast extract. Biomass was observed but not measured because of
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¢ Presence of medium solids, suggesting the failure of this mutant to perform
Poteolysis, Though all Brevibacteria are considered proteolytic (gelatin, milk and
Sein are hydrolysed by most strains (Bousfield, 1972), it would appear that this
ability is not present in the strain tested here. Further experiments in which all mutant
and Wild-type strains used in this work were incubated in a medium containing

3%
\) . . . . oyt
(w/ V) Sodium caseinate with or without the addltlon of 0.1%(w/v) yeast extract or

% :
(wiv) Sodium caseinate plus semi-defined medium (see Materials and Methods
Sect'
lon 2.8.2) all failed to show growth (results not shown). This indicates that the

Ak ¢ .
fPro'teolysm is not unique to the mutant strains tested.

Lycopene accumulation values for the 3%(w/v) soya flour plus 0.3%(w/v)
st ®Xtract and 1%(w/v) urea medium compare poorly with those obtained for the
ain Pink’ grown in YGB medium, which gave a mean total lycopene mass value of
244“& The failure of urea to promote growth is consistent with the findings of
Yamada and Komagata, (1972) who suggested that ureases are absent from B. lfnens.
W‘S is further supported by growth experiments in which B. linens strainé ‘Pink’ and
k

i L ‘
l_demonstrated no detectable growth in media consisting of 3%(w/v) urea plus

ALY , -
o(w/ V) yeast extract and 3%(w/v) urea dissolved in tap water (for the purpose of

Pro t
Viding Minerals).
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4'8 sy
The utilisation of neutralised soya peptone by B. linens strains ‘Pink’ and
Wi

The above experiment demonstrated the lack of proteolysis in the strains of B.
ens tested here. Extracellular proteinases are rare in cultured bacteria (Bridson
(1994)) and since the proteolytic digestion of defatted soya flour is commercially
Viable (together with the added benefit that vegetable protein extracts tend to contain
igh levels of carbohydrates, which have been seen to benefit culture yields (see
*etion 4.4)), pre-digested 3% (w/v) Oxoid neutralised soya peptone (Unipath,
ampshire, England) (plus 0.1% (w/v) yeast extract), was tested for its effects on

i()rn .
A8 and lycopene accumulation in B. linens strains ‘Pink’ and Wkiii. Cultures

tre grown . . .
under otherwise standard conditions. Results are shown in Table 4.8.

Mutans

e Dry cell mass | A4y, in 100ml | Total lycopene Percentage
Signation

(mg) diethyl ether* . (pg) lycopene per
* R : cell dry mass
[~k ™ 232 1.88* 111 0.05

S~nk” 177 130" 96 0.05

&’k& 53 0.94 277 0.52
g 52 0.3 274 053
i 2 081 | 238 046

Tabe 4 : . , C

mas: 4.8 Dry cell mass, lycopene mass and percentage lycopene per cell dry

heutralail ues for B. linens mutant strains ‘Pink’ and WKkiii grown in 3% Oxoid

extract Sed soya peptone (Unipath, Iampshire, England) plus 0.1% Yeast

Pinjes Under standard growth conditions. Mean final pH values were 10.1 for

dissolvan“i 8.7 for WKkiii. (*As; for values with * suffix are taken from pigment

Uisyg) ed In 20ml diethyl ether; values with the suffix ¥ are taken from pigment
ved in 25mi diethyl ether).
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8.1 Conclusiong

Values for percentage lycopene per dry cell mass for strain ‘Pink’ fell by
Pprgy: . :
Pproxmately 50% compared with values for this strain grown in YGB medium
Tabe 34(by), though when peak cell mass values are compared, a rise of 17% is

"licezble (Tape 4.5),

Strain WKiii attained a mean percentage lycopene per dry cell mass value of

0.500, . .

0% N contrast with the mean value obtained in YGB medium of 0.40% (see
i .

G(d))- Values for cell mass yield follow an opposing pattern such that the strain

Wi 8own in YGB medium produces over 300% more biomass when compared

it ) .
h 8rowth in the Oxoid neutralised soya peptone medium.

In spite of the differences in growth of each strain when compared with their
Sowth It YGB medium, both are clearly able to utilize the digested soya flour. Strain
ki { 18 less able to utilise the digest than strain ‘Pink’, though with the advantage
hay lycopene concentration is seen to increase. These data suggest, in light of the
%

"Mercia] viability of this medium, that the use of digested soya flour might be

eri I “ea .
ted if its utilisation by strain Wkiii can be improved.
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A1 The effects of medium glutamate upon dry cell mass and lycopene

ace s, . .
Umulatiop jn B. linens strain WKkiii

Wiley (1962) and Stokes (1963) found, after keeping grey-white cheese

Arthy obactey strains (originally thought to be related to Brevibacterium) for a number
Years at Toom temperature on yeast extract agar slopes, that several strains lost the
lity to utilize ammonium nitrate and had to be supplied with a mixture of an
amm°ni‘1m salt and glutamic acid. With glutamic acid as the sole nitrogen source
Sowth Was poor though growth became proportional to the amount of glutamic acid

*d When the medium was supplemented with ammonium salts.

In the following experiment, monosodium glutamate, a very common and
’elatiVely inexpensive food ingredient, was combined with neutralised soya peptone
d Yeast Cxtract. The rationale for the inclusion of neutralised soya peptone along
h Yeast extract, was that the yeast extract would provide the source of growth
Flors Otherwise likely to be absent, but that because of the expense of yeast extract,

CUtpal: o .
“lrahsed Soya peptone was added as a cheap source of amino nitrogen likely to be

Dr es o :
Nt in Insufficient quantity in the amount of yeast extract used.

Cell mass and pigmentation values for B. linens strain Wkiii grown in
dif
for ring PrOportlons of monosodium glutamate, neutralised soya peptone and yeast
Ext
"¢t are shown in Figure 4.9. Note that 13.5% and 14.7% of the weight of yeast

e)(tr . . .
At ang neutralised soya peptone, respectively, consists of glutamic acid (see
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Aop *ndix). Cultures were grown under otherwise standard conditions. Conclusions

e given in Section 4.9.3.

92 The effects of medium glutamate upon dry cell mass and lycopene

2
“Umulatiop in B. linens strain WKkiii when additional carbohydrates are

Pr €Sent

Because of the comparatively good cell mass and pigmentation values seen in
the 2bove eXperiment, the carbohydrates Bundaberg raw sugar and glucose were
°°mbined With neutralised soya peptone and monosodium glutamate in the absence or
Mesence of Yeast extract, in case their presence may enhance cell mass and pigment

Yi -
“lds, Lycopene accumulation and cell mass values are shown in Figure 4.9.
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0-3%(W/v) or 0.6%(w/v) MSG are compared (see Figure 4.9), there is no significant
increaSe in cell mass and pigmentation, despite a doubling in the concentration of

3G. When 1.2%(w/v) monosodium glutamate was combined with 3%(w/v)
undaberg Direct Consumption Raw Sugar (BRS) only, the lowest dry cell mass and
pigmelltation values of the whole experiment were obtained, with means of 21mg and
06 Percent lycopene per dry cell mass respectively. Cell mass and lycopene yields
impmved dramatically when neutralised soya peptone (NSP) at 3%(w/v) was
°°rnbined Wwith the same concentrations of BRS and monosodium glutamate as in the
P "eVious Medium, with mean values of 151mg and 0.38 percent lycopene per dry cell
mags, The addition of 3%(w/v) NSP at the sugar concentration of 3%(w/v) promoted

"erease in mean dry cell mass of 719% and in percentage lycopene per dry cell

mass of 633% when compared with the 1.2%(w/v) MSG plus 3%(w/v) BRS medium.

Where the 3%(w/v) sugar content was provided by a mixture of BRS and
gIUQOSe at 1.5%(w/v) each, whilst NSP and MSG remained at 3%(w/v) and 1.2%(w/v)
respectiVely, mean cell mass and percent lycopene per dry cell mass values both fell
(frop, 151 ¢ 98mg and 0.38 to 0.27 percent lycopene per dry cell mass) when
°°mpared With the medium in which BRS acted as the sole carbohydrate source.
When BRS was absent in the 3%(w/v) NSP + 1.2%(w/v) MSG medium and glucose
Oncemration reduced to 0.5%(w/v), mean dry cell mass was 109mg, whilst mean
er(:emage lycopene per dry cell mass was 0.34. When the same medium was altered
° comain 3%(w‘/v) BRS in place of 0.5% glucose, mean dry cell mass and percentage

y%pene Per dry cell mass values were 151mg and 0.38% respectively. When the

3 . :
"y V)NSP + 1.2%(w/v) MSG + 0.5%(w/v) glucose medium is compared with the
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159 , .
Yt V) glucose + 1.5%(w/v) BRS containing medium, no significant difference is

v .
dent in either percentage lycopene per dry cell mass or dry cell mass values.

Substitution of the glucose in the 3%(w/v) neutralised soya peptone +
l'2%(w/v) monosodium glutamate + 0.5%(w/v) glucose medium with 1.2%(w/v)
Yeagt EXtract promoted a dramatic increase in cell dry mass yield from a mean of
Ogmg t0 a mean value of 239mg, representing a yield increase of 219%. As noted in
Pevioyg €Xperiments, the improvement in cell mass yield is often accompanied by a
opin the degree of pigmentation, thus the mean value of 0.34 percentage lycopene

Per
dry cell mass drops to a mean of 0.29, a fall of 15%. The addition of yeast extract

is ex .
AMined more closely in the next section.

The addition of 0.5%(w/v) glucose to the 3%(w/v) neutralised soya peptone +

L2y
"/ V) monosodium glutamate + 1.2%(w/v) yeast extract medium increases mean

d

Cell magg to 291mg with a mean percentage lycopene per dry cell mass value of
0,30

 Thus mean dry cell mass increases by 22% with the addition of medium glucose
& g k

'5%(‘”/")- Mean percentage lycopene per dry cell mass does not increase

Sign- .
lﬁcamly, though it fails to reach the value of 0.34 which is achieved in the

%
) Neutralised soya peptone + 1.2%(w/v) monosodium glutamate + 0.5%(w/v)

COmparing the values obtained here with those obtained for B. linens strain
iif i
" grown i the standard YGB medium of 157mg mean dry cell mass and mean

Mage lycopene per dry cell mass of 0.4, the highest dry cell mass values with a
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Mean of 291mg from the 0.5%(w/v) glucose + 3%(w/v) neutralised soya peptone +
l'2%(""/V) monosodium glutamate + 1.2%(w/v) yeast extract medium are some 185%
Breater based upon the mean. The peak pigmentation values obtained occur with the
3%(W/V) Neutralised soya peptone + 1.2%(w/v) monosodium glutamate + 3%(w/v)

RS ang 3%(w/v) neutralised soya peptone + 1.2%(w/v) monosodium glutamate +
O'S%(W/V) glucose media with values of 0.40 and 0.38 percent lycopene per dry cell
Magg respectively. The peak pigmentation value for the 0.5%(w/v) glucose + 3%(w/v)
"Utraliseq soya peptone + 1.2%(w/v) monosodium glutamate + 1.2%(Ww/v) yeast
Hract Medium of 0.33 percent lycopene per dry cell mass is lower than the peak
alug Obtained with YGB by a factor of 1.2, though in terms of total lycopene yield
o S0ml cultyre volumes, mean total lycopene for the 0.5%(w/v) glucose +

kD .
o V) neutralised soya peptone + 1.2%(w/v) monosodium glutamate + 1.2%(w/v)

Yt CXtract medium was 885pug compared with 621pg for the YGB medium, an

In this experiment final medium pH values are generally correlated with the
"l Mass valyeg obtained, rising when cell mass values rise (see Figure 4.9). It is

intepe, , :
terestmg to note however that, until yeast extract is added at a concentration of
1.2 . :
2/0(“'/ V), the presence of carbohydrate appears to promote an increase in pH when

¢
Y cell Masses achieved are otherwise very similar. When the dry cell mass and pH

v .
Alugg for 3%(w/v) neutralised soya peptone + 1.2%(w/v) monosodium glutamate +
Pt V) glucose and 3%(w/v) neutralised soya peptone + 0.6%(w/v) monosodium

! AMmate + 0.1%(w/v) yeast extract for example, are compared, these give mean dry

¢
o Masses of 109 and 1 14mg respectively but final medium pH values of 8.5 and 8.8
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CSpect; . ] . . . .
Pectively. The increase in pH does not accompany any significant increase in mean

dry cepy Mass,

8| ' '
0 The effect of varying concentrations of yeast extract upon dry cell mass and

Yeo
Pene accumulation in B. linens strain WKiii

Yeast extract is added frequently throughout this work because it is likely to

"pp ly amino acids, and especially minerals (see Appendix) and vitamins which may
¢ Otherwise absent or present in insufficient quantities in the other growth substrates
ted, The previous experiment shows that, at the appropriate concentration, yeast
et an lmportant medium component. Wlnlst yeast extract is rather expenswe

d ¢
hus less desxrable as a commercial substrate, 1t was 1rnportant to estabhsh its

. :
mp ®tupon cel] growth and plgment accumulation.

Neutralised soya peptone was kept constant at 3%(w/v) concentration

thrg
*Ughout, Wwhilst yeast extract levels were changed. The effect of these changes upon

Cel]
mass, lycopene accumulatlon and final medium pH are shown in Figure 4. 10
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41
0.1 C‘"lt‘lusi()ns

The combination of 3%(w/v) neutralised soya peptone plus 0.3%(w/v) yeast

L‘)(h.,
de : 5 .
Uyielded a mean dry cell mass value for mutant Wkiii of 92mg with a
Cs . N -
Ponding mean percentage lycopene per dry cell mass value of 0.25 (see Figure
410
+ Thig contrasts with the respective values 157mg and 0.4%, obtained from the

San
1€ §tpa: ) . : g .
Strain grown in YGB medium. By doubling the concentration of yeast extract,

nlc
an
dry el mass and mean lycopene yield did not increase significantly. At

%
(w/ V) yeast extract, mean dry cell mass fell to 34mg, but lycopene accumulation

Se
nhanccd very significantly, up to a maximum of 0.83% and a mean value of
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015%, When comparing mean percentage lycopene per dry cell mass values for strain

Wi grown in vGB medium and in 3%(W/v) neutralised soya peptone plus
0'3%(W/V) yeast extract medium, values are seen to rise by 88%. The final medium

M value for the 1.2%(w/v) yeast extract medium is consistent with its low cell mass

Yielq,

The Table of Analysis for Some of the Proprietary Media Employed (see
Appendix) shows the analysis for yeast extract alongside that for tryptone, neutralised
¥ Peptone, ‘Lab Lemco’ powder and bacteriological peptone. In most cases values

fcompollfents fall within a similar range, with the exceptions of tin and serine, where
® Values iy yeast extract are notably higher and proline, where the yeast extract
e s mycp less. It is difficult to suggest an explanation for the very high
pgm"matxon values achieved with 1.2%(w/v) yeast extract, based on the presence of
cse COnstituents, though the presence of yeast extract vitamins may vbe of relevance.
® results shown in Section 4.5, however, suggest that an excess of either vitamin B,
" vltam‘n By, is unlikely to be responsible, although the possible effects of the

if
fereny test medium employed must be borne in mind.
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L The effects of altered medium carbon/nitrogen ratios upon lycopene
accumulation and cell mass in lycopene accumulating mutants of B. linens:
Strain ‘Pink’ grown in tryptone and Bundaberg Raw Sugar

As mentioned in Section 4.2, above, the ratio of carbon to nitrogen in a growth
mediUm is known to affect carotenoid production. B. linens strain ‘Pink’ was used as
the test inoculum in a number of growth media containing differing mass ratios of

ll'y t .
Plone gpg Bundaberg raw sugar. Results are shown in Figure 4.11(a). Conclusions

are g )
Blven i Section 4.11.3.
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12 The effects of altered medium carbon/nitrogen ratios upon lycopene
acc“"“llation zind cell mass in lycopene accumulating mutants of B. linens:

Stea:
train Wkiii grown in neutralised soya peptone, yeast extract and Bundaberg

A similar study to that shown above was conducted using differing ratlos of
ey Uraliseq soya peptone (Oxoid) and, as before, Bundarberg direct consumptlon raw
e in the presence of a low concentration of yeast extract. The strain of B. linens

ed in this case was Wkiii because of its availability and superior pigmentation
e Deutralised soya peptone was used also because its ability to auow growth had
"o Proven, although it was supplemented with yeast extract to provide extra or

Othar «
“TWise absent growth substrates and growth factors.

Combinations of 2.5%(w/v) neutralised soya peptone + 0. 5%(w/v) Bundaberg

d" cet consumptlon raw sugar + 0. l%(w/v) yeast extract through to 0. 5%(w/v)
ahSed soya peptone + 2 5%(w/v) Bundaberg dxrect consumptlon raw sugar +
Phtw V) yeast extract were made up as sterile liquid media and inoculated with B.
Ilne"s Strain Wkiii Cultures were incubated under standard conditions. Values

0b
Rineg for lycopene accumulatlon, dry cell mass and ﬁnal medium pH are shown in

B
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1.0%NSP, 2.0%BRS, 0.1%YE
0.5%NSP, 2.5%BRS, 0.1%YE

Cell mass . Lycopcne. pH

Ip
i Bure 4.11(p) Dry cell mass, final medium pH and percentage lycopene per cell
A58 values for B. linens mutant strain WKkiii grown in concentrations of
ﬂllscd soya peptone (NSP) from 2.5 to 0.5%(w/v) plus opposing
"tl‘.ltu)ns of Bundaberg direct consumption raw sugar (BRS) ranging from
S Z0(W/V) in 0.1%(W/v) yeast extract (represented here, by ‘0.1%”).

q,
13 Cone

lusions

The results of experiment 4.11.1, shown in Figure 4.11(a), show that B. /inens
Srajyy ‘Pink* 3 ; vge ;
Nk’ is essentially unable to utilise Bundaberg raw sugar solution when

Prege
“Ntat 6 o 129 Y%o(W/v) sugar. When 3%(w/v) BRS is supplemented with 1.5%(w/v)

‘ry
one. o . : : ’
e, growth improves, with a mean value of 83mg in a 50ml culture volume.

n ; ;
both of the above substrate concentrations are doubled, mean dry cell mass also
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incl'eaSeS to 158mg though the lowest lycopene accumulation value is the same as that
*enin the 3%(w/v) BRS +1.5%(w/v) medium. Overall, a slight increase is accrued in
Y cell Mmass as the ratio of amino acids to carbohydrate increases, though lycopene
“CUmulation values fluctuate (both the 3%(wiy) BRS + 1.5%(w/v) tryptone and
3%(“'/ V) BRS + 6%(w/v) tryptone media grew cells with base percentage lycopene

pe,
tdry cell mass values of 0.07).

In experiment 4.11.2 (see Figure 4.11(b)), values for cell mass and lycopene
alccumlllation do not alter significantly over the media concentrations 2.5%(w/v) NSP
' 0'5%(W/V) BRS + 0.1%(w/v) yeast extract to 1.0%(w/v) NSP + 2.0%(w/v) BRS +
0'1%(W/V) yeast extract. In the 0.5%(w/v) NSP + 2.5%(w/v) BRS + 0.1%(w/v) yeast
et Medium, mean dry cell mass falls dramatically from 38mg in the 1.0%(w/v)

SP 4 2.0%(w/v) BRS + 0.1%(w/v) yeast extract medium to 11mg, although there is
° signiﬁcant difference in lycopene accumulation.

41
2 Attempts to adapt and select cells of WKkiii for efficient utilisation of high

Qarb
Ohydrate, Jow protein media

BaCteria are known for their ability to adapt over a numbér of generations to
ir(’nments which are barely able to sustain their growth. In some cases, it is
poSsible to ‘wean’ bacteria from a rich medium to one which is minimal or near
Minimal and yet maintain good cell yields or cell product yields. By selecting for
%ol

™es which grow more rapidly than others and subculturing from these onto a

ot Medium, then repeating the process of selection and subculturing, the
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poss_ibility exists of obtaining generations which may thrive on a medium which is

lower in protein, peptides or amino acids and for the purposes of commercial culture,

] .
€58 CXpensive,

A single colony of B. linens mutant WKkiii was diluted in 250m! YGB medium.
Aliqu‘)ts were spread onto solid medium containing 2.5%(w/v) neutralised soya
peptone, 0-5"/o(w/v) Bundaberg raw sugar plus 0.1%(w/v) yeast extract in 1.5%(w/v)

. After 3.5 days of dark incubation at 30°C, the largest colonies were selected.

Passage of selected large cultures through progressively carbohydrate-rich and

“Ming acid-poorer media, through increments of 0.5%(w/v) substrate (culminating in
¢ Poorest medium containing 0.5%(w/v) neutralised soya peptone plus 2.5%(w/v)
BRS Plus 0.1%(w/v) yeast extract), failed to increase lycopene content and may have
“oureq Selection of low lycopene yielding strains more able to cope with the
ncreasingl)’ stringent growth conditions (since cell resources may be targeted away

fropy .
o Pigment production when nutrients are scarce). Percentage lycopene values were

Mine between 0.4% for the richest medium down to 0.01% for the poorest (values
n
; Shown). Dry cell mass values in 50ml cultures peaked over the range 130-149mg

the tichest medium and fell to approximately 10mg in the poorest medium.
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i Growth on solid media

Visual evidence suggested that lycopene concentration in cells grown on a
wlig Medium may be greater than that seen in liquid cultures incubated in the same
"ediu, Perhaps through an increased level of aeration resulting from direct contact
Vit the atmosphere. Lycopene in stationary phase, fully coloured cultures of B.
ens Strain Wkiii was analysed quantitatively. No significant difference was found
“tween Mmutant cell lycopene accumulation when grown on either solid or liquid

B Medium, This finding may be consistent with the appearance of colonies on
wlig Medium when observed from below which appear to display greater peripheral

lgmentation, thereby maintaining overall culture pigmentation at a lower

¢
oncentration.

4,
M1 The effects of two different growth temperatures upon the growth rate of

%

v i
"Mens strain ‘pPink’

Since large scale fermentation can generate considerable levels of heat, it is

i []
mportant to evaluate the effects of temperature upon the growth rate of B. linens. In
s eXperiment the growth temperature normally used for the incubation of the strains

te : .
ed here was compared with a lower temperature, to establish the effects upon

Srowy rate,
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A small number of measurements of growth were taken by absorbance at

"M over g period of nearly three days (66.5 hours), using cultures of B. linens
strain ‘Pinl*

Pink’ grown at either 30°C or 20°C in YGB medium in otherwise standard

C()n )
tions, Results are shown in Figure 4.14(a).

Absorbance at 600nm

-

0 M L e
0 10 20 30 40 50 80 70

Time (hours)

iy ‘
20“Cre 4.14(a) Growth curves for B. linens strain ‘Pink’ grown at 30°C and at
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42 Comparative cell mass and lycopene yields for the B. linens strains ‘Pink’

nd Wkii grown at 33°C

In the context of its industrial application, temperatures greater than 30°C are
Preferreq because of the cost constraints involved in cooling plant. According to work
by Keddie and Jones (1981) maximum growth temperatures amongst strainé of B.

ens tend to be in the range 30-33°C. The maximum growth temperature of B. linens
s raiSéd When the medium contains 4%(w/v) sodium chloride. Certain strains of B.
"Mens ave Known to grow well at 37°C; these include ATCCE377, ATCC21330. Strain
ATCC21330 grows at 40°C in Oxoid Nutrient Broth medium. The following
per iment examined the effects of an incubation temperature of 33°C upon cell mass
Yielg and lycopene accumulatlon in the B Imens strains ka and ‘Pink’. Results are

hown i Figure 4.14(b).
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for Bl'c 4.14(b) Dry cell mass, and percentage lycopene per dry cell mass values
/)

inens mutant strains ‘Pink’ and WKkiii grown at 30 and 33°C.

41
13 Comparative dry cell mass yields of B. linens strain Wkiii grown at 27°C

4
ng at 300C

When the growth temperature of B. linens strain Wkiii is reduced to 27°C from

3o
(see also Section 4.16.2), mean dry cell mass values changed dramatically, at

185
g (8.D.=13.3) and 122mg (S.D.= 5.6) respectively. The reduction in growth

Mpa.,
Perature by 3°C resulted in a 52% increase in mean dry cell mass. Cells were

" under otherwise standard conditions (see Materials and Methods Section

91y,
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4144 Conclusions

As shown in Figure 4.14(a), the difference of 10°C between incubation
temperatures 20-30°C appears to have little effect upon the growth rate of B. linens
"1ain ‘Pink’, At the lower end of the temperature range, some Brevibacteria show
Moderate growth after two weeks at 5°C, though all grow at 30°C and most show
o timum growth at 20-25°C (Keddie and Jones, (1981). Most B. casei strains survive

"ling at 60°C for 30 minutes though at very reduced numbers.

All strains of B. linens tested here appeared to be unable to grow at 35 or

0

37 X .
C, which is consistent with the majority of B. linens strains (see above). In Figure

4'14(1"), the ‘dry cell mass and lycopene accumulation values for B. linens strains
Pine and Wkiii are shown for the growth temperatures 30 and 33°C. The mean dry
e Mass value for ‘Pink’ of 49mg compares with 179mg when grown at 30°C under
Mandarg conditions (see Section 2.9.1). In the case of strain Wkiii, the value fell from

S7mg to 33mg. Thus reduction in incubation temperature caused a decline in mean
fy ®ell mass of 73% in the case of strain ‘Pink’ and 79% in the case of strain WKiii.

" Pigmentation values also fell, from 0.14% to 0.07% lycopene per dry cell mass

in t
he Case of strain ‘Pink’ and 0.4% to 0.3% lycopene per dry cell mass in the case of

Srain W ios : :
" Wkiij, equivalent to declines of 50% in strain ‘Pink’ and of 25% in strain WKkiii.

It is clear, therefore, that in respect of incubation temperature, a declining cell

mas

S and an increase in cellular stress are not coincident with increased lycopene
yie] .

> Which is perhaps the opposite case to that which occurs in some medium
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¢ .
OMparisons (see Chapter 4). Indeed, in the case of Rhodococcus ruber

Ca . A
Olenogenesis was seen to be enhanced at reduced growth temperature (Takaichi

"M Isshidsu, 1993),

‘IS The effect of cold shock upon lycopene accumulation and dry cell mass yield

i .
u B, linens strain ‘Pink’

Occasionally, cold shock treatments applied to carotenogenic cells may
ng . . ; . . . N .
fease the intensity of pigmentation. The mechanism by which this might occur is

I}
"knovn, though it may form part of a stress response.

| Cultures of B. linens stram ‘Pmk’ were subjected to cold shock treatment at
3,535 and 89 0 hours post 1noculat10n Cells to be shocked were exposed to a 4°C

ubatlOn temperature for a period of two hours. Results are shown in Figure 4.15.

-
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- 0.05
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1
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Incubation period (hours)

FgUre 4,

Magq 1S Dry cell mass, total lycopene and percentage lycopene per dry cell

I Valyes obtained from cultures of B. linens strain ‘Pink’ cold shocked for
0urs at 4°C at the times post medium inoculation shown.

41
S.1 COnclusions ‘

The mean lycopene accumulation value of the cold-shock treated cells is 21%

s than for cells that have been incubated normally. Similarly, mean dry cell mass
e are seen to fall from 179mg obtained by standard growth conditions to 125mg
! colg shocked cells. It would appear therefore, that cold shock treatment of B
Ih ehs Strain ‘Pink’ as conducted here, serves only to slow or impair both cell growth

g .
d Pigmentation,
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6.1 The effects of illumination upon colony growth and pigmentation of Wild

%pe and ‘Pink’ strains of B. linens

Pigmentation amongst B. linens strains is often induced by illumination, so that

"Ot¢ than half of all strains tested (Mulder et al, 1966) produce orange pigment only
Vhen exposed to light. In the non-photosynthetic, Gram-negative bacterium
Pococeys xanthus, down-regulation of light induced carotenogenesis is thought to
oecur Once carotenoids begin to accumulate (Hodgson, 1993). So in spite of their
Drotective role, carotenoid production appears to be under the control of a feedback
me‘:hanism once the damaging effécts of illumination are controlled (Hirschberg,
1998)' Certain fungi also display photoregulated carotenogenesis. Thus Neurospora
Tassq undergoes light-induced altered transcription of its carotenogenesis genes

UWing conidiation (Arpaia, Carattoli and Macino, 1995).

In order to establish initial parameters relating to the influence of illumihation
on lyﬁopene production in cells of mutant ‘Pink’ and wild type NCIMB8546 B.
ine"s’ YGA plates containing confluent growth were exposed at a distance of 20cm
oM bank of fluorescent lights, with control plates covered with aluminium foil and

t . .
"t Plates covered likewise though with windows cut in the foil to allow colony

lllurnination.

Plates 4.16 and 4.16(b) show B. linens strain ‘Pink’ and wild type respectively
Uftey Xposure to a bank of 40W fluorescent lamps for five days. Conclusions are

"¥en in Section 4.16.3.



und®
Plate 4.16 B. linens mutant strain ‘Pink’ grown in darkness (bottom) and
illumination (top) on YGA medium






: ttolﬂ)
Plate 4.16(b) B. linens wild-type strain NCIMB8546 grown in darkness (bo

and under illumination (top) on YGA medium
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6.2 The effects of illumination upon the cell mass yield of B. linens strain

Wi at 30°C and at 27°C

A separate experiment examined the effects of varying growth temperatures
W oy e . e e & ;
light Intensity in case cells should be subject to any synergistic effects involving

b .
Oth of these factors.

Cultures of B. linens strain Wkiii were grown in otherwise standard conditions
0 ligy; : . . . . : ,
quid medjum and subject to illumination as in the previous experiment. Dark
Lown . . . . = 3
N cultures were grown alongside but were shielded using aluminium foil. Results

are .
Shown in Figure 4.16,

200
160
140

(mg)

120 —
100 3
80

60

o

Dry cell mass

40
20

27 27 30 30

Incubation temperature (°C)

[:] [lluminated - Darkness

b
gllr \ r . o .
B ; ¢ 4.16 The effects of illumination and temperature upon the dry cell mass of
iy i
‘ens strain WKkiii.
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1163 Conclusions

Carotenogenesis appears to have been inhibited in the illuminated cells
“mpareq with those maintained in darkness (see Plates 4.16 and 4.16(b)), possibly
e to growth impairment induced by high light intensity. This is consistent with the
flnding that freshly inoculated YGA plates failed to flourish under the same levels of
! lul‘nirlation and that only confluent plates were able to be used in their place (results
ot ShoWn). Plates 4.16 and 4.16(b) also suggest photobleaching so that carotenoid
produc"ion whilst not impaired, was followed by carotenoid destruction, producing a

Use ®stimate of the amount of pigment actually produced.

Results of the incubation of B. linens strain WKkiii at 27 and 30°C with or

ithollt illumination are shown in Figure 4.16. As discussed in Section 4.14.3, mutant
Wkiii demonstrates greater growth at the lower temperature (27°C) compared with
Erowth at the higher temperature of 30°C, in contrast with the growth seen in B. linens
ain “Pink’ at 20°C when compared with growth at 30°C. Illumination does not

Wever, appear to have a significant effect upon dry cell mass (see Figure 4.16).
4, .
1 The pH profile of a growing B. linens strain WKiii culture
Hy drogen ion content is knoWn in to be an important factor affecting both

South and carotenogenesis in bacteria. Growth between pH6.5 and pH8.5 has been

"o Orted amongst B. linens strains (Mulder, 1966), though this range broadens to
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PHS.5 ;
S in the presence of 4%(w/v) sodium chloride. The pH profile of a liquid culture

ofB p;
1l cos ., )
Nens Wkiii grown under standard conditions was measured.

YGB medium was inoculated with B. linens strain Wkiii and incubated in an
%rat :
¢d and agitated fermenter vessel, without pH control (see Materials and Methods
Cety
1n 2.9.2), Culture pH was measured over the growth periods of the culture. pH

) Ues . . . .
Obtained over time are shown in Figure 4.17(a). Conclusions are discussed in

Section 4.17.4

pH

o 20 40 860 80 100 120 140 160 180

Incubation period (hours)

b
u _

Wii;;e 4.17(a) pH measurements taken at the times shown, during B. linens
trmenter growth in standard YGB medium with acration and agitation.
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i1, Establishing the initial medium pH which gives optimal cell growth and

l)'g“v‘efntation in B. linens strain ‘Pink’

In order to establish the pH in which cell mass and pigmentation are optimal, a
mple experiment which controlled only the initial medium pH at the point of

in .
%ulation was conducted.

| Standard YGB medium was provided at pHs 6.4 through to 7.6 in increments
o2 PH units (see Materials and Methods Section 2.9.3) and inoculated with B.
ineng Strain ‘Pink’. Cultures were incubated in otherwise standard conditions (see
Aerials ang Methods Section 2.9.1). After incubation, cell mass and pigmentation

cre asSvessed as shown in Figure 4.17(b). Conclusions are discussed in Section
g,
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Bure 4.17(b) Initial medium pH and subsequent cell dry mass, pigmentation

inq .

t l_"“ﬂl PH values for B. linens strain ‘Pink’ grown under otherwise standard
dition,

4.]7

3 The effect of pH controlled fermentations upon dry cell mass yield and

ly
Cone . & . 8
Pene accumulation in B. linens strain WKiii

With a fermenter vessel, it was possible to control the maximum pH of a

Ultype o
e of B linens strain WKiii by using dilute hydrochloric acid, the application of
Whl
C ' . .
h was controlled by a pH controller (see Materials and Methods Section 2.9.2). In
thig
Way, it was possible to determine if growth and pigmentation were limited by pH.
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YGB medium was inoculated with B. /inens strain Wkiii and incubated under
“rateq and agitated conditions (see Materials and Methods Section 2.9.2) with pH
Maximg controlled with a pH controller with hydrochloric acid (7M). Dry cell masses
(# lycopelle accumulation values are given in Figure 4.17(c). Values correspond to

t .
he fOHOng limited pH values: 7.2, 8.1, 8.5 and unlimited.

200 045
[¢])
180 404 O
D 5
g % 035 2
N 1 @
0 40 0.3 g
100
~ [¢']
~
8 - 0.2 'g
L]
015 £
é‘ 60 <
(@]
40 0.1 %
20 0.05 g
w
0 0

8.5 unlimited

Maximum pH

| Cell mass (mg) . Lycopene

Bfg‘lil,"e"t,n(c) !)ry ccl'l. mass and perccntagc lycopene per dry cell mass vall.les for
Qontrotlfs strain Wk.lll grown under agitated and aerated con.dltmns in pH
ellswm fcrmcn.tatlonsi pl‘l valuc§ shown represent pH maxima employed.
50 cu‘»‘llt‘c grown in 1dm” YGB medium. The dry cell mass values shown are per
ure.
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4174 Conclusions

As Figure 4.17(a) shows, pH rises steadily over the incubation period until it
n
“aches the maximum value corresponding to approximately 120 hours growth. The
f . .
hal pyy values are consistent with the odour of ammonia detectable during growth in

Y . . .
B Medium and the apparent high amino acid requirement of the B. linens strains

testeq here,

Experiment 4.17.2 examines the effects of initial medium pH upon B. linens
ain "Pink’, However, because of the amount of variation amongst each triplicate
experiment, it is difficult to assign any particular pattern. There appear to be no
sigrliﬁCant differences between the dry cell mass values obtained, whatever the initial
Mediuny PH. A fall in mean percentage lycopene per dry cell mass can be seen
between the pH6.6 and pH7.0 media (from 0.12 to 0.06), thoﬁgh the lowest value

&

Oba:
Yined (0,03) ocours with the pH7.4 medium.

As Figure 4.17(c) shows, there are considerable contrasts both in terms of cell
ty ™Mass and pigmentation, when the pH maxima of fermentations are controlled. B.
e Strain Wkiii grew to a mean dry cell mass value of 38mg when medium pH was
c()mr"“(‘rd so that it did not exceed 7.2. The concentration of lycopene under these
conditions was equivalent to 0.13% (mean) per dry cell mass. In contrast, when pH
"as allowed to reach a value of 8.5, mean cell dry mass rose to 106mg (an increase
equivalent to 179%) and percentage lycopene per dry cell mass rose to a mean value

of
0.40 (an increase equivalent to 208%). Ultimately, though mean percentage
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lycopene per dry cell mass did not increase over the pH8.5 maximum medium value,
Mean dry cell mass in the medium in which pH was uncontrolled reached 184mg,

°0mpared with 106mg in the highest pH, pH controlled medium.

These results provide strong evidence that the growth of B. linens strain Wkiii

' not limited by alkaline pHs, where these values have been achieved through the
Sowth of the culture and not through the setting of medium pH at the time of
inoclllation, though this contrasts significantly with the growth characteristics of B.
teng CNRZ 918, which is optimal when pH is maintained at neutral (Ferchichi,
Hemme and Boullanne, 1986). The reduced growth and pigment production
“Sociateq with the lower pH maxima suggest the possibility that a requirement of
Conﬂuem’ late exponential growth, is the associated increase in alkalinity and that this
s Rot Merely an unnecessary process which occurs as the result of waste ammonia.
ltimatel}', a biphasic growth process may have occurred in the examined culture
hereby at inoculation a low pH is suggested ((see Section 4.17.2) as applied to B.
Iine"s Strain ‘Pink’) which is followed later by a high pH requirement. It is interesting
* note that similar attempts to control pH in a hydrocarbon medium inoculated with
revibaCterium KY4313 also led to the inhibition of carotenoid production (Tanaka,
10 ang Fukui, 1971), though acidic pH values were in this case controlled by the

“Uition of cac0,
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4,
131 The effects of aeration on the growth and lycopene accumulation of B.

Il
"Mens strain ‘Pink’

An additional factor which has been investigated is aeration. Previous work
hag 'eported good pigment production by B. linens, especially in an oxygen-rich
atmosIJht:re (Keddié and Jones, 1981; Albert et al., 1944). It has also been noted
(Keddie and Jones, 1981; Albert et al., 1944) that oxygen uptake is affected by the
Browth medium employed, such that in the case of media containing glutamic acid as
te 8rowth substrate, or where sodium chloride is absent, or if glucose is used as the

8ro
Wth substrate, oxygen uptake is lowered. The level of culture aeration can be

ady
Justeq Crudely by altering the volume of medium in agitated shake flasks.

Figure 4.18 indicates the effects of the different culture volumes 12.5, 25, 50

n .
d 100m! in 250m] baffled shake flasks upon the pigment production and cell dry
Bsof B, linens strain WKiii. Cells were grown in YGB medium at 30°C in darkness,

With ggre, .+ ’
% agitation at 100rpm. Conclusions are discussed in Section 4.18.3.
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c18
2 The effects of direct acration of cultures of B. linens strain WKiii grown in

U apit.
Bitated fermenter vessel

Sterile filtered compressed air was used to aerate cultures of B. linens strain

kii; : . :
" grown in YGB medium (see Materials and Methods Section 2.9.2), to establish

the app
effects of aeration supplied directly into the medium under conditions of agitation

i g ; ; :
¢h woulq also encourage the disruption of air bubbles. In contrast with the

Vi s o - ; .

Ous experiment, culture volumes were maintained at constant levels. The aim of

lh‘
1§ o g ;

“Xperiment was also to establish the value of fermenter vessel conditions

Co
Mpareq with those of the shake flask.
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1dm? of sterile YGB medium was inoculated with B. linens strain WKkiii in a
2.5dm3 . .
Sdm fermenter vessel. The culture was agitated at 500 rpm during growth and
a
Crated at 5 rate of one volume per minute. Culture dry mass, total lycopene and

I
Yeopene per dry cell mass values are given in Table 4.18.

Cell dry mass | Absorbance at Total lycopene (ng) | Percentage lycopene
oher S0ml 472nm in 200m! per dry cell mass
%(mg) ' “diethyl ether - e e D R R EET
~184 1.25 735 0.40
~182 121 710 0.39
~184 122 718 0.39
T B
ina;]e 4.18 Dry mass and pigmentation values for B. linens mutant WKiii grown
Wit Gp medium in 1dm® culture volume in a 2.5dm’ capacity fermenter vessel
h agitati_on rate set at S00rpm and one volume per minute aeration rate. .

LK Conclusions
The effects of culture volume upon lycopene accumulation show considerable
Variation, so that it is not possible to assign any pattern (see Figure 4.18). Dry cell
S Values are also highly variable, though the smallest culture volume yields a dry
cell density of 0.75 mgml'l, whilst the next smallést dry cell density value is 1.24
Mg, in the 25ml culture volume. Whilst the lycopene accumulation in the 12.5ml
Hlture is not significantly different to that of the other culture volumes, it 1s notablyr
igh With respect to dry cell mass density. Since the 12.5ml initial culture volume

Yi '
*lds the Iowest cell density in the experiment it is perhaps the case that it will reach

Stas: :
atm“ary phase most rapidly. This may lead to prolonged cell stress and relatively




173

high levels of pigmentation. In the case of Brevibacterium KY4313, increased
*Tation, achieved via culture volume changes was seen to have a detrimental effect

both upon cell yield and pigmentation (Tanaka, Kato and Fukui, 1971).

When grown under direct aeration in a one litre culture volume, B. linens
Mutant Wi yielded cell mass and pigmentation values as shown in Table 4.18.
Compared with the values obtained in 50ml cultures in 250ml shake flasks (see Table
3‘6(‘1)) mean dry cell mass increases from 157mg to 183mg (per 50ml of culture), an
iHCreaSe equivalent to 17%. Mean percentage lycopene per dry cell mass does not
altey Signiﬁcantly. The conditions of agitation and aeration employed (500rpm and
e Volumes per minute) would therefore appear to favour the more efficient
consumption of the growth medium without significant pigmentation concentration
loggeg |

» indeed optimal cell growth was seen in cultures of B. linens CNRZ 918 at 50%

*Ygen Saturation (Ferchichi, Hemme and Boullanne, 1986).

-
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419 Conclusions to Chapter 4

As was seen in Chapter 3, lycopene accumulating B. linens mutants are not
tegty: . . . '
ricted ¢ accumulating - concentrations equivalent to those of 3,3'-
lhydmXylsoremeratene in the wild-type. However, in terms of the commercial

Droduction of lycopene, the total amount in the culture as well as in each cell, is

lm1’0rtant.

In some experiments (see Section 4.17.2 for example), there is evidence of an
inverSe relationship between cell mass and lycopene concentration, such that media
Which appear to do worst in terms of the promotion of growth, are often in fact, better
: yielding cells which contain more lycopene. A set of scatter plots (Figures 4.19 (a)
. () shows the relationships between lycopene concentration and cell mass or total
HUture lycopene and cell mass for the data from Chapter 4.

Figure 4.19(a) compares the total lycopene values for the media in which B.
"eng strain WKkiii was grown with the corresponding cell mass values. It is clear that

reisa positive linear relationship between the two, highlighted by the plot of linear
regl”eSSiOn shown and a correlation coefficient of 0.9. The data in Figure 4.19(a) show

\ . .,
W mediy which improve cell mass also improve in total culture lycopene.

In Figure 4.19(b) the corresponding data for lycopene concentration and cell
M
a5 amongst the media tested are plotted, again for B. linens strain WKkiii. These data

s
W that there is essentially no relationship between cell mass and lycopene
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c(’ncﬁ'.ntration (correlation coefficient 0.02 (2 d.p.)), suggesting that growth media that
impro"e c§ll mass do not generally improve lycopene concentration, compared with

® Case seen with total culture lycopene. This is at least a better scenario in
cOmmerCial terms than that noted in some experiments, where an inverse relationship

bet
Ween the two was observed.

When factors other than those directly attributable to the constituents of the
Medium are tested, there is once again a close, positive, linear relationship between
fotg Culture lycopene and cell mass when B. linens strain WKiii is exarnine'd (Figure
4‘19(°)). Though the number of samples is small, the correlation coefficient between

® two factors is 1.0 thus factors, such as pH and temperature, which strongly affect

d
Y cel] Mass, strongly affect total culture lycopene as well.

As was the case with lyﬁopene concentration and media factors, there is once
“ain 4 weaker relationship when lycopene concentratién is compared with total
lture lycopene, when non-media factors are examined (see Figure 4.19(d)). In this
e h0Wever, there is a much stronger correlation coefficient of 0.7 (1 d.p.), though,

e o
® 8gain, a quite broad spread of data.

Since B. linens strain ‘Pink’ yielded lower concentrations of lycopene than

% seen in WKiii, it might be expected that improvements which improve cell mass
ie] : , , R . y
4 have Jegs impact than is the case with Wkiii. This assumption is borne out in

i
Sure 4.19(e), where total culture lycopene and dry cell mass values are plotted. The
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¢ . . . .

Ofrelation value of 0.8 (to 1 d.p.) is less than that seen with the equivalent values for
Wkiii, though it is important to consider that the media employed were not usually the
s . . - . 3 .

me. However, it appears that improvements in media which result in increased cell

Mass do increase total culture lycopene, but to a lesser degree than seen with WKkiii.

Figure 4.19(f), as opposed to the situation seen with Wkiii, shows a positive
relatiOIlShip between percentage lycopene per dry cell mass and cell dry mass for B.
iens ‘Pink’. This suggests that improvements in media which result in increased cell
Droliferation, also improve the concentration of lycopene in cells. This appears to
 Giffey from B. linens WKkiii. The correlation shown in Figure 4.19(f), is however
"Maller than that seen when total culture lycopene and cry cell mass values are
“mpareq (0.5 to 1 d.p.) and again, it is important to remember that comparisons

“Ween Wiiii and ‘Pink’ are not usually based upon the same medium.

When the effect of non-media factors are considered in B. linens _‘Pink’, a
b

OSitive relationship is again seen between culture lycopene and dry cell masses (see
Figure 4.19(g)), though, compared with Wkiii, the correlation coefficient is less (0.4
1 dp.) and the distribution of data broader. Once again, this suggests that
lmpr"‘/ements in cell yield in B. linens ‘Pink’ have less of an impact upon‘ total
"YS00ene than s the case with Wit

Figure 4.19(h), which shows the relationship between dry cell mass and
Dercemage lycopene per dry cell mass for B. linens ‘Pink’ subject to non-media

fa
et .
Ots, confirms many casual observations made when cell mass values are seen to

iy
Prove, je. there is a negative relationship between cell mass and lycopene
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concentration. This shows that factors which are aimed at improving total culture
lyc"pene tend to have the opposite effect upon percentage lycopene per dry cell mass
Values, The.se data provide evidence which suggests that the degree of stress to which
lls are subjected has an important effect upon their requirement to accumulate
Yeopene, but at the same time, in terms of maximising the total yield of lycopene
from culture, the employment of factors which are not stressful and which lead to an

i .
MProvement in cell yield, is of more importance.

Though these data do not provide explanations for the relationships between

totg] l)’COpene, percentage lycopene per dry cell mass and dry cell mass, there are a
"imber of possibilities which might help to explain them. Cell masses which are low
Under Certain media or other conditions, for instance, may promote a reduction in the
Metabolic activity of cells. Though not necessarily reflected in total culture growth by
® Presence of stationary or senescent phases, this redugtion in the growth rate of
irldi"idual cells may promote the accumulation of lycop%ne (as discussed in Section
3‘9)~ Referring to the TEM images of mutant cells (Plates 3.7(c), 3.7(f), 3.7(h) and
3‘70)), it is perhaps the case that mutants which endure conditions which are stressful
e less able to divide properly. This lack of division may promote an increase in -

n .
*Mbranation per cell, consistent with slowed growth and increased lycopene per
Celj,

In summary of the findings especially concerning mutants Wkiii and ‘Pink’, it
ig
Clear that mutant Wkiii grows more slowly than its wild-type ancestor (Section

'8'1) and this appears to be the casual observation with all other mutants examined.
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F . .
urthermore, as the growth of a culture slows, lycopene accumulation increases
(

Sction 3.8.2) (this is seen not only in Wkiii, but also as a casual observation in

Colon: . .
lonjes grown on solid medium).

Concerning some of the findings when carbohydrate substrates are employed,
it ig interesting to note that in the case of strain ‘Pink’, the ratio of cell mass to
percentage lycopene per dry cell mass is reversed in the presence of Bundaberg Direct
ConsuI’nption Raw Sugar, compared with the other by-products tested (Section 4.2.1).
In Contrast, peak total lycopene per culture values remain similar (at 17,21 and 18pg),
reﬂe"ting the compensation effect of high lycopene concentration per cell despite the
lac of cell growth. Such findings suggest that the goal of increased lycopene
Droduction per cell may be a misleading one once the level of lycopene per cell
Cacheg a certain threshold because it will tend to result in a diminished cell mass and
thug little improved or reduced total culture lycopene. The poor cell growth seen with

undaberg Direct Consumption Raw Sugar is borne out by the findings concerning
the 8rowth of strain Wkiii in.a variety of carbohydrate test media, found to grow most
Doorly in the presence of sucrose (of which Bundaberg Direct Consumption Raw
ey is largely composed), though best with (Section 4.2.2) fructose, glucose and .
By Cero] (though there is an interesting anomaly in the final medium pH seen with the
mctOSe medium). Though the lycopene accumulation values are not available, the
atter plot shown in Figure 4.19(a) strongly suggests that the best utilised of these

Sy
8ars would promote the greatest culture lycopene values.
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In the case of protein digests containing amino acids and peptides, it is
intereSting to note that Wkiii tends to produce more growth when tryptone is
“ombineq with glucose than when tryptone is alone (Section 4.4). This is echoed in
Section 4.9.2, where 3%(w/v) neutralised soya peptone + 1.2%(w/v) monosodium
Blutamate + 1.2%(w/v) yeast extract medium performs better, in terms of cell mass,
When glucose is present at 0.5%(w/v). The mass spectrum obtained from lycopene
from p linens grown in D,0 also shows the metabolic pathway in B. linens that leads

t
®lycopene to be highly oxidative (Section 4.2.3).

The concentrations of thiamine and vitamin B,, added to the test medium in
Sectioll 4.5.1 appear to be detrimental in terms of cell mass and therefore total
ycopene, but have no significant effect upon lycopene concentration per dry cell
Mass, When thiamine is added, but not in such excess, in ihe presence of Bundaberg
direct Consumption raw sugar and tryptone (Section 4.5.2), it does not significantly
impmVe either lycopene accumulation per cell or culture lycopene mass for strain
‘Pi“k’ When compared with the same medium in which it is absent.

When neutralised soya peptone is present in a medium it appears to be well .
Wiliseq (Section 4.8) although peak culture lycopene is still less than that seen in
YGB Medium for strain Wkiii (277 and 688 pg respectively). The addition of large
a'hounts of monosodium glutamate and yeast extract to a neutralised soya peptone
°°lltaining medium (Section 4.9.1) produces a Wkiii culture with a peak‘ total
Yeopene mass of 956pug though the conversion of medium solids to lycopene at

0, .
(3% I3 less than that seen in the YGB medium of 0.04%, although the difference in



|
|
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Medium solids to cell mass conversion is not significant. Of all media tested, the
Breatest Percentage lycopene per dry cell mass value is seen with 3%(w/v) neutralised
%0ya Peptone plus 1.2%(w/v) yeast extract medium where strain WKkiii yields 0.83 %
lycopene per dry cell mass although the conversion of medium solids to lycopene only
Taches 0.01% and the conversion of medium solids to cell mass yields 1.5%. This

sh . . . .
- "'OWs that strain WKkiii has considerable capacity for lycopene accumulation.

In an experiment in which media containing neutralised soya peptone contain
Varying concentrations of yeast extract (Section 4.10), percentage lycopene per dry
®ll mags values are greatest when cell mass values are lowest. At a lower
con"efltration of yeast extract (0.6%(w/v) compared with 1.2%(w/v)), peak total
CUlture lycopene and dry cell mass values are greatest suggesting that yeast extract
May Contain a substrate or growth factor which when present in sufficient quantities
May Promote the production of lycopene at the expense of cell mass, perhaps through

e i : : .
"nduction of enzyme systems involved in the process.

When carbon and nitrogen ratios are altered, as is the case in media containing
iffering Bundaberg direct consumption raw sugar and tryptone concentrations
(Section 4.11.1), the peak concentration of lycopene per cell in B. linens ‘Pink’ is seén
“hen Bundaberg direct consumption raw sugar is present in large quantities relative to
hyDtOne, but peak culture lycopene and cell masses are seen when the opposite is the
"¢ in the medium (181pg total lycopene for the 3%(w/v) BRS + 1.5%(w/v) tryptone
lnedi“m compared with 351pg for the 3%(w/v) BRS + 6%(w/v) tryptone medium).

When heutralised soya peptone and Bundaberg direct consumption raw sugar are
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“mbined jn differing ratios, percentage lycopene per dry cell mass and dry cell mass
Yalues for B, linens Wikii (Section 4.11.2) remain similar until the concentration of
Mutraliseq soya peptone drops from 1%(w/v) to 0.5%(w/v) in the presence of
2'O%(W/V) and 2.5%(w/v) Bundaberg direct consumption raw sugar respectively, at
“hich point cell dry mass falls dramatically although peak percentage lycopene per
ry cell mass does not alter significantly. Peak total culture lycopene is greatest (at
]79Hg) when Bundaberg direct consumption raw sugar and neutralised soya peptone
e Present in equal concentrations, perhaps suggesting that neutralised‘soya peptone
May be encouraging growth whilst Bundaberg direct consumption raw sugar

e . .
ncourages lycopene production per cell and that the two need not be antagonistic.

A 10°C drop in growth temperature appeared to have little effect upon the
Browth rate of B. linens ‘Pink’ (Section 4.14.1), but an increase to 33°C caused a fall
i Percentage lycopene per dry cell mass in both ‘Pink’ and Wkiii when compared
Yth growth at 30°C (Section 4.14.2). Growth of Wkili at 27°C increased cell dry
Masg and thus is likely to improve total culture lycopene values as well (Section
4'14-3)- It appears, at least in the case of B. linens ‘Pink’, that cold shock treatment

U no effect upon lycopene accumulation per cell. Both at 30°C and at 27°C, .
illuminaltion was seen to have a slightly negative effect upon Wkiii cell mass,
agreeing with the effects of illumination seen in B. linens strains grown on solid

m R
“dium (Section 4.16.1).

As expected, the pH profile for Wkiii steadily rises as the culture grows

Seeq:
Sction 4.17.1), reaching a high value consistent with the presence of ammonia
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Which ig detectable by odour in all B. linens cultures. Ammonia is likely to be toxic to
lls of B. linens, but attempts to control the pH of the medium had a detrimental

effect upon cell mass values.

When strain Wkiii is grown in fermenter conditions with aeration and agitation
(SeCtiOH 4.18.2), peak total lycopene increases from 688pg for cells grown in shake
ﬂasks to 735ug per 50ml culture, suggesting that aeration favours cell proliferation
"d tota] lycopene accumulation. Peak lycopene concentrations per cell remain the
e, Which shows that lycopene concentration will not always diminish in conditions

Which favour cell growth.

Based upon generalised assumptions a medium optimised for total culture
Yeopene may contain fructose, glucose or glycerol as carbohydrates, though
undaberg direct consumption raw sugar may be beneficial depending upon its
intera<’:tions with the growth substrates present (in some cases it may need to be
Present in equal concentration). The presence of a-ketogluterate may also be
l)eneﬁ‘:ial but a mixture of amino acids and perhaps peptides would also be required.
*Pending upon the digest present the addition of a carbohydrate such as glucose may
¢ Merited, Sodium chloride concentration should be kept low. It appears thét
compcments such as monosodium glutamate and neutralised soya peptone are
“Neficial in large quantities but that an excess of yeast extract may diminish lycopene
Yielg, Growth temperature should be maintained at 30°C or less and cultures grown in

d : - , .
knesg without pH limitation. (Excessive agitation should be avoided as this
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a . .
Pheared to prevent growth of strain WKkiii when greater than 500rpm in a fermenter

Vessel, probably due to the damage caused to cells by shear forces generated).
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CHAPTER S

\AVI‘IJLATTEMPT TO SEQUENCE AND COMPARE THE

GEND-TYPE AND MUTANT LYCOPENE CYCLASE

THEES OF B. LINENS NCIMB 8546 AND TO SEQUENCE
B. LINENS CECT75 PLASMID PBL100
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5-‘1 Intr0duction

In light of the aims of this wbrk, the investigation of the‘ biosynthesis of
carotenoids at the nucleotide sequence level was merited. A study to compare the wild
e and mutated lycopene cyclase genes was undertaken both in an attempt to
‘ acterise the nature of the mutation or mutations and obtain unique sequence
" “Mation relating specifically to the carotenoid biosynthesis genes of B. linens.

onsideration must, however, be given to the caveat that the lycopene cyclase gene
May in fact not carry any mutation, as is the case in some phytoene accumulating
Want Plants which lack mutations in their phytoene desaturase genes (Hirschberg,
1998)’ Since the process of mutagenesis with MNNG is random, a number of genes
may have been affected, these may include a regulatory gene for example, mutated so

that ;
s product does not permit the normal action of the lycopene cyclase enzyme.

Certain regions of the lycopene cyclase genes of plants, cyanobacteria and
Clert : . . . . g % . .
Tl are conserved, these include a dinucleotide binding motif and other regions of
Unkn .
OWn function (see below). When the putative sequence of the lycopene cyclase

f B. linens is compared with these sequences, it is therefore reasonable to

Su s T ICI .
e that it js likely to contain similarities in some of these regions.
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an°0nservation of amino acid regions in the carotene cyclases in plants,
Obacteria and bacteria (After Hirschberg, 1998)

32
line The deduced amino acid sequence of the sequenced DNA from wild-type B.

§ : comparison with existing lycopene cyclase amino acid sequences

Genomic DNAs from B. linens strain ‘Pink’ and its wild type ancestor were
exuacted (see Materials and Methods Section 2.20.1). Genomic DNA was used as
"plate material in the polymerase chain reaction (see Materials and Methods
Yetion 2.20.4) using the primer sequences CRTYLH (ATGATGTGATGCTGGTG
GCGCT) (5’) and CRTIRH (AAGCCTGCACCAATTACAATGGTT) (3°) the
QUenceg of which were based upon the 5’ region of eleven aligned lycopene cyclase
(CNY) gene nucleotide sequences and nine nucleotide sequences of the downstream
king Phytoene desaturase gene, cril respectively (a nested 5’ primer was chosen
o the poor quality of potential flanking primers). The nucleotide sequences were

t
" from the phytoene desaturase or lycopene cyclase genes from some or all of the
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foll("’*’ing organisms: Arabidopsis thaliana (GenBank accession number 40176
(Cunningham et al, 1996)), Capsicum annuum (GenBank accession number
X86221(Hugueney et al,, 1995)), Nicotiana tabacum (GenBank accession number
(Cunningham et al., 1996)), Lycopersicon esculentum (GenBank accession number
X86452 (Cunningham et al., 1996)), Synechococcus sp. (GenBank accession number
X14599 (Cunningham et al, 1994)), Synechocystis (GenBank accession number
X62574 ‘(Martinez-Ferez et al, 1992)), Erwinia herbicola (GenBank accession
Mmbers 87280 M99707 (Armstrong ef al, 1993)), E. uredovora (GenBank
acce_:ssion number D90087 (Misawa 1990)), Agrobacterium aurantiacum (GenBank
“Cession number D58420 (Misawa et al, 1995)), Flavobacterium ATCC21588
‘ (GenBank accession number U62808 (Pasamontes et al., 1997)), Neurospora crassa
(Ge ®aBank accession number M57465 and M33867 s (Schmldhauser et al, 1990)), ~
B dobaCter capsulatus (GenBank accession number X52291 (Armstrong et al
9 89)) and Streptomyces grzseus (GenBank accession number X95596 (Schumann et
: . 1996))- Aligned sequences (using the PILEUP algorithm of the Wlsconsm Genetic
Compu)ter Gfoup’s Sequence Analysis Software Package (1994)) a;e given in the
PPendi, In both cases, primer design wae biased to favour nucleotide sequences
glnatlng from prokaryotic genes. Based upon tl;e sequence mterval between the two

“Iners In the case of Erwmza herbzcola the expected size of the product would be

| Dproxunately 1200bp (see Appendlx)

In order to facxhtate easy sequencing of the PCR product, amplified DNA was
)
“ated Into a suxtable clomng vector. PCR products were separated by agarose gel

l
. trc’Phoresls (Plate 5 1) (see Materlals and Methods Section 2.20.6). The portion of |
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&l ®ontaining the band of the expected molecular weight was excised and the DNA
Purifieq (see Materials and Methods Section 2.20.7). The excised and purified DNA,
Wag ligateq (see Materials and Methods Section 2.20.12) into a seQuencing vector,
pGEM@'T Easy (Promega, UK) (see below) designed to incorporate PCR products
sDECiﬁCauy, by virtue of the presence of overhanging thymine residues in the multiple
“Oning Site, which are compatible with the overhanging adenine residues generated
b PCR, Vectors containing insert DNAs were transformed into E. coli XL1 Blue
“ls and screened in blue/white assays (see Materials and Methods Section 2.20.10

u 2'10.11). Plasmids were purified from cultures of transformed clones (see

Uerials ang Methods Section 2.20.2) and sequenced (see Materials and Methods

etion 3.9, 3).

Although the primers CRTYLH and CRTIRH were designed to amplify the
“Opene Cyclase gene specifically (and therefore produce a product of only one size),
e 5.1 displays agarose gels in which a minimum of three product sizes are visible

"boty Wild-type and mutant B. linens PCRs. In Southern blot experiments, Haycock

(

1996) found multiple hybridisations when probing Erwi_rgia herbicola DNA using a

Probe based upon the phytoene desaturase gene of the same organism, generated by

p . . . .
R, The multiple banding was attributed to unspecified regions of homology within
t . .
. & herbicola carotenoid gene cluster. Perhaps this phenomenon is also the source
the Multiple products shown in Plate 5.1.
Plate S.I(b) shows a further agarose gel in which the transformed and cloned
Ve

O was run having at first been restriction digested (see Materials and Methods

e .
tion 2.20.3) to release the insert sequence.
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Iir:let,es,s'l 0.5%(w/v) agarose gel electrophoresis of the PCR amplified putative B.

ty c‘(l.ycﬂpcnc cyclase gene, from B. linens ‘Pink’ (lane 2) and B. linens wild-

xtr;“, ane 3). Values show length of marker bands (bp) (KB Marker Ladder,
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Ate material) failed to show any amplification



194

pGEM vector
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DG S'I(b) 0.5%(w/v) agarose gel electrophoresis of EcoRI digested recombinant

“T Easy vector which contained the putative PCR amplified B. linens lycopene

arkee gene insert (mutant lane 2 and wild-type lane 3). Values show length of

i’lte y .bands (bp) (KB Marker Ladder, Stratagene, UK) (lane 1) (insert band
Slties have been enhanced)

chl as
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the Easy vector (Promega). PCR products are ligated into the position between

genera?esogfsganging T residues'(this véc;tor takes advantage of the fact that PCR
ucts with overhanging A residues).

HaVing 'obtained sequence information using standard pGEM sequencing
"ers SP6 and T7 (see Appendix), further sequence data was elicited using primers
based Upon the obtained sequences. Primers CRTYLH2 and CRTYRH2 were
Signeg (see below) and used to prime cycle sequencing reactions to obtain the final

%
U : . .
Hence Information. Figure 5.1 shows the assembled sequences of mutated and

Wilg.
'Ype genes of B. linens mutant ‘Pink’ (pink.dc) and NCIMB 8546

(hy |
Lo, &d) respectively. Sequences were aligned against one another using the GAP

alg().
Uhm from the Wisconsin Genetic Computer Group’s Sequence Analysis

Sof
tware Package (1994).
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1
51
101
151
201
251
301
353
401
451
501
551
601
651

701

751.

AAGCTAtGCA
GCGGCCGCCA
GAGGACCATG
GGACAATGCC
CCAGTCATGC
GAGGATGAAC
GGTACCAGGT
GGGGTGATCG
CAgTGCCGCE
TTACCAATCG
CATTGGCCCA
GTTgCCGANA
CCCGTCCCAT
CTAAGGACCA
TTACCGATTT

TGGTCANCGG

TCCAACGCGT
ATTCACTAGT
CCGTAGATCG
GGTGAACCAG
GAGCCTTGCG
GCTAACCAGA
CAGGGCCGGT
CTGGCTCGAG
GTGACgéCGA
CCAAtCAAggY
TTGGCGATGG
ACTTGATGAA
TCNCCCAAGG
ANGAAANACC
TNNTNACCAA

GAAANTNCTN

The emboldened sequence

€ns S

Mers SP6 and T7 (see above).

TGGGAGCTCT

GATTATGATG

TCGGGGCACC

CTGACGGTGC

CACTCCGAGG

GCCAGTCCCA

GGCATGGGAT

TTCAAGCGGG

TGACTGCGCC

TAGTGTGCCG

GCGAATCCCG

GATTAACCTG

CGGAGGGCAN

CACGCCCGGC

NCCGTNGAAC

NAAACCCCAC

CCCATATGGT

TGATGCTGGT

ACACGTGACA

GTTTCCGTGG

AGATAGACGG

CCGCCATTCG

AGTCGGTGAG

ACAGGAGGGG

CATGATAANG

GATCTGCTTC

ATTGGCTCCT

ANCGTaACCG

CCTTNGATTA

AATTCANAAN

CCTTNTGNCA

CANT

CGACCTGCAG

GGGCGCTGAT

TAAACARAGCA

CCATTTGTCT

CGGCAGCAGT

CTGAGCCACC

GACTTCGGCG

CTGTTCGTCC

ACTTCGGCAA

GGACTTGGGT

AGCAACNAGG

GNTCANCAAA

CANCCGGGNN

ACCNGGCCAA

NNACTGGGAN

196

is sequencing primer CRTYLH2, taken from B.

Cquence obtained using PCR and sequenced as an insert using standard
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51
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151
201
251
301
sy
401
451
501
551
GOi
651

701

The emboldened and underlined sequence is sequencing primer CRTYRH2,

TTGAGTcGNa
tgTGATGCTG
TTGGGGGTGG
CAAAGACACT
CTCGCGTGCG
GTGGTGGTGG
GTCGGGTAGT

TCATCGTCGG

TGCAACTTAG

CCTGCTCGCA
CAGGCAGCGA
CTCCGGAGTC
TCCCCGTGCT
CGCCCGCTTC

CCgGTGTGAT

tGCTCCGGCC
GTGGGCGCTA
TCGTTGGCTG
GACACGGCAG
GACCGTTGCC
TGACGGTGCT
GCGGCCTTCT
TCAAGCCTGG
CCTT&TTCTT
CTGACTGCCA
CGACCATTAC
CTTGTCTGGG
GGCCTCAAAC
TCTGGCACTt

CAACGCTGCN

GccNTGGCGG
CCGATCGCCT
CCTGATCTTC
AAGAGGATTC
GTCGCCGCAT
GACCTATGCC
TAAGTCAGCT
GGTGCAATCA
TCGTTCCACC
TCGTCCCCAC
GCCGGTGTCG
TTGGTGGCGT
GAGTACCACG
GGcCGGCGTG

CTCNGCCTCN

CCGCGGGAAT
TGACCGTGCA
GCGGCAACAC
GGCTGCCCAT
CGTTCGTGTG

AATCTCGTGG

GACCTACTTC

CCGTCATTGC
ACCGGCCTGG
TTCACTCATC
GTGCGCTGGC
TGCAGCACTT
CTCGTGACAA
GGTTCTCCTC

GTCAAANGGA

TCGATTATGA
CCATCTGGTG
TCGTTCCGTC
CCGGCATTCA
GCTGGGTTCA
GCCAGCCAGT
CTCACTGACC
CTTCCTCGTT
CATGCACAGC
GGTCATGCTG
TGTGCACTGG
GCCGTGACCA
AtTCGGTGAT
GTCCTTAACT

CGGGCTGNTG

197

from B. linens sequence obtained usmg PCR and sequenced as an insert using
ard primers SP6 and T7.
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....................... AAGCTAtGCATCCAACGCGTTGGGAGC 27

111 L

1 GGCCAGTGCAATTGTAATACGACTCACTATAGGCGCGAATEGGGCCGACG 50

28 TCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTATG 77

L FAE T 1l

51 TCGCATGCCCCYGCGCCGCCATGGCCCCGgGGRATTCGATTATGET. ... 96

,78 ATGTGATGCTGGTGGGCGCTGATGAGGACCATGCCGTAGATCGTCGGGGC 127

LECECRREEP R T LR e e e e e et

97 - TGTGAtGCTGGTgGGCGCTGATGAGGACCATGCCGTAgGALCGTCGGGGC 145

128 ACCACAC..GACATAAACAAGCAGGACAATGCCGGTGAACCAGCTGACGG 175

LECECEE e e P e e e e e e

146 ACCACACGTGACATAaACCAGCAGGACAATgCCGGTGAACCAGCEGACGG 195

176 TGCGTTTCCGTGGCCATTTGTCTCCAGTCATGCGAGCCTTGCGCACTCCG 225

LUEC PP R R ey

196 TGCGCTTCCGTGGCCATTTGTCTCCaGTCATGCGAGCCTTGCGCACECCG 245

226 AGGAGAT . GACGGCGGCAGCAGTGAGGATGAACGCTAACCAGAGCCAGTC 274

PLLECE TR R LT PR

246 AGGAGAtAgACGGCGGCAgCaGTgAGGATGAaCGCTAACCAGAGCCAGTC 295

275 CCACCGCCATTCGCTGAGCCACCGGTACCAGGTCAGGGCCGGTGGCATGE 324

LECECEEEERE L PP

296 CCACCGCCATTCGCtGAGCCACCGGTACCAGGTCAGGGCCGGTGGCATGG 345

325 GATAGT . GGTGAGGACTTCGGCGGGGGTGATCGCTGGCTCGAGTTCAAGC 373

AR NN

346 gATACTCGGtgAGGCCTTCGGCGGEEETGaCCECEGGCTCGAGTCCAAGC 395

374 GGGACAGGAGGGGCTGTTCGTCCCAGTGCCGCGGTGACGCCGATGACTGE 423

FLLCLEELDRL LD L VR

396 9GGACAgGAGGGEGCEETcCGTCCCAGTGCCGCGGTGACgCCGATGACTGE 445

424 GCCCATGATAACGACTTCGGCAATTACCAATCGCCAALCAAGGTAGTGTG 473

R s s

446 GCCCATGAcaAccCCtCCcGCAATCACCAALCGCCAGGCAA . GTCGTGTG 494

474 CCGGATCTGCTTCGGACTTGGGTCATTGGCCCATTGGCGATGGGCGAATS 523

LU TEECEEER R FEEEE R L

455 CCGGACCtGCt TCGGACTTGGGTCA . TGGCCCATTGGCGATGGGCGAATC 543

524 CCGATTGGCTCCTAGCAACA. .. ... + .AGGGTTGCCGACAACTTGATGA 565

l LOLLEED T T ATEEEELED TP

344 ¢, GATGGCTCCGAGCAGCAGGGTTGCgtgggt tgcCGAGAACTTGATGA 591

Sés AGATTAACCTGATCGTACCGGCTCATCAACCCGTCCCATTCGCCCAAGTC 615

LU DR 0 TEE e 1

592 GGA. TCaGCtGACCGTAGCGGCTCAGCAGCCCGTCCCATTCGCCGAGGCGE 640

§1¢ GGAGGCAACCTAATTACACCGCGGGAGCTATAGACGA. . . .AGGCACATC 661

RN nIEEIEnn

$41 GAGGGCAGCGT. . TGATCACACCGGAGCTAAGGACGAGacgagGaAGAAC €88

§62 CCGAGTCCGGCGACTGCAGACAATCGGCCGATCACCGATTTTGTCACGAG 711

L e i e L i e

689 GCCACGCCGGCCAGTGCAGAGAAGCGGGCCATCACCGATTTTCTCACGAG 738

2 ¢ AGGCCAGCACGGAGATGGTCACGGCAAGTGCTGCAA 761

|IIIIIIIIIIIIIIIIIIIIIIIII LECLELEEELEREELEE T T

739 ¢ TGAGGCCAGCACGGGGATGGTCACGGCAAGTGCTGCaA 788
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- 762 CGCCACCAACCCAGACAAGGACTCCGAGCCAGTGCACAGCCAGCGCACCG 811

LLEEELEPEEERE PR R T EE T T

789 CGCCACCAACCCAGACAAGGACTCCGAGCCAGTgCACAGCCAGCGCACCG 838

812 ACACCGGCGTAATGGTC. . .GTCGCTGCCTGCAGCATGACCGATGAGTGA 858

LLCCPPEEEE T TR LR P R

839 ACACCGGCGTAATgGTcCGTgt CgCTGCCTgCAgGCATGACCGAtgagtga 888 -

859 an GTCAGTGCGAGCAGGGCTGTGCATGCCAGGCCGG s0s8

«'HIIIIIIIIIIIIIIIIIHIIHIIHIIIII

889 an CAGTCAGTGCGAGCAGGGCT . c v v v v vt v aensans 922

Fj

o Sure 5,1 Allgnment between DNA sequences obtamed from B. linens strains
thlnk and wild-type NCIMB 8546 (lower sequence) using the GAP algorithm of
(1394)lsconsm Genetic Computer Group’s Sequence Analysis Software Package

The degree of similarity (88%) between the two sequences suggests that they

e both from the same region of the B. linens genome Whilst only one strand was
*Quenced in both strains, these data suggest a reaSonable level of repfoducibility.
‘ AhhouEh it is known that the Tag polymerase enzyme used in these PCR reactions
S an error rate of approx1mately 1/10,000 bases, it is not p0551ble to assign
fferences between the two sequences to elther PCR errors or mutatlons w1th
ertamty It is 1nterest1ng to note, however, the predonnnance of putatlve deletlons in
fe Pink sequence ranging from two of a sxngle base in length (posxtlons 233 and
A ) through to one each of 2 (posxtlon 135) 3 (posmon 830) 4 (posmon 644) and 8
(Dosm()n 544) bases In contrast the wild type sequence, when ahgned dxsplays a
ghﬂy higher frequency of small gaps (3 of 1 base (posxtlons 486 521 and 595) and
Lo of2 bases (posmons 545 and 653)) but only l of 5 bases (posmon 96) Smce one of |
putaltlve deletlons in the ‘Pmk’ sequcnce (bases 828 831) occursina reglon where

&
"® is otherwise a very hlgh level of homology between the two sequences, the
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P rob_ability that this region may have occurred as the result of a genuine mutation
Tather than 5 sequencing or PCR error, is high.

MNNG is known as a mutagen that promotes transversions rather than
'deletiOHS, and proceeding from the 5’ end of the nucleotide sequence, possible
tranSitions outnumber transversions such that 6 out of 18 possible mutations are
tranvSVersions from ‘Pink’ sequence bases 145 to 527. The ratio gradually alters ln
favour of transversions b‘etw‘een bases 528 to 704 so that 28 out of 42‘ possible
Mitationg are transversions. Between bases 656-704, all 13-’ possible mutations are
lransversions Only one more possible mulation follows which is a transition

Sslble Mmutations involving more than one . base are notlceably rarer than those
volVlng point mutauons mdeed only 17 out 61 possibly mutated bases are joined

b
Y another base or bases from ‘Pink’ sequence bases 145 to 908.

The amino a01d sequence of the lycopene cyclase gene from w11d-type B

Ynens NCIMB 8546 was deduced using the TRANSLATE algonthm from thc
lsc(’nsm Genetrc Computer Group s Sequence Analysrs Software Package (1994)

‘ When all three readmg frames (in both dlrectrons) were compared w1th ahgned
e “Opene Cyclase amino ac1d sequences from plants and bacteria (see Appendlx) there
Yas lnsufﬁcrent homology in conserved regrons to suggest that the reglon of B lznens
g,nome Sequenced is in fact a lycopene cyclase gene,' even when acceptable
ubstit7“ted amino ’aclds were considered. Values for sequence similarity range from
38%’ With Flavobacterium ATCC21588 to 44% with Erwinia herbicola Ehol0 uvhen
® Mot homologous B. linens amino acid sequence reading frame is compared.

CSpi . ¥ . .
Plte the lack of homology with conserved amino acid regions, these values



201

®mpare closely with those obtained when the 4grobacterium aurantiacum lycopene
Yelase amino acid sequence is compared with those of E. uredovora or E. herbicola
(440

4% anq 45% respectively), though homology in the conserved regions is

“nsiderably higher.

For the nucleotide sequences of the lycopene cyclase gene, similarity values
ange from 37% for E. uredovora to almost 42% for Flavobacterium ATCC21588
When °0mpared with the B. linens sequence. In comparlson the nucleotlde sequence
Imlantles between the lycopene cyclase (crfY) genes of E. longus and those of E.

herb’cola E. uredovora and Synechococcus sp. were found to be 40.2%, 37 4% and

2
2.9% Ieéspectively (Matsumura, et al., 1997).

In another carotenoxd blosynthe51s enzyme, phytoene synthase (CrtB);
mOIOgy has also been observed In the case of Agrobacterzum aurantzacum which
b slmllarlty valnes of 47%, 34% and 27% compared with E uredovora R
p Sulatys and tomato respectively, there is greater leCI‘Slty amongst the 51m1lanty
alues When compared with the homologies between the lycopene cyclase genes of B.
Mens and the same organisms. The phytoene desaturase enzyme, Crtl of A.
“"hacum which catalyses neurosporene formation from phytoene, generally
' *Plays greater amino acid sequence similarity, w1th values of 63%, 64% and 43% in

the

e
Ame order as above.
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:;3 The genetic manipulation of carotenogenic organisms: Obtaining the partial
Quence of a potential B. linens vector, pBL100

An increasing number of strategies involve the manipulation of the carotenoid
bi°Synthesis genes, frequently in an attempt to express these genes in non-
caroteHOgenic hosts or to increase the output of cell pigments. E. coli has been made
o ®Xpress the carotenoid biosynthesis genes of Erwinia herbicola and an altered
lyc(’Pene cyclase gene has been expressed in both E. coli and S. cereviseae (Ausich,
1994)- Manipulation of the crtE (GGDP synthase) gene led to increased carotenoid
*2yme activity in transformed E. coli (Ausich, 1994). In cloning the carotenoid
biosynthesis genes of Erwinia herbicola into E. coli Haycock (1996) found levels of
Pigment higher in transformants than the native host, probably as a result of increased
“opy numb‘er. In cells carrying multicopy plasmids encoding the crtB gene of
Ther Mus thermophilus HB27, carotenoid production increased by twenty times
(Hoshino et al, 1994) and T. thermophilus in itself presents a potentially useful
Pr()perty in that its carotenogenic gene cluster appears to reside upon a plasmid

Tabaty ¢r 47 1994).

Sometimes, even novel carotenoids are synthesised as the result of introducing
nOn‘natiVe carotenoid biosynthesis genes into carotenogenic organisms, as in the case
TR Sphaeroides, transformed with crdl, crtY, crfB (phytoene synthase) and crtZ (B-
°&rotene hydroxylase) genes from E.herbicola (Hunter et al, 1994). In an experiment
b inVestigate the enhancement of isoprenoid biosynthesis in E. coli, the presence of

®Xogenous isopentenyl diphosphate isomerase gene led to an uprating in the j-
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Crotene output of cells transformed with the genes crfE (GGDP synthase), crfB, cril

ad ¢y (Kajiwara et al., 1997).

Whilst molecular genetic approaches have been applied to the study of
®otenoid biosynthesis, other work of relevance to the transformation of B. linens has
"aken Place amongst members of the Corynebacteria. In . Brevibacterium
Iactofermentum a 4.3kb native ‘plasmid pBL1 with a copy number of approximately
thirty has been fused with a bifunctional Streptomyces lividans/Eschericia coli vector
DIJ860 capable of functioning in all three organisms. Further work resulting in the
fusion of a 4.4kb B. lactofermentum plasmid with a pBR322 derivative (Yeh et dal,
1986) has resulted in a shuttle vector capable of replication in E.coli,
COr y"ebac(erium glutamicum and B. lactofermentum. A much larger plasmid of 37 kb
hag 2lso been found in B. lactofermentum (Kaneko et al., 1979) along with another of
s kb which has been completely sequenced (Filpula et al, 1986). Another
potentially useful shuttle vector exists between E.coli and Corynebacterium, one
"Pecies of which, Corynebacterium glutamicum contains an isolated and characterised
transp°Sable element (Vertés et al, 1994) which suggests a possible use in transposon
mutagenesis. The circular double stranded 14 kb bacteriophage BL1 from B.
chtoﬁ"‘mentum has been efficiently introduced into protoplasts of its host (Sdnchez,

€
a. 1986). Though little work has been done on B. linens, it is also known that this

Mee:s .
Pecies 1s transformable with plasmid pBL1 (Sandoval et al, 1985).

Whilst the largest part of all bacteriological genetic manipulation has been |

Co
Cerneq with E. coli, high frequency transformation of protoplasts (Santamaria et
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4, 1985) and electrotransformation are easily reproducible mechanisms for
intrOducing shuttle or ordinary Brevibacterium vectors into many brevibacteria.
ElectrOporation ‘appears to have the advantage that in many species any
Striction/modification systems appear to be overcome (Bonnassie ef al, 1990),
Darticularly since no restriction-deficient corynebacterial host strains are known
(Santamaria et al, 1985). Indeed, recalcitrant strains of the amino acid producer
B Vibacterium lactofermenturﬁ were made electrotransformable using an ampicillin
P re‘treatment but restriction-modification appears to be of no obstacle when

el . , .
®Ctrotransformation was used to introduce E. coli DNA into B. lactofermentum

Bonnassie, er a1, 1990).

Since the production of non-native carotenoids in B. linens requires that
foreign genes be introduced, the existence of an effective vector is of potential value.
tis also possible that future strains of B. linens may be manipulated using plasmids
ca"ying copies of carotenoid biosynthesis genes to increase gene dosage or that
carot“—mid biosynthesis genes with stronger promoters may be carried on suitable
vect(’rs- Whilst it is not certain that non-native crt gene promoters will be recognised

hen transferred into B.’ linens, nor that the required transcriptional regulatory factors
Wil be Present (McClure, 1985), the successful incorporation of productive carotenoid

e - . . . . .
"85 from Erwinia into E.coli provides a strong indication that this modification may

be Possible,

As discussed in Introduction to Brevibacterium linens: The use of

Fey; . Y . ;
Vibacterium linens for the commercial objective of lycopene production, B. linens
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CECT75 is known to posses a 7.75kb plasmid, pBL100, a restriction map of whicﬁ is
known (Figure 5.3) (Sandoval et al, 1985). In light of its potential application in
future genetic manipulation experiments involving B. lineﬁs, an attempt was made to
obtain the sequence of pBL100 by first purifying it from cultures of B. linens
CECT?75, restriction digesting and ligating into pBluescript (see Figure 5.3(b)),
Ccloning in E coli XL1 Blue and then purifying the insert containing vector from
Suitable clones (see Materials and Methods Sections 2.2>O.2, 2.20.10, 2.20.11 and
2-20.12). Finally, parts of the plasmid were sequenced (see Materials and Metﬁods

Sections 2.20.1 3).

»

Hindll13626
" Kpnl

Xhol 218
Psf141/43

Smal

BamHl EcoRl Kpn1 P8
39

Fi .
co%:re 5.3 The B. Imen:v CECT7S plasmid pBL100 of 7.75kb in length. Numbers
nume;‘xpond to nucleotide positions in the sequences given (see below). Bold
o CIerk rezfer to the BamHtI to Hindlll sites sequence; italic numbers refer to
_Clockwise sequence from the Ps/I site; underlined numbers ref
nticlockwise sequence from the PsA site. , e refer fo the
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Scal \ |
\\\ \\\
f1 ori > \ Sspl
\\A
LacZ % \T7
polylinker
Amp’ \ SP6
: .
pBluescript KS+ |

Ori

Figllre

ing 3.3(b) pBluescript vector (Stratagene). The polylinker site contained the
ert,

The first sequence shown (see below) is taken from a fragment of plasmid

DBLIOO generated after restriction digestion with the enzymes Hindlll and BamHI. In

= Cight sequencing primers were used to obtain the sequence between restriction
enz)'me sites Hindl1l and BamH]I, including the standard primers SP6 and T7, which
fime from regions of the pBluescript vector which flank the insert. The insert, after

Cision from the vector, is shown in Plate 5.3. The other sequencing primers were
esigned based upon regions obtained by sequencing. The second sequences shown
s be]()W) were taken from opposite ends of the entire plasmid, restriction digested
" he Psil site, the primers used were SP6 and T7. The insert, after excision from the

Ve . .
or, s shown in Plate 5.3(b). Restriction maps are shown, generated by the
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WisCOnsin Genetic Computer Group’s Sequence Analysis Software Package (1994)
Using the MAP algorithm, Sites noted on the exisiting map of pBL100 (see Results

“d Discussion) are emboldened.

An attempt was also made to asign putative open reading frames (ORFs) to the
sequf’nCeS, and these are also shown below. Deduced amino acid sequences were
taineq for all the plasmid sequences in all three reading frames and from both DNA
rangs, These sequences were compared with those of the 3159bp B. linens ATCC
19391 Plasmid pBL-A8 (Leret ef al.,, 1995), the linecin encoding gene linM18 from
. linens M18 (Valdes-Stauber and Scherer, 1996), the putative theta replicase from
Dlasmid PRBL1 from B. linens RBL1 (Ankri, et al., 1995), a Shigella sonnei ColES-

Plasmld repllcon region (leaga et al 1994) and a Streptococcus pyogenes
IJSI\’“9035 plasmid rephcon reglon (Sorokin et al 1990) In all cases 1t was not
Possible to find regions which suggested a notable level of homology when sequences
Vere Compared with the deduced pBL100 amino sequences individually, or in the
e of the replicon regions, when multiple sequence alignenments were made and
QqnserVed regions compared with the pPBL100 deduced amino acid sequences. When

¢ ful PB1100 plasmid sequence becomes available, it is feasible that homology will
*found with the replicon regions listed above, as was found by Ankri et al., (1995)
Vhen Comparing them with the pRBL1 plasmid. Since the presence of linecins is
kn°Wn in B, Imens CECT?75, it is not possible to predict p0551ble homologies with

th
®linM1g gene mentioned.
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HOQdT o3

HQ B3

HHHQAY M

C
Av
1i
uJ
II

/

cT
la
aq
II

/

T
8

H
i

coaw

pPSAnMT ATSX B
4accna vamh 8
ClcIlq aqlo 1
ITIIITI IIITI I

//

/

B
8

p
C Bl

1MBvAa2

Oonm

ipns

91gJalé

ITI

IIII
11/

GGTGGTGTGGAGCAGACTGTCGATAAGCTTATCGATACCGTcgACCTCGAGGGGGGCCCG
3601 cemee.. PO — P —— P — PR —— R ————
CCACCACACCTCGTCTGACAGCTATTCGAATAGCTATGGCAgCTGGAGCTCCCCCCGGGT

3420

3480

3540

3600

3660
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aNNaa
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Iaag99 =
III66 e
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1717/

NNAAGNTTTAA.....TNCNTTC.TTCANACTTNTGTC.TGNCA .AAGGGTTTNT.AA.N
3661 ~eccooo-- $mmmmmm——- fommmemme. $emcmmmenn bommmnn ceepemmmanaa + 3720
NNTTCNAAATT. . .. .ANGNAAG.AAGTNTGAANACAG .ACNGT.TTCCCAAANA.TT.N

H N
B GCa B Rl B
R c Edve s RT laM c
-] e aiir r sa els e
a £ elJI G at ATl £
I I IIII I1II III I
// /

CCANAGGAGTAC.TGACNT . GGANGTGGCCGTGATGTACACGGCACATGAAGGTGAGTGT

3721 el $ommmmmnm- $mmmmmmman $mmmmmm—ne $mmmmmemen P —— + 3780

GGTNTCCTCATG . ACTGNA . CCTNCACCGGCACTACATGTGCCGTGTACTTCCACTCACA

GGG
3781 --. 3783
cce

EnZymes that do cut:

Acel  Acelll
Apar ApaBI
Bbvy Beel
Bfir BglI
Bsar BsaAl
BscGI  pgeRrI
BsmFI Bsp12861
Bsrgr BesSI
Clar cvigr
Dsag Eael
Faul  FnudHI
Hhaz Hin4I
Mme T MnlI
Neir  Ngoalv
Nspv pf111081

Rlear Rsal
Sfan: SimI
Sty1 Swal
Thar Tsel

XemI  ° Xhol

Acil
Aval
Bce831
Bglll
BsaBI

" Bsgl
BspGI
Bst11071
CviRI
EaglI
FokI
HinclI
Msel
NlaIll
P£IMI
Sacll
Smal
Tail
Tsp45I
XmnI

Af1III
Avall
Beefl

BmglI
BsaHI
BsiEI
BapMI
BstYI

DdelI

EciI

Fspl

HindIII

MslI
Nlalv
PinAl

Sall

SmlI

Taql

Tsp4Cl

Alul AlwI
BamHI Banl
Begl BeivI
BplI BpmI
BsaJl BsaWl
BsiHKAI Bsll
Bsrl BsrBI
Bsu36l Cac8l
Dpnl Dral
EcoNI Eco0109I
GdiIl Hael
Hinfl Hphl
MspI MspAll
NotI Nrul
Plel PpuMI
Sau961 Sau3Al
Spel Sspl
Taqll TatIl
Tsp5091I

Alw261
Banll
Bell
BpulOI
BsaXI
BsmI
BsrDI
Cjel

DrdI

EcoRII
HaeIII
Maelll
MunI
Nsil
Pvull
ScrFI
Sstl
Taul

TspRI TthlllII

AlwNI
BbsI

© Bfal
Bpull02l
Bsbl
BsmBI
BsrFI
CjePI
DrdlIl
EcoRV
Hgal
Mboll
Mwol
Nspl
Recal
SexAl
Stul
TELI
Xbal
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Enzymes that do not cut:
AatIr Af1II AhdI  Apall Apol AscI AvrII Bael
Bael Bsp24I Bsp241 BspEI BspLUllI BssHII BsStEII BstXI
Drarrx Earl Eco47III  Eco571 EcoRI Fsel HaeIl  HgiEII
Hpal Kpnl Mlul MscI Narl Ncol Ndel Nhel
PacI Pmel PmlI PshAI Pspl4061 Pstl Pvul  RsriIl
Sanp1 SaplI Scal Sfel SfiI Sgfl SgrAl SnaBI

Sphr Srfl Sse83871 SseB86471 Sunl Tthllll UbaDI Vspl

The Sequence above shows the position of restriction enzymes sites in the region of
Ir)e:S‘.nif.i PBL100 sequenced between the restriction sites HindlIl and BamHI. The

t.I’ICtlon enzymes that have recognition sites and those that do not are also listed.
°lid, broken and dotted lines indicate possible open reading frames.

M S FH S F

B sS CaC nBa BB NaB B Cn C SS
AsADFpaTA auvAuseTBX SAB B asDlusAsAMNVuUMvNPccSST
cacsaAche c9ic4rIafb plf b mtpalavalscidnicerrfms
iJiaulIai 86JiHBIuaa ewa v HYnIAJaJwpiJHlRitFFcae
IIITIIIIII IIIXIIIIIII IIT I IIIVIIITIIITIIIIXIXIIII
/1y / /11

CCGCGGTGGCGGGCCGCTCTAGAACTAGTGGATCCCCCGGGCTGCAGGAGGTGGAAGTCC
1 cimceeas L P $remmm—n- $memmmmee- 4o mm—an T LT + 60

GGCGCCACCGCCCGGCGAGATCTTGATCACCTAGGGGGCCCGACGTCCTCCACCTTCAGG

HHXOOQM
HE R OQN0

T
T 8 -8
s H NBBM E p C H M a
p i8B 1ssbMACP5 THa iT b ub
4 ns aapospol0 hhe nf o 3p
c f£1 IWEIpoRe9 aas8s8 fi I An
I I1I VIIIIIIII II1I II I I1I
; /1171 11/ /
TGGTTTTTTACCGTGAGTCGGTTCCGGAATTCTTCGCGCTGGCGAATCAACTCCTGCCGA
6l meeaeo 4ommmmmma= pommmm———— Hommmmmem—- ommmmme——a $mmmmmmaaa + 120

ACCAAAAAATGGCACTCAGCCAAGGCCTTAAGAAGCGCGACCGCTTAGTTGAGGACGGCT

ES F
Aca n B Cc C
M TB VouA T - AuT sM v B 3 B
n as aS% h c4a pw 1 P e 8
1 gl 1761 a iHuMo J m P r
I ITI ITITI I III II I I I I
/ //
TCTTCGCCCATTTCGAGGTCCGCCACCTGCCECTTCAGCCCACCGGACTTCTCGCTTACTC
b3 R 4mmmmmena- - g tememm———- $mmmm—e- --+ 180

AGAAGCGGGTAAAGCTCCAGGCGCTGCGACGGCGAAGTCGGCTGCCTGAAGAGCGAATGAG

N H S ' F

1 CBCa Ba B H Cn CC
TMHM aNT j sveM suTBBsDP iT  BvuTva BM
hshn Isa e riIs i3asbipv nf  bid4si ¢ cw
alal Ipg P FJIp EAgqgvEnu fi  vJHeR 8 go
IIIT III I IIIXI IIIITIIII II IITII I 1I

HPWEC O O
~H S O

/ /711 / / /
CAGTCAAGATCACGCGCATGTTCGAGGCCGGTCGATCGGATTGATTCGGCTGCACGCTCG
181 mecmenne- $mmmmmm——— #mmmmmmmaa $mmmmmmmaa R T + 240

GTCAGTTCTAGTGCGCGTACAAGCTCCGGCCAGCTAGCCTAACTARGCCGACGTGCGAGC




B
B s

F s pS SH B MT
Cn A B i1la BaCa p asB A
wvuT Mp s HB2u D suve ubM eMp 8 a
i4s wa s Ke83 p c9il l1dw In4 a t
JHe oB S Ag6A n G6JI 0eo I1S H I
III IT I IIII I IIII IITI III I 1

/ / // // /
GCTGCTTCGCAACGCAATCGTTGCTCGTGCTCACGATCACGGGCCTCCTGAGCGTGACGT

241 caecoo-- ommmm—an dmmmnemn— $ocmmennaa brmmmmee- $mmmmm———— + 300

CCACCAAGCGTTGCGTTAGCARCCAGCACCAGTGCTACTGCCCCGAGGACTCGCACTCCA

A B F

1B p c B B ce BMT nC
T ws ubM a M 8 8 Ava 8 ba AuTv
a 2m 1dw ¢ n r i lic r oq c4dai
i 6B Oeo 8 1 D E uJs D II iHuJd
I II III I I I I III I II III1T
/o Il e Y O A
CTCTGACGAGCGACCTCAGCACGCAATGAAGCGACCGAGCTTGCTTCATTGCGGCTCTTC

301 wveceeea- Hmmmmm———— $mmmmmmeea $mmmmmmna— L L + 360

GAGACTGCTCGCTGGAGTCGTGCGTTACTTCGCTGGCTCGAACGAAGTAACGCCGAGAAG

T B
t 8
S h F N pT
AaN 1 nCC CcCccCl U S Ni s
ES wvuls 1 Tu vHa a vBa aNS b MNcBB1l2 p N
aa af9ai 1 84 igc ¢ ibc Isp a scrama8 4 8
rp I6Im I eH Jas 8 Rv8 Iph D piFnglé C p
II IIVI I II III I IIT III I IIITIIVI I \'4
S A S SRR Lhooeieeereeeeceeencenns /S
361 TTTCGGACCCTGTANGCAGCCTGCTTGCATGCGTCAGAACAGAACTTCCGGGCACCGTTT
--------- S e et DR R L et TR T L LY

AAAGCCTGGGACATNCGTCGGACGAACGTACGCAGTCTTGTCTTGAAGGCCCGTGGCAAA

S H T MT
a Ca B B 8 as
T u veM 8S Ms P ep
a 9 1iIs at wr 4 I4
q 6 JIp Jy oD c IC
I I II1I I : II I ' II
Y AR L. looeeeoeencvsesceneremiasesesessesemsecsssaensessensesssseeneas L.

CGAAGGGCCGGAGATTTCGCCTTGGCAATGGTCGCACCGTCGCTTCACACCCACTACCGT
421 cmcccna P R L LT T R R Y L L T I F TR ay. ¥ 1y}
GCTTCCCGGCCTCTAAAGCGGAACCCTTACCAGCGTGGCAGCGAAGTGTGGGTGATGGCA

M N
T a C B N B Hl
aT e v 88 1 8 R iaT
gh I i at a t ¢ nIf
Ia I R Jy I X a fIi
1I I I 1I1 v I I III
....... VO ARSIy A A
a8y AACGCGAAAATCGTTACAAGTATGCACCTTGGNGCCAgGAAGTGTGGt CATGAATCCTGCC
--------- L R R Ll el B kAL L EE T LT Y ST 1¢]

TTGCGCTTTTAGCAATGTTCATACGTGGAACCNCGGTCTTCACACCaGTACTTAGGACGG
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541

601

661

721

781

T T
S F B s
a n B Cp : P
B M uD Tu s8S vs M X S MS TH
b -] 3 p s4 at i0 s c i uo hh
v e An eH Jy J9 e m m n9 aa
I I II II 1II II I 1. I II II
/ /
CTTGTTAATGAtCGCTGCCTTGGGAAGCCAATTAAACAALGGGTCAATTGGTCGCGCLTG -
--------- L R it L LT L LR LT I 1010
GAACAATTACTaGCGACGGAACCCTTCGGTTAATTTGTTaCCCAGTTAACCAGCGCGaAC
B
s
'H  EH s pH
H B H i cgSs a C Bla
iMH 8 M iT X MnH oic uHBvAa2eM
nnh a n nf jm scp REr 9gmipn8Is
4la J 1l fi en ela IIF 6agJalélip
III I I IT II III III ITITIIIIII
/ / / /1177
GGATTGCGCCTcCgAgGANGGTGGCgAATCTTTCGTTAACCTgTCCTGGTgGGCcCGGa
--------- D R bt e T T Y1
CCTAACGCGGAgGcTcCTNCCACCGeTTAGCAAAGCAATTGGACAGGACCACCCGYGCCE
S
NPB asS o]
NlssCuc M v
cahaj9r w i
iIAHe6F o J
IVIIIII I : I
/1177 :
CNGGCGTCNAATGCNGGTTCNTGCTTTGTGNCTTCCGTTNCCAANNTNTCGENTTNNGGC
--------- L R LR et DEEEEEE L LR A et EELEEE LY B 1Y
GNCCgCAGNTTACGNCCAAGNACGAAACACNGAAGGCAANGGTTNNANAGCCNAANNCCG
T
8 S
B p AaN S N
M 8 5 MMvul MNc 1 B
8 m 0 nsa%a scr a 8
e F 9 1pI6I piF I 1
I I I ITIIV IITI V I
/11
TTAACNNTGNCANCNTNGGTCNAAGNCCTCAATTTNCCGGTCCCGGNACCCNTTTCGGGT
Tesseee—~ oo R R d=-wm- S R + 780

AATTGNNACNGTNGNANCCAGNTTCNGGAGTTAAANGGCCAGGGCCNTGGGNAAAGCCCA
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Alwl
Banl
BsaHI
BsmBI
BsrF1
CviRI
Faul
HinfI
MspAll
PleIl
Sau3Al
Tail
Tsp4CI

Af1III
BbsI
BglII
BseRI
Bst1107I
Eael
Fsel
Mlul
NotlI
PmlI
SanDI
SnaBI
Swal

Enz}’mes that do cut:
AatIy AciI Alul
Avar Avall BamHI
BmgI BpmI BpulOI
BsiEI BgiHKAI BslI
BsrI BsrBI BsrDI
Cjer CjePI CviJgl
Ecos71 EcoRI  EcoRII
Hhar Hin4I HinclII
Mser MslI MspI
Nlarv Nspl NspV
| Sacrz SapI  Sau96I
| Sper SphI styl
3 Thal Tsel 'Tsp45l
‘ Xem: XmnI
Enzymes that do not cut:
AccI  Acelll Af1II
Avrrr Bael Bael
Belr BfiI Bgll
B Bsapy BsaXI BsbI
PLU11T BsrGI  BssHII
Ecggaxu DrdI DrdII
Hy 1091 EcoRV FokI -
ndrrr HphI Kpnl
Nder NgoaIv Nhel
P£IMI PinAI Pmel
Rsal Rsrll Sall
Sgf1’  sgrAI SmlI
Sst1 Stul Sunl
Xhor

;};: $equence above shows the position of restriction enzymes sites in the region of
Wlt}l?ld pBL100 sequenced from the restriction site Ps/ in a clockwise direction
. 1 reference to the plasmid map). The restriction enzymes that have recognition
and those that do not are also llsted Solxd broken and dotted llnes indicate

Siteg

Possible open reading frames.

ATSX
vamh
aqlo
IITI

/

H

i
SAnT
acca
lcIqg
ITIX
/

T CT
a la
i aq
I II

/

=
0

HHHQS I
- e
NHGg g

Alw261 Apal
BanII Bbvl
BsaJl BsaWI
BsmFI Bspl2861
BssSI BstXI

Ddel DpnlI

Fnu4HI HaeIIl

Hpal MaelII

Munl Mwol
PshAl Pstl
ScrFl Sfcl

Taql TaqlI
Tsp509I Tthl1i1lII

AhdI AlwNI
Beel Bce831
Bpll Bpull02l
Bsml Bsp241
BstEII Bsu3é6Il

Eagl Ecil
FspI Gdill
MmeI MscI
Nrul NsiI

PpuMI Pspl4061
Scal SexAl
" Srfl SseB8387I
Tatl TspRI

T
8
E Ep
¢ T AcS
© a po0
R g oRS
vV IIII
//

HOQ mW
HO <O
Haaw

ApaBI
Begl
BscGl
BspEI
BstYI
Dsal
Hgal
Mboll
Ncil
Pvul
SimI
Taul
UbaDI

ApaLI
Beefl
Bsal
Bep24I
Clal
Eco47111
Hael
NarlI
PacI Pf
Pvull
SfaNI
SseB86471
Tth1l11lI

H

CBGa
EEvsde
aaliix
egJEII
ITIIII
/ //

Apol
Bfal
BsglI
BspMI
Cac8lI
Earl
HgiEII
MnlI
NlaIII
Rcal
SmalI
TEiX
Xbal

Ascl
Bcivi
BsaAl
BspGI

Dral
EcoNI
Haell

Ncol

l1i1081I
RleAl

Sfil

Sspl

Vspl

CTCGAGGTCGACGTATCGATAAGCTTGATATCGAATTCCTGCAGTTCGCTTCGGCCGACG
B il drmmm————— e b tomm——— e + 60
GAGCTCCAGCTGCATAGCTATTCGAACTATAGCTTAAGGACGTCAAGCGAAGCCGGCTGC
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: : A /7 -/ // »
AATACCGCTATCACGAAAGCCTCGTCCATCCGCTGCTTGCCGGTCCTCGCCGCAACGTCC
--------- B Lt L bt it ettt 1

TTATGGCGATAGTGCTTTCGGAGCAGGTAGGCGACGAACGGCCAGGAGCGGCGTTGCAGG

Hgo® o Ww

F F
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MAUTAuUBMT M
nc4ac4cna w
1iHuiHglu o
ITIIIIIII I
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EH
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1piFH
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TCGTCCTCGGCGGCEGCGACGGCCTGGGCGGTGCGCGAGATCCTCAAATACCCGGACGTC
--------- R e R R Rl e R talat 3
AGCAGGAGCCGCCGCCGCTGCCCGGACCCGCCACGCGCTCTAGGAGTTTATGGGCCTGCAG

MT
HH as
iiHTTep
nnpaal4
4fhiqIs
IIITIII
11711 7

P
1
e
I

E
BcS
soc
aRr
JIF
III

/

H

i
SAnT
acca
lclq
IIII
/

TS
ai

qm
II

A
c S cC
BeMNDMc ATSX ABavM
slscrnr vamh lscin
1lIpidlF aqlo ulsJl
IIIIIII IIIT IIIIX
/7 1/ / 7/

B- M
sDBbH
asbop
JasIh
IIIII
/. /

HS =D

GAGTCCGTCACCCTGGTCGACCTCGACCCGGCAGTCCTCCGAGCTGGCGAAGACCACGGAG
--------- L D Ll LR E R R T L TR
CTCAGGCAGTGGGACCAGCTGGAGCTGGGCCGTCAGGAGCTCGACCGCTTCTGGTGCCTC

B
Bs
sp
CBilM
vaH2bSES
inK8osaa
JIAG6Itrp
IITIIIII

/11111

H

iT
nf
fi
II

/

MT
as
eFp
Io4
Iks
I1I

/

- E Y
HPWE DD
H3T U
-0
-Hp Dy

s F
aS B n
ufDsP u
3apiv 4
ANnEu H
IIIII I

/

CTCTTCACCGACTTCAATGATGATTCTCTGGATGATCCGCGAGTGACGACGATCGCNGCC
--------- R el L e LR LT 1]
GAGAAGTGGCTGAAGTTACTACTAAGAGACCTACTAGGCGCTCACTGCTGCTAGCGNCGG

MB
wb
ov
II

B

F

Cn

sBFPVUMATT
asamid4ncas
AlulJHliie
ITIITIITIII

/17

/1

T

t

h
ATl
chl
ial
III
//

3 v w
H OO R MY
HO g X

S
M a
HbM u
gow. 3
alo A
IIT I
//

GATGCCTTCACGTGGCTGCGGGAGGCGAAGCATTCTGCCTACGACGCGETCATCGCCGAT
--------- R e A L R LT LT T Y1}
CTACGGAAGTGCACCGACGCCCTCCGCTTCGTAAGACGGATGCTGCGCCAGTAGCGGCTA

120

180

240

226



361

421

481
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B A c S B sB

S s aTT Av S T F f s Cpa

i a taa 1li £ a o a c j2n

m H Iiq uwJc qg k N G ed4I

I I TIITI II1I I I I I III

/7

CTTCCCGACCCCGATGATGTGGCGACGTCGAAGCTCTACAGCATCGAAGTTCTACGGGCT
--------- R R R e S L TE L L Ly

GAAGGGCTGGGGCTACTACACCGCTGCAGCTTCGAGATGTCGTAGCTTCAAGATGCCCGA

B

8

p E B B H N
BlC C cS * B S-sC s8¢C BCCaC gN B c
82jAvEoc 8 MNHc s aHHpCjT M svaevMol 8 R j
m8ecicRr : a scpr H chh2jeh n riclisha ¢ s e
F6PiJiIF J pihF - I 8aadePa 1l FJ8IJpII G a P
ITITIIII I IIII I IIIIIII I IIIIIIVW I I I
i /7 /1 /1117
CATCCGCCAGGTGATGTCCCCGGAAGCGCGCCTCGTCGTCNAGGCCGGCTCCCCGTACTT
--------- e Y L L L LR TP S P

420

480

GTAGGCGGTCCACTACAGGGGCCTTCGCGCGGAGCAGCAGNTCCGGCCGAGGGGCATGAA

T H

B S CC s i HB

M c £ jv FH A PPANST i s

w e a ei ap c 4lccaa nm

o £ N PJ uh i Cecllqg £ F

I I I II II I IITIII I I

/ 4

CGCCCCTGANGCCTATTGGGGCATCGGTGAAGCCGTCGCCNANGCGGGACTGTCGACGAC
--------- R e T e R e R T T T TP R

GCGGGGACTNCGGATAACCCCGTAGCCACTTCGGCAGCGGNTNCGCCCTGACAGCTGCTG

H H

i MTT i M

n saa n n

4 liq 4 1

I III I I

//

TCCGTATCACGTCGATGTCNCCAACTTCGGCGATTGGGGATATTTCCTCGCCGATTTCNG
--------- L D e L e T Y

AGGCATAGTGCAGCTACAGNGGTTGAAGCCGCTAACCCCTATAAAGGAGCGGCTAAAGNC

. T

) H S 8

acC Ba. a P
M uvAse A ubD B AS N
n 9ival 1 3p 8 poO 8
1l 6JaJI w An 1 o9 p
I IIIIX - S O S I - II v

/ : /
TGGNGANGGCCCGAGGTGTCCGTGCNCGATGATCCCCGANCGGGTTGAAATTCGCAACTT
-------- T D L e L LT LR P RS

ACCNCTNCCGGGCTCCACAGGCACGNGCTACTAGGGGCTNGCCCAACTTTAAGCGTTGAA

540

600

660
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B ARa
sM vsu
as ar$
Wp I16
IT III

//

HOQbwT o3

Y0 "

Ho 3 X

HS OW

GAAGGNCTNCCCGGCTNNAAGACTTCCAACCGGACCGTGATNGCTGTCTGTGGGCANNG

661 -cem- #mmmmmmene 4rmmme———- P T . Femmmeman + 720
GCTTCCNGANGGGCCGANNTTCTGAAGGTTGGCCTGGCACTANCGACAGACACCCGTNNC

H
i
n C
BBd Av
sbI 11
gvI ud
ITII I
/

F F

n ncC
Tu TuFv
84 s4ai
eH eHuR
II IIII

AT
ch
ia
II

/

HO0O £ X

S HD - Z

TCAAGCTTCANGCTGCTGCACNCGCGGGTGTCNATTAGGAACCNGNNCCTGNGTCGGTAA
721 ceeeeeaas 4emmmmaman $mmmemmnan Hommmmm———— $mmmmmm——— $ommmmeann + 780
AGTTCGAAGTNCGACGACGTGNGCGCCCACAGNTAATCCTTGGNCNNGGACNCAGCCATT

H
iT
nf
fi
II
/

TGAATCTNNGAACGGGCTTCTAAAAAGNGCTNTNAAANGGTTTCCGTTNTTNGNAAAGTN
781 —cmceee-- $emmmmm——— 4emmmcemea fmmmmeneen fommemmm—— Hmmmememee- + B840
ACTTAGANNCTTGCCCGAAGATTTTTCNCGANANTTTNCCAAAGGCAANAANCNTTTCAN

GTTNNNNATAANTATTTNNANNTATTNTNNNNNTTNTNNNANNNCATTTTTNTANTNNTN
841 oo $mmmmmm——— $ommmmmnen foemmremeen $rmmmmemene mmmm————- + 900
CAANNNNTATTNATAAANNTNNATAANANNNNNAANANNNTNNNGTAAAAANATNANNAN

Ho o=

TATTNNANTGTTGTTAAGNANNGNNNANTNNANNTTNT TG

901 —e-eeno-n $rmmmmmna- 4mmemmene- fommmnann-

ATAANNTNACAACAATTCNTNNCNNNTNANNTNNAANAAC

Erlz}’mes that do cut:

Aatrr Accl
Avar Avall
Bsaag BsaHI

Bslr Bsml
Cacsr Cjel
Dsar Eael

. Faul  pnuanz
incIr HindrIz

Mser MslI
Nspv pfl1108I
Rer1r Sall
Sim1 smlI

TseI  TspaSI

AcelIll
BanIl
BsaJl
BsmFI1
CjePI
Eagl
FokI
Hinfl
MspI
PleI
Sapl
Sstl

Tsp4CI

Acil
BbsI
BsaWI
Bsp241
Clal
Earl
GdiIlz
Hphl
MspAll
PmlI
Saugel
Tail
Tsp5091I

Ahdl
BbvI
BscGI
Bspl2861
CviJdl
Ecil
HaeIIl
MaelIIX
Mwol
Pstl
Sau3Al
Taql

Alul
Beel
Bsgl
BsrFl
CviRI
EcoRI
Hgal
MbolII
Ncil
Pvul
ScxFI
Taul

Tth1llI Tth111lII

Alwl
Becefl
BsiEI
BssHII
Dpnl
EcoRII
Hhal
MmelI
NgoAIV
RleAl
SfaNI
TEil

Xhol

Apol
Begl
BsiHKAI
BstYI
Drdl
EcoRV
Hin4I
MnlI
Nlalv
Rsal
Sfel
Thal

228



229

Enzymes that do not cut:
Af1IT  Af1III  Alw26I AlwNI Apal ApaBI ApalLl AsclI
AvrIr Bael Bael BamHI BanI Bce831I Bcivl BclI
5 Bfal BfiI BglI BglII 'BmgI Bpll BpmI  BpulOl
Pul1021 Bsal BsaBI BsaXI BsbI BseRI BsmBI BspEI
BStBSPGI BspLU1l1iI BspMI Bsrl BsrBI BerDI BsxGl BssSI
Eco1107I BstEII BstXI Bsu3l6Il Ddel Dral Dralll DrdIIl
47111 Eco57I EcoNI Eco0l09I Fsel Fspl Hael Haell
HgiglI Hpal KpnI Mlul Mscl MunI NarI Ncol
Nder Nhel NlaIII NotI Nrul NsiI Nspl Pacl
Pf1MI PinAI Pmel PpuMI PshAI Pspl4061 PvuIl Rcal
SacIiz SanDI Scal SexAI Sfil SgfI SgrAl Smal
SnaB1 Spel SphI Srfl SseB8387I SseB86471 Sspl Stul
Styr Sunl Swal TagIl TaqgIl Tatl TspRI UbaDI
VspI Xbal XemI XmnI

}
=

The Sequence above shows the position of restriction enzymes sites in the region of
p asmid pBL100 sequenced from the restriction site PsI in an anticlockwise direction
smth reference to the plasmid map). The restriction enzymes that have recognition

$ and those that do not are also listed. (The length of sequence was insufficient to
“ermine any putative ORFs).
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COmposition of Bundaberg Direct Consumption Raw Sugar (Brisbane, Australia).

The composition of Bundaberg Direct Consumption Raw Sugar is as follows:

Composition (per 100g):

Sucrose 98.5-99.7g
Calcium 7mg
Sodium 1mg
Potassium 21mg

No protein, fat or cholesterol

C"“lposition of Oxoid Nutrient Broth No.2

Nutrient Broth No.2 (CM67) is composed as follows:

3

gdm’
‘Lab-Lemco’ powder 10.0
Bacteriological Peptone 10.0

Sodium chloride 5.0

The compositions of ‘Lab-Lemco’ powder and Bacteriological Peptone are

8iven in the table below.



o
wn
~

Table of analysis for some of the proprietary media employed (Bridson, 1994)

e Medium
Analysis Tryptone Neutralised Soya | Lab Lemceo | Bacteriological Yeast Malt Extract
e Peptone Powder Peptone Lixtract
Moisture (Yowrvy) =5 5.8 =5 <5 <5 5
~Ash (%w/w) 7.6 13.5 9.7 42 9.7 12
Amino Nitrogen 3# 23 25 2.9 2.5 0.6
__(%wiw)
lotal Nitrogen 133 0.1 133 152 133 (W]
AN:TN 28 25 19 19 19 55
pH 7.3 72 7.2 6.3 7.2 5.6
NaCJ (Yow/w) 03 0.4 1.1 1.0 1.1 0.1
K (%w/w) 0.4 33 19 3.6 19 0.5
Ca (ppm) 1350 225 140 635 140 140
Mg (ppm) 200 1530 140 265 140 703
e (ppm) 54 90 20 22 20 9
~—Cu (ppm) 2 2 2 [ 2 3
~—_"b (ppm) 0.6 0.3 0.3 0.4 0.3 03
~—Mn (ppm) 28 0 04 3.4 0.4 17
Sn (ppm) 17 Il 08 1.0 9.8 10.5
Zn (ppm) 28 12 18 92 18 12
~—_C0 (ppm) 0.1 0.2 0.5 0.1 0.5 <0.1
’%C(‘Vnw/w) 3.12 2.57 5.85 3.92 091 Not determined
~Arginine Tow/w) 553 3.6 710 190 331 Not determined
Shartic acig (Yow/w) 731 7.06 5.10 6.06 7.07 Not determined
Gh(‘yﬁl.inc owiw) 022 0.53 0.68 1.66 0.76 Not determined
~dlamic acid (Yow/w) 17,61 1471 10.71 903 13.49 Not determined
Glycine (%ow/w) 1.99 2.83 10.85 771 5.95 Not determined
Soleucine (Yow/w) 2.51 2.51 3.17 3.81 481 Not determined
Leucing (Yow/w) 6.88 4.31 3.15 3.79 6.04 Not determined
W\WW) 717 3.77 4.78 4.38 5.40 Not determined
: Cthionine (Yow/w) 2.08 0.62 2.61 1.58 0.80 Not determined
Nylalanine (Yow/w) 3.43 0.38 2.34 2.60 3.78 Not determined
'%c(‘%.w/w) 7.99 3.40 7.79 5.83 0.88 Not determined
W“’/“’) 120 0.67 1.87 2.81 342 Not determined
W’“’/W) 1.87 1.68 2.54 1.25 2.73 Not determined
F}'Pl()ph;\n (Yow/w) 1.03 0.64 0.34 0.66 0.85 Not determined
YTOsine (Yow/w) 3.10 2.09 0.66 0.39 4.95 Not determined
w Yow/w) 547 3.65 3.06 3.33 1.00 Not determined

St

17; GTA ATA CGA CTC ACT ATA GGG C
P6: ATT TAG GTG ACA CTA TAG AAT AC

Py . . = .
"imers used to obtain the sequence of the crfY insert in the vector pBluescript:
Andard sequencing primers SP6 and T7
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D°Sign of primers in an attempt to amplify the B. linens lycopene cyclase gene

t The two sequence édignments that follow show the DNA regions upon which
he PCR primers were based. Species are referenced in Chapter 5

SYnecoccusPhytoenedesaturase
yne°°CYStisphytoenedesaturase
eherbicolacrtIi2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtI
N.crassacrtl
crtIflavobacterium

SYnecoccusPhytoenedesaturase
ynec°°Ystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtI
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

synecoccusPhytoenedesaturase
®Cocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

Synecoccusphytoenedesaturase
Scocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
ertiflavobacterium

syneCOccusPhytoenedesaturase
SCocystisphytoenedesaturase
eherbicolacrti2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtI
N.crassacrtl
crtiflavobacterium

syneCoccusPhytoenedesaturase
Scocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtiflavobacterium
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SynecoccusPhytoenedesaturase
Mecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccusPhytoenedesaturase
yne°°cystisphytoenedesat:urase
eherbicolacrtlI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

sYnecoccusPhytoenedesaturase
ynecOcystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtl
N.crassacrtl
crtIlflavobacterium

SynecoccusPhytoenedesaturase
yne"-‘Ocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtI
N.crassacrtl
crtIflavobacterium

Synecoccusphytoenedesaturase
Yecocystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtI
aaurantiacumcrtl
R.capsulatusertI
N.crassacrtl
crtIflavobacterium

synecoccusPhyCOenedesaturase
€Cocystisphytoenedesaturase
eherbicolacrtlI2
euredovoracrtl
eherbicolacxtI
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium
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SYnecoccusPhytoenedesaturase
Ynecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccuspPhytoenedesaturase
Ynecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtI
N.crassacrtl
crtIiflavobacterium

SynecoccusPhytoenedesaturase
Yhecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtI
N.crassacxtl
crtIflavobacterium

Synecoccusphytoenedesaturase
Ynecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

Synecoccusphytoenedesaturase
Yhecocystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtlI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

syn2coccusphytoenedesaturase
®Cocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

601

R
cetesaasee
csaseans e
EEEEEEERR
veaseosscan
cesesarare
R EEK]

ttgactgtgt

ses s e evane

651

R EEEEEK]
teas s e e
R
sresens v
R
se vt s
EEEEEEEER)

cctacgtgga

IR Y

701

veemnceonen
D
EEEEEERER
EEEEEEEER
EEEEEEEER]
IEEEEEEREER]
KRR

ctagactctt

RN

751

A EEERER]
R
EEEEERERR]
R
esvre e
RN
EEEEEEREEKR]

ataagaacga

801

s e s e
Tres e
ser s ss e
s e ae s
R N]
PR R A
ser s s

acttacagac

R RN

851
actttgatca
atttaataca

ttggtatgte

ves s et
IR RN
se e s e en
ses s v as
R
EEEEERERR]
eresss e

getttctact

R EER]

EEEEEEREE
EEEEEERER
resser e
R
EEEEERRER]
sesesevav

RN

atttctccag

sresvn v

EEEEEEERE)
IR KR
EEEEEERER]
O R
esesvesane
crer s e
R

cagatcttct

ssesasnese
“ll‘l'll..
caresseene
ceesaneren
vesersraas
B )
cssersanes

taacgacgac

caes e e e

Ceeseras e
carsern e
sres i e
TR
NI I W A
EEREREERK]
R

aaaatggctg

gtgttgacag
aattggctat

tctetatttg

P I R

ttgttcaaag

—

sev s s aa
sessereron
RN
seereces s
R
IEEEEERERER
IR RN

ctttcttgga

et s s e

sesev e v
svsr ey
sesess e
tereseenve
sees e
R
sees ey

cggetttetyg

sess e

css et s
EEEERERRE
vestaseaene
R
Cer et er e
e vt enena
R

gacgaaagag

Tevser e

fereeaeeas
Certeecuene
Cearesaaes
Ceetaienae
Ceveseasas
chtverians
agactcagag

trs s

cgcgatcgeg
cttggcaaag
gaatttgage

st s

sress e
e reree e
resssrenee
Tse e s san
Teoersv e
Lre v ese ey
teeeas s

tatcttaaag

sesrer e
tessrseans
.IIIII."'.
seesesrene
vesessanns
Teceresess
seseranans

cttetgtate

PR N A

tgcagagaga

teccs s

L N R
DR N
sesseev e
Veevs b
Tevs s
P NN
Tes e e

ctaagcaaaa

Teere e

cevenaavee
srs e
D A
ses et
Sesensenan
serese e
sresravany

accacgaagc

N RN

.aatcagaat
tecccccgaaa
. .8acgcatg
...aaccatg
tectteactte

260

650

P R
‘e ecenr e ive
Teecneo v
tere e
es s e
veseasevwas
e et s

ggtaatcttg

I

700

Ceraa e
s e e es s
trev e
“ss e
Pes s e e
Feevs e s e
tesr et

tctataccect

D N

750

seer et
erraensen
aggagcgacg

800
tesiaruses
LR NS R R Y
Pesess e
Cereesunas
P
tevie e
srerevenns

aaaataccag

D A N

850
..gcgatege
cectggtage

gccattateg

LI N Y

900
tgttacagaa
tattacgaaa

aacgccceatt
tccaagaaca
agcctcagga

sr et



SynecoccusPhytoenedesaturase
YRecocystisphytoenedesaturase
eherbicolacrtlI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccusPhytoenedesaturase
Ynecocystisphytoenedesaturase
eherbicolacrtIz
euredovoracrtI
eherbicolacrtl
aaurantiacumertI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccusPhytoenedesaturase
Yhecocystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtI
aaurantiacumertI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

synecoccusPhytoenedesaturase
¥hecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccusPhytoenedesaturase
y“°°°cystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtlI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

sYnecoccusphytoenedesaturase
Yecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl

" aaurantiacumcrtl
R.capsulatuscrtl
N.cragsacrtl
crtIflavobacterium

901

tgcaacgtat
cgtaaagtat
vaea..acat
cess.s.cat
...aaaggat
cgcecgegge
cagaaggtat
tgtatgctaa

“eeacacne

951

. .2aaagcca
cagtaaccca
gcattagcaa
gcactggcaa
gcgctggega
gecetggeeca
gctgcagcga
gcegtegegg

set s

1001

ctgtgccaag
ctgtgccaaa
gcaacgcgac
acaacgtgat
gcagcgggac
ggcccgggac
tcgtetggat
aaagaacgac
acagcatgac

1051

gtcgggacgt
gtagggatgt
gattcacttt
ggtttacctt
getttacctt
gccatetctt
ggcatcgatt
gctaccgett
ccegcaceeg

1101

gactggtacg
gattggtacg
gaagaactct
gaagaactgt
gaggegetgt
aaagagctgt
cgcgagettt
cgcgagacct
geggtegegyg

1151

gttgeagcte
gttgcagtta
actgctgceceg
actgctgcceg
getgetgeeg
gctgatgeeg
cettgtgeeg
gctectecaa
cgaccgagaa

actaagagac
aataacaatc
gaaaccaact
gaaaccaact
gaaaaaaace
caagaccgee
gggtcgegee
cttettecee

AACC

tgecgegtage
tgcgegttgt
ttcgtcectgea
ttcegtctaca
ttcgectgea
tcegectgea
tgcggctggg
ccegtetgge

DR S ]

tacttggeceg
tacttagccg
aaacccggtg
aaacccggcg
aagceceggceg
aageceggeg
cggcecggcyg
ttcacaggag
ctgegecgtg

cecttggeggce
attaggcgggd
tgatgcaggg
tgatgcagge
tgacgccggyg
cgacgeggge
cgaccttggg
cgaccaaggt
gatgcgtgee

aaactggect
aaaccggect
ttaccectgge
ttgcactgge
tcaccectgge
gggcectgac
gggccgattg
ttgaagattt
ttatgcggge

tttaaggage
tttaaggaat
gttgegeegt
gttacgcegt
gtaaaaccct
gtctegeccet
atggagccct
tgtttececca
ggcgetgeeg

gattcttetg
aacctgtaaa
acggtaattg
acggtaattg
gttgtgattg
atcgtgatcg
gttgtcatcg
aaaacaacag

assevseene

ATTGTAATTG

gatcgecggt
gatcgcegga
g9cggcgggy
agctgcgggy
ggeggcaggg
gtccgeggge
cgcaaaaggt
caaagccgga
....gatcgg

atgcceggtca
atgegggett
gecgggcetta
gtcgggetta
gtcgggecta
ggegegecta
ggcgtggcete
gecgetgeag
gecettggege

aaggttgccg
aagatcgeeg
cctaccgtta
ccgacggtea
ccgacggtga
ccgacegtea
ccgacgateg
ccctecactee
cgeccccacy

acatatcttt
acacattttt
gggaaaacag
aggaaaacag
cggcaggege
cgggcaggac
cgggcgegat
aggcaccact
ggaaccagge

tgaacattga
tggatatcga
tttatcgeet
tttaccgect
tctacegact
tctatcegget
tctacaccat
actacaacat
tgatgggccyg

ccettecage
ccccaaatge
gtgcaggett
gtgcaggcett
gcgeaggette
gcgcaggett
gtgccggect
gcgecaggage

rev e

GTGCAGGCTT

geeggacttg
gecggattag
atccctgtet
atcccecegtet
atcccaacceg
atcgecacca
tacaaggtga
gtagacgtca
tcatgegacg

tacgcccate
taccceegte
tgtctatgaa
tgtctacgag
cgtetggeat
tgtetggeac
ttcgatcace
tctcatecac
tgccaacgac

cttggaaaga
cgtggaaaga
ttaccgatce
tcaccgatee
tcaccgatee
tcaccgacce
tgacggtgece
tcctectace
atgtagaagt

tttggggett
tttagggcct
ttaa...aag
ttaa...aag
atgg...agg
atgg.,.cge
tteg...aca
ctcgagcagg
ggattgegte

agatcgecotg
agatcgtcotg
gtgttgggag
gtgttgggag
ctgctgggag
gatgtggeeg
cgattteece
ctggttetee
acagttceggt
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950
(=
cttagcgaga
tggtggcetyg
cggtggcetg
tggtggecetg
tggcegggetg
tggcggtett
aggcggtate

1000
ccggactete
ccggectage
tactgcttga
tactgcttga
tactgctgga
cectggtega
cggtegtega
cagttctega
gccaggteceg

1050
gtctatgaac
gtcttggaac
«..gatcagg
.+ «gatcagg
.« sgaccagg
.. .gatcagg
« . .2agggcyg
acaaaagctg
acccgggatg

1100
tgaagacgge
tgaggacgga
cagcgccatt
cagtgccatt
taccgegett
cgatgegetyg
cgaccggetg
gggtctectte
tcgggatege

1150
accccaacat
atcccaacat
attacgttga
agtatgtcga
attacgtcag
gegacgtgac
aggacgtgag
aagatgtcga
aggatcegget

1200
cagtggaagt
caatggaaag
tcaggaaagg
tcagggaagg
tccgggaaga
ggcgggaagg
gatggcgaga
gacggcaage
gctgaaatceg



N SynecoccusPhytoenedesaturase
Ynecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl

eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtI

N.crassacrtl
crtIflavobacterium

SynecoccusPhytoenedesaturase
Ynecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtI
N.crassacrtl
crtIflavobacterium

SYnecoccusPhytoenedesaturase
Yecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
ertIflavobacterium

syneCOccusPhytoenedesaturase
®Cocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtlI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SZ:QCOccusPhytoenedesaturase
Ocystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtlI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

szzeC°ccusPhytoenedesaturase
Ocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

¥

1201

cccactegat
agcacagcat
ttttcaatta
tctttaatta
ccctcgacta
tcttcgatta
aatacacecgce
gettetegee

geggggctga

1251

ttcgacttce
ttcgatttte
tttaa...tc
tttaa...tc
ttcaa...cc
ttcaa...cc
atcag...cc
tgggaaggcec
ggcgeggege

1301

cagcaacaac
tcgcaacaac
acgtgcggtg
acgegeggtyg
ccaggeggta
tgaggaggtyg
caaggccegt
ccaccaacac
cggcettceea

1351

gettgttgee
gactecttgee
tgcctttett
tecetttttt
tgeegttect
tgcecettect
agccgatgag
agtccatcct
acgtaatgcg

1401

caatactcat
aaatacactt
aaac...tgc
aaac...tgc
aage...tee
aagt...tgg
tgge...tgc
gecte...tte
gggcgaatge

1451

caacgatgaa
cgaaaaagaa
tgaggatgaa
cgaagatgaa
tgaggatgag
caaggaccce
gaaggacgac
caagacggat
agatetegtt

gatcttcaac
gatcttcaac
cgataacgat
cgataacgat
tgctaacgac
cgtgaacgag
ttacggcgat
caccaccgac
agatgeggcet

cagacattcc
cggatattcec
cacgcgatgt
ccegegatgt
ccegegacgt
cggacgacct
ccggegatgt
cegacggett
tccagtteet

gacatgttga
gatatgctta
tttaaagaag
tttaaagaag
ttccaggagg
taccaggagg
tatgaattcg
tacgagacca
atcgacatcg

agcgatgatt
ggcceattgte
gtegttcagg
atcgttcaga
ctettttege
caagcetggge
caagctgtgg
cgagctggceg
tggacatcce

ggacggagtg
ggtcagagtg
aggcatggceg
aggcatggag
aggcgtggcea
aggcctacaa
gegeegaccyg
accecttcga
agatacatcg

gtcttcateg
gttttcattg
cat..caue
cat.......
cat.. ..
tat..
CAC v
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CAC..eenne

caacccacaa
caaccagaga
caggcacagc
caaaccegge
agcgccgage
gcegatcage
gacgccaagg
aacgccacca
gacggtcagg

agcgccaatce
ggeccecate
tgaaggctat
cgaaggttat
cgagggetac
ggagggatac
cgagggcette
ccgecgetac
cgaagatgceg

cctgggaaga
cctggeegga
get.......
got.......
gat..cee.s
GCE.veran
= [1 S
gettgegaca
gegeggecca

cgcggccagt
cagggccaga
gatatgctte
gacatgcttc
gacatgetgce
cagatgctca
gacctgatca
gaccecegee
ctegggggee

gctgcgeaaa
gatggccaaa
aaccgtttac
aagegtttac
gagcgtetac
gtcggtecat
cteggtetat
gagcatctgg
agaaatcgte

ccatggctaa
ccatgagtaa
..cttegtea
. .ctgegeca
..ctgcggca
. .ctgcggea
«.ctgcgett
. .atgcagcg
. .cagceect

agccgggeac
aaccaggtac
ttgaggcgcea
tcgaagcgea
ttgaggcgca
tggaacgcca
tcaaggccga
tgaaggtcga
tgcttgcgea

aacggtgttg
aatggtttgg
cgtcagttte
cgtecagttte
cggcgetete
cgeccgcettee
cgccatttea
ctetegtgge
cteggeatag

aaaaatcCaag
gaaaattcge
..atctgaag
..atctaaag
..atttgcge
. .acgtcaag
. .atgaaaac
cgttetgeac
gatgcggaac

cctacgtega
gctatgtgga
gegeecgegee
gecgeegeace
gcgecgggee
aggecgegee
aggttctgee
ttgtegteac
aggctgggat

caaaatatte
caaaatattce
agtaaagttyg
agtaaggttyg
cagteggttt
gccaaggteg
ggccatgccea
caccgegecg
cggcaggegt

agcgctcaac
ggcgttgaac
ggcgttttet
ggegttttet
ggecttecteg
ggegtttteg
cgegetgteg
cgtetttact
tgtagcgegg
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1250
ctattegege
ctactctegg
gattcagcag
gattcagcag
gattacccag
gategeccag
ggtggcgegg
gatcgaaaag
ggtcggggat

1300
cagcaatcet
tagccattet
tggactatte
tggactatte
tggcttacte
gtgattacge
tgtgggacge
tecgecegaggg
cceggggect

1350
tttggettgg
tttggcttgg
cttggcaceg
ctcggtactg
cteggeageg
ctgggcaccyg
cteggecgea
cgcaacttca
gggcgeaagqg

1400
agagatggat
agaaatggat
ccaactggeg
tcaactggceg
gcagetgett
cgegetgatg
gactttcgge
gttgctcatg
cggtcacgea

1450
cagagegggt
cececcegeat
ccagctacat
ccagttacat
cgegetttat
cgaccttcat
agaagatggt
ggegttactt
ggecegttga

1500
tttattgace
tttattgatce
tttcactege
ttccactege
ttccactece
tatcacacge
ttccatcege
tttgcgacca
gecgaagatg



SynecoccusPhytoenedesaturase
Ynecocystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtI
aaurantiacumcrtl
R.capsulatuscrtI
N.crassacrtl
crtlflavobacterium

SynecoccusPhytoenedesaturase
y“eCOcystisphytoenedesaturase
eherbicolacrti2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

sYnecoccusPhytoenedesaturase
yneCOCystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccusPhytoenedesaturase
yne°°°Ystisphytoenedesaturaae
eherbicolacrtlI2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

synecoccusPhytoenedesaturase
®Cocystisphytoenedesaturase
eherbicolacrtl
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtIlflavobacterium

Synecoccusphytoenedesaturase
®Cocystigphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtiflavobacterium

1501

cggacgaaat
ccgatgaaat
tgttagtggg
tgttggtggg
tgctggtagg
tgetggtgag
ttttcatcgg
tgtacatggg
acgctgtggt

1551

caagagaaga
caggaaaaaa
catgcacteg
cacgegetgg
cacgccettg
cacgcgetgg
agceageteg
caatactegg
cacgaacagc

1601

gcgtetttge
gegtetttge
ggcattagtyg
cgcattagtt
ggcgctggty
ccagetggtt
ggecgattgcee
caaggtgttyg
tgegecegeg

1651

tgctgctgaa
tacacattaa
tggtactgaa
togtgttaaa
tcgaactcaa
tgctgctaaa
tgcgectgaa
acagacteaa
tgtgcatcac

1701
gtccaagett
gttaagggtt
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ggaaagaagc
cecgtccagea

1751

tgaggcagat
cacagcggat
ccegacecgy
cctgacgcaa
tgacaccgac
gaccgeegac
tceggegeag
gaacgcegat
cgtgacgcgg

ttcegecacg
ttecegecace
cggcaatcee
cggcaatcee
cggcaaccce
cgggaatcec
cggegaccee
catgageeeq
gggccaggtt

aaggttcaat
atggctectaa
aacgcegaatyg
agcgtgagtyg
agegggagtg
ageggegegyg
aaaagaaatt
agttggecga
gacatcgacce

cagccegateyg
caacctttgyg
aaagggatga
caggggatga
aacggcatgyg
gecgggcatgg
gatgegatgg
gacgetttgg
gcgggtatgg

tgegectetyg
taaacctete
tgegaaggte
cgecagagte
cgeeoecgggte
cgecaaggtce
caccegaggtce
cacgggcegtyg
gteogecgttyg

tteggattge
acttaatcceg
.vv..attga
e .attga
s e sgtaag
«ees.gcgac
« s 000 gecac
caaaggctac
gcgtgacgee

gcctacgttt
ttatatgtgt
getgtegett
gcegtegegt
gcegtagect
atggtcgeca
gttgtegtet
ctggtggtgg
geattcagea

gtegtectaa
attttactta
ttegecacct
ttcgecacct
ttcaccacct
ttctegacea
tteccatgtga
ttegatgege
ctcggggege

.
gatggecttt
gatggcatte
gggcgtetgg
gggcgtectag
gggggtetag
cggggtctgg
cggcgtgcat
gggtatctgg
agcgetgecg

tcgaacatgt
tcgactatat
taaagetgtt
taaagctgtt
tgaagctgtt
tegegetgtt
ccaaggtgat
tcaaaattgg
cccageadggt

aaagagttcg
aaagaaattt
agccaca...
agccata...
gaagagc... .
gcgeggas ..
gacgagatce
tceccaggtte
ctggecaceyg

tggeatcaaa
gggectagat
agccgtgcat
agcecegtgeat
ccaggtceegg
cggegtgace
gggcatcegg
gggtgtecag
cgtggegega

cggcactgeo
ctgecatgee
ccaatgcgga
caaatgcaga
cgaacgctga
gcaacggcga
cgaacgccga
ttaacgccga
gcagecgtgec

cggcactcaa
ctgccctcaa
coctecattta
catccattta
cgtececatcta
gctcgatcta
cgtcgatgta
cggcgacgta
ttggacagge

ttggatggtg
ctggatgggg
ttteocacgeg
ttteegegty
tteectgagyg
ttegccaagg
tacgegateg
tatcceegeyg
gttcaggate

ccaagetege
tacggaacgyg
tcaggatctg
tcaggatetg
taccgatctg
cgaacggctt
caccgatcag
agagaggatg
COC. e uns

tgeteaatga
tgcttaatga
tggaaaccac
tggaaacgac
tggtggtgge
tcgacacgga
tggtetegeg
tcacggacgg
tatcegegeg

ggtcaagaag
dggagcececg
ttagaggacg
ttagaggacy
ctggcggaty
ctggeegacy
ctgatggacg
cttgagaacg
tcgeectegy

ggttgatceg
ggtggatcce
tgtggttcac
tgtggttcat
cgtggtgaas
cgtgatgcac
tgegggecac
cttggtatat
gccaagacge
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1550
ccgettettg
tegettttta
tacgctaata
tacgttgata
cacccetgate
tgegetgaac
tatcctegte
cagtctgett
cgaaatgcag

1600
cgeegeeoega
caccaccgga
gtggtaccgg
gcggcacegg
geggeaceygg
gcggcaccaa
geggegtgea
gaggcttecca
gcggecttgg

1650
ggtggtgatg
ggaggggaag
ggtggegaag
ggtggcgaag
ggcggggaga
ggcgggcaga
ggcggcgaga
ggcgtcaagt
++i.gatage

1700
cgacagtage
agatggttce
gggggatace
aggaaacaag
cgataaccge
cgggecgege
tgacggcaag
aggcaagaac
caactgecge

1750
aacaactcat
acgaagtgat
gacgcagatt
gtcgecaggtt
gteggatctt
ggegegectt
gcaccegaget
gegaggtget
tgtcgatecg

1800
ctcaagetac
ctgaaaacca

acctatcgeg .

acctategeg
acctataaaa
aactatcgeg
acctacaagc
acgtacaaca
tcgaacagag
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Yhecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl

eherbicolacrtI
aaurantiacumertI
R.capsulatuscrtI

N.crassacrtl
crtIflavobacterium

SYnecoccusPhytoenedesaturase
Yhecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtI
crtIflavobacterium

sYnecoccusphytoenedesaturase
€Cocystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccuspPhytoenedesaturase
®Cocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtI
eherbicolacrtI
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SYnecoccusphytoenedesaturase
SCocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtI
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtiflavobacterium

8, YNecoccusPhytoenedesaturase
e°°Cystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl

eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtI

N.crassacrtl
crtIflavobacterium

1801

tgttgecegga
tggtgccage
acctgttaag
acctgttaag
agctgctcgg
acctgetggg
gtectettgeg
acctectgece
cgaccatgece

1851

ctgcagggcg
ttggaaggag
actaagcgca
actaagcgca
cgcaagagca
gcgaageget
aagaagcgct
aacaaccgca
ccgecgegee

1901

gaccgatatce
aaccgacatt
.oeeaatoac
... stcac
NN T -1 |
vvee e Cgag
tacggccaag
tttgtcgggt

sesss s

1951

atgccgacat
acgccgacat
ctegetaceg
cgegttaceg
ceegcetaceg
cececgctacaa
cgcgctacaa
aggagtacaa
gagaaggcct

2001

atgctagage
atgttggaat
gacgatttct
gaggacttcet
gatgacttet
gaggatttct
gaggacatga
gatgatcceca
gtggaccgag

2051
cgaagacate
cgaagagatt

cctetetete
gcatctggece

tgcatggaaa
gcectggaga
tcagcatcct
ccagcacect
ccaccatceg
ccataccgece
caaccgegac
gaaggagatc
cgcgaccage

tgceggtcat
tceccggteat
tgagcaacte
tgagtaactce
tgagcaacte
ggtecatgte
ggtcgatggg
aggcgtegtg
gttccagege

gatcacctgce
gatcatttgt
catcacgate
catcatgate
cctcattece
gcgcccaagyg
atgtggaagg
atggccaaag
.gtcgaaaac

gagtaacace
gagcaacace
tgagctgatt
cgagctgatt
ggagctgatce
ggagctggte
ggaacatgtg
ggagtcettt
gccgeagatg

tggtettege
tggtgetgge
cactt,.,...
cactt,....
egete. ...
egetC. ...y
geett.....
gettegtaag
cggtatgect

ttggctgeca
gtggeggeca
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tctctetece
cagcttcagg

gccatgecccet
gaatatcctg
gcegeegtga
gccgeggtta
gtggggcaga
cgcgggcaga
cgctggeget
gggggcatca
tggttggtge

caacattcac
taacctecac
attgtttgtt
tetgtttgtg
getgtttgtg
getettegtyg
gettttegte
cagttctatt
atggatcage

tgttetegeg
tattctceceg
agcttgecca
agctegegcea
agctggegea
acgtggcgea
atgtgggtca
agttggagac
gggttecege

tgtcgegagt
tgccgagaat
catgaaattt
gacgaaattt
gacgagatct
aacgagatct
caggacatct
gacgctatct
cgggtectgg

cccecgecaaa
tccggeccag
reerrerens
i eaaavs
ereresans
cevarasens

s res s v

ttttacccte
gcaggcgcat

ccatggecga
ccatggcgga
a e s E s b

IR R Y

tctaatagte
aagggegtgg

acttccagea
agtttaagca
agcagtcgaa
agcagtccaa
agcgggcgge
gccgggcgaa
ggaccgacga
agaagtatgce
cgecettgge

ctectggtteg
ctgtggtttg
ctctattttg
ctctattteg
ctctactteg
ctgcattteg
tggtattteg
tctttttact
gcatagatcg

atcgccecectg
atcgcegttg
ccatacggtt
tcacacggtt
ccataccate
tcacaccatce
ccacaccgte
gcacaatatce
cgaccagcag

acgaagatcc
acagtgatcce
tcaatcatga
ttaatcatga
ttaccggcag
tcaagggcee
tcatcaaggyg
ttgagaggca
atgaagcgeg

gactggattg
gattggatcg
attttggttt
cagcgecgge

gattgaaaag
gatcaagcaa

Teasese e

gtecgaccat
tccecagett
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1850
actcgatggt
aatccaaggt
aaaactgcaa
caaactgcag
agcegcetggag
atcgctgaac
gaagctcgac
gaacaaactc
gaaccagacg

1900
atcgcaaget
accgtaagtt
gtctgaa...
gtttgaa...
gcctgaa.. .
gcetgeg. ..
gcaccaaggg
g......gag
agetg.....

1950
ctecagtgtcet
ttgagtgttt
tgttteggee
tgttteggee
tgttttggte
ctgtteggee
gtegteggge
tttttggegg
cgtgtggaac

2000
cgatcgctcea
agacaaatcce
cggactegca
tggecctegea
cgegetggeg
gaagctggee
cgagetggee
ggccctgect
ccaccatget

2050
geegetecga
gcaaatccga
R R 2R TR B BN I B

ttttectete
gcggegttcea

2100
ctattcccac
ctetttecee

Ted st

cctccaacta
cagatacccce



sYnecoccusPhytoenedesaturase
yneCocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtI
N.crassacrtI
crtIflavobacterium

SYnecoccusPhytoenedesaturase
y“eC°cystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

8

SynecoccusPhytoenedesaturase
ynecOcystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtI
crtIflavobacterium

Synecoccusphytoenedesaturase
ecoCyetisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtl
N.crassacrtl
crtlflavobacterium

syneCoccusphytoenedesaturase
SCocystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtI
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtiflavobacterium

sy“3000cusPhytoenedesaturase
e°°°Ystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtI
N.,crassacrtl
crtIflavobacterium

2101
agcatttcag
aacacttcaa

DI R N Y

acttcaccte
tecgcgataga

2151

aaaacgcecce
aaaaccccce
tcgtcactgg
tegtcactagg
ceetegeteg
ccggagatgg
cecgacegegg
cceteggeeg
ate...ggcg

2201

ccccgatcaa
cccegatcaa
gccacattt.
gcecgcattt.
geegeatet.
gccgcatct.
geccgaacct.
tggccacctt
cgttcacgta

2251

ccatgcageg
ccatgcaaaa
ggcecgegact
ggccaaaact
ggccgaagcet
ggcecgcgcta
ccgagaaata
tctecaaage
ggcgagacceg

2301

ctgacagcege
caatgcgecee
cctggettge
cctggettac
cceggectge
ccgaacctge
ccgggggttg
ctgtecectgt
ggccecacage

2351

cagcggacga
caccagggaa
ttttcgegac
ttttegegac
cttecacgac
tttegecage
cttecgegac
ctgggagace
catcgaagac

cggtgagaat
cggggataat

acctcecttgaa
cctectegge

tgteggtceta
gctcagtcta
caccggaagyg
cgcctgaagyg
cgcectceegg
cgecteeggg
cgccgaaagg
ccectcecga
ggattgaagg

gctagceega
cggacatcygg
«ve..aggca
. +...aggca
.....tggea
e v o .gggee
< ee..COgCE
ctccaaaacg
ttcgaagetg

ctacctegee
atacttggge
gegegategt
acgcgaccgt
gcgecgaccge
tgcecgaccege
caaggccaag
cegtgcegge
gcagcagegt

aagccatcat
aggcegatcge
gtagccagtt
ggagtcagct
gtagccaget
gecgeccaacct
ccgaaaagat
ccceccettat
tectegecagge

ccgetggeeg
atagtcaccg
cagctcaatg
cagcttaatg
acgctggatyg
gaactgaacg
cgttatctet
aagttcaacc
gtggccectga

cecggcacgte
ccagccegac
.. .tacetge
...tatctge
... tacctgce

“...tatctge

...tatgtce
cagtacatcce
gtaatcgtgg

caaagccacg
caaagctacc
ttgcggcagt
ttgcggeagt
ctgegecage
catgtccacg
cgacgacacce
ccgegacgee
aggcgacctg

tcgectaattt
tgcccaactt
cagcgaa., ..
ccgegaa. ..
acgecgece, ..
gecgegga. . .
tcgacaatgg
gccaaccaga
cggecgteeg

agtatggaag
agtatggaag
atttttgagt
atttttgegt
atctttgact
atcectggeea
gtgctgaaag
gttetggceca
cacgtcacge

tgctcgecaa
cgecgattte
ggttacgcag
ggtcacgecac
ggtgacccag
gaccacgacg
caccgaggaa
caccgaagaa
tgtcggggte

cgagtcagge
tgggttaage
cctatcaagg
cctatcatgg
cgcatetggg
cccatcatgg
cgccgetggg
tcagcaaggg
tcgttccaga

tgcgcaaata
tgcttaaate
acgcaccttg
acgcgecctg
actcgeectyg
attegecetg
accgteeccte
acgteccecte
aagcggcegat

cecgggeegte
cccggaagge
tactatgtgt
tactatgtgt
ttctacgtge
cattacgtcce
ttctacgtge
gtcatecgeee
gcggatecage

cttectgace
ttacctageca
cctegactgg
cctegactgg
gctggactgg
cattgattgg
cgtggactgg
gctegactgg
cccatgtcag

gggcggtcect
gggcggtgcet
accttgagca
accttgagca
accttgaaga
gcctggagga
tgatcgagga
ccatccaage
tccateggtt

gatgagttge
aacccccaaa
cgaatgttta
cggatgttta
cggatcttta
cgcatcettca
gtggtcttca
atcgtcaaca
ggtcacgace

+ees.atag
cgectggact
ctcagecttt
ctcagecttt
atcggecette
cagegectte
cgegggette
cgccatecte
cataggcgeg
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2150
caaaattgte
ccacgtggte
tgtcacggat
tgtcacggat
cgtgaccgat
cacgaccgac
ggtcactgat
cegegttgac
agccatcgac

2200
aacaatatcg
aggcttgteg
tagctceecegt
tggcgeeggt
tggceecceggt
tggcececggt
tttegeeggt
tegteceegt
tegtegtegt

2250
ggcgactaca
ggggacttca
acggttgaag
acggttgagg
gcgeaggagg
geggtcgagg
teggtegagg
cctactctcg
ccggtagaag

2300
atctggtaag
ttccggcaaa
acattacatg
gcattacatg
gcgctatatg
geggetgate
acggctgett
ccgtacegge
ggccgetgag

2350
aacgtcgcag
cecgttececee
cgccgttega
cgeegtttga
cccecggcaga
ceccegtecga
cgccggaaac
ccecttacac

gtecgggectg

2400
acactgttac
ccctggtaat
tetgttgage
tctgtggage
tccatcgage
teggtegage
tegetggaac
ggtttggecee
gccgeccggge



Synecoccusphytoenedesaturase
YMecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtI
crtIflavobacterium

SynecoccuspPhytoenedesaturase
Yhecocystisphytoenedesaturase
eherbicolacrti2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccusPhytoenedesaturase
ynec°cystiaphytoenedesaturaae
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtliflavobacterium

§

SynecoccusPhytoenedesaturase
ynecOCystisphytoenedesaturase
eherbicolacrtl2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtl
R.capsulatuscrtI
N.crassacrtl
crtiflavobacterium

Synecoccusphytoenedesaturase
SCocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumertl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

synecoccusphytoenedesaturase
SCocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtI
aaurantiacumcrtI
R.capsulatuscrtl
N.crassacrtl
crtlflavobacterium

2401

ccatgttgca
cttectgaca
cegttetcac
ccgttettac
cgctgetgac
cgatcctgac
cgcggatect
acgacttctt
ttgtcgegag

2451

cgactegeac
caaatttctce
ccatcaataa
ccattactaa
acattgccaa
cgatccgcaa
aggtggacgg
gcatggataa
cggatggcaa

2501

cgggcgeteg
cttecgaace
attceceggeg
attectggcg
attcctggeg
attccgggeg
gtgcectegg
gtgccgattg
actcatgctce

2551

cgctecgeta
ccatctgcaa
ggacctgatt
ggatctgatt
cgacctggeg
tgcgecgaag
ggagacgttt

sss s s e

2601
gccaagegte

Tes s s

cccgggecaa
ggaacagtga

es s e

2651

cer e s v
sEre vt en e
CR I I S A
srs e v
es s s s
veses e v
seveervossn

gggattatta

gttgctaget
aatggcaacc
acagagcgcce
ccagagcgcee
ccaaagcgcc
gcaatccgceg
gcaatcggee
caacgtgetyg
cctegacgat

cgtetgtetg
c.ccagegtyg
tctttacctg
tectetaccetg
cctectacctg
cttetatetg
gctttatetg
cgcctacttt
gcgcaagecec

cctetetgte
ccgteegtee
tgatcggcete
tcateggcete
tagtggccte
tegtgggetce
tgatcggcetce
tccttgcagg
teteec.....

cgctaagacc
agcectgtge
tgaataatcc
tga.......
agcgcatgag
cccgagacee
cctaagaaca

“ses s

Y PUPN
ggcggcgcaa
gcggatgagg

sees v ev e

tgaggagtaa

ctgaagcette
ctaatgcgac
tggttecgac
tggtttegge
tggttecegee
tggttcegge
tggttecgee
gectteegee
ggtggtcgeg

atgctgcaga
cagttaccaa
gtaggtgcag
gteggegeag
gtgggcgeag
gtcggegegg
gteggegegg
gteggegeta
gccgaaacct

ggaggcctac
ttaatgttac
ggctaaggca
ggcaaaageg
ggcgaaagcce
ggccaaggcce
gggcgagett
tgccaagate

serses e

ttttaccteg
ttetgttga.
< { TP
cgatetgg. .
ecgeggegge
caaaggtgcce

cers e

seevessan
sevravenvy
teeseranse
Cvessas v
sresrarene

seres s

tgat......
aaggagatgg

evreesav e

cesesnians
ceerraenas
eseerarany
cagcagtaag

nesssese s

actggtcace
aatgctaaat
¢..gcacaac
¢..gcataac
¢, .gcacaac
c..gcacaac
c..gcataac
¢..gcgeace
a..tgeegge

tgataccggce
accccaatce
gcacccatee
gcacgcatec
gtactcacce
gcacccatee
gcacccatcee
gcacccatce
gcegecgatga

gaggagtgce
...aactgce
actgcaggtt
acagcaggtt
accgccagcece
acggcccagg
gtegegeaga
actgcegage

ggacgetttt
tgcgcccaag
gtggacgacg

resras s
cesrrareny
trerravene
vasesvrea
DRI I P
cexasvrens

A ]

atgagaagat

searres s

R
v
i
L2 BN B I IR R )
Ceeraae
v
ccgggeagga

ces st
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2450
ctetecaccee
ggctaacggt
cgcgataaaa
cgcgataaaa
cgcgacageg
cgcgacaaga
gccteggaag
aaagcccaag
cgattgcagg

2500
acggecttca
tggtggctga
cggcgeggge
cggegeaggce
tggggcggge
gggcgeggdgy
gggcgecggt
gggaaccgge
cgatggcgga

2550
gacaaattac
caaacegtet
taatgctgga
tgatgctgga
tgatgattg.
tgatgctgte
tgatcececgga
agattcttga

ares s s

2600
gatgcccgag
gecoggacge
aacgaggaga

esesas o

2650

tacggaggag

R N

2700

gggggagtga

seser s v e



SynecoccusPhytoenedesaturase
y“eCOCystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtl
N.crassacrtI
crtIflavobacterium

SYnecoccusPhytoenedesaturase
ynecOcystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtI
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SynecoccusPhytoenedesaturase
Yhecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtI
aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

sYnecoccusPhytoenedesaturase
ynecoCystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

sYnecoccusphyt:oenedesaturase
®Cocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

syneCOccusPhytoenedesat:urase
SCocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl

" aaurantiacumcrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

2701

tgcttttgag

et s s s e

2751

e s ess s
DR A
erves e a
veeses e
tesesvrrens
srr e s s e
e e s

tceetttgtt

2801

ces s
s sy
DRI I S AT ]
P
sveesesews
seceer ey
verevs v

aggtagggtt

2851

ses s s anue
veers s
e v e e
s et enaes e

s ev e s eree

ses s e

ses s eas e

ttcatgttte

2901

et
ses s
DRI IO
se e v
I
D N
te s s e

gtatagtteg

P Y

2951

R RRREEE
crr e
tireeseaes
R
treesenens
teresraan
teresaaeen

tatagctgtt

ter s
s s eeevee
ses e
tres s
Peesr s
teeeriaaes
vees s

ggecgccatgg

sessessens

ceevs s seany
sesecan e
ssev e v
s ees s
D N
teesresass
Csers e

ggtggcgttg

ses v e

IR ]
vrer e
evveaenn e
Pee s rennan
ses s s esenae
tesevreens
sss s ees e

ctgttgggtt

se e e

ces e
tes s e
RN
sre s eenns
cesss e
sesss v
Te s s ne s

tttaagtett

D I I ST I Y

seserarens
reees v
veve s eee
R
tesec e
Ces e e
Pe st e easas

attgggtata

sres s aer e

Tess s e e
veveranaans
R
DRI A
L R I S I S
ere s
Trs st

ttgtttttat

ss e e s re

se v et
st ersenacn
s e st sy
sessr s
sresec e
ses s e e
sr s s e

aggtggttaa

sess s e

sees s e
D
I A
D
css e
s vesetrean
ses st e

atgggggtge

se e s s e

ses et s e
s s s s te e
sesr st
Tesrrear e
er e e ranen
I
D

gacgggttte

terreerene
sseeer e
Pve st e
srses e
cresoesasen
DI R
Pes et e

ggttctagte

ses et as e

I A
RN
EEEEEEEEE
tesa s avre
cesresenee
DA A S
tr e s e

aacgatttcg

D I I A I

vt s
ses s et
D R
Tes et s
s et esr e
Bre e e e
seeve s

gtcgaagaca

I R
R
see e s et
vess et
cvere s ens
eer e e
crseevr e

tetettgteg

eesv e

seseces e
esoes e v
s s e v
Yresetov e
tceserce s e
sesereveos
teesv e

tgtatttctt

D

e e e s es e
nevsesaeae
tes e
sTeensnesse
cesecorverae
I I )
sas e et

acttaatgeg

esees e

Cheeesaeas
Cheeeneens
.‘Ollll'l!.
ceeerveaa
teetennene
ceeverans
ceeresnaes

tagatgattt

A R A I Y

teeereneens
Ceseneanas
seeeitusan
T
verreaneas
cererenen
teseasvads

tagataaagt

crvsuv s
Peveras sy
Trev s es s
sees s e e
Ces e
tes e e r et
srres s

atggggttca

s s
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2750

tessranene
seresraves
cagagggcegt

I A A )

2800

eresce e
teveesr v
B A )
IR
cressenvs
sereecnore
s s s ev e

gctatttgtg

eves s s

2850

gagcgggcga

ss s e v e

' 2900

reresennes
Creereenes
'.‘.I.ll".
Perreereee
Cher e
ccttgagtag

2950

Tevsras e
eree s
sec i
sevs e
sereses e
terves s
srres s savs

cttgggaata

3000

Tresresans
EXEEREERE
-ni.‘.l!klb
castearasan
TR R
vresesaaas
R

tcatggctcg



SynecoccusPhytoenedesaturase
Ynecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium

SYnecoccusPhytoenedesaturase
Yhecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumcrtI
R.capsulatuscrtl
N.crassacrtl
crtiflavobacterium

SynecoccusPhytoenedesaturase
Ylecocystisphytoenedesaturase
eherbicolacrtI2
euredovoracrtl
eherbicolacrtl
aaurantiacumecrtl
R.capsulatuscrtl
N.crassacrtl
crtIflavobacterium
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..............................

...........................

--------------------------

..............................

--------------------------------------------------

..........
Tesrsrese sesrsene s e

SVt e e es seseeErE s ere v e

seeae o sev e

----- . ses s “e s e e e

agatgcegte ttgccactgg gttetgeagt cectttteottt ctettttttt

..........

D I I I

.......... .. s es s e aes e serEsLeNsen

LR

The above alignement is based upon the nucleotide sequences of phytoene desaturase
8nes from the organisms listed above. The consensus primer CRTIRH is
*mboldened. The primer used was the reverse complement of that shown. Sequences
Were aligned using the PILEUP algorithm of the Wisconsin Genetic Computer
GrOUI?”S Sequence Analysis Software Package (1994). '
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AYAD2 v e ieresas trserecrse cesureeras sesieseerr seenesaans

AXAbCrEY L i s eies et iasetee seesreesae sasaseests etteeevaees
CannuummcrtL cttaattata gaaatactta agatatatca ttgcccttta atcatttatt
YCOPEIBICONCIELL o vvvevvene snesnesnns sesnnssnee sonnsennen soaneenns
NEabACUMCTEL v uveeroeee snesoosaoe snanssnons ssntnsonin soansnosna

Y NEChOCEUSEIEY o vvvevrnes sovsnsonne sosenesnne ssoonnsens sossnsrans
EherD2CrEY ittt se et ettt saesesiees sesereenee sesesanses
EUYed.CrEY L it iiiees erssesates ceeetrcens sreaserens teeesveany
BAULANELIACUMCEEY o vrevrrnee eennernens i et ecnss sesteeretes seeesesens
£lavoCrtY it ite s et et teaensesee srsevasene sasvarevsn
BOriSeUSCIEY vt erres sresssarter sssesssens tesasienes veesaesens



arab2

arabcrtyY
cannuummcrtL
lycopersiconcrtLi
NtabacumecrtL
8ynechoccuscrtyY
eherb2crtyY
eured.crtY
Qaurantiacumerty
flavocrtyY
sgriseuscrtY

arab2

arabecrtyY

1 cannuummcrtL
YCopersiconcrtlLl
NtabacumcrtL
8YynechoccuscrtY
eherb2crtY
eured.crtY
-8aurantjacumerty
flavocrtyY
sgriseuscrtY

arab2

arabertyY

1 cannuummcrtl
YCopersiconertLl
NtabacumcrtlL
8Ynechoccuscrty
eherb2crty
eured.crtY
qaurantjacumcrty
flavocrty
8grigseuscrtyY

arab2

arabertyY
Cannuummexrtl
YCopersiconcrtLl
NtabacumcrtlL
SYnechoeccuscrty
eherb2crtyY

2a eured.crtY
Urantiacumcrty
flavocrty
8grigeuscrtyY

51

s e s s e e
[ECSC NN )

tttaactcett

es e s s e e

e e e e e
ses e s e
se e s
s res e e e
s e e s cs e
ces e e

101
tccatcteca
catttgtgtt

s a2 s r e

R
R
REEEREEE
Ccesss s
ces et e e

te s 0 s s s

151

atcttttcte
ggaccccatt
gcacgaggaa

S e s e e v e

R R )

201

aaatcgtgtce
tttttcaaga
aatttcaaga
«v e eggaac

te s s v ae

ttaagtgttt

ce s e v e e

e e e DRCEY
s e s e s e
v e o DRERY

tgaagctact
gaaaattgag

s e e

D Y

tagcaattta
tgtgttgaaa
acttttctcet
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gcecgaccaga
tcecgacgege

-gcgagceggg

[ A Y

tgagaatgga
tgagaatgga
tgggtatgga
tgcgtataga
tacgtatgga
ttcecctacga
tggaacctga
tagatcctga
tggacgacga
atgatcatcg
tcgaacacgg

gggatcaatg
gggatcaatg
gggataaaag
gggataaaag
ggtataaaag
ggtgtgacgg
gattggcage
ggttggcage
ggctg...ga
gcccacgaat
.gcagegteg

acagcaagat
acagcaagat
atagtagaat
atagtagaat
atagaaaagt
actgcca. ..
agcaaaatgg
agcaaaatgg
agcaggacgyg
ggactgaagg
gggtccagceg

atatttcettg
atatttcttg
atatttcttg
atatttcttg
atatttcttyg
tactttgtag
ctgttaatcg
ttgttaattg
atcctgatcg

Tee s eer s

ctgcggegta

agatatccaa
agatatccaa
tgatattcaa
tgatattcaa
cgatattcaa
tecgectcecaaa
acgcgegega
atgcgecgegg
cgcgctggeg
ggegctcgac
gacgctcggt

tgaagaggat
tgaagaggat
ttaagagcat
tgaagagcat
ttaagagcat
tgcaagtgat
ttcagactct
ttcagacact
ccggggecega
ttctggaaac

tgcgggeggg

cccaacgtte
cccaacgtte
accaacttte
accaactttt
tccaactttt
.ccgaccttt
ttatcgcttt
ttatcgctte
gtaccgette
gcagcagata
gcaggacgta

aagaaacttce
aagaaactte
aagaaacctce
aagaaacatc
aagaaacctc
aggaaacate
aagataccca
aagacacgca
aggacacgcg
«ess.gtcca
cggaagtcca

gaaagaatgg
gaaagaatgg
gaacgaatgg
gaacgaatgg
gaaagaatgg
caacggctct
caaaatattc
caaaatattt
gcggegtecece
gcecatggggg
gcggacgaac

tgaggaagac
tgaggaagac
tgaagaggat
tgaagaagat
tgaagaggac
tcagcacgag
gcttegtgag
gctgegagaa
ggtecggege
ccacggtcag
gggcaggcgag

1150
ttgtacgcta
ttgtacgcta
ctttatgcca
ctttatgcaa
ttgtatgcca
ctctacgega
gtttacagce
gtgtacagec
atctatctgce
gatgaagcgg
accgaacgag

1200
tttagttget
tttagttgcet
acttgttgct
actcgtaget
acttgttgcet
gctggegget
ctatatcgat
ctatattgat
ctattccgat
tetgecggaac
tcaggtcege

1250
ctgctagact
ctgctagact
tggctegttt
tggctegttt
tggctegttt
atcaacgctt
gcgattatge
gcgactatge
acgactatgce
gcgteggtet
cagccggtga

1300
gagcgttgtg
gagcegttgtg
gaacattgtg
gaacattgte
gagcattgtg
gaatattgce
gaacagggcg
gaacagggcyg
gaacgcggca
gtgcggggte
tgggacggce
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1301

tgatcccgat
tgatccecgat
taataccaat
taataccaat
taattccgat
tgtttcegat
cattgccaat
ccttacccecat
tcetteccat
tcgacggcac
gggagtcgaa

1351

attggtggga
attggtggga
attggtggca
atcggtggta
actggtggta
tttggggggy
cctttageet
ceccetggect
geggegggge
gtceg. ...t
gttcgggtca

1401

taggactcett
taggactcett
aaggacacta
aaggacacta
aaggacccta
ggcgcetactg
aaccggttat
caccggctat
caccggctat
ttccaccgea
actcgecgte

1451

teggtteace
tcggttecace
tcagttectga
tcggttcetga
ttggttcetga
tgaatge...
cgcttgatgt
cacttgatgt
gtctgtecgg
gatcgagcca
tgctecgacea

1501

gtttggagag
gtttggagag
gtttggaagg
gtttggaaag
gtttggaaag
gecetggegag
tttgecccacyg
tttgecegeg
tacgcgatceg
cctectgate
ccgegggage

gggeggtecet
gggeggtecet
gggtggtect
gggtggtcecca
gggaggcetee
gaatttgceg

aaccttaacg
tactctgteg
cgegcetggee
cacgggegte
gacgagacgg

cagcaggaat
cagcaggaat
cagccggtat
cagctggcat
cagctggtet
cggccagtat
gcagt.....
gtagt.....
ctgtteecegt
cagecgtegeg
ggacctcgece

gcagctgcac
gcagctgcac
gctgcagcete
gctgceggete
gctgcagcetce
cggegegete
tcacteccece
tcactgecge
tcgetgecect
gatcgacacc
g.cctecate

aagtagtaat
aagtagtaat
aagaagtcat
aagaagtcat
gaaagacctt
...cagttce
ctttac...a
ctttac...g
gcegeeegge
tagectgteg
gtgcctecgaa

acttgtggcece
acttgtggce
atttgtggcce
atttgtggec
atttgtggcee
gactectggcee
agcgctggea
agcgctggea
accgggcgceg
cg..
tgggccacgg

ve s e

ttaccagtct
ttaccagtct
cttccagtat
cttccagtat
cttcetgtaa
ctgceegate
ggcgatagca
ggcaatgccg
catgatgcgg
gatcacgcag
ccgcggacaa

ggttcatcct
ggttcatcct
ggttcatcca
ggttcatcca
ggttcatece
ggtgcatcce
.ggactgecgt
.ggattacgt
gggactgcge
ccggtategt
gccgacgecg

caatagttgc
caatagttgce
ctgtegttgce
ctgttgttge
cggtegtege
ctgatctgge
ttgcggttge
tggcggttgce
atgcggcaca
ctgcagcagce
cggcacaagt

agcctgagag
agcctgagag
«eevaatogg
ceevsategg
.eesssttag
agtctgacca
tcgtectcaa
tcggccteaa
accgacgecge
tcaggeggeg
ggcgteccgag

tatcgaacgg
tatcgaacgg
gatagagagyg
tatagagagg
catagaaagg
aaccgaaaaa
gcagcaacge
gcagcagggce
ccgcgacege
ceesssstec
tggaggccece

tacctcaacg
tacctcaacg
tacctcagag
tacctcagag
tacctcagag
tcactcagte
ccgegttttg
acgcattctg
cgggcttcetg
gcagcetcga
ggatcegtte

tcaactggtt
tcaactggtt
tccaccggtt
teccaccggtt
tcaacaggtt
gcttecggget
gceggactgt
gceggtetgt
gcggggttct
ccagecgtege
gacgggtegt

aaatgccatt
aaatgccatt
caatgccata
caatgccata
taatgcaata
gaatgcgate
gctggecgat
cgtggcegac
ggtggcggac
ccgatecageg
ccggtgcacy

gagatcaact
gagatcaact
gtgatgagtt
gtaatgaatt
gtaatgagtt
cggcagaact
ttcatcaggc
ttcaccatge
tgcgecggcge
cgaatggtcg
cgcagcatct

cgtagacaga
cgtagacaga
aggcgtcaaa
agacgtcaaa
agacgtcaac
attcgcaage
tttttcegea
tttttecgea
tttctgegee
attegecgey
gtecggecgcee

1350
ggttgtgggg
ggttgtgggg
agttgttgga
agtcgttgga
agttgttgga
agtggttggce
gcagcaacag
gcagecagege
ggccgatceac
teecgcgagece
accgcacgcece

1400
acatggttgce
acatggttge
atatggtage
atatggtgge
atatggtagce
acatggtcgg
ttcaccccac
tccatectac
ttcatccggt
gacatgcgta
cgegtacgga

1450
gtgagatacc
gtgagatacc
attcagtacc
attcaatacce
attcactacce
geggctggac
cgecctgagtg

275

cgectgagtg

gtggtggcgg
cgeeegecte
ggagaaccgt

1500
ctetgetgag
cteotgetgag
atccgceagcet
atccacagct
atctgeaget
tgctacccaa
gattacccac
cattacgcat
catccgcegat

ggaaacgcga -

tgtagcgecag

- 1550
gggagttett
gggagttett
gagagttett
gagagttcett
gagagttctt
actacatcta
tgttgaateg
tgctgaatcyg
ttttgaaccg

acgaatgggc
cggacccgea
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ctgttttgga
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ctgettceggt
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catgctgttt
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gatgctgtte
gacaggcgcg
gccggggceca

1601

ggttetttga
ggttctttga
ggttctttga
ggttctttga
ggtttttcga
atcacttcca
gcttctatgg
gtttttatgg
ggttctacceg
tccgtgtegt
tceccagaage

1651

ttgtecttecea
ttgtcttceca
ttgtcatceca
ttategtcte
ttgtcatcte
ttgaccaata
ctcacgctga
ctcacgctga
ctgagegtgg
gtcgagcatce
gtccacgage

1701

cttectecacac
cttctcacac
tttctctcat
attctctcat
tttetectege
atttgcccaa
ggtattagcg
ggtattagca
ccttggcacg
... .Cgcgat
ggtacgccag

atggatattc
atggatattc
atggacattc
atggatattc
atggatattc
ctcgaaaagc
ttagcgggac
ttagccggac
cgcggctgcyg
ccagccatte
ggaagcggce

tgcattettt
tgcattettt
tgcattette
tgcattecttt
tgecctttttt
gaccttettt
tttacctgaa
tttacctgaa
catgccgecat

ggcaggacca
accaggtceg

ggetgtttet
ggctgtttet
ggttgtttet
gattgtttct
gecetgtatcet
cgctgteget
ccgatcggcet
ccgategget
cggatcagcet
acgatgcgeg
gcgaccgaca

gcttccaata
gcttccaata
gcttcaaata
gcttcaaata
gcttcaaata
gcgecgaatyg
gcatt..gca
gcatt,..gca
gccatecget
cagcgcaceg
gctcatceeg

tgctgaaact
tgctgaaact
ttctgaagct
ttctgaagct
ttctgaagcet
tgatgcgcett
ccgeegatte
ccgccgattce
cgcecgaccg
(= [ [ SUPIRNN
aggacgggat

gatctgcaac
gatctgcaac
gacttagaac
gacttagaac
gatctagaac
ggcctgecga
gatttaatct
gatttaattg
ggactgatcg
ggtgtgctgg
cgggggcgcet

ccecggaactg
cccggaactg
acctgaactce
acctgaactce
tcectgagett
accggagctg
acgtattctg
acgtattctg
gecgecatecgtg
catccggtet
aaggtacgtc

cctcaagatt
cctcaagatt
cttctagatt
cttctagatt
cttctagaat
atgtgcgcetg
ggcaattatg
agccattatg
gcectgeccga
gacageccceg
gccgecaceeg

cgatttagac
cgatttagac
tgacttaccg
tgatttacct
tgatttaccce
ttccgaagcece
acgctggegt
acgctggcgg
gcgetatacce

se s s s

cgtagggeccece

ctcattactg
ctcattactg
ctcgttattg
ctegttattg
ctegttattg
aggagcagtg
ccegttttta
cecegttttta
aacggttcta

tcecgaggggce
ctcaaaggcce

ttggtcttcg
ttggtcttcg
atagtttttg
atagtttttg
atatttttceg
attcaagcga
agcggcaagce
agcggcaagce
accggcaage
gcggtegega
gctgteoeggt

ggagatcatg
ggagatcatg
agagataatg
tgagataatg
agagattatg
gggtctgatg
acgactcatc
acgactcatc
acgtcccecetg
cgceecgegat
cgeccacgat

1600
gctactagaa
gctactagaa
gctacaagga
gctacaagaa
gctacaagaa
cagctcaatc
gttatgcagce
gttatgcage
ctgctgcagce
.+« «Cgaaaga
geccggeggce

1650
gcacggattc
gcacggatte
gcatggctte
gcatggcette
gcatggcette
gtacggcttt
tgcgggcaaa
tgcgggaaaa
tgcecggcegy
cggaccgege
ccggegggge

- 1700
ggttgtcget
ggttgtcgcet
ggctctcact
ggctgtctet
ggctgtcect
tgctcagatt
cgectgttee
cgectgttee
cteccattee
acggcaag. .
gcgcagaggt

1750
acaaagggga
acaaagggga
acaaagggaa
acaaagggaa
acaaagggaa
gaacaacaag
gttaaagagce
gttaa.....
ctgaaggaaa
cagcagatca
cacgacgteg
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2001 2050

= =Y o Ce aeserenn
arabcrtY aactagaggc aaaatgtaat aagataaaag agtggatttt gaacaccaaa
cannuummertL ... 0000 cesersecese seecesesves sswaes bese sessavaaes
1YCOpersiconcrtLl ..................................................
Ntabacumertl . .oovenree creoneasss sesoess sre sassasesan Ceer e .
SynechocouscrtY ...cvienns sonenses e eaeeareens Cereseenas Ceer e
Eherb 20Tty ittt ae te et e e s e eeenee sessseense sesesensns
eured.crtY ... ciiiee cecersenes seses Cerse sreesauses sesesessuae
AAUXANtiacumMCrtY  cvvevnieene cerencncne saeenn e re s eseetees seeaneenens
£lavoCrtY  tii ittt rerercieree sesreseras Creseeares seseresien
sgrigeuscrtY ....cc000n tesaa e v et raaenas Cererrraes saeasens .

arab2 .. ieeces sreesaaan
arabertY aaaaaaaaaa aaaaaaaaa
cannuummcrtL ... hevese tseseenns
lycoPersiconcrtLl ...................
NtabacumertL ...cceveee senoecoss
BynechoccusertY .o iiiives ceesnnnas
eherb2erty ...... vhed sesaaeas .
eured.crtY .. cieeenn ceeaes .
QAUrantiacumertY  c.cereeees seneenens
flavocrtY t.iiecired teanrenne
sgriseuscrtY ....... sre s esenes

The above alignement is based upon the nucleotide sequences of lycopene cyclase
Benes from the organisms listed above. The consensus primer CRTYLH is
®mboldened. Again the Wisconsin Genetic Computer Group’s Sequence Analysis
Software Package (1994) PILEUP algorithm was used.

The estimated product size of the amplified region of B. linens genome based
Upon the Iycopene cyclase gene in Erwmta herbicola

‘The below nucleotide sequence is taken frorh the carotenoid biosynthesis gene
Cluster of E, herbicola (Armstrong et al., 1993). The estimated product size is 1178bp
(bases 3136-4314). Primer sites are emboldened. Primers used are from the multiple

Sequence alignements shown above, so are not exact matches to those shown.



2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3301
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501

atttgatcag
ccgttttace
ctacccgcaa
cgctgcagat
ctatgcgacce
cectgegect
aggcgggcgyg
gctgggtage
ggecgtegtaa
tacaacagaa
acgetgtteg
gttatacgce
gactcagtaa
aaaatggtta
atacccacta
attatgctgce
tgccaataac
gtggactgcg
cgctggccga
ttacccactt
tgctgttttt
tacctgaaga
gtattctgag
ctcatcgtta
cctggcatta
cgacaaaccce
gecctacegtt
gttaaaagat

cccggegtag
accagccatg
cgcatgacga
atcgttgagc
gcattatgat
tcagcagcag
taatcatacc
accgetggtg
gctgaacagce
gtttggtcag
actgaataat
aaattcagcg
accgcacggt
tcgetttgtt
tatcgataac
ccagcaggat
cttaacgggc
tgccggactg
tcgectgagt
tgccecacgag
agcgggaccc
tttaatctec
cggcaagccg
aagagcgaca
gcaattcgtce
ggtggccggg
attaccgatc
tacgttgaac

cctcacgtat
cgetggegeg
aaatccagac
aggccatgcg
ctgattttag
caacctgaca
tggtccttte
gtatatcact
ggctattttt
cacttatgga
ggtcaggtca
ctgaacgtgg
ttatcttcac
tacagcctgce
gcgacactgg
tggcagette
gatagcaccyg
tttcacccea
gcgcttgatg
cgctggeagce
gecgattecac
cgtttttatg
cctgttecgg
acatgaaacc
tgcaggcggce
cttatgtcta
ccagcgccat
tgctgeceggt

tgtttctcat
ccacatgcgt
cgcecttegt
caccggccag
tgggegecgg
tgcgtattet
acgacgctga
ggcccgacta
ctgtgactte
ttagccgege
tcagtgccag
gattccaggc
ccattattat
cgctatctge
aacctgaacg
agactctgcet
cgttttggcea
caaccggtta
tctttacatce
agcaacgctt
gctggegtgt
cgggcaaact
tattagcggce
aactacggta
ggggatccet
tgaagatcag
tgaagaactc
tgcgeegttt

gggataggaa
gcattgectga
ttagececggeg
ccegttttga
gctggctaat
gcttatcgaa
tttaaccgag
tcaggtcege
gcagegtttt
ggtggcagag
cgcggtgatt
gtttatcgga
ggatgccacg
gacagaactg
cgcgegacaa
tcgtgaggaa
gcaacagect
ttcactccee
gtcctcaatt
ttteegecatg
tatgcagcgce
cacgctgacc
attgcaggca
attggtgcag
gtcttactge
ggattcactt
tttaccctgg
tatecgcetgt

279

aacgtgegtce
ccaacgtcga
gcacaatggce
aggggagcgg
ggcctcattg
gecggeecece
agccaacatce
tttccecacge
gccgaggttt
gttcacgeceg
gatgggcgag
caggaatggc
gtcgatcagce
ttaatcgaag
aatattcgcg
cagggcgeat
ttagectgea
cttgeggttyg
catcaggcga
ttgaatcgcea
ttctatggtt
gatcggctac
attatgacga
getttggtgy
ttgagcaacyg
ttgatgcagg
cgggaaaaca
gttgggagte

Conserved regions in the deduced amino acid sequences of lycopene cyclase
‘hzymes from plants, cyanobacteria and bacteria
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arabep
escuep
cap
escu
arab
narc
Syne
qrocrty
flavo
cho10 (1)
®ho1q(2)
eho13
ured
1°ngus
Egris (1)
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MECVGARNFA
MECVGVQNVG

L A B B

AMAVSTFPSW
AMAVLTRPRL
«ees MDTLL
.MDTLL
.MDTLL
.MDTLL

LRCIEY

SCRRKFPVVK
N...RWSGGE
RTPNNLEFL.

KTPNNLEFLN
KTPNKLDFFI
RTHNRLELLY

LI A A A A )

RYSYRNIRFG
LCQEKSIFLA
. . .HGFGVK.
PH.HGFAVK,
PQFHGFERL.
P.LHELAKRH

LRI NI Y S Y

LCSVRASGGG
YEQYESKCNS
... VSAFSSV
.« .ASTFRSE
.+ . CSNNPYP
FLSPSPNPON



arabep
escuep
cap
escu
arab
narc
Syne
agrocrty
flavo
cho1g (1)
cho10 (2)
eho13
ured
longus
8grig (1)

arabep
escuep
cap
escu
arab
narc
sSyne
agrocrty
flavo
eh°10(1)
®ho10(2)
ehol3
ured
l°ngus
sgris(]_)

arabep
€scuep

- cap
escu
arab
narc
Syne
agrQCrty
flavo
EhOIO(l)
§h010(2)
€ho1l3
ured
1°ngus
sgris(l)

51.

SSGSESCVAV
SSGSDSCVVD
KSQKFGAKKF
KHHNFGSRKF
SRVRLGVKKR
PNFKFFSRKP

oooooooooo

101
PPISIGDGAL
RQISAGQTVL
RGV.....VWVW
KGV.....

IDSVPNDDSC
++++.MPTDF

151

FTNN.YGVWE
FTNN.YGVWE
WPNN.YGVWV
WPNN.YGVWV
WPNN. YGVWV
WPNN.YGVWV
WENT.YGIWG
SDGHTWSCHD
SDQHTWSCHD
GGNHTWSFHE
GGNHTWSFHE

" GGNHTWSFHD

GGNHTWSFHH
GGNHRWSWFD
APPRTWCFWE

REDFADEEDF
KEDFADEEDY
CEGLGSRSVC
CETLG.RSVC
AIKIVS...S
YQK.KCRNGY

B BRB PR ca a
pssssGGGXG

A A

VKAGGSETIL.
IKAGGSQLV,
VKASSSALLE
VKGSSSALLE
VVSGSAALLD
IGVSSNQLLD

aa aaoao oo
GSXX8XXSXX

FVQMQQNKDM
FVQOMQQKKDM
LVPETKKENL
LVPETKKENL
LVPETKKENL
LVPEIKKEHL

100
DEQSKLVDKL
DQQSKLSDEL
DFELPMYDPS
DFELPMYDPS
DFELPLYDTS
EFDLPLYDPS

----------

280

B PP Secondary structure

ssa

150

DHVVIGCGPA
DLVVIGCGPA
DLAVVGGGPA
DLAVVGGGPA
DLAIVGGGPA
DLAVVGGGPL
DALVIGSGPA
DVLLAGAGLA
DLLIAGAGLS

. |DLILVGGGLA
. |DLILVGGGLA

DLILVGAGLA
DLILVGAGLA
DCAIVGGGLA
DVVIVGAGAA

....GLALAA
....GLALAA
....GLAVAQ
....GLAVAQ
....GLAVAQ
....ARSCST
....GLAIAA
NGLIALALRA
GALIALAVRD
NGLIAWRLRQ
NGLIAWRLRQ
NGLIALRLQQ
NGLIALRLQQ
GGLIALALQR
GMSLAYHLCA

ESAKLGLKVG
ESAKLGLNVG
QVSEAGLSVC
QVSEAGLSVC
QVSEAGLSVC
SLG.GGLSVV
ELAQRGLKVQ
ARPD. .LRVL
RRPD. .ARIV
RYPQ. .LNLL
RYPQ. .LNLL
QQPD. .MRIL
QOPD. .MRIL
ARPE. .FRIR
PDSDVPLSVA

.. .PDLP
... PDLP
+NPKLI
.NPKLI

GRTI..
PPGPLR

DEFNDIG. ..
DEFKDLG. ..
DEFEAMD. ..
DEFEAMD. ..
DEFEAMD. ..
DEFEDMD...
PELDSIG. ..
PDLSPDWLAR
TDLSPEWLAR
DDLTPGQHAW
DDLTPGQHAW
ADLTESQHRW
DDLTESQHRW
SDLSDAGRAL
PPGGPYDPVL

LOKCIEHVWR
LOACTEHVWR
LLDCLDATWS
LLDCLDATWS
LLDCLDTTWS
LLDCLDATWS
LEHLFGHRWS
LKPLRRANW.
LSPIRRGEW,
LAPLVAHAW.
LAPLVAHAW,
VAPLVVYHW.
IAPLVVHHW.
LADFRQTDWE
AASWPRLRVR

ETIVYLDDDK
DTIVYLDDDE
GAAVYIDDKT
GAAVYIDDNT
GAVVYVDEGV
GAIVYVDDRS
NCVSYFGEAP
PDQEVRFPRH
TDQEVAFPDH
PGYEVQFPDL
PGYEVQFPDL
PDYQVRFPTR
PDYQVRFPTR
GGYEVRFPKY
AADGASTVAQ
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PITIGRAYGR
PILIGRAYGR
TKDLNRPYGR
AKDLHRPYGR
KKDLSRPYGR
TKNLSRPYAR
VQHQYN . YGL
ARRLATGYGS
SRRLTTGYGS
RRRLARGYYS
RRRLARGYYS
RRKLNSGYFS
RRKLNSGYFC
RRKLKTAYRS
LPRLR. .YKM

FAD-binding Motif



arabep
escuep
cap
escu
arab
narc
syne
agrocrty
flavo
eho10 (1)
eho10 (2)
eho13
ured
longus
8gris (1)

arabep
€scuep
cap
escu
arab
narc
syne
agrocrty
flavo
€ho10(1)
®ho1o (2)
€hol3
ured
longus
8gris (1)
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Arabep
€scuep
cap
escu
arab
narc
8yne
drocrty
flavo
Eholo (1)
tho1g (2)
eho13
ured
longus
S9ris (1)

201

VSRRLLHEEL
VSRHFLHEEL
VNRKQLKSKM
VNRKQLKSKM
VNRKQLKSKM
VNRKNLKSKM
FDRAQLQQHW
LDGAALADAV
IEAGALIGLL
ITSERFAEAL
ITSERFAEAL
VTSQRFAEVL
ITSQRFAEVL
MASTDFHEGL
LRSDAFEALV

251
LATVASGAAS
FVTVASGAAS
VVLDATGFSR
VVLDATGFSR
VVLDATGFSR
VVLDATGFSR
LVVDTTGHQA
.RIEAGAVLD
.RIEAACVID
.ALLAGAVID
.ALLAGAVID
JVISASAVID
+VIGARAVID
TRINARSVID
ILVRGRLVFD

(cunningham et al.,

RD...YTNEK
RD...YLRHD
RDSHLKNNVE
RDSHLKNNTD
RDKHLDSYPE

' RDSHLNGKAE

RSDELSP...
TVTQQR.....
TVPQM. ....
TVAQQ.....

TVDQLAPHGN
RTPQPA. ...

LRRCVESGVS
LKRCVEAGVL
MQKCILNGVK
MQKCIMNGVK
LOKCITNGVK
MKKCVSNGVR
LRQCEQGGLQ
VRS...GAE.
..Q...GVD,
HQAL. .GEN.
HQAL. .GEN.
QQKF. .GQH.
QRQF. .GPH

LRAL. .PEGS
EQRFSRAPDL

GKLLQYEVGG
GKFLQYELGS
S.LVQYDKPY
S.LVQYDKPY
C.LVQYDKPY
C.LVQYDKPY
A.FIQRPHSD
GR.GAQPSRH
AR.GAVETPH
GR,.GVTASSA
GR.GVTASSA
GR.GYTPNSA
GR.GYAANSA
CR.SFKPSAH
SRPSHRLPPA

VRSLEAEYPT
AQSLEARKYPT
LKERNSRIPT
LKERNSRIPT
LKERNSKIPT
LNERNAKIPT
. .EERQLPPT
.DGYR.
.DGYR.....
QGYR.....
.QGYR.....
LNGYR.....
.NGYR.....
GGSYR.....
.RGLS.....

« oo

YLSSKVDSIT
YLNSKVDRIV
FHQAKVIKVI
FHQAKVIKVI
FHQSKVTNVV
FHQATVVKAM
WQLGKAAAIA
IRWDSDIALL
LRWNTHVATL
IWLNCSVSEV
IWLNCSVSEV
LWISRAVAEV

. LWMDTAVAEV

VILGRKAVGL
CRMEATASSV

PRVCVQTAYG
PRVSVQTAYG
NPGY.QVAYG
NPGY.QVAYG
NPGY.QVAYG
NPGY.QVAYG
ATIAY.QAAYG
LTVGFQKFVG
LTVGFQKFVG
MQTGYQLFLG
MQTGYQLFLG
LNVGFQAFIG
LSVGFQAFIG
LKGGWQVFLG
RTTLLQHFTG

EASDGLRLVA
EATNGQSLVE
HE.ESKSMLI
HE.ESKSMLI
HE.EANSTVV
HE.EEKSYLI
HD.SHHSCVT
DAQ. .GA
DDT.....GA

L)

. GV
RDDPSGVGGE

VEVEVENSPY
VEVEVDNNPF
ILAEVEEHPF
ILAEVEEHPF
IIAEVDGHPF
ILAEVEEHPF
IIGQFSQPPI
VEIETDRP.H
VEIETDAP.H
QOQWRLTQP.H
QQWRLTQP.H
QEWRLSKP.H
QEWRLSHP.H
RHMRLQEP.H
WFVRTERPVF

1994) motifl

FLYAMPMTKS
FLYAMPMSPT
FLYAMPFSSN
FLYAMPFSSN
FLYAMPFSSN
FLYAMPFSSN
FLYAMDLGND
FIYLLPFSPT
FIYLLPFSPT
FVYTLPLSAD
FVYTLPLSAD
FVYSLPLSAT
FVYSLPLSPT
FVYVLPLGSH

FGYVLPLDPH

RLFFEETCLA
RVFFEETCLA
RIFLEETSLY
RIFLEETSLV
RIFLEETSLV
RIFLEETSLYV
VYFVEETSLA
RILIEDTRYS
RILIEDTRYS
TLLIEDTRYA
TLLIEDTRYA
ELLIEDTHYI
RLLIEDTHYI
DVFIEDTYYA
TALVEYTEFS

250
CDDNNVIPCR
CEGDVVIPCR
CNDGITIQAT
CNDGITIQAT
CSDGVKIQAS
CSDGVTIDAR
TAAGQELQAR
TLSCGT....
TLTDGS. ...
RLANGE....
RLANGE.,..
RLNNGQ. ...
RLKKGQ....
DLAPSQYGPA
VLTRTACGER

300
DPDOMVFMDY
DPSLMVFMDY
DVNKMVFMDW
DVNKMVFMDW
DVDKMVFMDW
DVDKMVFMDW
EPHQFVLMDY
GVPRPMIMDA
GVERPMIMDA
GLTVPILMDA
GLTVPILMDA
GLSSPIIMDA
GLSSPIIMDA
GVENPVIMDA
DPGTADLMDF

350
SKDVMPFDLL
SKDAMPFDLL
ARPGLGMDDI
ARPGLRIDDI
ARPGLRMEDI
ARPGLKMEDI
ACPAIPYDRL
DGGDLDDDAL
DGGDLDDGAL
NVPQRDDNAL
NVPQRDDNAL
DNATLEPERA
DNATLDPECA
DDPLLDRNAL
PAP.LDTDGY
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arabep
escuep
cap
escu
arab
narc
sSyne
&grocrty
flavo
eho10 (1)
eho10 (2)
ehol3
ured
longus
8gris (1)

arabep
escuep
cap
escu
arab
narc
syne
agrocrty
flavo
¢ho10 (1)
®ho10 (2)
ehol3
ured
longus
Sgris (1)

arabep
e€scuep
cap
escu
arab

- narc
Syne
3grocrty
flavo
ho10 (1)
®ho1o (2)
€ho13
ured
longus
S9risg (1)
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KTKLMLRLDT
KKKLMLRLNT
QERMVARLSH
QERMVARLNH
QERMAARLKH
QERMVARLNH
KQRLYQRLAT
AAASHDYARQ
AQASLDYAAR
RQTVTDYAHS
RQTVTDYAHS
RONIRDYAAQ
RONICDYAAQ
SGRIDQYARA
RRALRHYTHD

LGIRIL.
LGVRIK.
LGIKVK.
LGIKVK.
LGINVK.RIE
LGIRIK.SIE
RGVTVQ.VIQ
QGWTGA.EV.
RGWTGQ.EM.
KGWQLA.QLE
KGWQLA . QLE
QDWQLQ.TLL
QGWQLQ.TLL
NGWENG. TPV
VLRLGPLQVT

KTY
EIY
SIE
SIE

motif2

401

EEEWSYIPVG
EEEWSYIPVG
EDEHCVIPMG
EDEHCLIPMG
EDERCVIPMG
EDERCVIPMG
HEEYCLFPMN
RRERGILPIA
RRERGILPIA
REETGCLPIT
REETGCLPIT
REEQGALPIT
REEQGALPIT
HHEAGVLPVL
AQEHGVIPMT

Predicted

GSLPNTEQK.
GSLPNTEQK.
GPLPVLPQR.
GPLPVLPQR.
GPLPVLPQR.
GPLPVIPQR.
LPLPDLTQS.
LAHDAAGFWA
LAHDAIGFWR
LAGDIQALWA
LAGDIQALWA
LTGDSTAFWQ
LSGNADAFWQ
TGGDFSAYQD
«++«+.DGRFP

l!..'lTIAF
ceees o VVGI
e on e VVGI

ceesne VVGI
v e oo VVGF
DHAAGPVPV.
DHAQGAVPV,
DAPGVPRS. .
DAPGVPRS. .,
QQP.LACS..
QRP.LACS..
EVRIPGVAIA
HKAGRSVYRI

transmembrane helix
(Cunningham et al., 1994)

GA. .AASMVH
GA..AFSMVH
GG. . TAGMVH
GG. . TTAGMVH
GG. . TAGMVH
GG. .TIARGMVH
GG. .AASMVH
GL..RﬁGFFH
GL..GﬁGLFH
GM. .RAGLFH
GM. .RAGLFH
GL. .RAGLFH
GL. .RAGLFH
GA. .RGGFTH
GT. .AGGATR

PATGYBVVRS
PATGYSVVRS
PSTGYMVART
PSTGYMVART
PSTGYMVART
PSTGYMVART
PASGYMVGAL
PVTGY|.|. . .
PVTGY|.|. .
PTTGY.]. .
PTTGYl.|. ..
PTTGYL|. ..
PTTGY..|. ..
PLTSYL|. ..
PSTGY].|. ..

-

Hanhhhhnon

LSEAPKYASV
LSEAPKCASV
LAAAPVVANA
LAAAPVVANA
LAAAPIVANA
LAAAPIVANS
LRRAPDLANA
LPYARQVADV
LPYAAQVADA
LPLAVALADA
LPLAVALADA
LPLAVALADR
LPLAVAVADR
MCVAVENALA
FAAVQRQSRA

IAEILREETIT
LANILRQHYS
IIQYLSSERS
ITIQYLGSERS
IVRYLGSPSS
IVQYLVSDSG
IAAGLNA.|. S
VAGLSGPPGT
IAA. .RDLIT
IADSPR.IGS
IADSPR.LGS
LSALDV.FTS
LSALDV.FTS
MAE.QPDLSG
VADQLRSGRP

451

NISRQAWDTL
SISTQAWNTL
ELSAAVWKDL
ELSTAVWKDL
QLSAEVWRDL
DLSADVWKDL

' ELATQAWRGL

ATIDRARRDRF
AIDRADRDRF
AERHWRRQGF
AERHWRRQGF

- AHERWQQORF

ARERWQQQGF
ARRHWSKTGY
A. .RLMDAVL

WPPERKRQRA
WPQERKRQRS
WPIERRRQRE
WPIERRRQRE
WPIERRRQRE
WPIERRRQRE
WPTEKIRKHY
LRLLN.....
LRLLN.....
FRLLN.....
FRLLN.....

LRALDSGRVD

FFLFGLALIV
FFLFGLALIL
FFCFGMDILL
FFCFGMDILL
FFCFGMDILL
FFCFGMDILL
IYQFGLEKLM
+++. .RMLFR
«++«+ RMLFR
+++..RMLFL
++ .+ .RMLFL

GADFFHRLFR

QFDTEGIRSF
QLDIEGIRSF
KLDLPATRRF
KLDLPATRRF
KLDLDATRRF
KLDLEGTRRF
RFSEAQLNHH
GCAPDRRYTL
GCPPDRRYRL
AGREENRWRV
AGREENRWRV
AGPADSRWRV
AGPADSRWRV
AAKPEKRVKV
HIPGERLLSF

450
KQI.....NS
KNMLTSSSIP
H....S..GD
...8..GN
.+ «SLRGD
...5..GN
.+ .SLTTA
DALRGAIRDY
ASARRAVRGW
VPLYQLTRQF
VPLYQLTRQF
SSIHQAITHF
ASIHHAITHF
EQLAAFFDSR
LRVPAPYGRR

H.
N.
L.
S.

500
FRTFFRLPKW
FRAFFRVPKW
FDAFFDLEPR
FDAFFDLEPR
FDAFFDLQPH
FDAFFDLEPR
FQTFFGLPKE
LORFYRMPHG
LOQRFYRLPQP
MQRFYGLPEP
MQRFYGLPEP
MQRFYGLPED
MQRFYGLPED
FQRFYGLREG

MDGRSQLHED
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501 550
arabep MWQGFLGSTL TSGDLVLFAL YMFVISPNNL RKGLINHLIS DPTGATMIKT
escuep MWQGFLGSSL SSADLMLFAF YMFIIAPNDM RKGLIRHLLS DPTGATLIRT

cap YWHGFLSSRL FLPELIVFGL SLFSHASNTS RLEIMTK .G TLPLVHMINN
escu YWHGFLSSRL FLPELIVFGL SLFSHASNTS RFEIMTK..G TVPLVNMINN
arab YWHGFLSSRL FLPELLVFGL SLFSHASNTS RLEIMTK..G TVPLAKMINN
narc YWHGFLSSRL FLPELVPFGL SLFSHASNTC KLEIMAK..G TLPLVNMINN
syne QWYGFLTNTL SLPELIQAML RLFAQAPNDV RWGLMEQ..Q GREL.QLFWQ
agrocrty LIERFYAGRL SVAD..... Q LRIVTGKPPI PLGTAIRC.L PERPLLKENA
flavo LIERFYAGRL TLAD..... R LRIVTGRPPI PLSQAVRC.L PERPLLQERA
€hol10(1) TVERFYAGRL SLFD..... K ARILTGKPPV PLGEAWRAAL NHFPDRRDKG
eh010(2) TVERFYAGRL SLFD..... K ARILTGKPPV PLGEAWRAAL NHFPDRRDKG
ehol3 LISRFYAGKL TLTD..... R LRILSGKPPV PVLAALQAIM TTHR......
ured LIARFYAGKL TLTD..... R LRILSGKPPV PVLAALQAIM TTHR......
longus LIERFYAARS NTFD..... K VRVLWGEPPV AIHSAILAMF KSGPALKSEK
8gris (1) LLIGLRTPMV PMLRTVFELP FRTRRARPAA PFPPHRPPPK GAPHDPVAR.

551 570
arabep YLKV...... cocseconns
€scuep YLTF...... teicererses

Cap LLODKE.... veevssoans
escu LLODKE.... cecrcceson
arab LVQDRD. ... csosessnss
narc LVODRD.... «ceetvveonns
Syne AIAAR...::¢ screesssnn

AILOCTLY vvvevvnene cvvonnenns
flavo tiiiiiiii e ot
Cho10(1) ..iiiiiiir ciiieenn..
Cho10(2) tiivrviere cieneeien.
ehol3 .......... Cesiaaaees
Ured ...eceesse srsessanss
longus SDRGVAQAAL DEELQTEKRP
8gris (1) Ceeeee eereeaaea
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Aligned deduced amino acid sequences from the lycopene cyclase genes of plants,
Cyanobacteria and bacteria. The dinucleotide binding motif is shown (Cunningham et
al,, 1994; Van Beeuman et al., 1991). The key to symbols is as follows:

p=polar or charged D,E,K,R,H,S,T,Q,N
s=small and hydrophobic A,I,L,V,M,C

x=any AA ,
a=acidicDorE °

Abbreviations are as follows: arabep Arababidopsis thaliana epsilon cyclase
C}lnningham et al, 1996), escuep Lycopersicon esculentum epsilon cyclase
leschberg 1997), cap Capsicum annuum (Hugueney et al., 1995), escu Lycopersicon

¢Sculentum (Cunningham et al., 1996), arab Arababidopsis thaliana (Scolnik and
artley, 1995), narc Narcissus pseudonarcissus (Al-Babili et al, 1996), syne
Yhechococcus sp. (Cunningham et al., 1994), agrocrty Agrobacterium aurantiacum
Misawa ef al., 1995b), flavo Flavobacterium ATCC21588 (Pasamontes et al., 1997),
®h010 (1) Erwinia herbicola Ehol0 (Hundle et al, 1994), e¢holO (2) Erwinia
he’bicola Ehol0 (Hundle et al., 1994), ehol3 Erwinia herbicola Ehol3 (To et al.,
994), ured Erwinia uredovora (Misawa et al., 1990), longus Erythrobacter longus
Matsumara et al., 1997), sgris(1) Streptomyces griseus (Schumann et al., 1996).
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