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ABSTRACT

The aim of this work was twofold: to construct plasmids with a gene encoding a pesticidal
protein expressed from an Agrobacterium tumefaciens virulence promoter and to determine, in

planta, the sites of Agrobacterium vir-induction.

A number of methods were employed to detect in situ vir-induction and, to this end, genes
encoding B-glucuronidase (GUS) and bioluminescence (Jux) were linked in plasmid constructs
to Agrobacterium vir-promoters. In each case, expression of the gene was shown to be induced
by the vir-inducing phenolic compound acetosyringone. An existing plasmid, in which the lacZ
gene was under control of the virB promoter was utilised to demonstrate vir-induction occurring

at sites of injury on the roots of mung bean seedlings.

Pesticidal genes expressed from Agrobacterium virulence promoters would form the basis
of a biological control system. A microbial inoculant harbouring such a construct would
produce the pesticidal protein only when in the presence of vir-inducing compounds in plant
wound exudates. A chitinase gene, chiB, from Serratia marcescens was characterised and
sequenced and, following removal of its promoter region, was linked to an Agrobacterium virB
promoter. Plasmids were also constructed in which the chiA gene of S. marcescens was brought
under the control of a virB or virE promoter. All the constructs specified acetosyringone-
inducible production of chitinase. Chitinase is effective in the biological control of chitin

containing organisms such as fungi.
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ABBREVIATIONS

AS acetosyringone
bp base pairs
cpm counts per minute

DNA deoxyribonucleic acid

dNTP deoxynucleoside triphosphate
ddNTP  dideoxynucleoside triphosphate
DMF dimethyl formamide

DMSO  dimethylsulphoxide

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid
IPTG isopropylthiogalactoside

kb kilobase pairs

kDa kilodaltons

MES 2-(N-morpholino)ethane sulphonic acid
PEG polyethylene glycol

RNA ribonucleic acid

RNase ribonuclease

SDS sodium dodecyl sulphate

SSC saline sodium citrate

TEMED N,N,N'.N'-tetramethylethylenediamine
Tris tristhydroxymethyl)aminomethane
uv ultraviolet

X-gal 5-bromo-4-chloro-3-indolyl--D-galactoside
X-gluc  5-bromo-4-chloro-3-indolyl-B-D-glucuronide
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CHAPTER 1



INTRODUCTION

1.1 The genus Agrobacterium.

The genus Agrobacterium is a member of the family Rhizobiaceae and is closely related to
the genus Rhizobium (Kersters & Deley, 1982). Agrobacteria are a common component of the
soil microflora and are most usually found in association with plant roots, the number of
bacteria around roots being roughly a thousand-fold greater than in nearby soil (New & Kerr,
1972). Morphologically, they are short, parallel-sided, Gram-negative rods with rounded ends.
They are 0.6-1.0 pm wide and 1.5-3.0 um long, with 1-6 peritrichous flagella which may be 4-5
times as long as the cell (Lippincott et al., 1981).

The genus is traditionally considered to be divided into four species based on their
phytopathogenicity. Agrobacterium tumefaciens causes crown galls on a wide variety of
dicotyledonous and some monocotyledonous plants; A. rhizogenes induces root proliferation at
the site it infects; A. rubi causes the disease cane gall; A. radiobacter is a non-pathogenic strain
(Nester & Kosuge, 1981).

The pathogénicity in each case is determined by the presence or absence of a large plasmid
termed either tumour-inducing (Ti) or root-inducing (Ri) (Van Larebeke et al., 1974; Zaenen et
al., 1974; Watson et al., 1975; Moore et al., 1979) and since these plasmids are transferable.
from one strain of Agrobacterium to another (Kerr et al., 1977; Genetello et al., 1977) the above
classification is controversial and subject to perpetual change. The transfer of plasmids between
Agrobacteria confers pathogenic properties on the acceptor strain identical to those of the donor
strain (Van Larebeke et al., 1975; Thomashow et al., 1980).

An altemnative classification has been proposed which is based on a number of
physiological and biochemical characteristics and DNA hybridisation studies (Kei'r &
Panagopoulos, 1977; Kersters & DeLey, 1982). As these characteristics are chromosomally
encoded, they are more likely to be stable and thus legitimately form the basis for a true
taxonomic classification. Under this classification, agrobacteria are subdivided into two major
biotypes; 1 and 2, and a minor intermediate group, biotype 3, each group containing both
pathogenic and non-pathogenic strains. There is also a corresponding regional specificity:
biotype 1 predominant fbr Westemn Eu}ope and the USA, biotype 2 for Australia and biotype 3

for Southeastern Europe.




For the purpose of this thesis, the traditional nomenclature will be used and henceforth A.
tumefaciens will refer to a biotype of Agrobacterium which when isolated contained a Ti-

plasmid and was thus capable of inciting the disease crown gall.

1.2 Crown Gall.

Crown gall is a neoplastic disease of plants induced by A. tumefaciens causing considerable
losses in certain crops, notably grapes, stone fruits and omamental plants. It is practically
universal in its distribution, occurring in Africa, Asia, Australasia, Europe and North and South
America (Elliott, 1951). The disease was first described by Aristotle, but it was in 1907 that
Smith and Townsend identified A. tumefaciens as the causative agent. Since this time, crown
gall and its inciting organism have been extensively and continuously studied, not only because
of the economic impact of the disease, but also due to its possible relation to animal cancers and
its value as a model system to study the control systems underlying cellular growth and
differentiation.

. In 1942 White and Braun showed that the presence of the bacteria was not necessary for
tumour growth and maintenance. In fact, whereas normal plant tissue grows slowly in culture
and then only when exogenous cytokinins and auxins are supplied, gall tissue grows rapidly in
the absence of any added hormone. Braun proposed that the bacterium introduced a “tumour-
inducing principle" into the plant cells so that they acquired a capacity for autonomous growth
(Braun & Mandle, 1948).

In addition to the production of high levels of auxin and cytokinin, tumour cells have the
peculiar characteristic of synthesising novel sugar and amino acid conjugates termed opines,
which are not present in normal plant cells. In 1970, Petit et al. established a significant finding
when they discovered that: the type of opine synthesised in a tumour was specified by the
inciting Agrobacterium strain and was independent of the host plant. It was further
demonstrated that a secreted opine can be catabolised by the specific Agrobacterium strain that
incited the tumour and used as an energy, nitrogen and carbon source, a trait which was shown
to be Ti-plasmid determined (Bomhoff et al., 1976). This may provide the inciting
Agrobacteria with a competitive advantage over other soil microorganisms in the rhizosphere, a

phenomenon which has been termed "genetic colonisation” (Schell et al., 1979).

In 1975, there was a major breakthrough in the understanding of crown gall when it was
demonstrated that the "tumour-inducing principle" of Agrobacterium was in fact carried on a
large plasmid, the Ti-plasmid (Van Larebeke et al., 1974, Watson et al., 1975). The obvious

way to explain the role played by Ti-plasmids in oncogenicity and .opine synthesis was to



assume that part or all of the Ti-plasmid was somehow transferred to and stably maintained in,
the transformed plant cells. By means of DNA hybridisation experiments it was indeed
demonstrated that a small, discrete piece of DNA from the Ti-plasmid (the transfer, or T-DNA)
was transferred to the plant genome (Chilton et al., 1977; Chilton et al., 1980; Willmitzer et al.,
1980). This T-DNA is responsible for causing the tumorous phenotype and for the synthesis of
opines and it will be discussed in later sections, together with a detailed account of the Ti-

pla_smid‘ and its functions.

1.3 Agrobacterium in the rhizosphere.

The interaction between Agrobacterium and plants which ultimately leads to plant cell
transformation is often considered to start with the attachment of the bacteria to the plant cell
surface. In fact, the plant:microbe interaction begins with the initial colonisation of the 'plant
roots by the bacteria, a process which requires Agrobacterium to respond to plant chemical

signals.

 Agrobacterium sp. are commonly found in both cultivated and non-agricultural soils and
are routinely isolated from the réots of plants. Although it was Kerr (1969 & 1974) who first
- made detailed studies of the occurrence of Agrobacterium species in the soil and demonstrated
their abundance in the rhizosphere, the close association between Agrobacterium and plants was
-noted by Starkey as long ago as 1929. He investigated the rhizosphere effect in which plant
exudates influence the microbial population of the soil and noted: "The development of higher
plants exerts pronounced influences upon the soil population, but these influences are greater
upon some organisms than upon others.....The greatest proportional increases appear in the

Bacterium radiobacter (now Agrobacterium) group of organisms."

1.3.1 Motility and chemotaxis of rhizobacteria.

Motility is known to be a feature of many rhizosphere bacteria. and the importance of
flagella in the movement of bacteria in the soil has long been debated (Hamdi, 1971; Soby &
Bergman, 1983; Howie et al., 1987 Scher et al., 1988). Howie et al. (1987) found that non-
flagellated mutants of Pseudomonas fluorescens colonised wheat roots to the same extent as the
wild types, even at a soil matric potential favourable for motility. Similarly, Scher et al. (1988),
using strains of Pseudomonas putida and Serratia spp. showed no positive correlation between
motility and root colonisation On the other hand, Soby and Bergman (1983) demonstrated that
efficient spreading of Rhizobium meliloti in soil demanded active motility and chemotaxis and



experiments carried out by de Weger er al. (1987) indicated a requirement for flagella in the
colonisation of potato roots by P. fluorescens.

Given soil conditions suitable for motility, chemotaxis toward seed or root exudates is
likely to contribute to the ability of bacteria to colonise roots. Soil organisms which can detect
and move towards a source of nutrients would obviously have a selective advantage over their
non-chemotactic counterparts which rely on random rather than directed means of reaching their

host organisms.

Chemotaxis has been observed in a number of rhizosphere bacteria (Chet et al., 1973;
Scher et al., 1985; Heinrich & Hess, 1985; Bashan, 1986), although studies on the biological
significance of the phenomenon have been limited. Pseudomonas putida can move 1cm in 12
hours towards a soybean seed in water saturated soil (Scher et al., 1985) and Azospirillum
brasilense has been shown to migrate distances of up to 160cm under field conditions, the
movement being highly dependent on the presence of a plant source (Bashan & Levanony,
1987). The most detailed investigations have been undertaken with Rhizobium species and the
general conclusion is that non-chemotactic mutants can nodulate host roots but their efficiency
and competitiveness are reduced (Hunter & Fahring, 1980; Ames & Bergman, 1981; Bergman
et al., 1988; Caetano-Anolles et al., 1988).

Rhizobia are known to be attracted towards substances secreted by plant roots (Currier &
Strobel, 1976; Currier & Strobel, 1977; Gitte et al., 1978; Gaworzewska & Carlile, 1982) and
since these substances appear to be secreted chiefly by cells in the zone of elongéﬁon, then the
bacteria will move towards root cells which are most susceptible to infection (Bhuvaneswari et
al., 1981). In addition to the chemotaxis exhibited towards nutrients such as sugars and amino
acids (Goetz et al., 1982), rhizobia also respond to diverse phenolic compounds by positive
chemotaxis (Parke et al., 1985). Most recently, chemoattraction has been demonstrated towards
the nod gene inducing flavonoid compounds luteolin (Caetano-Anolles er al., 1988) and
naringenin (Aguilar et al., 1988) and this highly potent and specific response requires functional
nodulation genes. It has been postulated that motile cells in the rhizosphere, which can detect
luteolin exuding from plant roots at concentrations between 10-10 and 10-M move towards the
host until the luteolin concentration reaches 10-’M (Caetano-Anolles et al., 1988). At this point
chemotaxis is diminished but the induction of nod gene expression is rapid (Peters et al., 1986).

Over the past few years a highly comparable scenario has been demonstrated to exist for
the Agrobacterium:plant interaction in the rhizosphere (Ashby et al., 1987; Parke et al., 1987,
Ashby et al., 1988; Shaw et al., 1988a). The parallel effects of specific phenolic compounds on
chemotaxis and vir gene induction suggest that this pattern of coordinated responses may be of

general importance to plant:microbe interactions.



1.3.2 Chemotaxis in Agrobacterium.

A. tumefaciens strains are attracted to plant roots with broken root hairs in particular being
major sites for bacterial accumulation (Schroth er al, 1971). When Stachel and coworkers
identified acetosyringone as a signal molecule produced by wounded plant cells which activates
vir gene expression, they speculated that it might also serve to attract Agrobacterium to plants
(Stachel er al., 1985b). However, it is only recently that a detailed study of chemotaxis in
Agrobacterium has been undertaken (Ashby et al., 1987; Parke et al., 1987; Ashby et al., 1988;
Loake et al., 1988; Shaw et al., 1988a). As a result of these investigations a scheme has been
proposed for how A. tumefaciens recognizes host plants under natural conditions and becomes
established in the rhizosphere, particularly around wounded plant tissue, in sufficiently high
numbers to initiate infection (Shaw et al., 1988b).

A. tumefaciens CS8C! exhibits a highly sensitive chemotactic response towards a range of
sugars, many of which are characteristic of plant exudates (Loake et al., 1988). Sucrose, which
is generally the most abundant translocated plant sugar, evokes by far the strongest and most
sensitive response, with an optimum at 10-°M. The responses towards glucose and fructose are
equally as sensitive but of a much lower magnitude. In addition, the amino acids argirﬁne and
valine also act as chemoattractants for Agrobacterium. These responses are independent of the
Ti-plasmid (Loake et al., 1988). Since the sugars which act as attractants are components of
plant exudates, these results suggest that the prevalence of Agrobacterium in the rhizosphere
may be at least partly explained by its extremely sensitive chemotaxis towards plant
saccharides. Both Ti-plasmid containing and non-pathogenic strains are attracted and, in fact,
virulent strains often make up less than 1% of the rhizosphere agrobabteria (Kerr, 1969).

Once established in the rhizosphere, agrobacteria possessing a Ti-plasmid exhibit a second
level of attraction which probably guides them specifically towards susceptible wounded plant
cells releasing phenolic compounds (Ashby et al., 1987; Ashby et al., 1988). Ashby et al.
(1987) demonstrated that acetosyringone, known to be a strong vir-inducer, elicits a slight, but
sensitive, chemotactic response from A. tumefaciens CS8C! harbouring a Ti-plasmid, with
maximal attraction occurring at a concentration of 10-7M. The otherwise isogenic, cured strain,
exhibited no attraction towards acetosyringone. Altematively, vanillyl alcohol, which does not
induce vir-expression, evokes a much weaker chemotactic response which is independent of the

Ti-plasmid.

Further studies, using a range of phenolic compounds, confirmed the correlation between
vir-inducing ability and Ti-plasmid requirement for chemotaxis (Ashby ez al., 1988). Moreover,
the Ti-dependent responses are significantly more sensitive than those evoked by non-inducers.
For acetosyringone, the concentration giving peak attraction is some 100-fold lower than the



maximal vir-inducing concentration (Stachel et al., 1985b). This suggests a scenario whereby
virulent agrobacteria, which have already accumulated in the rhizosphere due to their strong
attraction towards sugars in plant exudates, will be attracted towards wounded plant cells which
are releasing vir-inducing phenolic compounds. The bacteria will migrate up the concentration
gradient until they reach the cells, where the concentration of inducer will be high enough to
effect vir-induction and thus initiate the chain of events leading to T-DNA transfer and plant

transformation (see later sections).

Conflicting evidence has been provided by Parke et al. (1987) who reported that A.
tumefaciens strain A348 is not attracted towards acetosyringone and chemotaxis towards other
phenolic compounds does not require Ti-plasmid functions. A possible explanation for this
‘ discrepancy is that strain A348 is very poorly motile in comparison with C5§‘3C1 (Ashby et al.,
1988).

Despite this controversy surrounding the specific action of phenolic compounds as
chemoattractants for Agrobacterium, the importance of chemotaxis in the biology of
Agrobacterium infection should not be overlooked. Ashby et al. (1988) showed that A.
tumefaciens is attracted towards root and shoot extracts from both monocotyledonous and
dicotyledonous plants, whilst Hawes and her coworkers have been using non-chemotactic
mutants to assess the significance of chemotaxis in the pathogenicity of A. tumefaciens (Hawes
et al., 1988; Hawes & Smith, 1989). It was demonstrated that wild-type agrobacteria are
attracted to isolated root cap cells of pea, then TnS mutants were selected which failed to show
this response (Hawes et al., 1988). The mutants still cause tumours when applied directly to
wounded plants, but are completely avirulent when used in indirect soil assays (where wounded

' seedlings‘are planted in soil infested with bacteria). However, when sand is used for indirect
inoculation assays, the mutant bacteria show only a slight reduction in virulence (Hawes &
Smith, 1989). The authors conclude that in soil, chemotaxis is crucial to the pathogenicity of A.

tumefaciens on pea plants, but in some environments it may be superfluous.

The same group also showed that the chemotactic response towards sugars appears 10 be
more important than attraction to phenolic compounds in the establishment of Agrobacterium in
the rhizosphere (Hawes & Smith, 1989; Hawes, 1990). They isolated a mutant which was not
attracted to isolated root cap cells but retained an attraction to excised root tips. Such a
phenotype implies that the attractants from live sloughed cells are distinct from those from
wounded cells and this mutant is specifically attracted to those substances released by wounded
tissue. However, this mutant is no more pathogenic in virulence assays than non-motile
mutants. Loss of attraction to root cap cells always results in reduced virulence, whereas
mutants which are only non-chemotactic towards excised root tips remain fully virulent. Hence,
attraction to substances from non-wound exudates is apparently more important than the



chemotactic response to chemicals released from wounds. Attraction to wound sites is likely to
be important only on a micrometre scale (Shaw et al., 1989), and so it is possible that this

response facilitates infection once the bacteria are in the rhizosphere.

1.4 The Agrobacterium: plant interaction.

1.4.1 Attachment of Agrobacterium to plant cells.

Once Agrobacteria are established in the rhizosphere the first stage in the actual
transformation process is the attachment of the bacteria to the surface of susceptible plant cells.
This binding has been observed with both light (Douglas et al., 1985) and scanning electron
microscopy (Matthysse et al., 1981). It was Lippincott and Lippincott (1969) who first
proposed the site-specific attachment of A. tumefaciens to plant cells and, although the existence
of a plant cell receptor is not yet proven, it is supported by a number of pieces of evidence.
Binding was found to be saturatable, with both tomato cells (Neff & Binns, 1985) and carrot '
cells (Gurlitz et al., 1987) possessing about 200 attachment sites per cell. Neff and colleagues
(1987) have put forward evidence for a pectin or pectin-associated receptor; a pectin-enriched
soluble cell wall fraction inhibits A. tumefaciens binding and tumour formation. Altematively,
the plant receptor may be a protein as proposed by Gurlitz et al. (1987), or possibly a
glycoprotein, since protease treatment partially abolishes the binding capacity of plant cells.

The binding itself appears to be a two-step process. The initial step is the attachment of
single bacterial cells to the plant cell surface, a loose and reversible attachment, which is
followed by a massive aggregation of bacteria. The aggregates result from the bacterial
synthesis of cellulose fibrils which surround the bacteria and anchor them to the plant cell whilst
also entrapping additional bacteria (Matthysse et al., 1981) Cellulose-deficient mutants remain
virulent and can still attach to plant cells but only singly and, since the bacteria can be easily
washed off (Matthysse et al., 1983), under natural conditions the production of cellulose
appears to be important in firmly anchoring the bacteria.

1.4.2 Chromosomal virulence loci.

A number of constitutively expressed chromosomal loci have been identified which are
necessary for A. tumefaciens virulence due to to their involvement in the attachment step.
Mutants in these loci, chvA, chvB (Douglas et al., 1985), pscA (Thomashow et al., 1987) and a1t
(Matthysse, 1987) are either avirulent or have severely attenuated virulence. _



The chvA and chvB loci are two distinct transcriptional units of 1.5 and 5.0 kb respectively
which are physically linked on the chromosome. chvB mutants lack flagella and do not
synthesise a cyclic B-1,2-glucan which is found both extracellularly and in the periplasm of wild
type cells (Puvanesarajah et al., 1985). Zorreguieta and coworkers have established that the
chvB region encodes a 235 kDa inner membrane bound protein which binds UDP-glucose and
catalyses the synthesis of B-1,2-glucan (Zorreguieta et al., 1988).

chvA mutants retain the ability to synthesise a B-1,2-glucan but it is not detectable
extracellularly or in the periplasm (Cangelosi et al., 1989). Additionally, most of the glucan in
wild type cells is modified by the addition of anionic substituents (Miller et al., 1987), whereas
chvA mutants retain their cellular glucan in an unsubstituted form (Inon de Iannino & Ugalde,
1989). The chvA locus codes for a 75 kDa inner membrane protein which is highly homologous
to bacterial and eukaryotic export proteins (Cangelosi et al., 1989) and it has been suggested
that the ChvA protein forms a complex in the membrane with ChvB (Inon de Iannino & Ugalde,
1989). The accumulation of non-substituted glucans in chvA mutants is probably due to a defect
in the translocation of glucan into the periplasmic space, where the modifying reactions are
likely to take place (Inon de Iannino & Ugalde, 1989).

Like chvB mutants, pscA mutants also lack $-1,2-glucan and are non-motile but in addition,
they fail to synthesise exopolysaccharide (Thomashow et al., 1987). Nevertheless it is again
likely to be the absence of glucan which is the determining factor in causing avirulence, since
ros mutants also lack polysaccharide but remain fully virulent (Close et al., 1985). It has
recently been discovered that the pscA mutant phenotype is caused by the lack of the enzyme
phosphoglucomutase which carries out one step in the biosynthesis of UDP-glucose, a substrate
in the biosynthesis of both B-1,2-glucan and succinoglycan (Uttaro et al., 1990).

These three loci, chvA, chvB and pscA all have homologous loci in Rhizobium with which
they are functionally interchangeable (Dylan et al., 1986; Marks et al., 1987) suggesting a
general role of surface components in mediating bacterial-plant cell interactions. Despite the
elucidation during recent years of the identity and function of these virulence loci and the
recognition of the importance of B-1,2-glucan, the true role of this cyclic glucan in A.
tumefaciens virulence has yet to be identified.

Matthysse (1987) has isolated a number of mutants, termed art, which are deficient in
binding and tumorigenesis but retain an unchanged complement of polysaccharide and B-
glucan. Closer investigation revealed that these mutants lacked one or two periplasmic or outer
membrane proteins which presumably play a role in the bacterial attachment to plant éells,
possibly in conjunction with B-1,2-glucan.



1.5 The Ti-plasmid.

All the other genetic components of A. tumefaciens which are required for plant
transformation and tumorigenesis are located on a large, approximately 200 kb, tumour-
inducing (Ti) plasmid (Figure 1.1). The regions of the plasmid which are essential for
pathogenicity are the T-DNA, its flanking border sequences and the virulence (vir) region. The
T-DNA is the DNA segment which is transferred to the plant cell and stably integrated into the
genome, whereupon expression of the oncogenes results in tumorigenesis. Unlike transposons,
the T-DNA does not mediate its own transfer. Border sequences and the vir-region are

responsible for T-DNA processing and transit.

Not all Ti-plasmids are identical. They are classified according to the type of opine
produced by the transformed cells and metabolised by the bacteria. The most commonly
studied plasmids are of the octopine or nopaline type. Octopine type T-DNA genes encode the
synthesis of octopine and agropine, eg. pTiA6, whilst nopaline and agrocinopines A and B are
found in tumours incited by a nopaline Ti-plasmid, eg. pTiC58 (Bomhoff et al., 1976). Other
plasmids, such as pTi542, are responsible for the syxithesis of leucinopine and succinamopine
(Chang et al., 1983; Chilton et al., 1984).

Generally, each Agrobacterium strain catabolises only the opines synthesised by the
tumour it induces. The genes required for the catabolism of opines are carried on a region of the
Ti-plasmid distinct from the T-DNA and the vir-region and they are induced by the presence of
the opine (Tempe & Petit, 1982). In addition, some opines induce conjugal transfer of Ti-
plasmids between strains of Agrobacterium and thus confer virulence upon the non-pathogenic
strains which predominate in the soil (Kerr & Ellis, 1982). However, the prbduction and
catabolism of opines may not provide Agrobacterium with the selective advantage one would
expect, since Agrobacterium species comprise only a small proportion of the soil
microorganisms capable of opine catabolism (Tremblay ez al., 1987; Rossignol & Dion, 1985;
Beauchamp et al., 1990). Add to this the fact that most Agrobacteﬁwn strains isolated from the
soil do not contain a Ti-plasmid and it may be envisaged that opines could even invite

competition from other species..

The restriction maps from each class of Ti-plasmid are different. Nevertheless, there are
few known differences in vir-gene organisation, gene product functions and open reading frame
sequences between the operons common to both nopaline and octopine Ti-plasmids. Within a
class of Ti-plasmids the maps may be similar or even identical. The octopine Ti-plégmids form
a very homogeneous group, although the nopaline plasmids are rather more heterogeneous

(Melchers & Hooykaas, 1987).
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Figure 1.2 A genetic map of the TL T-DNA of an octopihe-type Ti-plasmid.

The genetic loci are indoleacetamide hydrolase (iaaH), tryptophan monooxygenase (iaaM),
isopeﬁtenyl transferase (ipt), opine secretion (ops), tumour morphology large (¢mml) and octopine
synthase (ocs).

Adapted from Ream (1989).




1.6 T-DNA transfer.

The T-DNA region is defined as that part of the plasmid-that is homologous to sequences
present in transformed plants. Its size varies from one type of Ti-plasmid to another. The major
difference between the two commonly studied Ti-plasmids is that the nopaline T-DNA is one
large continuous segment of roughly 22kb, whilst the octopine Ti-plasmid contains three
adjacent T-DNAs. The left T-DNA (TL) element is 13kb and encodes the oncogenes required
for tumorous growth and also genes for octopine synthesis and secretion (Figure 1.2). The right
T-DNA (TR) element of 7.8kb contains genes for the synthesis of agropine and mannopine,
whilst the 1.5kb cent;al T-DNA does not specify a phenotype in transformed cells.

Despite these differences in T-DNA structure most Ti-plasmids have a highly conserved
set of oncogenes which are those loci reSponsible for hormone independence and thus tumorous .
growth of the transformed plant cells (Depicker et al., 1978; Perry & Kado, 1982). For
example, pTiCS8 shows only about 15% overall homology with pTiA6 but encodes oncogenes
that are very closely related to pTiA6 TL-DNA genes (Joos e al., 1983; Willmitzer et al.,
1983).

Two of these genes, iaaM and iaaH, code for enzymes that establi'sh a new auxin
biosynthetic pathway in the transformed cells (Inze er al., 1984; Schroeder et al., 1984,
Thomashow et al., 1984/5; Van Onckelen et al., 1986). iaaM encodes tryptophan
monooxygenase which converts tryptophan to indole-3-acetamide. This is converted to indole
acetic acid (IAA) by the action of indole-3-acetamide hydrolase, the product of the iaaH gene.
The third oncogene is iptZ, coding for an isopentyl transferase which converts S’AMP and
isopentylpyrophosphate into isopentyl adenosine-S-monophosphate (Akiyoshi ez al., 1984;
Barry et al., 1984; Buchmann et al., 1985) The host cells then rapidly convert this to the

cytokinins trans-zeatin and trans-ribosylzeatin.

Nopaline T-DNA also contains the nos gene encoding nopaline synthase, which lies to the
right of the conserved oncogenic region and the acs gene encoding agrocinopine synthase which
lies to the left. '

All T-DNAs analysed to date are flanked by 25bp direct repeat sequences termed the
border repeats (eg. Holsters ez al., 1983; Yadav et al., 1982) and this is the only structural
region of the T-DNA which is required in cis for its transfer. Transfer is unaffected by deletion
of the intemal T-DNA region and any DNA placed within the borders is transferred and
integrated (Zambryski et al., 1983). Thus the T-DNA element is not size restricted and is, in
effect, simply a pair of borders and the DNA between them. The right border repeat is essential
for transfer (Shaw et al., 1984; Wang et al., 1984) whilst deletion of the left border has no
sighiﬁcant effect on transformation. Furthermore the data shows that T-DNA transfer is a polar
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Figure 1.1 A genetic map of an octopine-type Ti-plasmid.

This map shows the main loci of the Ti-plasmid and their functions. The vir-region
comprises six separate loci - virA, virB, virG, virC, virD and virE whose roles are described in
the text.

Adapted from Ream (1989)



process since when the right border népeat is reversed with respect to its natural orientation
transformation efficiency is greatly attenuated (Wang et al., 1984; Peralta & Ream, 1985).

The sequence context of the border repeats is important. In nopaline Ti-plasmids
sequences surrounding right borders enhance and sequences surrounding left borders attenuate
polar DNA transfer (Jen & Chilton, 1986; Wang et al., 1987). The situation with regard to the
four border T-region of octopine Ti-plasmids is rather more complex. A specific 24bp sequence
called overdrive, situated to the right of the right-hand border repeats of the TL and TR T-DNA
elements has been shown to be essential for efficient T-DNA transfer (Peralta et al., 1986).
Overdrive can stimulate T-DNA transfer when placed in either orientation, on either side and at
a variable distance from synthetic border repeat sequences (Peralta et al., 1986; Van Haaren et
al., 1987). No sequénces with homology to overdrive have been detected in nopaline Ti-
plasmids (Wang et al., 1987).

The role which the vir proteins play in T-DNA transfer will be discussed in the next
section. For a comprehensive discussion of the possible mechanisms of T-DNA transfer and
integration see Zambryski (1988) or Ream (1989).

1.7 The vir region.

The transfer of the T-DNA into the nuclei of infected plant cells and its integration into the
plant genome is mediated by the vir regulon. This is a region of the Ti-plésmid, approximately
35kb in length, which lies to the left of the T-DNA and provides most of the trans-acting
products for T-DNA transit (Figure 1.3). It is organised into six complementation groups
(Rogowsky et al., 1987; Stachel & Nester, 1986) four of which (virA, virB, virD and virG) are
absolutely required for tumour formation. virC and virE enhance the efficiency of plant
transformation and are necessary for the formation of tumours on certain host plants (Hirooka et
al., 1987; Yanofsky et al., 1985).

The six vir loci are highly conserved among different Ti plasmids and the physical
organisation of octopine and nopaline vir regions is essentially identical. Furthermore, vir genes
from a nopaline plasmid will complement mutations in an octopine plasmid and vice versa
(Hooykaas et al., 1984). Of the six loci only virA and virG are monocistronic whilst the other
four encode multiplé gene products. This reflects the differing roles the vir genes play in
tumorigenesis: virB, virC, virD and virE encode proteins which are actively involved in the
transfer of the T-DNA and these loci are transcriptionally regulated by the virA and virG gene
products (Stachel & Nester, 1986; Stachel & Zambryski, 1986).
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Figure 1.3 Genetic organisation of nopaline and octopine Ti-plasmid vir regions.

The locations of the six vir loci of a representative nopaline Ti-plasmid (pTiC58) and
octopine Ti-plasmid (pTiAchS) are shown. Hatched boxes indicate regions of homology
between pTiC58 and pTiAchS.

Adapted from Rogowsky et al. (1987).
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1.7.1 virB

This is the largest vir locus with a size of approximately 9.5kb. The complete nucleotide
sequence of the operon from a number of Ti-plasmids has been deduced and this predicts eleven
open reading frames (Ward et al., 1988 & 1990; Thompson et al., 1988; Kuldau et al., 1990).
The predicted polypeptides show no significant homology with any other known proteins
although an increasing amount of evidence indicates that the vir genes are functionally
analogous to the tra genes of conjugative plasmids (Stachel & Zambryski, 1986). Most of the
tra proteins are located in the membrane and, similarly, hydrophobicity plots suggest that most
of the virB proteins are likely to be membrane associated (Ward et al., 1988; Thompson et al.,
1988). Cellular fractionation studies have confirmed a membrane localisation for several virB
proteins (Engstrom et al., 1987). More recently VirB10 has been shown to have a
transmembrane topology and to be a component of an inner membrane protein complex (Ward
et al., 1990). It has also been demonstrated that VirB11 associates extrinsically with the inner
membrane and is an autophosphorylating ATPase (Christie et al., 1989) which has homology
with comG ORF1, a protein required for DNA uptake by Bacillus subtilis (Albano et al., 1989).
The virB5 gene product also has a consensus mononucleotide binding domain, suggesting that
this too may couple energy to T-DNA transport by means of nucleotide triphosphate hydrolysis.

A likely scenario is that the VirB proteins are involved in the formation of a
transmembrane complex capable of transferring the T-DNA into plant cells, in a manner
analogous to that of the multicomponent membrane pore proposed to mediate DNA transfer in
plasmid conjugation (Willetts & Skurray, 1987). VirB1l may function to regulate the
conformation or activity of the pore via phosphorylation. '

1.7.2 virD

Sequence analysis of the virD locus shows that it can encode at least four polypeptides of
16.2, 47.4, 21.3 and 75.8kDa (Yanofsky et al., 1986; Porter et al., 1987). The first two of these
are required for endonucleolytic cleavage at the T-DNA borders (Jayaswal et al., 1987,
Yanofsky et al., 1986). VirD1 contains a potential DNA-binding domain (Porter ez al., 1987)
and exhibits a topoisomerase-like activity in its monomeric form, converting supercoiled DNA
to its relaxed form (Ghai & Das, 1989). Together with VirD2 it participates directly in the
generation of T-strand DNA molecules (linear, single-stranded DNA molecules corresponding
to the bottom strand of the T-DNA region). VirD2 is a strand-specific and sequence-specific
endonuclease which cleaves at the T-DNA border repeat sequences (Soliman & Das, 1990). In
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addition it has been shown to become covalently attached to the §' terminus of nicked T-DNA
molecules after cleavage and is found associated with both double-stranded nicked DNA and
single-stranded T-strands (Howard et al., 1989; Young & Nester, 1988). This tight association
probably prevents closure of the nick by ligase and has been demonstrated to protect the T-DNA

from exonucleolytic degradation (Durrenberger et al., 1989).

Only the first 203 amino acids of VirD2 are necessary-for its participation in nicking border
repeats (Stachel et al., 1987; Yanofsky et al., 1986) and binding the S’ end of the nicked DNA
(Young & Nester, 1988). This N-terminal half of the protein shows a striking evolutionary
conservation of amino acid sequence, with 90% homology of VirD2 from nopaline and octopine
Ti-plasmids and Ri-plasmids (Wang et al., 1990). Conversely, the C-terminal domain of the
protein, which is necessary for virulence but is not required for T-DNA processing, is poorly
conserved (Wang et al., 1990; Steck et al., 1990). However, all VirD2 proteins display a very
similar hydropathy profile in this region which may perform other functions required for T-
DNA transmission.

A number of conceivable roles have been attributed to the protein componént of the T-
DNA transfer complex. These include recognition of transmembrane routes from the bacterium
to the plant cell, possibly involving interaction with VirB membrane proteins, targetting of the
transfer complex to the plant nucleus and efficient integration of the T-DNA into the plant
genome. Recently, Herrera-Estrella er al. (1990) provided confirmation of one of these
functions when they showed that the first 292 amino acids of VirD2 are able to direct the
cytoplasmic protein fB-galactosidase to the plant nucleus. Thus the VirD2 protein linked to the
T-DNA acts as a pilot protein and targets it to the plant nucleus. VirD2 contains three peptides
which resemble a proposed consensus signal sequence for nuclear targetting (Wang et al.,
1990). Two of these are found in the C-terminal domain and whilst not essential for targetting
the T-DNA they could act as auxiliary signals leading to a higher efficiency of transport through

the nuclear envelope.

The VirD4 protein contains a transmembrane signal sequence and may interact with other
vir-encoded proteins to promote T-DNA transfer (Porter et al., 1987).

1.7.3 virC

_ The virC locus stimulates, but is not completely essential for, virulence. Its role seems to

be host-species-dependent since the effect of a virC mutation is more pronounced on some plant
hosts than on others (Close et al., 1987). Moreover, the limited-host-range plasmid pTiAgl62
does not have a functional virC locus but is nevertheless able to incite tumours on’'grapevines
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(Yanofsky er al., 1985). Two polypeptides of 26 and 23kDa are encoded by virC (Yanofsky &
Nester, 1986). virC mutants transmit T-DNA inefficiently to plant cells suggesting that virC
functions may help generate a transfer intermediate. Accordingly, VirC1 has been shown to
bind specifically to the overdrive sequence and enhance the activity of the VirD endonuclease
(Toro et al., 1988 & 1989). VirCl1 protein thus interacts directly with overdrive through specific
DNA-protein binding and VirC2 may act indirectly, probably through interactions with VirD2
or VirC1 which bind overdrive or the border repeat.

1.7.4 virE

The virE locus contains at least two open reading frames, the largest of which, virE2,
encodes a 65kDa non-specific single-stranded DNA-binding protein (Citovsky et al., 1988; Das,
1988; Christie ez al., 1988). The octopine plasmid virE locus also encodes a second 7kDa
polypeptide VirEl (Winans et al., 1987). Two small ORFs are found at the 5' end of the
nopaline virE region (Hirooka et al., 1987). The amino acid sequence of VirE2 (Hirooka et al.,
1987; Winans et al., 1987) contains four potential single-stranded DNA-binding domains
similar to those characteristic of other single-stranded binding proteins and it has been shown to
bind cooperatively to T-strands (Christie et al., 1988). By thus coating the T-strand DNA,
VirE2 presumably protects it from degradation by either bacterial or plant enzymes during its
transfer to the plant genome. The VirEl protein is also required for full virulence and may
increase the stability of VirE2 (McBride & Knauf, 1988). It is possible that the two proteiné
form a complex and that without the accompaniment of the 7kDa polypeptide VirE2 is rapidly

tumed over in vivo.

One interesting point is that the products of the virE locus seem to function outside the
bacterial cells. Coinoculation of a virE mutant and a disarmed virE* helper strain leads to
efficient tumour formation (Christie et al., 1988) suggesting that the VirE2 protein can be
exported form the cell. Localisation studies have assigned the majority of VirE2 to the
cytoplasmic fraction but it is also present in membrane and periplasmic fractions. It is possible
that the restoration of virulence in mixed infections results from the independent transfer of T-
"DNA and VirE2 from separate bacteria into the same plant cell. The virulence of A.
" tumefaciens is not completely abolished by a virE2 mutation, so either the T-strands are
transferred at low frequency in the absence of VirE2 functions, or another gene product can
partially compensate for the lost functions.
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1.8 Regulation of vir-géne expression.

One of the most interesting aspects of Agrobacterium tumorigenesis is the way in which
the whole T-DNA transfer process is regulated. Transfer of the T-DNA is dependent upon the
actions of the vir gene products and the vir loci are expressed only 'when Agrobacterium is in
the presence of susceptible (ie. wounded) plant ceUs (Stachel et al., 1986). Positive regulation
involves extracellular recognition of plant signal molecules followed by an intracellular
response leading to transcription initiation. These processes are mediated by virA and virG
(Stachel & Zambryski, 1986) in a similar manner to that described for other two-component
bacterial regulatory systems which respond.to environmental stimuli (Ronson et al., 1987). In
addition, virC and virD have been shown to be regulated in a negative manner by a
chromosomal locus, ros (Close et al., 1985; Close et al., 1987b).

The vir-induction system is of particular interest due to the possibility of vir-promoters
being utilised in gene constructs, thus conferring upon a gene the property of plant inducibility.
A number of vir-gene fusions have been made to the reporter genes lacZ (Stachel et al., 1985),
CAT and lux (Rogowsky et al., 1987) coding for B-galactosidase, chloramphenicol acetyl
transferase and luciferase respectively, in order to analyse vir induction and expression.
However, it is envisaged that such gene fusions could have a wider application by linking a vir
promoter to, for example, a gene encoding a pesticidal protein which only rieeds to be produced
at a plant wound site (Ashby, 1988).

1.9 Positive reguvlation.

The available data indicate that the positive regulation of vir-gene expression is highly
complex. Early reports recognised the role of plant phenolic compounds as vir-inducers (eg.
Stachel et al., 1985b) and later reports pointed out that acidic pH (Rogowsky et al., 1987) and
phosphate starvation (Winans et al., 1988) both elevate virG expression thus leading to
increased expression of the other vir loci. Most recently, another level of complexity in the
induction prdcess has been revealed; vir-expression can be induced by certain monosaccharides
via a regulatory pathway which involves VirA and the chromosomally encoded ChvE protein
(Cangelosi ez al., 1990; Shimoda et al., 1990). ’

1.9.1 Vir-inducing molecules.

Early experiments with Agrobacterium indicated that plant wounding is required for
tumour development. It was initially assumed that this was because wounded plant cells
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presented less of a physical barrier to penetration, but the main reason is now clearly
established: expression of the vir genes is induced by compounds produced in wounded plant
tissues (Stachel et al., 1985b; Stachel et al., 1986). The first vir-inducing molecules to be
identified, acetosyringone (AS) and hydroxyacetosyringone (OH-AS), were purified from the
culture media of tobacco cells (Stachel er al., 1985b). These low molecular weight phenolic
compounds resemble products of phenylpropanoid metabolism, the pathway producing
Vsecondary metabolites, lignins and flavonoids which are important to plants under stress or
injury (Darvill & Albersheim, 1984) (Figure 1.4a). They are present specifically in the exudates
of wounded but actively metabolising plant tissue. Dead cells which would not be good targets
for Agrobacterium transformation are therefore not capable of producing acetosyringone. It is
likely that there is a continual low-level excretion of such wound related phenolics during
growth of the plant due to abrasion from the soil. These levels may be high enough to help
attract Agrobacterium to the root surface, but only at a wound site are the concentrations of
inducers high enough for T-DNA transfer to occur. ‘

Following this discovery, the same group assayed other related compounds eg. sinapinic
acid and p-hydroxybenzoic acid for their vir-inducing activity. A correlation was established
between structure and activity, providing limited information about the structural characteristics
required by a vir-inducing molecule (Stachel et al., 1985b). Spencer and Towers (1988) have
since carried out a more extensive survey of a variety of plant-derived phenolic compounds with
structural similarity to acetosyringone. The compounds tested could be classified into four
groups: a) acetophenones and related structures, b) monolignols, ¢) cinnamic acid and related
structures and d) chalcone derivatives (Figure 1.4b). From their results they conclude that in
general two structural feafures are required for a compound to be a vir-inducer. These are a
guaiacyl or syringyl substitution on a benzene ring and a carbonyl group on a substituent para
to the hydroxy substituent on the ring. Furthermore, a guaiacyl substitution gives greater vir-
induction than a syringyl one and the nature of the carbonyl group is an important factor in the
level of vir-inducing activity possessed by a compound. In order to confer maximal activity
there must be a double bond between the carbonyl carbon and the ring. The carbonyl group of
an ester is more effective than that of the corresponding free acid. -

Until recently, acetosyringone was the only native inducer to be isolated, but since it had
never previously been reported from plants and is not anticipated to be of widespread
occurrence, it seems unlikely that it is the major, universal vir-inducing compound. The
immediate precursors of lignin, sinapyl alcohol and coniferyl alcohol, have now been found to
be good vir-inducers with the activity of coniferyl alcohol approaching that of acetosyringone.
Agrobacterium may therefore be capable of detecting plant cells which are undergoing lignin
synthesis or cell wall repair as targets for transformation (Spencer & Towers, 1988). Recent

16



Figure 1.4 The structures of vir-inducing molecules.

a) From left to right:- acetosyringone, o-hydroxyacetosyringone and sinapinic acid.



Figure ’1.4
b) Three of the four groups into which phenolic vir-inducing compounds may be divided.
1 = cinnamic acid and related structures eg. ferulic acid R1=OH R%=H
2 = monolignols eg. coniferyl alcohol R=H
3 = chalcone derivatives eg; 2,4, 4-trihydroxy-3-methoxycilalcone R=H

The fourth group - acetophenones and related structures - is represented by acetosyringone

in Figure 1.4a
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reports have described the presence of a vir-inducing phenylpropanoid glucoside, coniferin, in
the gymnosperm Pseudotsuga menziesii (Morris & Morris, 1990) and flavonoid compounds
which elicit vir-induction released in high concentrations by the pollen of Petunia hybrida
. (Zerback et al., 1989). It is possible that, together with other vir-inducing factors like cinnamic
acids, such flavonoids which are known to be widespread in the plant kingdom, may play a
more important general role in the natural infection of plants by Agrobacterium than

acetosyringone.

A particularly significant discovery was that the monocotyledon Triticum monococcum
produces the potent vir-inducér ethyl ferulate which is more active at low concentrations than
AS (Messens ef al., 1990). Monocotyledonous species, which comprise many important crop
plants, have with a few exceptions proved to be resistant to Agrobacterium transformation and
one explanation proposed for this was that monocotyledonous cells are not recognised as
transformation targets since they fail to produce vir-inducing compounds. This latest finding
refutes that hypothesis, demonstrating that the block to monocot transformation presumably lies

in a step subsequent to vir-induction.

1.9.2 The role of VirA and VirG in vir-induction.

Following the discovery of vir-induction by plant exudates, Stachel and Zambryski (1986)
conducted a series of experiments which showed that the response was mediated by the action
of the virA and virG gene products. Sequence analysis of virA and virG revealed that the
products of these genes have a striking homology to a large number of two-component
regulatory systems including EnvZ-OmpR, NtrB-NtrC and CheA-CheY (Leroux et al., 1987,
Melchers et al., 1986). In each case the first protein of the pair (sensor) detects an
environmental signal and transmits the information to the activator protein which in tum

functions as an effector of gene expression.

In the Agrobacterium vir-induction system, the VirA protein is the environmental sensor.
It is an inner membrane protein with two membrane-spanning domains, an N-terminal
periplasmic region and a C-terminal region‘ which is in the cytoplasm (Winans et al., 1989;
Melchers et al., 1989). Melchers et al. (1989) have shown that the second of the two
transmembrane sequences is the important site for signal recognition, whilst the periplasmic
portion is not required for vir-induction by phenolic compounds. Indeed, removal of the
periplasmic domain has been found to increase AS-mediated vir-induction (Cangelosi et al.,
1990). The C-terminal cytoplasmic domain of VirA possesses autophosphorylating activity and
upon sensing an inducer molecule it then phosphorylates VirG to commence the vir-induction
process (Jin et al., 1990b; Huang, Y. et al., 1990). The phoéphorylation site on VirA has been
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identified as a specific histidine residue in a sequence which is highly conserved among all
VirA homologues (Jin et al., 1990b). Such autophosphorylation is also characteristic of other -
sensor molecules eg. CheA and EnvZ (Hess et al., 1988; Igo & Silhavy, 1988).

The virG locus encodes a polypeptide of 241 amino acids, using an inefficient UUG
translation initiation codon which probably down-regulates virG expression (Pazour & Das,
1990). The VirG protein is a sequence specific DNA-binding protein (PoWell et al., 1989) that
specifically recognises and binds to a dodecamer DNA sequence called the vir box (Jin et al.,
1990c; Pazour & Das, 1990) which is present in upstream promoter regions of all genes that are
regulated by VirA-VirG (Steck ez al., 1988). Protein sequence strongly suggests that it is the C-
terminal half of VirG which possesses the DNA-binding property (Jin e al., 1990c). The .
protein appears to have two functional domains, the C-terminal domain which binds to promoter
sequences and the N-terminal domain which is directly phosphorylated by VirA at an aspartate
residue (Jin et al., 1990a) and is able to interact with other components.

Since VirG is a transcriptional activator, it probably interacts with the transcriptional
machinery, only the phosphorylated form being capable of such interaction. A similar scenario
to the NtrB-NtrC system is envisaged, where both phosphorylated and unphosphorylated NtrC
can bind DNA but only phosphorylation enables it to convert the closed RNA polymerase-
promoter complex to an open complex (Popham et al., 1989). In contrast to homologous
systems, phospho-VirG was found to be very stable (Jin et al., 1990a). This could be related to
the fact that the vir genes are maximally induced in poor growth conditions such as low pH and
phosphate starvation (Winans et al., 1988; Winans, 1990), under which bacterial gene
expression is slowed down. In this case it is necessary to have stable transcriptional and

translational machinery in order that sufficient expression of vir genes continues.

1.9.2.1 The role of VirA and VirG in chemotaxis.

In addition to effecting vir-inductiori, acetosyringone and related phenolic compounds also
serve as chemoattractants for Agrobacterium strains harbouring a Ti plasmid (section 1.3.2).
Experiments have demonstrated that virA and virG are the Ti plasmid loci required to mediate
this response (Shaw et al., 1988a) suggesting a multifunctional role for the two proteins (Figure
1.5). Obviously the low constitﬁtive level of virA and virG expression in the absence of vir-
induction (Rogowsky et al., 1987) is sufficient to mediate chemotaxis, since maximal attraction
occurs at levels of acetosyringone which are sub-optimal for induction. Agrobacterium has a
highly sensitive, chromosomally encoded chemotaxis system responding to a variety of sugars
and amino acjds (Loake et al., 1988) and it is possible that VirA and VirG interact with this
system in their role as mediators of chemotaxis towards vir-inducers. VirA has a secondary
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Flgure 1.5 A schematic diagram showing the dual role played by VirA and VirG in
chemotaxis and vir-induction.

At concentrations of phenolic inducers below 10M chemotaxis occurs but at
concentrations greater than 10-5M vir-induction is effected.
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structure similar to that of methyl-accepting chemotaxis proteins (MCPs) which mediate
chemotactic responseé in E. coli (Springer et al., 1979) and also has sequence conservation with
CheA (Stock et al., 1989), a protein kinase functioning in the signal transduction pathway of
chemotaxis. Additionally, VilG possesses similarity to CheB, a methylesterase, and CheY,
which is involved in the regulation of flagellar rotation (Winans et al., 1986). However the
exact functions of VirA and VirG in their role as mediators of the chemotactic response is
unknown.

1.9.3 Monosaccharides as vir-inducers.

It has recently been discovered that certain sugars are capable of effecting vir-induction in
A. tumefaciens when acetosyringone is absent or present in low concentrations (Cangelosi et al.,
1990; Shimoda et al, 1990). This sugar-mediated induction requires VirA and the
chromosomally encoded virulence protein ChvE (Cangelosi et al., 1990).

Sequence analysis of ChvE shows that it is a periplasmic galactose-binding protein (GBP)
with hoxhology to similar sugar-binding proteins in E. coli (Huang, M. et al., 1990). The E. coli
proteins, upon binding sugars, interact with the periplasmic domain of Lheamethyl accepting
transmembrane signal protein Trg resulting in chemotaxis towards the sugars,also with separate
transmembrane-bound uptake complexes. Similarly, ChvE mediates chemotaxis towards and
uptake of galactose, glucose and several other sugars in Agrobacterium (Cangelosi et al., 1990).
In a manner analogous to the interaction of the E. coli GBP with Trg, sugar-bound ChvE
probably interacts with periplasmic sites on VirA to stimulate vir-induction. Deletion of the
VirA periplasmic domain, which is strongly homologous to Trg, abolishes vir-induction by

sugars.

chvE mutants display a limited host-range, suggesting that on some plants the level of vir-
induction by phenolic compounds alone may not be sufficient to bring about T-DNA transfer.
Although AS is a strong vir-inducer, it is not known to be present in all plants, whereas a wide
variety of lignin precursors which are generally present in higher plants are only weak inducers.
However, coinduction with a weak vir-inducer such as syringic acid and an effective
monosaccharide leads to high levels of vir-induction ‘equivalent to those obtained with AS
(Shimoda et al., 1990). It is envisaged that plant cell wounding releases free sugars and .
oligosaccharides, generated by the action of cell wall glycosidases. These may then elicit the
production of secondary metabolites including phenolic vir-inducers. Once Agrobacterium
accumulates in the wound site, attracted by the sugars and phenolic compounds, the vir-genes
are induced by a combination of these molecules acting synergistically (Ankenbauer & Nester,

1990).
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1.9.4 Induction of virG by environmental stress.

The level of virG expression is a vital factor in Agrobacterium infection since the
intracellular concentration of VirG is a rate limiting component of vir-gene induction (Jin et al.,
1988). Correspondingly, the regulation of transcription of virG is a complex process which
appears to have at least two components, reflected by the fact that the virG gene utilises two
distinct promoters (Stachel & Zambryski, 1986; Winans, 1990). The upstream promoter,
designated P1, is required for the acetosyringone-mediated induction of virG. It contains three
copies of the vir box sequence and, upon stimulation by AS, VirA phosphorylates VirG which
binds to vir boxes 1 and 3 and induces transcription of its own gene (Winans, 1990).

virG is also induced by phosphate starvation and acidic growth media (Veluthambi et al.,
1987, Winans et al, 1988). Such induction does not require any Ti plasmid functions,
indicating that it must be chromosomally controlled. Indeed, a chromosomal mutant chvD has
been identified which has severely attenuated virulence and only demonstrates partial induction
by phosphate starvation and low pH (Winans et al., 1988). The chvD gene shows homology to
nodl from Rhizobium and others in a family of bacterial ATP-binding proteins with a role in

active transport (Higgins et al., 1986).

Induction by acidic media requires the downstream promoter P2. This has strong similarity
to E. coli heat shock-inducible promoters (Cowing et al., 1985). Genes under such control in E.
coli are inducible by a wide range of environmental stresses including high temperature,
alkaline pH and heavy metals (Van Bogelen et al., 1987) and the P2 promoter of virG is also
induced by these stimuli (Winans, 1990). Induction by phosphate starvation on the other hand
requires P1 but does not involve interaction of VirG with the vir boxes. P1 contains a sequence
highly similar to a so-called pho box found in E. coli promoters which are induced by phosphate
starvation (Makino et al., 1988; Winans, 1990).

‘Thus it appears that virG is controlled by three different global regulatory systems. Acidic
growth conditions may serve as an additional signal of the presence of a susceptible wounded
plant, whilst a variety of toxic compounds such as phytoalexins produced by wounded plant
cells could act as inducers of the heat shock response and activate virG expression from P2.
Scarcity of phosphate may signal to Agrobacterium that infection would be a pertinent survival
strategy. All these stimuli would increase the intracellular pool of VirG to a level at which
induction via VirG phosphorylation could occur. Therefore a number of signals indicating the
likelihood of a successful infection need to be present before Agrobacterium becomes
committed to vir-induction and T-DNA transfer.
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1.10 Negative regulation by ros.

Spontaneous Agrobacterium mutants have been isolated which express virC and virD
constitutively, at levels 10-100 times greater than their non-induced wild type counterparts
(Close et al., 1985; Close et al., 1987b). However acetosyringone can still induce increased
levels of expression of both loci in such mutants. The ros locus, which is responsible for this
phenotype, is chromosomally encoded and has pleiotropic effects; ros mutants also produce
colonies with a rough surface, do not form colonies at 12°C and do not produce the major
extracellular polysaccharide, succinylglycan. Despite these effects virulence is not reduced.

Genetic and biochemical evidence suggests that the ros locus gene product is a negative
regulator of virC and virD. Support for this comes from the finding that the virD locus is
preceded by a pair of promoters: one responds to- AS induction mediated by VirA and VirG
whilst both are active in the presence of the chromosomal ros mutation. A virC promoter which
responds to the ros mutation is transcriptionally divergent from and overlaps the tandem virD
promoters (Tait & Kado, 1988). It has been postulated that these promoters may facilitate
expression of virC and virD in the presence of sub-optimal levels of vir-inducers, thereby
increasing the efficiency of the infection process (Tait & Kado, 1988).
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1.11 Bioldgical control using rhizosphere bacteria.

Recent public concemn about the hazards associated with chemical pesticides and their
accumulation in the environment has led to increased interest in the use of biological control
methods (Baker, 1987). Biological control may be defined as the direct or indirect use of
microorganisms both to reduce the effects of plant pests and pathogens and to improve plant
survival and growth (Gould, 1990). Biological control of plant pests and pathogens is not a new
practice. It has been studied for most of this century but until recently has not been considered
commercially feasible. Now, however, several companies are developing biocontrol agents and
a number have alreédy appeared on the market (Currier & Gawron-Burke, 1990; Weller, 1988).

Microorganisms which colonise the rhizosphere are ideal candidates for biocontrol agents
since the rhizosphere is the first line defence for roots against attack by pathogens, especially
fungi (Weller, 1988). Many rhizosphere bacteria act as natural antagonists to pathogens both
before and during infection. The three main forms of bacterial antagonism leading to pathogen
suppression are competition, antibiosis and parasitism and the most successful biocontrol agents

would probably suppress pathogens by a combination of these mechanisms.

1.11.1 Competition.

Microorganisms in the rhizosphere compete with each other for nutrients and essential
minerals. Such competition between biocontrol bacteria and plant pathogéns may result in
displacement of the pathogen from the rhizosphere. Large populations of beneficial
rhizobacteria which become established on roots act as a sink for nutrients so that reduced
amounts of carbon and nitrogen are available for subsequent colonisation by pathogens (Elad &
Chet, 1987). Bacteria which are aggressive colonisers of the rhizosphere, adhering to and
multiplying on the root and able to utilise all available substrates are best suited to be biocontrol
agents eg. the fluorescent pseudomonads (Weller, 1988). Competition for nutrients and sites on
the root confers a low to moderate level of pathogen suppressiveness on many bacteria
introduced onto seeds or planting material but it does not fully account for their efficacy as

biocontrol agents.

One of the major ways in which biocontrol organisms exert their effects is by competing
with pathogens for sources of iron (Neilands, 1981). This element is often unavailable in soil
due to its low solubility at neutral and alkaline pH. To overcome the problem many bacteria
possess high-affinity iron uptake systems involving siderophores and corresponding membrane
receptors which are induced by low iron concentrations (Neilands, 1981). Siderophores are low.
molecular weight compounds which have a high affinity for ferric ions (Fe3*) and serve to
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transport Fe(IIl) into bacterial cells (Leong, 1986; Neilands, 1981). 'Siderophone-producing.
‘bacteria also possess specific membrane receptors and permeases that recognise the ferric-
siderophore complex and transport it into the cell (de Weger et al., 1986; Magazin et al., 1986).

Although siderophores vary greatly in chemical structure, depending on the producer
microorganism, most are either hydroxamate or catechol compounds (Neilands, 1981). Typical
hydroxamate siderophores such as nocardamine (Meyer & Abdallah, 1980) and aerobactin
(Gibson & Magrath, 1969) contain N3-hydroxyomithine as the ligand involved in the chelation
of iron. Catechol based siderophores eg. agrobactin (Ong et al., 1979) contain catechol
functional groups as the iron-binding moieties and have higher affinity constants than the
hydroxamate siderophores. The fluorescent pseudomonads, which have received much
attention as proposed biocontrol organisms, are characterised by the production of yellow-green
fluorescent pigments that function as siderophores. These are termed pyoverdines and are
intermediate between catechol and hydroxamate-type siderophores (Cox, 1980; Teintze et al.,
1981)

The first demonstration of the importance of siderophores as a means of biological control
was by Kloepper et al. (1980). Since then many reports have been published implicating
siderophores in the suppression of a number of phytopathogenic fungi, eg. Fusarium spp. (Elad
& Baker, 1985; Scher & Baker, 1982), Pythium spp. (Becker & Cook, 1988; Loper, 1988) and
Gaeumannomyces graminis (Weller et al., 1988). Siderophores exert their pathogen control by
sequestering iron and denying it to other microorganisms. This is effective in suppressing
pathogens which either do not produce siderophores of their own and are unable to use those
produced by other organisms or produce smaller quantities of lower affinity siderophores
(Weller, 1988). The most convincing evidence for the crucial role of siderophores in biological
control has come from studies using siderophore-minus mutants (Elad & Baker, 1985; Loper,
1988; Marugg et al., 1985). Such mutants lose the ability to suppress plant pathogens which is
exhibited by the parental strains, whilst retaining their ability to colonise plant roots (Loper,
1988).

1.11.2 Antibiosis.

Another of the major mechanisms proposed for disease suppression in the soil is the
production of antimicrobial compounds by the disease control agent (Gould, 1990). Antibiotics
are low molecular weight organic compounds produced by microorganisms which at low
concentrations are deleterious to the growth of other microorganisms (Fravel, 1988).
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The fluorescent pseudomonads produce a large number of secondary metabolites with
antimicrobial activity (Leisinger & Margraff, 1979). These fall into five major classes:
phenazines, indoles, pyo compounds, phenylpyrroles and pterines (Gould, 1990). For example,
Pseudomonas fluorescens 2-79, which is suppressive to take-all caused by Gaewmannomyces
graminis var. tritici, produces a phenazine-type antibiotic with potent antifungal activity
(Gurusiddaiah et al., 1986). Howell and Stipanovich (1979 & 1980) demonstrated the
production of two f)henylpyrrole antibiotics by P. fluorescens (pf-5). The antibiotics,
pyoluteorin and pyrrolnitrin, are active against Pythium ultimum and Rhizoctonia solani

respectively.

Although antibiotics have been implicated in many instances of biological control most of
the evidence for their involvement has until recently been indirect or circumstantial. Indeed.
there are a number of reports of lack of correlation between in vitro antibiosis and biocontrol
(Papavizas & Lewis, 1983; Utkhede & Gaunce, 1983). The fact that a biocontrol agent
produces an antibiotic in culture does not indicate that it will perfonil likewise in situ. It is
difficult to obtain expen'mentél evidence for the direct involvement of anﬁbioti.cs in disease
control as there is no conclusive proof of their presence in natural soil (Williams & Vickers,
1986). Recently, however, the use of genetic approaches has produced firmer evidence for the
role of antibiotics in biocontrol. TnS mutants of P. fluorescens 2-79 deficient in production of a
phenazine antibiotic have been shown to be significantly less effective at protecting wheat from
take-all disease, suggesting that the antibiotic plays a major role in the suppression of G.
graminis (Thomashow & Weller, 1988). Howie and Suslow (1986) found that a mutant of P.
ﬂuoréscens which does not produce an antifungal compound is less effective at suppressing
Pythium ultimum on cotton than the antibiotic-producing parent strain.

1.11.3 Parasitism and lysis.

4Many microorganisms produce potent extracellular enzymes which are capable of lysing
other organisms and this has been suggested as a powerful disiease control mechanism (Chet et
al., 19590; Henis & Chet, 1975; Mitchell & Alexander, 1969). The most effective of these
hydrolytic enzymes in terms of biocontrol are the chitinases produced by various bacteria. A
number of reports have proposed that chitinolytic activity plays a major role in plant protection
(Barrows-Broaddus & Kerr, 1981; Morrissey et al., 1976; Ordentlich et al., 1988). This is due
to the chitin content of the cell walls of many phytopathogenic fungi (Chet et al., 1990).
Mitchell and Alexander (1961) demonstrated that fungal cell wall-lytic bacteria added to soil
controlled Fusarium spp. and Pythium sp. by destroying the fungal mycelium, whilst Mitchell -
‘and Hurwitz (1965) protected tomato plants against damping-off caused by Pythium
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aphanidermatum with lytic Arthrobacter. Campbell and Ephgrave (1983) showed that the
biological control of G. graminis by a Bacillus sp. in the soil was due to hyphal lysis.

In a éurvey of 100 microorganisms the enteric soil bacterium Serratia marcescens was
found to be the most efficient producer of chitinase (Monreal & Reese, 1969). Consequently it
has been the subject of investigations into its efficacy as a biocontrol agent (Ordentlich er al.,
1987; Ordentlich et al., 1988). The genetic basis of chitinase production in this bacterium has
also been investigated with the aim of using the information to produce improved biological
control agents (Fuchs et al., 1986; Jones et al., 1986; Shapira et al., 1989; Sundheim et al.,
1988). S. marcescens was found to be an effective biocontrol agent against Sclerotium rolfsii
and Rhizoctonia solani under greenhouse conditions (Ordentlich er al., 1987) and further
investigations using chitinase preparations from the bacteria have shown that the lytic action of .
chitinase on fungal hyphae is responsible for the observed disease control (Ordentlich et al.,
1988; Shapira et al., 1989).

Sundheim ez al. (1988) transferred a plasmid carrying a chitinase gene from S. marcescens
into P. fluorescens and the resulting strain inhibited growth of Fusarium oxysporum f. sp.
redolens and reduced disease of radish caused by this pathogen. Similarly, a S. marcescens
chitinase gene transferred to E. coli resulted in a strain that was inhibitory to F. oxysporum f. sp.
pisi (Jones et al., 1986).

1.12 Agrobacterium as a biological control agent.

One of the first commercial applications of biological control has been the use of
Agrobacterium radiobacter K84 to control A. tumefaciens (New & Kerr, 197_2). Strain K84
produces the bacteriocin agrocin 84 which is a disubstituted adenine nucleoside analogue (Tate
et al., 1979). Bacteriocins are antibiotic-like compounds bactericidal only to strains closely
related to the producing organism (Vidaver, 1983). Agrocin 84 is classified as a bacteriocin
because it exhibits specific toxicity toward A. mumefaciens strains able to utilise the
agrocinopine-type opines (Engler et al., 1975; Tate et al., 1979). Sensitivity to agrocin 84 is
related to agrocinopine uptake and it is likely that both molecules are transported by the same
Ti-plasmid encoded permease (Murphy & Roberts, 1979). The synthesis of agrocin 84 is
encoded by a 47.7kb plasmid pAgK84 (Ellis et al., 1979) which also encodes immunity to
agrocin 84 (Ryder et al., 1987). |

Although production of agrocin 84 by A. radiobacter is largely responsible for its control
of crown gall there is a second element involved in suppression of the disease. A strain of A.
radiobacter lacking pAgK84 was unable to prevent crown gall when coinoculated with A.
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tumefaciens but was able to suppress the level of infection when inoculated 24 hours before the
pathogen. Tumours which did occur under these circumstances were significantly smaller than
tumours on untreated plants (Cooksey & Moore, 1982). This strongly suggests that prior
establishment on the host and physical blockage of infection sites also contribute to biological

control.

1.13 Future prospects for biological control.

Since biological control methods are considered less hazardous to the environment than
chemical agénts there is a promising future for the development of improved microbial
inoculants. A considerable amount of research is being carried out in this area, although only a
small number of products have reached the market and achieved commercial success. These
include a Pseudomonas-based biofungicide called "Dagger-G" (Ecogen Inc.) currently being
marketed for the prevention of damping-off of cotton seedlings and Bacillus subtilis A13 sold
under the name of QUANTUM-4000 (Gustafson, Texas) as a treatment to suppress patﬁogens
and improve the growth of peanut plants. These products are, in effect, natural biological
control agents which have been marketed in an inoculant form that enables efficient application.
The majority of research currently being undertaken has the aim of manipulating biocontrol
bacteria to increase the level or consistency of their performance. Ultimately there exists the
possibility of genetically engineering superior biocontrol agents by transferring genes from one

bacterium to another and combining a number of desirable traits.

Genes controlling siderophore (Marugg et al., 1985 & 1988; Moores et al., 1984) and
antibiotic (Gutterson et al., 1986; Thomashow & Weller, 1990) synthesis have already been
identified in several organisms. This opehs the way for the possible use of molecular biology
techniques both to modify the kinds and amounts of biocontrol molecules produced by existing
strains and to express antibiotic or siderophore biosynthetic genes in nonproducer organisms
with other desirable traits. In addition to the production of pathogen-antagonistic compounds, a
successful biocontrol agent must also be an efficient and aggressive rhizosphere coloniser
(Loper et al., 1984; Weller, 1983). Since the characteristics which determine root-colonising
ability are complex and poorly understood it would at present be impossible to engineer an
existing biocontrol agent to create a more effective root coloniser. Therefore Juhnke et al.
(1987) suggested that the way to achieve maximum proficiency from a biocontrol agent would
be to first isolate an effective root coloniser and then introduce genes for antibiotic or
siderophore production into this bacterial isolate. Thomashow and Weller (1950) have
described the introduction of a 9.2kb fragment of DNA from P. aureofaciens 30-84 into E. coli
and the resulting production by this strain of the two antibiotics phenazine-1-carboxylic acid
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and 2-hydroxyphenazine-1-carboxylic acid. This result appears to demonstrate the feasibility of
mobilising and expressing antibiotic genes in non-producer bacteria. Siderophore production
and utilisation however is not determined by a simple, one-gene product and many antibiotics

are secondary metabolites with complex biosynthetic pathways, therefore such an approach may

not be entirely successful.

More suitable attributes for genetic manipulétion are those determined by single, easily-
characterised genes. Ideal candidates for transfer and manipulation are therefore genes
encoding lytic enzymes such as chitinase which has a proven pathogen-suppressive action
(Shapira et al., 1989). Promising work has already been carried out using a chitinase gene from
S. marcescens which has been transferred to E. coli (Jones et al., 1986; Shapira et al., 1989).
The resulting strain in each case was effective in suppressing fungal pathogens. Perhaps more
important were experiments where the chitinase gene was introduced into and expressed in root-
colonising fluorescent pseudomonads (Fuchs er al., 1986; Sundheim et al., 1988). The
chitinase-producing pseudomonads inhibited the growth of Fusarium oxysporum, Rhizoctonia
solani and Magnaporthe grisea in vitro but were less effective in suppressing disease, since the
vector carrying the chitinase gene was not maintained in the pseudomonad (Sundheim et al.,
1988). Further investigations using more stable extrachromosomal elements or integrating the
chitinase gene into the chromosome of the biocontrol strain should be carried out.

- Other studies may concentrate on improving the production of chitinase from a biocontrol
agent by genetic manipulation techniques. One possible approach would be to bring the
chitinase gene under the control of a stronger promoter to achieve higher levels of expression
(Shapira et al., 1989). A novel strategy has been proposed to control the expression of chitinase
in a biological control agent such that maximal amounts of the enzyme are produced in response

“to plant wounding (Ashby et al., 1986; Ashby, 1988). In this system a gene encoding chitinase,
or any other lytic enzyme or toxin, is placed under the control of an Agrobacterium virulence
promoter which is induced in the presence of plant wound exudates. Avirulent agrobacteria
containing the modified gene and the necessary vir-functions would detect low levels of plant
exudates in the rhizosphere and move chemotactically towards the wound site. Once there, thé
higher levels of plant exudate would initiate the vir-induction process and thus cause expression
of the biocontrol product. The advantage of this system over existing bacterial pathogen-control
systems is that the production of the enzyme or toxin is a conservative process, only occurring

in the microrhizosphere around a wound site.

This delivery system is particularly suitable for the production of an insecticidal product
such as the Bacillus thuringiensis (Bt) toxin (Hofte & Whiteley, 1989) since insect feeding
would cause wounding and thus initiate expression of the toxin. Obukowicz et al., (1986) have
integrated the &-endotoxin gene from Bacillus thuringiensis subsp. kurstaki HD-1 into the
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chromosome of root colonising Pseudomonas fluorescens and Agrobacterium radiobacter in an
attempt to target the delivery of the insecticide to the rhizosphere. This approach would also
reduce the current need for repeated applications of commercial Bt toxin preparations whose
insecticidal activity declines rapidly in the environment (West, 1984). By employing the
strategy of Ashby et al. the application process would be refined to an even greater extent and
since production of the toxin is not constitutive there should be a lower risk of resistance

developing in the insect population.
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CHAPTER 2



MATERIALS AND METHODS

2.1 Materials

All chemicals and biological reagents were from Sigma Chemical Company Ltd or BDH Ltd with
the exception of those listed below.

Restriction endonucleases, DNA modifying enzymes, X-gal and IPTG were from either
Northumbria Biologicals Ltd or Boehringer Mannheim.

Agarose, LMP agarose and the M13 sequencing kit were from Bethesda Research Laboratories
(UK) Ld.

All radiochemicals and the oligonucleotide directed in vitro mutagenesis kit were from Amersham

International plc.
Bacteriological agar and yeast extract were from Oxoid Ltd.

Trypticase peptone (tryptone) was from Becton Dickinson Microbiology Systems, Cockeysville
USA. :

The non-radioactive DNA labelling and detection kit was from Boehringer Mannheim.
Sodium chloride was from Reidel de Haen.
The reagent for the protein micro-assay was from Bio-Rad Laboratories, Herts., UK.

Nitrocellulose and nylon filters were from either Schleicher and Schuell or Amersham International

plc.
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2.2 Bacterial strains.

The bacterial strains used during the course of this work are outlined below.

E. coli.

IM83 ara, A(lac-proAB), rpsL, ®80dlacZAM15.
Vieira and Messing (1982).

DH5a endAl, hsdR17, supE4A4, thi-1, recAl, gyrA96, relAl, A(lacZYA-argF)
U169, ®80, dlacZAM15.
BRL (1986)

IM101 A(lac-proAB), supE, thi, F(traD36, proAB*, lac]8, lacZAM15).
Yanisch-Peron et al. (1985).

TG2 A(lac-proAB), supE, thi, hsdM, recAl, srl::Tn10,

F(traD36, proAB*, lacld lacZAM15).
Rec derivative of TG1.

Gibson (1984)

A. tumefaciens.
C58C1 RifR, Ti-

Van Larebeke et al. (1974).

LBA4301 Rec-, AchS background

Klapwijk et al. (1979).
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2.3 Plasmids

Described below are the plasmids used during the course of this work.

Plasmid | Comments Reference

pUC18/19 | ampR  Vieira & Messing (1982)
pUC1318 hybrid pUC vector Kay & McPherson (1987)
pBluescript ampR, with T7 promoter Stratagene

pCHIT310 ampR,-chiu’nase +ve - Jones et al. (1986)
pDUB2512 virB promoter:chiA coding region Ashby (1988)

pVK257 virA,B,G,C of pTiA6 Knauf & Nester (1982)
pUCD607 constitutive Jux, ampR, kanR Shaw & Kado (1986)
pUCD615 lux promoter probe vector Rogowsky et al. (1987)
pUCD1187 virB promoter from pTiC58 in pUCD615 "

pUCD11%4 virE promoter from pTiC58 in pUCD615 "
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2.4 Media and growth conditions.

Bacterial strains were ro{ninely grown in L-broth or on L-agar at either 37°C (E. coli) or 28°C

(A. tumefaciens).

L-broth:- Tryptone 10g
Yeast extract Sg
NaCl Sg'

Distilled water  to 1 litre '
(For L-agar 10g of agar were added)

The media was then autoclaved.

When growing bacteria in liquid culture for work with M13 bacteriophages, a richer media, 2YT,

was used.
2YT:- Tryptone 16g
‘ Yeast extract 10g
Na(Cl Sg

Distilled water to 1 litre

If agar plates were required for blue/white colour selection when using pUC or pBluescript
plasmids, X-gal was made up as a 2% solution in dimethylformamide and 200pl added for every
100m] of autoclaved agar. '

Strains of E. coli harbouring F' plasmids were maintained on minimal agar plates lacking

proline in order to select for the presence of the plasmid:-

Agar 10g
Distilled water 768ml

Autoclaved and cooled prior to the addition of:

200ml - S5x M9salts
2ml IM MgS0Oy4
1001 1M Ca(Cl,
20ml Img/ml thiamine
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Chitin medium for the growth of E. coli harbouring chitinase constructs:-

Pure chitin 0.5¢g
Yeast extract 0.5g
Agar g
Distilled water  to 80ml

Autoclaved and cooled prior to the addition of :-

100l ‘0.IM FeEDTA
100l 1M N-acetylglucosamine
20ml 5x M9 salts

5x M9 salts contained:-
Na,HPO,4 30g
KH,PO4 15g
NaCl 2.5g
NH4C] 5g

Distilled water to 1 litre

Minimal medium for A. tumefaciens strains was:-
| 20ml  5x MinA salts
Iml 20% glucose
0.1ml IM MgSO4 A
76ml sterile distilled water

5x MinA salts:-
K,HPO, 52.5g
KH,PO, 22.5g
(NHy),S04 1g

Nacitrate.2H,0  2.5g
Distilled water  to 1 litre
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When induction of vir genes was measured in Agrobacterium, the cells were grown in the

following induction medium:
Sucrose 3g
Distilled water ~ 85ml

Autoclaved and cooled prior to the addition of;

5ml  20x AB salts
10ml  0.2M MES, pH5.2
0.6ml  04MK,HPO,

20x AB salts contain:

NH,4Cl1 20g
MgS0,.7H,0 6g
KCl : 3g
CaCl, 3g

FeS0O4.7H,0 50mg
Distilled water to 1 litre

When antibiotic selection was required, stock solutions were prepared, filter sterilised and the
appropriate volume added to cooled, autoclaved media as detailed below.

Antibiotic Stock solution Solvent Final conc.
(mg/ml) (ng/ml)
Ampicillin (Amp) 50 | H,0 50
Kanamycin (Km) 25 H,0 25
(iarbenicillin (Cb) 50 H26 100
Tetracycline (Tc) 2.5 EtOH 10
Rifampicin (Rif) 50 DMSO 100
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2.5 Isolation of DNA

2.5.1 Plasmid minipreps.
Small amounts of plasmid DNA were prepared essemiailly according to Maniatis et al. (1989).

A single bacterial colony was grown ovemight in Sml of L-broth with antibiotic selection,
‘then a 1.5ml aliquot of the culture was transferred to a sterile eppendorf tube and centrifuged for 1-
2 minutes in a microfuge (MSE microcentaur). The supernatant was removed and the bacterial
pellet resuspended in 100l of ice-cold Solution 1 (1% glucose, 10mM EDTA, 25mM Tris.HCl
pH8.0). The bacterial suspension was allowed to stand at room temperature for 5 minutes, then
200ul of freshly made Solution 2 (0.2M NaOH, 1% SDS) was added, the tubes mixed gently by
inversion and placed on ice for 5 minutes. 150l of ice-cold Solution 3 (11.5ml of glacial acetic
acid and 28.5ml of distilled water added to 60ml of SM potassium acetate pH4.8) was added, the
contents of the tube mixed by inversion then vortexed briefly and stored on ice for a further 5
minutes. Cell debris was pelleted by centrifugation for 5 minutes. The supernatant was removed
to a fresh tube and extracted with an equal volume of TE-saturated  phenol:chloroform:isoamyl
alcohol (25:24:1). The aqueous phase was transferred to a clean tube and the DNA precipitated by
the addition of 2 volumes of ethanol. After 5 minutes at room temperature, the plasmid DNA was

. pelleted by 5 minutes centrifugation, then washed with 70% ethanol, dried under vacuum and

resuspended in TE buffer (10mM Tris-HCl, 1mM EDTA pH8.0) plus RNase at a concentration of
20pg/ml.

2.5.2 Large scale plasmid preparation.

10ml of L-broth was inoculated with a single colony of a bacterial strain containing the
desired plasmid and grown up ovemnight with the appropriate antibiotic selection. The resulting
culture was added to 500ml of L-broth plus antibiotic and incubated with shaking ovemight. The
bacteria were harvested by centrifugation at 4000rpm for 10 minutes in an MSE High Speed 18
centrifuge. The supematant was discarded and the pellets resuspended in 10ml of Solution 1
containing 2mg/ml lysozyme. The resulting suspension was transferred to two 50ml Oakridge
tubes and left at room temperature for 30 minutes. 10ml of Solution 2 was added to each tube, the
contents mixed by gentle inversion and kept on ice for 10 minutes. 7.5ml of ice-cold 3M sodium
acetate pH4.8 was added to each tube, mixed well and left on ice for a further 10 minutes. The
lysed cells were clarified by centrifugation at 19,000rpm for 20 minutes and the supematant
transferred to clean Corex tubes. An equal volume of isopropanol was added and the DNA left to
precipitate at room temperature for 30 minutes. The DNA was pelleted by centrifugation at
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12,000rpm for 30 minutes, then washed in 70% ethanol, dried under vacuum and resuspended in

5Sml of TE buffer.

2.5.3 Caesium chloride/ethidium bromide density gradient centrifugation.
Plasmid DNA from large scale preparations was purified using the following method.

22.4g of caesium chloride and 0.33ml of a 10mg/ml ethidium bromide solution were added to
the DNA sample and the volume made up to 30ml with TE buffer. The resulting solution was
transferred to a Quickseal centrifuge tube using a needle and syringe. The tube was then balanced,
heat-sealed and centrifuged for 17-20 hours at 55,000rpm and 15°C, using a Sorvall 65 OTB
ultracentrifuge and a VTi 50 rotor.

Following centrifugation, the tube was carefully removed from the rotor and observed under
UV light. Two fluorescent bands of DNA were usually visible, the upper band corresponding to
the open circular form of the plasmid plus residual chromosomal DNA and the lower one to
supercoiled plasmid DNA. A hole was made in the top of the tube and the supercoiled band
collected using a syringe and wide-bore needle. The DNA solution was transferred to a sterile
plastic tube and the ethidium bromide was removed by repeated extraction with an equal volume of
sodium chloride-saturated isobutanol. The sample was then dialysed against TE buffer at 4°C for
24 hours with 3 changes of buffer.

2.6 Transformation of bacteria.

2.6.1 Calcium chloride method for preparing competent cells.

This was based on the method of Mandel and Higa (1970) and was used when a large number
of transformations were to be carried out, or when competent cells were made for long term

storage.

50ml of L-broth was inoculated with 1ml of an 6vemight culture of E. coli and incubated with
shaking at 37°C until the absorbance at 550nm was 0.3-0.4 (2-3 hours). The culture was then
placed on fce for 10 minutes before being transferred to a chilled, sterile Sorvall tube and
centrifuged at 6,000rpm for 5 minutes at 4°C in an MSE 18 centrifuge. The supemnatant was
discarded and the cell pellet gently resuspended in 25m! of ice-cold SOmM CaCl,, 10mM Tris.HCI
(pH8.0). The cell suspension was maintained on ice for 15 minutes and then recentrifuged as
before. The supernatant was removed and the pellet now resuspended in 2.5ml of the sarne'
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solution. For storage of the competent cells, 0.7ml of 80% glycerol was added and the cells
dispensed into 200ul aliquots prior to flash freezing in liquid nitrogen and storage at -80°C.

2.6.2 Rubidium chloride method for preparation of competent cells.

This method was used when only a small number of transformations were to be performed and
has been previously described by Rushner (1978).

100ul of an overnight culture of E. coli was used to inoculate Sml of L-broth, which was
shaken at 37°C for 2-3 hours until the density of the culture was approximately 2x108 cells/ml.
1.5ml aliquots were transferred to eppendorf tubes and the cells pelleted by 30 seconds
centrifugation. The supemnatant was discarded and the pellet gently resuspended in 500ul of
Solution A (10mM MOPS pH7.0; 10mM RbCl). The bacteria were pelleted by a 15 second
centrifugation and the pellet now resuspended in 500pl of Solution B (100mM MOPS pH6.5;
10mM RbCl; S0mM CaCl,). The suspension was held on ice for 90 minutes and then centrifuged
for 10 seconds. The bacteria were finally resuspended in 150ul of Solution B and 3ul of DMSO

was added.

2.6.3 Transformation of E. coli competent cells.
Competent cells prepared by either of the above methods were transformed as follows.

Pure DNA, or a ligation mixture was added to freshly made competent cells, or frozen cells
which had been thawed on ice. The tube of cells was mixed gently and kept on ice for 30-60
minutes. The cells were then heat-shocked at either 42°C for 2 minutes, or 55°C for 30 seconds
and placed back on ice for 5 minutes. 1ml of L-broth was added and the cells incubated at 37°C for

1 hour before appropriate aliquots, usually 100y, were spread onto selective agar plates.

2.6.4 Transformation of Agrobacterium.

The method used for introducing plasmid DNA directly into strains of Agrobacterium was a
slight modification of that used by Ebert et al. (1987).

100ml of L-broth was inoculated with 4ml of an ovemight culture of A. tumefaciens and
incubated with vigorous shaking at 28°C for approximately 4 hours, until the absorbance at 600nm
reached 0.5-1.0. The cells were pelleted by centrifugation at 3,500 rpm for 10 minutes in a bench-
top centrifuge (Wifug) and then resuspended in 2ml of L-broth. 100ul aliquots were transferred to
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eppendorf tubes and held on ice for 30 minutes prior to the addition of up to 1jtg of plasmid DNA.
The cells were then subjected to two cycles of rapid freeze-thawing using liquid nitrogen and 5
minutes thawing in a 37°C water bath. 1m! of L-broth was added to the cells which were incubated
at 28°C for 2 hours with gentle shaking. The cells were pelleted by a 1 minute centrifugation and
then resusupended in 100pl of L-broth before being plated onto selective L-agar.

2.7 DNA manipulations.

2.7.1 Spectrophotometric quantitation of DNA solutions.

The DNA solution was diluted with an appropriate volume of TE buffer, usually a 1:50 or
1:100 dilution. The absorbance of the solution at 260nm and 280nm was measured using a UV
spectrophotometer (LKB). A pure DNA sample has an Aggppg0 ratio of 1.8. An Apgp of 1.0 is
equivalent to a double-stranded DNA concentration of 50ug/ml, or a single-stranded DNA
concentration of 40 yg/ml.

2.7.2 Restriction enzyme digests.

Plasmid DNA was generally digested in a volume of 10-30pl, with 5 units of the desired
restriction enzyme and 0.1 volumes of the appropriate 10X concentrated restriction enzyme buffer
(REB). The volume was made up with sterile distilled water and the reaction incubated at the
recommended temperature (usually 37°C) for 1-2 hours. Digestions which were to be analysed by
gel electrophoresis were terminated by the addition of 0.1 volumes of stop-dye, which was made up

as follows:-

1ml 10% SDS
2ml 250mM EDTA pHS8.0
- 0.2ml 1M Tris.HCI pH8.0
Sml glycerol
1.8ml distilled water
10mg bromophenol blue

If DNA was being digested for use in subcloning procedures, then the reaction was terminated
by phenol/chloroform extraction (see section 2.7.3). Unless otherwise specified, restriction enzyme
digests had a requirement for one of the following buffers.
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Buffer (X10)

low (ul) medium (ju) high ()

SM Nac(l 0 100 200
IM Tris pH7.4 100 100 - 500
IM MgSO, 100 | 100 100
IMDTT 10 10 0
distilled water 790 690 200

2.7.3 Phenol:chloroform extraction of DNA.

DNA samples were deproteinised by the addition of an equal volume of rediétilled, water-
saturated phenol equilibtated with 0.1M Tris.HC] pH8.0. The phases were mixed by vortexing and
then separated by centrifugation for 3-4 minutes in a microfuge. The upper, aqueous layer was
carefully removed and re-extracted with 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1)

saturated with the same buffer.

2.7.4 Ethanol precipitation of DNA.

DNA was precipitated from solution by the addition of 0.1 volumes of 3M sodium acetate
pH4.8 and 2 volumes of ethanol, unless otherwise stated. The sample was mixed by vortexing and
stored at -80°C for at least 30 minutes before centrifugation at 12,000g for 10 minutes in a
microfuge. The DNA pellet was washed with 70% ethanol, dried under vacuum and resuspended
in either TE buffer or sterile distilled water. |

2.7.5 Phosphatase treatment of DNA.

In order to prevent recircularisation of digested vector DNA, calf intestinal phosphatase was
used to remove the 5' phosphates from linear DNA.

30 minutes before the termination of a restriction digest using medium REB or Pharmacia
"One-Phor-All" buffer, 1 unit of calf intestinal phosphatase was added to the reaction. Upon
completion of the digest, 0.1 volumes of 0.1M nitrilotriacetic acid pH8.9 were added and the
sample placed at 70°C for 15 minutes to denature the phosphatase. The solution was then
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phenol:chloroform extracted, ethanol precipitated and resuspended in sterile water, ready for use in

a ligation reaction.

2.7.6 Ligation of DNA.

DNA fragments with compatible cohesive or blunt termini generated by digestion with
ﬁestn'ction enzymes were ligated together by the action of T4 DNA ligase. The fragments to be
ligated were mixed together in the approximate ratio of 3:1 insert:vector moles of termini, with 0.1
volumes of 10X concentrated ligation buffer (0.66M Tris.HCI pH7.5; 50mM MgCl,; 50mM DTT;
10mM ATP) and 1-2 units of T4 DNA ligase. For blunt-ended ligétions the amount of enzyme was
increased to 5 units. The ligation reaction was incubated at either 15°C ovemight, or at room

temperature for 2-3 hours before it was used to directly transform competent E. coli cells.

2.7.7 Agarose gel electrophoresis.

The correct amount of agarose required to give the desired concentration (usually 0.7-1.0%
depending upon the sizes of the DNA fragments to be separated) was added to 200ml of TBE
buffer (121.1g Tris-HCl, 51.35g boric acid, 3.72g EDTA/litre, for 10x) for a large gel, or 70ml for
a minigel then heated in a microwave oven for 2-3 minutes. Ethidium bromide was added to a final
concentration of 0.2pg/ml and the agarose cooled before being poured into the gel mould and
allowed to set. The gel was then placed in a tank containing TBE buffer and ethidium bromide at
0.2pg/ml, the DNA samples containing stop-dye were loaded into the wells and electrophoresis
was carried out at an appropriate voltage for the desired length of time. The gel was viewed on a
UV transilluminator (UVP Inc.) and, if necessary, photographed using a red filter, Polaroid 667
film and a polaroid RP4 Land camera.

2.7.8 DNA fragment isolation.
Two different methods have been used to isolate fragments of DNA from agarose gels.

Method 1 employed low melting point (LMP) agarose. The DNA samples were separated
through a LMP agarose gel and the fragments to be isolated were removed from the gel with a
sterile scalpel blade and transferred to eppendorf tubes. The tubes were incubated at 65°C until the
agarose was molten and 2 volumes of 50mM Tris.HCL; 0.5mM EDTA were added. The solution
was mixed and incubated at 37°C for a few minutes, before being extracted twice with phenol and

once with chloroform:isoamyl alcohol(24:1), then precipitated with ethanol.

40



Method 2 was a modified version of the freeze-squeeze method. The required DNA fragment
was excised from an ordinary agarose gel and placed in a 0.8ml eppendorf tube which had been
holed in the bottom and plugged with glass wool. The gel slice was frozen at -80°C for a minimum
of 30 minutes and then the tube was placed into a 1.5m1 eppendorf and centrifuged for 10 minutes
whilst the agarose was still frozen. The DNA solution which collected in the large eppendorf was
extracted once with chloroform:isoamyl alcohol (24:1) and precipitated with 0.1 volumes of 3M
sodium acetate; 0.1M magnesium acetate pHS.2 and 2 volumes of ethanol.

2.7.9 Filling in 3' recessed ends.

If it was necessary to convert a DNA restriction fragment with 3' recessed ends to one with

blunt ends, the following method was used.

The DNA fragment was resuspended in 13pl of sterile distilled water following isolation from
an agarose gel or digestion with a restriction enzyme. To this was added 2ul of 10x polymerase
reaction buffer (70mM Tris-HCI pH7.5; 70mM MgCl,; 500mM NaCl), 1ul each of 0.5mM dATP,
dCTP, dGTP and TTP and 1l (1 unit) of Klenow enzyme. The reaction was incubated at room
temperature for 15 minutes and was then phenol/chloroform extracted, ethanol precipitated and

resuspended in sterile water.

2.7.10 Transfer of DNA to nitrocellulose membranes.
The method used was a modification of that of Southern (1975).

The DNA-containing agarose gel was photographed and then soaked for 45 minutes in
denaturation buffer (1.5SM NaCl, 0.5M NaOH) with occasional shaking. The gel was rinsed twice
with distilled water and soaked for a further 45 minutes in neutralisation buffer (3M Na(Cl, 0.5M
Tris-HCl pH7.0), then rinsed with 20x SSC (3M Na(l, 0.3M sodium citrate). It was then placed on
a sheet of Whatman 3MM paper soaked in 10x SSC which was positioned over a glaés plate
"bridge", so that the ends dipped into a reservoir of 10x SSC and acted as a wick. A piece of
nitrocellulose was cut to the séme size as the gel, wetted with distilled water, immersed in 10x SSC
and placed on top of the gel, taking care to remove any air bubbles. 3 pieces of Whatman 3MM
paper, cut to the same size as the gel, were soaked in 10x SSC and laid on top of the nitrocellulose,
again removing any air bubbles. Finally, 3 layers of absorbent nappies were positioned on top
followed by a glass plate and the whole apparatus was compressed with a lead weight. DNA

transfer was then allowed to proceed overnight.
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The blotting apparatus was dismantled and the nitrocellulose filter removed, once the positions
of the wells had been marked. The filter was baked between two pieces of 3MM paper in a

vacuum oven at 80°C for 2 hours.

2.7.11 Preparation of digoxygenin labelled DNA probes.

In this method, DNA fragments were labelled by random primed incorporation (Feinberg &
Vogelstein, 1983) of digoxygenin labelled dUTP, according to the protocol provided with the non-
radioactive DNA labelling and detection kit (Bochringer Mannheim).

A fragment of DNA (10ng-3j1g) which had been purified from an agarose gel (see 2.7.8) was
denatured by heating at 95°C for 10 minutes and was then cooled quickly on ice. To the tube were
added 2l of a random -hexanucleotide mixture, 2ul of dNTP labelling mix (ImM dATP. ImM
dCTP, 1mM dGTP, 0.65mM dTTP, 0.35mM Dig-UTP pH6.5) and distilled water to a final volume
of 19ul. 1l (2 units) of Klenow enzyme was added and the reaction incubated for 1-20 hours at
37°C. The reaction was stopped by the addition of 2l of 0.2M EDTA pH8.0, and the labelled
DNA was precipitated with 2l of 4M LiCl and 60ul of prechilléd ethanol, at -80°C for at least 30
minutes. The DNA was pelleted by centrifugation at 12,000g and washed with 70% ethanol,
before being dried under vacuum and dissolved in S0l TE buffer.

2.7.12 Hybridisation of labelled probes to Southern blots.

The baked nitrocellulose filter was placed inside a plastic bag and 50ml per 100cm?2 of
prewarmed (65°C) hybridisation solution (5x SSC, 0.1% lauroylsarcosine, 0.02% SDS, 1%
blocking reagent [Boehringer]) was added. The bag was heat sealed and the filter prehybridised for

2-4 hours at 65°C.

The prehybridisation solution was replaced with approximately Sml per 100cm? filter of
hybridisation solution containing freshly denatured probe DNA and the filter incubated overnight at
65°C. The filter was washed twice for 5 minutes with 50ml of 2x SSC, 0.1% SDS at room
temperature and twice for 15 minutes with 0.1x SSC, 0.1% SDS at 65°C, then allowed to air dry.

2.7.13 Immunological detection of hybridised probe DNA.

The air-dried filter was washed briefly in Buffer 1 (0.1M Tris-HCl, 0.15M NaCl, pH7.5), and
incubated for 30 minutes at room temperature with 100ml of Buffer 2 (Buffer 1 containing 1%
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blocking reagent) with gentle shaking. It was then washed again briefly with Buffer 1 and
incubated for 30 minutes with 20ml of antibody-conjugate solution (anti-digoxygenin AP-
conjugate diluted to 150 mU/ml in Buffer 1). The unbound antibody-conjugate was removed by
washing thé filter twice for 15 minutes with 100ml of Buffer 1 and the filter was then equilibrated
for 2 minutes with 20ml of Buffer 3 (0.1M Tris-HCI, 0.1M NaCl, 50mM MgCl,, pH9.5). The
bound antibody-conjugate was detected by the addition of 10ml of Buffer 3 containing 45ul of
NBT solution (nitroblue tetrazolium salt; 75Smg/ml in 70% DMF) and 35l of X-phosphate solution
(5-bromo-4-chloro-3-indolyl phosphate, toluidinium salt; 50mg/m! in DMF). The filter was
incubated in the dark until the colour precipitate had formed and bands were visible. The reaction
was stopped by washing the filter for 5§ minutes with 50ml of TE buffer.

2.7.14 In situ hybridisation of bacterial colonies.
The method used was that described by Maniatis et al., (1989).

A gridded nitrocellulose filter was placed onto a selective agar plate and individual colonies to
be screened were transferred to it using sterile cocktail sticks. Each colony was also transferred to
an identical position on a master plate. The plates were inverted and incubated at 37°C ovemight
and both the filter and the master plate were marked in three identical positions in order to identify
positive colonies. Using forceps, the filter was peeled from the plate, placed colony side up on a
piece of 3MM paper saturated with 10% SDS and left for 3 minutes. The filter was then
transferred to 3MM paper soaked in denaturation solution (1.5M NaCl, 0.5M NaOH) for 5 minutes,
followed by 5 minutes on 3MM paper saturated with neutralising solution (1.SM NaCl, 0.5M
Tris.HCl pH8.0). The filter was laid on a sheet of dry 3MM paper and allowed to dry at room
temperature for 30-60 minutes before being baked for 2 hours at 80°C in a vacuum oven.

To prepare the filter for hybridisation, it was first floated on the surface of a tray of 6x SSC
until thoroughly wetted from beneath and then submerged for 5 minutes. A prewashing step
followed, to remove any fragments of agar or loose bacterial debris. The filter was incubated at -
65°C for 1-2 hours with shaking in 100ml of washing solution (1M NaCl, 1mM EDTA, 0.1% SDS,
50mM Tris.HC] pH8.0). Prehybridisation, hybridisation and detection of positive colonies were
carried out as described in sections 2.7.12 and 2.7.13.
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2.8 DNA sequencing.

DNA sequencing was carried out by the dideoxynucléotide chain termination method of
Sanger et al. (1977), using a BRL M13 sequencing kit. DNA subclones for sequencing were
constucted in the bacteriophage vectors M13mp18/19 (Yanisch-Peron et al., 1985).

2.8.1 Transformation of recombinant M13 DNA.

Ligation reactions were transformed as follows into cells of E. coli strain JM101 or TG2 made

competent by one of the methods in section 2.6.

Ligation mix containing 10-20ng of DNA was added to an aliquot of competent cells and kept
on ice for 30 minutes. The cells were heat shocked at 42°C for 2 minutes and placed back on ice
for 5 minutes. 200ul of fresh log. phase cells were added and the transformation mix was
transferred to a sterile tube containing 3ml of 0.6% L-agar which had been melted and held at
45°C. To this had previously been added 10ul of 100mM IPTG and 20l of 10% X-gal. The
contents of the tube were mixed gently and poured onto the surface of a prewarmed L-agar plate.
Once the top agar had set, the plates were inverted and incubated at 37°C overnight. The presence

of white plaques indicated recombinant phage.

2.8.2 Preparation of single-stranded M13 DNA.
Templates for sequencing were prepared by the following method.

50ml of 2YT broth was inoculated with 100p! of an ovemight culture of JM101 or TG2 and
2m] aliquots were transferred to sterile McCartney bottles. Well spaced plaques were picked with
sterile cocktail sticks and a single plaque was inoculated into each bottle. The cultures were
incubated with shaking at 37°C for 8-10 hours. 1.5ml of each culture was tranéfemed to a sterile
eppendorf tube and centrifuged at 12,000g to pellet the bacterial cells. The supematant was
removed to a fresh tube and recentrifuged, whilst the bacterial pellet was saved for preparation of
the RF (replicative form) DNA by the plasmid miniprep method, in order to carry out restriction
arialysis of the recombinant phage. 1ml of the supernatant was transferred to a clean tube and
200pl of 20% PEG/2.5M NaCl was added, the contents of the tube vortexed briefly and left to
stand at room temperature for 45 minutes. The precipitated phage were pelleted by centrifugation
at 12,000g for 10 minutes and the supernatant poured off. The tubes were respun for 10 seconds to
collect any remaining supematant in the bottom of the tube and this was removed with a drawn out
glass pipette. The pellet was resuspended in 200y of TE buffer and this was extracted once with
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phenol, twice with phenol:chloroform:isoamyl alcohol, and finally, once with chloroform:isoamyl
alcohol. To the aqueous phase was added 0.1 volumes of 3M sodium acetate pH6.0 and 3 volumes
of ethanol and the DNA was allowed to precipitate at -20°C for 1 hour. Following centrifugation,
the DNA was washed with 70% ethanol, dried and resuspended in 20ul of TE buffer. 2ul of the
DNA was run on an agarose gel to estimate the concentration. Phage DNA which contained an
insert showed a reduced mobility in comparison to control single-stranded M13 DNA.

2.8.3 Orientation test.

If a DNA fragment had been cloned into a single restriction site, then some of the template
DNA could be used at this stage to carry out an orientation test, to determine whether inserts were

in identical or opposite orientations and thus minimise repetitive sequencing.

1l of single-stranded DNA of each of the pair of clones to be compared were mixed together
with 11.5ul of TE buffer, 1.5u1 of SM NaCl and 5l of formamide dye mix (3% SDS, 0.1%
brdmophenol blue, 60% formamide, 25SmM EDTA pH8.0). The mixture was incubated at 65°C for
1 hour and samples then loaded on a 0.7% agarose gel, together with control sémples.
Electrophoresis was carried out at 100V for 2-3 hours and the gel then observed under UV light. If
two templates contained the same insert in opposite orientations then they would anneal and show a

. reduced rate of migration in comparison with the control.

2.8.4 Dideoxysequencing reactions.

These were performed essentially as set out in the BRL M13 Cloning/DideoxySequencing
Instruction Manual.

A sequencing primer (either the M13 universal 17bp primer, or an oligonucleotide
complementary to a previously sequenced region of the cloned DNA) was first annealed to the
template by mixing together 3l of single-stranded DNA template, 7.4l of distilled water, 1ul (4
nmoles) of primer and 1pl of 10x polymerase reaction buffer and heating to 95°C for 5 minutes.
The mixture was then allowed to cool to room temperature.' 10x polymerase reaction buffer was
70mM Tris.HCl, 70mM MgCl,, 500mM NaCl pH7.5.

An aliquot of each of the 10mM dNTP stock solutions was diluted 1:20 in distilled water to
give a final concentration of 0.5mM and these working solutions were used to prepare the

nucleotide (N°) mixes, as set out below:-
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A° Co Ge T°

0.5mM dCTP - 2001 - 1l 2001 200l
0.5mMdGTP 20y 200l 1 201
0.5mM dTTP 2001 204 2041 i
10x reaction buffer 2041 201 20, 201

10mM ddNTP stock solutions were diluted to give working concentrations of: 0.1mM ddATP;
0.3mM ddCTP; 0.5mM ddGTP; 1.0mM ddTTP.

Whilst the template and primer were annealing, 1pl of the appropriate N° mix and 1pl of the
corresponding ddNTP solution were added to four tubes labelled A, C, G and T.

1yl of 0.1M DTT, 1ul of Klenow enzyme (1 unit) and 1pd of [35)S-dATP (10 uCi) were added
to the template/primer mix. A 3l aliquot of this was added to each of the four tubes containing the
nucleotides, mixed briefly and incubated at 37°C: for 20 minutes. 1ul of a 0.5mM dNTP solution
containing all four nucleotides was then added to each reaction tube, mixed and incubated for a
further 20 minutes at 37°C. After this second incubation the reactions were terminated by the
addition of 5ul of formamide dyes (0.1% bromophenol blue, 0.1% xylene cyanol, 10mM EDTA,
95% formamide) and the samples stored at -20°C until required.

2.8.5 Preparation and electrophoresis of sequencing gels.

Two glass sequencing plates were washed with detergent, rinsed with distilled water and then
cleaned with ethanol. The inner surface of the smaller plate was siliconised with "Repelcote”.
Plastic side spacers were laid on the larger plate and the smaller plate placed on top. The plates
were clamped together and taped around the edges with yellow plastic tape.

To prepare a 6% acrylamide gel, 7.25ml of a solution of 38% acrylamide:2% bis-acrylamide
was mixed with Sml of 10x TBE buffer, 21g of urea and distilled water to a total volume of 50ml.
The solution was filtered and degassed, then 0.4ml of 10% ammonium persulphate and 10l of
TEMED were added. It was then poured between the glass plates, a well comb inserted and the gel

allowed to set ovemight covered in cling-film.

The yellow tape was removed from the bottom of the gel and the comb removed. The gel
plates were then set up in the sequencing tank and the upper and lower reservoirs filled with 1x
TBE buffer. An aluminium sheet was clamped across one plate to aid heat dissipation and the
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wells were rinsed out with buffer. The gel was pre-electrophoresed at 35SmA for 30-60 minutes,
until the temperature of the gel reached approximately 50°C. The DNA samples were boiled for 3
minutes and 2ul samples were loaded onto the gel using a 10pl syringe. Immediately prior to
loading the samples the wells were rinsed out using a syringe, to remove any diffused urea. The
gel was electrophoresed at 25mA for at least 90 minutes and then it was removed from the tank and
the two plates separated. A sheet of 3MM paper was laid on top of the gel and lifted off, taking the
gel with it. The gel was covered with cling-film and dried under vacuum at 80°C for 34 hours.
Once dry, the gel was taped into a metal cassette and exposed to preflashed X-ray film (Fuji RX) at
room temperature for 24-72 hours, then the film was developed and the sequence read.

2.9 Oligonucleotide-directed in vitro mutagenesis.

In vitro mutagenesis was carried out using the Amersham system version 2, which is based on
the method of Taylor et al. (1985). '

2.9.1 5'-phosphorylation of the mutant oligonucleotide.

A 21-mer oligonucleotide, complementary to the single-stranded DNA template and cz{nying
the desired base change was synthesised on an ABS oligonucleotide synthesiser. Before it could be
used in the mutagenesis reaction it was then necessary to 5'-phosphorylate it as follows. 2.5ul of a
5 OD units/ml stock solution of the oligonucleotide was added to an eppendorf tube, together with
3ul of 10x kinase buffer (1M Tris-HCl pH8.0, 100mM MgCl,, 70mM DTT, 10mM ATP), 25l of
distilled water and 2 units of T4 polynucleotide kinase. This was incubated at 37°C for 15 minutes
and then heated at 70°C for a further 10 minutes. The oligonucleotide was now ready for use and

was stored at -20°C until required.

2.9.2 Oligonucleotide directed mutagenesis reactions.

All buffers and nucleotide mixes specified in the following method were as supplied with the

Amersham in vitro mutagenesis system.

.The mutant oligonucleotide was first annealed to the DNA teinplate (prepared as in section
2.8.2). SYp.l of single-stranded DNA template (1png/ul) was mixed with 2.5ul of phosphorylated
mutant oligonucleotide, 3.5 of Buffer 1 and 6yl of distilled water. This was placed at 70°C for 3
minutes, then at 37°C for 30 minutes before finally being put on ice. Synthesis and ligation of the-
mutant DNA strand was achieved by adding to the annealing reaction 5y of 100mM MgCl,, 15ul
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of nucleotide mix 1, 6yl of water, 6 units of Klenow enzyme and 6 units of T4 DNA ligase, then
incubating the reaction at 15°C overnight.

Any single-stranded, non-mutant DNA which remained was removed by centrifuging the
reaction mixture through a pair of nitrocellulose filters. 170ul of water and 30yl of SM NaCl were
added to the reaction mixture and it was transferred to the upper chamber of the supplied filter unit.
The unit was centrifuged at 1,500 rpm for 10 minutes in a bench top centrifuge. 100p1 of 500mM
NaCl were added to the upper chamber and the unit respun for 10 minutes to wash through any
remaining double-stranded DNA.

The DNA sample was precipitated by the addition of 28l of 3M sodium acetate pH6.0 and
700p1 of cold ethanol. Once the DNA pellet was dry, it was resuspended in 10pl of Buffer 2 then
65ul1 of Buffer 3 and 5 units of Ncil were added in order to nick the non-mutant strand. The

reaction was incubated at 37°C for 90 minutes.

The next stage was to digest the non-mutant strand of DNA. The concentrated stock of
exonuclease III was diluted to give a working stock of 25 units/pl. To the nicked reaction mix was
added 10ul of Buffer 4, 12pul of S00mM NaCl and 50 units of exonuclease III. This was incubated
at 37°C for 30 minutes then the enzymes were inactivated by heating at 70°C for 15 minutes. 13l
of nucleotide mix 2, S| of 100mM MgCl,, 3 units of DNA polymerase I and 2 units of T4 DNA
ligase were added and the reaction incubated at 15°C for 3 hours.

Upon completion of the mutagenesis reactions, 20pl aliquots of the final sample were used to
transform competent TG2 cells as described in section 2.8.1. Mutant progeny were analysed either
by sequencing or, if the mutagenesis had created a restriction site, by restriction analysis of the RF
DNA.

2.10 p-nitrophenyl-B-D-N,N'-diacetylchitobiose assay for chitinase production.

The assay used was a modified version of that of Roberts & Sclitrennikoff (1985). The
chromogenic substrate, p-nitrophenyl-B-D-N,N'-diacetylchitobioside, was dissolved at 300pg/ml in
0.05M phosphate buffer (pH6.0). 100ul aliquots were transferred to eppendorf tubes in an ice-
bath. Samples of supernatants or cell extracts from chitinase producing cultures were added to the
tubes and incubated at S0°C for 30 minutes to 24 hours depending upon the amount of chitinase in
the sample. After incubation, 100pl aliquots of the assay samples were pipetted into a microtitre
plate, mixed with 10ul of 1M NaOH to enhance colour formation and the absorbance read at
410nm using a Titertek Multiscan MCC plate reader. Duplicate aliquots of the same sample, when

assayed, produced absorbance readings within approximately 5% of each other.
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2.11 Assay for B-glucuronidase (GUS) activity.

Bacterial cultures were assayed for the production of B-glucuronidase (GUS) according to the
method of Jefferson (1987).

1ml of the culture to be assayed was transferred to an Eppendorf tube and the cells pelleted by
centrifugation for 2 minutes. The pellet was resuspended in 0.5ml of extraction buffer (50mM
NaPQy,, pH7.0; 10mM B-mercaptoethanol; 10mM EDTA; 0.1% sodium lauryl sarcosine; 0.1%
Triton X-100) then subjected to two cycles of rapid freeze-thawing using liquid nitrogen and a
37°C water bath. The resulting cell extract was assayed as follows. A 0.5ml aliquot of GUS assay
buffer (ImM 4-methylumbelliferyl-B-glucuronide in extraction buffer) was prewarmed to 37°C.
20ul of cell extract was mixed thoroughly with the assay buffer and incubated at 37°C for 5
minutes before a 100yl aliquot was removed into 0.9ml of stop buffer (0.2M Na,CO3). Further
100l aliquots were removed at regular time intervals in order to determine an accurate rate for the
reaction. The concentration of methylumbelliferone present in the stopped reactions was
determined using a Baird Atomic fluoripoint spectrofluorimeter, with excitation at 365nm and

emission at 455nm. The fluorimeter was calibrated using 1uM and 100nM methylumbelliferone

standards.

2.12 Conjugation of plasmids into Agrobacterium.

Plasmids were transferred into Agrobacterium strains by triparental mating using a method
based on that of Ditta et al. (1980), with pRK2013 as a helper plasmid. Cultures of the E. coli
donor strain, helper strain and recipient Agrobacterium were grown to exponential phase. 300ul of
recipient were mixed with 100ul each of the donor and helper and 200ul of the mixture was
carefully pipetted onto a nitrocellulose disc placed on the surface of an L-agar plate. This was
incubated at 28°C ovemight. The nitrocellulose disc was then transferred to a bottle containing
10m1 of sterile 10mM MgSO4 and shaken to resuspend the bacteria in the solution. Dilutions were
made to 10-2 and 100p1 aliquots of each dilution were plated onto selective agar plates. The plates
were incubated at 28°C for 48 hours to allow for growth of transconjugant colonies.

2.13 Electroporation of Agrobacterium.

Once a Biorad GenePulser became available in the laboratory, electroporation was used as the
preferred method of introducing plasmids into Agrobacterium. It had the advantages of being
quicker and more efficient than the traditional triparental mating procedure. The method used for
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the preparation of competent cells and the parameters for the electroporation process were those of
Nagel et al. (1990).

250ml of L-broth was inoculated with a 5ml overnight culture of the recipient Agrobacterium
strain and the culture grown with shaking at 28°C until the absorbance at 550nm was 0.5-1.0. The
cells were harvested by centrifugation at 4000g for 15 minutes at 4°C. The pellets were
resuspended on ice in a total of 250ml of 1mM HEPES pH7.0, then recentrifuged for a further 15
minutes. The resulting pellets were resuspended in 125ml of ice-cold HEPES buffer and
centrifuged as before. The pellet was kept on ice and resuspended in 100ml of 10% glycerol before
a final centrifugation step at 4000g for 15 minutes. The pellet was ultimately resuspended in 750u!
of ice-cold 10% glycerol. The cells were either used immediately or divided into 80ul aliquots,
frozen rapidly in liquid nitrogen and stored at -80°C. |

For the electroporation process 80 of competent cells were mixed with 1l of plasmid DNA
in TE buffer (100-200ng) in a precooled electroporation cuvette with a 2mm electrode gap
(Biorad). The cells were subjected to a 2.5kV charge dissipated at 25puF and 200ohms. For a.
successful transformation, charge dissipation required at least 4 seconds.  Following
electroporation the cells were immediately diluted in 1ml of L-broth and incubated with shaking at

28°C for 6-8 hours prior to plating out on selective L-agar.

2.14 The 3-keto-lactose test for Agrobacterium.

The triparental mating procedure sometimes gave rise to spontaneous RifR E. coli cells, so the
following test was used to confirm the identity of possible Agrobacterium transconjugants
(Bemaerts & De Ley, 1963). '

Presumptive Agrobacterium colonies were streaked onto CaCO3 medium (2% CaCOs, 2% .
glucose, 1% yeast extract, 2% agar) and incubated overnight at 28°C. A loopful of bacteria was
transferred to a lactose agar plate (1% lactose, 0.1% yeast extract, 2% agar) to make a thick area of
bacteria approximately 0.5cm in diameter. The plates were incubated at 28°C for 48 hours and
were then flooded with Benedicts reagent (173g sodium citrate, 100g sodium carbonate, 17.3g
copper sulphate per litre). A yellow zone could be seen around Agrobacterium colonies after 1-2

hours at room temperature.
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2.15 Determination of protein concentration.

The protein concentration of cell extracts or culture supematants was detenﬁined by a
Bradford assay using the Bio-Rad micro assay reagent (Bradford, 1976). The dye reagent
concentrate was diluted 1 in 5 with distilled water and 200ul of this was mixed with 100l of
sample, diluted if necessary. This was carried out in a microtitre plate (Falcon). The absorbance at
595nm was measured using a Titertek Multiscan MCC plate reader. The protein concentmtibn was
calculated from the absorbance readings using a calibration curve constructed using known

quantities of IgG.
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CHAPTER 3



THE CHIB GENE OF SERRATIA MARCESCENS.

3.1 Introduction.

Chitin, which is an insoluble, linear B-1,4-linked polymer of N-acetylglucosamine, is one
of the most abundant polysaccharides in nature, being second only to cellulose in terms of
biomass (Watanabe et al., 1990). It is a major constituent of fungal cell walls, insect skeletons
and the shells of crustaceans (Muzzarelli, 1977). Since many chitin-containing insects, fungi
and nematodes are agronomically important pests it is not surprising that interest has been
shown in the enzymatic degradation of the chitin component of these organisms as a method for
their control (Fuchs et al., 1986; Ordentlich et al., 1988).

All organisms that contain chitin also contain the hydrolytic enzymes, chitinases, which are
presumably required for morphogenesis of cell walls and exoskeletons (Gooday, 1977).
However, many other organisms which do not contain chitin also produce chitinases. These
include soil bacteria that secrete chitinases to degrade chitin in order to obtain nutrients (Roberts
& Selitrennikoff, 1988) and a number of plants which produce chitinases in response to
infection or injury (Boller, 1985). It has been suggested that the production of chitinase by
plants is a defence mechanism to provide protection against fungal pathogens (Boller, 1985) and
indeed a number of plant chitinases have been purified and shown to have antifungal activity
(Roberts & Selitrennikoff, 1988; Schlumbaum ez al., 1986).

3.1.1 The chitinolytic enzymes of Serratia marcescens.

Serratia marcescens is a Gram-negative soil bacterium which secretes high levels of
chitinase activity. In one survey it was found to be the most active chitinase producer of 100
organisms tested (Monreal & Reese, 1969). This has led to a number of investigations into the
efficacy of S. marcescens as a biocontrol agent (Ordentlich et al., 1988; Shapira et al., 1989),
the purification of its chitinases (Monreal & Reese, 1969; Roberts & Cabib, 1982) and cloning
of the chitinase genes (Fuchs et al., 1986; Jones et al., 1986; Sundheim et al., 1988).

The number of chitinolytic proteins reported to be produced by S. marcescens varies from
2 to 5. Fuchs et al. (1986) identified five individual proteins of 57, 52, 48, 36 and 21kDa, each
possessing chitinase activity, although the 57kDa protein was preferentially synthesised. Using
SDS PAGE, Roberts and Cabib (1982) located chitinase activity to two major protein bands at
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58 and 52kDa and three weaker bands at approximately 21, 40 and S0kDa. However, under
non-denaturing conditions only the 52 and 58kDa bands were present. A number of groups
have cloned the gene encoding the S8kDa chitinase (Fuchs er al., 1986; Jones et al., 1986;
Shapira et al., 1989) which has been designated chiA, whilst Sundheim et al. (1988) isolated a
9.4kb fragment of DNA which is thought to contain the chiA gene. The failure of two of the
groups to obtain more than one chitinase gene may reflect the abundance of the 57-58kDa
protein (Fuchs et al., 1986). Nevertheless, iones et al. (1986) cloned a second chitinase gene,
chiB, which encodes the 52kDa protein and Sundheim et al. (1988) cloned an 18kb EcoRI
fragment which produced chitinase but they did not identify the protein product. In each case
the cloned chiA gene product has been shown to have a suppressive effect on fungal pathogens.

Ashby (1988) elected to use the chiA protein as the active molecule in a novel biocontrol
delivery system in which the chitinase gene is brought under the control of an inducible
Agrobacterium vir promoter. The coding region and Shine-Dalgamo sequence of the chiA gene
from pCHIT1251 (Jones et al., 1986) was linked to a virB promoter cassette which utilised the
promoter region of the virB operon from pSM30 (Stachel & Zambryski, 1986b); The resulting
construct, when introduced into the Agrobacterium strain C58C! together with pVK257 (Knauf
& Nester, 1982) to provide the necessary vir functions, produced chitinase upon induction with
acetosyringone (Ashby, 1988). ‘

3.2 Serratia marcescens chiB gene.

‘The second cloned chitinase of S. marcescens, designated chiB, is contained within a
3.28kb EcoRI-Psd fragment of the plaémid pCHIT310 (Jones et al., 1986). This plasmid,
together with pCHIT1251, was kindly made available by John Bedbrook (AGS, Berkeley).
pCHIT310 was obtained by first constructing a genomic library of S. marcescens QMB1466
DNA in the cosmid vector pLAFRl. Chitinase-producing clones were identified by clearance
of chitin plates and nine such clones were found to contain an identical 30kb EcoRI fragment.
The DNA from these was digested with EcoRI and partially with PsiI then ligated into pUCS.
The resulting subclone, pCHIT310, was chitinase-positive and contained a 3.28kb insert (Jones
et al., 1986). |

3.2.1 Decision to use the chiB gene in a biocontrol system.

The chiB gene was chosen as the second gene to be employed in the pesticide delivery
system of Ashby et al. (1986) partly on the basis of the pesticidal activity its chitinase displayed
in tests carried out at ICI's Jealotts Hill Research Station.
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Two strains of Agrobacterium C58C! containing pDUB2501 and pDUB2502 which carry
the S. marcescens chiA and chiB genes respectively (Ashby, 1988) and the corresponding E. coli
JM83 containing pCHIT1251 or pCHIT310 were sent to Jealotts Hill for an assessment of their
pesticidal effects. Each strain produced chitinase constitutively. A series of experiments were
carried out as follows using Diabrotica balteata as the target organism. A loopful of culture
was taken from a freshly grown plate and inoculated into S0ml of L-broth or chitin medium.
This was shaken at 28°C (Agrobacterium) or 37°C (E. colz)' for 48 hours prior to centrifugation
and washing (twice) in sterile distilled water. The cells were finally resuspended in an equal
volume of sterile distilled water and now formed the inoculum. Sprouted maize seeds were
soaked in the bacterial inoculum for 1 hour and one seedling was placed in the bottom of each
of ten 1.5" tall plastic containers. The seed was covered with 20g of compost which had been
thoroughly mixed with 2ml of the corresponding bacterial suspension. Each container was
infested with one healthy second stage Diabrotica larva and sealed with a clip-on polypropylene
lid. The cofltainers were incubated at 24-26°C for 6 days in a darkened environment. Control
replicates were set up for each experiment using either an Agrobacterium or E. coli strain

lacking a plasmid and using distilled water in place of the bacterial suspension.

In five separate sets of experiments using the Agrobacterium strains the strain containing
the chiB gene consistently caused higher levels of larval mortality than either of the controls. A
number of larvae which were still alive were either small or showed difficulty in moulting.
However, in each case except one, the Agrobacterium control caused a low level of mortality
suggesting that Agrobacterium itself may exert a toxic effect towards Diabrotica. In only one
experiment did the strain containing the chiA gene cause higher monality than the
Agrobacterium control. One slightly disappointing result was that in each case no more than
20% of the larval mortality could be attributed to the effect of chitinase (see Table 1).

The mean results for the five sets of experiments were:-

Treatment % mortality
Water‘control 2
Cs8C! : 10
C58C1_(pDUB2501) 12
_C58C1 (pDUB2502) 24
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A similar experiment was carried out using the E. coli strain JM83 containing the plasmids
pCHIT1251 and pCHIT310. However in this case the inoculated maize seedling was placed on
a filter paper in a petri dish which had been soaked in 1ml of bacterial suspension. This assay
was considered to be less satisfactory since it continued for only 3 days and the conditions were
not as suitable for the survival of the bacteria. Nevertheless the following results were

obtained:-

Treatment % mortality
JM83 control 0
JM83 (pCHIT1251) 0

JM83 (pCHIT310) 20

Both sets of results appear to indicate that although the pesticidal effect is not great, the
enzyme produced by the chiB gene has a greater effect against Diabrotica balteata than the chiA

gene product.

Moreover it is known that the chitinases of S. marcescens are inhibitory to the growth of a
number of plant pathogenic fungi and are responsible for the disease control shown by S.
marcescens in a number of cases (Jones et al., 1986; Ordentlich et al., 1988; Sundheim et al.,
1988). Jones et al. (1986) showed that a chiA mutant of S. marcescens exhibited reduced
inhibition of fungal spore germination and reduced control of Fusarium oxysporum f. sp. pisi.
However a suppressive effect remained, suggesting that another factor such as chiB is necessary
for efficient pathogen control. The two chitinases may act synergistically to degrade chilin and
it was thought that a combination of the two enzymes in a biocontrol system would be more
effective than a control agent producing just a single chitinase. Therefore it was essential to
further characterise the chiB gene and determine its DNA sequence so that it could be utilised in
the vir-inducible delivery system for biological control products (Ashby et al., 1986).

* 3.3 Subcloning of the 3.28kb insert of pCHIT310.

It was known that the chiB gene encoded a 52kDa protein and this implied that the gene
was confined to only a part of the 3.28kb of §. marcescens DNA in pCHIT310. Functional
deletion analysis was therefore carried out to define the minimal fragment required to express
an active enzyme. A limited restriction map of pCHIT310 was available (Jones et al., 1986)
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Figure 3.1 pCHIT310 subclones and chitinase production.

A diagram showing the restriction map of the 3.28kb insert of pCHIT310 (Jones et al.,
1986) and the restriction fragments present in the subclones pCH1-pCH7.

The lefthand column indicates whether or not each subclone is capable of expressing an

active chitinase.

H = HindIIl; P = Pstl; B = BamHI; Sa = Sall; Nr = Nrul; Nc = Ncol;, RV =EcoRV; Rl =
EcoRI.



pCHIT310 chitinase

H,P PRV Nr Nc PB Sa P BRV RI
L i 1 i L1 1 I 11 1 +
pCH1
H B
| | -
pCH2
H B
L J -
CH3
P P RI
L I -
CH4
P P RI
L - +
CH5
.p ‘RV RV
i ] -
CHé6
P RV RI
L I +
CH7
P Nr RI
| J +

1kb



and this information was used to subclone smaller fragments from the original S. marcescens

DNA fragment (Figure 3.1).

Plasmids pCH1 and pCH2 were constructed by first digesting Spg of pCHIT310 DNA with
HindIII at 37°C for 4-5 hours. The digest was terminated by carrying out a phenol/chloroform
extraction to remove the restriction enzyme and the DNA was ethanol precipitated and
resuspended in 50ul of TE buffer (see sections 2.73 & 2.74). The DNA was then partially
digested with BamHI, following optimisation of the digestion conditions in order to recover the
required digestion products. 6yl of medium REB, 3ul of H,O and 1ul (5 units) of BamHI were
added to the resuspended DNA and the reaction allowed to proceed at room temperature. After
2 minutes a Sul aliquot was removed into 2.4l of 25mM EDTA pHS8.0 and further Spl aliquots
were added every 2 minutes until the entire reaction had been terminated. The digested DNA
was run on a 0.7% LMP agarose gel (section 2.7.7) and DNA fragments of approximately 2.9
and 2.1kb were recovered according to séction 2.7.8. These DNA fragments were ligated into
HindIll/BamHI digested pUC19 (section 2.7.6) and the ligation mix used to transform
competent JM83 cells (section 2.6.3). Resulting white colonies on X-gal/amp plates (section
2.4) were selected for analysis. DNA minipreps were made (section 2.5.1) and the plasmids
digested with appropriate restriction enzymes and electrophoresed on an agarose gel to check

for the presence of the correct inserts.

The construction of pCH3 and pCH4 followed a very similar procedure except that
pCHIT310 was first digested to completion with EcoRI and then a partial Pstl digest was
carried out on the resuspended EcoRI cut DNA. 10ul aliquots were removed every 2 minutes
during the reaction into 2.4ul of 25SmM EDTA. Again, the digestion products were separated on
a 0.7% LMP agarose gel and DNA fragments of 2.6 and 1.3kb recovered according to section
2.7.8. These were ligated into pUC19 digested with EcoRI and Ps:I and again transformed into
JM83. White colonies on X-gal/amp plates were analysed as before.

To create pCHS, pCHIT310 DNA was digested with EcoRV at 37°C for 3 hours. The
digested plasmid was electrophoresed on a 0.7% agarose gel and the 2.1kb EcoRV fragment
was isolated (section 2.7.8) and ligated into pUC19 which had been digested with Smal. This
digest had been carried out in Smal enzyme buffer (10mM Tris pH8.0, 20mM KCl, 10mM
MgSO,4, 1ImM DTT) at room temperature. Transformation and analysis of recombinants were

carried out as for the other subclones.

For pCH6, pCHIT310 was first digested to completion with EcoRI and then a partial digest
was carried out with EcoRV. Following a trial digest to optimise conditions it was discovered
that by removing a Sul aliquot of the digest every 4 minutes the required DNA fragment would
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be obtained. The 2.4kb EcoRI-EcoRV fragment was isolated from a LMP agarose gel and
ligated to pUC19 digested with EcoRI and Smal.

pCH7 was created by digesting pCHIT310 with EcoRI and Nrul and ligating the gel
isolated 2.2kb fragment to pUC19 digested with EcoRI and Smal. Nrul digests DNA to give
blunt ends which can be ligated to Smal cut DNA.

3.4 Chitinase production by subclones of pCHIT310.

To determine which subclones were still capable of producing a functional chitinase, JM83
transformed with one of pCH1 to pCH7 or pCHIT310, S. marcescens as a positive control and
IM83(pUC19) as a negative control, were streaked onto a minimal agar plate containing chitin
(section 2.4). The plates were seéled with Nescofilm to prevent the agar drying out and
incubated at 37°C (28°C for S. marcescens) for 7 days. The plétes were examined and any
clearing of the agar around the sites of bacterial growth was noted. This implied degradation of
the chitin particles had taken place.

Clear areas were detected around S. marcescens and around bacteria containing pCHIT310,
pCH4, pCH6 and pCH7 (see Figure 3.1) indicating that the DNA fragments in these plasmids
specified the production of chitinase and therefore encompassed the complete chiB gene. Hence
the chiB gene is located between the EcoRI site and the Nrul site of the S. marcescens DNA
fragment. Further deletion from the EcoRI site to the EcoRV site as in pCHS abolishes

chitinase activity.

The area of clearing around S. marcescens was far greater and was detectable after a much
shorter period of time than that around any of the E. coli clones. The clearing of the agar
around S. marcescens was complete and the halo had a well defined outer edge whereas the
halos around the E. coli clones still remained slightly opaque and had fuzzy, indistinct edges.
Either the expression of the chitinase genes is less efficient in E. coli or a combination of

enzymes are required for effective chitin digestion.

- 3.5 Distinct appearance of chitinase-producing colonies.

The plate-clearing assay was repeated a number of times since the results showed some
inconsistency and the clearing was sometimes difficult to detect, even around the pCHIT310
positive control. It was noticed that chitinase producing colonies tended to have a different
appearance when compared to non-chitinase producers. In contrast to the usual creamy,
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Figure 3.2 Distinct appearance of chitinase producing E. coli.

E. coli IM83 containing either pCH6 (a) or pCH4 (b) was streaked onto an L-agar plate
containing ampicillin. This photograph shows the difference in appearance of the two and is a
typical result. The bacteria containing pCH6 retain the normal appearance of E. coli whilst
those containing pCH4 have the unusual "white" appearance. Both are capable of producing an
active chitinase.






somewhat shiny E. coli colonies,'.chitinase producing colonies were whiter and looked "dry"
(Figure 3.2). When removing these chitinase producing bacteria from an agar plate with a
bacteriological loop the cells did not have the usual tendency to adhere to each other or to the
surface of the agar. This was not a constant phenotype dependent upon the presence of a
particular plasmid, although some plasmids gave rise to a more variable phenotype than others.
For instance, E. coli containing pCH7 have always appeared "whiter" whereas separate
transformations with pCH6 have produced colonies with the two distinct appearances. It was
speculated that colony appearance may be correlated to production of extracellular chitinase
since it had been observed that bacteria which retained the normal colony appearance exhibited
slower clearing of chitin agar plates and the cleared halos surrounding. these bacteria were

smaller).

3.6 An alternative method for assaying chitinase activity.

In order to investigate the production of the chiB enzyme in greater detail it was necessary
to find a more reliable and quantitative assay for chitinase activity which was still simple and
rapid to carry out. The principal drawbacks to the chitin plate assay were that it could not
provide exact quantitative results, it measured only secreted chitinase and results were not

available until after 7-10 days.

An alternative éssay was employed, described by Roberts and Selitrennikoff (1988). This
assay utilises the chromogenic substrate p-nitrophenyl-B-D-N,N'-diacetylchitobiose which was
originally synthesised as a potential substrate for lysozyme. Roberts and Selitrennikoff tested
six different chitinases, three from bacteria and three from plants, for their ability to hydrolyse
this substrate and found that only the bacterial enzymes were capable of doing so. This was
reasoned to be due to the differing modes of action of the two classes of enzyme. Bacterial
chitinases exhibit an exochitinolytic mechanism of chitin degradation, removing successive

-diacetylchitobiose units from the non-reducing end of the chitin molecule (Molano et al., 1977;

Robbins e al., 1988; Roberts & Cabib, 1982) Obviously the action of such an exochitinase
would liberate p-nitrophenol from this chromogenic substrate, resulting in assayable colour
development. Conversely, plant-derived chitinases display an endochitinolytic mode of action,
cleaving randomly at internal points within chitin chains and causing an accumulation of
triacetylchitotriose (Boller et al., 1983; Molano et al., 1979)." Therefore this chromogenic
trisaccharide analogue would not be expected to act as a substrate for endochitinases.

Roberts and Selitrennikoff (1988) demonstrated that the purified 57kDa chitinase of S.
marcescens was capable of hydrolysing p-nitrophenyl-B-D-N,N'-diacetylchitobiose. Roberts
and Cabib (1982) found that the major product of chitin digestion by a S. marcescens total
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chitinase preparation was diacetylchitobiose, again signifying an exochitinolytic mechanism.
Hence it was expected that this substrate could be used to assay the activity of the chiB enzyme,
although it was necessary to check this. 0.5ml of ovemight cultures of DHS5q,
DHS5a(pCHIT1251), DH5So(pCHIT310) and S. marcescens were inoculated into 25ml of chitin
medium and incubated at either 37°C (E. coli) or 28°C (S. marcescens) for 48 hours. After this
time 1ml samples were removed from the cultures into Eppendorf tubes and centrifuged for 2
minutes in a microfuge. The supernatants were carefully removed into fresh tubes. For each
assay, 100ul of supernatant was mixed in an Eppendorf tube with 100ul of p-nitrophenyl-f-D-
N,N'-diacetylchitobiose as described in section 2.10. The tubes were incubated at 50°C for 8§
hours then 104l of 1M NaOH was added to each tube to terminate the reaction and develop the
colour. Each sample was transferred to a microtitre plate and the absorbance read at'410nm on
a Titertek plate reader. Reaction blanks of supemataﬁt plus buffer and substrate plus growth

medium were included in the assay.

The results showed that hydrolysis of p-nitrophenyl-B-D-N,N'-diacetylchitobiose could be
used as an assay for ChiB activity, despite Jones et al. (1986) describing the S. marcescens
enzymes as endochitinases. Positive results were also obtained with pCHIT1251 and S.
marcescens, the latter showing the presence of much higher chitinase activity in the culture

supernatant than either of the E. coli clones.

3.7 Is the chiB gene of pCHIT310 inducible?

It is known that the synthesis of chitinases in S. marcescens is inducible, with the yields of
chitinase being much higher when the bacterium is grown in chitin-containing medium than
when any other substrateAi's used (Monreal & Reese, 1969). However, it was probable that
although the chiB gene carried on pCHIT310 was being expressed from its own promoter and
not a vector promoter (Jones et al., 1986) it lacked the S. marcescens regulatory genes and

therefore chitinase expression could be constitutive.

10ml aliquots of chitin medium lacking chitin were inoculated with 200ul of fresh
overnight cultures of JM83(pCHIT310) or S. marcescens. The cultures were incubated with
shaking at 37°C (E. coli) or 28°C (S. marcescens) for 3 hours when the ODssy was
approximately 0.3. Each culture was then divided into two and 25mg of pure chitin added to
one culture of each pair. A 0.5ml aliquot of each culture was taken for sampling. The cultures
were then incubated for a further 3 hours and 0.5ml aliquots again removed. Samples were also
taken after 12 hours. Each culture sample was centrifuged for 2 minutes in a microfuge and the
supematants transferred to fresh tubes. 100pl aliquots of these extracellular fractions were

assayed for chitinase activity as described in section 3.6.
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Figure 3.3 Effect of chitin supplementation on the production of chitinase.

The histograms presented here show the chitinase activity present in the supernatants of
cultures of S. marcescens and JM83(pCHIT310) grown either in the presence or absence of
purified chitin.

The absorbance figures quoted are the total absorbance recorded for each assay. The
experiment was repeated twice and the results each time showed the same trend. The results
presented here are those obtained for a single representative experiment. Chitinase expression
occurs in both S. marcescens and E. coli (pCHIT310) regardless of the presence of chitin, but
the addition of chitin causes induction of expression in S. marcescens. No inducibility is seen

for E. coli and the chitin in the medium appears to be inhibiting growth of the cells.
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The results of the above experiment are presented in Figure 3.3. The supematant of the
culture containing pCHIT310 contained a small amount of chitinase at the point of addition of
the chitin and this then increased in both cultures with or without added substrate. In fact, the
culture lacking chitin exhibited higher levels of chitinase activity than the chitin supplemented
culture. In contrast the supernatant of the S. marcescens culture contained a barely detectable
level of chitinase activity prior to the addition of chitin. After 3 hours induction, there was a
very low level of chitinase acﬁvity present in the supernatant of the chitin lacking culture and
2.95 times as much activity produced by the chitin supplemented culture. After 12 hours the
amount of chitinase present in the supematants of both chitin +/- cultures had risen with the
chitin supplemented culture now containing only 1.8 times more chitinase. The S. marcescens
culture containing chitin had also developed the red pigmentation typical of the strain whereas
the absence of chitin led to a corresponding lack of pigment. This result suggested that a gene
which causes repression of chitinase expression in the absence of chitin is not present on the

cloned DNA fragment, resulting in constitutive expression from the chiB promoter.

An additional experiment demonstrated that a culture of JM83(pCHIT310) grown in L-
broth also produced chitinase and so this was now routinely used as the culture medium for
growth of all E. coli strains (result not shown).

3.8 Quantitative assay of chitinase production by pCHIT310 subclones.

Since an altemative method was available to assay chitinase activity quantitatively, it was
decided to test all the pCHIT310 subclones which had been constructed, using the p-
nitrophenyl-§-D-N,N'-diacetylchitobiose assay. 100l of fresh overnight cultures of pUC19,
pCHIT310 and all the subclones in DH5a were inoculated into Sml of L-broth and incubated
with shaking at 37°C overnight. The ODssq of each culture was measured and 1m1l aliquots of
each culture were transferred to Eppendorf tubes and centrifuged for 2 minutes to pellet the
cells. The supernatants were carefully transferred to fresh tubes and saved on ice as the
extracellular fractions. Each cell pellet was then resuspended in 0.5ml of extraction buffer
(50mM NaPO, pH7.0; 0.1% sodium lauryl sarcosine; 0.1% Triton X-100; 10mM B-
mercaptoethanol) and subjected to two cycles of rapid freeze-thawing using liquid nitrogen and
50°C water baths. This was then stored as the cell extract. The extracellular fractions were
assayed for chitinase activity by mixing 100pl of supernatant with 100l of substrate and
incubating at 50°C for 6 hours before stopping the reactions with 10pl of 1M NaOH. The cell
extracts were assayed in the same way using 10pl of extract mixed with 90;,Ll of H,O and 100u1
of substrate, but the reactions were only continued for 30 minutes. The protein concentration of
the cell extracts was determined using the Bradford assay (section 2.15). Protein determinations
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Figure 3.4 Results of chitinase assays carried out on cell extracts.

The histograms presented here show the chitinase activity present in the cell extracts of E.
coli containing pUC19, pCHIT310 and the various subclones constructed.

In graph A the results are expressed as absorbance at 410nm per mg of protein whilst in
graph B the same results are expressed as absorbance at 410nm per ml culture per ODss unit.

The experiment was carried out three times although the results presented here are those
obtained for a single representative experiment. Whilst the absolute values of absorbance
varied slightly there was always a four-fold or greater difference in the values obtained for
cultures containing pUC18. pCH1, pCH2, pCH3 and pCHS and those containing pCHIT310,
pCH4, pCH6 and pCH7.
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Figure 3.5 Result of chitinase assays carried out on culture supernatants.

This graph shows the chitinase activity present in the culture supematants of E. coli
containing pUC19, pCHIT310 or each of the subclones. Note the low level of chitinase activity
present in the supernatant of the culture containing pCH6. This is corrclated to the unusual
colony morphology observed with this isolate.

The experiment was carried out three times and the results presented here are those
obtained from a single representative experiment. With the exception of the unusual secretion
observed with certain isolates (described in the text) the results were reproducible, with at least
a five-fold greater activity in the supernatants of cultures containing pCHIT310, pCH4 and
pCH7.
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were also carried out on the supematant fractions but these were misleading due to the protein
content of the L-broth and the unreproducibility of the results obtained.

The results for the two fractions are presented in Figures 3.4 and 3.5. Those for the cell
extracts are expressed as both absorbance at 410nm per mg of protein and absorbance at 410nm
per ml culture per ODsso. The results for the extracellular fractions are merely expressed as
absorbance per ml per ODssg. This should compensate for differences in the amount of

chitinase due to differences in cell numbers.

The results correlate with those obtained from the plate clearing assay, confirming that
pCH4, pCH6 and pCH7 each specify the production of an active chitinase. The results
expressed as absorbance per mg protein show a very similar trend to those expressed as
absorbance per ml culture per ODsgs so either set of values could be used for analysis. For ease
of comparison with the results of the assays carried out on the extracellular fractions the
absorbances per ml culture per ODssq will be used. The relatively low level of chitinase
activity detected in the supernatant of the culture containing pCH6 correlates with the fact that
this isolate, uniquely among the chitinase producing cultures used in this experiment, did not
have the unusual appearance described in section 3.5. The chitinase activity present in the cell
extract of this culture was comparable to the levels in the other chitinase producing cultures.

3.9 Use of the lacZ promoter to enhance transcription of the chiB gene.

Now that the chiB gene had been assigned to the 2.2kb EcoRI-Nrul fragment of
pCHIT310, further experiments were necessary to characterise the gene. The first step was to

determine the direction of transcription.

During their characterisation of the chiA gene Jones et al. (1986) recloned the DNA insert
of pCHIT1251, a pUCS8 derivative, into pUC9 so that the fragment became reversed in
orientation relative to the lacZ promoter contained on the vector. The resulting plasmid when
transformed into JM83 caused the bacteria to produce a zone of clearing on chitin plates which
was larger than that produced by the same strain containing pCHIT1251. This result led them to
suggest that in the pUC9 derivative the chitinase gene was oriented such that the lacZ promoter
was initiating transcription in the same direction as the chiA promoter and thus increasing
expression. A similar experiment performed with pCHIT310 failed to show any detectable
difference in the rates of clearing caused by the two plasmids. However the plate clearing assay
has been observed to be a rather insensitive test (Fuchs et al., 1986; Horwitz et al., 1984) with
variable rates of clearing produced by bacteria containing identical plasmids. Therefore it was

considered worthwhile to repeat the experiment using the more sensitive and quantitative p-
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nitrophenyl-B-D-N,N'-diacetylchitobiose assay to test both pCHIT310 and its equivalent pUC19
construct and also pUC18/19 pairs of the chitinase-encoding subclones.

It had already been observed that pCH4, pCH6 and pCH7, which have the DNA insert in
the opposite orientation with respect to the lacZ promoter compared to pCHIT310, expressed
higher levels of chitinase activity. It was possible that this was due to additional transcription
from the lacZ promoter, but since the DNA inserts in each case were not identical a more
controlled study was necessary. Therefore the 3.28kb HindIIl/EcoRI fragment from pCHIT310
was transferred to pUC19 and the inserts from pCH4, pCH6 and pCH7 to pUCI18.

3.9.1 Construction of pCHIT319.

1ug of pCHIT310 was digested with HindIII and EcoRI for 2 hours at 37°C. The digested
DNA was electrophoresed on a 0.7% agarose gel, the 3.28kb band was excised and the DNA
fragment was isolated using the freeze-squeeze method (section 2.7.8). The fragment was then
ligated to pUC19 which had been digested with HindIIl and EcoRI. Half the ligation mix was
used to transform DH5a, with transformants being selécted on plates containing X-gal and
ampicillin. Resulting white colonies were chosen for analysis. Miniprep DNA from these
transformants was digested with Hindlll and EcoRI and the products electrophoresed on an
agarose gel to check for the presence of the 3.28kb fragment. One clone which contained the
correct insert was designated pCHIT319 and, together with pCHIT310, was digested with Dral,
an enzyme which cuts the 3.28kb insert once and also has sites in pUC19 outside the multiple
cloning' region. The products of these digestions were examined on an agarose gel to ensure
that the correct vector was present in each case, since there was a possibility that some vector
DNA had been included in the initial fragment isolation.

3.9.2 Construction of pCH48, pCHS8, pCH68 and pCH78.

Each of the three subclones which specified the production of chitinase ie. pCH4, pCH6
and pCH7 was digested with HindIIl and EcoRI which would excise the inserts intact. The
insert DNA fragments were isolated from an agarose gel as above. These fragments were
ligated to pUC18 and DHS5a transformants were again selected on plates containing X-gal and

ampicillin.

The insert of pCHS was also excised as a HindIlI-EcoRI fragment and recloned into
pUCI18 in the same way. In pCHS the insert was in the same orientation with respect to the lacZ
promoter as the other subclones. If the small EcoRI-EcoRV fragment, whose deletion in pCHS
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Figure 3.6 Restriction digests of pUC18/19 subclone pairs.

The constructed plasmids pCH48, pCHSS8, pCH68 and pCH78 were digested with HindIIl
and Dral to check for the presence of the correct vector as described in the text.

The digestion products were run on a 0.7% agarose gel and the result is presented here.
Each plasmid was digested with HindIII and Dral.

Lane 1 A Pstl
Lane2  pUC19,
Lane 3 pCH3

" Lane 4 pCH48 (transformant 1)
Lane 5 pCH48 (transformant 2)
Lane 6 pCH48 (transformant 3)

Lane7  pCHS
Lane 8 pCHS8
Lane 9 pCH6

Lane 10 pCH68 (transformant 1)

Lane 11  Incorrect plasmid

Lane 12 pCH7

Lane 13 pCH78

Lane 14 A Pstl

The sizes of the A PstI markers, in kb, beginning with the top band are:-Band 1 - 14.05;
Band 2 - 11.41; Band 3 - 5.08; Band 4 - 4.75; Band 5 - 4.51; Band 6 - 2.84; Band 7 -
2.56/2.45/2.44; Band 8 - 2.14; Band 9 - 1.97; Band 10 - 1.7.






was obviously responsible for the chitinase-minus phenotype, contained the vital promoter
region of the chiB gene then it may be postulated that in pUC18, the lacZ promoter could
substitute for the endogenous chiB promoter. If pCHS still contained the complete coding
region of the chiB gene, then recloning the EcoRV-EcoRV fragment in pUCI18 could lead to

expression of chitinase, if only at a low level.

- Recloning of the inserts from pCH4, pCHS, pCH6 and pCH7 into pUC18 gave rise to
plasmids which were designated pCH48, pCH58, pCH68 and pCH78 respectively. In all cases,
the presence of the correct vector was checked by digesting the plasmids with HindIII and Dral

and analysing the products on an agarose gel. This is shown in Figure 3.6.

3;9.3 Comparison of chitinase production by pUC18/19 subclone pairs.

pCHIT310 and pCHIT319, together with the pairs of subclones described in section 3.9.2
were all transformed into DHS« and 100p of a fresh ovemight culture of each was used to
inoculate Sml of L-broth + ampicillin. The cultures were incubated with shaking at 37°C for
approximately 16 hours. After this time the ODss; of each culture was measured and a 1ml
aliquot was removed from each culture to an Eppendorf tube and centrifuged for 2 minutes to
pellet the cells. The supernatants were removed to fresh tubes and stored on ice whilst the cell
pellets were resuspended in 0.5ml of extraction buffer (section 3.8) and the cells frozen and

thawed twice as described previously (section 3.8).

The resulting cell extracts were assayed for chitinase activity (section 2.10). The chitinase
assay was carried out for 30 minutes using 50l of extract. The results are presented in Figure
3.7. Chitinase assays were also carried out on the culture supematants using 100l of

supematant as before with an incubation time of 6 hours (Figure 3.7).

The results showed no consistent pattern of expression related to the direction of
transcription from the lacZ promoter. The cell extracts for pCHIT319, pCH4 and pCH6 all
displayed higher levels of chitinase than did the extracts of cells containing the corresponding
pUC18 clones. However, the cell extract from DHSa(pCH78) exhibited greater chitinase
activity than that from DH5o(pCH7). The supematant assays followed a similar trend except
that the supernatant from DHS5o(pCHIT319) contained less chitinase than the supernatant from
'DHSa(pCHIT310). The low level of chitinase present in the supematant of DHSa(pCH6) was
most likely to be due to the fact that the bacteria used did not have the unusual "white"
appearance and consequently released less enzyme. Neither pCH5 nor pCHS8 caused
significant chitinase production indicating that part of the coding region of the gene must have

been delgted.
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Figure 3.7 Chitinase production by pUC18/pUC19 subclones.

The chitinase activity present in both the cell extracts and culture supernatants was
measured for DH5a containing each of the plasmids indicated. The results were expressed as
absorbance at 410nm per ml of culture per ODssq and the values for pUC18/19 plasmid pairs
were compared.

The solid bars represent plasmids constructed in pUC19 and the striped bars those plasmids
constructed in pUC18. The experiment was carried out three times and the results presented
here are for one representative experiment. No consistent difference was observed in the
chitinase production of strains harbouring pUC18 or pUC19 derived plasmids. The low activity
present in the supematant of the culture containing pCH6 was again related to the unusual
appearance of the colonies.



Chitinase production by pUC18/19 clones.
Assay of cell extract

Absorbance 410nm/ml/OD550

70

% % 7 /

- ! ! 1
pCHIT319/310 pCH4/pCH48 pCHS/pCH58 pCHE/pCHE8 pCH7/pCH78
Plasmid

Assay of culture supernatant

Absorbance 410nm/mi/OD550

20

15

 ZE 7

¥

pCHIT319/310 pCH4/pCH48 pCHS5/pCHS58 pCH6/pCH68 pCH7/pCH78
Plasmid




3.9.4 Induction of the lacZ promoter in a laclq strain.

At the same time, each of the plasmidé used in the above experiment was transformed into
E. coli TG2, a strain with the lac/9 mutation causing increased production of the lac repressor.
In this bacterium transcription only occurs from the lacZ promoter on the pUC vector when the
inducer IPTG is added to the system.

Each plasmid in TG2 was inoculated into 10ml of L-broth from a fresh overnight and the
cultures were incubated with shaking at 37°C until an ODssq of 0.3 had been reached. At this
point the cultures were divided into two and IPTG was added to half of each original culture to
give a final concentration of ImM. Incubation was continued for a further 12 hours then the
ODssq of each culture was measured again and 1ml aliquots were transferred to Eppendorf
tubes. Cell extracts were obtained as described previously (section 3.8) and 50ul aliquots were
assayed for chitinase activity (section 2.10). The results are shown in Figure 3.8.

In each chitinase producing culture except one, the culture supplemented with IPTG
produced slightly more chitinase. The highest increase caused by the addition of IPTG was
approximately 12% for pCHIT310. However, if the lacZ promoter was enhancing transcription
of the chitinase gene then the IPTG effect would not have been seen with every construct. As it
was, these results gave no indication of the direction of transéription of the chiB gene.

3.10 Sequencing of the chiB gene.

Neither of the experiments described in sections 3.9.3 and 3.9.4 successfully demonstrated

_the direction of transcription of the chiB gene. Therefore the sequencing of the pCHIT310

insert was carried out without this knowledge in the expectation that thé position of the gene
could be determined from the DNA sequence. ' -

In order to sequence the entire chiB gene, numerous smaller fragments of the 3.28kb insent
of pCHIT310 were subcloned into the M13 vectors mp18 and mpl9. As far as possible,
subclones were constructed with restriction fragments obtained using information from the

restriction map of pCHIT310 (Figure 3.1).

In order to sequence from the Ncol site in each direction, existing M13mp18 subclones
covering this region were taken and digested with both Ncol and HindIII which cut only in the
M13 polylinker region between the insert DNA and the site of hybridisation of the sequencing
‘primer-.‘ The digested DNA was electrophoresed on a 0.7% agarose gel and the large fragment
which contained the vector DNA and part of the original insert was isolated. The purified DNA



/

Figure 3.8 Attempt to induce chiB expression using IPTG.

The histogram presented here shows the results of chitinase assays carried out on the cell
extracts of E. coli cultures containing pUC18/pUC19 pairs of subclones from pCHIT310. Each _
culture was divided into two and one half was induced with IPTG. The values obtained for

induced and non-induced cultures are compared.
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fragment was then blunt-ended by filling in the 3' recessed ends as described in section 2.7.9.
The blunt-ended DNA fragment consisting of vector and a reduced insert was religated and the
ligation mix transformed into TG2. All transformants obviously produced clear plaques so a
number were selected for restriction analysis. Miniprep DNA was used to identify clones which
had lost the Ncol-HindIll fragment.

A number of clones for sequencing were obtained from a Tagl digest of pCHIT310.
Previous work had shown the 3.28kb insert of pCHIT310 to contain at least 5 Tagl sites.
Approximately 2pg of pCHIT310 was digested with Tagl in low REB at 65°C for 2 hours.
Following phenol/chloroform extraction and ethanol precipitation, the entire digested DNA was
ligated to M13mp18 cut with Accl. Recombinant phage were analysed by restriction digests
and those which contained a pUCS8 vector fragment were discarded. Other recombinants were
~ subjected to the orientation test (section 2.8.3) to identify pairs of clones with the same insert in

opposite orientations and these were then sequenced.

All sequencing was carried out using the dideoxynucleotide chain termination method of
Sanger et al. (1977) and the necessary procedures are described in section 2.8. The sequencing
strategy is shown in Figure 3.9. In order to sequence one stretch of the gene (indicated in
Figure 3.9) it was necessary to synthesise a 17-base oligonucleotide for use as a sequencing
primer. The DNA sequence to which the primer was deéigned to hybridise had been obtained in

a previous sequencing experiment.

Towards the end of the sequencing period a number of M13 subclones were resequenced
using an Appliéd Biosystems automated DNA sequencer to obtain longer stretches of readable
sequence. Both DNA strands were sequenced over the region containing the chiB gene. As the
sequence data was being analysed, a report was published by Harpster and Dunsmuir (1989)
presenting the sequerice of the chiB gene of S. marcescens QMB1466. The published sequence
demonstrated that the gene is transcribed away from the EcoRI site of pCHIT310 and matched
the DNA sequence already obtained. This sequence, extending from the EcoRI site of
pCHIT310 to the downstream region of the chiB gene is presented in Figure 3.11. In addition,
the transcription start site had been determined and consensus promoter sequences and a 3'
transcription termination region had been identified. Planned experiments to map the
transcription start site using primer extension were now unnecessary due to the publication of
this information. The transcription start site and regulatory sequences indicated in Figure 3.10
are those reported by Harpster and Dunsmuir (1989).
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Figure 3.9 Sequencing strategy of the pCHIT310 insert.

This figure shows the sequencing strategy for the sequencing of the chiB gene. The region

marked * was sequenced using an artificial oligonucleotide as a primer.

P = Pstl; B = BamHI; Sa = Sall; Nr = Nrul; Nc = Neol; RV = EcoRV; RI = EcoRl
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Figure 3.10 The sequence of the S. marcescens chiB gene.

The sequence presented here is the determined sequence. The published sequence of
Harpster & Dunsmuir (1989) is identical to the sequence obtained.

The underlined bases in the upstream region of the gene are hexameric consensus

sequences characteristic of bacterial promoters.

The underlined bases in the 3' flanking region form a near perfect inverse-repeat sequence
which is characteristic of rho-dependent transcription termination.

The Shine-Dalgamo sequence is enclosed by a boxed area and the transcription start site is
indicated by *.

The encoded polypeptide is 55.5kDa and is thought to be proccssed at the carboxyl
terminus of the alanine indicated (@) to yield a 51-52kDa mature protein (Harpster & Dunsmuir,
1989).



ATTCATTCACGCTGAACGTGGCACAACGCATAAAACGCCAATGCATGCGGCAGTTAATA

AAAATTCATTCTTATGGTGATTTATTTCGACTTTTATTCTCGAGGAAAATAAACATTAA

*
TGGCGACGGGGAATATTCCCCCATTGAAAAACATCCACTCqGGAGAE

ACA
thr

ATC
asn

GTT
val

AAC
asn

GAT
asp

TTA
leu

TCC
ser

GCC
ala

T7C
phe

GGC
gly

GGT

gly

CAA
gln

ATC
ile
- AAG
lys

ACC
thr

GCG
ala

CTG
leu

CGC
arg

AAT
gln

TCC
ser

TTC
phe

CCG
pro

ACC
thr

ATC
ile
AAC
asn

GCC
ala

GTG
val

TTC
phe

ACC
thr

GCC
ala

CTG
leu

TAC
tyr

GCG
ala

CGC
arg

AAA
lys

AAT
asn

AAC
asn

TCG
ser

GCC
ala

GCG
ala

GGC
gly

TAC
tyr

CAA
gln

GAC
asp

ATC
ile

ATC
ile

GGC
gly
GCG

ala

GAT
asp

CTG
leu

GAA
glu

GCC
ala

TAC
tyr

ATC
ile

TTC
phe

.ACC

thr

CTC
leu

GGC
gly

GTC
val

TCC
ser

ATC
ile
GCC
ala

GCG
ala

GCC
ala

CAA
gln

CTG
leu

TTC
phe

GCC
ala

GTT
val

ACC
thr

ACG
thr

CTG
leu

AAC
asn

AAA
lys

TGG
trp

AAC
asn

TGC
cys

GAC
asp

GCG
ala

GAC
asp

GGC
gly
ATC
ile

GCC
ala

GGC
gly

AAT
asn

ATT
ile
GAG
glu

CCG
pro

GAT
asp

GAC
asp

GCG
ala

TAC
tyr

GCG
ala

GTG
val

TGG
trp

CTG
leu

GGC
gly

GGC
gly
GTC
val

GGC
gly

GAC
asp

CTG
leu

GGG
gly

ACG
thr

GCC
ala

ATC
ile
GCC
ala
CAC
his
TAC
tyr

GTG
val

CGC
arg

GAG
glu

CAG
gln

CGC
arg

GCC
ala

GCG
ala

ccc
pro

GCG
ala

GGC

gly

TAT
tyr

GAT
asp

AAA
lys

AAC
asn

AAG
lys

AAC
asn

TCC
ser

AAA
lys
ATC
ile
TAT
tyr

GAG
glu

CAG
gln

TTC
phe

CCA
pro

TGG
trp

GCC

ala

TGG
trp

TAT
tyr

ACG
thr
®
GCC
ala

AGC
ser

GCG
ala

ccc
pro

AAC
asn

ACC
thr

ATG
met

CCG
pro

ATC
ile
GCG
ala

TTC
phe

CTC
leu

GAG
glu

GGG
gly

AGC
ser

TTT
phe

TCT

ser

AAA
lys

AAC
asn

CGC
arg

AGC
ser

GAT
asp

CCG
pro

AAG
lys

CAG
gln

CGC
arg

TTG
leu

CTG
leu

GAT
asp

AAG
lys

CCG
pro

TGG
trp

ATT
ile

GTC
val

CAG
gln

CTG
leu

GAT

asp-

CTG
leu

CTG
feu

GCG
ala

GAT
asp

GCG
ala

ACC
thr

CCG

pro

TCG
ser

TAC
tyr

ATC
ile
ACC
thr

GAA
glu

CCG
pro

GTG
val

CTG
leu

GAA
glu

GTG
val

CGC
arg

GGC
gly

GCG
ala

TAC
tyr

GCG
ala

176G
leu

TAT
tyr

CGC
arg

ATC
ile

ACC
thr

TTC
phe

GAG
glu

ACC
thr

CCG
pro

ACG
thr

TGC
cys

GTC
val

ATC
ile
GTG
val

CGC
arg

GGC
gly

GAA
glu

CTG
leu

CAG
aln

TAT
tyr

AAC
asn

AAC
asn

TAC
tyr

CTG
leu

ATGCCATG

Met

AAC
ile
TTC
phe
CAC
his
GCC
ala

AAC
asn

ATG
met

TCG
ser

ACC
thr

TTC
phe

‘GTG

val

AAC

.asn

T7G
eu

TAC
tyr

CTG
|eu

CAC
his
AAC
asn

ACC
thr

TCC
ser

CAA
asn

CCG
pro

ATT
ile

TGG
trp

CGT
arg

TTC
phe

CAC
his
AAG
lys

GAC
asp

GAC
asp

CAG
gln

ACC
thr

AGC
ser

ATG
met

CAG
gln

GCA

‘ala

CGC
arg



GCC
ala

CAG
gln

GGC
gly
AAC
asn

TAT
tyr

CGC
arg

ATG
met

ACC
tre

ACC
thr

AAG
lys

GAC
~asp

AAC
asn

CTG
jeu

GCG
ala

GTG
val

ACC
thr

CTG
leu

TTC
phe

CAC
his

GTG
val

GGC
gly

CCG
pro

GAC
asp

CTG
leu

AAA
lys

TAT
tyr

CAG
gln

AAC
asn

GCC
ala

CGA
arg

CCG
pro

TCC
ser

TCG
ser

GCG
ala

ccc
pro

CTG
leu

Cccc
pro

GGC
gly

AAC
asn

AAG
lys
CAG

gln

ACC
thr

GAC
asp

CAG
gln

CGC
arg

GCA
ala

TAT
tyr

GCC
ala

TAC
tyr

GCG
ala

TAA
OCH

AGC
ser

ATG
met

TTC
phe

CAG
gln

GCC
ala

GAT
asp

GGC
gly

CCG
pro

GAT
asp

CAG
gln

AAC
asn

GAC
asp

ACC
thr

TAT
tyr

CAA
gln

ccc
pro

CCG
pro

ATG
met

TAC
tyr

TAC
tyr

GAT

asp

CCG
pro

AAC
asn

TAT
tyr

GCC
ala

CTG
feu

GGC
gly

TAC
tyr
GGC
gly
GTG
val

GGC
gly

GGC
gly

TTC
phe

GAA
glu

GGC
gly

AGC

ser

TAC
tyr

CcGC
arg

TAC
tyr

CTG
leu

GAG
glu

GGC
gly

GAT
asp

GAC

asp

GTC
val

CCG
pro

TAC
tyr

TCA
ser

AGC
ser

GGC
gly

CGC
arg

AGC
ser

TGG
trp

ATC
ile
GGC
gly
TAT

tyr:

AGC
ser

GGC
gly

CTG
| eu

GAC
asp

GGC
gly
GGC
gly
GTC
val

GAC
asp

CTG
leu

GTG
val

GCC
ala

CAC
his
CTG
leu

GCC
ala

TAT
tyr

CAT
his

TTC
phe

GTA
val

CTG
leu

AGC
ser

ccc
pro

ACC
thr

TGG
trp

AGC
ser

ACG
thr

CCG
pro

TTC
phe

AGC
ser

GTG
val

TCC
ser

CAG
gln

GCG
ala

AAA
lys

ATG
met

GCC
ala

CAG
gln

GGC
gly
ACT
thr

CAG
gln

GCC
ala

GTC
val

AGC
ser

AAG
lys

ACG
thr

GGC
gly

TAT
tyr

CGG
arg

CAG
gln

TAC
tyr

TTC
phe

GCG
ala

CTG
leu

AAC
asn

TAC
tyr

ACC
thr

TGG

trp

GAC
asp

GCC
ala

GGC
gly

cCa
pro

TGC
cys

CGC
arg

TTG
leu

AAC
asn

AAA
lys

TGG
trp

CTG
leu

GAT
asp

CTG
leu

GCC
ala

AAG
lys

CTG
leu

GCC
ala

AAA
lys

GTC
val

GGC
gly

GAC
asp

CAG
gln

TGG
trp

GGG
gly

GCG
ala

CAT
his
GAT
asp

ATG
met

CcG
pro

CAG
gln

TGG

trp.

AAG
lys

GCC
ala

ATC
ile

AGC
ser

GAA
glu

GAG
glu

CTG
leu

AAC
asn

CTG
eu

AAG
lys

TTG
leu

cGC
arg

GGG
gly
ATC
ile
GGC
gly

GGT
gly

GTG

GTG
val

GTC
val

GGC
gly

GAT
asp

TGC
cys

GAG
glu

GAT
asp

TTT
phe

TAC
tyr

GGG
gly

TAT
tyr

ACC
thr

ATG
met

GCG
ala

TAT
tyr

GGC

CAG
gln

ATG
met

GGC
gly

CCG
pro

GTG
val

CAG
gln

AAG
lys

GTC
val

ATC
ile
CAA
gln

TTC
phe

GGC
gly

ACC
thr

CTG
feu

ATC
ile

CGC

val gly arg

GCCGTAAAAAAACCCCGTAGCCGAATGCTGCGGGGTTTTCATTGAGT

TAACCGTTTGATTTTCGCGTCCCTTCGTCTCTATT




3.11 DISCUSSION.

The chiB gene of S. marcescens was chosen for study so that it could then be utilised in a
vir promoter-pesticide construct according to the scheme of Ashby et al. (1986). Chitinase was
selected as the active molecule for this system for a number of reasons:- its antifungal activity is
well documented, it is a single-gene product for which a number of genes have been cloned and
there are straightforward assays available to evaluate chitinase production. Most published
work has concentrated on either the complete spectrum of chitinase activity exhibited by S.
marcescens or the chiA gene and its 58kDa protein. No investigations had been made into the
chiB gene and its product following the initial cloning of the gene by Jones et al. (1986).

3.11.1 The effectiveness of the chiB enzyme as a biocontrol product.

Accordingly, there was no direct evidence for any antifungal or insecticidal activity
associated with the chiB enzyme. Indirect evidence had come from studies on chiA in which a
chiA mutant of S. marcescens retained a suppressive effect towards Fusarium oxysporum (Jones
et al., 1986). In order to assess the toxicity of the chiB enzyme towards Diabrotica, bacterial
strains expressing the chiB gene were given to ICI Jealotts Hill. The results obtained in tests
carried out there indicated that the chiB enzyme was actually more effective against this
organism than the chiA enzyme. Earlier results, at the start of this project, appeared to be even
more promising, with ChiB causing a 70% mortality rate amongst the Diabrotica larvae. It was
on the basis of these results that the work on chiB was undertaken and although later
experiments were never able to reproduce such high levels of mortality, their results were
encouraging enough for the work to continue.

3.11.2 Mode of action of the S. marcescens chitinases.

Some reports have stated that the S. marcescens enzymes are endochitinases (Monreal &
Reese, 1969; Jones et al., 1986) whereas others have declared them to be exochitinases (Roberts
& Cabib, 1982; Roberts & Selitrennikoff, 1988). Much of this confusion probably arises from
the definition of the two terms. Monreal and Reese (1969) showed that the main product of
chitin digestion by S. marcescens chitinase is the dimer, diacetylchitobiose. This activity they
describe as involving "a random endoglycanase”. Nevertheless, they reported that the trimer
and tetramer were infrequently observed as reaction products. Convincing evidence comes
from Roberts and Cabib (1982) who showed purified S. marcescens chitinase to degrade chitin

by an exohydrolytic mechanism - removing diacetylchitobiose units from the non-reducing end
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of the chitin chain in a stepwise fashion. This mode of action was confirmed by Roberts and
Selitrennikoff (1988) using the chromogenic substrate described in section 3.6.

In order to clarify the situation concerming chitinase modes of action Robbins et al. (1988)
proposed that exochitinase activity be defined as processive action starting at the non-reducing
ends of chitin chains with release of diacetylchitobiose units and endochitinase activity be
defined as random cleavage at intemnal points in chitin chains. According to this classification,

-both the ChiA and ChiB enzymes of S. marcescens are exochitinases.

One anomaly which still remains is the observation of Roberts and Selitrennikoff (1988)
that the ChiA enzyme and bacterial chitinases in general do not possess antifungal activity.
Plant chitinases on the other hand were found to inhibit fungal growth. This activity was
correlated with the mode of action of the chitinases and the authors suggested that the bacterial
enzymes, being exochitinases, are restricted to locating non-reducing termini of chitin chains as
substrates, which may be difficult in intact fungal cell walls. However, the number of cited
instances in which the S. marcescens chitinases have inhibited the growth of fungal pathogens
provide sufficient evidence that they could be used successfully in a biological control system
(Jones et al., 1986; Ordentlich et al., 1988; Shapira et al., 1989).

The ChiA and ChiB enzymes of S. marcescens have no homology to each other and so it is
possible that in a parficular circumstance, one chitinase may be more effective than the other,
hence the greater toxic effect of ChiB towards Diabrotica. Altematively, a combination of the
two enzymes acting together may prove to be better for suppressing fungal or insect growth.

3.11.3 Expression and secretion of chiB in E. coli.

The chiB gene could be expressed in E. coli to produce an active enzyme. Nevertheless,
inconsistencies were observed in the secretion of the chitinase. The chitinases of S. marcescens
are secreted enzymes (Monreal & Reese, 1969) and can be isolated from the culture
supernatant. Apart from chitinases, S. marcescens is capable of secreting a number of other

proteins including proteases, a nuclease and a lipase (Hines et al., 1989).

3.11.3.1 Protein secretion by Gram-negative bacteria.

Gram-negative bacteria as a group are not generally renowned for their ability to secrete
proteins, since the outer membrane provides an effective barrier, and secretion into the medium
is restricted to a small number of proteins. This is in contrast to the greater number of proteins
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exported to the cell membranes and .periplasm. For instance, E. coli does not have an
endogenous system for secreting proteins into the medium (Pugsley, 1989) and the few proteins
which are secreted, eg. a-haemolysin, require the presence of specific gene products which are
responsible for their release (Wagner et al., 1983). Those proteins secreted to the cell envelope
are mostly transported by the general export pathway which is composed of certain cytoplasmic
and inner membrane proteins acting together to transfer periplasmic and outer membrane
proteins across the inner membrane. All such exported proteins possess an N-terminal signal
peptide of 12 or more hydrophobic or neutral residues which directs the protein to the inner
membrane and facilitates translocation across it. The signal peptide is then removed by
cleavage with a signal peptidase and remains embedded in the inner membrane (Pugsley e al.,

1990).

Some Gram-negative bacteria, including S. marcescens, selectively and efficiently secrete
extracellular proteins such as hydrolases and toxins beyond the outer membrane. Over 30 genes
for secreted proteins have now been cloned and characterised and sequence data has revealed
that most of the proteins are synthesised as precursors with signal peptides. These display
similarity to those signal sequences found in precursors of periplasmic or outer membrane
proteins (Pugsley et al., 1990). Thus it may be surmised that such proteins are secreted in a
two-step pathway; initial transport to the periplasm is achieved via the the general export
~ pathway for translocation through the inner membrane and a periplasmic intermediate is then

secreted across the outer membrane with the aid of a specific secretion factor.

In all Gram-negative secretory systems characterised to date, a component has been found
in the outer membrane which acts as a secretion factor. The extracellular proteins may be
divided into three categories according to the nature of this component. Some proteins, for
example the serine protease of S. marcescens (Miyazaki et al., 1989; Yanagida et al., 1986), and
their specific secretion factors are synthesised as a single, large, precursor polypeptide.
Following secretion through the inner cytoplasmic membrane the polypeptide inserts into the
outer membrane with the N-terminal catalytic domain initially exposed on the cell surface and
later released by proteolytic action. It is the C-terminal domain which acts as the secretion
factor, facilitating translocation of the N-terminal domain through the outer membrane and

remaining embedded within it.

In contrast, the o-haemolysin of S. marcescens requires a separate outer membrane protein
in order to be secreted extracellularly. This membrane protein is encoded by the first gene in a
two-gene operon - the haemolysin structural gene being the second of the two. Thus the
membrane protein gene, which is coordinately regulated by iron, encodes a specfic secretion
factor which may also be involved in activation of the haemolysin (Schiebel et al., 1990)..
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When bacteria have been screened for mutants which have lost the ability to secrete one or
more proteins, a repeated observation is that different .extracellular proteins are affected to
different extents. It is possible that extracellular release of some proteins requires a number of
secretion factors and although several proteins may share components of a common
translocation system, other components are specific for one protein or group of proteins
(Pugsley et al., 1990). Certainly the production and secretion of the major metalloprotease of S.
marcescens is a more complex process than that of the other S. marcescens extracellular
proteins characterised so far (Hines et al., 1988; Nakahama et al., 1986).

3.11.3.2 Expression of foreign extracellular proteins in E. coli.

Many genes coding for secreted proteins from various Gram-negative bacteria have been
expressed in E. coli and, with only a few exceptions, the proteins are localised in the periplasm
rather than secreted into the medium. The signal peptides of these foreign protein precursors
are obviously recognised by components of the general export pathway of E. coli and thus the
proteins are transported across the inner membrane and into the periplasm. Once there
however, they are unable to be secreted because E. coli lacks the secretion factors required for

their translocation across the outer membrane. (Pugsley et al., 1990).

Although there are several reports of proteins that are secreted extracellularly by both the
natural producing bacterium and by E. coli expressing the cloned gene, the majority of these
cases could be explained by one of two scenarios. Either there is spontaneous partial lysis of
the cells leading to non-selective release of proteins, or the presence on the cloned DNA
fragment of a second gene coding for a protein required for extracellular release.

Those proteins which are genuinely secreted in E. coli include the S. marcescens serine
protease which contains its own secretion factor in the C-terminal portion of the precursor
polypeptide (Yanagida et al., 1986) and a S. marcescens nuclease which can be isolated from
the growth medium (Ball et al., 1987). The mechanism of its secretion is unknown, but non- l
selective release has been discounted since periplasmic and cytoplasmic enzymes remain

localised and the cloned DNA fragment is not large enough to encompass a second gene.

Not all S. marcescens extracellular enzymes are secreted by E. coli however. The
metalloprotease when expressed in E. coli is located in the cells and cannot be detected in the
culture medium (Nakahama et al., 1986). The chitobiase gene has been cloned and expressed in
E. coli but rather than being secreted into the medium it accumulates in the periplasm (Kless ez
al., 1989).
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3.11.3.3 Is ChiB secreted by E. coli?

The fact that E. coli expressing the chiB gene is capable of producing cleared halos on
chitin plates has been taken as evidence that the chitinase is secreted by E. coli (Ashby, 1988;
Jones et al., 1986). This is not necessarily the case. The plate clearing assay runs for a
minimum of five to seven days and no clearing of the chitin is detectable around the E. coli
clones until this time. This amount of extracellular activity could easily be accounted for by
partial lysis of stationary cells and the subsequent non-specific release of cellular proteins.
Likewise, the chitinase activity present in culture supematants of stationary phase cultures could

be derived from the same source.

It was noted that the amounts of extracellular chitinase produced by E. coli expressing the
chiB gene were not consistent and in order to try to circumvent this problem, total cellular
extracts were assayed for chitinase activity. This would include any active enzyme present in
either the cytoplasm or the periplasm. It can be seen from the results that the combination of
these two cell fractions contained a considerably greater level of chitinase activity than an
equivalent sample of culture supematant. At this Stage it is not known for certain whether the
greatest concentration of ChiB is to be found in the cytoplasm or the periplasm. Based on the
behaviour of many other foreign proteins in E. coli, including the chitobiase of S. marcescens, it
may be predicted that the ChiB protein accumulates in the periplasm. The nucleotide sequence
of the chiB gene has shown the precursor polypeptide to possess a signal peptide at its N-
terminal end and so this should direct the enzyme to the periplasmic space of E. coli, utilising
the general export pathway.

Preliminary results of chitinase assays performed on the extracellular, periplasmic and
cytoplasmic fractions of E. coli cells expressing the chiB gene indicate that the majority of the
enzyme is indeed located in the periplasmic space, although chitinase activity is detected in the
culture supematant. In order to confirm énd extend these observations it would be necessary to
repeat the experiments and include assays for a typical periplasmic enzyme such as alkaline
phosphatase or penicillinase and a cytoplasmic enzyme, eg. B-galactosidase. Such assays would
demonstrate whether lysis of the cells was occurring, by measuring the amounts of known
cytoplasmic and periplasmic proteins released into the growth medium. Assaying samples from
cultures of different cell densities would indicate whether release of the chitinase was correlated

- to the growth stage of the cells.

If there was found to be no general release of cell proteins then the chitinase present in the
culture medium may indeed be specifically secreted and the greater concentration of the enzyme
in the periplasm could be due to saturation of the outer membrane transport system by the
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artiﬁcially high levels of the cloned gene product. Such a situation has been proposed for when

the S. marcescens nuclease gene is expressed in E. coli (Ball et al., 1987).

On the other hand, if pe‘riplasmic and cytoplasmic enzymes were present in the culture
supematant, this would suggest that the ChiB protein alone does not possess a function allowing
it to be secreted across the outer membrane, and thus release into the growth medium is due to
spontaneous cell lysis. This would seem to be more likely, considering the fate of the S.
marcescens chitobiase in E. coli. The gene encoding chitobiase, an enzyme involved in the
final stage of chitin degradation, has been cloned and expressed in E. coli (Kless et al., 1989).
This enzyme was found to accumulate in the periplasmic space, where 90% of the enzyme
activity was located, and was not actively secreted. However, an interesting point to note was
that in stationary phase cultures of E. coli containing the chitobiase gene, 90% of the chitobiase
activity and 60% of the B-galactosidase activity was found in the in the culture supemnatant.
This contrasted with only 1% of the B-gélactosidase present in the growth medium of a
stationary culture of cells containing merely the vector without the chitobiase gene. The result
suggests that expression of the chitobiase gene leads to cell fragility and spontaneous lysis,

causing release of the enzyme from the cells.

It seems feasible that the various extracellular enzymes of S. marcescens involved in chitin
degradation may all utilise the same export system and thus no single protein has the ability to
cross the outer membrane but requires another secretory factor (or factors) to be present. There
may be a system comparable to that of the haemolysin gene where the structural gene and the
gene encoding the outer membrane protein required for extracellular transport are linked in the
same operon and are both induced by iron (Schiebel et al., 1990). S. marcescens contains at
least three structural genes involved in the degradation of chitin and these are induced by the
presence of the substrate. Although the genes do not appear to form an operon, it is possible
that they are clustered on the chromosome and the same regulatory system govems them all. A
gene or genes coding for outer membrane transport proteins may be regulated in the same

manner.

3.11.3.4 The effect of chiB expression on E. coli.

It was observed that the appearance of E. coli strains expressing the chiB gene was
correlated to the amount of extracellular chitinase. When the bacteria possessed the unusual
"white" appearance, higher levels of chitinase activity were found in the culture medium and
such colonies gave rise to greater areas of clearing on chitin plates. The fact that the higher
levels of extracellular chitinase were not accompanied by equally greater levels of cellular
chitinase implies that these clones were not merely expressing the chiB gene more efficiently.
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As with the cloned chitobiase gene of S. marcescens, the expression of chiB in E. coli may
lead to cell fragility, with the altered appearance being a symptom of this. Obviously there
would be more chitinase present in the growth medium of more fragile cells. Experiments
should be performed to assay a number of marker enzymes in the various cell fractions to
determine whether colony appearance is linked to cell fragility. Nevertheless, the question
would still remain as to why this difference was not consistent.

3.11.4 Regulation of enzymes involved in chitin degradation.

In S. marcescens, all the enzymes involved in chitin degradation, ie: two or more chitinases
and a chitobiase, are induced by chitin and only very low levels of the enzymes are present in
the absence of the substrate (Monreal & Reese, 1969). The actual inducing molecules are likely
to be soluble oligomers derived from chitin. It has been shown that the production of ChiB
from a cloned DNA fragment in E. coli is constitutive and does not require the presence of
chitin. A similar situation has been demonstrated for the chitobiase gene (Kless et al., 1989).
This suggests that regulation of the genes involves a repressor protein which is inactivated in the
presence of inducing molecules. The gene encoding the repressor must not be present on the
cloned DNA fragment.

Potential régulatory genes have been cloned from the related bacterium Serratia
liquefaciens in addition to two chitinase genes and a chitobiase gene (Joshi et al., 1988). When
a region of DNA adjacent to one of the chitinase genes is deleted, or contains Tn5 insertions,
there is a resulting increase in production of chitinase and chitobiase. The authors propose that
this region encompasses a gene coding for a repressor protein. A second adjacent region may
encode a gene product whose function is to catalyse a step in the synthesis of the active inducer.
When TnS insertions are present in this region, no chitinase or chitobiase expression is

observed.

The experiment described in section 3.7 demonstrated that the DNA fragment present in
pCHIT310 did not contain any genes responsible for the regulation of enzyme production by
chitin. High levels of chitinase activity were produced by E. coli cultures when grown in either
the presence or absence of chitin. The observation that the chitin lacking culture produced more
chitinase than the chitin supplemented culture could have been due to growth inhibition caused
by the addition of chitin. It was not possible to take measurements of the culture density due to
the paniculaie nature of the chitin in suspension. The lower levels of chitinase produced by S.
marcescens were probably due to the fact that at the incubation temperature of 28°C, the S.
marcescens culture was slower growing than the E. coli culture. Stringent regulation of
chitinase production by S. marcescens was not observed, with chitinase detectable in the culture
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supernatant when chitin was not present. However, twice as much chitinase activity was
present in the induced culture than in the non-induced culture after 12 hours with a greater
difference after only 3 hours.
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CHAPTER 4



MONITORING VIR-INDUCTION IN AGROBACTERIUM TUMEFACIENS.

4.1 Introduction.

" Phenolic compounds present in plant wound exudates play a dual role in the initial stages
of Agrobacterium infection. At low concentrations they elicit an extremely sensitive
chemotactic response from Agrobacterium harbouring a Ti-plasmid (Ashby et al., 1987; Ashby
et al., 1988) and at higher concentrations they effect vir-induction (Stachel et al., 1985b; Stachel
et al., 1986). Thus the initial interaction between the plant and the bacterium, involving signal
recognition, is a vital first step in the infection process. Knowledge of the conditions which
trigger chemotaxis and vir-induction in A. tumefaciens has led to the following scheme of events

being proposed for the early stages of Agrobacterium infection (Shaw et al., 1988b).

A chromosomally encoded recoghition and chemotaxis system allows Agrobacterium to
respond to sugars and amino acids in plant exudates (Loake et al., 1988). The chemotactic
response, particularly towards sucrose, the major translocated plant sugar, is strong and
extremely sensitive, with a threshold at 10-"7M. This response is 1000-fold more sensitive than
the equivalent response in E. coli (Shaw et al., 1988b). It is known that bacteria are able to
move great distances in the soil (Bashan & Levanony, 1987) and this capability, combined with
such a strong chemotactic response ensures a prevalence of the bacterium in the rhizosphere. A
further level of attraction then occurs for virulent A. tumefaciens cells harbouring a Ti-plasmid.
Chemotaxis towards phenolic compounds released by wounded plant cells guides the bacteria
specifically towards the site of wounding. This attraction probably only occurs on a micrometre
scale and requires the presence of virA and virG (Shaw et al., 1988a). At the wound site the

concentrations of phenolic compounds reach the threshold level required for vir-induction.

The implication in this scheme is that vir-induction occurs specifically at wound sites on
plants although, to our knowledge, this has not actually been demonstrated. However, it is the
basic tenet upon which the concept of the Agrobacterium biocontrol system described in section
1.13 was established. Therefore it was of the utmost importance to attempt to identify the sites
around a plant root where vir-induction really takes place. If it could be demonstrated that the
Vir-genes of Agrobacterium cells are specifically induced at wound sites, then this would show

that the biocontrol system was likely to function as intended.
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4.1.1 Reporter genes.

In order to ascertain the sites of vir-induction it was necessary to have an indicator which
would show ‘that induction was occurring. This could be achieved by linking one of the
inducible vir-promoters to a reporter gene. Reporter genes express products which can be
simply assayed, either by a colour reaction or by some other means. They can thus demonstrate
the regulation of expression of a gene whose natural protein product has no known or easily
assayable function, or of a gene that does not encode a protein (eg. t-RNA, r-RNA genes). Most

reporter gene systems in current use involve genes that encode an enzymatically active protein.

A reporter gene commonly used in bacteria is the E. coli lacZ gene which encodes the
enzyme [-galactosidase. This enzyme can be readily assayed by using either the artificial
substrate o-nitrophenyl-f-D-galactopyranoside (ONPG) (Miller, 1972) which liberates yellow
nitrophenol, or X-gal, which develops a blue colour when subjected to the action of -
galactosidase. For in situ detection of enzyme activity, X-gal is the preferred indicator
substrate. Another reporter gene, which tends to be used predominantly in transgenic plants, is
that encoding B-glucuronidase, usually known as GUS. B-glucuronidase is a hydrolase that
catalyses the cleavage of a wide variety of B-glucuronides. Many specirophotometric,
fluorometric and histochemical substrates are commercially available for this enzyme

(Jefferson, 1987).

A reporter gene system which has proved useful in studying bacterial - plant interactions is
the lux gene set derived from either Vibrio harveyii (Legocki et al., 1986; Boivin et al., 1988) or
 Vibrio fischeri (Shaw & Kado, 1986). The two sets of genes are similar, but the currently
available V. hdrveyii clones suffer a disadvantage in that they do not contain functional fatty
acid reductase genes. This means that exogenous aldehyde must be added as a substrate. In
contrast, five genes, constituting a promoterless /ux operon, have been cloned from V. fischeri
and this [ux cassette contains all the genes necessary for production of aldehyde by the fatty acid
reductase pathway (Engebrecht et al., 1985). Shaw & Kado (1986) have used the V. fischeri lux

cassette in a number of different bacteria, causing them to produce detectable light.

4.2 Use of lacZ as a reporter gene for vir-induction.

LacZ was an obvious choice as the first reporter gene to be employed in an attempt to
demonstrate, in situ, the sites of vir-induction. The plasmid pSM30 contains the lacZ gene
under the control of a virB promoter (Stachel et al., 1985a) and this plasmid was readily
available. Additionally, detection of B-galactosidase required no specialised equipmenf and the
indicator substrate, X-gal, was relatively cheap and routinely used in the laboratory.
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As a preliminary experiment, Agrobacterium strain A348 harbouring both pTi6 and pSM30
was streaked onto induction medium agar (section 2.4) containing either 100i§M
acetosyringone, or an equivalent amount of the acetosyringone solvent, 70% methanol. The
~ agar also contained 200p1 of 2% X-gal in DMF per 100ml. Following 36 hours incubation at
28°C the bacteria streaked on the plate containing acetosyringone were mid - deep blue,
whereas those bacteria growing on the plate lacking acetosyringone showed some very faint
blue coloration which was only just detectable. After a further 24 hours incubation the colour of
the bacteria on the plate lacking acetosyringone had become slightly more intense but was still
only pale blue. Obviously there was a low basal level of lacZ expression in the non-induced
state and the P-galactosidase produced was sufficient to cleave the substrate during extended
~ incubation. This implied that any experiments to detect vir-induction in planta should not be

allowed to run for prolonged periods of time.

4.2.1 Devising a method for in situ detection of vir-induction.

All the following experiments were conducted using mung beans - the seeds germinated
quickly and produced seedlings that were easy to handle and manipulate. Initial experiments
were carried out in petri dishes. Induction medium containing 200l of 2% X-gal per 100ml
was solidified with 0.5% bacto-agar and used to fill petri dishes. The surface of each agar plate
was spread with a lawn of Agrobacterium A348 containing pSM30. This was achieved by
spreading 100ul of a fresh log. phase culture on each plate. Mung bean seedlings for the
experiment were obtained as follows. Mung bean seeds were surface sterilised by immersion in
5% "Chloros" (sodium hypochlorite) for 2 minutes followed by three rinses in sterile distilled
water. Using an ethanol-sterilised spatula each seed was pressed into 0.5% water agar in a petri
dish. The seeds were then germinated at 25°C in a plant growth cabinet for 48 hours. 1cm root
tip segments were excised from the seedlings and placed onto the surface of the agar sown with
bacteria. The plates were incubated ovemight at 25°C. Additionally, whole seedlings were
taken and an excision made in the root, 1cm from the tip, with a scalpel blade. The seedlings
were placed on the surface of the agar and the root pressed lightly into it. These were also

incubated overnight at 25°C.

Upon examination of the plates it was seen that a lawn of Agrobacterium had grown and
this had a pale blue colouration. Where the excised root tips were placed on the agar, a slightly
deeper blue colour was observed around both the cut end of the root and at the root tip. The
experiment involving the injured seedlings was not successful due to further growth of the
seedling which had lifted the injured parts of the roots awéy from the surface of the agar. After
a further 24 hours incubation the plates containing the root tips were reexamined. The blue
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colour of the bacterial lawn had intensified and the root tips, whilst not causing significantly
increased colour, had begun to turn brown and were obviously no longer fresh enough for the

experiment to produce meaningful results.

The experiment was repeated a number of times with various minor modifications.
Different dilutions of plating bacteria were used to create the lawn and the concentration of the
agar was lowered so that the seédlings could be inserted into it more easily. A further
modification was to include the bacteria in the semi-solid agar, rather than to spread them over
the surface. However, none of these approaches were satisfactory, due mainly to the basic
design of the experiments which used petri dishes. These were not ideal for positioning of
whole seedlings. The excised root segments, although they appeared to indicate release of vir-
inducing compounds from both the cut surface and the root tip, were poor substitutes for
complete seedlings. The results obtained would need to be verified using an improved system

which could accommodate growing seedlings.

Nevertheless, these trial attempts had demonstrated a number of important points which
would prove useful in setting up further experiments, namely the most satisfactory
concentration of agar to use and the need to ensure that the bacteria were actually in contact

with the plant root within the agar.

4.2.2 Demonstration of vir-induction at sites on a root.

It was decided to repeat the experiments using sterile, clear plastic 10ml tubes in place of
the petri dishes. Sml of 0.2% water agar containing X-gal at the same concentration as before
(section 4.2.1) was put into each tube. Initially it was attempted to actually germinate the mung
bean seeds in the tubes, with the sterilised seeds pressed lightly into the surface of the agar.
Prior to germination the seeds had been soaked for 10 minutes in an overnight culture of
A348(pSM30) which had been centrifuged and resuspended in an equal volume of sterile water.
The tubes were kept in a growth cabinet at 25°C for 48 hours and the germination was

monitored over this period.

As germmination occurred the seed coat was shed and this appeared to be a good source of
vir-inducing compounds since a halo of bacteria and blue colouration surrounded it. Dark blue
patches were also present on the seed coat itself. As the root tip emerged a narrow blue ring
was evident around it, approximately 2mm behind the root tip. This observation was
consistently made when seeds were germinated in this manner. Growth of the seedlings seemed
to be inhibited by the presence of large numbers of bacteria surrounding the germinating seed
and the roots did not grow longer than 1 - 1.5cm. Due to the excessive blue colour around the
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Figure 4.1 The use of lacZ to show vir-induction at sites on a root.

These photographs show seedlings inoculated with A348(pSM30) and grown in agar
containing X-gal. Injuries were made on the roots with a scalpel. Blue colour developed at the

root tips, at the site of injury — and at a naturally occurring lesion on the root surface »-






Figure 4.2 A control experiment indicating endogenous [-galactosidase activity in the
plant roots. '

An injured seedling was grown in X-gal containing agar but had not been previously
inoculated with the Agrobacterium culture. Blue colour developed around the root tips but was

not evident at the site of wounding indicated by -— .






seed coat which may have masked any sites of vir-induction on the root and the poor growth,

this method was not continued.

Instead, sterilised seeds were germinated for 2 days in petri dishes of 0.5% water agar prior
to immersion of the roots in a suspension of A348(pSM30). The seedlings were removed from
the bacterial suspension after 5 minutes and carefully inserted into sterile plastic tubes
containing Sml of 0.2% water agar + X-gal. The tubes were incubated at 25°C in é plant growth
cabinet overnight. Additional experiments were set up using either seedlings whose roots had
been artificially injured with a scalpel blade before soaking in the bacterial suspension, or

similarly injured but otherwise untreated seedlings.

Representative results of these experiments are shown in Figures 4.1 and 4.2. Those
experiments which used wounded seedlings inoculated with Agrobacterium exhibited areas of
blue colour following overnight incubation. The darkest blue areas were situated at the root tip
and along the lines of the lesions caused by the scalpel blade. Intense blue colour had also
developed at sites on the root surface where natural lesions had occurred as result of growth.
Small, localised patches of lighter blue were additionally present on some areas of the root
surface. Uninjured seedlings inoculated with the bacteria showed the same pattern of
- colouration, with the root tip having the most intense blue colouring and natural lesions also
showing areas of dark blue. When no bacteria were present there was still some blue
colouration but mainly at the root tip and not around the wound site. The root tips were a paler

blue than when bacteria were present.

These results appeared to deﬁ\onstrate that vir-induction, leading to expression of the lacZ
gene, occurred chiefly at sites of natural or artificial wounding on the root surface and also at
the root tip. However, the blue colour observed in the absence of bacteria suggested that a -
galactosidase occurring naturally in the plant was being released from the root tip zone and to a
lesser extent from other areas of the root surface. Despite the success of these experimem;, in
which a system had finally been devised to monitor vir-induction in situ, improvements could
be made. The main problems encountered when using the virB-lacZ fusion were the presence
of an endogenous B-galactosidase in the seedlings and the basal level of lacZ expression from
pSM30 when no inducing compounds were present. The wounded areas of the root would
provide a more plentiful supply of nutrients for the growth of bacteria in addition to a suitable
physical niche for colonisation. Thus more concentrated pockets of bacterial growth at these
sites may have caused sufficient constitutive production of B-galactosidase to effect a colour
change irrespective of whether vir-induction was taking place. Nevertheless it is unlikely,
judging from the results of the experiment described in section 4.2, that constitutive expression
could be responsible for the intensity of colour observed at the wound site after only an

overnight incubation.
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4.3 The lux system of Vibrio fischeri.

Seven genes constituting the lux operon were originally cloned from Vibrio fischeri. Two
of these were found to be regulatory genes and nbt required for light production (Engebrecht &
Silverman, _ 1984). These genes have been deleted and the remaining five genes form a
promoterless lux cassette (Engebrecht er al., 1985) which has been further modified for use in a
number of plasmid constructs (Shaw ez al., 1987). LuxA and luxB encode the o and B subunits
of the enzyme luciferase. This catalyses the oxidation of a reduced flavin mononucleotide and a
long chain aldehyde, producing oxidised flavin, the corresponding long chain fatty acid and
light. The other three genes of the cassette, luxC, luxD and luxE all provide functions necessary
for the recycling of the aldehyde substrate (Engebrecht & Silverman, 1984).

The promoterless lux cassette has been cloned into the broad-host-range vector pUCD4,
resulting in the recombinant plasmid pUCD607. In this construct the lux genes are
constitutively expressed from the promoter of the tetracycline resistance gene (Shaw & Kado,
1986). The lux genes are also contained on the plasmid pUCD615 (Figure 4.3). This is a
promoter probe vector which has a multiple cloning site at the 5' end of the lux cassette. When
a fragment of DNA with promoter activity is inserted here in the correct orientation,
transcription of the Jux genes is initiated and light is generated. pUCDG615 has two origins of
replication; the broad-host-range ori of pSa allows replication in A. tumefaciens and many other
‘Gram-negative bacteria, whilst the ori of pBR322 gives rise to a high copy number in E. coli.
Mobilisation of pUCD615 can be achieved due to the presence of a bom site, therefore it can be
used to study promoter activities in a variety of bacterial species (Rogowsky et al., 1987).

The lux bioluminescence genes had the potential to be a good reporter system for use in .
monitoring vir-induction in situ. Their use would overcome one of the problems encountered
with lacZ since there would be no endogenous light production by the plant roots. Additionally
it was hoped that bioluminescence would be a more sensitive reporter, able to be detected at low
levels and maybe even in the soil rather than in an artificial situation. It was envisaged that
Agrobacterium harbouring pUCD607 could be used to determine the total colonisation of the
root by the bacteria. pUCD615 cohtaining a cloned vir-promoter would provide a reporter

system for vir-induction.

4.3.1 Bringing the lux operon under control of a virB promoter.

The promoter chosen for use was the virB promoter that was present in pSM30 (section
42). It had been removed from this plasmid, manipulated to delete any superfluous DNA
sequence and then recloned in front of the chiA gene of S. marcescens to form pDUB2512
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Figure 4.3 A diagram of the plasmid pUCD615.

This plasmid contains a promoterless lux operon preceded by a multiple cloning site.
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(Ashby, 1988). In order to clone the virB promoter fragment into pUCD615 in the correct
orientation it was first necessary to alter the restriction site at the 5' end of the fragment ie. the
Hindlll site (Figure 4.4).

The 0.5kb virB promoter fragrhent was excised from pDUB2512 with HindIll and BamHI.
Following isolation from an agarose gel (section 2.7.8) the promoter fragment was ligated to
pUC1318 which had been digested with HindIII. pUC1318 is one of a pair of vectors which are
primarily used as an alternative to linkers in order to add new restriction sites to the ends of
DNA fragments (Kay & McPherson, 1987). It has a central HindIII site flanked by pairs of
restriction sites in a cloning region which allows insertional activation of the lacZ gene. For
recombinant plasmids to arise two promoter fragments would have to be inserted together, back

. to back, with their BamHI sites linked together (Figure 4.4). The ligation mix was used to
transform DHS5o and transformants were selected on X-gal/amp plates. White colonies were
screened by restriction analysis of miniprep DNA. The DNA samples were digested with both
HindIll and HindIIl/BamHI and a clone which contained two copies of the virB promoter
fragment was selected. pUC1318 contains two Xbal sites ﬂanking the HindIll site. Thus by
digesting the virB containing clone with both BamHI and Xbal, the two virB promoter
fragments could be excised individually (Figure 4.4). The BamHI/Xbal fragments were isolated
from an agarose gel and ligated to pUCD615 previously digested with BamHI/Xbal and
phosphatase treated. DHS5a transformants were selected on amp/kan plates but there was no
selection possible for recombinants. Twenty four transformants were chosen for restriction
analysis of their miniprep DNA. DNA was digested with Xbal and BamHI and one
recombinant plasmid was identified which contained the virB promoter fragment. This was

designated pVL13.

4.3.2 Transfer of pVL13 and pUCD607 to Agrobacterium.

pVL13 was introduced into Agrobacterium CS8Cl(pVK257) by means of a triparental
mating as described in section 2.17. The donor strain was DHSa(pVL13), the helper strain was
HB101(pRK2013) and the recipient strain was C58C1(pVK257). The cosmid pVK257,
containing virA,B,G and C.had previously been introduced into C‘58Cl by the same method.
This was required to provide the necessary VirA and VirG functions of signal recognition and
transcriptional activation since CS8C! was cured of its Ti-plasmid. Transconjugants were
selected on L-RifKmCb plates, with carbenicillin substituting for ampicillin as the selection
involved Agrobacterium. pUCD607 was also introduced into C58C! in the same manner.

It had already been ascertained that when pUCD607 was present in E. coli HB101 or
JM83, the light produced by individual colonies grown at 37°C and then removed to room
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Figure 4.4 A schematic diagram showing the construction of pVL13.

This figure shows how the virB promoter fragment from pDUB2512 was manipulated for

use in the virB-lux construct, pvL13.

Key:- H = HindIll; B = BamH]I; E = EcoRI; Sc = Sacl; Sm = Smal; X = Xbal; Hc = Hincll;
P = Pstl; Sp = Sphl; K = Kpnl.
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temperature for 5 hours could be visualised by observing the colonies in a dark room. The lux
system is not active at temperatures above 33°C and lower temperatures give higher levels of
light production (Shaw et al., 1987). However, it had been reported that different species of
bacteria display different levels of luminescence when harbouring the same Jux plasmid, with
enteric bacteria being the brightest (Shaw & Kado, 1986). Thus it was not known whether
C58C! containing the lux constructs would produce sufficient light to be visible to the naked
eye. C58Cl(pUCD607) was streaked thickly onto an L-agar plate containing kanamycin and
carbenicillin and incubated for 36 hours at 25°C. No light was detectable when the plate was
examined in a dark room. A more sensitive detection method was reqliired. The agar plate of
C58Cl(pUCD607) was taped to a piece of X-ray film (Fuji-RX) placed undemeath the petri
dish and this was wrapped first in foil and then in a black plastic bag. The film was developed
after 6 hours kept at room temperature and darkened areas of the film comesponded to the
streaks of bacterial growth.

Ten presumptive transconjugants expected to contain pVK257 and pVL13 were streaked in
identical positions onto MinA plates (section 2.4) +/- 50uM acetosyringone. In all experiments
involving acetosyringone, a 10-IM stock solution in 70% methanol was used. The bacteria were
grown at 25°C for 48 hours and the petri dishes were then exposed to X-ray film for 6 hours at
room temperature.\ No darkening of the film was caused by the bacteria grown on the plate
lacking acetosyringone. Seven of the ten colonies streaked onto the plate containing
acetosyringone produced light which was detected by the X-ray film (Figure 4.5a) Thus in
these cases the virB-lux construct was both functioning correctly and had been successfully
introduced into Agrobacterium. The isolate which showed the greatest level of induction was
selected for use in further experiments. When compared with C58C}(pUCD607) streaked at an
equal density, none of the virB-lux constructs produced such a high level of light.

4.4 The sensitivity of X-ray film for detecting bacterial bioluminescence.

It was important to try and determine what level of light could be detected by X-ray film.
When using bioluminescence as an in situ indicator of vir-induction relatively low numbers of
bacterial cells would be involved compared to the number of cells present during growth on an
agar plate. Hence there would only be a low level of light production. It was a matter of
concern that the level of light production in Agrobacterium may not be high enough to be used
for in situ studies, even though the Jux genes had previously been expressed in Agrobacterium

and used with some success (Rogowsky et al., 1987).

Dilutions of an ovemnight culture of C58C! containing pUCD607 were plated onto L-kan
plates and incubated for 36 hours at 28°C. The dilution which gave well-spaced single colonies
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Figure 4.5 Light production by Agrobacterium C58C1 harbouring lux plasmids.

a) Light production detected by X-ray film demonstrating which Agrobacterium
transconjugants contained an acetosyringone-inducible /ux plasmid. No light was detected from '

the bacteria when acetosyringone was not pfésent in the agar.

b) Light detected from individual colonies of Agrobacterium CS8C! harbouring
pUCD607. A "tail" can be seen extending from each colony due to lifting it from the plate on a

nitrocellulose membrane.






was chosen and the plating procedure was repeated with this dilution of bacteria. Incubation
was this time carried out at 25°C. When the colonies were just visible (approximately 0.5mm
diameter) the petri dish was exposed to X-ray film at room temperature for 6 hours. The film
was then developed but light production could not be detected from any of the single colonies.
The only darkening of the film occurred where three colonies were growing very close together,
but the individual colonies could not be distinguished. It was likely that due to the thickness of

the agar layer the light was being scattered so an alternative method was then employed.

Colonies (0.5mm diameter) were obtained as before then a nitrocellulose filter was placed
on the surface of the agar and carefully removed. The filters with the replica colonies were
immediately covered with cling film and then applied directly to X-ray film. This was sealed in
a film cassette and left for 6 hours at room temperature. Upon developing the film, light could
clearly be detected from each colony (Figure 4.5b). In order to obtain an estimate of the number
of cells required to produce this amount of light, pieces of nitrocellulose carrying equal sized
colony replicas had been cut out and vortexed thoroughly in 1ml of 102M MgSO,. Serial
dilutions were made to 10-8 and duplicate 100ul aliquots were plated onto L-kan plates. The
plates were incubated at 28°C for 36 hours and the numbers of colonies counted. A mean value
was calculated of 4.87 x 10° bacteria present in each original colony. This was probably an
overestimate of the number of cells producing the light detected since stationary cells emit very
little light. Most of the luminescence would be coming from log. phase cells (Shaw et al.,
1987). The experiment still had not shown the minimum numbers of bacteria required to emit a
detectable amount of light, but had given an idea of the sensitivity of the detection method. The
experiments could have been repeated, attempting to monitor smaller and smaller colonies until
light could no longer be detected. However, since there were no exact figures available for the
numbers of Agrobacteria commonly colonising plant roots, then the results could not have been
used to accurately predict whether bacteria could be detected in the rhizosphere. The only sure
way of determining whether the /ux system could be used to detect rhizosphere Agrobacteria

was to actually try and use the system ir vivo.

4.5 Measurement of bioluminescence using a scintillation counter.

The most sensitive method available for detecting bioluminescence is the use of a
luminometer which incorporates a photomultiplier (Shaw ez al., 1987). This type of equipment
was not available and so in order to obtain quantitative measurements of light production by the
bacterial cultures, a programme was developed on a scintillation counter enabling single

photons of light to be counted.
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100p1 of 36 hour cultures of C58C!(pVK257) as a negative control, C58C1(pUCD607) as a
positive control and C58C!(pVK257, pVL13) were each inoculated into 2 x 5ml of induction
medium (section 2.4), containing either Spl of 70% methanol or Sul of 10-1M acetosyringone.
The cultures were incubated with shaking at 25°C for 24 hours. 100ul and 10l samples were
then removed and introduced into 15ml of fresh induction medium contained in glass
scintillation vials. The contents of the vials were mixed gently by inversion and allowed to
stand at room temperature for 5 minutes prior to measurement of light emission using the
scintillation counter. A control blank of induction medium was also passed through the

scintillation counter to monitor the background level of chemiluminescence.

Both the induced and non-induced cultures of the constitutive strain caused readings well
above the background level of 10,000 counts per minute (cpm). A mean reading, calculated
from 3 samples, of 108,624 cpm was achieved with 100l of the C58CY(pUCD607) culture
lacking acetosyringone, with a similar reading obtained for the culture containing AS. 100l of
the C58C1(pVL13) culture supplemented with AS gave a mean reading of 84,880 cpm. The
equivalent non-induced culture gave a reading no higher than background. Serial dilutions were
made of the two induced cultures and duplicate 100p aliquots of each dilution were spread onto
L-kan plates and incubated for 36 hours at 28°C. The number of colonies on each plate was
counted and the number of colony forming units (cfus) present in each original culture was
calculated.

The C58C(pUCD607) culture had contained 6.08 x 107 cfu in 100p! which gave rise to a
photon count of 108,624 cpm. Therefore, the light production by this culture was 1.78 x 10-3
cpm per cell. The equivalent measurement for CS8C1(pVK257, pVL13) was 1.82 x 1073
cpm/cell. This experiment was repeated twice and similar results were obtained each time. The
level of light production from the virB:lux construct was disappointing and did not reach the
levels reported by Rogowsky et al. (1987) although the expression of the lux genes was
definitely inducible.

4.6 Comparison of light production by pVL13 and pUCD1187.

For lux to be used as an in situ reporter of vir-induction it was important to achieve
maximum levels of expression from a vir-promoter:/ux construct to enable the light to be
detected. The results described above suggested that the virB promoter present in pVL13 may
not have been functioning with maximum efficiency. The promoter fragment utilised in the
construct was derived from pDUB2512 (Ashby, 1988). During the formation of this plasmid,
part of the virB promoter, including the -10 region and the transcription start site, had been
deleted. They had been replaced using synthetic oligonucleotides which, whilst maintaining the
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correct spacing between the -10 and -35 regions, had altered some of these bases (Ashby, 1988).
It was possible that this alteration had caused a loss of efficiency of the promoter. Obviously,
since it was also intended to use a vir-promoter as part of an inducible pesticide system, it was

important that the promoter was functioning correctly.

Agrobacterium strains were obtained from the University of California, Davis which
contained the plasmids pUCD1187 and pUCD1194. These had been constructed by cloning a
virB or virE promoter fragment respectively into the multiple cloning site of pUCD615
(Rogowsky et al., 1987). The plasmids were present in the recA- Agrobacterium strain
LBA4301 and the required virA and virG functions were provided by the Ti-plasmid pTiC58.

In order to compare the level of light produced by LBA4301(pUCDI1187) and
C58Cl(pVK257, pVL13), a culture of LBA4301(pUCD1187) was assayed for acetosyringone-
inducible bioluminescence as described in section 4.5. LBA4301(pUCD607) was tested as a
positive control and the cultures were allowed to incubate for 36 hours prior to the assay since
LLBA4301 was slower growing than C58C!,

100ul of LBA4301(pUCD607) gave a mean reading of 374,482 cpm with a light
production of 8 x 10-2 cpm/cell.

100ul of a 107! dilution of LBA4301(pUCD1187) induced with acetosyringone gave an
average reading of 626,360 cpm with a light production of 3.5 x 10! cpm/cell.

Both of these values were higher than for the equivalent plasmids in C58CL. It was known
that different strains of bacteria containing the same Jux plasmid produced differing amounts of
light (Shaw & Kado, 1986) and so the possibility existed that LBA4301 merely provided a
better physiological background for expression of the lux genes than C58Cl. However,
although the light production by pUCD607 was better in LBA4301 than C58C!, such an effect
may not solely have accounted for the 100-fold increase in light production observed with

pUCDI1187 as compared to pVL13.

To make an accurate comparison of the efficiency of the two virB promoters it was
necessary for both virB:lux constructs to be available in the same Agrobacterium strain.
Therefore pUCD1187 plasmid DNA was prepared from LBA4301 (section 2.5.1) and
transformed into E. coli DH5a (sections 2.6.1 & 2.6.3). A triparental mating was then carried
out according to section 2.12 with C58C1(pVK257) as the recipient strain. Transconjugants
were selected on L-agar plates containing rifampicin, kanamycin and carbenicillin. Five
presumptive transconjugants were subjected to the 3-keto-lactose plate test (section 2.14) and
miniprep DNA was prepared from positive colonies. This was digested with Sall and
electrophoresed on an agarose gel to confirm the presence of both pVK257 and pUCD1187.
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Cultures of C58C1(pVK257) containing either pVL13 or pUCD1187 were then grown in
induction medium +/- acetosyringone and light production was measured as described in section
4.5. 100yl of the cells harbouring pUCD1187 gave an average reading of 3.6 x 105 cpm when
induced and 1.65 x 10* cpm uninduced. This was equivalent to an induced light production of
7.39 x 10-2 cpm/cell. The value for induced cells containing pVL13 was 1.74 x 103 cpm/cell.
These results implied that although LBA4301 provided a better background for /ux expression,
the virB promoter in pUCD1187 was also functioning more efficiently than the promoter in
pVL13. Attempts were made to introduce pVL13 into LBA4301 to assess its performance in
this strain but both triparental mating procedures (section 2.14) and direct transformation
(section 2.6.4) were unsuccessful. LBA4301 has been noted to be a poorly transformable strain
(Farrand et al., 1989).

4.7 Attempts to detect lux expression in planta.

In all further experiments employing /ux as a reporter system, LBA4301 harbouring
pUCD1187 was used, since this had been shown to produce the most light when in the
acetosyringone-induced state. It was first attempted to detect light produced by bacteria
surrounding the roots of seedlings grown in soil. This experiment was conducted initially to
ascertain whether it would be feasible to use the Jux system in an in planta situation rather than

to determine the actual sites of vir-induction.

Tobacco seedlings were initially used since tobacco extracts are known to contain the
potent vir-inducer acetosyringone. Seeds were germinated for six days in a tray of compost
which was kept moist throughout and was maintained at 25°C in a plant growth cabinet. After
this time the seedlings were large enough to be handled easily. Half of the seedlings
(approximately 10) were immediately transplanted into larger pots of compost, whilst the other
half were first dipped into a culture of either LBA4301(pUCD607) or LBA4301(pUCD1187)
prior to replanting. The cultures used had been incubated in L-broth at 28°C for 48 hours then
centrifuged and resuspended in an equal volume of sterile water. The seedlings were allowed to
grow for a further 5 days and the compost was kept moist by standing the pots in a shallow tray
containing wet vermiculite. The seedlings were then carefully removed from the compost and
the rhizosphere soil was removed by gentle shaking. Three or four seedlings from each
treatment were laid on pieces of Whatman 3MM paper, covered with a layer of cling film and
then exposed to X-ray film (Fuji-RX) at room temperature overnight. The developed film was
inspected for any areas of darkening which corresponded to the roots of the seedlings. It was
expected that the handling of the seedlings would have caused sufficient damage to release vir-

inducing compounds, since the root systems of the tobacco seedlings were somewhat fragile.
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Darkening of the X-ray film was observed in the regions where the seedlings were located
but this was not correlated to the treatment which the seedlings had undergone. Some of the
seedlings which had not been in contact with the Agrobacterium cultures also caused darkening
of the film. In addition, due to the nature of the root system of the tobacco seedlings, it was not
possible to detect the outlines of individual roots since they were very fine and interwoven. The
experiment had not been successful in demonstrating whether /ux would be a viable reporter

system and it was decided to attempt another method.

The second method used was similaf to that described in section 4.2.2. Mung bean
seedlings were again utilised due to their larger size and easily manipulated roots and these were
germinated as before (section 4.2.1). Three of the seedlings had an injury made to their roots
with a scalpel blade prior to being dipped in a suspension of LBA4301(pUCD1187) for §
minutes. Three uninjured seedlings were treated in the same way and three seedlings underwent
no treatment. All were then inserted into 0.2% water agar in sterile plastic tubes as in section
4.2.2. The seedlings were returned to a plant growth cabinet at 25°C for 12 hours and then the
tubes were taped to X-ray film, covered with foil, wrapped in a black plastic bag and left
overnight at room temperature. When the film was developed darkened areas were observed,
corresponding to a line where the plastic tube had been in contact with the X-ray film. This line
was slightly more intense for those seedlings which had been dipped in the bacteria. It appeared
that either the plastic tube itself was causing the darkening of the film or any light being
produced was being concentrated in one place due to the curvature of the tube. Lack of time
prevented further investigations being carried out with these constructs. Suggestions for
experiments which could valuably be undertaken will be discussed later.

4.8 Subcloning the vir-promoters from pUCD1187 and pUCD1194.

It had been observed that pUCD1187 caused a higher level of induced light production in
Agrobacterium than pVL13. The plasmid pUCD1194 was known to cause an equally high level
of light production upon induction with acetosyringone (Rogowsky et al., 1987). Therefore it
was decided to utilise one of the two pTiCS58 vir-promoters from these plasmids in any future
constructs involving a vir-promoter linked to a heterologous gene. For ease of manipulation the

promoter fragments were transferred form their original broad host-range vectors to pUC19.

1.5ng of pUCD1187 DNA was digested with Sall to excise the 3kb virB promoter
fragment. Previous restriction digests had demonstrated that the fragment contained no intemnal
Sall sites. The gel-purified DNA fragment was ligated to pUC19 and the ligation mix used to
transform DHSc. Transformants were selected on X-gal/amp plates and white colonies were
taken and restreaked.- Miniprep DNA from these colonies was digested with Sall and
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electrophoresed on an agarose gel. Those plasmids which contained the virB fragment were
redigested with BamHI. This was the only restriction enzyme known to cut within the virB
promoter fragment (Rogowsky et al., 1987) and was thus used to determine the orientations of
the cloned fragments in pUC19. Two plasmids which contained the promoter in opposite
orientations were designated pVB1 and pVB21 respectively. The promoter fragment in each
plasmid was flanked by a range of restriction sites comprised of those present in the pUC19
multiple cloning site and those transferred with the promoter from pUCD1187 (Figure 4.6).

The 0.8kb virE promoter fragment was subcloned in a similar manner. It was excised from
pUCD1194 as a BamHI fragment and ligated to pUC19. Following transformation of DH5a,
white colonies on X-gal/amp plates were analysed by restriction digests of miniprep DNA.
Those plasmids which contained the correct fragment were redigested with Pstl. This enzyme
was known to cut the promoter approximately 230bp from the 5' end (Hirooka et al., 1987) and
so the orientation of the fragment could be determined. All the plasmids obtained were found to
contain the virE promoter in the same orientation (Figure 4.6) and the construct was designated
pVES.

4.9 Use of the GUS reporter gene system.

The enzyme B-glucuronidase catalyses the hydrolysis of a wide variety of substrates, each
of which consist of D-glucuronic acid conjugated through a B-o-glycosidic linkage to Qirtually
any aglycone (Jefferson, 1989). E. coli is unusual amongst bacteria because it is able to
metabolise many B-glucuronides. It produces a B-glucuronidase enzyme which has been shown
to be a stable homotetramer with a subunit relative molecular mass of 68,200 (Jefferson et al.,

1986).

One of the main advantages of using GUS as a reporter is that GUS activity is largely
absent from plants and most bacteria, fungi and insects that exist in the phyllo- and rhizosphere.
Additionally, a variety of substrates. are available for both sensitive histochemical analysis and
for quantitative analysis. E. coli has evolved a mechanism for transmembrane transport of B-
glucuronides involving a 49kDa permease which is encoded by gusB, a gene cocistronic with
gusA. This allows accumulation of GUS substrates such as tﬁﬂuoromethylumbelliferyl.

glucuronide within the cell.

Use of a vir.GUS construct in Agrobacterium would enable the sites of vir-induction to be
.assessed in a similar manner to that described in section 4.2.2. The sensitive histochemical
substrate 5-bromo-4-chloro-3-indolyl B-D-glucuronide (X-gluc) could be utilised in the GUS
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Figure 4.6 The subcloned virB and virE promoters from pUCD1187 and pUCD1194.

Schematic diagrams to show the restriction sites surrounding the pTiC58 virB and virE

promoter fragments upon cloning into pUC19.
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system as X-gal was used with the lacZ reporter system.’ Howe&er, there would be an advantage

over lacZ due to the absence of endogenous GUS activity in plants.

4.9.1 Linking the virE promoter to the GUS coding region.

The promoterless gusA gene, together with the gusB permease gene, was present on the
plasmid pRAJ293 (Jefferson, R.A., personal communication). The two genes could be excised
together as a single EcoRI/HindIIl fragment. Approximately 1pg of pRAJ293 DNA was
digested with HindIII/EcoRI and the 3.3kb GUS fragment was isolated from an agarose gel
(section 2.7.8) and ligated to pBluescript SK+. Transformed DH5a were selected on X-gal/amp
plates and white colonies were chosen for analysis. A recombinant plasmid which contained the
GUS fragment was identified from restriction digests of miniprep DNA and this became
pSKGI1.

The virE promoter fragment from pUCD1194 was present as a BamHI fragment in pVES
(section 4.8). In order to clone this upstream of the GUS genes, it was first transferred to
pUC1318 (section 4.3.1) and excised from there as an EcoRI fragment. This 0.8kb virE
fragment was isolated from an agarose gel and ligated to EcoRI digested, phosphatase treated
pSKG1. Transformed DHSa cells were selected on L-amp plates and since there was no
selection for the insert, a colony hybridisation was carried out as described in section 2.7.14.
The virE BamHI fragment from pVES was labelled with digoxygenin according to section
2.7.11 and used to probe the filter. Miniprep DNA was obtained from positive colonies,
digested with EcoRI and HindIII and electrophoresed on an agarose gel. Plasmids containing
the correct fragments were then digested with PstI, which cut the virE promoter fragment
asymetrically, to determine the orientation of the promoter. One of the correct plasmids was
selected for further use and was designated pEG1 (Figure 4.7).

4.9.2 Construction of pEG2.

The virE:GUS fusion was now present in a Bluescript vector. However, this vector, with a
ColE1 origin of replication, was not capable of replicating in Agrobacterium. Therefore it was
necessary to transfer the virE:GUS cassette to a broad host-range plasmid which did possess the
requisite replication functions. The plasmid used was pMMBG66, an 8.9kb broad host-range
vector (Furste ef al., 1986). Approximately 3ug of pEG1 were digested to completion with
HindIll. Following phenol/chloroform extraction and ethanol precipitation, the nesuspeﬁded
DNA was partially digested with EcoRI. This reaction was carried out at room temperature in a
total volume of 30ul and 2yl aliquots were removed into stop dye every 2 minutes. The
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Figure 4.7 A schematic diagram to show the construction of the virE:GUS plasmids.

Key:- B = BamHI; E = EcoRI; H = HindIIl.
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digestion products were separated on an agarose gel and the required 4.1kb virE:GUS fragment
was isolated according to section 2.7.8. This was ligated to HindIIl/EcoRI digested,
phosphatase treated pMMB66 and an aliquot of the ligation mix was used to transform
competent DHSa cells. Colonies selected on L-amp plates were analysed by restriction digests
of miniprep DNA. A plasmid which contained the correct DNA fragments was chosen as

pEG2.

pEG2 was introduced into Agrobacterium C58C! containing the cosmid pVK257 using the
electroporation method described in section 2.13. Resulting cells were selected on L-kan,cb
plates. Miniprep DNA was prepared from six colonies and this was digested with EcoRI and
electrophoresed on an agarose gel. It was difficult to detect the presence of pEG2 and so the
DNA was transferred to a nitrocellulose filter according to section 2.7.10. The digoxygenin-
labelled virE fragment utilised in section 4.9.1 was used to probe the baked nitrocellulose filter
(section 2.7.12) and the hybridised probe was detected as described in section 2.7.13. The
probe Was observed to hybridise to a 0.8kb fragment present in each miniprep digest and to the
same fragment of control pEG2 DNA digested with EcoRI. No hybridisation was detected in
the lane containing EcoRI digested pVK257. This confirmed that the electroporation procedure
had been successful. '

4.9.3 Acetosyringone-inducible GUS production from Agrobacterium harbouring pEG2.

If the virE promoter-GUS construct was to be used as a reporter for vir-induction then it
was firstly important to demonstrate that it could specify acetosyringone-inducible production
of B-glucuronidase. The level of GUS present in Agrobacterium cultures was measured over a

period of 24 hours following induction with acetosyringone.

100ml of induction medium (section 2.4) was inoculated with 1ml of a fresh overnight
culture of C58C! containing both pVK257 and pEG2. Incubation was carried out with shaking
at 28°C for 9 hours by which ti'me the cells were in log. phase. The culture was separated into
two equal volumes of 50ml. To one flask was added 50p1 of 10-!M acetosyringone to give a
final concentration of 100pM and to the other was added 50pl of 70% methanol to act as a
control. A Iml aliquot was immediately removed from each culture and these formed the zero
time samples. Incubation of the cultures was then continued at 28°C and further 1ml samples
- were removed every 2 hours until 14 hours after induction. Final samples were taken after 24
hours. The GUS activity of each sample was determined using the method described in section

2.11 and the protein content of each cell extract was determined according to section 2.15.
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During the incubation of the GUS assays, 100 aliquots were removed from the reaction
mixture into Stop Buffer after 5, 35, 65 and 125 minutes. The fluorescence of the resulting
samples was measured (section 2.11) and the amount of methylumbelliferone (MU) present in
each sample was determined.‘ The rate of MU production was calculated for each original
sample and GUS activity then expressed as nmoles MU produced/minute/mg protein (Figure
4.8).

Both cultures initially contained a very low level of GUS activity and this continued until 8
hours after induction. At this point the GUS activity in the AS-induced cells increased 3-fold
whereas the activity in the non-induced cells remained at the lower level. After 14 hours, the
GUS activity in the non-induced culture had risen slightly to 0.52 nmoles MU/min/mg protein
whereas that of the induced culture had rcached a value of 2.48 nmoles MU/min/mg protein.
Samples were not taken between 14 and 24 hours so it was not known exactly how the induction
progressed throughout this period. However, after 24 hours, the GUS activity of the induced
cells was 3.1 nmoles MU/min/mg protein and the activity present in the non-induced culture had
risen to a value of 1.4 nmoles/min/mg protein. This experiment demonstrated that a virE:GUS
construct had been successfully engineered and was capable of producing B-glucuronidase in
response to induction with the strong vir-inducer acetosyringone. If time had allowed, the next
step would have been to use Agrobacterium harbouring pEG2 in a system equivalent to that
described in section 4.2.2. The chromogenic substrate X-gluc would have substituted for X-gal
in the plant growth medium, with sites of vir-induction again being identified by the appearance

¢

of a blue colour.

4.10 DISCUSSION.

Three reporter genes were considered as a means of detecting the sites of Agrobacterium
vir-induction in planta. One system, using the lacZ gene was readily available and some
success was achieved when employing a construct in which a virB promoter was linked to the
lacZ gene. Attempts to use the /ux gene system to effect vir-inducible light production met with
a number of problems at the in planta detection stage and thus far a set up has not been designed
in which light emission by the bacteria surrounding plant roots can be accurately monitored.
The third reporter system to be employed was GUS. A plasmid was successfully constructed in
which a virE promoter was linked to the gusA and gusB genes and this was shown to specify
acetosyringone-inducible production of B-glucuronidase. Further experiments may well prove
this construct to be the most useful of the three since it should attain the same level of
sensitivity as the lacZ system whilst overcoming the problems of background enzyme

production encountered in this system.
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Figure 4.8 Acetosyringone-inducible GUS expression by Agrobacterium C58C1(pVK257,
pEG2).

This graph shows the induction of B-glucuronidase production by acetosyringone. The
experiment was performed two times and the results shown are those obtained in one
representative experiment. Both sets of results showed the same pattern of induction with

equivalent levels of chitinase expression being achieved.
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4.10.1 A comparison of the three reporter systems employed.

Of the three reporter systems described in this chapter, the one most commonly used in
bacteria is the E. coli lacZ gene specifying the production of P-galactosidase. It has been
. employed many times to monitor the induction of Agrobacterium virulence genes, with various
vir-promoters forming transcriptional and translational fusions to the lacZ coding region
(Stachel et al., 1985a; Spencer & Towers. 1988; Winans et al., 1988; Zerback et al., 1989,
Cangelosi et al., 1990; Winans, 1990). In these instances induction experiments were casried
out using liquid cultures which were then assayed for B-galactosidase activity with the artificial
substrate ONPG.

An alternative chromogenic substrate available for detecting B-galactosidase is X-gal,
which is generally used for in situ demonstration of enzyme activity, particularly within tissue
sections. One example of this, involving Agrobacterium, comes from experiments carried out
by Herrera-Estrella et al. (1990). Using a gene fusion between virD2 and lacZ it was
demonstrated that the VirD2 polypeptide was able to direct the usually cytoplasmic B-
galactosidase to the plant nucleus. Microscopy studies were able to detect the blue reaction
product which arose when X-gal was cleaved by B-galactosidase. Generally, however, lacZ has
not proved to be a useful reporter gene in plants. It is difficult to assay due to high endogenous
B-galactosidase activity which is present in virtually all plants and in most tissues (Jefferson,
1987).

Despite this drawback, it was nevertheless decided to use a virB:lacZ fusion in an attempt
to monitor vir-induction on the root surface. It was not known whether the endogenous cellular
B-galactosidase would be released by the roots and, if so, whether it would be present in a
sufficiently high concentration to cause a colour reaction with the X-gal present in the growth
medium. The experiments undertaken demonstrated that -galactosidase was indeed released
from the roots of the seedlings, particularly at the root tips, as blue colour developed in these
areas when no bacteria were present. However, the greater intensity of colour apparent when
bacteria were colonising the roots was sufficient for vir-induction t0 be detected. In the
experiménts which have been carried out so far, the lacZ gene fusion has provided the best
results with regard to identifying, in planta, the sites of vir-induction. However, the GUS sytem

may prove to be superior for this purpose.

The greatest advantages of the lacZ system are the ease with which B-galactosidase activity
can be detected using X-gal and the cheapness of this substrate. The disadvantages are the
presence of an endogenous B-galactosidase in most plants and, at least with the construct used, a
basal level of induced lacZ expression which may be high enough to produce a detectable
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reaction. Additionally, it would be difficult to set up an experiment in which vir-induction was

monitored in situ on plants growing in soil.

To overcdme the problem of endogenous [-galactosidase activity in plants, a number of
other reporter systems have been developed of which one of the most common is the E. coli B-
glucuronidase (Jefferson, 1987). This has the same advantages as -galactosidase in that there
are simple assays and a variety of substrates available, for both histochemical and quantitative
analysis. However, it has an additional advantage since GUS activity is absent from most
organisms other than vertebrates and their microflora. The lack of GUS activity in plants and
and soil organisms has meant that GUS fusions are now widely used when studying plant-
pathogen and plant-symbiont interactions. They can be used to monitor populations of
microorganiéms in the rhizosphere and associated with plants and also to study the expression

of particular genes (Jefferson, 1989).

In this study the Agrobacterium virE promoter was joined to the gusA and gusB genes
which were present on a single fragment. The gusB permease gene would allow the
accumulation of GUS substrates within the cell. The permease can transport a wide variety of
B-glucuronide substrates ranging from simple aliphatic compounds to complex heterocyclic
conjugates (Jefferson, 1989). The final virE:GUS construct caused Agrobacterium harbouring it
to produce B-glucuronidase upon induction with the vir-inducer acetosyringone. It should
therefore be possible to use this for monitoring vir-induction in situ. One slight problem with
the construct was the increase in GUS activity in the uninduced culture after 24 hours. This
may produce an unacceptable level of background enzyme activity if the experiments were to be
carried for longer than an overnight incubation. A possible solution would be to transfer the
virE:GUS cassette to an alternative broad host-range vector. With hindsight, pMMB66 was not
the ideal plasmid to use since it carries the tac prbmoter. The orientation of the virE:GUS
fragment in pEG2 was. such that this promoter may have enhanced the uninduced levels of GUS
expression. Once this problem has been resolved, the first experiments to be carried out would

be identical to those described for the work with lacZ (section 4.2.2) but substituting X-gluc for
X-gal. ‘

The GUS system has the major advantage over lacZ, that there is no endogenous GUS
activity present in plants, but it has the drawback that the chromogenic substrate, X-gluc, is

prohibitively expensive for use in large scale experiments.

Monitoring bacterial:plant associations is a difficult procedure and although much work
has been done to elucidate the infection process of plant pathogenic bacteria, most of the
information has come from studies which caused disruption of the plant-bacterial interaction

. and interrupted the disease process. However, the /ux reporter system has recently proved to be
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a useful tool for the localisation and enumeration of plant associated bacteria and it can be used
to directly monitor the ongoing interaction between plants and bacteria in a non-disruptive
manner (Legocki et al., 1986, Shaw & Kado, 1986). The broad host-range plasmid pUCD607,
which constitutively expresses the lux operon, has been used to monitor the infection of
cauliflower plants by Xanthomonas campestris pv. campestris which causes black rot (Shaw &
Kado, 1986). Light production was detectable, using X-ray film, from leaves which had been
inoculated with the plasmid-containing pathogen. The light was detected in areas of the leaves
which later developed symptoms of the disease. Bioluminescence has also been previously
used as a reporter of vir-induction (Rogowsky et al., 1987). Light production by Agrobacterium
strains harbouring vir-lux fusions was recorded by photographic film when the lux genes were

induced in bacteria present on freshly sliced carrot discs.

Such reports indicate that bioluminescence is a sensitive reporter which has the potential to
be used to directly monitor interactions between plants and bacteria. The failure to demonstrate
in situ vir-induction using this system is likely to be due to shortcomings in the experimental
design. An extended period of study would no doubt result in the development of an improved
procedure to tackle the difficulties encountered with the detection methods.

4.10.2 Overcoming the problems of in'planza detection.

It has become apparent throughout the course of this work that devising a method for in
planta detection of bacteria and specifically of vir-induction is a difficult process. A set-up was
achieved which gave limited success with the lacZ system and should give similar results with
GUS, but no useful results have so far been obtained using bioluminescence as a reporter.

Alternative strategies must be considered to improve the detection of the markers.

LacZ has been used as a marker in a study of rhizosphere colonisation by a Pseudomonas
fluorescens strain and also as a reporter of gene expression in response to plant exudates (Lam
et al., 1990). Mutant strains of the bacterium, constitutively expressing [3-galactosidase, were
assessed for their root colonising ability when coinoculated onto seeds with the wild-type strain.
Bacteria were recovered from seedling roots and plated onto indicator medium containing X-
gal. The mutant cells could be distinguished from the wild-type cells by their blue colour and
the numbers of cells of each strain present on the roots could be calculated. The same group
also used lacZ as a reporter gene to obtain similar information to that required in the present
study. Their aim was to test whether induction of Pseudomonas genes already found to be
induced by root exudates was actually occurring on roots. To do this, bacteria containing the
" lacZ gene under the control of a plant inducible promoter were inoculated onto wheat seeds
which were allowed to germinate and grow for 7 days. Bacteria were recovered from the roots

93



and immediately assayed for B-galactosidase activity using ONPG. The activity was compared
to that present in overnight cultures of the same bacteria and was found to be higher in the
bacteria isolated from the roots, indicating that the genes were indeed induced when the bacteria

were colonising the roots.

It is possible that a éomparable system could be employed with any of the three reporter
systems described here. An advantage would be that the plants could be grown directly in soil
rather than in an artificial medium. When the bacteria were recovered from the seedlings the
roots could be divided into segments, enabling vir-induction at different points on the root to be
monitored. Cutting the root in this way would release vir-inducing compounds but if the assays
were carried out immediately and the bacteria washed after recovery from the root then the
induction profiles obtained for the lux (Rogowsky er al., 1987) and CUS (section 4.9.4)
constructs indicate that this would not be a problem. GUS activity was not apparent until 7
hours after induction although increased light production was detéctable after 2 hours. A further
advantage is that differences in cell number at different parts of the root could be taken into
account and the results of the assays calculated on a per cell basis. Nevertheless, the method
reverts to a disruptive technique,Awhereas the main aim of this study was to devise a method to

detect vir-induction in a non-disruptive manner as it was actually occurring.

The greatest improvement is necessary in the design of experiments to detect
bioluminescence. One possibility is to grow seedlings as described in section 4.2.2 and then
prior to detection, remove them from the agar and apply directly to X-fay film. This would
require a suitable light-tight container to be organised to hold the seedling in place. An
“alternative method would be to employ photographic film in a manner such as that described by
Rogowsky et al. (1987) when monitoring vir-induction on carrot discs. Hypersensitive

astronomy film was used with an exposure time of 12 to 14 hours, but this would be difficult to

organise with the available facilities.

Seedlings could be grown between glass plates held apart by 2-3mm spacers in a similar
set-up to that used for acrylamide gels. The growth medium between the plates could be either
agar or fine soil. Since it would be difficult to insert seedlings into such an apparatus, the seeds
would need to be inoculated with the bacterial culture and then germinated directly in the soil or
agar. - Detection of the bioluminescence would be achieved by using X-ray film which could be
easily attached to the glass plates. The thinness of the layer of agar or soil would ensure that the

root surface was directly adjacent to the glass plate, thus minimising dispersal or interception of

the light.
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4.10.3 Comparison of the virB promoters in pYL13 and pUCD1187.

Results of assays using the two virB:lux plasmids pVL13 and pUCD1187 indicated that the
promoter in pUCD1187 was functioning more efficiently (section 4.6). The two promoter
fragments were derived from different sources - that in pUCD1187 is from the nopaline plasmid
pTiC58 whereas the promoter used in pVL13 was originally derived from the octopine-type
plasmid pTiA6. Rogowsky et al. (1987) reported similar results for the induction of pTiC58
vir-promoters and the equivalent promoters from pTiA6 and so it is unlikely that intrinsic
differences in the origin of the two promoters could account for the observed differences in

expression.

Investigation of the previous manipulations which the pTiA6 virB promoter had undergone
showed that a part of the original sequence had been altered. In order to remove the coding
sequence from the virB 1.3kb HindIIl fragment present on plasmid pDUB2510, exonuclease
deletions were carried out (Ashby, 1988). A deletion which resulted in a fragment of 0.47kb
was sequenced and was found to have lost all the virB coding region and also part of the
promoter sequence. The transcription initiation site and the -10 region had been deleted,
although the -35 region was still intact. To correct the deletion, 32bp oligonucleotides
. comresponding to the deleted promoter region were synthesised and linked to the deleted
fragment. The sequence of the oligonucleotides matched the published sequence (Das ez al.,
1986; Ward et al., 1988) as far as possible but to enable the small fragment to be cloned, a
restriction site had to be created. This meant that whilst the spacing between the -10 and -35
sequences was maintained, S base changes were made in this intervening region (Figure 4.9).

The -10 and -35 conserved regions have been identified from extensive sequence
comparisons of bacterial promoters as being important for promoter activity (Reznikoff et al.,
1985; Harley & Reynolds, 1987). These regions show the greatest conservation between
different promoters and are the sites of nearly all mutations which affect promoter strength.
Variation in the spacing between the two regions also plays a role in promoter strength.
However, other bases flanking these sequences occur at greater than random frequencies and
sometimes affect promoter activity. Chemical protection experiments have shown that RNA
polymerase interacts not only with the highly conserved -35 and -10 hexamers but also with
regions 'immediately upstream of them (Siebenlist et al., 1980). It is possible that alteration of
the indicated bases (Figure 4.8) may have adversely affected the promoter activity and the
ability of the RNA polymerase to initiate transcription, although it is the bases immediately
ﬂanking the -35 and -10 regions which have generally been found to be important (Harley &

Reynolds, 1987).
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Figure 4.9 A comparison of the original pTiA6 virB promoter and that present in
pDUB2512,

This figure indicates the bases altered in the virB promoter during the construction of
pDUB2512. The changed bases are marked by ¥ . ¥ indicates the site of the start of

transcription.
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When RNA polymerase is bound to the E. coli promoter it covers approximately 70bp,
including 20bp of the transcribed sequence and information encoded in this region may also
participate in promoter function (Kammerer et al., 1986). The virB promoter of pDUB2512
contains only 7bp of transcribed sequence, which could be affecting its activity. If the virB
promoter utilised an alternative sigma factor then this might recognise bases other than those in
the supposed -10 and -35 regions including some of those altered in replacement of the deleted

region.

In all inducible Agrobacterium vir-genes, expression is also dependent on the presence of a
conserved "vir-box" sequence (TNCAATTGAAAPYy) in their §' non-transcribed regions (Steck
et al., 1988). This sequence corresponds to the binding site of the transcriptional activator,
VirG. The number and location of the vir-box sequence is highly variable in the various
inducible vir-loci. The pTiA6 virB promoter has two vir-boxes - one is absolutely required for
induction and the second contributes but is not absolutely requircd (Pazour & Das, 1990a).
Both the vir-boxes are upstream of the -35 region and so the altered bases in the virB promoter

fragment should not have affected their function.
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CHAPTER 5



PLASMIDS FOR USE IN A PLANT PROTECTION SYSTEM INVOLVING
AGROBACTERIUM.

5.1 Introduction.

A. tumefaciens was shown to exhibit positive chemotaxis towards compounds present in
plant wound exudates (Ashby er al., 1987). This led to the formulation of a novel idea for the
use of Agrobacterium as a biological control agent (Ashby, 1988). The idea centres around the
fact that at low concentrations of vir-inducing compounds released by wounded plant cells, A.
tumefaciens responds- chemotactically by moving towards the site of injury. The higher
concentrations of vir-inducers present closer to the wound site then cause induction of the
virulence operons. These responses require the presence of VirA and VirG which mediate both

the chemotaxis and vir-induction processes (Shaw et al., 1988a).

It was proposed to make use of these natural responses by placing a gene encoding a
pesticidal protein under the control of one of the virulence promoters. Agrobacterium
containing such a plasmid, together with the necessary virA and virG genes, would be attracted
to wounded plant tissue. Once there the organism would produce the pesticide as a result of vir-
induction by the high concentrations of phenolic inducing compounds. Thus pesticide
production would be a conservative process, occurring only when a plant was wounded, at the
time when it was most susceptible to attack by opportunist pathogens and then exclusively in

the microrhizosphere around the wound site.

This chapter describes the construction of a number of plasmids which could be used in
this control system. The finished constructs were then tested to demonstrate inducible
production of the pesticide. The pesticide genes chosen for use were the chitinase genes of S.

marcescens.

5.2 Manipulation of the chiB gene for use in a vir promoter - pesticide construct.

In order to use the chiB gene of S. marcescens, which had been previously characterised
and sequenced (Chapter 3), in the plant protection system of Ashby et al. (1986) it was
necessary to first delete the promoter region of the gene. By substituting a vir-promoter
fragment for the upstream region of the chiB gene, including the transcription start site and any

regulatory sequences 5' to this, the chitinase could be brought under inducible control. The
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Shine-Dalgamo sequence and translation initiation codon of the chiB gene were to be left intact
but the region of DNA between these and the upstrcam EcoRI siteéhad to be removed to delete
the promoter. The DNA sequcnce.of this region was examined to determine whether any
restriction sites which could be utilised lay between the transcription start site and the ribosome-

binding site, but no suitable sites were found to be present.

One procedure which was considered utilised controlled deletions from the EcoRI site
towards the coding region, using a combination of exonuclease III and mung bean nuclease.
However, only approximately 150 base pairs needed to be deleted and there were only 20 base
pairs between the transcription start site and the Shine-Dalgamo sequence within which the
deletion could end. Previous experience of this technique had shown that it was difficult to
control the exonuclease digestion with sufficient accuracy and so a large number of deletion
products would need to be sequenced in order to select the one with the correct number of bases

removed.

Therefore the technique of oligonucleotide-directed site-specific mutagenesis was used in
order to create a restriction site in the stretch of DNA between the start of transcription and the
ribosome binding site. This site could then be used, together with the HindlIII site (see Figure
3.1), to excise the coding region of the chiB gene, whilst leaving behind its upstream regions.
The nucleotide sequence was studied to find a position where a single base change would create
a useful restriction site. Seventeen base pairs upstream of the translation initiation codon, a G to
T change could create a Dral site, which has the recognition sequence of TTTAAA (see Figure

5.1). This was an ideal restriction enzyme to use since there are no Dral sites in the chiB gene.

The technique of oligonucleotide-directed site-specific mutagenesis utilises M13
bacteriophage vectors which have the ability to exist in both double-stranded/single-stranded
forms and a complementary synthetic oligonucleotide containing the desired base change. The
oligonucleotide is annealed to the single-stranded template DNA which has been cloned into an
M13 vector. Second strand synthesis is initiated, with the oligonucleotide acting as a primer.
The thionucleotide dCTPosS is included among the deoxynucleotides as a mutant heteroduplex
is generated. The incorporation of the thionucleotide makes possible selective removal of the
non-mutant strand, since the restriction enzyme Ncil cannot cleave phosphorothioate DNA.
This enzyme merely nicks the non-mutant strand Which is then digested away with exonuclease
III. Using the mutant strand as a template, the double-stranded molecule is reformed to create a

homoduplex mutated sequence.
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Figure 5.1 Diagram showing the mutated sequence of the chiB gene.

This figure shows the sequence of the chiB gene immediately upstream of the translation
initiation codon. The base which was altered by oligonucleotide-directed mutagenesis is

indicated with an arrow and the sequence of the mutant oligonucleotide is shown.



5' region of the chiB gene

start of transcription

l Shine-Dalgarno
sequence

5' * 3
GACGGGGAATATTCCCCCATTCI?.AAAAACATCCACTCT\GGAGAAJATG
|
5' \ 3'
synthetic oligo TTCCCCCATTTAAAAACATC

Dral




5.2.1 Preparation of the template for the mutagenesis reaction.

To be able to carry out the mutagenesis procedure, it was necessary to clone a DNA
fragment containing the site to be altered into an M13 vector. The fragment chosen was the
HindIIl/EcoR1 fragment of pCH7. This contained the entire chiB gene and yet was the smallest
fragment to do so, hence it would be the most stable when cloned into M13. Additionally, this

cloned fragment conferred. consistently high levels of chitinase activity upon E. coli. (section

3.8).

The HindIIl/EcoRI fragment was excised from pCH7 and isolated from an agarose gel by
the freeze-squeeze method, according to section 2.7.8. It was then ligated into HindIIl/EcoRI
digested M13mp19 and the ligation mix used to transform competent TG2 cells as described in
section 2.8.1. White plaques were picked for analysis and miniprep DNA digested with HindIII
and EcoRI and analysed on an agarose gel. One of the clones containing the correct insert was
chosen and single-stranded DNA prepared from the saved culture supematant according to

section 2.8.2.

5.2.2 Mutagenesis reactions.

A 21-mer oligonucleotide-complementary to the template DNA and with the sequence
shown in Figure 5.1 was synthesised on an ABI oligonucleotide synthesiser. Prior to use in the
mutagenesis reaction it was phosphorylated at its 5’ end as described in section 2.9.1. The
mutagenesis reactions were then carried out using this phosphorylated oligonucleotide and the
single-stranded DNA template from section 5.2.1 as detailed in section 2.9.2. Following
transformation of 20ul of the final sample into. TG2, 9 white plaques were picked and minipreps
of the RF DNA were obtained. The miniprep DNA from each presumptive mutant was digested
with HindIII and Dral and electrophoresed on an agarose gel, together with the non-mutant
template DNA. This gel is shown in Figure 5.2. If the mutagenesis reaction had been
successful, then a mutant phage would possess an additional Dral site to those contained in the
template DNA. As the gel photograph shows, six of the nine DNA samples lost a fragment of
approximately 2.6kb which was present when the template DNA was digested with HindIII and
Dral. This fragment was replaced in the mutants- by two smaller fragments, one of
approximately 650bp and another which ran together on the gel with one of the vector
fragments of approximately 1.9kb. Thus these six clones appeared to be the products of

successful mutagenesis reactions, each having acquired an extra Dral site.

In order to confirm that the correct base change had been made, one of the mutant clones,

designated MUT1, was sequenced using an automated DNA sequencer (ABI). The desired base
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Figure 5.2 Restriction analysis of products of the mutagenesis reaction.

Double-stranded DNA from nine presumptive mutants was digested with HindIIl and Dral

to look for the presence of the newly created Dral site.

Lane 1 Template DNA Hindl1/Dral
Lane2  Mutant 1 Hindll/Dral
Lane 3 Non-mutant Hindlll/Dral
Lane 4 Mutant 2 Hindll/Dral
Lane 5 Mutant 3 Hindlll/Dral
Lane 6  APstl size markers

Lane 7 Non-mutant Hindlll/Dral
Lane 8§ Mutant 4 Hindlll/Dral
Lane 9 Mutant 5 HindIl/Dral
Lane 10 Mutant6 - HindIll/Dral
Lane 11  Non-mutant Hindlll/Dral

Six of the nine mutagenesis products tested had acquired an extra Dral site.

Fragment a) is the fragment in which the Dral site was created and is therefore absent in
the mutants

Band b) contains two fragments from the mutants - the HindI1I/Dral fragment containing
the chiB coding region runs together on the gel with a vector fragment. '

Fragment c) is the second fragment derived in the mutants from the original fragment a).

The sizes of the APs:I size markers, starting at the top, in kb, are:- Band 1 - 14.09; Band 2 -
11.41; Band 3 - 5.08; Band 4 - 4.75; Band 5 - 4.51; Band 6 - 2.84; Band 7 - 2.56/2.'45/2.44;'
Band 8 -2.14; Band 9 - 1.97; Band 10 - 1.70; Band 11 - 1.16; Band 12 - 1.09; Band 13- 0.8







Figure 5.3 Comparison of the chiB DNA sequence before and after mutagenesis

Figure 5.3a shows the original sequence of the chiB upstream region as obtained by manual

sequencing.

Figure 5.3b shows the sequence of MUT1 over the same region as obtained using an

automated sequencer.

The mutated base is indicated.






change had in fact occurred, as demonstrated in Figure 5.3 where the sequence of the original

template (manually sequenced) is compared to the sequence of the mutant.

5.2.3 Recloning of the mutated chiB fragment.

Now that the DraI site had been created, the chiB coding region was present within a
HindIll/Dral fragment which lacked the promoter sequences. The entire HindHI/EcoRI
fragment was subcloned back to pUCI19 prior to excision of the promoterless fragment. As can
be seen in Figure 5.2, the Hind!l/Dral chiB fragment comigrates with a M13mp19 vector
fragment when digested DNA is separated on an agarose gel. Also, DNA manipulation would
be easier with a pUC-based plasmid since better DNA preparations can be obtained than from
M13 constructs. Once in pUC19, chitinase production from the mutated fragment could be

assayed to check that no extra mutations had occurred which affected the activity of the

enzyme.

Therefore MUT1 miniprep DNA was digested with HindIIl and EcoRI and the 2.2kb
fragment was recovered from an agarose gel and ligated to pUC19. An aliquot of the ligation
mix was used to transform competent DH5a and transformants were selected on X-gal/amp
plates. Four white colonies were chosen for analysis and miniprep DNA from these was
digested with HindIIl and EcoRI and analysed on an agarose gel. The result is shown in Figure
5.4a and it can be seen that 3 of the 4 clones contained the correct 2.2kb insert. - One of these
was designated pMUT19 and was used in further DNA manipulations. To confirm the presence
of the new Dral site in this plasmid both pMUT19 and pCH7 (the equivalent unmutated
plasmid) were digested with HindIII and Dral and the DNA fragments separated on an agarose
gel. The result is presented in Figure 5.4b and clearly demonstrates the presence of an extra
restriction site in pMUT19. It also shows the HindIIl/Dral fragment which contains the chiB

coding region and which will be used in the final vir-promoter:chitinase construct.

- DH50(pMUT19) and DH50(pCH7) were inoculated into Sml of L-broth and incubated
overnight at 37°C. Cell extracts were prepared (section 3.8) and both they and the culture
supernatants were assayed for chitinase activity (see section 2.16). DH5c(pMUT19) retained
the ability to produce a high level of chitinase (9.1 OD,4;y/mg protein), comparable to that
produced by DH50(pCH7) (10.2 OD4;/mg protein).
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Figure 5.4 Recloning of the mutated chiB fragment into pUC19.

A) Restriction digests of miniprep DNA from four transformants resulting from the ligation

of the mutated chiB fragment to pUC19.

Lane 1 APst size markers

Lane 2 Empty .
Lane 3 Transformant 1 HindIIl/EcoRI
Lane 4 Transformant 2 HindIIl/EcoRI
Lane 5 Transformant 3 HindIIl/EcoRI
Lane 6 Transformant4 HindIll/EcoRI

Lane 7 APs: size markers

Transformants 1, 2 and 3 each contained the chiB fragment. Transformant 1 was chosen as
. pMUTI9.

B) Confirmation of the new Dral sitc in pMUT19.

Lane 1 pCH7 HindlIll/Dral
Lane 2 pMUTI19 HindIl/Dral

Lane 3 APstl size markers

Band a) is the fragment of pCH7 in which the Dral site was created.
Band b) is the HindIll/Dral fragment of pMUT19 which contains the chiB coding region.

Band c) is the second fragment formed by the creation of the Dral site in pCH7.






5.2.4 Removal of the chiB promoter region.

This was achieved by digesting pMUT19 with HindIII and Dral and isolating the required
fragment (indicated in Figure 5.4b) from an agarose gel according to section 2.7.8. The
fragment was ligated to pUCI19 digested with HindIIl and Smal and the ligation mix used to
transform competent DHS« cells. Transformants were again selected on X-gal/amp plates and
5 white colonies were chosen. Each miniprepped plasmid, upon digestion with HindIII and
EcoRl, was found to contain the chiB gene and one was chosen as pCBI1 (Figure 5.5).
DH5a(pCB1) was inoculated into Sml of L-broth and incubated at 37°C overnight. The cell
extract was assayed for chitinase activity as previously described (section 3.8) and was not
found to contain any enzyme activity (a figure of 0.885 OD41/0/mg protein). This demonstrated
that all upstream regions of the chiB gene necessary for expression had been successfully
removed. Hence the chiB gene was finally in a suitable form to be linked to either the virB or

virE promoter fragments described in section 4.8.

5.3 Linking the chiB coding region to the virB promoter.

pCB1 was digested with EcoRI and 'phosphatased to prevent self-ligation of the plasmid
(section 2.7.5). pVB21 (section 4.8) was also digested with EcoRI to excise the virB promoter
fragment which was then isolated from an agarose gel following electrophoresis (section 2.7.8).
The two were ligated and transformed into DHSa with transformants being selected on L-amp
plates. Since blue/white selection on X-gal was not possible, transformants were streaked onto
a master plate and a nitrocellulose filter in order to carry out a colony hybridisation as described
in section 2.7.14. The digoxygenin-labelled DNA probe was prepared according to section
2.7.11 using the virB Sall/HindIIl fragment of pVB1 which had been purified from an agarose

gel.

A number of colonies which were identified as being positive were inoculated into L-broth
and incubated ovemnight at 37°C in order to prepare plasmid minipreps. Miniprep DNA was
digested with EcoRI and analysed on an agarose gel to check for the presence of the virB
promoter fragment. Those plasmids which contained the fragment (F\igure 5.6b) were then
digested with Sall to determine the orientation of the virB promoter in each case. Figure 5.6a
shows the result of electrophoresing the.digested plasmids on an agarose gel. Of the five
plasmids analysed, three contained the virB promoter in the correct orientation with respect to

the chiB gene. The correct plasmid was designated pBCB1.
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Figure 5.5 The construction of the virB-chiB plasmids.
A s'cjhe_mz'itic diagram to show the construction of pCB1, pBCB1 and pBCB2.

Key:- H = Hindlll; E = EcoRl; X = Xbal.



pMUT19
Dral site created

H i E
L chiB H
-
ligate Hindill/Dral fragment
to pUC19
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pVB21
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| . virB |
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Figure 5.6 Construction of plasmids carrying the virB promoter linked to the chiB coding
region. '

A) Sall digests of miniprep DNA to determine which plasmid contained the virB promoter

in the correct orientation.

Lane 1 APsiI

Lane 2 virB-chiB 1
Lane 3 virB-chiB 2
Lane 4 virB-chiB 3
Lane 5 virB-chiB 4
Lane 6 virB-chiB 5
Lane 7 -

Lane 8 APs:I

Lanes 2, 4 and 5 contained DNA from plasmids with the promoter in the correct
orientation. VirB-chiB 1 was designated pBCB1.

B) Lane 1 APstl1 size markers
Lane 2 pBCB1 EcoRI
This shows the virB promoter EcoRI fragment cloned into pCB1.

C) Cloning of the virB-chiB cassette into pUCD4. Miniprep DNA from pBCB1 and
pBCB?2 was digested with Xbal to demonstrated the presence of the Xbal fragments containing

the virB-chiB cassette.

Lane 1 APst
Lane2 pBCB1  Xbal
Lane 3 pBCB2  Xbal






The promoterless chiB gene carried on pBC1 had now been linked to the virB promoter
which had been taken from pUCD1187 and thus a vir-promoter-pesticide construct had been
created (Figure 5.5). '

5.4 Transfer of the virB-chiB cassette to a broad host-range vector.

Since pBCBI1 was a pUC—baséd plasmid it did not possess the essential functions needed to
replicate in Agrobac}erium. Therefore it was necessary to transfer the vir-chitinase cassette to a
broad host-range vector which was able to exist in both E. coli and A. tumefaciens. The vector
chosen was pUCD4 which has a number of unique, screenable cloning sites. This plasmid was
obtained from pUCDG607 which is a derivative of pUCD4 containing a promoterless lux operon
inserted as a single fragment into the Sa/l site (Shaw & Kado, 1986). In order to recreate
pUCD4 for use as a cloning vector approximately 1pg of pUCD607 was digested with Sall.
Following phenol/chloroform extraction and ethanol precipitation the DNA was resuspended in
10@1 of distilled water and 2l of this was self-ligated in a total reaction volume of 20ul. This
dilution of the DNA should have ensured that the majority of the religated plasmids lacked the
Sall fragment. The ligation mix was used to transform competent DH50 and transformants
were selected on L-ampfiet plates since removal'of the lux fragment should have restored
tetracycline resistance. A plasmid corresponding to pUCD4 was identified from restriction

analysis of miniprep DNA from a number of transformants.

The virB-chiB cassette was then removed from pBCBI1 as an Xbal fragment and inserted
into the Xbal site of pUCD4. To achieve this it was necessary to carry out a partial digest of
pBCB1, digesting 2ug of pBCB1 in a total volume of 30ul at room temperature and removing
2ul from the digest every 4 minutes into 2.4ul of S0mM EDTA pH8.0 and 5yl of stop dye. The
partial digest was electrophoresed on an agarose gel and the fragment isolated which
corresponded to the entire vir-chitinase DNA. This was ligated to pUCD4 digested with Xbal
and, since there was no selection for recombinant plasmids, phosphatase treated. Transformants
were selected on L-amp plates and were streaked onto a master plate and nitrocellulose filter in
order to carry out a colony hybridisation as described in section 2.7.14. The probe used was the
same virB promoter fragment as that employed in section 5.3. Colonies which were identified
as positive were grown up overnight in Sml of L-broth and miniprep DNA was prepared. This’
was digested with Xbal and analysed on an agarose gel. A plasmid which showed the correct

_restriction pattem (see Figure 5.6c) was designated pBCB2.
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5.5 Conjugation of pBCB2 into Agrobacterium.

As pUCDA4 is a mobilisable broad host-range plasmid, pBCB2 could now be introduced
into Agrobacterium by means of a triparental mating, using pRK2013 as a helper plasmid. This
was carried out according to section 2.17 with DHSa(pBCB2) as the donor strain,
HB101(pRK2013) as the helper strain and C58C!(pVK257) as the recipient strain.
Transconjugants were selected on L-RifKmCb plates. Carbenicillin was substituted for
ampicillin when Agrobacterium was involved. Aliquots of donor and recipient strain cultures
were also plated onio the same selective media to confirm that the selection was sufficiently
stringent - neither sirigle culture should have been able to grow under the selection.
Presumptive transconjugants were subjected to the 3-keto-lactose test as described in section
2.14.

Two positive colonies were chosen for further analysis to check for the presence of both
pVK257 and pBCB?2, since C58'C1 which had acquired pBCB2 but had lost pVK257 would be
resistant to the antibiotics used in the selection process. The two colonies were inoculated into
L-broth containing carbenicillin and kanamycin and incubated with shaking at 28°C for 48
hours. Miniprep DNA was obtained from each culture, digested with Sa/l and analysed on an
agarose gel. In addition pVK257 and pBCB2 were each separately digested with Sall and run
| on the same gel (Figure 5.7a). The second transconjugant did not contain pVK257 and so was
discarded. The first transconjugant contained two plasmids. One of these was pVK257 whilst
the other contained a Sall fragment of approx. 11kb which Was present in the pBCB2 digest.
However, instead of two smaller fragments of 4.3 and 2.8kb there was a single fragment of
approx. 7kb. Thus pBCB2 may have lost a Sall site during its transfer to Agrobacterium.

The miniprep DNA from this transconjugant was digested again with each of Sall, EcoRI
and Pstl. Control digests were included and the DNA electrophoresed on an agarose gel (Figure
5.7b). The miniprep digests with EcoRI and Pstl show an identical fragment pattem to that
displayed by similarly digested pVK257 and pBCB2. Only the fragments obtained from the
Sall digest differ in size and number. Upon examination of sequences present in pBCB2 it was
noted that the following series of restriction sites existed:-BamHI - Xbal - Sall - Xbal followed

immediately by the virB promoter fragment

During the construction of pBCB2 (see section 5.4) the partial Xbal digest gave rise to a
fragment which included both Xbal sites 5' of the virB promoter. Upon conjugation of the
plasmid into C58C! which is recombination proficient, the DNA between the two sites must
have looped out causing the loss of the intervening Sall site. This would explain the pattern of
fragments observed following digestion of the transconjugant miniprep DNA with Sall. A
repeat conjugation of pBCB2 into C58C! gave rise to the same result (data not shown).
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Figure 5.7 Restriction digests of miniprep DNA from Agrobacterium transconjugants
possibly contammg pBCB2.

A)Lane 1 size markers

Lane 2 pVK257 Sall
Lane 3 pBCB2 Sall
Lane 4 Transconjugant 1 Sall
Lane 5 Transconjugant 2 Sall

~ Transconjugant 2 did not contain pVK257.
Transconjugant 1 contained pBCB2 which had lost a Sall site.

B) Further restriction digests of miniprep DNA from transconjugant 1.

Lane 1 APstl

Lane 2 Transconjugant 1 EcoRI
Lane 3 pVK257 ~ EcoRI
Lane 4 pBCB2 EcoRI
Lane 5 Transconjugant 1 Sall
Lane 6 pVK257 Sall
Lane 7 pBCB2 Sall
Lane 8 Transconjugant1 —  Psil
Lane 9 pVK257 V Pstl
Lane 10pBCB2 st

Lane 11APst






5.6 Acetosyringone-inducible chitinase production by Agrobacterium harbouring the virB -
chiB construct. :

The aim of this project had been to construct plasmids which could be used as part of a
plant protection system in Agrobacterium. A key feature of this system is that expression of a
pesticidal protein is induced by phenolic compounds present in plant wound exudates.
Therefore, as a last step, it was necessary to demonstrate that chitinase expression in
CS8Cl(pVK257, pBCB2) was inducible by acetosyringone, a potent vir-inducer. pVK257
provided the virA and virG recognition and transcriptional activation functions essential for the
induction of the virB promoter. In order to investigate the expression of ChiB in this system

chitinase activity was measured over a period of 24 hours following addition of acetosyringone

to a culture.

100ml of induction medium (see section 2.4) was inoculated with 1ml of a fresh overnight
culture of C58C! harbouring pVK257 and pBCB2. This was incubated with shaking at 28°C
for 8 hours. At this point the cells were in early - mid log. phase and the culture was divided
equally into two. To one half of the culture was added 50pl of 10-IM acetosyringone in 70%
methanol, to give a final concentration of 100uM. To the second half of the culture was added
50ul1 of 70% methanol as a control. A 1ml aliquot was immediately removed from each culture
to form the zero time sample and the cultures were then incubated at 28°C with vigorous
shaking. Further 1ml samples were removed every 2 hours until 14 hours after the addition of
acetosyringone or solvent. After this time two further sets of samples were taken at 17 and 24
hours. Each sample, when taken, was centrifuged for 2 minutes to pellet the cells and the
supematant was removed and stored at 4°C. Cell extracts were prepared from the cell pellets as
described previously (section 3.8) and 50ul aliquots were assayed for chitinase activity using p-
nitrophenyl-B-D-N,N'-diacetylchitobiose (section 2.10). The reactions were allowed to proceed
at 50°C for 20 minutes before being terminated by the addition of 10ul of 1M NaOH. The
absorbance of each sample was measured at 410nm as described in section 2.10. Protein
determinations of each cell extract were also carried out using the Bradford assay (section 2.15).
The results are shown in graphical form in Figure 5.8, expressed as absorbance at 410nm per

mg of protein.

The level of chitinase in the cell extracts from the induced culture started to increase almost
immediately following the addition of acetosyringone. In fact, the level had doubled after 2
hours incubation and it then increased rapidly up to 6 hours, after which time the rate of
increasé dropped. Between 17 and 24 hours following induction the level of chitinase in the cell
extracts appeared to increase very slowly, but samples would need to be taken during the
intervening hours to obtain an accurate view of the situation. The culture which did not contain
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Figure 5.8 Acetosyringone-inducible chitinase production by Agrobacterium C58C1
harbouring pYK257 and pBCB2.

Time zero is the point of addition of acetosyringone or control solvent to the log. phase
cultures. The experiment was performed twice and the same pattern of induction was observed

each time.



'AS induction of chitinase from pBCB2

Absorbance/mg protein (410nm)
10. '

0 | | | .

0 5 10 | 15 20
Time (hours) -

—— _AS —— +AS

25



acetosyringone also showed a small increase in the amount of chitinase in the cell extract. This
increase continued up until 6 hours following addition of the control solvent but no further
increase was observed after this time. Only a low level of chitinase was detected in this culture

at any point however.

The supernatant from each sample was also assayed for chitinase (section 2.10) but no
sample showed any detectable activity. This was a surprising result in view of a preliminary
experiment which had been carried out (result not shown). In .this, a 10ml culture of
C58C(pVvK257, pBCBZ), grown to log. phase in L-broth was divided into two and one half
was induced with acetosyringone. Following ovemight incubation, chitinas.c activity was
clearly present in the supernatant of the induced culture but was absent from the non-induced
culture. Thinking that secretion of the chitinase may be linked to girowth of the cells, further
samples were taken from the timed experiment at 36 and 48 hours. No chitinase activity could
be detected in the supernatant of the cultures at these times even though the cells would have

been in stationary phase.

5.7 Vir - chitinase constructs utilising chiA.

Results obtained whilst constructing a virB-lux plasmid for use as a reporter system for vir-
induction indicated that the virB promoter utilised in the initial construction (pDUB2512) was
not functioning efficiently (see Chapter 4). Possible reasons for this have been discussed
previously (section 4.10.3). Thus the decision was taken to use the virB and virE promoters
described in section 4.8 to reconstruct vir promoter-pesticide plasmids containing chiA. This
was in an attempt to increase the production of ChiA from an acetosyringone-induced culture of

Agrobacterium, achieving better levels of expression than those previously reported (Ashby,

1988).

5.7.1 Cloning of the chiA region from pDUB2512.

The plasmid pDUB2512 contained the coding regiqn of the S. marcescens chiA gene linked
to a virB promoter fragment derived from pSM30 (Ashby, 1988). The promoter region of the
chiA gene had been deleted pribr to cloning, thus the gene was in a suitable form to be utilised

in further plasmid constructions in conjunction with alternative promoters.

1ng of pDUB2512 was digested with EcoRI and BamHI and the 2.2kb chiA fragment was
isolated from an agarose gel by the freeze-squeeze method (section 2.7.8). The fragment was
ligated to pUCI19 and the ligation mix was used to transform competent DHS5a cells to
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ampicillin resistance. White colonies on X-gal/amp plates were selected and miniprep DNA
was obtained. Restriction analysis of the miniprep DNA was carried out to identify a clone with
the correct insert. This was designated pCAS.

5.7.2 Construction of pBCAl.

In order to link the chiA coding region to the virB promoter described in section 4.8 it was
first necessary to excise the virB promoter fragment from pVB1. 1ug of pVB1 was digested
with HindIII and the 3kb virB fragment was isolated following electrophoresis on an agarose gel
(section 2.7.8). The fragment was ligated to pCA8 which had been digested with HindIII and
phosphatased to prevent self-ligation. Transformants were selected on L-amp plates and a
number were chosen for screening by restriction analysis of miniprep DNA. Those plasmids
which were found to contain the correct HindIIl fragment were then digested with BamHI to
identify one which contained the promoter in the desired orientation. pUC19 carrying the virB-
chiA cassette was designated pBCA1 (Figure 5.9).

The HindIII fragment removed from pVB1 did not contain the entire fragment originally
isolated from pUCD1187 but was approximately 200bp shorter at the 3' end. The limited
sequence data available at the time indicated that this loss of such a small amount of DNA
would not affect the promoter activity of the fragment. The sequence lost would only be a part
of the coding region of one of the virB genes, whilst the promoter region of the operon was
further upstream towards the 5' end of the DNA fragment.

5.7.3 Construction of the broad host-range plasmid pBCA2.

pBCALl, being a pUC-based plasmid, could not be maintained in Agrobacterium, so again
it was necessary to employ a broad host-range vector. In this instance no suitable sites were
present within pUCD4, so it was decided to employ an altemative strategy involving the
formation of a cointegrate plasmid consisting of pBCA1 and pGV1106. pGV1106 is a broad
host-range plasmid that carries the origin of replication of the W-type plasmid pSa thus
allowing it to replicate in Agrobacterium (Leemans et al., 1982). Both pBCA1 and pGV1106
possess a unique EcoRlI site and so 500ng of each plasmid were combined in a total volume of
20y and digested with EcoRI. The digest was terminated by phenol/chloroform extraction and
following ethanol precipitation the DNA was resuspended in sterile distilled water. Ligation
buffer (section 2.7.6) and 1 unit of T4 DNA ligase were added to the digested DNA and the
ligation was allowed to proceed ovemight at 15°C, E. coli DH5a transformants were selected
on L-amp kan plates. Since pBCA1 possesses ampicillin resistance and pGV1106 is resistant to
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Figure 5.9 Construction of virB-chiA plasmids.
A schematic diagram to show the construction of pBCA1 and pBCA2.

Key:- H = HindIll; B = BamHI; E = EcoRI.



kanamycin and gentamycin, selcction on L-amp kan plates would only allow the growth of cells
containing a cointegrate plasmid, or possibly the two original plasmids coexisting in the same

cell.

Five transformants were obtaincd under this selection and miniprcp DNA was obtained
from each. Undigested DNA was first electrophoresed on an agarose gel to ensure that only one
plasmid was present in each case. Each plasmid was then digested with EcoRI and
EcoRl/BamHI and analysed by gel clectrophoresis to verify that the correct fragments were
present (Figure 5.10a). The required plasmid cointegrate was designated pBCA?2 (Figure 5.9).

5.7.4 Transfer of pBCA2 to Agrobacterium.

pBCA2 was transferred to Agrobacterium C58Cl(pVK257) by means of a triparental
mating as detailed in section 2.12. Resulting transconjugants, selected on L-RifKmCb plates,
were subjected to the lactose plate test (section 2.14) to confirm that they were Agrobacterium.
Four colonies which gave a positive result were inoculated into L-broth + ampicillin and
kanamycin and grown ovemnight at 28°C so that 'miniprep DNA could be obtained. The
miniprep DNA from each transconjugant was digested with EcoRI and analysed on an agarose
gel togethef with pBCA2 and pVK257 each digested with EcoRI. The result is shown in Figure
5.10b. One transconjugant had lost pVK257 since there was no specific selection for this
cosmid, but the other three each contained both pVK257 and pBCA2. One of the desired

transconjugants was selected for studies on the expression of ChiA (see section 5.8).

5.7.5 Construction of pECAL.

To determine whether the virE or virB promoter would be the most effective one to use in
further vir promoter-pesticide constructs a plasmid was also created in which the virE promoter
of pTiC58 was linked to the chiA coding region. It was hoped to then compare the levels of

chitinase expression generated by the two promoters.

The virE promoter fragment of pEVS (see section 4.8) was excised as a BamHI fragment
and isolated from an agarose gel by the freeze-squeeze method (section 2.7.8). This was ligated
to pCA81 digested with BamHI and phosphatased. pCA81 had been constructed by transferring
the BamHI - EcoR1 chiA fragment from pCA8 to the Bluescript vector SK*. The ligation mix
was used to transform competent E. coli DHSo and transformants were selected on L-amp
plates. Resulting colonies were streaked onto a nitrocellulose filter and a corresponding master

plate so that a colony hybridisation could be carried out to identify clones containing the virE
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Figure 5.10 Construction of pBCA2 and its transfer to Agrobacterium.

A)Lane 1 pBCA2 EcoRI
Lane 2 pBCA2 EcoR1/BamHI

Lane 3 APst size markers

Fragment a) is the pGV 1106 part of the cointegrate.
Fragment b) is the pBCA1 part of the cointegrate.

B) Confimation that pBCA?2 had been transferred to Agrobacterium.

Lane 1 APs:I size markers

Lane 2 Transconjugant 1 EcoRI
Lane 3 Transconjugant2 EcoRI
Lane 4 Transconjugant 3 EcoRI
Lane 5 Transconjugant4 EcoRI
Lane 6 pVK257 EcoRI
Lane 7 pBCA2 EcoRI1

Lane 8 APsd size markers

Transconjugant 4 did not contain pVK257.






promoter fragment (scction 2.7.14). The probe used in this experiment was the BamHI
fragment of pVES containing the virE promoter. Colonies which were revealed as positive in
the hybridisation screening were then chosen for restriction analysis of their miniprep DNA.
Digestions were carried out first with BamHI to confirm the presence of the correct insert and
then with Psi to identify a clone with the promoter in the correct orientation. This was

nominated pECA1.

5.7.6 Construction of pECA2.

The broad host-range vector chosen to carry the virE-chiA cassette was again pUCDA4.
pECAL1 was digested with Xbal and Kpnl which removed the entire virE-chiA cassette as a
single fragment. This fragment of approximately 3kb was isolated from an agarose gel and
ligated to pUCD4 which had been digested with Xbal and Kpnl. The ligation mix was used to
transform competent DHSo and transformants were selected on L-amp plates. Resulting
colonies were replica plated onto L-kan plates since insertion between the Xbal and Kpnl sites
would have inactivated the kanamycin resistance gene of pUCD4. Miniprep DNA from
colonies which were ampicillin resistant but kanamycin sensitive was digested with Xbal and
Kpnl and analysed on an agarose gei. One plasmid which contained the correct virE-chiA insert

was chosen as pECA2.

pECA2 was introduced into Agrobacterium CS8C}(pVK257) using the electroporation
method described in section 2.13. Transformants were selected on L-RifKmCb plates and a

rnumber were chosen for restriction anélysis of miniprep DNA to check that both pVK257 and -

pECA?2 were present.

5.8 Acetosyringone-inducible chitinase expression from the vir-chiA constructs.

It was next essential to test the two vir promotér—chiA constructs for acetosyringone-
inducible expression of chitinase. 100wl aliquots of an overnight culture of Agrobacterium
harbouring one of the constructs were inoculated into Sml of L-broth +/- acetosyringone. These
were incubated for 24 hours at 28°C and the culture supernatants then assayed for chitinase as
described in section 2.10. The supematant of each culture lacking acetosyringone displayed
negligible chitinase activity, whilst the supernatants from the induced cultures each contained an
active chitinase. It appeared from this initial experiment that both constructs expressed
inducible ChiA and the cells containing pECA2 produced more chitinase than those containing
pBCA2. It was now necessary to carry out more rigorous assays to determine the comparative

inducibility of the two constructs.
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An identical procedure was followed for cach construct. 100ml of induction medium
(section 2.4) was inoculated with Iml of a fresh overnight culture of C58Cl(pVK257)
harbouring one of the constructs and incubated with shaking at 28°C for 8 hours. After this
time the culture was divided equally into two. To one flask was added SOul of 10-IM
acetosyringone and to the other was added 50ul of 70% methanol. A 1ml aliquot was
immediately removed from each flask to act as a zero time sample and the cultures were then
returned to incubate at 28°C. Further 1ml aliquots were removed at varios time points. (Figures
5.11 and 5.12).

Cell extracts were prepared from each sample and the protein content determined using the
Bradford assay (section 2.15). The protein content of the supernatant fraction of each sample
was also determined. SOl of each cell extract was assayed for chitinase activity according to
section 2.le and 100u! aliquots of the supernatant samples were also assayed. The cell extract
assay was incubated at 50°C for 30 minutes, whilst the supernatant assay was allowed to

proceed for 16 hours.

The results of the cell extract assays were calculated as absorbance at 410nm per mg of
protein and are presented in Figure 5.11 (for C58C! containing pECA2) and Figure 5.12 (for
C58C! harbouring pBCA2).

The results for pECA2 (Figure 5.11) indicated that induction of chitinase took place
following addition of acetosyringone to the culture. The level of chitinase increased from the
point of addition of acetosyringone up until 15 hours post-induction after which time it dropped
slightly. The uninduced culture displayed only a small increase in the level of cellular chitinase
and this remained well below the level present in the induced cells. This result demonstrated
that the virE-chiA construct functioned correctly. The virE promoter responded to induction of
the culture with acetosyringone, this induction being mediated by VirA and VirG expressed
from pVK257.

Assays carried out on the corresponding extracellular fractions failed to detect any
chitinase activity in the culture supematants. This was a comparable result to that obtained with
C58C! containing pBCB2: the cell extract but not the supernatant of induced cultures grown in
induction medium contained active chitinase, whereas chitinase was present in the supematant

of induced cultures grown in L-broth.

A similar result was obtained with pBCA2. No chitinase activity was detectable in any of
the supernatant samples but was present in the cell extracts (see Figure 5.12). Chitinase activity

of the extract increased for both induced and non-induced cultures from the 2 hour time point.
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Figure 5.11 Acetosyringone-inducible production of chitinase by Agrobacterium C58C1
harbouring pYK257 and pECA2.

The chitinase assays were carried out on cell extracts from induced and non-induced
cultures. The experiment was performed twice and the same pattern of induction was observed

each time.
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Figure 5.12 Acetosyringone-inducible chitinase production by Agrebacterium C58C1
harbouring pVK257 and pBCA2.

This graph shows the results of chitinase assays carried out on cell extracts as described in
the text. The experiment was performed three times and neither time was there a large
difference between the chitinase activity in the induced and non-induced cultures. In one

experiment there was an equal amount of "induction” observed in each culture.
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Although the difference between the amounts of chitinase in the two cultures was relatively low,

there was a greater increcase in the induced culture.

5.9 DISCUSSION.

Three plasmids were -constructed which could be utilised in a plant protection system
involving Agrobacterium as described in section 5.1. Each plasmid was shown to confer upon
Agrobacterium the ability to produce chitinase in the presence of the phenolic inducer
acetosyringone. In each case, when cells were grown in induction medium, chitinase activity
was detectable only in cell extracts and not in the culture supematants. This corresponded to
results obtained by Ashby (1988) and will be discussed later. The results also implied that the
virE promoter, when used in such a construct, conferred greater inducibility and better control

of expression of the pesticidal gene than did the virB promoter.

5.9.1 Relative efficiencies of the virB and virE promoters.

Earlier experiments had demonstrated that the virB promoter fragment from pDUB2512,
when linked to the lux operon of pUCD61S, only caused a low level of acetosyringone-
inducible light production in Agrobacterium (see Chapter 4). This was in contrast to the results
reported by Rogowsky ez al. (1987) who achieved 100-fold greater induction using a virB
promoter fragment from pTiC58. Thus it was decided that in all future constmc‘ts either the
virB or virE pfomoter from pTiC58 should be used. These two promoters, when fused to the lux
operon in pUCD1187 or pUCD1194 caused equally high levels of expression of the lux genes
upon induction with acetosyringone, although pUCD1194 gave slightly higher levels of basal
. expression (Rogowsky et al., 1987). Both promoter fragments had been excised from their
respective [ux plasmids and cloned into pUC19 for use in further plasmid constructs (section
4.8). The fragment containing the virB promoter was a large fragment of 3.4kb. Although no
sequence data for the pTiC58 virB operon was available at the time it could be deduced that this
DNA fragment contained extensive sequences both 5' to the promoter region, including the 3'
end of virA and downstream of the promoter region encorﬁpassing the coding regions of one or
more of the virB open reading frames. It was not therefore an ideal fragment to use although it
had been successfully employed in pU.CDl 187. For this reason, the virE promoter fragment
which was considerably smaller (0.7kb) and for which sequence data was available (Hirooka et

al., 1987) was selected as an alternative for use in vir-pesticide constructs.

In order to make an accurate comparison of the efficiencies of these two promoters in such

constructs, each promoter was linked to the coding region of the chiA gene of S. marcescens.
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This gene had been successfully utilised in a virB-chiA construct by Ashby (1988). The pTiA6
virB promoter fragment included in the construct was less efficient than either the pTiC58 virB
or virE promoter (Chapter 4). It was thercfore appropriate to recreate a vir-inducible chiA gene

to achieve higher levels of expression.

Agrobacteriwn containing pECA2 produced the greatest amount of chitinase with an
absorbance/mg protein of 22.67 becing recorded at one point. The maximum value obtained
with either virB construct was 10.14. However, the virE construct also caused a slightly higher
level of basal chitinase expression. This reflected the result obtained by Rogowsky et al. (1987)
who found the virE-lux plasmid, pUCD1194, caused higher basal expression than the virB-lux

fusion.

The results obtained did not show a large difference between the induced and nor-induced
levels of chitinase activity. In particular, the culture containing pBCA?2 displayed an increase in
chitinase production when no acetosyringone was added. After 24 hours the induced culture
contained only twice the chitinase activity of the non-induced culture.. A possible explanation
for this is the growth conditions used for the experiment. When Sml cultures were grown in L-
broth +/- acetosyringone and samples taken after 16 hours, the basal expression in the non-
induced culture was barely detectable with much higher levels of chitinase activity present in
the induced cultures. L-broth, having a pH of approximately 7.0 is recognised as being a poor
medium for vir-induction (Alt-Moerbe er al., 1989). In contrast, the induction medium used in
the time course experiments was optimised to provide the best conditions for vir-induction.
These conditions included a low pH of 5.5 and a low phosphate concentration. Both of these
enhance vir-induction by initiating transcription of virG from its P1 and P2 promoters in the
absence of acetosyringone, thus increasing the pool of VirG available for phosphorylation by
VirA (Winans, 1990). It has been reported that an increase in the copy number of virG led to
considerably elevated basal expression of virB and virE in the absence of acetosyringone. It
was suggested that since increases in VirG alone were sufficient to increase vir-gene expression,
then the VirG protein in its unactivated (ie. unphosphorylated) form -possessed some

transcriptional activation capability (Rogowsky et al., 1987).

The increase of VirG protein caused by the low pH and low phosphate content of the
induction medium may have been responsible for the high basal level of chitinase found in all
cultures. Any attem'pts to initiate vir-induction of an Agrobacterium culture under optimum
conditions in the laboratory are obviously far removed from the in situ soil environment of
Agrobacterium. The experiments described in this chapter merely demonstrated that inducible
expression of chitinase genes under vir-control was possible. The implication from this result is

that the system will perform similarly in a natural environment where vir-induction would
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normally occur. In such conditions it is possible that the high constitutive chitinase expression

observed in vitro would not be present.

Overall, the results of the induction studies indicated that the virE promoter was probably a
better choice for use in such constructs than the virB promoter. The result obtained with pEG2
(section 4.9.3) provided further evidence that high levels of inducibility were possible using the
virE promoter. It is difficult to compare the levels of chitinase produced by the three constructs
described here with that of the virB-chiA construct of Ashby (1988). The experiment carried
out with pDUB2513-measured only the chitinase activity present in the culture supematant and
the results were presentéd merely as absorbance values with no indication of either protein
content or cell numbers. Additionally, the length of incubation of the chitinase assay was not
stated but can be assumed to be overnight. Nevertheless, by comparing these results with
readings taken during the course of the experiments described in this chapter, it would appear
that pECA?2 gives much higher expression of chitinase than pDUB2513 although the level of
constitutive expression is also slightly higher (possibly for reasons described above). The virB-
chiA constructs also produce a greater amount of chitinase although' the difference is not as
marked. - The maximum absorbance value recorded by Ashby during the chitinase assays was
0.7 whereas a value of 2.5 was recorded when assaying extracts of an induced culture of
pECA2. By making a comparison with the expression of chitinase in E. coli, the level of
enzyme in the culture supernatant would be expected to be lower than that found in the cell
extract. However, since the cell extract assays were only allowed to proceed for 30 minutes
whereas the assays carried out by Ashby on the culture supemnatants were incubated for at least
16 hours it appears that the constructs described in this chapter cause greater amounts of

chitinase to be produced.

5.9.2 The effect of pH on chitinase activity.

No chitinase activity could be detected in the culture supernatant of either construct, even
when incubation with acetosyringone was continued for 48 hours, ensuring the cells would be in
stationary phase. A similar situation was reported by Ashby (1988) when assaying chitinase
production by C58C1(pDUB2513). In this case, chitinase assays were only carried out on
culture supernatants. No activity was evident upon induction at pHS.7 in either MinA or MS
" medium. Activity was detected however at pH7.0. Two hypotheses have been proposed to
account for this observation (Ashby, 1988). Either modifications made to the virB promoter
sequence had caused a "pH mutation” leading to a shift in the optimum pH for vir-induction, or

the chitinasé enzyme was not stable at the lower pH.
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The results presented here challenge the hypothesis which suggests that the pH optimum
for vir-induction had been altered. Using a different vir-promoter which had not been modified
in any way, chitinase activity was also found to be absent from the supematant of a culture
grown in induction medium at pHS.5. However, it was present in the supernatant of a culture
grown in L-broth at pH7.0. The cell cxtracts of cultures grown in both media contained
chitinase. Since chitinase was produced in media of both pH5.5 and 7.0, then the pH was not
affecting the vir-induction process or the expression of the chitinase genes. It is suggested that
if Ashby had assayed cell extracts from cultures grown at pHS.7 then chitinase activity wouid
have been present. Thus the lack of chitinase activity in the supernatants must have been due to
either the non-release of the enzyme from the cells or the detrimental effect of low pH on the
activity of the enzyme. Raising the pH of the induction medium to 6.0 did not alter the level of

chitinase activity detectable in the supernatants (results not shown).

Monreal and Reese (1969) reported that the optimal pH for chitinase production by S.
marcescens was 7.5, whilst Ashby (1988) found that S. marcescens grown on agar plates
containing chitin produced an active chitinase at pH7.0 but not at pH5.7. These figures do not
reflect the conditions for activity of the enzymes however. The crude chitinase of §.
marcescens, ie. the enzyme present in the culture supernatant, was found to have maximum
activity at pH6.4. -Relative activity dropped to approximately 10% at a pH of 5.0, although at

- pHS.5 the activity was still 80% of the maximum. Enzyme stability was only slightly reduced
at pHS.5 and the pH had to fall to 4.8 before 50% of the enzyme activity was lost in one hour
(Monreal & Reese, 1969).

If the pH of the growth media used in the experiments described in sections 5.6 and 5.8 had
remained constant then the activity of the chitinase enzymes should not have been adversely
affected. However if, despite the buffering capacity of the medium, the pH had dropped during
incubation of the culture to pH5.0 or below, then this could account for the lack of chitinase
activity observed in the culture medium. Only a relatively small drop in pH would be necessary
to cause a large drop in activity. To clarify this situation the experiments would need to be

repeated with the pH of the medium measured at intervals throughout the incubation.

5.9.3 Advantages of using an inducible microbial inoculant as a biocontrol agent.

Conventional disease and pest control has relied heavily on chemical fungicides and
pesticides. Precise application of these chemicals to the desired location on the plant foliage or
roots is impractical and therefore general spraying of crops and soil is widespread. This results
in more pesticides being introduced into the environment than is necessary. Recently, the

hazards associated with the use of chemicals in this manner, including the accumulation of
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pesticides in water supplies and contamination of food products, have led to general public
concern. This has been partly responsible for a renewed interest in biological control with
several companies operating programmes to develop biocontrol agents as éommercial products
(Weller,1988). The use of microbial inoculants as biological disease-control organisms has
several advantages over the use of conventional chemical control. Microbial inoculants are
. considered safer than many of the chemicals currently in use since if properly developed they
are not harmful to the environment and will not accumulate in the food chain. As they are self-
replicating this eliminates the need for repeated application throughout the growing season.
Finally, resistance of the target organism is less likely to occur than when chemical products are
used. This is aided by the fact that dclivery of the active biocontrol product is more precise and

so excessive levels are not widespread in the environment.

The use of a system such as the one described in section 5.1 has a further advantage in that
expression of the active biocontrol product by the microbial inoculant is regulated. By using the
vir-gene system of A. tumefaciens it has been possible to engineer Agrobacterium to express a
pesticidal product only when in the presence of inducing compounds released from wounded
plant cells. The bacteria can detect and respond to very low conéentrations of compounds in
plant wound exudates by moving chemotactically towards the site of the injury. Once at the
wound site the higher concentrations of inducing compounds trigger the induction of the vir-
gene system and thus the expression of the linked gene and the production of its pesticidal
protein. Hence the pesticide is only produced when it is required and at the site where it will be

most effective.

This mirrors a situation found in some plants where expression of pathogenesis-related
defence proteins is induced by stress or pathogen attack. Proteins induced by this response
include enzymes involved in the synthesis of phytoalexins (Darvill & Albersheim, 1984) and
lytic enzymes (eg. chitinases and glucanases) which are capable of degrading fungal cell walls
(Boller et al., 1983). Such a system is obviously of benefit to the plant since it is not using
valuable resources to constitutively express proteins which are only required at specific times.
Equally, a regulated system for the production of a pesticide will afford similar benefits to a

bacterium.

The development of successful plant transformation systems has led to the production of
transgenic plants which will express additional pesticidal proteins to enhance their natural
defence strategies. The chid gene of S. marcescens has been introduced into tobacco and is
constitutively expressed from two photosynthetic gene promoters (Jones et al., 1988). The
Agrobacterium system may offer advantages over transgenic plants. Each plant type to be
protected by introduction of forcign genes must be individually transformed, whereas a single

transformed Agrobacterium strain will be able to be used with a wide range of plant species.
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Vir-inducing compounds have been identified in a large number of plants so the biocontrol
system should function in each of these cases. Additionally, successful transformation of
economically important monocotyledonous crop plants has not yet been achieved. Such plants,
however, produce vir-inducing compounds (Messens et al., 1990; Usami et al,, 1988) and
chemotaxis has been observed towards monocot root and shoot extracts (Ashby et al., 1988).
Thus the Agrobacterium biocontrol system has the added benefit that it can be used to protect

both-monocot and dicot species.

5.9.4 Possible improvements to the Agrobacterium biocontrol system.

The plasmids whose construction has been described in this chapter form the most basic
elements of an inducible biocontrol system involving Agrobacterium. A number of refinements
could be made to improve the system. Obviously, Agrobacterium containing a plasmid with
either an inducible chiA or chiB gene should be tested to assess its plant protecting ability. The
constructs of choice would be pECA2 and a plasmid combining the virE promoter with the chiB
gene, since this promoter gave better production of chitinase. However, one of these chitinase
genes acting on its own may not be the most effective pesticidal protein. It may be that a new
construct combining the two chitinase genes under the control of the same vir-promoter would
create a more effective biocontrol agent since the two enzymes acting together may enhance the
degradation of chitin. Alternatively, a chitinase gene could be linked in the same plasmid with a
gene encoding a B-1,3-glucanase. In many plants this enzyme is coordinately induced with
chitinase upon infection (Shinshi ez al., 1987). A combination of the two enzymes may afford

better protection against fungal infection.

In the area of biological control, much interest has centered around the 6-endotoxin of
Bacillus thuringiensis. During sporulation, B. thuringiensis produces insecticidal, bipyramidal
inclusion bodies that are composed of one or more polypeptides called crystal proteins. There
are many distinct proteins produced by various B. thuringiensis isolates, each with a specific
toxic effect directed against insects belonging to a certain order. The majority of Bt toxins are
effective against Lepidoptera or Diptera (Hofte & Whitely, 1989). Thus a Bt toxin gene is a
major contender for inclusion in a vir-promoter-pesticide construct. This would extend the
usefulness of the system - chitinase producing microbial inoculants would primarily control
fungi whereas bacteria producing B: toxin would be effective in controlling insects. The &-
endotoxin gene from B. thuringiensis subsp. kurstaki HD-1 has been integrated into the
chromosome of root-colonising Pseudomonas ﬂuofescens and Agrobacterium radiobacter by
Obukowicz et al. (1986) in an attempt 1o target the delivery of the insecticide to the rhizosphere.

Utilising such a gene in the Agrobacterium biocontrol system described previously would refine
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the approach further by adding a degree of inducibility to the delivery of the insecticide. As
part of this project, work has alrcady commenced on linking the &-endotoxin gene from B.
thuringiensis subsp. kurstaki HD-73 10 a vir-promotér. The promoter region has been removed
from the gene and the virE promoter fragment described in section 4.8 has been cloned
upstream of the Bt coding region. Further work needs to be carried out with this construct to

transfer the virE-toxin cassette to a broad host-range vector and test for inducibility of the toxin

in Agrobacterium.

A vital part of the inducible Agrobacterium biocontrol system is the presence of both the
virA and virG genes. These provide the necessary functions to ensure induction of the vir-
promoter linked to the pesticide gene. Currently, these genes are located on the cosmid
pVK257 which also carries the virB and virC operons of pTiA6. This is not an ideal situation
since it requires the maintenance of two separate plasmids in the Agrobacterium cell. In the
cases described in this chapter there is no individual antibiotic selection for pVK257 and so
maintenance of this cosmid cannot be guaranteed. In a natural environment there would be no
selection for either plasmid and the need for two plasmids to be present to enable the system to
work would make it particularly inefficient. Initially it may be possible to combine both the vir-
promoter-pesticide cassette and the virA and G genes on the same broad host-range vector.
Ultimately, the ideal situation may be to integrate both these components into the bacterial

chromosome t0 ensure maximum stability.
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SUMMARY



SUMMARY

Agrobacterium tumefaciens, the causative organism of the disease Crown Gall, is a
common component of the soil microflora and is found predominantly in the rhizosphere (Kerr,
1969 & 1974). The prevalence of Agrobacterium in the rhizosphere is likely to be due in part to
the sensitive chemotactic response which it exhibits towards many sugars characteristic of plant
exudates (Loake ez al., 1988). This response is mediated by chromosomal genes and so occurs
for both virulent and avirulent bacteria. A futher level of attraction is then displayed as virulent
Agrobacteria harbouring Ti-plasmids show positive chemotaxis towards phenolic compounds in
plant wound exudates (Ashby ez al., 1987). This response requires the presence of two of the
Agrobacterium virulence gene products, VirA and VirG (Shaw et al., 1988). It is possible that
VirA and VirG interact with components of the chromosomally encoded chemotaxis system.
The attraction towards phenolic vir-inducing compounds such as acetosyringone is extremely
sensitive with maximal levels of attraction occurring at a concentration of 10-7M. This is 100-
fold lower than the concentraion of acetosyringone which gives maximum vir-induction. Thus
the bacteria are first attracted towards wounded plant cells by the low concentrations of
phenolic compounds which they detect, then as they reach the plant the concentration of wound

exudates increases until it-is high enough 10 effect vir-induction.

These two responses of Agrobacterium combine to make it an effective root coloniser and
disease causing organism, since vir-induction leads to transfer of the T-DNA and ultimately to
the formation of a tumour at the site of infection. However, it has been proposed to make use of
these responses in a different way and employ Agrobacterium as a disease control organism
(Ashby, 1988). The idea was to place ‘a gene encoding a pesticidal protein under the control of
a vir-promoter so that its expression would be induced by compounds released from wounded

_plant cells. * An avirulent Agrobacterium containing this construct and introduced into the
rhizosphere would be attracted to wounded plant tissue provided the required virA and virG
genes were also present in the cell. Once the bacterium reached the wound site the higher

concentrations of vir-inducers would elicit expression of the pesticide.

The aim of this project was two-fold - to engineer constructs consisting of a vir-promoter
and é pesticide gene which could be used in such a system and to devise a method of monitoring
the actual sites where vir-induction was occurring in the rhizosphere. This was important
because wherever vir-induction took place, then the pesticidal product would be produced. It

was assumed that since vir-inducing compounds are present in the exudate from wounded plant
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cells,'vir-induction occurs specifically at sites of injury on the plant root. When a plant is
injured it is particularly susceptible to invasion by opportunist pathogens. A biocontrol
organism which can deliver a pesticidally active protein at this site would therefore be

especially effective.

Biological control is currently enjoying renewed interest, although it has been practised 'for
many years. Concern has increased recently about the hazards associated with the chemical
fungicides and pesticides relied on for conventional forms of control and several companies are
researching the possibility of introducing'biocdntrol agents onto the market. Biological control
agents offer several advantages over chemical pesticides. Any active molecules they produce
are generally harmless to the environment and will not accumulate to toxic levels in the food
chain. Delivery of the active biocontrol product occurs at the site where it is needed and since
the biocontrol agent is a living organism, its self-replication eliminates the need for repeated
application. This ensures that excessive amounts of pesticides are not introduced into the
environment unnecessarily. The inducible system described here refines the process even
further as the active control product is expressed only at the precise time and place that it is

required ie. when the bacterium is in the presence of wounded plant cells.

Chitinase was chosen as the first active molecule to be used in the inducible biocontrol
system. Many agronomically important disease-causing organisms and pests such as fungi and
nematodes contain chitin therefore chitinase may be useful in the control of such organisms.
The Gram-negative bacterium Serratia marcescens produces a number of proteins with
chitinolytic activity (Fuchs et al., 1986) and the genes for two of these enzymes have been

cloned (Jones et al., 1986).

As part of this project, the chiB gene of S. marcescens was characterised and sequenced so
that it could be utilised in a construct where it was under the control of an Agrobacterium
virulence promoter. Its own promoter region was removed and replaced by a DNA fragment
containing the virB promoter from pTiC58. The final construct when mobilised into
Agrobacterium was demonstrated to produce chitinase upon induction with acetosyringone.
Two other plasmids were also constructed using the chiA gene from S. marcescens linked to
either the virB or virE promoter from pTiC58. Any of these plasmids could now be used in the
biocontrol system and experiments need to be carried out to determine their efficacy against a
variety of plant pathogenic fungi and nematodes. It is possible that a single chitinase enzyme
acting alone will not be sufficient to fully protect a plant from pathogen attack and either a
combination of chitinases with differing modes of action or a chitinase acting together with a
glucanase will be more effective. Alternative genes could also be considered, in particular a

gene encoding the d-endotoxin from Bacillus thuringiensis as the Bt toxins have well
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documented insecticidal activity (Hoftc & Whiteley; 1989). This would extend the range of the

biocontrol system allowing it to be used to control insect pests as well.

Experiments to demonstra_ite'in situ the sites of vir-induction were only partially successful.
By using lacZ as a reporter gene it was possible to obscrve vir-induction at artificially created
wound sites on the roots of seedlings, but the experiment was hampered by the endogenous B-
galactosidase produced by the plant. A rcporter construct was created in which the gus gene
was brought under the control of a \;ir-promoter; A lack of time precluded further experiments
from being undertaken with this construct and also with the Jux reporter plasmid. As detailed in
Chapter 4 there are a number of possibilities which could valuably be explored for the
utilisation of both of these plasmids.

The work carried out during this project has gone some way towards achieving a biocontrol
agent such as that envisaged previously (Ashby, 1988). An efficient vir-promoter has been
selected for use and plasmids have been constructed using two different chitinase genes. These
are now at the stage where in planta trials are crucial to determine what plant protecting
capabilities they possess. Any further work should concentrate on refining the system. This
may be achieved by removing the need to maintain two separate plasmids in the cell or even by
integrating all components cf the system into the bacterial chromosome. Incompatibility
functions may be incorporated into the system to prevent the avirulent Agrobacterium used as

the microbial inoculant from acquiring a Ti-plasmid.

It is likely that concem would be expressed over releasing a genetically engineered known
plant pathogén into the environment. Therefore it would be of interest to determine whether the
inducible vir-system could be transferred to other, non-pathogenic bacterial species which are
also good rhizosphere colonisers. It is already known that the Ti plasmid genes function in
Rhizobium since expression of a Ti plasmid in this bacterium makes it tumourigenic (Hooykaas
et al., 1977). However, it is not known whether the VirA and VirG mediated chemotaxis to

phenolic compounds would still occur .
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