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ABSTRACT

Plant polyphenols are a versatile group of secondary metabolites that function
as defense compounds in plants. The present study investigated and confirmed that high
contents of polyphenols of several dicot plant species are responsible for the resistance to
Agrobacterium-mediated-genetic-transformation. Leaf explants of high polyphenol
containing plants viz. Elaeocarpus sphericus, Podocarpus macrophyllus, Rosa sp,
Podophyllum hexandrum, Malus domesticus and five important cultivars of tea (i.e. TV1, T-
78, U9, U10 and KJ) were transformed using the virulent strain GV 3101 of Agrobacterium
tumefaciens. GUS expression was directly used to measure Agrobacterium’s ability to
transform these explants. Present study also correlated the effects of freshly extracted leaf
polyphenols and PPO activities with Agrobacterium growth. The study also revealed that
higher concentrations rather than the type of polyphenols posed a ‘major hindrance’ to
Agrobacterium infection. However, the growth suppressing effects of leaf polyphenols was
largely overcome by 2-amino glutarimide prepared by over autoclaving of L-glutamine. 2-
amino glutarimide in the co-cultivation medium was successful in facilitating Agrobacterium
infection of the leaves of all the studied plants, irrespective of their polyphenol contents. The
gene fusion assays with Lac Z and vir A, G and pinF genes for this compound showed that it
can function where Agrobacterium’s own phenol detoxifying mechanism failed. Vegetative
growth of Agrobacterium was crucial for attaining an optimal infecting density, where 5-
oxoproline formed due to normal autoclaving served as a quorum signal. However, the study
confirmed that 2-amino glutarimide is not a vir inducer by using. TLC and NMR techniques
were applied to confirm the xenobiotic detoxification of polyphenols by 2-amino glutarimide
and the actual mechanism for polyphenol quenching by 2-amino glutarimide was proposed.
The mechanism was further proven by a ‘colour based kit’ that showed the quenching of
toxic polyphenols.
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1. INTRODUCTION

Genetically modified (GM) crops have a great potential for improving crop
quality and productivity and also in meeting the ever increasing demands of man for
food, clothes, medicine, environment etc. With man’s persistent efforts at meeting the
emerging challenges of the world, it is expected that by 2020, almost all crops would be
modified using biotechnological technique (Verma, 2004). Although GM crops can be
produced both by direct delivery and Agrobacterium methods, the latter is generally
preferred over the former. Despite several advantages like lower degree of transgene re-
arrangement, cost effectiveness and simplicity of usage (Hamilton er al, 1997), the
Agrobacterium method of gene transfer is highly constrained by its limited range of
specific hosts ( Potrykus 1990). Thus, while most dicots are susceptible to Agrobacterium
and were successfully transformed, monocots remained largely resistant until new and
innovative interventions were made in the last decade. It was only when this method of
gene transfer was extended to newer crops related to other aspects of human needs like
clothing, shelter, wood, environment etc. that even some dicot plants were reported to be
highly resistant to Agrobacterium infection. The limited host range specificity and the
differential ability of Agrobacterium to infect cultivars or genotypes even within a
particular species was also reported (Hawes et al., 1989; Biao et al.). The major reasons
for this resistance was attributed to plants’ natural defense mechanisms, including

‘surface characteristics’ and ‘wound response’ (Kumar et al., 2004).

One common defense mechanism employed by almost all plants is polyphenol
exudation and oxidation. It is by this mechanism that plants ward off most pathogen/pest
attacks. Polyphenols generally does this by interfering with the physiology and
biochemistry of invading microorganisms. Thus, recent reports from our laboratory
hypothesized that Agrobacterium infection of even dicot explants was resisted mainly by
the presence of toxic amounts of plant polyphenols (Kumar et al., 2003; Sandal et al.,
2006). Plant polyphenols belong to the family of ‘tannins’ and are basically defense

compounds (Haslam. 1988). On the other hand, Agrobacterium is a gram negative soil



phytopathogen belonging to the family Rhizobiaceae. Wild type A. tumefaciens and A.
rhizogenes, the two most popular species of Agrobacterium actually cause neoplastic
diseases (crown gall and hairy root, respectively) in plants. Thus, it is but natural for
plants to produce polyphenols to resist Agrobacterium infection. Probably, the resistance
created by polyphenols is so strong in some plants, that even the detoxifying mechanisms

like the virH and pinF genes fail to function in Agrobacterium.

Almost all plants produce polyphenols, albeit at lesser or higher amounts.
However, they are present in surprisingly high concentrations in plant parts that are
exposed to maximum biotic and abiotic stresses. Thus, the wood, bark, leaves, fruits and
seeds of plants with predominantly woody habit contain toxic concentrations of
polyphenols (Kolodziej, et al., 2005). Such explants are generally unsuitable for
Agrobacterium mediated transformation. More so, because polyphenols are highly
susceptible to oxidation as they serve as substrate for the enzyme polyphenol oxidase
(PPO) present in plant vacuoles. Polyphenol oxidation as promoted by distressed
plant/explants results in the formation of a brown colored product that causes tissue
necrosis. This oxidized product severely hampers in vitro plant regeneration and is also
highly toxic to invading microorganisms, probably including Agrobacterium. This

necessitates the evolution of innovative steps to overcome such problems.

In the recent past, Saini, 2007 from our laboratory had hypothesized that
bactericidity created by extremely high levels of polyphenols could be overcome by
quenching them with 2-amino glutarimide (formed by autoclaving L-glutamine). She also
hypothesized that once the toxic polyphenol levels were reduced due to quenching by 2-
amino glutarimide, Agrobacterium was free to infect the recalcitrant and resistant
explants of tea cultivars. If this was true, then 2-amino glutarimide pfobably had the
potential of bringing about successful gene transfer in all high polyphenol containing
recalcitrant plant species. Therefore, it was necessary to confirm these hypotheses using

explants from a number of high polyphenol containing recalcitrant plants.

In view of these probabilities and hypotheses, the objectives of the present thesis

were as follows:



(M)
(i)

(iif)

To establish the relationship between polyphenols and Agrobacterium

To evolve innovative steps to overcome the recalcitrance of high polyphenol

containing explants to Agrobacterium infection.

To ascertain the mechanism of action governing recalcitrance and genetic

transformation of explants containing high contents of polyphenol.
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2. REVIEW OF LITERATURE

Ever since Haberlandt first demonstrated how to culture single plant cells in 1902,
explants or in other words cells, tissues and organs have been cultured in vitro for a
variety of purposes. These range from mass multiplication of elites to production of
genetically modified crop plants. The in vifro response of ‘explants’ is particularly,
important in all areas of plant biotechnology. However, the desired explant response is
often hampered by tissue browning and necrosis due to polyphenol exudation and
oxidation. Consequently, the ultimate objective of planf regeneration, multiplication,
conservation or improvement using biotechnological tools is often defeated. Thus,
polyphenols, their production, exudation and oxidation deserved detailed reviewing in the

present thesis.
2.1 Plant polyphenols

Polyphenols belong to the family of ‘tannins’ that constitute one of the most
ubiquitous groups of all plant phenolics. Although they are universally present in the
plant kingdom, their quantity may vary from plant to plant and explant to explant (Olhoft.
2004). Since basically these are defense compounds, their levels are particularly, high in
plant parts that are exposed to maximum biotic and abiotic stresses. Thus, the wood, bark,
leaves, fruits and seeds of plants with predominantly woody habit contain toxic
concentrations of polyphenols (Kolodziej, et al., 2005). These compounds exhibit a
remarkably wide range of biological activities ranging from antimicrobial, anti-tumour
and enzyme inhibiting properties to their ability to interact with pharmacological targets
(Haslam, et al., 1989; Huang et al., 1992; Haslam, 1996). Thus, it is a small wonder that

polyphenols have attracted considerable attention from scientists of varioys fields
2.1.1 Chemistry of polyphenols

Natural polyphenols may vary from simple molecules such as phenolics acids to
highly polymerized compounds like the condensed tannins (Harborne, 1980). However,
like all phenolic compounds, the basic structure of polyphenols comprises of an aromatic

ring with one or more hydroxyl substituents. Based on a variety of simple polyphenolic



units derived from the secondary metabolites of the shikimate pathway (Dewick 1995),
polyphenols have been divided into three major groups i.e., tannins, lignins and

flavonoids. All the three groups have great importance in different fields.

The largest and best studied polyphenols are the flavonoids, which include several
thousand compounds. Among these, the flavonols, flavones, catechins, flavanones,
anthocynidins, and isoflavanoids are important (Jennifer ef al., 1995). On the other hand,
the most abundant polyphenols or the condensed tannins are virtually found in all plants.
Tannins comprise of up to 50% of leaf dry weight. They were once believed to function
only as anti-herbivore and anti-pest compounds, but more and more ecologists now
recognize them as important controllers of decomposition and nitrogen cycling processes
(Tian et al., 1992; Gamba et al., 2005). With increasing concerns about global warming,
a better understanding of the role of polyphenols as regulators of carbon cycling is

gaining popularity.
2.1.2 Medicinal effects of polyphenols on humans

Polyphenols have a number of applications in the field of nutrition, health and
medicine (Bravo, 1998; Chung ef al., 1998; Crozier et al., 2000). The potential beneficial
effects of polyphenols on human health are mostly because of their powerful ‘free radical
scavenging’ as well as strong antioxidant activities (Haslam, 1998; Yokozawa, 1998;
Pietta, 2000; Rice-Evans, 2001; Higdon, 2003). It is because of these same properties that
polyphenols have generated considerable interests in the field of food and nutrition
(Okuda 1992; Lin et al., 1996; Bravo 1998;, Pietta ef al., 1998; Batchvarov et al., 2001;
Scalbert et al., 2002). Presently, their anti-mutagenic and anti-carcinogenic (Stavric et
al., 1992; Lin et al., 1996; Friedman 1997; Weisburger et al., 1998) activities have
generated new interests. Lin ef al (1996) discovered that the green tea polyphenols are
strong inhibitors of DNA synthesis in tumor cell and peroxyl-radical generation.
Moskaug et al (2005) further showed that flavanoids increase the expression of y-
glutamylcysteine synthetase thereby, helping in cellular antioxidant defense mechanism
as well as xenobiotic detoxification. However, Frei (2006) reported that flavanoids have
little or no direct antioxidant value in the human body. They are poorly absorbed by

human body and the ones that are absorbed are quickly metabolized and excreted. Rather,



Filippos et al (2007) concluded that human body see these flavanoids as xenobiotics and
trigger their detoxification and elimination by activating specific enzymes (Bravo,
1998).The phase II enzymes that are involved in the process also help in eliminating a
number of mutagens and carcinogens from the body. Several types of polyphenols
(phenolic acids, hydrolysable tannins, and flavonoids) have been shown to have
anticarcinogenic and anti-mutagenic effects. Polyphenols probably interfere in the steps
leading to the development of malignant tumors by inactivating carcinogens, inhibiting
the expression of mutant genes and enzymes involved in the activation of pro-
carcinogens. However, some polyphenols have been reported to be mutagenic in
microbial assays. These are known to act as co-carcinogens or promoters of skin cancer

in the presence of other carcinogens (Chung et al., 1998).

Other useful applications of polyphenols have been shown by Frankel ef al.,
(1993). Polyphenols can also inhibit LDL oxidation in vitro. Moreover, LDL from
volunteers supplemented with red wine or red wine polyphenols showed reduced
susceptibility to oxidation (Fuhrman er al., 1995; Nigdikar et al., 1998). Thus, it was
concluded that polyphenols not only impart protection from LDL oxidation in vivo but
also have significant consequences in atherosclerosis. These also protect DNA from
oxidative damage and age-related development of some cancers (Halliwell, 1999).
Flavonoids also have anti-thrombotic and anti-inflammatory effects (Gerritsen et al.,
1995; Muldoon and Kritchevsky, 1996).

In addition, polyphenols provide flavor, color and taste to edible plants/plant parts
(Haslam et al., 1979 and Billot 1990) and are also known as ‘vitamin P’. Min and Peigen
(1991) showed the ‘vitamin P’ effect of tea polyphenols wherein, the catabolism of

catecholamines slowed down and capillaries were strengthened.
2.1.3 Polyphenols as anti-herbivore compounds

Generally, physical damage or wound in plants induce the deposition of brown
colored phenolic acids which cross link to proteins, carbohydrates and other cell wall
components. This decreases the palatability and digestibility of the tissues in which it gets

deposited thereby, hindering the post-absorptive utilization of nutrients (Mole et al, 1990;



Tugwell ef al., 1992). The anti-nutritional value of tannins was reviewed by Chung et al.
(1998) where even their carcinogenic nature was reported. However, later it was found
that the carcinogenic activity of tannins was more due to the associated compounds rather
than tannins themselves. Polyphenols were also confirmed to be anti-nutrient by animal
nutritionists. Even most reviews concluded that the impact of phenolic activity on

herbivores was usually negative.
2.1.4 Allelopathic effects of plant polyphenols

‘Allelopathy’ and allelopathic processes are suggested to exist between different
or same plant species or individuals in the ecosystem. Allelopathy is the combination of
processes involving the production of bioactive molecules, their modification, entry into
the environment and finally their interaction with plants 56 as to compete for successful
establishment. Hegazy et al. (2004) reported that the allelopathic effect of Nymphaea
lotus rhizome in rice fields was a major cause of crop failure and reduction in grain yield.
The degree of inhibition was dependent on the type of extract and its concentration. The
phenolic fractions extracted from rhizomes exhibited highest inhibitory effects. Ishidori
et al. (2005) reported the phytotoxic effects of 15 phenolic compounds of low molecular
weights on the seed germination of Cucumis sativum, Lepidium sativum and Sorghum
bicolor. Similarly, in 2008, Oueslati studied the role of phenolic acids in the autotoxicity
of four barley varieties using radical growth bioassay. Inhibition of barley radical growth
was also positively correlated with the total phenolics depending on the growth season.
Furthermore, Shankar et al. (2009) studied the allelopathic effects of phenolics and
terpenoids extracted from G. arborea on the germination of black gram and green gram
and found that G. arborea extracts inhibited the germination, seedling growth and total

protein content in both these crops.
2.1.5 Polyphenols influence in vitro response of plants

Polyphenols also influence plant growth regulation, cell differentiation and
organogenesis (Mato er al., 1988). There are two opinions regarding the effect of
phenolics on plant growth and development (Lorenzo et al., 2001). Thus, both positive

and negative effects of phenolics on explant response have been reported. In tissue



culture studies, phenolics and their oxidized products inhibit in vitro proliferation
(Armaldos et al., 2001). The major reason for this is tissue browning and blackening. On
being damaged due to surface sterilization and explant processing, the phenolic
compounds of the tissues come in contact with the vacuolar polyphenol oxidase enzymes
and are readily oxidized by air. The oxidized phenolic compounds in turn inhibit enzyme
activity, cause darkening of the culture medium and subsequent lethal browning of
explants (Laukkanen et al., 1999). Concentration of tissue phenolics is frequently
affected by several internal and external factors (Zapprometov et al., 1989). Light,
nutrients, temperature, carbohydrate supplies all influence the phenolic composition of

tissues (Lux-Endrich et al., 2000; Kefeli et al., 2003).
2.1.6 Plant polyphenols as anti-phytopathogenic compound

Anti-phytopathogenic property of polyphenolic compounds is well documented
(Chung et al., 1998; Suksamramn, et al, 2003; Musyimi et al.,2008). Thus, inhibitory
roles of condensed and hydrolysable tannins on the digestive and others enzymes of fungi
is not surprising (Goel et al., 2005). In a soil survey also, the important role of plant
polyphenols in the ecology and biology of nematophagous and entomopathogenic fungi
was aptly demonstrated (Lopez 1997). The report on significant decrease in the fungal
succession and colonization in the presence of polyphenols released from Eucalyptus and
Camellia japonica leaves further supports this fact (Canhoto et al. 1999; Koide er al.
2005).

Plant polyphenols are toxic to phytopathogenic bacteria and have bactericidal
activity (Capassor 1994; Capasso et al., 1995; Karou et al., 2005 and Hori et al., 2006).
Actually, the polyphenols interfere with the physiology and biochemistry of invading
microorganisms. The antimicrobial activity of Sempervivum leaves against six of the
seven selected micro organisms was reported by Abram et al., (1999). Hypericum
extracts contained 3.2% tannic compounds, 0.64% phenolic compounds and 2.4%
organic acids and all of these had the potential to be used as preservatives (Tolkunova et
al., 2002). Green tea polyphenols had anti-microbial activity against Staphlylococcus and
Streptococcus mutants (An-Bougjeun, 2004).



Anitviral activity of blackberry polyphenols against Pseudomonas aeruginosa

bacteriophage was also demonstrated by Corao ef al., (2002).
2.1.7 Polyphenols as chemo-attractant compounds

Plant polyphenols do not always act as antimicrobial compounds. The entire
diversity of plant phenolic compounds can also serve as a rich source of developmental
signals or chemoattractants in the establishment of specific symbiotic interactions
between various microbes and plants (Parke et al., 1985). For example, the root cells of
many leguminous plants secrete flavonoid compounds which function as a signal
molecule for the induction of nodulation genes and initiation of the legume-rhizobia
symbiosis (Peters et al., 1986; Redmond et al., 1986; Zaat et al., 1987; Shaw et al.,
2006). On the other hand, plant flavonoids and monocyclic phenolic compounds like
acetosyringone, hydroxyl- acetosyringone (Bolton et ai., 1996; Song et al, 1990,
Goodwin et al., 1991) trigger the expression of virulence genes (virA and virG) in the
plasmids of Agrobacterium (Stachel et al., 1986; Lee et al., 1995). While plant families
highly susceptible to Agrobacterium are typical polyphenol producers and accumulators,
families that are insensitive to Agrobacterium do not accumulate polyphenols (Cleene,
1986). In 1987, Parke et al., studied a number of monophenolic compounds and found
that acetosyringone, catechol, gallate, B-resorcylate and protocatechuate are all
chemoattractants for the Agrobacterium tumefaciens, strain A348. In 1988, Ashby et al.,
analyzed twelve phenolic compounds with related structures for their ability to induce
virulence genes of A. tumefaciens C58C. They divided the phenolic compounds into three
groups: compounds that act as strong vir inducers and chemoattractants, those that were
weak vir inducers and also weak chemoattractants and finally vir noninducer and

nonattractants.

In 1995, Joubert et al., established the essentiality of a phenolic function for
virulence induction by testing the corresponding B-glucosides and glucosyl esters from
acids. They found that these glucosides led to a decreased toxicity to the bacteria. While
the presence of an fl-glucosylated phenol function led to the total loss of vir induction,
the corresponding esters, particularly the glucosyl sysingate ester were good vir inducers.

Since then, synthesis of a number of phenolics inducers was initiated. Dye et al. 1997
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synthesized three phenol amides derived from syringic acid and found that introduction
of an amide group in syringic acid strongly enhanced the vir gene inducing activity.
Particularly, 4-(3,5-dimethoxy)-4-hydroxy-phenyl-but-3- en-2-one was very effective in
inducing higher virulence by about 1.5-2 times than acetosyringone (AS). When many
derivatives of acetosyringone were used for Agrobacterium-mediated transformation,
those with two methoxy groups and an acetyl function were more effective. Several
alkylsyringamides were also identified as powerful inducers of vir genes where

ethylsyringamide was stronger than syringic acid (Berthelot 1998).
2.2 Biotechnological implications of plant-Agrobacterium interactions

Plant polyphenols influence the success of plant biotechnological applications
including Agrobacterium mediated transformation in hitherto known and unknown ways.
Of these, interactions as to how the plants and Agrobacteria resist each other are
important. Each of the unique defense mechanisms that are used by the plants and
Agrobacteria have therefore, been reviewed in the present study. Such interactions are
highly complex involving constant exchange of chemical signals between the plants and
microorganisms leading to monitoring of events and responses important to these
interactions (Petra and Verma 1990). Weakening of defense in either of the partners

finally result in susceptibility or resistance of plants to Agrobacterium infection.
2.2.1 Agrobacterium mediated genetic transformation

Agrobacterium is a gram negative soil-borne plant pathogen of family
Rhizobiacae. It elicits neoplastic growths called as crown gall tumor or hairy roots that
affect most dicotyledonous plants. Although plants represent the natural hosts for
Agrobacterium, this microorganism can also genetically transform a wide range of other
eukaryotic species ranging from yeast (Bundock et al., 1995; Piers et al., 1996; Sawasaki
et al., 1998) to mushrooms (de Groot et al., 1998; Chen et al., 2000), filamentous fungi
(de Groot et al., 1998; Gouka et al., 1999), phytopathogenic fungi (Rho et al., 2001,
Rolland et al., 2003) and even human cells (Kunik et al., 2001). Most functions for
Agrobacterium-host cell interaction and DNA transfer are encoded by a large (200-kb)
tumor-inducing (Ti) plasmid that resides in the bacterial cell. Of the different regions of
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the Ti-plasmid, the vir (virulence) region and the T-DNA delimited by the T-DNA
borders are the two most important genetic components (Chilton et al., 1977; Citovsky et
al., 1992; Zupan et al., 2000; Gelvin, 2000; 2003). These Borders comprise of two 25-bp
imperfect direct repeats at its ends (Sheng and Citovsky, 1996). The vir region comprises
of seven major loci, virA, virB, virC, virD, virE, virG, and virH. These encode for most of
the protein machinery (Vir proteins) required for the transport of T-DNA. Only after the
induction of vir genes, the T-DNA borders are nicked by the bacterial VirD2
endonuclease (Wang et al., 1987). As a result transferable single-stranded (ss) copy of the
bottom strand of the T-DNA designated as the T strand is generated (Stachel et al., 1986).
Interestingly, the T strand does not travel alone but is directly associated with two
Agrobacterium proteins, VirD2 and VirE2 that forms a transport or ‘T” complex (Zupan
and Zambryski, 1997). In the T-complex, one molecule of VirD2 is covalently attached to
the 5° end of the T strand, whereas VirE2, a ssDNA binding protein protects the T strand
from plant nucleases during their plant intercellular movement (Zupan and Zambryski,
1997, Tzfira et al., 2000; Zupan et al., 2000). On entering the plant cell, the T-DNA is
imported into the nucleus by the help of plant as well as Agrobacterium nucleolar
localization signals (NLS). Integration of T-DNA finally takes place through illegitimate
recombination (Tinland, et al, 1995). As a result, Agrobacterium takes over the plant
machinery, produces tumorous growth on plants and uses the host amino acids and sugars

to produce opines as important sources of nitrogen and energy.

Opines are low molecular weight compounds and their biosynthesis is catalyzed

by specific enzymes encoded by genes contained in the T-DNA of the Ti-plasmid.

Based on the type of opines produced and catabolized, Agrobacteria are classified
into different strains. The type of opine synthesised or catabolized by the bacteria also
determines the host and strain specificity of Agrobacterium e.g. The nopaline type of
opine produced by Agrobacterium tumefaciens C58 in tumors formed on cherry,
blackberry, grape and plum (Escobar ef al., 2003). Although initially, only a few 30
opines were identified, newer and newer opines are continuously being added to the
existing list. Some examples of these are the heliopine produced by octopine type strains

A6, A136, E9, A652 and 1590-1 and the vitopines of the grapevine strains S4 and T2.
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These are identical to the synthetic N 2.(1'R-carboxyethyl) glutamine (Chilton ef al.,
2001). Tumors produced by strains S4 and T2 do not contain octopine or lysopine, but
they do contain heliopine and the new opine ridéopine identified as N-(4'-aminobutyl)-

glutamic acid.

Catabolism or utilization of opines is strictly coordinated with conjugation of
Agrobacterium. Thus, Agrobacterium always ensures that genes encoding opine

biosynthesis should match the genes that catabolise them.

Although only the wild-type T-DNA carries onc and op genes, any DNA placed
between the T-DNA borders are also transferred to the host plant (Zambryski, 1992;
Sheng and Citovsky, 1996; Gelvin, 2000; Tzfira ef al., 2000).

Binding of Agrobacterium to a plant cell (up to 200/cells can attach) and transfer
of T-DNA to the host genome (multiple T-DNA can be transferred) are two crucial steps
for Agrobacterium tumefaciens mediated genetic transformation in plants (Wei et al,
2000). Actually these two steps are the key to the variations observed in the range of

specific hosts.
2.2.2 Plants resist Agrobacterium by producing inhibitory polyphenols

The efficiency of Agrobacterium mediated genetic transformatjon depends not
only on the successful recognition and colonization of plant cells by the Agrobacterium,
but also on the response of the plant cells to the process of infection (Zambryski, 1988,
Binns, 1990). Plant cells generally respond to invading pathogens by first recognizing
and then activating the defense signal transduction. This in turp leads to the
hypersensitive necrotic responses (Lamb et al., 1989; Mehdy, 1994; Dangl et al., 1996;
Hammond-Kosack and Jones, 1996; Blumwald et al., 1998; Somssich and Hahlbrock,
1998; Richter and Ronald, 2000). Generally, hypersensitive reaction (HR) is
characterized by a rapid, localized cell death around the infectian site and the
accumulation of antimicrobial agents (Hammond-Kosack and Jones, 1996; Richter and
Ronald, 2000). It was earlier reported that even though a number of bacterial proteins are
introduced into the host cell, Agrobacterium does not induce the hypersensitive response

in target plants (Robinette and Matthysse, 1990). In reality however, the process of
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Agrobacterium-mediated T-DNA transfer is associated with a high degree of tissue
necrosis and poor survival rate of target plants (Pu and Goodman, 1992; Deng et al.,
1995; Perl et al., 1996; Mercuri et al., 2000; Chakrabarty ef al., 2002; Das et al., 2002).
Thus, the possibility of plant’s hypersensitive reaction to Agrobacterium infection was
suggested. Furthermore, Ditt ef al., 2001, demonstrated that plants can modulate their
gene expression in response to Agrobacterium infection, and the latter can actually

trigger the plant defense machinery.

Production of plant polyphenols in response to pathogen infection has already
been reviewed above. Since Agrobacterium is nothing but a soil phytopathogen, plants
exude high concentrations of polyphenols, and at times, these concentrations are either
bacteriostatic or bactericidal (Sheng and Citovsky, 1996; Sandal er al, 2006). Many
plants with high contents of polyphenols are thus, resistant to Agrobacterium tumefaciens
infection (Fukai 1991; Fortin ef al., 1992; Biao et al., 1998; Sandal et al, 2007; Ozyigit et
al., 2007). Of these, the tea polyphenols are noteworthy. Particularly, the catechols and
catechins are maximally inhibitory (Capassor 1994; Sandal et al., 2002). High contents of
polyphenols do bring about major reduction in the efficiency of the Agrobacterium

mediated transformations (Biao et al., 1998; Sandal et al., 2006).
2.2.3 Agrobacterium resistance mechanism against plant polyphenols

Defense mechanisms that are common to most bacteria are also employed by
Agrobacterium to survive and break down the defenses of the host plant. Two
mechanisms that have recently emerged as crucial for the success of Agrobacterium

infection of resistant hosts are: (i) xenobiotic detoxification and (ii) quorym signaling.
2.2.3.1 Xenobiotic detoxification

Xenobiotics are compounds foreign to an organism's normal biochemistry. Their
detoxification comprise of a set of metabolic pathways that modify the chemical structure
of the ‘xenobiotic in question’. The detoxification pathways are actually
biotransformation processes are present in all major groups of organisms including
bacteria (Tschech et al., 1987; Coleman, 1997; Ashraf, et al., 2001 Rousseaux, et al.,

2001). They even bring about detoxification of poisonous compounds. Reactions in these
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pathways are of significant interests for drug metabolism particularly, in the
understanding of multi-drug resistance in infectious diseases and cancer chemotherapy.
When some drugs serve as substrates or inhibitors of enzymes involved in xenobiotic
metabolism, they commonly result in hazardous drug interactions. These pathways are

also important in environmental sciences.

Since the metabolism of xenobiotics is basically an enzyme driven
biotransformation process, it is but natural that organisms would have specific genes to
drive these processes. It is well established that many bacteria can catabolize phenolics
compounds including some that serve as vir gene inducers (Delneri ef al., 1995; Harwood
and Parales, 1996). Such genes are also expected to be present in Agrobacterium. Thus,
some or possibly all Ti plasmids of Agrobacterium tumefaciens encode virH (originally
known as pinF). Expression of virH is induced by a family of phenolic compounds that
also induce all other operons within the vir regulon. The virH gene encodes two proteins
vir H1 and H2 that are responsible for detoxifying the xenobiotic phenolic compounds
(Kalogeraki et la., 1999). Both these proteins resemble each other as well as a large
number of enzymes of the cytochrome P450 family (Kanemoto et al., 1989). Some 4.
tumefaciens have also been shown to break down several phenolic compounds including
para-hydroxybenzoate and protocatechuate via its chromosomally encoded 3-ketoadipate
pathway (Parke 1995; 1997). In another study, Morris and Morris, (1990) and Castle et
al., (1992) also found that some strains converted the phenylpropanoid glucosides called

coniferin to an active vir gene inducer via the B-glucosidase gene.

Recently, both virH1 and virH2 proteins have been found to megabolize some or
all phenolic compounds. Thus, when Brencic et al., 2004 tested 16 vir-inducing
phenolics, they found that each of them was metabolized by VirH2-dependent O-
demethylation activity. They also found that VirH2 proteiﬁ converts ferulic acid, a potent
vir gene inducer, to the non-inducer caffeate by O-demethylation of a methoxyl group.
Further, on testing both wild-type and isogenic strains lacking virH1 and virH2, only the
wild-type strains converted virtually all ferulic acid to caffeic acid. Moreover, VirH2 was
essential for the O-demethylation reaction. Although ferulic acid was far more toxic to

the wild-type strain than caffeic acid, the wild-type strain was more resistant to ferulic
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acid than the virH mutant. However, O-demethylation rates differed enormously with
substrates. The strongest vir gene inducers such as acetosyringone were demethylated
extremely slowly. Compounds containing two methoxyl groups were demethylated at
both positions. In general, phenolic inducers were more toxic than their demethylated
counterparts. In another study, Kalogeraki (2002) found that virtually all phenolic
inducers inhibited growth in the sensitive virH2 mutant as compared to the wild type.

This indicated that VirH2 detoxifies as well as mineralizes many phenolics.
2.2.3.2 Quorum sensing

The other unique defense mechanism employed by most gram negative bacteria
including Agrobacterium is ‘quorum sensing’. Quorum sensing refers to the ‘bacterial
cross-talk’ or bacterial cell to cell communication process for monitoring population
density under stressful environmental conditions (Brencic et al. 2004). Cross talk is
brought about through the secretion and sensing of small signaling molecules or
‘quoromones’. Accumulation of quoromones in the growth medium help the bacteria to
grow to a desired density and thereby, perform a particular function like
bioluminescence, infection etc. (Zhang et al., 2002). During unfavorable or stressful
conditions, bacteria fail to do this function (for example, infecting hosts) unless the

desired density is attained.

In Agrobacterium tumefaciens, TraR, the quorum sensing transcriptional regulator
and its inducing ligand 3-oxo-octanoyl-L-homoserine lactone actually control the
conjugal transfer of the tumor-inducing Ti plasmid. This occurs when the fra gene is
activated in response to pheromones (Piper ef al.1993; Fuqua et al., 1994; Farrand, 1998;
Winans et al., 1999).

Acyl HSLs or 3-oxo-octanoyl-L-homoserine lactone are diffusible pheromones
produced by a variety of gram-negative bacteria. The releaée and subseqpent detection of
acyl HSLs enable the bacteria to monitor their own population density (Fuqua et al.,
1998, Fuqua et al., 1994). At low population densities, acyl HSLs are rapidly dissipated
by diffusion into the surrounding environment. The contribution of each signal-producing

cell is additive. Thus, with increasing population density, the relative acyl HSL
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concentration is elevated until an inducing concentration is reached and a programmed
set of adaptive responses are stimulated. Acyl HSLs synthesis in most cases is mediated
by Tral proteins that resemble the LuxI protein of Vibrio fischeri. However, unlike most
LuxR-type proteins, the activity of TraR is directly influenced by several other regulatory
proteins. The Tral protein, encoded on the Ti plasmid, directs the synthesis of 3-oxo-C8-

HSL (Fuqua et al., 1999, Fuqua ef al., 1994).

TraR and the receptors of quorum or Acyl HSLs signals are Acyl-HSL dependent
transcriptional regulators that resemble the LuxR protein of V. fischeri. TraR is also
considered as the primary virulence factor responsible for the crown gall disease of
plants. This regulatory system enables A. tumefaciens to express its conjugal transfer
regulon preferentially at high population densities only. Genetic and biochemical
evidences have shown that interaction of TraR with 3-0x0-C8-HSL results in the
formation of stable TraR dimers. These in turn bind with the #ra boxes and activate the

transcription process (Zhu et al, 1999; Qin et al, 2000).

TraR activity is antagonized by TraM, a second Ti plasmid-encoded protein. Both
TraM and TraR are thought to form an anti-activation complex that prevents TraR from
recognizing its target DNA binding sites. The inhibition of the TraR protein activity by
TraM is an absolute requirement for the normal operation of the 4. tumefaciens quorum

S€nsor.

In conclusion it can be stated that at present, a detailed understanding of only
these two defense mechanisms i.e. xenobiotic detoxification and quoyum sensing are
available. However, there may be many more mechanisms governing plant-
Agrobacterium interactions that are yet to be unraveled. An in-depth knowledge of
overall defense mechanisms would usher the genetic transformation of various hitherto
recalcitrant crops. Indeed the world would become substantially as well as sustainably

capable of meeting the emerging demands of human beings.
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3. MATERIALS AND METHODS

The present study was carried out at Division of Biotechnology , Institute of
Himalayan Bioresource technology (CSIR) Palampur in collaboration with the

Department of Biotechnology, College of Agriculture, CSKHPKV, Palampur.
3.1 Plant materials

The role of polyphenols on ‘in vitro response of explants during Agrobacterium
mediated transformation’ was studied. Plant species known to contain high contents of
polyphenols were selected. Thus, Elaeocarpus sphericus (rudraksh), Podocarpus
macrophyllus (podocarpus, yew-pine, Japanese yew), Podophyllum hexandrum (Indian
may apple), Rosa sp. (wild rose), growing in the main campus of Institute of Himalayan
Bioresource Technology (IHBT), Palampur (1290m amsl, 32°N and 76°E), India were
marked for experimental purposes. Along with these, five cultivars of Camellia sinensis
(tea) ie., T-78, TV-1, UPASI-9, UPASI-10 and Kangra Jat growing in the Tea

Experimental Farm, IHBT were also tagged.

Randomly collected, newly emerged, fresh, tender leaves from all these plants
were used as explants in the present study. The leaves of Malus domesticus (apple) root

stock MM 106 and B9 served as control for all the experiments.
3.2 Sterilization of explants

All the leaves were first washed with aqueous solution of the detergent, Teepol
(v/v) using a sable hair brush and then rinsed 4-5 times in distilled water until Teepol was
removed. Based on earlier findings, these were treated with Bavistin (0.2%; w/v) and
streptomycin (0.02%; w/v) for 15 and 30 minutes and washed again with distilled water.
Finally, the explants were surface sterilized using HgCl, (0.04%; w/v) for 2 minutes
followed by half a minute treatment with 70% ethanol (v/v) under the laminar air flow
hood. All traces of mercuric chloride and ethanol weré finally removed by rinsing
several times with autoclaved distilled water. Observations were recorded on browning,

necrosis and freshness of the leaves.
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3.3 Agrobacterium tumefaciens mediated transformation

3.3.1 Strain and plasmid

A disarmed Agrobacterium tumefaciens strain GV3101 carrying pBI121, a
derivative of the binary vector pBinl9 (Jefferson, 1987) was used. It harbours a gus
reporter gene driven by CaMV 35S promoter and NOS terminator and (i1) a selection
marker gene nptll driven by NOS promoter and terminator. The T-DNA region of the
pBI121 based plasmid used in the present study is shown in (Fig. 1).

For routine experiments a loopful of culture was taken from a glycerol stock and
streaked on 1.5% agar solidified Yeast Mannitol Broth (YMB) (Appendix-1.3.1) in 9 cm
Petri dishes. This was incubated for 48 hrs in dark at 28°C after which a single cell
colony was picked and inoculated into 20 ml of liquid YMB containing the selection
antibiotics, 50 pg/ml kanamycin and 25 pg/ml rifampicin (Appendix-1.5). This was
incubated as shake culture at 150-200 rpm and 28+1°C in dark for 16-18 hrs. This freshly

grown culture served as the ‘starter culture’.
3.3.2 Transformation process

The leaf explants, surface sterilized as described in-Section 3.2 were subjected to
the ‘process of transformation’ using fresh overnight grown starter culture of GV3101
strain of 4. tumefaciens. The starter culture obtained as above was further grown in 100
ml liquid YMB until an OD Agg nm = 0.6 was obtained (this OD was equivalent to a cell
density of 1 X10° cells/ml). The bacterial cells were pelleted by centrifugation at 6000
rpm and 25°C for 20 minutes. The supernatant containing the bacterial cell debris and
antibiotics was discarded, whereas, the pellet was retained by suspending it in fresh
YMB. The optical density (absorbance) of the suspension was measured at 600 nm using
a spectrophotometer (ELCOS SL 150). The cell density was finally adjusted to 1X10°
cells/ml by diluting it as below:

a X OD obtained X 1 X 10° cells/ml x 3 = 1 X 10 cells/ml x b ml
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Where,

a = amount of bacterial suspension to be taken from the overnight grown bacterial culture in order to

obtain an optical cell density of 1 X 10° cells/ml

3= correction factor
b= total volume of culture required for genetic transformation
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Fig. 1 Construct map of binary vector pBl121

The leaf explants surface sterilized for 15 min were immersed in the bacterial
culture diluted as above. After 15 minutes of immersion, the leaf explants were blotted on
sterile Whatman No.1 filter paper to remove excess bacteria from the surface. These were
then co-cultivated on 0.8% agar solidified hormone free basal Murashige and Skoog’s
MS medium (MS0) at 25°C for 1, 2, 3, 5, 10, 15 and 20 days in dark. The leaves of apple
rootstock B9 and MM106 were used as positive control, whereas, MSO without
Agrobacterium was used as negative control. The experiment was repeated thrice, and
three replicates with three explants each were taken per treatment. Observations were
recorded on percent explants showing Agrobacterium growth after different days of co-
cultivation.

The hormone free basal MS medium (MSO) was prepared as described in
(Appendix-1.3.3). The pH of the medium was adjusted to 5.6, prior to the addition of
agar. The agar containing MS medium was then autoclaved at 121°C and 15 psi for 20
minutes.

3.4 GUS expression

Histo-chemical GUS (B-glucuronidase) assay was carried out following the
method of Jefferson et al,, (1987). After 1, 2, 3, 5, 10, 15 and 20 days of co-cultivation,

leaf explants were randomly selected and immersed in GUS (5-bromo-4-chloro-3-
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indolyl-B-D glucuronide) assay buffer (Appendix-1.4.1) contained in 3 cm petri plates
(Hi-media India). The leaves were vacuum infiltrated in a vacuum desiccator unit for 15
minutes and incubated overnight at 37°C in dark. After incubation, the explants were
bleached in 70% ethanol until the green colored chlorophyll was removed. GUS
expression per leaf explant was scored as blue spots and/or sectors and observations were

photographed using a Nikon camera.

3.5 Extraction and estimation of total polyphenol in the studied plant
species

The inhibitory effect of leaf polyphenols on Agrobacterium infection was studied.
The method of Swain and Hillis (1959) was used to determine the total phenol contents in

the leaves of each of the plant species (Section 3.1).

1. 1 g of leaf tissue was homogenized in 0.3N HCI in absolute methanol (2:1)

and centrifuged at 10,000 rpm for 20 minutes at 5°C.

2. The supernatant was collected, and the residue was centrifuged again after the

addition of 0.3N HCl as in step 1.

3. The supernatants were pooled, evaporated to dryness (50°C), and elﬁted in 5

ml distilled water.

4. 0.5 ml Folin’s Phenol reagent was added to 3 ml sample (0.1 ml elute and 2.9
ml distilled water), and vortexed for 3 minutes followed by the addition of 1

ml of 35% sodium carbonate.

5. The reaction mixture was incubated in dark for 1 hr and the optical density
(OD) was measured at Ag3p nm against a blank using a spectrophotometer. The

blank comprised of the reaction mixture without the tissue sample.

6. A standard graph prepared with catechol was used to determine the total

phenol contents of the samples as below:

10D was equivalent to 0.138 mg

Therefore, x OD =x X 0.138 mg
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0.1 ml of elute had x X 0.138 mg of polyphenol

5 ml of elute had 5 X x X 0.138 mg of polyphenol

Three replicates of each sample were taken and the experiment was repeated
twice. The mean of the concurrent readings were finally used to estimate the total

polyphenol content of the leaves expressed as mg/g fresh weight.
3.6. Effect of leaf polyphenols on A. tumefaciens growth

3.6.1 A. tumefaciens growth measured by spectrophotometer method

The effect of total polyphenols (Section 3.5) was tested on the growth of 4.
tumefaciens. For this, different concentrations of total leaf polyphenols (0.125, 0.25, 0.5
and 1.0 mg/ml) were separately added to fresh overnight (16-18 hrs) grown starter culture
of A. tumefaciens. The polyphenol supplemented bacterial cultures were further grown as
described in Section 3.3.2. and absorbance (OD) of 1 ml aliquot was measured at 600 nm
at regular intervals of 0, 12, 16, 18 and 24 hrs using a spectrophotometer (ELCOS SL

150). The observations recorded after 18 hrs of incubation were finally tabulated.
3.6.2 Colony forming unit(s)

Furthermore, in order to confirm that the higher OD actually represented living
bacterial cells, cfus at each growth interval were also calculated. Thus, 6 upl fresh,
overnight grown bacterial cultures were taken and plated on agar (1.5%) solidified YMB
containing different concentrations of total leaf polyphenolt (0.125,0.25,0.5, 1.0 ml) in 9
cm Petriplates. These were incubated at 28°C in dark, and the colony forming units (cfus)

were counted after 36-48 hrs.

3.7 PPO activity in leaf explants of different plant species

The effect of oxidized leaf polyphenols of the different plants on Agrobacterium
infection was tested. The polyphenol oxidase activity (PPO) of the leaves was determined
using the method of Moore and Flurkey (1990). For this, 5 g of leaf tissue was

homogenized in 20 ml of extraction buffer (Appendix-1.4.2) using a mortar and pestle
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and centrifuged at 10,000 rpm and 4°C for 10 min. The supernatant that was obtained
served as the PPO enzyme extract. A total volume of 1 ml reaction mixture was prepared
at room temperature. The reaction mixture contained 50 mM citrate buffer (pH 5.0), 50
mM catechol and 0.2 ml aliquot of the enzyme extract. After 30 seconds, the change in
absorbance at 650 nm was monitored with time and an absorbance of 1 was taken as one
unit of PPO activity.

3.8 Effect of L-glutamine on Agrobacterium tumefaciens growth and

genetic transformation of high polyphenol containing leaf
explants

3.8.1 Agrobacterium growth in response to L-glutamine

The effect of different concentrations of un-autoclaved and autoclaved (20 and 40
min) L-glutamine was tested on the sensitivity and growth of Agrobacterium (Table 1).
These were separately added to fresh starter cultures (Section 3.3.1) and growth as well
as colony forming units (cfus) were compared against control (Agrobacterium grown
without un-autoclaved or autoclaved L-glutamine). Agrobacterium growth was measured
in terms of (i) OD at Aggo after regular intervals of 0, 12, 18 hrs (Section 3.6.1) and also
(ii) cfus at 36-48 hrs (Section 3.6.2). Cultures with only 200 pM acetosyringone but not
L-glutamine served as the positive controls. On the other hand, those without either L-
glutamine or acetosyringone were the negative controls.

3.8.2 A. tumefaciens growth in response to the leaf polyphenols and
autoclaved L-glutamine

The interaction of leaf polyphenols, autoclaved L-glutamine and A. tumefaciens
growth was studied. For this, different concentrations of total leaf polyphenols (0.125,
0.25, 0.5 and 1.0 mg/ml) along with L-glutamine concentrations (Table 1) were
separately added to fresh overnight (16-18 hrs) grown starter cultures. The polyphenol
supplemented bacterial cultures were further grown as described in Section 3.3.2. and
absorbance (OD) of 1 ml aliquot was measured at 600 nm after regular intervals of 0, 12,

16, 18 and 24 hrs using a spectrophotometer (ELCOS SL 150).
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Furthermore, in order to confirm that the higher OD actually represented living

bacterial cells, cfus at each growth interval were also calculated as described in Section

3.6.2. However, in this case, the bacterial cultures were plated on agar (1.5%) solidified

YMB containing different concentrations of leaf polyphenols and also L-glutamine in 9

cm Petriplates.

Table: 1

Different combinations and concentrations of L-glutamine used to

understand the role of amino acid derivative on Agrobacterium

growth and transformation

Amino acid

Autoclaving time

Conc. mg/ml

L- glutamine

No autoclaving

0.5

1.0

2.0

3.0

5.0

L- glutamine

20 min

0.5

1.0

2.0

3.0

5.0

L- glutamine

40 min.

0.5

1.0

2.0

3.0

5.0
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3.8.2 Interaction of A. tumefaciens and high polyphenol containing leaf
explants in presence of autoclaved L-glutamine

High ploypehnol containing leaves of different plants were transformed as
described in Section 3.3.2 using the strain mentioned in Section 3.3.1. However, co-
cultivation media containing L-glutamine autoclaved for 20 or 40 min were used for this

experiment. For positive control, leaves of apple root stocks, B9 and MM106 were used.

Agrobacterium infection of the explants was confirmed by GUS histo-chemical assay as

described in Section 3.4.
3.9 Role of polyphenols and autoclaved L-glutamine as vir inducer

The vir inducing ability of L-glutamine autoclaved for 40 min was tested. For
this, the B-galactosidase assay was conducted using E. coli cultures harbouring constructs
with LacZ: vir gene fusions. The cultures obtained from Prof. Eugene Nester and Prof. S.
Gelvin were grown overnight in liquid Luria Broth (LB) (Appendix-1.3.2) containing the
selection antibiotic kanamycin (50 pg/ml) at 37°C in dark.

3.9.1 pB-galactosidase assay

The B-galactosidase assay was performed with overnight grown E. coli cultures

harbouring LacZ: vir gene fusions as follows:
1. The cultures were incubated on ice for 20 minutes to stop all further growth.

2. One ml of each of the cultures was then centrifuged at 6000 rpm for 10 minutes at
4°C. The supernatant was discarded but the pellet was suspended in 2 ml chilled

Z-buffer (Appendix -1.4.3).

3. The OD of the pellet suspended in Z buffer was measured against blank at 600 nm
(the blank comprised of only Z-buffer without bacterial suspension). After
adjusting the OD to 0.6 (equivalent to 1 X 10° cells/ml), the bacterial suspension
was further diluted up to 1 ml in Z-buffer.

4. To 1 ml of the diluted bacterial culture, 100 ul of chloroform and 50 pl of 0.1%

SDS were added and vortexed for 5 minutes.
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The tubes containing the reaction mixture were equilibrated by incubating in a

water bath at 37°C for 5 minutes.

The reaction was started by adding the substrate i.e,, 0.2 ml ONPG (Sigma). This

was prepared by dissolving 4 mg ONPG in 1 ml phosphate buffer, pH 7.
The initial time was recorded.

After the addition of ONPG, the tubes were further incubated at 37°C for 20

minutes in a water bath until a straw colored product developed.

The reaction was stopped by adding 0.5 ml of 1 M sodium carbonate and vortexed

for 1 minute.

After vortexing, 1 ml of the above reaction mix was transferred into an eppendorf

and spun at 10,000 rpm for 5 minutes.

The absorbance of each tube was recorded at 420 and 550 nm and the enzyme

activity was calculated as per the following equation:

Miller units = 1000 x [OD Agz nm — (1.75 x OD Assonm)] / (T x V x OD at Agpo nim)

. OD at Agg nm reflected the bacterial cell density
) T = time of the reaction in minutes
. V = volume of the culture used in the assay in ml

3.9.2. Effect of leaf polyphenols on vir genes of Agrobacterium

The effect of leaf polyphenols of different plant species on vird and G and also

the phenol detoxifying pin F genes was studied using (-galactosidase enzyme activity.

For this, B-galactosidase enzyme activity of reaction mixtures containing each of the

extracted leaf polyphenols (0.125, 0.25. 0.5, and 1 mg/ml) was assayed as described in

Section 3.9.1.
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3.9.3 Effect of interaction of autoclaved L-glutamine and leaf polyphenols on
vir gene induction

The ability of 2 g/l L-glutamine autoclaved for 40 min in counteracting the vir
suppressing effect of leaf polyphenols was studied. For this, the B-galactosidase enzyme
activity of reaction mixtures containing 2 g/l L-glutamine autoclaved for 40 min and leaf
polyphenols (0.125, 0.25. 0.5, and 1 mg/ml) was assayed as described in Section 3.9.1.
3.10 Development of a kit to detect the formation of 2-amino glutarimide

after autoclaving L-glutamine for 20 and 40 minutes

Total polyphenols were extracted from the leaves of Kangra jat cultivar of C.
sinensis as described in Section 3.5. Then 2 g/l each of L-glutamine autoclaved for (1) 20
and (ii) 40 minutes was added to 100 ml of the extracted polyphenols and visual changes
in color due to the reaction was recorded after 5 minutes.

3.11 Chemical confirmation of xenobiotic detoxification of toxic tea leaf
polyphenols by autoclaved L-glutamine

The chemical identity of the compounds that were formed after autoclaving L-
glutamine for 20 and 40 minutes were first tested with TLC and then re-confirmed using
NMR. Then both TLC and NMR were used to prove the quenching mechanism proposed
by Saini, 2007 for xenobiotic detoxification of tea leaf polyphenols by L-glutamine,

autoclaved for 40 min.
3.11.1 Thin layer Chromatography

L-glutamine samples autoclaved for 20 and 40 minutes, with and without
catechins of tea leaves were subjected to Thin Layer Chromatography (TLC). TLC plates
were prepared from a slurry of silica gel in water and baked at 300°C for 5-10 minutes in
hot air oven. 5pl samples (containing about catechins and 2-amino gluterimide) were
applied using a standard Hamilton syringe on TLC silica-gel plate as spots, with 1-cm
space between the spots and at a distance of 2 cm from the bottom edge of the plate.
Plates were developed in commercially available vertical TLC chambers (CAMAG,
Switzerland) with chamber saturation using 1-butanol, acetone, acetic acid, water
(7:7:2:4) and toluene, acetone, formic acid (9:9:2) as solvent mixture for amino acid and

catecin analysis respectively. The required time of development was about 35 min and
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the TLC run was performed at room temperature (28+2 'C) and 60+5 % relative
humidity. Subsequent to development, TLC plates were dried in warm air oven. The total
length of the run was about 9 cm. Amino acids were visualized by spraying with a
solution ninhydrin reagent (2% ninhydrin in acetone) and catechin reagent (0.1%
catechins reagent in acetone). The plates were dried at 110°C and individual amio acids
become detectable as blue/violet spots. While the plates were dried at 100°C and
individual catechins become detectable as yellow spots. And visual changes in color and

Rf values of the spots were noted.
3.11.2 Nuclear Magnetic Resonance

Aqueous solutions of L-glutamine (50 mg/ml) were first autoclaved at 121°C
under a high pressure of 15 psi for 20 and 40 minutes. The changes in chemical structure
of L-glutamine due to autoclaving was determined using NMR ('H and “*C).In another
study, catechin (1 mg/ml acetone) was added to each of the samples, atuoclaved for 20
and 40 minutes. The L-glutamine and catechin mixtures were then evaporated to dryness.
Then 0.6 ml duterated acetone was finally added to the dried samples. These were then
subjected to NMR (‘H and "*C) to confirm the quenching of catechins by L-glutamine

autoclaved for 40 minutes.
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4. RESULTS

The response of explants obtained from high polyphenol containing plants to
Agrobacterium growth and transformation was studied. The salient observations are

discussed as under.
4.1 Explant response to surface sterilization

When leaf explants of different plant species were treated with Bavistin (0.2%;
w/v) and streptomycin (0.02%; w/v) for 15 and 30 minutes, variable responses were
observed (Table 2). Treatment for 15 min was better than 30 min as 80-100% explants
remained fresh and green, irrespective of plant species. On the other hand, 50 and 60% of
explants turned brown after 30 minutes treatment in C. sinensis and E. sphaericus,

respectively.

Table 2: Response of leaf explants of different plant species to duration of surface
sterilization

(%) Response of leaf explants after treatment for
Plant species 15 min 30 min
Fresh & green Browning Fresh & green Browning

E. sphaericus 80 20 40 60

C. sinensis 80 20 50 50

P. macrophyllus 100 - 80 20
Wild Rose 100 - 90 10

M. domesticus 100 - 90 10

P. hexandrum 100 - 100 -
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4.2  Agrobacterium tumefaciens mediated transformation

Even after 30 days of co-cultivation, 4. tumefaciens failed to infect the leaves of
any of the studied plant species (Plate 1). Rather, the explants turned brown and finally
died. The only exception was Podophyllum hexandrum where A. tumefaciens growth was

observed within 15 days (Plate 2).
4.2.1 GUS expression in the A. tumefaciens-infected leaves

No GUS expression was observed in the leaves of any. of the studied plant
species. The only exception was P. hexandrum, where expression in the form of a small

blue sector was recorded on the leaf blade after 15 days of co-cultivation (Plate 2).
4.3 Estimation of total phenol in the leaves of different plant species

Considerable differences in the total polyphenol content of the studied plant
species were observed (Fig 2). Highest polyphenol content was observed in E. sphaericus
(75.45 mg/g f. wt.) followed by C. sinensis (50.38 to 70.45 mg/g f. wt.) and P.
macrophyllus 48.58 mg/g f. wt.). When the polyphenol content of all the studied plants
was compared, the lowest content was recorded in P. hexandrum (23.23 mg/g f. wt.). On
the other hand, moderate amounts of total polyphenol was recorded in the leaves of Rosa
sp. (wild rose) and the M. domesticus (apple rootstocks). Significant variations in
polyphenol contents were also observed in the leaves of different cultivars of C. sinensis..
While the highest content was recorded in T-78 (70.45 mg/g f. wt.) followed by TV-1
(69.16 mg/g f. wt.), the lowest contents were recorded in Kangra Jat (50.38 mg/g f.wt.).

4.4 Effect of leaf polyphenols on A. tumefaciens growth

The leaf polyphenols from different plants affected the growth of the
Agrobacterium strain tested. However, the growth was affected to various extents by the
polyphenols from different plant species and their concentrations (Table 3). Irrespective
of plant species, maximum increase in growth was observed at 0.25 mg/ml of
polyphenols. Any increase (1.0 mg/ml) or decrease (0.5 mg/ml) in the polyphenol

concentrations impacted the Agrobacterium growth negatively.
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Plate 1 : No Agrobacterium growth on leaf explants of (A) Rosa sp
(B) P. macrophyllus (C) E. sphaericus (D) M. domesticus
and C. sinensis cvs (E) T-78 (F) TV-1 (G) UPASI-9 (H)
UPASI-10 (I) K J, after 20 days of co-cultivation.



Plate2 : (A) Agrobacterium growth on leaf explants of P. hexandrum
after 15 days of co-cultivation (B) GUS expression.
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When the growth in response to polyphenols from different plant species was
compared, maximum increase (3.80 fold) was observed in case of P. hexandrum followed
by Rosa sp. (2.52 fold) and P. macrophyllus (2.05 fold). The minimum increase in
growth was observed when polyphenols from E. sphaericus (1.17 fold) and_the G
sinensis cultivars, TV1 (1.18 fold) and T-78 (1.19 fold) of were used.

Different cfu counts of Agrobacterium were recorded in response to the studied
plant polyphenols after 48 hrs (Table 4). Highest cfus equivalent to control (>500) was
recorded when P. hexandrum polyphenol at a concentration of 0.125 mg/ml was used.
With an increase in the polyphenol concentration however, a decrease in cfu counts was
recorded, irrespective of plant species,. Minimum (7 cfu) was recorded in response to £.
sphaericus polyphenol at 0.25 mg/ml. No cfus were recorded either at 0.5 and 1.0 mg/ml
polyphenol from E. sphaericus and C. sinensis cultivar, T-78 or 1.0 mg/ml polyphenol
from TV-1.

4.5 PPO activity in leaf explants of different plant species

The specific PPO activity in the leaves of different plant species was directly
related to the polyphenol contents of the leaf tissue (Fig. 3). Thus, while the highest
specific activity (0.75 A/mir/mg) was observed in E. sphaericus with a polyphenol
content of 75 mg g f. wt., the lowest activity was observed in P. hexandrum (0.30

A/min/mg) with the lowest polyphenol content of 23.23 mg g'l f. wt.
4.6 Effect of L-glutamine on A. tumefaciens growth

Irrespective of concentrations, L-glutamine autoclaved for 40 minutes was more
effective in promoting 4. fumefaciens growth as compared to the one autoclaved for 20
minutes or L-glutamine that was un-autoclaved (Fig. 4). While the increase in case of
autoclaved L- glutamine (20 min) was only 1.2 fold, that in case of 40 min autoclaved L-
glutamine was 3.30 fold. Irrespective of the duration of autoclaving, a maximum increase
was observed at 2.0 g/l L-glutamine autoclaved either for 20 or 40 minutes. Despite
increasing the L-autoclaved glutamine concentration, stable growth of 4. tumefaciens
with no further increase was observed. No increase in growth was observed when un-

autoclaved L-glutamine was used.
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Table 3: A. tumefaciens growth in response to leaf polyphenols from different
plant species after 18 hrs of incubation at 28°C

| Fold increase in growth
Plant species Palyphsual confei - of A. tumefaciens after
of leaves mg/g f. wt. (mg/ml) 18hrs
0.125 1.16
) 0.250 1.17
E.sphaericus 75.45 0.500 110
1.000 1.08
D.123 2.00
48.58 0.250 2.05
P.macrophyllus 0.500 195
1.000 .92
0.125 2.50
R 40.57 0.250 2.52
S 0.500 2.47
1.000 2.43
1D 3,49
FEWE 0.250 3.80
P. hexandrum 0.500 375
1.000 3,74
0.125 1,57
C. sinensis cvs: 70.45 0.250 1.19
T-78 0.500 111
1.000 1.07
0.125 L.L7
0.250 1.18
V- e 0.500 1.10
1.000 1.08
0.125 1,19
0.250 2.00
UPASI-9 59.77 0.500 118
1.000 1.16
0.125 2.00
0.250 200
UPASI-10 51.14 0.500 199
1.000 197
0.125 2.00
. 0.250 2.03
Kangra Jat 50.38 0.500 o8
1.000 1,93




Table 4:  cfus in response to leaf polyphenols from different plant species after 48

hrs of incubation at 28°C

Phenol content

Polyphenol conc.

Plant species mg/g f. wt. mg.ml cfu
Control = — Ll
0.125 8
| ) 0.250 7
E. sphaericus 75.45 0.500 None
1.000 None
0.125 119
0.250 112
P. macrophyllus 48.58 0.500 70
1.000 50
0.125 250
0.250 245
Rosa sp. 40.57 0.500 180
1.000 150
0.125 >500
0.250 450
P. hexandrum 23.23 0.500 365
1.000 350
0.125 12
C. sinensis cvs: 70.45 0.250 B
T.78 0.500 None
1.000 None
0.125 20
0.250 18
TV-1 69.16 0.500 10
1.000 None
0.125 58
0.250 56
UPASI-9 59.77 0.500 40
1.000 10
0.125 68
0.250 63
UPASI-10 51.14 0.500 55
1.000 15
0.125 73
0.250 70
Kangra Jat 50.38 0.500 60
1.000 20
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Irrespective of the concentrations tested, the cfu counts in response to L-
glutamine autoclaved for 40 min were next only to those of positive control i.e.,
acetosyringone (Table 5). As in case of growth curve, Agrobacterium growth was
maximum in response to 2.0 g/l L-glutamine autoclaved for 40 min. On the other hand,
the cfu counts in response to un-autoclaved L-glutamine and 5.0 g/l L-glutamine

autoclaved for 20 minutes was at par with negative control.

4.7 A. tumefaciens growth in response to leaf polyphenol and L
glutamine autoclaved for 40 minutes

A maximum increase in growth was observed in the presence of L-glutamine
autoclaved for 40 minutes at 0.25 mg/ml of polyphenols, irrespective of plant species.
However, the growth decreased at 0.5 and 1.0 mg/ml leaf polyphenol (, for all the plant

species despite the presence of autoclaved L-glutamine (Table 6).

Differences in Agrobacterium growth was however, recorded in response to leaf
polyphenols from different plant species in the presence of autoclaved L-glutamine
(Table 6).Maximum increase in Agrobacterium growth (4.81 fold) was observed in case
of P. hexandrum leaf polyphenols followed by those from P. macrophyllus (2.52 fold)
and Rosa sp. (3.52 fold). On the other hand, growth was minimum when leaf polyphenols
from E. sphaericus (2.14 fold) and the C. sinensis cvs. T- 78 (2.17 fold) and TV-1 (2.20

fold) were used.

A significant increase in the cfus was observed when 2.0 g/l L-glutamine
autoclaved for 40 minutes was added to the culture medium along with polyphenol at
different concentrations (Table 7). This increase was higher than that obtained on
medium containing only polyphenols from different plant species (Tables 4). When the
Agrobacterium growth in response to 0.5 and 1 mg/ml polyphenols from different plant
species were compared, a minimum of only 3 colonies was recorded at 0.5 mg/mi
polyphenol from E. sphaericus followed by the C. sinensis cultivar T- 78 with 9 colonies.
However, the cfus in response to 0.125 to 0.5 mg/ml polyphenols from P. hexandrum was

at par with control.
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4.8 A. tumefaciens mediated transformation of high polyphenol
containing leaf explants using autoclaved L-glutamine

No Agrobacterium growth was observed in the leaf explants of any of the studied

plants when the co-cultivation medium contained L-glutamine, either un-autoclaved or

autoclaved for 20 minutes. However, Agrobacterium growth varied between the leaf

explants of different plants when L-glutamine, autoclaved for 40 min was present in the

co-cultivation media .

Table 5: cfus in response to autoclaved and un-autoclaved L-glutamine

Samples

Conc mg/ml

cfu

Control (none)

>500

Acetosyringone Infinite (+++)
L-glutamine (un-autoclaved) 0.5
1.0
-0 >500
3.0
5.0
L-glutamine (autoclaved for 20 min.) 0.5 >500
1.0 >500
2.0 Infinite +
3.0 Infinite
5.0 - >500
L-glutamine (autoclaved for 40 min.) 0.5
1.0
Infinite ++
2.0
3.0

5.0
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Table 6 : Effect of leaf polyphenol and autoclaved L-glutamine (40 minutes) on
the growth of A. tumefaciens after 18 hrs.
Polyphenol
Plant . content of PClon;. of i Fold increase in growth of
ant species leaves mg/g f. olypleno A. tumefaciens after 18 hrs.
wt mg/ml

0.125 2.14
. 0.250 2.15
E. sphaericus 75.45 0.500 198
1.000 1.95
0.125 2.75
59.77 0.250 2.78
P. macrophyllus 0.500 ‘ 270
1.000 2.67
0.125 3.51
R 51.14 0.250 3.52
035G 5p- 0.500 3.48
1.000 3.45
0.125 4.80
50.38 0.250 4.81
P. hexandrum 0.500 478
1.000 4.77
C. sinensis cvs: 0.125 2.15
T-78 48.58 0.250 2.17
0.500 2.10
1.000 2.07
0.125 2.18
40.57 0.250 , 2.20
v 0.500 2.15
1.000 2.10
0.125 2.20
23.23 0.250 2.24
UPASL-9 0.500 2.18
1.000 2.12
0.125 2.60
70.45 0.250 2.65
UPASI-0 0.500 2.56
1.000 2.53
0.125 2.61
69.16 0.250 2.64
KJ 0.500 2.57
1.000 2.53
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Table 7: cfus in response to leaf polyphenols from different plant species and L-
glutamine autoclaved for 40 min.

Plant species Polyphenol content Polypenol conc. ofu
mg/g f. wt. mg/ml
None >500
0.125 15
E. sphaericus 75.45 8?38 130
1.000 None
0.125 150
48.58 0.250 147
P. macrophyllus 0.500 120
-1.000 70
0.125 300
Rosa s 40.57 0.250 290
P 0.500 270
1.000 250
0.125 >500
23.23 0.250 >500
P. hexandrum 0.500 250
1.000 396
C. sinensis cvs. 0.125 20
T-78 70.45 0.250 18
0.500 9
1.000 None
0.125 28
69.16 0.250 26
Tv-1 .0.500 19
1.000 12
0.125 75
59.77 0.250 71
UPASE-9 0.500 30
1.000 22
0.125 88
51.14 ' 0.250 85
UPASI-10 0.500 20
1.000 43
0.125 89
50.38 0.250 87
KJ 0.500 75
1.000 50
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Thus, Agrobacterium growth was recorded in M. domesticus root stock and P.
hexandrum within 3 days of co-cultivation. Even the leaves of wild rose and P.
macrophyllus showed Agrobacterium growth within 5 and 7 days respectively (Plate 3 &
Table 8). Although delayed, growth was also recorded in C. sinensis and E. sphaericus
after 10-15, and 20 days, respectively (Plate 3).

Table 8: A. tumefaciens growth on high polyphenol containing leaf explants from

different plant species

Sample Agrobacterium infection
Dayl | Day2 | Day3 | Day5 | Day7 | Day 10 | Day 15 | Day 20

E. sphaericus - - - - - - - +
C.sinensis cvs. - - - - - + + +
KJ

T-78 - - - - - - - +
TV-1 - - - - - - + +
U-9 - - - - - + + +
U-10 - - - - - + + +
P. macrophyllus - - - - + + + +
Rosa sp. - - - + + + + +
P. hexandrum - - + + + + + +
M. domesticus - - + + + + + +

(+ = present; - = absent)




Plate3: Agrobacterium growth on recalcitrant leaf explants of different plant
species (A) Rosa sp after 5 days (B) P. macrophyllus after 7 days (C) E.
sphaericus after 20 days (D) M. domesticus after 3 days (E) P.
hexandrum after 3 days and C. sinensis cvs (F) T-78 after 20 days (G)
TV-1 after 15 days (H) UPASI-9 after 10 days () UPASI-10 after 10 days
J) KJ after 10 days on media supplemented with L-glutamine
autoclaved for 40 min



4.8.1 GUS expression on A. tumefaciens infected leaves of different plants

GUS expression in the form of blue colored spots/sectors was recorded on the leaf
blade after co-cultivation for different durations on medium containing L-glutamine
autoclaved for 40 minutes (Plates 4). However, the explants showing GUS expression

varied between the species (Table 9).

Table 9:  GUS expression on leaves of different plant species

Plant species GUS expression

E. sphaericus Small light blue sector

C. sinensis

T-78 Small blue sector

TV-1 Intense blue spots at margins of leaf
UPASI-9 Intense blue spots at margins of leaf
UPASI-10 Intense blue spots at margins of leaf
KJ Intense blue sector at margin of leaf
P. macrophyllus Large intense blue sectors

Rosa sp. Almost entire leaf intense blue

P. hexandrum Entire leaf intense blue

M. domesticus More than half of leaf intense blue




Plate 4: Blue colored spots/sectors on high polyphenol containing, recalcitrant leaf
explants of different plant species indicating variable GUS expression in
A) Rosa sp (B) P. macrophyllus (C) E. sphaericus (D) M. domesticus (E)
P. hexandrum and C. sinensis cvs (F) T-78 (G) TV-1 (H) UPASI-9 (I)
UPASI-10 (J) KJ



4.9 Induction of Agrobacterium virulence (vir) genes in response to
leaf polyphenols and autoclaved L-glutamine (40 min.)

4.9.1 In the presence of acetosyringone (a known inducer of vir genes), a significant
increase in the reporter P-galactosidase activity was observed. This increase was
invariably higher than those where polyphenols extracted from leaves of different plant
species were added to the assay mixture. Furthermoe, aA decline in the reporter B-
galactosidaes activity was observed with increasing concentrations of leaf polyphenols

(Figs. 5,6 & 7).

When the reporter p-galactosidase activity was compared with polyphenols from
different plant species, maximum activity was observed in case of P. hexandrum and the
minimum in case of E. sphaericus. When 0.125 mg/ml polyphenol from P. hexandrum
was added to the assay mixture, the activities of the three strains pSM229 (harbouring vir
pinF gene), E488 (harbouring vir A gene), and E498 (harbouring vir G gene) at were
161.272, 165.529 and 169.296 Miller units, respectively (Figs. S, 6 & 7). However, the -
galactosidaes activities at the same concentration (0.125 mg/ml) of polyphenol from F.
sphaericus were 132.24, 136.24 and 140.0 Miller units for the three strains pSM229,
E488, E498, respectively. Maximum B-galactosidaes activity was recorded in case of

E498 strain, irrespective of polyphenol concentration or plant species.

4.9.2 Effect of autoclaved L-glutamine on vir gene induction in the presence
of leaf polyphenols

Even in the presence of 2.0 g/l L-glutamine autoclaved for 40 minutes, the
reporter f-galactosidase activity continued to follow the same trend as in the ones with
polyphenols but without autoclaved L-glutamine (Fig 8, 9& 10). Thus, highest activity
was observed in case of acetosyringone. Maximum activities (152.592, 161.681 and
162.473 Miller units) were also observed when 0.125 mg/ml polyphenols from P.
hexandrum were used for the strains pSM229, E488, E498, respectively. On the other
hand, the lowest activities (123.562, 132.650 and 133.442) were observed for the
pSM229, E488, E498 strains, respectively when 0.125 mg/ml polyphenols from E.
sphaericus were used. In general, significant suppression of the reporter B-galactosidase
activity was observed in the presence of autoclaved L-glutamine (40 min.) as compared

to the ones containing only leaf polyphenols but not autoclaved L-glutamine.
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4.10 Kit for the detection of 2-amino glutarimide formation after
autoclaving L-glutamine for 20 and 40 minutes

Distinct colour was observed when 2 g/ of L-glutamine was autoclaved for 20
and 40 min. and added separately to 100 ml of tea polyphenols. While the colour changed
from green to brown in case of L-glutamine autoclaved for 20 min, no change was
observed in the one autoclaved for 40 min. Rather it remained as green as pure tea
polyphenols where no autoclaved (20 and 40 min) L-glutamine was added (Plate 5).
However, after 24 hrs, the colour started changing to brown indicating that the compound

formed after 40 min were unstable after 24 hrs.
Thin layer chromatographic confirmation of the role of 2-amino glutarimide

The TLC plates spotted with L-glutamine autoclaved for 40 min showed pink
spots when dried at 110°C, whereas, the freshly prepared un-autoclaved L-glutamine gave
blue/violet spots with an Rf value of 0.411 On the other hand, TLC plates spotted with
individual catechins gave yellow spots with an Rf value of 0.637 when dried at 100°C.
The TLC plates when spotted with a mixture of catechins and autoclaved L-glutamine
(40 min.) gave a dark pink colour with Rf value of 0.209. This indicated some reaction

between the catechins and L-glutamine autoclaved for 40 min «
Nuclear Magnetic Resonance

When L-glutamine was autoclaved for 20 min qualitative and quantitative
differences were observed in the 1H and 13C NMR spectra of catechin+2-amino
glutarimide, catechin+5-oxo proline and catechin standard. The NMR spectra indicated

interaction between catechin and 2-amino glutarimide.
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Proposed mechanism for polyphenol quenching by 2-amino glutarimideA



Plate 5 : A kit for the confirmation of compounds synthesized by
autoclaving L-glutamine for 20 and 40 min (A) Leaf extract
(B) Leaf extract+ 5-oxoproline (C) Leaf extract+ 2, amino
glutarimide
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S. DISCUSSION

The hypothesis that polyphenols and their oxidized products influence the in vitro
response of plants/explants and also inhibit Agrobacterium growth and infection was
investigated and proven in the present study. Such response under in vitro conditions is
particularly, crucial because it often inhibits the regeneratibn of tissue cultured plants. It
also requires extensive manipulations and interventions (Largimini, 1991). Explants
experience different degrees of stresses during their excision from in vivo plants and
surface sterilization (Bolwell et al., 1995; Baker and Orlandi, 1995; Doke et al., 1996;
McKersie and Leshem, 1994 Yahraus et al., 1995).This triggers a ‘defense response’ and
in turn induces the production as well as oxidation of polyphenols. Thus, in the present
study, it was a small wonder that high polyphenol containing leaf explants of E.
sphaericus, P. macrophyllus, C. sinensis, Rosa sp. and M. domesticus turned brown
during the process of surface sterilization and/or co-cultivation. Consequently,

Agrobacterium infection was also inhibited.

Plant polyphenols are basically heterogeneous group of defense compounds that
are biosynthesized in response to different biotic and abiotic stresses ((Mondolot et
al.,2006, Cheruiyot et al., 2007 ). Being universally or widely distributed among plants,
these are known to impart protection against herbivores, microbes, viruses and competing
plants (Wink, 1999 ). Polyphenols also exhibit a remarkably wide range of biological
activities including the antimicrobial, antitumour, immunomodulatory and enzyme
inhibitory properties (Haslam et al.,1989; Huang et al., 1992: Haslam et al.,1996). Thus,
it is but natural that plants or their healthy parts would ward off Agrobacterium, a
commonly occurring soil phytopathogen from infecting them. The easiest way to do so
would be to exude large amounts of bactericidal or bacteristatic polyphenols or produce
harmful oxidized products. Physical damage or wound induces the oxidation of
polyphenols and, consequent deposition of brown colored phenolic acids or quinones
(Ozawa et al.,1987). These are known to be highly detrimental to the growth of microbes

including Agrobacterium. The oxidation of phenols to quinones is generally catalyzed by
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the nuclear encoded copper-containing enzyme ‘Polyphenol oxidase or PPO’ and is
widely distributed in plants (Kim et al., 2001). Such inhibition of Agrobacterium
mediated genetic transformation by host plant polyphenolic compounds is not unnatural.
This is because several of the tropical crops that have proven recalcitrant are actually
high polyphenol containing ones (Biao et al 1998; Brencic et al 2004; Sandal et al., 2007;
Sood et al., 2009).

PPO is localized in the plastids, whereas, its’ phenolic substrates are mainly
present in the vacuoles (Lobreaux et al., 1995). PPO-mediated browning reaction occurs
only when the sub-cellular compartmentation is lost due to damages like wounding (Kim
et al., 2001). The quinones that are formed due to polyphenol oxidation by PPO activity
are highly toxic and generally affect the tissues negatively. Further polymerization of
quinones cause discoloration of the medium and death of the cultured explants (Ozyigit et
al., 2007). However, metabolized phenols may affect tissue culture systems positively
with auxin metabolism and hence promote rapid cell division and synthesis of cell wall
and other related components (Ozyigit et al., 2007). PPO is also important in pigment
formation, oxygen scavenging, pseudocyclic phosphorylation in chloroplasts, and defense
mechanism against insects and plant pathogens (Tang and Newton, 2004; Kefeli et al.,
2003; Yoruk and Marshall, 2003). Since the activity of PPO is totally dependant on the
availability of tissue polyphenol (Sood et al., 2009), the leaf explants with higher
polyphenol content (E. sphaericus) showed higher PPO activity and no Agrobacterium
infection (Fig.3 and Plate 1). On the other hand, the low polyphenol containing P.
hexandrum leaves with low PPO activity were susceptible to Agrobacterium infection (
Fig.3 and Plate 2). Interestingly, even the P. hexafzdrum leaf polyphenols were inhibitory

at higher concentrations (Table 3).

Thus, it was proposed that the high contents of polyphenols in the recalcitrant leaf
explants were bactericidal and prevented the Agrobacterium from attaining an infecting
density. The importance of appropriate cell density for successful Agrobacterium
mediated transformation is a well documented fact (Amoah et al,,2001.). Thus, when the
growth curves in response to different concentrations of exogenously added leaf

polyphenols were studied, suppression of Agrobacterium growth at higher concentrations
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of polyphenols but normal growth in their absence was recorded (Table 3&4).
Agrobacterium also failed to grow on the explants with high polyphenols and PPO
activity (Plate 1). Consequently, it was concluded that polyphenols and their oxidation
products were indeed bactericidal and prevents the Agrobacteria from growing to a
density that is normally observed during the log phase (i.e., 18hrs, in the present study).
Since Agrobacteria failed to attain an appropriate density, it failed to infect the resistant
explants and no GUS expression was observed Rather, the high contents of polyphenols
and PPO activity led to subsequent browning and death of the explants (Fig. 2&3 and
Plate 1). Probably, the phenol detoxifying genes of Agrobacterium also fail to function
normally at high concentrations of polyphenols present in plants like E. sphaericus, P.
macrophyllus and C. sinensis. Indeed, the pinF or H gene and lacZ fusions showed
significant suppression of B-galactosidase activity in the presence of leaf polyphenols
from resistant leaf explants. In contrast, the activity was higher when these leaf
polyphenols were absent. On the other hand, no suppression of 3-galactosidase activity in
the presence of P. hexandrum leaf polyphenol indicated that the function of virH gene of
Agrobacterium was not disturbed. Thus, it could easily detoxify the polyphenols present
in the P. hexandrum leaf explants (Fig 5,6&7).

Generally, the problem of polyphenol oxidation and browning of explants under
in vitro conditions is solved by using charcoal, PVP or antioxidants in the culture
medium (Pan and Staden 1998; Madhusudhan et al.,2004; Abdelwahd et al,2008 ).
However, these were ineffective in overcoming the inhibitory effects of polyphenols on
Agrobacterium infection (Kumar 2003). The same year, Sandal (2003) from this
laboratory demonstrated the use of 2-amino glutarimide or over autoclaved L-glutamine
for successful Agrobacterium infection of the Kangra jat cultivar of tea. She proposed
that since Agrobacterium cell density increases in response to 2-amino glutarimide, a tilt
in the ratio of Agrobacterium cell density and toxic polyphenol exudates render the
polyphenols in the co-cultivation medium, non toxic. When this hypothesis was tested
using several high polyphenol containing plants in the present study, this was indeed
proven true. Thus, when an optimized dose of 2-amino glutarimide was added to the

Agrobacterium culture along with toxic levels of leaf polybhenols from different plants,
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the suppressing effect of polyphenols on Agrobacterium growth was alleviated. As a
result, an increase in growth was observed. In contrast, significant inhibition of
Agrobacterium growth by high concentrations of polyphenols without 2, amino
glutarimide was recorded (Table 6&7). Moreover, this compound was also effective in
bringing about Agrobacterium infection in all the plants when added to the co-cultivation
medium (Plate 3). Consequently, strong GUS expression was recorded in all the studied
plants. Interestingly, the intensity of GUS expression was also dependant on the
polyphenol content of the explant. Thus, while high expression was observed in P.

hexandrum, that in E. sphaericus was low.

Plausible reasons for the successful Agrobacterium mediated genetic
transformation of recalcitrant species by 2, amino glutarimide was also proposed. Saini
(2007) and Sandal et al. (2007) from this laboratory considered the toxic polyphenols as
‘xenobiotics’ for Agrobacterium, and 2 amino glutarimide as the ‘detoxifier’. Saini
(2007) further proposed a mechanism of polyphenol detoxification by exogenously added
2-amino glutarimide. ‘Xenobiotics’ are compounds foreign to an organism's normal
biochemistry and may often include certain drugs and poisons (Parvez and Ressis 2001).
A set of metabolic pathways that modify the chemical structure of the ‘xenobiotic’ in
question constitute the detoxification process. Considered to be of ancient origin, these
pathways are present in all major groups of organisms including bacteria (Tschech and
Fuchs 1987; Coleman 1997; Rousseaux et al 2001). Even certain biotransformation
processes bring about the xenobiotic detoxification of poisonous compounds
(Richardson,1996 and Loannides, 2001). At times, the intermediates in xenobiotic

metabolism can themselves have toxic effects.

Xenobiotic metabolism is divided into three phases (Richardson,1996 ). In phase
I, enzymes such as cytochrome P450 oxidase introduce reactive or polar groups into
xenobiotics. These modified compounds are then conjugated to polar compounds in
phase II reactions. These reactions are catalyzed by transferase enzymes such as
glutathione S-transferase. Finally, in phase III, the conjugated xenobiotic is further

processed, recognized by efflux transporters and pumped out of cells. These pathways are
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particularly important for applications in environmental science because xenobiotic
metabolism of microorganisms can determine whether a pollutant will persist in the
environment or be broken down during bioremediation. In the present study, however,
the phenol detoxifying gene i.e., vir H or pinF of Agrobacterium failed to remove the
toxic polyphenols from its environment. Rather, such mechanism was externally
facilitated by 2, amino glutarimide. Glutarimides are particularly, known to have
xenobiotic properties (Kalgutkar et al 2002). Thus, Saini (2007) proposed that the potent
moiety with -N-H group of 2, amino glutarmide formed due to complete cyclization of
L-glutamine during autoclaving for 40 minutes reacts with the —OH group of polyphenol. |
Binding of one free radical of glutarimide and one highly reactive positively charged
radical of epicatechin through the release of a water molecule results in the formation of
concatamers which in turn reduces the overall concentration of the polyphenols. This
thereby, renders the polyphenols either non toxic or less toxic to the Agrobacterium. As a
result, the recalcitrant explants become susceptible to Agrobacterium infection. The
present study was also successful in proving that even in presence of bactericidal leaf
polyphenols, Agrobacterium growth could be actually enhanced to an infécting density
by 2, amino glutarimide (2.0 g/1).

Experiments on Agrobacterium mediated transformation of high polyphenol
containing leaf explants of E. sphaericus, P. macrophyllus, C. sinensis, Rosa spp. and M.
domesticus also showed that the explants were not as démaged in the presence of 2,
amino glutarimide as in its absence. TLC and NMR further confirmed the quenching
ability of 2, amino glutarimide. The xenobiotic epicatechins molecules in the polyphenol
exudates from tea leaf explants were indeed quenched if 2, amino glutarimide was
present in the co-cultivation medium. As most of the polyphenols in the leaf exudates
were quenched, the Agrobacteria grew to an optimal density for cell-cell contact.
Consequently, even the resistant/recalcitrant explants were infected and GUS expression

was obtained in all of them. The observation that maximum and fastest Agrobacterium
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growth in case of P. hexandrum but slowest and lowest growth in E. sphaericus probably
indicated that while all or most of the polyphenols were quenched in the former, some
remained in case of the latter. Browning of E. sphaericus leaves during transformation as
compared to healthy green leaves in P. hexandrum appears to further confirm this

assumption.

An important matter of concern i.e., the vir inducing ability of 2 amino
glutarimide was also refuted in the present study. That this compound is certainly not a
‘vir inducer’ was proven using the gene fusion cassettes of vird, G and phenol
detoxifying vir genes (pinF or H) and lacZ. The gene fusion assays showed significantly
lower B-galactosidase activity when 2 amino glutarimide was added to the assay mixture
along with polyphenols as compared to the ones containing only polyphenol. Lower (-
galactosidase activity in case of polyphenol and polyphenol + 2 amino glutarmide
positively confirmed that 2—-amino glutarimide as well as used concentration of leaf
polyphenols were non-inducers of vir genes. When either or both polyphenol or 2, amino
glutarimide were absent, the f-galactosidase activity was highest in presence of
acetosyringone, the popular inducer. Thus, it could be concluded that while leaf
polyphenol suppressed the induction of vir genes, 2, amino glutarimide suppressed their
induction further. The mean suppression in the former was about 30 fold and that in the
latter was 41 fold. Consequently, highest B-galactosidase activity was recorded in case of
P. hexandrum with lowest polyphenol and lowest activity in E. sphaericus with highest

polyphenol.

Another observation that emerged during the course of the study in this laboratory
was that incomplete autoclaving of L-glutamine yields a partially cyclized compound i.e.,
5-oxoproline (Sandal 2003). Interestingly, the findings of the present study showed that
this compound did not have the ability to quench the xenobiotic leaf polyphenols. Rather,
the compound has a close resemblance with opines having lactam rings i.e., agropine and
agropinic acid or the lactonized forms of mannopine and mannopinic acid. The latter are
again the condensation products of glutamine/glutamic acid and mannose (Dessaux ef al.,

1998)). While lactonization of opines make them specific substrates for only
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Agrobacterium, lactones like the ‘acyl homoserine lactone’ serve as its quorum signal
(Zhang et al., 2001 and Brencic et al., 2004). In the present study, the 5-oxoproline which
was found to induce higher Agrobacterium growth than untreated control (Fig.4)
probably served as either ‘opine’ or ‘quorum sensing signal (QS)’. However, this
enhanced induction of Agrobacterium growth by 5-oxoproline was always lower than
that of 2, amino glutarimide. One possible explanation for this observation is that while
S-oxoproline cannot quench toxic polyphenols from the environment of the
Agrobacterium, it can probably act as QS for the induction of vegetative growth. Thus, in
the present study, 5-oxoproline triggered Agrobacterium growth to a level that is
optimum for infection, once the toxic levels of polyphenols were reduced from the

environment by phenol quenching ability of 2, amino glutarimide.

One matter of concern that was further addressed in the present study is that
Agrobacterium do not induce vir genes or infect its host plants when they are in a state of
vegetative gromh. However, it is now known that the att J and M genes regulate the start
and end of vegetative growth in response to quorum signals (Zhang, et al., 2002).
Probably, while the att] gene continued to maintain vegetative growth in presence of 5-
oxoproline, the attM gene provided the signal for vegetative growth to stop and the
process of T-DNA transfer to start. Since the two compounds i.e., 5-oxoproline and 2
amino glutarimide are formed due to autoclaving, the presence of both in a single sample
was not impossible. Therefore, it was extremely crucial to have proper identification
steps or methods for these compounds. In this regard, a kit based on colour changes was
developed in the present study to determine the formation of the two compounds by
complete or incomplete autoclaving of L-glutamine. The kit reproducibly shows that
while polyphenols extracted from fresh leaves remained green in presence of 2, amino
glutarimide for 24 hrs, that in presence of S5-oxo-proline turned brown, thereby,
confirming the synthesis of the two compounds by autoclaving. The ability or failure to
quench polyphenols was hypothesized to be the reason for the colour change in the kit. 2-

amino glutarimide is an unstable~c'6r"nf>ound”'ﬁm{c«@verts back to its more stable form i.e.,
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5-oxoproline after some time. As a result, they probably lose their quenching ability after
24hrs. However, this did not hamper the transformation process probably because 24 hrs
duration was sufficient enough for establishing the ‘cell-cell contact between the

Agrobacteria and the host plant’ and for initiating genetic transformation.

In conclusion, the study confirmed that the (i) plants/explants containing high
polyphenols are recalcitrant to Agrobacterium infection, (ii) polyphenols and their
oxidized products do inhibit Agrobacterium growth, (iii) the phenol detoxifying genes of
Agrobacteium fail to detoxify the bactericidal levels of polyphenols (iv) the bactericidal
levels of these polyphenols can be quenched or detoxified by 2-amino glutarimide formed
by autoclaving L-glutamine for 40 minutes but not by 5-oxoproline, (v) Agrobacterium,
like most gram negative bacteria, probably employs its unique quorum sensing system
once the toxicity of the tea polyphenols is reduced by 2-amino glutarimide(vi) finally,

neither 5-oxoproline nor 2 amino glutarimide are vir inducers.
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6. SUMMARY AND CONCLUSIONS

The present study investigated and confirmed the hypothesis that extremely high
contents of polyphenols are responsible for the resistance of several dicot plant species to
Agrobacterium-mediated-genetic-transformation. During surface sterilization, genetic
transformation and co-cultivation, large amounts of these explant polyphenols come in
contact with the vacuolar PPO. As a result, brown coloured toxic compounds are
produced in the presence of air. Since these compounds are known to interfere with the
physiology and biochemistry of invading microorganisms, their role in Agrobacterium

growth and transformation was investigated in the present thesis.

For this, supposedly high polyphenol containing leaves of different dicot plants
were first selected. These were then transformed using the virulent strain, GV3101 of
Agrobacterium tumefaciens harbouring the construct, pBI121 with gus reporter gene.
Expression of gus gene was used to directly measure Agrobacterium’s ability to
transform supposedly high polyphenol containing explants of Elaeocarpus sphericus,
Podocarpus macrophyllus, Rosa sp. Podophyllum hexandrum and five important
cultivars of tea (i.e. TV1, T-78, U9, U10 and KJ). Since there are a number of reports on
successful transformation of Malus domesticus, their available rootstocks B9 and MM106
were used as controls. None of these explants with exception to P. hexandrum showed
Agrobacterium growth. Even in P. hexandrum, the growth was delayed by 15 days. In
gus gene assays also, only the P. hexandrum leaves showed GUS expression in the form

of small blue sectors on the leaf blades.

Studies were also conducted to correlate the effects of freshly extracted leaf
polyphenols and PPO activities with Agrobacterium growth. Irrespective of plant species,
susceptibility of explants to Agrobacterium infection appeared to depend on PPO activity
and their substrate (i.e. leaf polyphenols in this study). Thus, the E. sphaericus leaves
contained the maximum amounts of polyphenols, showed maximum PPO activity and

were most resistant to Agrobacterium infection. In contrast, the P. hexandrum leaves
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possessed the minimum contents of polyphenols, showed lowest PPO activity and were
reasonably susceptible to Agrobacterium infection. These leaves also showed earliest
Agrobacterium growth and infection. Invariably, explants with high polyphenols and
PPO activity turned brown and necrotic during the process bf surface sterilization and co-
cultivation, and failed to show any signs of Agrobacteirum infection. Strong GUS
expression in P. hexandrum leaves within 15 days but no expression in E. sphaericus
leaves further suggested that exudation and oxidation of polyphenols was indeed a major

obstacle in Agrobacterium mediated genetic transformation of plants.

Distinct suppression of Agrobacterium growth by leaf polyphenols from different
plant species was actually confirmed through spectro-photometric and plate count
methods. These studies also showed that concentrations rather than the type of
polyphenols posed a ‘major hindrance’ to Agrobacterium infection. Thus, irrespective of
plant species, Agrobacterium growth was inhibited. The P. hexandrum leaf polyphenols
were the only exception which posed no inhibition to Agrobacterium growth at
concentrations below 1.0 mg/ml. Although these Agrobacterium growth at concentrations
below 1.0 mg/ml. Although these polyphenols supported Agrobacterium growth that was
at par with control at 0.125 mg/ml, it proved growth inhibitory at 1.0 mg/ml. However,
irrespective of plant species, this growth suppressing effects of leaf polyphenols was
largely overcome by 2-amino glutarimide. Particularly, 2 g/l 2-amino glutarimide was
optimized as the most effective concentration for promoting Agrobacterium growth to an
optimal density. This was evident from bacterial growth curves as well as cfu plate
counts. The presence of 2 g/l 2-amino glutarimide in the co-cultivation medium was also
successful in facilitating Agrobacterium infection of the leaves of all the studied plants,
irrespective of their polyphenol contents. This was further evident from the GUS
expression of the leaves. However, the intensity of the GUS expression was dependent on
the polyphenol content of the leaves. Thus, while highest expression was observed in the

P. hexandrum leaves, lowest expression was observed in E. sphaericus leaves.

The present study also confirmed the earlier findings of this laboratory that over-
autoclaving of L-glutamine for 40 min. resulted in complete cyclization. As a result, an

unstable compound with distinct fragrance and colour was produced. On the other hand,
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autoclaving for 20 min. resulted in complete cyclization and formation of a stable
compound. These were identified as ‘2-amino glutarimide’ and 5-oxo-proline using 1H
and 13C NMR. The hypothesis that 2-amino glutarimide is a potent xenobiotic detoxifier
of bactericidal polyphenols was also confirmed. TLC and NMR of the interaction
between 1 mg/ml pure catechins and 2 g/l 2-amin glutarimide was used for this
confirmation. On the other hand, 5-oxoproline lacked the polyphenol quenching ability.
Rather, based on the structural similarities between 5-oxoprolinea nd opines-with lactum
rings, it was hypothesized that this compound probably served as a quorum signal. Since
the two compounds were produced by complte and incomplete autoclaving, a colour

based diagnostic kit was developed for detecting their formation.

An important cause of concern that 2-amino glutarimide and 5-oxo-proline are not
vir inducers was also clarified using the gene fusion assay of Lac Z and vir A, G and pinF
genes. Comparatively lower p-galactosidase activity in the presence of 2-amino
glutarimide in assay mixtures with and without leaf  polyphenols confirmed this
observation. Differences in $-galactosidase activity in response to polyphenols specific to
a plant indicted strong interactions between the vir genes and the amount of polyphenols.
Furthermore, suppressed P-galactosidase activity of LacZ:pinF gene indicted that
Agrobacterium’s own phenol detoxifying mechanism failed to function in the presence of

toxic or bactericidal levels of polyphenols.

In conclusion, the present study showed that supplementation of 2-amino
glutarimide to the co-cultivation medium is an innovative approach for overcoming the

resistance of high polyphenol containing leaf explants to Agrobacterium infection.
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Appendix

1.1 Standard curve for determination of phenol prepared from catechol

OD.at650nm Y= 0.6552x+0.0535
o R? = 0.9521
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1.2. Standard growth curve of Agrobacterium tumefaciens strain
GV3101
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1. 3. Broths and media

1.3.1. Yeast Mannitol Broth (YMB)

Components Conc. (g/D)
K>;HPO, 0.5
MgS04.7H,0 0.2

NaCl 0.1

Yeast extract 0.4
Mannitol 10

Agar 1.5%

1.3.2. Luria Bertani Broth (LB)

Components Conc. (g/)
Trypton 10

Yeast extract 5

NaCl 10

Agar 1.5%

1.3.3. Preparation of Murashige and Skoog’s (MS) medium

Components Conc. (mg/l)
NH4NO; 1650
KNO; 1900
CaCl,.2H,0 440
MgS0,.4H,0 370
KH,PO, 170
H3;BO; 6.2
MnS0,.4H,0 22.3
ZnS0O4 8.6
KI 0.83
Na;Mo004.2H,0 0.25
CuS0,4.5H,0 0.025
FeSO47H,0 27.8
Na,EDTA.2H,0 37.3
Meso-inositol 100
Pyridoxine-HCl 0.5
Thiamin-HCl 0.1
Nicotinic acid 0.5
Glycine 2.0
Sucrose 30 g/l
Agar 8 g/l
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Agar added for solid medium. Depending upon the solubility of the salts, separate stocks
are made for Ammonium Nitrate, Potassium Nitrate, Vitamins, major elements and micro

elements.
1.4. Buffers
1.4.1. GUS assay buffer
Components Conc. Stock Amount taken for 10 ml
Phosphate Buffer 0.1M 0.5M 2ml
EDTA (pH 8) 10 mM 0.5M 0.2 ml
Potassium ferrocyanide 10 mM 0.1 M 1 ml
Potassium ferricyanide 1 mM 0.1M 0.1 ml
Trypton X 0.1% - 0.01 mi
X-gluc 1 mM -

1.4.2. Enzyme extraction buffer

Components Conc. Stock Amount taken for 20 ml
Tris-HC1 (pH 7.2) [ 50 mM 1M 1 ml
Sorbitol 04 M 1M 8§ ml
NaCl 10 mM 1M 0.2 ml
1.4.3. Z-buffer
Components Conc. Stock Amount taken for 100 ml
Na,HPO4.7H,0 60 mM 1M 6 ml
NaH,PO4. H,O 40 mM 1M 4 ml
KCI 0.01M 1M 1 ml
MgSO,4 0.001 M 1M 0.1 ml
B-mercaptoethanol 0.05M - 100 mg
1.5. Antibiotics
Antibiotic Conc. (ng/ml) Stock (mg/10ml) | Amount taken
(u/ml)
Rifampicin 25 250 1
Kanamycin 50 500 1

1.6. Filter sterilization of antibiotics

Heat labile antibiotics get destroyed during autoclaving. Therefore, they are

sterilized by filtration through a filter unit containing a filter membrane of 0.22 pum.




Filtration is done inside the laminar air flow hood. And finally, antibiotics are stored at
4°C for further use. As these are photolabile, care is taken to avoid exposure to light by

covering the vial containing the antibiotics with aluminum foil.

1.7. Storage of bacterial cultures
1.7.1 Glycerol stock for long term storage

50% glycerol stock (v/v) in water was prepared and then autoclaved at 15 psi, 121°C
for 20 min for sterilization. Then 400 pl glycerol stock and 600 ul bacterial cultures were
taken in cryo-vials (4:6 ratio). These were then mixed thoroughly by vortexing,
immediately plunged into liquid nitrogen and finally stored at -80°C for further use.
1.7.2. Storage as plate cultures

Agar solidify (1.5 %) YMB /LB plates with specific bacterial selection antibiotics
were prepared. With the help of pipette tip a single colony of the bacterium
(Agrobacterium/ E. coli) was spread on the surface of plates. These were then incubated
at 28°C (for Agrobacterium) or 37°C (for E. coli) for further growth. Once the colonies
were formed the plates were stored at 4°C for further use.
1.8. B-galactosidase assay

B-galactosidase encoded by the lacZ gene of lac operon in E. coli cleaves lactose to

glucose and galactose so that that they can be used as energy sources. The synthetic
compound o-nitrophenyl-B-D-galactosidase (ONPG) is also recognized as a substrate and
can be cleaved to yield galactose and o-nitrophenol to yield a yellow colored product.
When ONPG is in excess over the enzyme in a reaction, the production of o-nitrophenol
per unit time is proportional to the concentration of B-galactosidase. This yellow colored

product can be used to determine the enzyme concentration.
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