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ABSTRACT 

The antimicrobid activity ofxenorhabdus and Photorhabdtrs species 

(Enterobacteriaceae), bacterial symbionts of the entornopathogenic nematodes Steinernema and 

Heterorhabditis, respectiveIy, was studied using X. nernatophilus (three strains), X bovietrit (one 

strain) and P. luminescens (one strain). Metabolites produced by the primary form of 

Xenorhabcitus and Photorfaabdtls species were found to be inhibitory in vitro against 32 species of 

fhg i  fiom a range of habitats. Many plant pathogenic hngi were inhibited by all primary forms 

whereas the growth of two mycorrW (Oidiodendron griseurn, Suilluspseudobrer~ipes) and two 

entornopathogenic fbngi (Beauveria b i a n a ,  Metarhizium anisopliae) was inhibited slightly or 

not at all. The metabolic products of the secondary form of X nernatophilus were shown to have 

antimycotic but not antibacterial activity. The growth and antimicrobial activity among strains and 

species of these symbiotic bacteria differed under similar culture conditions. All primary forms of 

Xenorhabdus, but not of Photorhbdus, produced non-proteinaceous, water-soluble substances 

with both antimycotic and antibacterial activities. The antimicrobial activity of -X nematophilus 

was greater than that of X. bovienii or P. luminescens. 

A large variation in chemical diversity, in levels of production among different specit s and 

among different srrains of the same species was found. Isolation and characterization of the active 

agents revealed that these bacteria produced a wide range of antimicrobial substances. The 

spectrum of antimicrobials produced by X bovienii A21 strain includes four indole derivatives, 

four xenorhabdins and two new xenonrides. The later belong to a novel class of chemical 

compounds. X nematophilus produces xenocoumacins as well as one new compound, 

nematophin. The C9 strain ofP. luminescens appears to produce two anthraquinones and a 



stitbene. I' viao tests showed that some of these substances had potent antibackrial and/or 

antimycotic activity against many bacterial and h g a l  species of medical and agricultural 

importance. The myel compound, nematophin, had strong antibacterial activity against Gram- 

positive bacteria, in particular; activity against methicillin-resistant S ~ h y I o c o c ' c u ~  auras with a 

minimum inhibitory concentration W C )  as low as 0.75ps/ml. Xenonrides had both antibacterial 

and antimycotic activity with MXs at a range of 0.75-12 pg/rnl against S. meus, Micrococcus 

Zuteus, Aprgilusfirmig&, Boaytr's cimrea and Cryptuc~~:cus n e o f m .  The indoles and 

the stilbene had a wide spectrum of activity against both bacteria and hg i .  

AU strains tested showed chitinase activity with both exo- and endo-chitinases being 

present wing pnitrophenyl-N-acetyl-$-P-~umdde and nitrophenyl-&D-N,N',N"- 

triau,tylchitotriose as substrates. Variation in ex+ and ea?do-chithw activities between different 

sptcics and strains of these symbiotic bacteria was detected. The strongest activity was shown by 

X nematophiilrcs and the weakest by P. Iuminescem. The primary form ofX Meni i  showed 

sigdicantiy stronger chitinase activity than clia ihe secondary form. The partially purified protein 

ofX Meni i  showed siificant antimycotic activity against conidial g ermioation and mycelial 

growth of B. cinereu, but neither lysozyme nor &giucanase activity was detected. 

It ia established tbat some of the antimicrob'ial metabdites ofXenorh&.s and 

PAdovhrrbdCu incMe compounds new to schcq and that fheSc substances have significant 

potential ia s , s r o m  and medicd application. 
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It has become increasingly apparent in recent years that the problems of pests and d i n  

of man, domestic animals and crops that were once controlled by the use of synthetic pesticides 

and antimicrobial agents have re-emerged in many places in the world, due to both social and 

biological changes. In agroforestry, the unnecessarily heavy and widespread use of synthetic, 

chemical pesticides has resulted in the development of resistance to pesticides and has been 

identified as a major source of environmental con tamination and ecosystem damage. In general, 

the chemical pesticides that were once regarded so highly are now seen as a potential health and 

environmental threat to huma~ls. Consequdy, many synthetic pesticides have k e n  e i t k  banned 

fiom use or vobtarily withdrawn &om the market (May, 1993). Similarly, in the medical field, 

antibiotics that formerly killed bacterial pathogens with eslse are becoming ineffective as a result 

of resistance developed by bacterial and fungal pathogens. The development of multi-drug 

resistance in many bacterk has made many currently available antimicrobial drugs ineffective and 

in certain cases the resistance has almost reached crisis level, because what were once manifest as 

mild infections can ncw be We-threatening (Ney 1992; Travis, 1994). Moreover, for diseases like 

t u k l o s i s ,  the ever increasing population of immune compromised patients h u  resulted in a 

sharp increase of morbidity and mortality to such an extent that b e  World Health Organization is 

urgently appealing to governments to step-up their research and development to prevent its 

spread (NO* 1995). 

There is, therefore, an urgent need for new agochemicals and antimicrobial drugs to 

control diseases effectively. The diversity of microbial products f?om soil inhabithg 

rniaoorganisms has been a traditional source for the discovery of new pharmaceuticals and 



agrochemicals (Porter and Fox, 1993). However, the drug industry is looking for antimicrobial 

substances from sources other than soil (Gabay, 1994) in the hope that these alternative 

antimicrobials are less likely to have their efficacy overcome so rapidly by existing resistance 

mechanisms. Various forms of biological control are also being considered as environmentally safe 

alternatives to the chemical control of pests, especially when integrated into pest management 

programs. 

One of the more recent developments in biological control has been the commercialization 

of a nematode-bacteria combination (Sieinernema spp.-Xenorhabdus spp.) against insect pests, 

because it is harmless to non-target animals and to plants (Poinar, 1990). A crucial feature of this 

biocontrol agent is that the bacterial symbiont (Xenorhabdus spp.) of the nematode (Steinernema 

spp.) produces a wide range of bioactive metabolites including antimicrobial substances that 

inhibit the growth of bacteria, %ngi and yeasts (Akhurst and Dunphy, 1993; Chen et al., 1994; Li 

et al., 1995a,b). The diversity of metabolites produced by these bacteria suggests that these 

metabolites are potential sources of new agrochemicals and antimicrobial drugs, and they are the 

subject of this study. This first Chapter of the thesis presents the state of knowledge of the 

nematodehacteria association with emphasis on the bacteria and their secondary metabolites. 

Fifteen Steinernemu and three Heterorhabditis species, and their bacterial associates, are 

known (Table 1). Both of these entornopathogenic nematode genera have undescribed strains of 

some of the species that are designated by code names (Poinar, 1990). As more new strains are 

found, the molecular techniques are being used to help define their taxonomy (Curran, 1990), and 

it is anticipated that several new species will be described in the near future. 



Ttbk 1. Entornopathogenic nematode s p i e s  and their respective symbiotic bacttrial 

Nematode species Bacterial species References 

Steinemma m n i s  

S m m f i  

S. CCIIPOC(lplm 

S cubam 

S. feftiae 

S. glaseri 

S. intemeda 

S k a s e i  

S. hshiclbrai 

S. fmgicauctirm 

S. neacurtfllis 

S. rara 

S n'obrms 

S. n'tten' 

S. sccrpteri~~~~ 

Steinemma sp. 

HeterwhMtis bacteriophora 

H. megidis 

H. z e a M c 4  

Xemrkabdtds bovienii Akhurst and Boernare, 1990 

Akkurst and Boemare, 1990 

Akhurst and Boemart, 1990 

Mracek et af., 1994 

Akhurst and Barnare, 1990 

Akhurst anb Boemare, 1890 

Poirrar, 1990 

Akhurst and Barnare, 1990 

Ni- et al., 1994 

Kayaetd ,  1993 

Nguyen and Smart, 1992 

A k b s t  and Banrare, 1990 

Clrbanillasetd, 19% 

Kaya et d., 1993 

Nguyem a d  Smart, 1990 

Kaya et al., 1993 

Pohf, 1990 

Poinar et a&, 1987 

Poinar, 1990 



Xenorhabdus is the bacterial genus symbiotically associated with Steinemema and 

Photorhabthrs is similarly associated with Heterorhabditis. In nature each nematode species is 

associated with ody one bacterial species, although each Xenorhabdus or Photorhabdus species 

may be associated with more than one nematode species (Akhurst md Boemare, 1990). Five 

Xenorhabdus and one Photorhabdus species are now recognized, but many strains remain to be 

described (Table 1). The relationship between the nematodes, both Steinemema and 

Heterorhabditis, and their respective symbionts are complex and are not well-understood 

(Akhurst and Dunphy, 1993). 

The non-feeding, infective juveniles (IJ) of Steinemema, carry their symbionts in the 

modified, ventricular portion of the intestine whereas the Us of Heterorhabditis carry their 

symbionts in this location and also throughout the intestinal lumen (Bird and Akhurst, 1983; 

Poinar, 1990). The IJs enter their insect hosts through natural openings; Heterorhabditis also can 

penetrate directly through the integument into the hemocoel (Poinar, 1990). Once in the hemocoel 

of the host although the response of the host defense system to the nematodes varies with insect 

species, the nematode-bacteria combination is capable of killing many insect species by either 

overloading the host defense system or by triggering a nonselfreaction toxic to the host insect 

(Welch and Bronskill, 1962; Beresk and Hall, 1977; Dunphy and Thurston, 1990). In nonimmune 

larvae of Galleria mellonella, the greater wax moth, the nematode was not recognized as nonself 

and subsequently, the nematode was able to evade the immune response of the insect host 

@unphy and Webster, 2986; Dunphy and Thurston, 1990). For about 4-6 h post infection (at 

room temperature) the symbiotic bacteria are released into the hemocoel (Dunphy and Webster 

1988a). Within 2 h of release, the number of bacterial cells doubles and endotoxins are produced. 



Tlg insect 'host is killed within 24-48 h by the multiplying bacteria and associated to* 

depending on the host and nematode species @unphy and Webster, 1985, 1988a; Bowen et al., 

1988; Ehlers, 1991). This development time for the bacteria and the time of death of the insect 

host parallels approximately the development time &om U to egg hatching of the second 

generation in Steinemem (Wouts, 1984) and Heterorhabdiitis (Glazer et al., 1993). In 

nonimmune insects, such as G. mellonelb, the lethal dose of bacterial cells required to kill 50% of 

the d s  varied Erom one to ten, depending on bacterial and species (Poinar and Thomas, 

1967; Dunphy and Thurston, 1990). The developing nematodes feed on the multiplying bacteria 

and host tissues, reproduce, and emerge from the cadaver as Us to search for new hosts (Poinar, 

1990). This life cycle is a goad example of a mutualistic relationship between nematode and 

bacterial symbionts in that the nematode acts as a vector for the bacterium and provides 

protection Erom environmental factors such as host defense mechanisms (Wtz et ui., 1981) and 

soil antagonists. The bacterium helps to kill the host and to provide optimal conditions for 

nematode development (Akhurst and Dunphy, 1993). In the eady stage of an infection, the insect 

host's phagocytes destroy con tamiaating or@sms that might accidentally be introduced into the 

hemomel during the entry of the nematode. Consequently, the nematode is able to establish a 

virtually monoxenic culture with its bacterial symbionts within the host insect. The nematode 

benefits becawe the multiplying bacteria quickly kill the host, convert the host tissue into nutrients 

for the nematodes and maintain moaoxenic culture coditions for the nematodes and bacterium in 

the cadaver by producing antimicrobial agents that prevent the growth of secondary rnicr01 

organism (Akhurst, 1993; Akhurst and Dunphy, 1993). 



Entompathogenic nernatodelbacterhn complexes are able to kill a wide range of insect 

species (BegPey, 1990; Hein, 1990) by overcoming and lor evading the defense mechanisms of 

the insect host, especially under laboratory conditions. Like many other Gram negative bacteria, 

Xenorhbdus and Photortrabdus species produce endotoxins (Karmonek 1975; Dunphy and 

Webster, 19884 b) and emtoxins (Bowen et al., 1988; Ehlers, 1991). The X nematophilus 

endotoxins are lipopolysacchatide components of the cell wall that are toxic to the hemocytes of 

G. mellonella @unphy and Webster 1988a). Ensign et al. (1990) detead an insecticidal toxin 

produced by P. luminescens both in vitro and in vim. The purified toxin killed the fifth instar 

larvae of Manduca serta in 12-24 h when injected into the larvae but was not toxic when fed to 

the larvae. The nature and mode of action of this toxin have not yet been determined, but the 

substance is a~~arently neither a protease nor a phospholipase (Ensign et d., 1990). Interestingly, 

McInerney et al. (19% a) reported that an antibiotic, xenorhabdin 2, produced by Xemhabdus 

spp. had per as larvicidal activity against Heliothispunctigera It is suggested that xenorhabdins 

might be involved in the mechanism of pathogenic d o n  against the host insect through their 

insecticidal properties. In complexes such as S. CCIIZDOCCP)~~~~/X. mlllotophiilus (Boemare et al., 

1983; Burman 1982) and S.feltioe/X: bovienii (Akhurst, 1993) both the nematode and bacterium 

components produce toxins. S. carpo)cclp)= produces a proteinase that is able to disorganise gut 

ails of the kmct host (Laumond et d ,  1989). Kucera and Mracek (1989) identified a protease in 

S. batlssei. However, not ail Steinemmu spp produce toxins, S. glcrseri apparently does not and 

must rely on its bacterial symbiont to kill the host (AkhUTSb 1986). There are no reports of 

Heter~~ha&tis spp. producing a toxin. 



An important contribution of the bacterial symbiont to nematode development that is 

beneficial to the compl~x, is the nutritional environment induced by the bacterium Atthough 

S t e i m e m a  spp. can be cultured axenicaUy in v i m ,  they are unable to reproduce in insects 

without the intervention of microbial activity. When axenic S. carpoccrpsae infected axenic G. 

mellorzella, the nematodes miturd but did nut reproduce ( P o k  ar?d Thomas, 1966; Boernare et 

d., 1983). However, when axenic S. c(pp0ccp)sae were introduced into G. mellonelta with 

bacteria such as  Enterobacter &ornetam, arratra liquefiaciens, Psewlomonas ffuorescens or 

their symbiont, X neIIK;lfopin'ltls, they were able to reproduce (Boeme et al., 1983; Agudlera 

aad Smart, 1993). Similar results have been obtained for other Steimmma spp Although 

S;sdnemm species are able to reproduce in rich d tu re  media without their respective 

symbionts (Ehlers, et d ,  1990; Lunau et d., 1993) their natural symbionts are generally much 

superior to other bacterial species in Vim and in viuo for Wtating nematode reproduction 

(Akhum 1983; Boernare et aL, 1983; Dunphy el al., 1985; Han et GI., 1990). However, Aguillera 

and Smart (lW3) reported that S. suzpterisci could be.dtured in vitro monoxenically with many 

non-symbiotic bacterial species a d  that the nematode produced were equally effective against 

insects to those prducsll in vhe. This suggests a possible alternative method for producing these 

entornopathogenic nematodes, using non-symbiotic bacteria 

The nature of the essential nutrients provided by bacteria has not been identified. In axenic 

dture Steinentern ~pp. have a requirement for sterols (Dutky, 1967; Dutky, 1974) and some 

essential amino acids (Jackson, 1973). However, since yields from 8xmic cultures art much lower 

than those from monoxenic cultures, there are probably other nutritional fmors provided by 

bacteria that are important for nematode development. Among these facton may be tht 



concentration of essential nutrients that improve nematode feeaing efficiency. There is no 

infomatron avdabk sn the prcvisiun of nutrients by the symbionts of Heterorhbdr'tis. Unlike 

Sfeinemenzu spp., that are easily cultured axenically (Glaser, 1940; Jackson, 1962; Akhurst, 

l983), Heferorhabditi.i cannot be axenically cultured (Strauch eb al., 1994). 

Although the existence of a bacterial species associated with nematodes was postulated as 

earfy as 1937 (Dutky, 1937) such a bacterium was &st described by Poinar and Thomas in 1965, 

Initiafly, they named the b ~ e r k m  Acluomokter nemtophiIus (Poinu and Thomas, 1965). h 

a r a f t  of the rejection of the genus Achromobacter (Suchanan and Gibbons, 1974; Hendrie et 

d ,  1974) and the discovery of more bacterial strains associated with this group of nematodes, the 

new genus XenorhaBdus was created (Thomas and Poinar, 1979) and later amended (Thomas and 

Poinar, 1983). Later, Akhurst and Boemare (1988) elevated four subspecies of X nematophilus 

to species status on the basis of numerical. analysis of 45 variable characters of 20 strains. 

Howeverp X: hdingi i ,  X hvienii and X poi-i were not included in "Bergey's Manual of 

Systematic Bacteriology" because a full description and elevation of them fiom subspecies to 

species, had not been published (Holt et at., 1993). As knowledge of these symbiotic bacteria has 

acctimulatd their taxommy fias apparently become more complicated. Ehlers et al. (1 988) 

analyzed the relative phyfogeaetic positions of different Xenorhabdus and Photorhabdus strains 

by f 6s rRNA catatoguing and demonstrated that P. luminescem and X nemaiophifu were not 

as cbsdy relatect as they were originatIy thought to be. They proposed to treat the bacterial 

symbionts of entompathogenic nematodes as a taxonomic unit equivalent to that of the family 

Ent~cc3aaeriaceat into which they are currently placed. Subsequently, Boemare et al. (1 993a) 

prcrposed the new taxou, Photo~habdus. to accommodate those bacteria associated with 



Heterorhabditis because DNA analysis showed these bioluminescent bacteria to differ 

significantly from XenorhabGhrs species. Five Xenorhabrhrs species associated with 15 species of 

Steznemema nematodes have been described whereas only one Phororhabdus species associated 

with three species of Heterorhabditis nematodes has been described (Boemare et al., 1993a; 

Nishimura et ai., 1994). Recently, however, a n e y  et al. (1995), following the analysis of 16s 

rRNA gene sequences of all type strains of both genera, suggested that the taxonom: of these 

bacteria is much more complex and more taxonomic changes are anticipated. 

Xemrhabdus and Photorhabdus are Gram negative, rod-shaped cells approximately 0.3- 

2.0 x 2-10 pm in size but occasionally they Eke filamentous (15-50 um long). In older bacterial 

cultures the cells contain crystalhe inclusions. Spheroplasts or coccoid bodies, resulting fiom 

disintegration of the cell wall, appear in the last third ~f exponential growth (Akhurst, 1983). 

Both genera are motile with peritrichous flagella (Figure 1). They are facultatively anaerobic and 

chemoorganotrophic, having both a respiratory and a fermentstive type of metabolism (for 

characterization see 2.2. and Table 4-6). Although these bacteria are found mostly in the intestinal 

lumen of entomopthogenic nematodes and the body cavities of insects infected by these 

nematodes, several strains of P. luminescem have been isolated fiom human wounds and blood 

(Farmer et al., 1989). These bacteria have never been isolated fiom soil even after being 

introduced axenically into autoclaved soil (Poinar et a!., 1980b; Chen, 1992). Xenorhabdus and 

Photorhabh can be cultured in standard bacterial media. According to the 1994 edition of 

Bergey's Manual, the optimum temperature for X nematophilus growth is about 25 "C, and at 

this temperature in lipid broth it has a doubling time of 0.8-1.2 h (Dunphy et al., 1985). P. 

luminescem has a doubling time of about 1.5 h in peptone water and 2.5-3.0 h in larval G. 

melbneIh, at 2S•‹C (Poinar el d ,  t980b). It has been suggested (G6tz et al., 1981) that these 



Figure 1. Electron microscope photograph showing the peritrichous flagella of a bacterial 

ctft of Xemrkabdts tl0Vieai.i. The bacteria wtrt negatively stained with 2% (wh) uranyt 

acetate m d  examined with a Philips EM-300 transmission electron microscope (x 3,300). 





bacteria are sensitive to various factors such as osmotic variation, nutrient variability and 02 

tension. As we4 Xerr?aubdus spp. are sensitive to Hz02 produced in media exposed to ordinary 

ftilorescent fight (Xu and Hurlbert, 19%). 

Like many bacteria (Brock and MzPdigan, 199 11,  form variation is one of the important 

f-es of Xenorhabdur and Phtorhabdu biology. Akhurst (1980) was the first to report the 

occurrence of form variation in Xemrhabdus a d  Phtorhobdw, and initially designated the two 

extreme colony forms as primary and secondary. The primary form, which is naturally associated 

with the Us, often changes to the secondary form when these bacteria are cultured in vitro. The 

two forms exhibit distinct cell morphology and physiology (Boemare and Akhurst, 1988; 

Boemare and Akhurst, 1990; Nealson et d., 1990). In general, the primary form produces 

protease, tipase, and crystalline protein, is able to b i d  to specific dyes and may be luminescent 

(only in P. luminescens). The secoadary form does not have this range of biochemical characters 

(Bleakley and Ndson, 1988). In general, the primary form bacteria (except X poi-i) produce 

antibiotics but the secondary form does not. However, ~II X nemutophilus, atthough the 

secondary form does not have m'bacterial activity it does have antimycotic activity (Chen et al., 

1994). Several culture isolates of these bacteria have been reported that have intermediate 

properties (Hurlbat et d ,  1989; Chen, 1992; Gerritsen et d ,  1995). Bleakley and Nealson 

(1988) and Breheiin et d (1993) f d  that the cell sudke partially differs between the form 

variants. Fluorescein conjugated, wheat germ agglutinin bound to secondary form variants more 

than to primary form variants, probably due to different components of the cell surfhce. Smigielski 

et al. (1994) revealed differences in the respiratory activity between the two form variants of 

both X ne tmto~lus  and P. luminescens, and speculated that the primary form cells are better 



adapted to conditions in the insect and the nematode, whereas secondary form cells may be better 

adapted to conditions in soil as free-living organisms. Resent evidence suBests that the primary 

and secondary forms are different immunologically (Gerritsen et al., 1995) and in cell outer 

membrane protein (Leisman et al., 1995). The primary and secondary forms of X nematophiltrs 

exhibited different surface translocatim phenomena in that the primary form swarmed on a solid 

medium but that the secondary did not. Recent analysis has shown that the secondary form of 

these bacteria are not flagellated because of a defect in flagellin synthesis (Givaudan et al,, 1995), 

and that the secondary form ofX nematophilus do not have fimbrae (Brehelin et al., 1993; 

Moweaux et al., 1995) 

Of practical relevance for nematode reproduction is the ability of the primary form variant 

to support nematode propagation. The secondary form variant does not support the multiplication 

of nematodes as effectively as the primary form (Akhurst, 1980; Bedding 1984; Ehlers et al., 

1990). Primary and secondary forms are considered to be equally pathogenic to G. mellonella 

larvae and both forms multiply rapidly in the hemocoel (Akhurst, 1980; Dunphy and Webster, 

1985). It has been strongly suggested that reversion &om the secondary to the primary form is 

common in both Xenorhabdus (Akhurst, 1980; Boemare and Akhurst, 1988) and Photorhabdus 

(Gemtsen et al., 1995). Recent results (Krasomil-Osterfeld, 1995) showed that form shiR fiom 

prirnary to secondary in P.  luminesce,^ is reversible by changes in the osmolarity of the culture 

medium. This reversion would prevent a total loss of the desirable primary form tiom the 

nematodes. Although the I3 is capable of retaining the secsnday form of its Xenorhbrhrrs 

qmbio~t within its intestine, mmatdes co!lecteb in nature almost invariably contain only primary 

form 4 s  (Akhurst and Boemare, 1990). Apparently, the nematode has a preference for retaining 



the primary form bacteria, partially due to differences in the cell surface (Binnigtsn and Brooks, 

1893). 

Form variation in aerie bacteria is normally triggered by environmental facton 

(Silverman and Simon, 1983). However, the mechanisms of form conversion and maintenance in 

Xemrhak2b.s and Photorhal5du.s are not known. Poinar et aZ.(1980a) proposed that form change 

might result fkom a bacteriophage that lyses the primary but not the secondary form of P. 

lumimscens. Akhurst (1982) wa% d l e  to prove this by using mutagens and physical 

identification methods. AkhUrSf (1980) noticed that form shift from primary to secondary 

appeared after frequent subcultures, and Bleakley and Nerrlson (1988) speculated that form sM 

&om primary to secondary is provoked by oxygen limitation and the accumulation of metabolites. 

Two dependent groups (Couche et a]., 1987; Leclerc and Boemare, 1991) ruled out the 

possibility of plasmid involvement by demonstrating that identical plasmid DNA was present in 

both forms. Leclerc and B a a m e  (1991) declared that there is no involvement of plasmid loss or 

gain in form variation. AkhUfgt et uf. (1992) were able to prove that form variation is not due to 

g d c  rearrangements. Wang and Dowds (1993) showed that lipase production assodated with 

primary to secondary form shift is regulated at a post-translation level. Recent results (Krasomil- 

Oderfdd, 1995) sbowed tbat o n g  &on like osmolari~y, low oxygen levelq light, extreme pH 

and temperature, osmolrvity wm~ the only fktor that could reliably trigger form shift in P. 

Iwninexem. 

Physidogid studies haw shown that the mechanism of form change is complex aad 

unpd&le with respect to exteat and thing, but it occurs mostly in the stationary phase 

(Boemare and Akhurst, 19%). Thy suggest that the form shift is enhanced by anaerobic culture 



conditions, and that it may be related to differences in nutrient requirement and assimilation of the 

primary and secondary forms. However, Poinar (1993) suggested recently that the 

Ifeterorhubditis-Photorhubdus complex evolved fiom rather different ancestors than the 

Steinernema-Xenorhabdbs complex and that the typical characteristics common to both have 

developed by convergent evolution. Form variation in the symbiotic bacteria, therefore, probably 

has an important fbnction because otherwise it probably would not have evolved independently in 

Photorhabdus and Xenorhabdus. 

P. luminescens is a bioluminescent, soil-living bacterial species, but a non-luminescent 

strain of P. luminescens has been reported (Akhurst and Soemare, 1986). When an insect is 

infected by P. luminescens the whole cadaver shows the characteristic luminescence (Poinar et 

al., 1980b). The luminescence is maximal as the cultures approach stationary phase. The bacteria 

emit light most efficiently at 3 3 T  in a low-salt medium with the emission spectrum peaking at 

480 nm in vivo and 490 nm in vitro. The bioluminescence is believed to be catalyzed by an 

enzyme similar in substrate requirements and subunit size to other bacterial luciferases 

(Colepicolo at a]., 1989; Nealson et al., 1990). Although the role of bioluminescence is not 

known in the bacteriafnematode system, it has been speculated that it is involved in the attraction 

of other organisms to the infected insect cadaver (Nealson et al., 1990). 

Many Xenorhabdus species produce yellow to rusty brown pigments when cultured in 

media or in insects. Richardson et a/. (1988) and Sztaricskai et al. (1992) purified a pigment fiom 

P. luminescens and identified it as an anthraquinone derivative. In recent work on identification of 

pigments produced by P. luminescen, Li et al. (1995b) isolated two more anthraquinone pigments 

fiom the strain C9 of this bacterium. The pigment color depends on pH; yellow below and red 



above pH 9. Interchgty, most mthrquinone derivatives occur in higher plants, and also in 

lichens and Streptomyces. Some workers use the presence of pigment as a taxonomic character 

(Gtimont el af., 1984), but as the color varies with pH its value in taxonomy is limited. The 

hction of the pigments are not known. However, the antimicrobid activity expressed by these 

pigments (Li et al., 199%) indicates that these pigments probably hct i sn  as part of the 

antagonistic activity of the symbiotic bacteria against other microorganisms in the insect cadaver. 

The presence of crystalline inclusions is another common feature in Xemkbhus species. 

It has been reported (Couche et al., 1987; Couche and Gregsoq 1987) that crystalline inclusions 

o a x  in both X wmutophiZus an8 P. luminescem when they are cultured in liquid media. Crystal 

formation occurs in primary, but not in secondary form of X nemutophiI11~~ whereas both form 

of P. himinexens produce inclusions. Ensign et sl. (1990) obtained intracellular crystals fkom P. 

luminexem cells isolated &om insect cadavers. The inclusions are composed ahnost exclusively 

of protein, and arc not toxic to insect larvae (Ensign et a%, 1990). The function of the crystalline 

protein is unknown, but Couche and Gregson (1987) speculated that it might be a storage protein 

that is metabolized in the presence of the nematode and provides the nematode with nutrients. 

Dutky (1974) first suggested that one of these entornopathogenic bacteria, namely, the 

one &om DD135 strain of Neqiectana (Steinenrema)feltiao, produced antiiiotics. Poinar et d. 

(I 9804 1989) &owed the existence of bacteriophage in Xemhbdus and Bhotwhabdrrs (Table 

2). Subsoqudy, %mare et aL (1992, 1993b) demonstrated the common ouairrcnce of 

lyssgeny and bacteriocinogeny in both X e ~ ~ ~ h k i u s  and Phdwhbdrcs after mitomycia or high- 

temperature treatment. Phage DNA, purified fiom X nernatophrhcr A24, hybridized to several 

hgments of A24 chromosomal DNA, also confirmed that the phage genome is incorporated into 



Table 2. Antimhbial agents known from Xenorhabdus and Pkotorkabhs species. 

Species Strain Antimicrobial agents Properties Reference 

X nematophihs ATCC 19061 Phage 1 * Poinar et al., 1980a 

ATCC 53200 Xenocoumacin 1 1,2 and 3 Mchemey et al., 1991 b 

Xenocoumacin 2 1,3 McInerney et al., 199 1 b 

P b e  1 B s e w e  et al., 1 992 

XenorhaMcin 1 Wer et uf., 1995 

Phage 

X bovienii R lndsle 1-2 

T3 19 Xenorhabdin 1-3 

Umea Xenorhabdin 1,2,4,5 

A2 1 Mole 1-4 

Xenorhabdin l,2,6,7 

Bacteriocin 

PhnPc 

Bacteriocin 

phase 

X e ~ ~  sp ATCC 394W Xenorhebdia 1-4 

X e n w d  1 

Dan 

x bediingri' QJs 

B 

1 and 4 

1 

land2 

1 d 2  

1 

1 

1 

BagMguian et al., 1993 

Prurl etaf., 1981 

McInerney et al., 1 99 1 a 

McIaerney et al., 1991a 

L3 etal., 1995r 

Lietuf., 1995a 

Bocmareetd., '1992 

Bounarc et d., 19% 

Boemarc et ul., 1992 

Bocrlnafc etaf., 1992 

Mchemq et ale, 1991a 

M e b e y  et al., 1991b 
- - -- 

continues on next page 



Species Strain Antimicrobial agents Properties Reference 

P. luminescem A T C C 2 W  Bacteriocin 1 Baghdiguian et ai., 1993 

ATCC29304 

?P 

KSO 

Hm 

PtsOtmhaWsp H i  

K18 

Phage 

StilbePles 

Bacteriocin 

Anthraquinone 

S t i l W  

Anthaaquinones 

Stilbene 

Bacteriocin 

Anthraqurnonej 

Bacteriocin 

Bacteriocin 

Bocteriocin 

Bacteriocin 

Poinar et al., 1980a 

Bad et al., 198 1 

Baghdiguian et al., 1993 

Richardson et al., 1988 

Richardson et al., 1988 

Ei et al. 199% 

Li et al. 199% 

Baghdiguian et al., 1993 

Sztaricskai et a]. , 1992 

Boemare et d., 1 992 

Bqhdiguian et al., 1993 

Baghdiguian et al., 1993 

Baghdiguian et d., 1993 

1 = antibacterial, 25: antimycotic; 3 = antiulcer and 4 = = c i d a l .  

' no strain nuBLQa was provided. 



the bacterial cbromosome. Subsequently, a bacteriocin, named wnorhaldicin, was puaified and 

partidy c W &  as protein particles similar in shape to phage tail consisting of two major 

subwits of 20 and 43 kDa (Thaler et al., 1995). Bacteriocins, by definition, are highly specific 

antibacterial proteins, produced by certain strains of bacteria and they are active mainly against 

other strains of the same species (Mayr-Hahg et al., 1972). Bacteriocins kve  been detected in 

limited quantities h many Xemrhabdus and P h o t o r h a ~ s  cultures without any induction, and in 

increased quantity if induced (Baghdiguian eb a]., 1993). It is bellwed that the bacteriocirrs auld 

phage elements fiom these bacteria are similar to those associated with lysogenic strains of 

PSellCbOmoms or Envinia spp. Although the culture media were active even after being diluted 

10' times these bacteriocins were inactivated by proteinase and high temperature treatment 

@oemare et a]., 1993b). 

Apparently, the antimicrobial systems of Xewhabdrcs and P k o t o ~ h o ~  species act in 

two broad ways in that the wide-spectrum, chemical antimicrobials inhibit other microbial species, 

and the b a c t e r i h  inhibit closely related species or strains of the same species. Paul et a1.(1981) 

reported that nine strains of X nemutophi1u.s and P. luminescens product antibiotics that inhibit 

growth of the iuminous bacteria, Vibrio spp. and Photobacterium spp. Moreover, Akhurst (1982) 

documented antibiotic activity of XemrMdhs spp. against a variety of micro-organisms, 

including the Gram-positive species of Mi~~mocct~s,  S&plyIococc~ls, &Icillus, Gram-negative 

species of &herich& ShigeIkz, Enterohter, Strati4 Protm, Envinia, Xenwhabdus, 

Flavohterium, P & m m  and yeast species of Candiclb and Saccharomyces. 

In this study, Akhunt showed that all primary forms of Xemtrabdrcss except X poilypji, 

produced antibiotics aud that some Xenorhabds strains or species were mutually inhibitory. 



Maxwell et aI.(l W4) showed that two strains of X nentatophilus produced broad-spectrun? 

antibiotics both in vitro and in vivo and that the antibiotic activity was heat-stable. The spectrum 

of bacierial species affected varies with the strain of X nematophilus, and the antibiotic released 

from Xenorkbdus-killed insect cadavers temporarily decreases the number sf  bacteria in the soil. 

Recently, Ghen et a!, ( 1  994) showed that not only the primary form ofX neltl~lophilus, X. 

bovienii and P. luminescem but also the secondary form of X nematophilus produce substances 

that have antirnycotic activity against a wide range of fungal species. Noting the variation in 

spectrum of antibiotic activity within and between Xemhakhs  species, these workers suggested 

that each of these Xemhabdus species or strains produces one or more different antibiotics. 

Little is known of the rate of production of these antibiotics. Paul et d. (198 1) obtained 

500 mg of semi-pdied antibiotic extract f?om 15 L of cell-fke, spent culture medium of X 

bovienii. They isolated four indolt derivatives &om X bovieraii and hydroxystilbene derivatives 

f?om P. luminescem, all of which have antibiotic activity (Table 2). Richardson et al. (1988) 

purEed the same hydroxystilbene derivative &om P. hmrinescens. Recently, anthraquinone 

pigments with antibacterial activity have been isolated also from strain C9 of P. luminescem (Li et 

d., 1995b) and f?om an ULlSPeClfied strain of P. luminescem (Sztaricskai et a!., 1992). Naturally 

oGauring anthraquiaones arc known to be produced by fungal species (Ankt et d., 1980b). These 

compounds were shown to have antimicrobial and antitumor activities and are toxic to animals 

( M e  et al., 198Oa). 

Sundar and Chang (1992,1993) have investigated the activity and mechanism of action of 

the indole and stilbene derivatives isolated by Psul et d. (1981). Both the indole and stilbene 

dexivadvcs were effective against both Gram-positive and Gramnegative bacteria, causing a 



severe inhibition of RNA synthesis by inducing an accumulation of the regulatory nucleotide, 

guanosine-3',5'-bis-pyrophosphate in susceptible bacteria. It has been reported (McInerney ct al ,  

1991a, b) that seven antibiotic compounds have been isolated from Xemrkabbus spp., and of 

these, five dithiolopyrrolone derivatives, named xenorhabdins, are organic soluble (see Tabie 2). 

The other two, benzopyran-1 -une derivatives, named xenocoumacin 1 and 2, are water soluble. 

Dithiolopyrrolone compounds which were initially isolated from Streptomyces species 

have activity against a variety of fbngi, amoebae, Gram-positive and Gram-negative bacteria 

(Celmer and Solomons, 1955). Xenorhabdin 2, a dithiolopyrrolone compound isolated &om X 

Bovienid has antibacterial activity against Gram-positive bacteria (McInerney et al., 1991a). The 

mechanisms of action of ditbiolopyrroIone derivatives include membrane stablization in animals 

(Ninorniya et al., 1980) and inhibition of RNA and protein synthesis in yeast (Jimenez et al., 

1973; Tipper, 1973). 

X ~ u m a c i f l S  belong to the same class of compounds, with regard to structure and 

phafinacobgical activity, as the annicoumacibs which are isolated fkom 3ucifIuspumilus 

(Shimojima et a[., 1982). Xemcammh 1 ax 2 are considered to arise fiom leucine (Mclnerney 

et d ,  1991 b ) and produced in 1 : 1 ratio in insect cadavers infected with X nemutophilus 

(Maxwell et d ,  1994). Xenocoumacins are him active agaiast Gram-positive bacteria, 

including Sr(4b/lrkmnxus aad Sirept~occus species and also apwi some strains of Escherichia 

coli (Mchmcy et d ,  1 991b ). However, most enterobacteria and PseudomoMs aenrgiltosa are 

resistma to xewcoumacins, as is tbe drug-resistant strain of S f q h y b c u s  uureus (Mclnerney et 

1 F9 1 b). Xen- I exhtiits also mtimycotic activity again?rt spacia of C ~ ~ O C U C C ~ ~ S ,  

AspeW'lus. Trichcrphyton and C d &  (Mcfncmey et d.. 1991b ) Bob xenocouMcin 1 and 2 



diqtdqd p o w  d c a  activity against stress-induced ulcers when dosed orally in rats 

(Mdmmq er d,  1391b). The pharmacoio@cal activity of xenocoumacins has not been tested, 

but was sjwdated to be simiZar to that of amicoumacins ( McInerney et at., 199 1 b) which have 

been shown to have high aarte toxicity to rats (Shimojima et a]., 1982). 

It is w e f f - h m  that XemtiabduP and P b u t o ~ h ~  species produce a range of 

intniory substances. The i i y p c t k k  that these antiiiotics prevent the insect cadaver &om 

p u t d y q a r r d s c r ~  
. . .  oprimalc01lditi011~ for mmatde growth d reproduction, seems 

foeicaf. Akhough s variety of aathkrobial agents have been isollted fiom two genera of 

~ntom,pathosenic bacteria, their activity production and the relative abundance of the 

known group ofcompouabs is mht idly known. 

The otcjective of h i s  study was to aramine the antimicrobial activity of these bacterial 

~ o f e n t o m o p a t b o g e n i c  lLematobcs, nsmdy,X~trabdwaadPhotovhflbdus species. In 

g m i a h r , t b t s b d y w o u l d d t b e ~  
. . 

spectrum, chernicat nature, biO(LCfiVjty, 

pioduction and potential ud ihess  of the metabdites p.roduced by selected bacterial strains. 



CHAPTER 2. ltPaTEMALS AND GENEFUL METHODS 

2.1. SOURCE, ISOLATION AM) MAINTENANCE OF XENORHABDUS AND 

PHCITORHABDUS. 

All species and strains of nmatode and their associated bacteria that were used in this 

research project were &om the laboratory collection of Dr. J. M. Webster (Department of 

Biological Sciences, Simon Fraser University), and their sources are as listed in Table 3. The 

nematode cultures were maintained by periodic passage through Im of the Greater Wax Moth, 

Galleria mellonella (obtained fiom the Simon Fraser University Insrxtary), at 24 OC, and the 

nematodes were stored in moist sponge at 4 OC (Dukty et ul., 1964). Bacterial strain C9 of P. 

lzuniraescens was isolated fiom Us, whereas all other strains were isolated fiom nematodeinfected 

G. mellonelfa larvae. Newly molted, last instar larvae of G. melIoneIIb were infected with Us, 

carrying the respective Xenarkbdrrs or P h o d w k W  spp., at a rate of 25 Us~larva. Mer 2448 

h the dead larvae were disidected by dipping them into 95% ethanoi and igniting them 

(Woodring and Kaya, 1988). The cadavers were aseptically opened with sterile forceps, 

hernolymph was streakex! onto 9- Petri plates of nutrient agar medium (NI3TA:bcefextract 3.0 

g, peptone 5.0 g, agar 15.0 g bromothym,l blue 0.025 g and 2,3,5-triphaYyltdrPzslium chloride 

0.04 g per liter of distifled water) (Woodring and Kayq 1988) and incubated in the dark at room 

temperature (approximate& 24 "C). 

'Where idation &om infected insects wers difEcuit (e.g., CF strain) the baztairrl qmbismt 

was isolated fiom the Us using a method modified after Dunphy and Webster (1984), in which US 

were d a c e - s t e i b d  by immersion in 0.2% Thermosol (Sigma) for 2 b7 r i d  thoroughly with 



TaMe 3. Species and sources of Xenorhabdus and Photorhabdrrs, and their nematode 

symbionts, used in this study. 

Bacterial Nematode species 

Bacterial species strains and strains Source 

X nematophilus D D1 Steinemem G. 0. Poinar, University of 

Poinar and Thomas carpocapm (Weiser) California, Berkeley, USA 

(DD 136) 

ATC S.C(IIPOCLP)= American Type Culture Collection, 

WocMe, Maryland, USA 

X W e n i i  A21 S feltiae (Filipjev) Isolated fiom soil in Merrit, British 

Akhurst and (A2 1) Columbia, Canada. 

Boemare 

P. luminescens C9 Heterwhabdti rnegids Isolated &om soil in Summerland, 

Akhurst and Poiaar, Jackson and British Columbii Canada 

Boernare KIeiR 

W) 



sterile water and homogenized. The homogenous mixture was spread on N T A  and incubated as 

desai.5ed b y e .  The resulting prbnuy fomi as ?sefhd by Boernare and Ak)l.last (1988), of eaeh 

bacterid strain was characterized (see belowj and subcultured at 14-day intervals on NBTA. To 

obtain the secondary form of Xenorhabdus species, the primary form was maintained without 

subculture for 20 days at 24•‹C. During this extended period many bacterial colonies produced 

secondary forms. The secondary form of each Xensrhubdhs and Photorhabdus strain was 

confirmed by testing its antibiotic activity against the bacterium Bacillw subtilis (see below), and 

each strain was subsequently maintained on NBTA, as described above, and subcultured biweekly 

until needed. 

2.2. CHARACTERIZATION OF XENORIiABDUS AND PHOTORHABDUS STRAINS. 

The characterization was done, unless otherwise stated, using methods described by 

Holding and Coke (1971) and S m i  and Krieg (1981), and was repeated once. AU tests werc 

conducted at 25 OC using the primary form of each strain. The cell size sf each bacterial species 

was measured microscopically when emmhhg 24 h cultures in nutrient broth (NB: beef extract 3 

g and peptone 5 g in one liter of distilled water). The bacterial motility was observed under the 

microscope (x 1,000). Flagellum position was examined by obsewation of the negatively stained 

bacterial cells fiom 24-h-old NB cultures with the electron microscope. Briefly, aliquots (10 pl) of 

baa.nia! w r 4 m  were placed onto &a-coucd copper grids (290 mah). The bacteria were 

negatively stained with 2% (wh) uranyl acetate. Ma 1 min of staining, access material was 

removed, the grids &-dried and the bacteria examined with a Philips EM-300 transmission 

electron microscope. Colony pigmentation and bioluminescence were recorded from 4-day-old 

colonies on nutrient agar (NB plus 1.5% agar). Cytochrome oxidase ranion was detmnined by 



cytochrome oxidase testing paper according to the instructions of the manufacturer (Unipath Ltd, 

Basingstoke, Hampshire, England). All of the following tests were conducted according to 

methods described by Smibert and Krieg (1981). Catalase activity was tested by flooding 24 h-old 

nutrient agar culture with 10% hydrogen peroxide and observing the release of oxygen. 

Lecithinase was tested on egg yolk agar which consisted of peptone 40.0 g, Na2HP04 5.0 g, NaCl 

2.0 g, MgSO, 0.5% solution 0.2 rnl, glucose 2.0 g, agar 25.0 g and two egg yolks in one liter 

distilled water. Urease was tested on Christensen urea agar which consisted of peptone 1.0 g, 

glucose 1.0 g, NaC15.0 g, W O 4  2.0 g, phenol red 0.012 g, agar 20.0 g in one liter distilled 

water. 

Acid production by the bacterial species fiom various carbohydrates was determined 7 

days after incubation by visual observation of color changes in 1% (wlv) peptone water containing 

0.0025% (wlv) bromothymol blue (BB) and 1% (wlv) carbohydrate as described by Smibert and 

Krieg. (1981). Because of the limitation of BB's sensitivity to pH changes, the pH level of the 

bacterial culture tubes was measured also using a pH meter to confirm the production of acid. The 

utilization of carbon sources listed in Table 6 was assessed in minimal medium which consisted of 

-03 0.3%, K~HP040.3%, MgSO4-7H2O 0.1%, NaCl0.05%, FeSOd7H20 0.001% at pH 7.0 

plus 0.2% (wlv) carbon source. Growth was determined by visual observation of turbidity of the 

culture broth after 6 days of incubation in the dark at 24 OC. 

Table 4, Table 5 and Table 6 show the morphological, physiological and biochemical 

characteristics of the five bacterial strains studied in this project. All primary form strains are 

moth, Gramnegative and rod-skaped with an average rod length greater than 5.0 pm and having 



Table 4. Morphological and physiological characteristics of Xenorhabdus and Photorhabdus 

strains used in this study. 

Bacterial strains* 

Characteristics A2 1 C9 BCl Dl ATC 
- - -- 

Gram reaction - t 

Cell size (pm) 

Motility 

Peritrichous flagella 

Pigmentation 

Bioluminescence 

Catalase 

Oxidase 

Urease 

Lecithinase 

5.3x2.2 

+ 

+ 

yellow 

- 

- 

- 

- 

+ 

- 

5 . 8 ~  1.2 

+ 

+ 

orange 

+ 

+ 

- 

+ 

+ 

- 

5.5x1.6 

+ 

+ 

white 

- 

- 

- 

- 

+ 

- 

5.1 x2.1 

+ 

+ 

white 

- 

- 

- 

- 

+ 

- 

5.3x1.2 

+ 

+ 

white 

- 

- 

- 

- 

+ 

+ positive; - negative. 

*see Table 3 for explanation of the codes of the bacterial strains. 



Table 5. Acid production by Xenorkabdhs and Pko~or~hzWks strains used in this study 

when t u t d  oa earhhydratt sources. 

Bacterial strains* 

ATC 

- -- - -  - --  - 

7 Acid production wss defiaed by the pH lcvd in tha &t tube: pH 4 . 0  (+); pH 6.0.6.5 (+I-); and 

pH > 6.5 (-). 

*see Table 3 for explanation of the codes of the bacterial stfairw. 



Table 6. Utilization of carbon sources by Xenorhabdus and Photorhabdus strains used in 

this study. 

Bacterial strains* 

Carbon sourced A2 1 C9 BCI Dl ATC 

Cy steine 

Glycine 

Tyrosine 

Nicotinic acid 

Ethanol 

Methanol 

Inositol 

Mannose 

D-Galactose 

D-Glucose 

D-Lactose 

D-Mannitol 

D-Sorbitol 

D-Ribose 
- - 

$ Utilization of carbon: (-r-) turbidity within 6 days, (+I-) delayed turbidity within 6 days rind (-) 

no turbidity over 6 days. 

*see Table 3 for explanation of the codes of the bacterial strains. 



peritichous flagella (Figure 1). Crystalline inclusions were clearly visible in all tested strains. They 

were negative for oxidass md psitiye for ltxitbnase, absorbed brornothpol blue fiom hBTA 

and formed blue to greenish blue colonies. All strains produced acid from D-fructose, D-glucose, 

D-maltose and D-mannose whereas none of them produced acid fiom esculin, insulin, D-lactose, 

D-rnannitoi, D-raffinose, L-sorbose and D-xylose. The results of their utilization of 15 carbon 

sources showed that all tested strains utilized asparagine, tyrosine, inositol, mannose, glucose and 

ribose but not cysteine, nicotinic acid, ethanol, methanol, D-lactose and D-mannitol. The above 

characteristics distinguish these bacterial strains from other closely related genera. Strain C9 is 

positive for bioluminescence, catalase and urease, which are typical far P. hminescens. These 

characteristics distinguish C9 from all of the other strains tested. The strain A2 1 was unique 

among those tested in being positive for lipase, producing yellow pigment on nutrient agar (NB 

plus 1.5% agar) and in producing acid fiom D-arabinose and D-sorbitol. These characteristics 

collectively are typical of X bovienii (Murs t  and Boemare, 1988). Strains BC 1, D 1 and ATC 

produced no pigments on nutrient agar, shared the same nematode origin and were similar in 

almost all characteristics tested. These three strains have characteristics typical of X 

nematophilus. 

2.3. TEST ORGANISMS. 

A range of bacterial, yeast and fungal species were used to test the bioactivity of the 

bacterial metabolites and they were either purchased from commercial sources or generously 

donated by the individuals listed (see Appendix 1). The bacterial strains were usually maintained 

on TSA [TSB @ifco) plus 1.5% agar], incubated in the dark at room temperature and 

subcultured weekly. For long term preservation the bacteria were grown in nutrient broth (25 O C  



at 120 rpm) for 24 4 then the bacterial culture was mixed with an qual mount  of 24% sucrose, 

lyophilized and then preserved at -20 "C as a powder. 

The h g a l  and yeast s p i e s  were maintained rand shcdtured b i w d y  on potato 

dextrose agar (PDA) in the dark at room temperature or were stored in mineral oil at 4 O C .  

2.4. BIOASSAYS. 

2.4.1. Bioassay of mtibrrctefial activity. 

Bocilllis subtilis (see Appendix 1 )  was chosen as the standard bacterial indicator of 

antibiotic activity, because it is one of the most commonly used bacteria for bioassay of 

antibiotics, and initial tests showed it to be sensitive to antibiotics produced by Xenorhul)dius and 

Photwhabdus. A standard spore suspension of B. subtilis was made using a &ed method of 

Hewitt and V i t  (1989) as follows: 1) inoculurn was prepared by adding a loopfCll of slant 

culture of B. subtilis into 10 ml of sterile TSB (shaken at 120 r p q  overnight at 37 OC), fhdll 1 d 

of the bacterial broth was tf811Sfend into a one liter flask containing 588  ml TSB; 2) the flask 

was incubated at 37 O C ,  and shaken at 80 rpm for 10 days; 3) the bacterial spores and cells ware 

collected by centrifuging at 11,000 x g for 5  min and washad three tknes with sterile water. 4) the 

spores and cells were rempcded in a sterile 0.P? (wh) NaCl solutioa; 5 )  the suspension waa 

pastarrized at 80% in a water b.tb for 20 min; 6) a concentrated spore awpawion of 6xld 

colony-forrning-units (CFU/ml) was made ftom the pastauk&, salirrc: suspension md transferred 

into batches of 1.5-d t u b  for storing at -20 OC rrntil required, 

An agar a s i o n  bi~asay, based on Hewitt ud Vurcegt (1989), .wrr mpbyd 

throughout the whole study as the standard initial test of antibacterial dvi ty.  Except where 



otherwise stated, all antibiotic activity tested on agar plates followed the procedure outlined 

below. 

TSA was autoclaved for 15 min and 10 rnl of media were poured aseptically into each 9- 

cm Petri dish. After cooling, the plates were stored at room temperature until required. One 

hundred rnicrolitres of the B. subtilis spore suspension was pipetted onto each assay plate. The 

inoculum was evenly spread over the surface of the agar plate with a sterile spreader and then the 

plates were dried in a laminar air flow with their lids open for 10-20 min. 

Before test solutions were cidded to the B. subtilis plates, 2-4 wells, each of 4 rnrn 

diameter, were cut in the inoculated agar with an alcohol-flame sterilized cork borer and the agar 

plugs were removed with sterile forceps. Then 40 p1 of test solution were added to each well, the 

plates were covered with their lids and incubated at 25 O C .  After 24 h incubation, inhibition zones 

(clear zones without bacterial growth) were visualized (qualitative tests) and, as necessary, the 

radiuses of the inhibition zones were measured with hand-held calipers. 

2.4.2. Bioassay of antimycotic activity. 

B ~ n y t i ~  cinerea was used for the routine, analytical bioassay organism for antimycotic 

activity because of its ability to produce conidia and the ease of their subsequent germination. B. 

cinerea was grown on PDA for about 7 days at 24 O C  under laboratory light conditions to 

stimulate the production of conidia. The conidia were harvested by flooding the fitingal plate with 

sterile, distilled water, adjusting the number of conidia to 2x10' conidiahl and then adding potato 

dextrose broth to the suspension at a find concentration of 10%. The bioassay was performed in 

dud-well cavity slides. To each well was added 50 pI of the test solution that was to be 

bioassayed. The slide was then placed in a laminar air-flow until the solution had dried, then 



50 pl of conidid suspension was pipetted into each well, and the cavity slide was incubated in the 

dark at 24 *C ovanight in a moist chamber. Conidial germination was determined micr~scopically 

and expressed as a percentage of the first 100 conidia randomly found in each well. This bioassay 

system was used for the monitor of antimycotic activity in all fractions during the purification 

process in 4.2.1. 

To fiuther quantifj, the antimycotic activity of X e w h a e  and P h t w h b d u s  species, 

;he test solutions were tested also against B. cinerea on plates. One milliliter of the c;oni&aJ 

suspension (2x 10' conidia /in1 ) was thoroughly mixed with 9 ml water agar (1.4%) at 49 OC in a 

9-cm Petri dish, after the agu ha8 set, sew& wells (4 mm diameter) were made, and 40 pl of the 

test solution was added into each well. These plates were incubated at 24 OC for 48 h, and the 

radiuses of inhibition zones were measxed with hand-held calipers after incubation_ 

2.4.3. Determination of the efficacy of purified antimicrobial substances. 

To determine minimum inhibitory concentration (MIC) of the purified compounds, the 

standard procedure for testing antibiotics was followed (The National Committee for Clinical 

Laboratory Standards, 1983). Briefly, test chemicals were dissolved in dimethyl sulphoxide 

(DMSO), filter sterilized and diluted into distilled water r d *  in a find DMSO concentration 

< 0.4% (v/v) at 8 chemical stock concentration of ZOO &ml. The active compounds were tested 

in serially twoW dihttions over concenbations ranging &om 100 &ml to 0.1 &ml 6.e. 100, 

50, 25, 12.5,6.3,3.2, 1.6,0.8,0.4,0.2,0.1)forthedeterminationofMKs. Thetestbgmedium 

(pH 7.0) for bacteria comprised bacterio1ogical ptptoae 6.5 g, yeast extract 1.5 g, sodium 

chloride 3.5 g, dextrose 1.0 g, K2Hpo4 3.7 g and K H m 4  1.3 g in one liter of Wd water with 

or without 15 g agar for agar dilution or liquid dilution tests. The testing medium for b g i  and 



yeasts was PDA Test bacteria and the two test yeasts (C. tropicalis and C. neoforrnuns) were 

grown on nutrient agar (PDA for the yeasts) for 24 h (25*C), then were scraped from the plate by 

flooding the plate with 0.8% saline and diluted with the saline to make inocula (containing 2.5- 

2.8~10' CFLJhl). Aspergihs spp. and B. cinerea were grown on PDA for 7 days (25 OC) before 

the conidia were harvested by flooding the plate with sterile, distilled water and diluted to make 

the final inocula (2.5-3.0~10~ conidiahl). For the agar dilution test, 5 pl of the inoculum was 

added to the agar plate containing the test compound which was then incubated at 35 "C (B. 

cinerea 24 "C) and the MCs were visually determined after 24 h incubation (2 days for B. 

cinerea). This system allowed 3-4 organisms to be tested on a single plate. For the liquid dilution 

test, an amount of the inmlum was added such that the final bacterial or yeast concentration in 

the test solution was 6x lo5 CFU/rnl. The inoculated medium was incubated under the same 

conditions as for agar plates. Medium without chemical compound was prepared the same way 

and used as control. The MIC was defined as the lowest chemical concentration that prevented 

visible growth of the test organism at the above conditions. The tests on Pythium and 

Phytophthora were done on water agar (1 -5%) or rye agar (Caten and finks, 1968). Test 

chernicabs were diluted with distilled water, mixed with an equal amount of agar. After the 

medium had solidified, each plate was inoculated in the center with a mycelium plug (5 mm dim.) 

and incubated at 24 "C (room temperature for P. infestam). MICs were determined after 24 h (4 

days for P. ijestans). 



2.5. EXPERIMENTAL REPETITION AND STATISTICAL ANALYSIS. 

Except where otherwise stated, tests done thtoughout the study were repeated three 

times. Data were analyzed on SAS software using Tukey's Studentized Range Test for variables 

(P-0.05); data are expressed in the thesis as means f standard erron. 



CHAPTER 3. THE ANTIMICROBfAL ACTIVITY 

3.1. INTRODUCTION. 

Although the antimicrobid activity of Xenorhabdus and Photorhbdus has been know 

for some time @utky, 19741, and several antibiotics have been purified and characterized (Paul et 

al., 1981; Richardson et al., 1988; McInemey et al., 1991a, b), little is known about the 

aAmicrobiat spectrum of these bacteria and, in particular, about their activity against fungi. To 

help overcome this deficiency in our knowledge a study was done to investigate the antimicrobial 

activity of Xenorba&s and Phororhabdus. 

3.2. MATERIALS AND METHODS. 

hocula of the primary form Xenorhabdus and Photorhabhs species and of the secondary 

form of X rzematophi1u.s were grown in 50 ml of TSB in 100 ml Erlenmeyer flasks. Cultures were 

shaken in darkness on a horizontal, gyratory shaker (80 rpm, 24OC) for 24 h. 

3.2.1. In vitro spectrum of activity against fungi. 

The initial determination of the antimycotic activity spectrum of Xenorhabdks and 

Ptrot~hbdtcs species was done by adding 50pl of the inocula of each Xenorhabhs and 

PhororiraMk strain aseptically into the center of separate 9-cm Petri dishes each containing 10 

d of autoctavd TSA which was then incubated in the dark at 24•‹C for 4 days. Control plates 

were i n d a t e d  with TSB minus Xenorhabdus and P h o f o r h a ~ .  Each plate was s*lbsequently 

inoculated in a triangufar fashion with three myceiial plugs (each of 0.5 cm diameter placed about 

8 mm fiom the edge of the plate) of one of the 32 test hngi cut fiom fieshly grown cultures on 



PDA plates. Each test was replicated three times using three plates. The growth of the hngd 

~oecies on each plate was compared with that of the controls, and incubation was terminated 

when the fungal colony in the control plates reached the center of the plate. 

3.2.2. Growth, fractionation and antimicrobial activity of Xenorhabdus and Phsforhabdus. 

The antibacterial and antimycotic activity of the metabolites fiom each strain were tested 

by adding 1 ml inoculum, which had been adjusted to an absorbance of 1.50 at 600 nrn, of each 

bacterial strain to 30 rnl TSB in a 100 ml flask, and culturing in the dark at 25 OC on a shaker (120 

rpm). Three replicate flasks were collected each sampling time at day 1, 2, 3, 4 and 5. No sample 

was taken prior to 24 h because the main interest of this study was antimicrobial activity and, 

normally, secondary metabolites such as antibiotics of microorganisms are produced in a 

relatively late stage of growth. TSB minus bacteria was used as contrcl and was incubated and 

treated in parallel and in the same way as the bacterial cultures, as outlined below. From each 

sample 1 ml of bacterial culture was drawn, diluted 10 times with TSB and measured at 600 nm 

for absorbance. The rest of the culture was measured for pH value, neutralized with 6 M HCI, and 

centrihged (1 1,000 x g, 20 min 4•‹C) to yield a cell-fiee supernatant (CFS). In order to determine 

the chemical nature of the secondary metabolites the CFS was processed as described below (see 

diagram). It is known (Paul et al., 198 1 ; Richardson et al., 1988; McInerney et al., 199 1 a, b) that 

all non-proteinaceous, antimicrobial substances isolated fiom Xenorhabdus and Photorhabdus, 

except xenocoumacins, are ethyl acetate extractable. Ten milliliters of the CFS sample were each 

extracted twice with 10 ml ethyl acetate each time, the extracts were conbined and the water in 

the extracts was removed by passing though an anhydrous sodium siilfate column (40x4 mm). 



The ethyl acetate M o m  were evaporated in an evaporator to dryness. Preliminary data (not 

shown) established that the ethyl acetate extracts had low antimicrobial activity when 

I l ~ t h ~ l  acetate f?action(EAF) (, I J ~ ~ u e o u s  &action (AF) I 

pro tein(BFWP) 

recowtituted with solvent and bioassayed, which made the quantitative bioassay difficult. 

Atematively, the ethyl acetate extracts fbm 10 ml of CFS were dissofved in 0.5 ml methanol to 

yield the ethyl acetate fraction (EM) of the samples, which represents a 20-foldancentration of 

the extract, and subquenthj bioassayed The remaking, extracted CFS was frozen in liquid 

nitrogen, lyophilized to dryness and, when required, the dry powder was reconstituted with 

distilled water to give the aqueOLS hetion (AF) of the sample and subsequemiy biosssayd. To 

detmhe  the possible rote af protknaccous agents in the o v d  antimicrobial activity and their 

possible syilergiaic activity with the non-proteinaceous antimicrobial substances, half of the above 

extracted CFS of strain MI was treated with acetone at a final concentration of acetone of 65% 

@/v) to precipitate the protein prior to l y o p ~ o n .  The precipitate was removed by 

centfifugation (12,000 x g 20 min, 4 "C) and the SK- without protein was lyophilized. 

without protein (AFWP). The CFS, EAF, A .  and AFWP of the samples arid of the TSB control 



were bioassayed against B. subtilis and R. cinerea for their antibacterial and antimycotic activities, 

respectively on TSA or water agar plates as outlined in 2.4.1 and 2.4.2. 

3.2.3. Preparation of cell-free filtrates fiom cultures of Xenorhabdus and Photorhabdus. 

Cell-free filtrates of the primary form of the two Xenorhabduf and of the Phororhab&s 

species were prepared for fbrther tests on the antimicrobial activity of these bacterial strains, One 

milliliter of inoculum of each strain ofXenorhabdus and Photorhabdus was added separately, and 

aseptically to 700 mi of autoclaved TSB in 2,000 ml flask. The flasks were incubated at 24•‹C on a 

horizontal gyratory shaker (120 rpm). After 4 day incubation, the pH of the spent media was 

adjusted to 7.0 with 6 M HCl, the culture was centrifbged (1 1,000 x g, 20 min, 4 OC) to remove 

the bacteria, and the supernatant was filter-sterilized (0.22 pm, Millipore) and stored at 4 "C until 

required. The control consisted of the same volume of uninoculated TSB which was treated 

similarly. 

3.2.4. Effect of the cell-f?ee filtrates on conidial germination of B. cinerea. 

The bioassay for conidial germination was performed on cavity slides as outlined in 2.4.2. 

Conidial germination was determined under a compound microscope and was based on counting 

and observing the status of 100 conidia in each of three replicate slides after 14 h incubation. 

3.2.5. Effect of heat on the antimycotic activity of filtrates. 

To determine heat stabiity of the filtrates on conidial germination, the cell-he filtrates 

preplied as described above (section 3.2.31, of strains of X nernatophilus, X bovienii and P. 

luminescens were heated in a water bath at either 60 or 100•‹C or autoclaved at 121•‹C for 20 min 

with autoclaved TSB as control. The heat-treated filtrates were then centrikged at 1 1,000 x g, at 



room temperature for 10 min to remove precipitates, filter-sterilized (0.22 pm) and bioassayed as 

described in 2.4.2. 

3.2.6. Toxicity ofXenorhabdus and Photorhabdus filtrates to fungi. 

Filtrates of strains X nematophilus, X bovienii and P. luminescens, prepared as in 3.2.3. 

above were each l y o p h i l i  to powder. The powdery yield of each cell-free filtrate varied fiom 

18-26 mgL, depending on the bacterial strain. The powders were dissolved with sterile, distilled 

water and a serial twofold dilution was done to produce concentrations for each strain ranging 

fiom 0.5-100 mglm). Each dilution was then mixed thoroughly with an equal amount of 3.0% 

water agar (49•‹C) and poured into 9-cm Petri dishes (10 ml/dish). Plates with TSB and water 

agar were used as controls. When the plates were cold an agar disc (5 mm diameter) was removed 

from the periphery of actively growing PDA plates of the desired test hngus and placed in the 

center of each treatment and control plate. There were six replicates of each filtrate concentration. 

The plates were incubated in the dark at 24 OC until the fungal hyphae in any of the controls were 

about 5 mm fiom the edge of the plate. Growth inhibition was determined by the following 

equation: % inhibition = 100(1-~~/?), where R represents the radius of the hngus colony in the 

treated plates and r represents the average radius of the fingal colonies in both the TSB and water 

control plates. Test of the conidial germination was done as described in 2.4.2. 

To determine the concentration of the cell-fiee filtrate that inhibited 50% (ICJo) growth of 

the test hngi the percentage inhibition of each individual fungus was plotted against the log 

concentration of Iyophiiized Gltrates, the linear regression of ezch test was generated, the ICso 

dcu!ated d, the ICses from each test were afatyzed as described in 2.5 using Tukey's 

Studentized Range Test. 



3.3.1. Spdrum of antimycotic activity. 

The inhibition of &gal growth by antimycotic substances varied with the fimgal species 

tested and with the bacterial strain (Table 7). The growth of all of the fimgi except for the 

mycorrhizal fungus Suilluspseudobraipes was inhi'bited to some extent by one or more of the 

strains of Xenorhabdus and Photorhabdus. Seven species of plant pathogenic fun& B. cirwtea, 

Ceratocystis uhi ,  C. dycwticfis,  Mucorpin$nmis, Pyt?uum coloraturn, P. ultirmrm and 

T r i c ~ r m u p s m h b n i n g i i ,  were inhibited by the primary forms of all the Xenorhabrhrs and 

Ptroiorhabdus strains. The strains of Xeiwhabdlus and P h o t o ~ h o ~  Mefed in their spectra of 

activity against the fungal species tested; the BC 1 strain of X nematophifus had the widest 

activity spectrum an8 the secondary form variant @S) of Dl of X nematophiius had a much 

more restricted range than its primary form variaut. Considerable resisPance to these antimycotics 

was demonstrated by A~pc!r@ha niger, Cephalo~lscllsfiagram, by the insect pathogenic fiur$ 

Beaweria hsiam, and Metarrhizium rrm'qpdiw, d by the myCCHfhiZPl fungi Oidadedon 

gngnsefcm, and S. psetlcjobrmpes. 

It was &sewed that the hyphae of some these fungi which hati their growth severely 

i n h r i  were fyscd in the pre-sum ofxmhbclics and Phdw-. 

3.3.2. Growth ofXenophzkks and PAdo~trabdk, d and antimicrobid activity. 

Absoibpmes of *he d tum vrricd sigdkmtiy among the stninr o f X g m h h  and 

P e r r b d L r  (F&prc 2). Th BCI strain ofX nonrat@ifm M thc highest a imr t ,u~e  .ad the 

A2 t strain of X bovienii had the lowest at the end of the 5 day of &e. The m s i m r n  



Tat& 7. Spedmm of mtimycotic activity of species md strains of XCIUIP- a d  

Fungal species X e l ~ ~ ~ k b h  and Photorhabdus strains* 

Dl DSt BCl A2 1 C9 



* Full arpMon of the d u  of the bactaial strains is given in Table 3. 

**Four levels ofantimycotic activity su mawred by the d e p c  of inhiition of hgal  

growth defiaed as: -, w bhiiioq *, derr i n b i i i  zone that persisted for at least one 

week after its formation; *, dear intuiion that was subsequdy colotrizcd by aerial 

hyphae or small chistem of hypbae Jta a f w  days; +, a zoae of poor fiulsa growth 

s u r r m  tbe X c l l w W  and Phdmhabc&s iwculum. Bhub indicated that test was 

not done. 

secondary form of strain Dl. 





2 3 4 

Time (days) 



absorbance of BC I strain of X. nematophiltls was twice as much as for strain M 1 of X bvienii. 

The absorbance ofstrain A2 1 reached its highest level after 48 h of incubation, declined slightly 

thereafter and remained significantly lower than those of the other strains (Figure 2). The 

absorbances of the strains ATC, Dl of X nematophilus and strain C9 of P. luminescens had a 

similar pattern where the absorbances increased fiom 24 to 48 h, but did not significantly increase 

thereafaer. The strain BC1 had a sigruficantly higher absorbance than all other tested strains 

including s t r a i ~ ~  Dl and ATC of the same species. The maximum absorbances of the strains ATC, 

BC I ,  and ID 1 of X. nematophilus differed significantly (Figure 2). 

During the culture period the pH level sf  the culture m d a  increased significantly for all 

strains, &om 7. t at the beginning to between 8.6 (821) and 9.0 (ATC) &a 5 days (Figure 3). 

The pattern of pH increase was similar for all strains. The pH levels of the culture broth for strains 

A21 of X b i e n i i  and C9 of P. luminescens were similar to each otber, but the final level at the 

end of the culture period were significantly lower than those of the three strains of X 

mmatophilus. 

The antibacterial and antimycotic activiq of the CFS varied among strains and species. 

The antibacterial activity of sfrain A21 of X bovienii was significantly lower than that of all 

strains of X nematcphlus during the culture period except the first day at which time the activity 

of Dl was tbe lowest amoq dl stnins tested (Figure 4). Among the thra strains OM 

nemtcrphihu, the CFS of BCl had (except the 4th day) the hi* activity against bacteria than 

those of the other two strains @I and ATC). The activity oPEI on the first day reached a level 

that was not significantly exceeded during the rest of the culture perid. Tbe activity of the strain 



F i  3. Time course of the pH value of the culture broth (TSB) of Xewkobrdw 

n c m 4 c o y ) ~  s imb  ATC, BC1 and Dl, X hied strain A21 and Akotwkobdvs 

lwmirccsccru C9. 
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Figure 4. T i e  course ef the antibacterial activity of Xenorhabdus nematophilus 

strains ATC, BC1 and Dl and X. bovienii strain A21, measured as the radius of 

inhibition zone of the cell-free supernatant against Bacillus subh'lis, 



2 3 

Time (days) 



Dl signrficantly increased from the first day to the third, reached a level on the fourth 

day and si&cantiy d e c r d  by the 6fkh day (Figure 4). 

The antimycotic activity of the strains of X mmatophiks was two to ahre  fold greater 

than that of the strain A21 of X bvienii (Figure 5) .  The antimycotic activity of the strain A2 1 of 

X bovienii increased gradually fiom 3.83 and reached a maximum of only 5.0 by the end of the 

culture period of 5 days. The antimycotic activity of both strains ATC and Dl increased 

significantly Eorn the ist to the 2nd day and remained at about the same level hereafter, whereas 

the activity of BCl rose rapidly to the 3rd day and did not differ significantly thereafter. Among 

the three strains (BCl, ATC and D 1) of X nematopbifw the activity of BCl was significantly 

stronger than that ofD1 but not ATC over the 5 days except for the 1st and 2nd day at which 

time there was no sigdicant difference among them (Figure 5). 

Unlike strains of X nemzf@ltcs and X M e m i ,  no detectable inhibition was evident 

when the CFS of the strain C9 of P. fuminescens was tested against both B. subtifis and B. 

cinerea. Neither antibacterial nor mhymtic d v i t y  was detected in ths TSB controls. 

In addition to the activity of the CFS, the EAFs and the AFs of all strains of X e ~ ~ ) ~ h b d u s  

examined showed si@cant antiieriat and antimycotic activities whereas in strain C9 of P. 

fminescem only the EAF sbowed activity (Table 8, Table 9). In gaud, tbe EAFs appeared to 

have a bighe m'bsctaipl d antjmvcotk activity than did the AFs because of the 20-fold- 

coM'Rntrati0~1 oftb extncts d for the bioassay. Sirnilariy to tbe activity of the CFS, EAFs and 

AFs of the straias of X mmdrythilw had greater antinnicrobii activity than did the strain A2 1 of 

L Weni i .  l k  ..Iu;wps (see 3.2.2 ) ~f th stnin A21 of X W c d I  had e s h h  1 ~ 2 1  of activity 

agrina both B. mbtilis ad B. &rea i&r the protein was removed as tht of thc AFs (Table 8). 



Figurn 5. The eoume of the antimycotic activity of Xclu~kabrlw rumotopkilus, 

sbrinr ATC, BC1 and Dl, and X bde& strllia MI, measural u the radius of the 

i n h i b i n  mne of the dLf' supernatant against h d g d s  ~I ICI ICQ.  
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Tabk 8. htibacteri.l and antimycotic activity of different Pmctions of the fifth 

day's culture supemahnta of strains ATC, BC1 and Dl  of X C I U H ~ ~ ~ ~  

nelllllLtqPhih, strain A21 of X bovicd md of the TSB cont rd  

t e x p d  as the meaa~ ( ~ 3 )  of the radius (mm) ofthe inhriion zone against Bacillus 

subtifis. 

# n r p r d  as the mtuw ( ~ 3 )  of the ndius (m) of the bhiiion zone against B o w s  

cinerea 

=nd=nOt detamined. 

*AF: aqueous f b t h  

*+ EAF:cd@ acetate k+oq 20.tbM-codon extracts were wed for the bioassay. 

***AFWf: lquaorw hetion without protein. 

A n t i i d  

Fraction A21 ATC Xl Dl TSB 

AF8 t5.0 8-5 8.7 7.2 0 

EM** 9.2 12.5 13.2 13.2 0 

AFWP*** 4.5 d nd nd nd 

Antimycotic 

A21 ATC BCl Dl  TSB 

$3.2 10.3 12.5 8.7 0 

10.5 13.2 14.3 13.3 0 

2.7 d nd nd nd 



Table 9. Antibacterial and antimycotic activity of ethyl acetate extract of 

~ ~ l v m i r r c P c c 1 ~ C 9 s b w i n ,  

t e x p r d  as the mernr ( ~ 3 )  of the ndhu (mm) of the inhibition zone against B~cillw 

subtilis. 

c x p d  as tbe maas ( ~ 3 )  of tbe ndiur (nun) of tbc inhibition mne against Bofjytis 

cinerea 



For strain C9 of P. luminescem only the EAF had activity against both B. subtilis and B. cine re^, 

and the activity did not significantly change over time (Table 9). No antibacterial or antimycotic 

activity was detected fiom any fraction of the TSB controls (Table 8). 

Statistical analysis showed that for the three strains of X nematophilus there was a 

significant correlation between the antibacterial and antimycstic activity of the EAFs (ATC: 

~ 0 . 9 1 ,  BCl:r=.78, Dl ~ 0 . 8 7 ) .  There was no such correlation evident in strain A21 of X 

bovienii and strain C9 of P. ltimin~scens. 

3.3.3 Antimycotic efficacy of the cul?ure fi!trates. 

Conidid germination of B. cinerea was completely inhibited by all filtrates of the primary 

forms ofX nematophilus, X bovienii and P. luminescens (Table 10). There was no detectable 

reduction in antimycotic activity of the filtrates ofX nematophilus and X bovienii after having 

been treated up to 121 OC for 20 min. The activity of P. luminescens C9 did not show a decrease 

after the filtrate had been treated at 60 and 100 OC but was significantly decreased by autoclaving 

(1 2 1 OC) (Table 1 1). 

The 50 % inhibitory concentration (KS) values of the filtrates varied with test fbngal 

stage, species and bacterial strains (Table 12). In general, the filtrates had a smaller ICS0 for the 

conidial germination than for the mycelium growth of B. cinerea. Strains D 1 and BC 1 of X 

nematophilus had significantly lower ICsos for conidial germination of B. cinerea than did strain 

A21 ofX bovienii and strain C9 ofP. luminescens. B. cinerea and F. solanz showed a lower 

degree of susceptibility to the filtrates of dl bacterial strains tested. 



Tab& 10. Effbet of cdz-free iiltratu of X e ~ ~  and B k o r ( m r W d k  sh ins  on the 

conidid germination and germ tube growth of &obylis a- after 14 h incubation. 

Strains % gamination tcaeth of8- tuba(~un) 

C9 *o 0 

ATC 0 0 

BCl 0 0 

Dl 0 0 

A21 0 0 

TSB 91.8e.2 135*7 

Watm 94.W .4 18a10 



Table 11. EflFLvt of beat treatment of c d l - f ~  fdtrates of Xewkobdus and 

lbe?orhabh st& at difttrcnt temptraturn for 20 min on tbeir inhibitory 

activity against conidid gemination and g e m  tube p w t h  of Bo6ytis 

StrcliaJ 60•‹C 100 OC 121•‹C 

C9 *O 0 67H 

ATC 0 0 0 

BC1 0 0 0 

Dl 0 0 0 

A2 1 0 0 0 

TSB 91.8S.2 92.lf3.3 89.7k1.9 

Water 94.5f 1.4 B.lf2.7 90.032.2 

60 OC 100 OC 121•‹C 

0 0 16fl 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

141320 152t14 14W7 

149fl5 142f10 1&14 



Tabla 12. ICU of the freeze-dried powder of the c & f m  Ntrrte of strains of 

Xell01,kabmcs  mutop top^ @1 and BCl), X bovicrrii (A21) and l%otorllrobdus 

lwminesceus (0) on myedW growtb of five fun@ spccica and the conidial 

germination of BoJIytrir ekwa. 

10.4f0.2 
Ac 

%.If 1.48 
Aa 

l3.8fO. 1 
Abc 

13.W.7 
Ab 

12.2510.2 
Abc 

1 l.4M.6 



3.4. DISCUSSION. 

The kilitiitory effeci of the antimicrobid siibstance(s) varied with bacterial strains and the 

target fiingal species (Table 7). The gmwth of dl  of the hngi except for the mycorrhizal hngus S. 

pseudobrevips was inhibited to some extent by one or more of the strains of Xenorhbdus. The 

spectrum of bioactivity of the Xenorhabdus and Photorhabdus strains differed depending on the 

hngal species tested. The BCZ strain ofX. nematophilus had the broadest activity in that it had 

inhibitory activity against 3 1 of the 32 hng J species tested. The secondary form variant @S) of 

X nematophilus had the most restricted range of bioactivity. This suggests that the different 

activity spectra might be due to quantitative or qualitative differences in the antimycotic 

substances produced by each species, strain and form variant of Xenorhabdus and Photorhabckus. 

Considerable resistance to these antimycotic(s) was demonstrated by A. niger, C. fiagrans, by the 

insect pathogenic hngi B. bcrssiana and M. anisopliae, and by the mycorrhizal kngi 0. giseurn 

and S. pseudobrevipes. Neither the resistance nor susceptibility obscrved is correlated with a 

particular taxonomic group of fungi. For instance, both A. niger and B. bassiana show resistance, 

and B. cinerea and T. bosicola are susceptible. All are Hyphomycetes. The mechanisms of 

antagonistic interaction between micro-organisms are normally parasitism, direct competition and 

antibiosis (Singh and Fad,  1988). The latter two possibilities could explain the results of these 

initial inhibition studies of many of the fungal species (Table 7). The clear inhibition zones on B. 

cinerea plates extending beyond the well of bacterial culture supernatant of the different strains 

(Figure 5) shawed that the infiib'tory effect ofXenorhriZdus on the fingi was caused by the 

secretion of antimicrobial substances from the Xenorhbchrs rather than by direct microbial 

competition for nutrients and/or space between the bacteria and fbngi. 



X. nernatophilm and P. luminescens have been shown to be antagonistic to the insect 

pathogenic Gngus B- hP.m (Barbercheck and Kaya, 1990). This antimycotic activity against 

B. bassima was confhed here, but only weakly so and for one primary form strain ofX 

nematophilus (BC1) but not by another (Dl). However, the A21 strain ofX bovienii did inhibit 

growth of this insect kngus. The primary form of P. luminescens did not inhibit the growth of B. 

bassiana. In my experiments B. bassicma showed more resistance to the antimycotic(s) than did 

most of the other fingal species tested. This discrepancy may reflect differences in susceptibility 

between the fungal strains tested. It is also possible that the different media used in the present 

and previous studies (Barbercheck and Kaya, 1990) and the different culture history (Maxwell el 

al., 1994) of the strains may contribute to the differing levels of activity expressed in the different 

experiments. 

Many economically damaging plant pathogenic fungi, such as Fusarium spp., Pythium 

spp., Rhizoctonza spp. and Verticillium spp. were inhibited under laboratory conditions by the 

antimycotics of Xenorhabdus species while the mycorrhizal firngi, 0. griseum and S. 

pseudobrevips were affected only slightly, or not at all. Interestingly, Olthof et al. (1991) found 

that when S. feltiae and H. heliothidis were inundatively applied to control a sciarid fly infestation 

on mushrooms in greenhouses, the mushroom mycelium development was slowed. Although not 

confirmed, it is possible that the mushroom mycelium may have been temporarily inhibited by 

antimycotic substances released into the medium fiom large numbers of sciarid fly larvae killed by 

Xemrhabdus spp. fiom the high doses of Steinemema (Chen et al., 1994). 

One of the important features differentiating the primary and secondary forms of 

Xemrhabhs and Photothabhs is that the primary but not the secondary form of the bacteria 



produces antibiotics (Akhurst, 1980). Although the secondary form @S) of strain Dl ofX 

nernatophiIus did not show any antibacterial activity against B. subtilis, strain DS did have 

significant, albeit diminished, antimycotic activity (Table 7). This antimycotic activity of the 

secondary form strain clearly provides another distinction between the primary and secondary form 

bacteria. The secondary form may well produce different levels or types of antimicrobials rather than 

there being a total loss of ability to produce antimicrobial substances, as previously thought (Akhurst 

and Dunphy, 1993). The fact that the primary and secondary forms have different levels of 

extracellular chitinase activity (see Chapter 5.) supports this hypothesis. However, as there: are 

intermediates between the primary and secondary forms, as well as shifting fiom secondary to 

primary (Hurlbert et al., 1989; Chen, 1992; Krasomil-Osterfeld, 1995) more work needs to be done 

to define and determine the differerices in antimicrobial activity between the form variants of 

Xenorhabdus and Photorttabhs. 

The observation of fungal hyph~e lysis suggests that there are extracellular enzymes produced 

by Xenorhabhus and Photorhabdus, which have the ability to lyse fungi. It is known that chitinases 

and P-glucanase cause lysis of fbngal hyphae (Bielecki and Galas, 199 1 ; Flach et al., 1992) and that 

chitin is a major component of fungal cell walls as well as insect cuticle. However, early work on 

Xemrhabvhrs chitinase activity was not positive (Khan and Brooks, 1977). Considering the 

anhycotic activity of chitinase and P-glucanase, and their pssible role in the overall antimicrobial 

activity of Xenwhbdtls and PtZotor~bdus, fiirther studies of the activity of these enzymes will be 

discussed in Chapter 5. 

It has been reported that types of culture media strongly influence the growth and 

consequently, the antimicrobial activity ofX nematophilus and P. Iuminescens (Nealson et al., 1990, 



Maxwell et a/., 1994; Chen et al., 1996). There is some limitation in the use of absorbance values to 

indicate growth, because absorbance is only a measurement of average cell volume in the culture. 

However, absorbance reflects the relative growth patterns of these bacterial strains in the culture 

period measured, and was evident that some of these bacterial strains differed fi-om each other in 

their growth patterns in a particular medium. 

The increase in pH of culture media could be attributed to the metabolism of nutrients into 

alkaline products by the bacteria. For example, many amino acids which are abundant in TSB 

medium, are easily deaminized, resulting in the release of ammonia which could change the pH of the 

culture broth. The discovery of large amounts of ammonia in the culture broth released fiorn 

Xenorhabdrcs (Zi, persond communication') supports this hypothesis. The correlation between the 

absorbance and pH of the culture broth, suggests that the amount of alkaline substance released into 

the media is related to bacterial growth. However, this correlation disappeared when X 

ttemtophilus was cultured anaerobically (Chen et al., in press), and in a defined medium, when the 

concentration of amino acids and salts was changed (Nedson et al., 1990). AIthough strain D 1 of X 

nematophilw raised the pH level in insect cadavers no correlation was evident in insects between the 

pH level and the antibacterial activity (Maxwell et a]., 1994). However, in the present study the pH 

level was significantly correlated with the antibacterial activity ( ~ 0 . 7 8 )  of strain D 1 in TSB culture. 

This difference in pH and antibaaed activity between cultures in insects and TSB is attributed to 

the influence of nutrients in the h o c o e l  of the dying or dead insect being different &om those 

nutrients in the TSB, because it is known that different media influence differently the antibiotic 

activity of P. lumines~:eens (Nealson et al., 1990) and of X nematophilus (MaxweU el al., 1994). 



The differences in the antimicrobial activity among different strains ofX nemcrtophilus and 

among different species is probably attributable, in part, to the overall physiologicai differences 

between individual strains andfor species. The different patterns of antibacterial md antimycotic 

activity shown by the same bacterial strain indicate that there are qualitative and/~r  wantitative * 

differences in production of the agents responsible for these activities. Good correlation between 

antibacterial and antimycotic activity of the EMS of all the strains ofX nematophilus tested 

indicates that the same agent(s), extractable by ethyl acetate, u responsible for both activities. So far, 

the only known compound produced by X nematophilus which is both antibacterial and antimycotic 

is x e n ~ ~ ~ u m a c i n  1 (McInerney et al., 1991 b). However, xenocourracin is not extractable by ethyl 

aceiate. Therefore, there must 52 some unIcnown ethyl acetate extrxtabie compounds which have 

bsrk antibacterial and antimycotic activity produced by X. nematcphihs. This question will be 

examined in Chapter 4. In contrast, the p r  correlation between anti~acterial and antimycotic 

activity of the EMS ofX. bovienii strain A21 and ofP. luminescem strain C9 clearly suggests that 

e i t k  the agents responsibfe for both activities ate not the same or that the same agent has different 

activities against bacteriz and hngi. Indoles and xenohabdins have been reported to be produced by 

X. bvienii and would be present in the E M  of X fhntienii. n e s e  compounds would be partially 

responsible for the antimicrobial activity in the EAFs since they ?re active against bacteria, and 

xenorWins are active against h g i  as well (McInerney et al., 1991a). Similarly, stiibenes and 

anthraquinorzes have been iso'ated From P. luminesceizs. The stilbenes have wide-spectrum 
* 

a&micrubial activity and anthrq+m have iictivity against bacteria(Sudar and Chang, 1992). The 

mtimicr&id activity of the EMS of fuminescem could be attributed to the presence of the 

s~iltreElts and antfrraquinones. The difference between the stilbenes and anthraquinones in activity 



against bacteria and hngi might help to explain the poor correlation between antibacterial and 

antimycotic activity of the E M  of strain C9. 

Although several classes of antimicrobial agents have been isolated from the organic 

extraction of Xenorhabdus and Photorhubdus, unfortunately, only xenocoumacins have been 

isolated fiom aqueous fiactions of X. nematophilus and fiom an unidentified Xenorhabahrs strain 

(McInemey et ai., 1991b). No non-proteinamus antimicrobial substance has been isolated fiom 

the AF of any strain of either X bovienii or P. luminescens. Xenorhabdins and indoles produced 

by strains ofXenorhabchrs are known compounds which have both antibacterial and antimycotic 

activity (Pad et a/., 198 1, McInemey et af., 1991 a, Li et al., 1995a). However, these compounds 

probably are not responsible for these activities in the AFs of Xenorhabdus because they would 

havc been removed by the ethyl acetate extraction. Xenocoumacins could be partially responsible 

for the antibacterial and antimyzotic activity of strains of X nematophilus, since xenocoumacin is 

active against bacteria and hngi (Mclnemey et al., 1991 b). For X bovienii, this study has clearly 

shown, for the first time, that tke Ms ofX bovienii have antimicrobial activity. This suggests that 

there are other unknown antimicrobial agents produced in the AFs of X bovienii. Bacteriophages 

and bacteriocins (Boemare et al,, 1992,1993b) have been reported from X bovienii, but they 

have not been reported to show activity against B. subtilis. The antimicrobial activity of these AFs 

cwld not be attniuted entirely to the existence of these agents because bacteriophages and 

bacteriocins are not likely to have antimycotic activity. Moreover, the fact that the elimination of 

proteins from the AFs of X bovieniii resulted in almost no reduction in antimicrobial activity 

(Table 8) suggests the existence of unknown, non-proteinaceous, antimicrobial agents and that 

there is probably no synergistic activity between proteinaceous and non-proteinaceous agents, 



The heat stability of the antimycotic activity parallels the report of heat stability for the 

antibacterial activity reported by Akhurst (1982) and Maxwell ef  al.(1994). Although the activity 

of the autoclaved filtrate of strain C9 of P. luminescens was significantly decreased (Table 1 1) it 

still retained antimycotic activity that significantly reduced conidial germination and growth of the 

germ tube of B. cinerea. This suggests that a significant component or all of the agent(s) 

responsible for the antimicrobial activity is probably not a protein. 

The ICH data are a quantitative demonstration of the potency of these bacterial filtrates 

against hngi. These potency data fbrther reflect the results of the antimycotic spectrum tests in 

that the Xenohbdus and Photorhabdus have broad-spectrum, antimycotic activity which is not 

selective towards a particular taxonomic group, whether it is an oomycete, hyphomycete or 

agonomycete. The high value of P. 2uminescen.s illustrates the weaker antimycotic activity of 

this bacterium compared with that of X nematophilus and X bovienii. This weahess fbrther 

reflects the fact that the antimicrobial activity of the CFS or AF of C9 was not detectable in B. 

cinerea plates. This weakness is due partially to the fact that, in vitro, the primary form of P. 

luminescens is readily changed into secondq or intermediate forms and that secondary forms 

are known to have a low antimicrobial activity in culture (Akhurst, 1982; Hurlbert et a]., 1989). 

This was reflected in the fact that when liquid culture of C9 was plated on NBTA a large 

proportion ( >83% within 5 days) of the bacterial colony was very lightly-colored, little- 

pigmented and was very low in biotuminescence, indicating a change to the secondary or one of 

the intermediate forms. 



CHAPTER 4. PIlIUFICATION AND ANALYSIS OF ANTPMICROBHAL 

SUBSTANCES 

4.1. INTRODUCTION. 

W e  are seven known classes of antimicrobial substances including anhaquinones, 

bacteriocins (xenorhabdiacin), indoles, phage, stilbenes, xenocoumacins and xenorhabdins isolated 

fkorn various strains of Xemhatrdus and Phtwhabdus. Although bacterial phage and 

protehceous bacteriocins exist in all strains of X e m h a k  aad Phot~thabdus investigated, the 

other substances are species related. Xenocoumasins are produced by X nemuhydtilus and an 

unidentified Xerwrhabdus (Mchermy et d., 199 1 b), indoles and xenorhabdins by X baviendi, 

a d  stilbenes and anthraquinones by P. Iuminescens (Akhurst and Dunphy, 1993). Little is known 

about the spectruxn of antimicrobial substances produced by any one strain of Xel~~~habhus  or 

Ptsotmhabrtrrs, or about the efficacy and production of these known antimicrobial agents. 

These symbiotic bacteria have not only a wideqatmm of activity but dm their activity 

varies with bacterial growth, strain and species (see Chapter 3). Given tbe abundance of 

secondary metabolites produced by &hse bacteria-nematode associations, the apparemt variation 

of antibiotic activity of these bacteria and of the known propexties of som of the substances they 

produce, it fdlows tbt a clovr examination of the chemical nature of there antimicrobid 

substances is seeded. 

4.2. EXP-TS. 

To purify antimicrobial agents horn Xel l~~irakhs  and PhdovhaW,  5 liters of culture 

broth fiom each of strains A21 of X baienii, BC I of X nematophilm and C9 of P. luminescens 



were prepared by adding 30 rnl of the resp.2ive inocula, prepared as o u t h d  in 3.2, to m h  of 

five 2-liter flasks containing 1 liter of TSB and growing them in the dark (125 fpm, 25 O C )  for 4 

days. The spent culture media were then centrifuged (1 1,000 x g, 4 OC, 20 min ) to remove the 

bacterial cells. The supernatants of these bacterial cultures were subjected to the following 

separation processes. 

4.2.1. Purificatiorl and eharttcterizlation of antimicrobial substances. 

The purification work In this section was done jointly with Dr. b. Li and the chemical 

characterization of the purified compounds was done solely by Dr. Li. During the purification 

process each step was cabefidly monitored for biOlLCfiYity, using B. subtilis and B. cinerea 

bioassays as suplined in 2.4.1. md 2.4.2. The purification was repeated whemer it was n v  

to obtain more compounds for chemical characterization and bioassay. 

A Pdcat ion of antimicrobial substances fiom strain A21 of X bavienii. 

Each 1 liter of the cell-free supernatant was passed through 150 g of Am6erlite XAD-2 

(Sigma) resin suspended in distilled water in an 8 cm diam column. Tbe Amberlite column was 

washed with 500 rnl distilled water, followed by 1 liter methanol. This process was carried out 

separately for all 5 liters of supernatant. The methanol W o n  was collected and concentrated in 

a rotary e .raprator ai room tanpaatwe to about 2.0 g of oily residue, which was then extracted 

three times, erch time with 100 ml of ethyl acetate (analytical grade). Tbe ethyl acetate extracts 

&om eacb 1 liter of original centrifuged su- wete combid and approximately 10 g of 

anhydrous sodium suifate was added to the 300 mi ethyi acetate extran to remove the water. The 

extrac;t was evaporated to dryness, and residue was dissolved in 1 ml methanol. The methanol 

solution was separated by high performance liquid chromatography (HPLC) on a Clt reverse 



T o a m ,  CA) st o steady flow rate of 2.5 d m i n ,  using the following mobile phase gradient of 

CH&N in H a .  The elutiou was monitored at 254 nm. 

Tim - Composition 
(min) % H20 O/aCH3CN 

0 90.0 10.0 
5 .o 90.8 10.0 
2Q.0 75.0 25.0 
30.0 75.0 25.0 
40.0 40.0 60.0 
55.0 40.0 60.0 
58.0 90.0 10.0 
60.0 90.0 10.0 

From this process four major peaks were observed in the elution profile. These pealo were 

collected md bioassayed. 

In order to isolate other active compounds, the isolation process was modified as o u W  

in the diagram on the next page. Briefly, each 1 0  ml of culture supanatant was extracted four 

times with 500 ml of ethyt. acetate. The c o m b i d  2 W  ml of extracts were dried with anhydrous 

sodiuzlr sulfate and them filtered bough  @us-wcm!. The M e  wos concmtmted on a Buchi 

rotary evaporator at 3Bot to 400C. The above isolation process was repeated 10 times to yield 

abut 2.8 g sf the oil organic W n  &om 10 liters of culture broth. This oil was dissolvad in 2 

mi of mehum1 and through a silica gd (200 g silica gel 60,N x 5 cm, EM Science, 

Dmmtadt, Gerrnury) chromatqpphic column The silica gel column waj equilibrated with 

1: 1 of ether and bexrae. The 2 ml of sample was added, then tbc cdurrm wm eluted with 250 rnl 

M o m  were collected and bioassayed directly for antibacterial and anaimycotic activities, as 



[ ISOLATION PROCESS2 I 

CELGPREE SUPERNATANT I 



described in 2.4.1 and 2.4.2. Two bioactive fractions, A and B were found in the 70% erher in 

hexane eluents. Fraction A was separated by HPLC on a CIS preparative column (Sphefisorb 10 

(ODS(l)), 250 x 10 10 micro, Phenomenex, Torrance, CA), eluting with lo?? C&OH h 

HzO for 5 rnin and gradually increasing to 90% CH30H in H20 in 25 min, isocratic for 5 min at 

2.5 drnin [HPLC (I)]. The eluent was monitored at 254 nm. The eluted fractions representing 

20 peaks were collected and bioasayed for antimicrobial activity. Peak 1 was flirther separated by 

HPLC on the same column using an isoeratic mobile phase with 50% acetonitrile (HPLC grade) in 

water FPLC (2)] as the eluent and two further peaks were obtained. FfllCtiOn B was purified by 

KPLC using the same IHpLC (I)] program as for firaction 4 and an active compound was 

obtained. 

B. Purification of mthicrobial substance from stmin C9 of P. luminesced. 

The p r e p d o n  of a cell-he supernatant a d  the subsequent ethyt acetate edmtion 

process of P. lumimscens strain C9 was the same as that for X Menii  strain A21 outlined 

above. This extraction process yielded abmt 2 g exhyt residue. The residue IMU loaded or~to a 

silica gei-60 column (50~8cm) and the cotumn eluted •’irst with 250 ml of 30% ether in hexane, 

then 250 mi of W?4 e $ k  in bexane and • ’ id ly  250 ml of 1Wk ether, and the eluents were 

collected as M o m  of 25 ml. Each fiaction was bio8558yed for rntimjaobialactivityrr~ 

descn'bed in 2.4.1 and 2.4.2. Tbe most active M o n  was eluted with W ?  cther in k a ~ ,  while 

another less Irctivc, yellow firsction was eluted with lW? etba. The biOICtiVt ffirctions were 

collected sepa~arcly~ and funha concentrated on a Buchi rotary evaporator to give two ~ V C  

fi-actions at a yield of about 40 mg~Z and 70 mgL, respectidy. 

ThechromatographicworkwuQatby Dr. J. Li. 
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C. Purification of antimicrobial sub~ances from strain BCl ofX nematophilus4. 

For the organic soluble compound the separation process was the same as for P. 

1uminescen.s except that the eluent used was 250 mi of 30% ethyl acetate in hexane. Only one 

bioactive eluent was eluted from the silica gel with 30% ethyl acetate in hexane. This bioactive 

eluent was collected and concentrated on a Buchi rotary evaporator. 

For the isolation of water soluble compounds, 3 liters of the cell-free supernatant of X 

nematophiluf strain BC1 was extracted with 500 mB of dichloromethane thee times. The aqueous 

phase was then run through an Amberlite XAD-2 column (20 em x 2.5 cm), and eluted first with 

500 mi of water, then 500 nd of ethanol, and finally with 500 ml of acetone. The ethanol and 

acetone eluents were combined and concentrated. This partially purified material was then run 

through a Cig reverse phase chromatographic column (30 cm x 1.5 cm) with a mobile phase of 

CH30H in Ha gradually changed from 20% to 100%. Fractions were collected for each minute. 

Each fiaction was bioassayed for antimicrobial activity. The bioactive fractions were then 

combined and concentrated. This concentrated material was hrther purified by HPLC using a Cl t  

preparative column (Spherisorb 10 (ODS(l)), 250 x 10 mm) and a mobile phase of 20% of HzO 

containing 0.1% CF3COOH in CH3CN for 5 min, then gradually increased to 90% within 20 min, 

kept at 90% for 10 min, thm back to 20% within 3 min. Fractions fiom 23 min to 27 min were 

bioacaive, and were concentrated to give the final material for analysis. 

D. Chemical and biological characterization of the purified compounds. 

The chemical structures of the purified compounds were determined using NMR, mass- 

specuum and/or other appropriate analyses. The biological activity of each known substance was 

4 The chromatographic work was done by Dr. J. Li. 



then assayed and determined as outlined in 2.4.3. The bioassay was repeated at least five times, 

depending on the test compounds and organisms. 

4.2.2. Analysis and concentration of the purified compounds from different strains and species. 

All strains listed in Table 3 were cultured and treated as described in section 3.2.2. Then 

10 ml of the culture supernatant of each strain culture was extracted twice with 1 0 ml ethyl 

acetate, the extracts were cornbid and water was removed by passing the extracts through an 

anhydrous sodium sulfate column (40x4 mm). The ethyl acetate fractions were evaporated at 

room temperature to dryness and the resulting residue of each sample was then dissolved in 0.5 ml 

methanol, and 20 pl of the methanol solution was injected into the HPLC for analysis of chemical 

wmpositiun and concentration. The HPLC analysis was done on a Ctg reverse phase analytical 

column (Lichrosorb 10 RP-18,250 x 6 mm ) using an elution program of 10% C&CN in HzO for 

5 min and gradually increasing to Wh CH3CN in HzO in 25 min and then isocratic for 5 min at 

1.5 Wmin. The eluent was monitored at 254 nm. Pure compounds isolated &om each individual 

bacterial strain were used as external standards for determination of the chemical concentration by 

comparing the peak areas. Out of a total of 12 identified compounds, only six were present in the 

bacterial culture in sufficient concentration to permit quantification. This analytical study was 

repeated four times. 

4.3. RESULTS. 

From strain A21 of X bovieniz four indole derivatives, which had HPLC retention times 

and approximate yields of 45.43 min, 40 mg/L (ID4), 47.13 min, 100 mglL (DD3), 48.71 min, 18 



mgA, (ID2) and 50.81 min, 45 m& (IDI), respectively (Figure 6) were obtained and their 

chemical structures were assigned (Appendix 2). The four bioactive indoles are: IDl: 3-(2'- 

acetoxy-4'-methyl-3'-oxohexy1)-indole; ID2: 3-(2'-acetoxy-4-methyl-3'-oxopenty1)-indole; D 3 :  

3-(2'-fiydroxy-4'-rnethyl-3-oxohexyl)-indole; ID4: 3-(2'-hydroxy-4-methyl-3'-oxopenty1)-indsle. 

Bioassay of the four indoles showed that they have both antibacterial and antimycotic activity 

(Table 13 ). IDI, I03 and ID4 had MICs 2100 pghd against the four bacteria tested, whereas 

ID2 had MIC=12 pg/d and 5 pg/ml against the two Gram-positive bacteria, Micrococcus luteus 

and S. aureus, respectively. The antimycotic activity vaiied with both test species and chemical. 

Dl and ID2 werz active against the yeast Cryptococcus neofomans at MIC=50 pg/d and 25 

pg/d, respectively, and against Phytophlhora infestans at MIC=100 pg/ml whereas ID3 and ID4 

were active against B. cznerea (MIC=12 pg/ml) and P. infestam (ME= IOOpg/ml, 50 pg/d, 

respectively). The MIC of these four indoIes against the other fbngal species was ,100 pglml. 

The six additional compounds purified by silica gel fiom fiaction A of strain A21 of X 

bovienii gave the HPLC elution profile shown in Figure 7. Peak 2 (32.9 min.), peak 3 (33.8 min.) 

and peak 4 (34.7 min.) represented compounds X02, XRl and XR2, respectively. The 

approximate yields of these compounds were 0.2 mg/L, 1 mg/L and 2 mg/L for X02, XR1 and 

XR2, respectively. Fuiiher separation &om peak 1 (3 1.7 min) (Figure 7) resulted in the pure 

compounds XO1 (17 min.) with a concentration of about 0.2 mg/L and compound XR3 (12.9 

min, a b u t  0.2 mgfL) (Figure 8.). From fraction B an active compound XR4 (30.5 min.) with a 

ccmmtrzb:: of h a t  0.5 m& (Figure 9) was obtained. These compounds (shorn in Appendix 

2) ax: Xiti: N-hexanoyid-amin0-4,54ihydro-4methyi-5-0~a-1,2-dit~oio-(4,3-b~ pyrrole 
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T a w  13. Mimimum inhibitory conctntrrrtion~c) of the irnddcj isolated from 

ce&fnc sapematmt of~c~ulpkubdns bovicrrii s t ra in  A21 against bacteria, yust and 

Organisms *ID1 ID2 ID3 ID4 





volts 



Figure 8, HPLC elution profile of peak I (see Figure 7) derived from initial HPLC 

separation of the organic extract of the culture supernatant of Xenorhabdus bovienii strain 

MI, showing the relative retention times of XOl and XR3 through a preparative Cle 

column using an isocratie mobile phase with 50% acetonitrile in water6. 

6 Chromttogaphic work was done by Dr. J. Li. 





Figure 9. afLC dution profile of bracticsn B derived fmm the a i l k r  gd separation of 

the ol.g.nic extract ofthe ~ulture supernatant of A k m r h b h  lhwiim3 strain A21, 

showing the dative reteation time of the active peak XR4 through a preparative 

GI column using a gmdicnt mob* phase d Ha0 and CH&H'. 





( x e a o m ) ;  XIEut: N-(5'-methyihexanoyl~amin0-4,5-dihydro-4-methyl-5-0~0- 1,2-dithiolo- 

(4,3-b j pyrrok (xeaorfiabdin); XR3: N-(3-methylbutanoyl)d-amin0-4,5-dihydr~-mehyl-5-o~o- 

1,2-dithiolo-(4,3-b) pyrrole; and XR4: N-butanoyl-6-amin0-4,5-dihydr0-4-methyl-5~1,2- 

dithiolo-(4,3-b) pynsle. XRl and XR2 are known xenorhabdins. XR3 and XR4 are xenorhabdins 

which are reported for the first time &om X hvienii. XQI : N-hexanoyld-anrino-4,5-dihydho-4- 

Methyl-50x0- 1 -sulhm-2-tiriolo-(4,3-b) pynole. X02: N-(5 ' -methy~yl ) -6-aminb4,5-  

dihydr0-4-methy1-5-oxo-l-&8f~)-2-thiol~4,3-b) pyrrole. XO1 sind X02 are novel compounds 

a d  we name them xenonside 1 and xenorxide 2, respectively. Xmorxides had strong antibacterial 

activity against Gram-positive bacteria with MlCs ranging f b m  1.5 to 25 pg/ml. Of particular 

interest is that these xenorxides showed strong activity agains& drug-resistant S uurw (Table 

14). The xenonddes also showed strong antimycutic activity against fungi ad yeast with W C  

ranging &om 0.75 to 25 Wml (Table 15). 

4.3.2. W c a t i o n  of P. Iumhescem and X nematophilus compounds. 

From strain C9 of P. lumirtescenr the analysis of the Man eluted by the 60% ether in 

hexane result in one bioactive compound, m t d y  STB: 3,5dihydroq4iwpropylstifbene. It 

showed antimycotic adv i tks  against all b g i  tested (Table 15), but was generally less active than 

the xenonridu. The other bioactive yellow fiaction (about 70 m&) wag a Illixture of two 

compounds aad thy were not separable by MPLC with either acstomtdawatcr or methanol- 

water as mobile phase. Howevu, fiuther chemical characterization revealed that thcy were 3,s- 

d;netboxql-l-hydr0~-9, IO-anhqhone (minor) and 1 ,~-dimethoxyi-Shydr0~-9,lO- 

mthtaquinone (major). Thy were in a mixture of approximately 1:3 ratio. As fiuther 



TI& 14. Minimum inhibitmy eoncentrations (MIC) of senorrides (XQl, X02) and 

nemrrtophin (Nn,) isdated fmm Xc~unkabdrrs bovicnii strain A21 and X 

nenwtopkilw sbrie BCl, ruptctiv* @nst bacteria. 

S~Jocsccrrs awetu ATCC 2m13 + 3.0 3.0 0.75 

S. aurm 0012** + 0.75 0.75 1 SO 



Tabk 15. Minhum iebibitary conccoltritionr of xenorridu -01, X02), 

nematopbin (Nn,), md thc stilbtee derivative (STB) W t e d  fmm strain A21 of 



chromatographic separation was unsuccessfid and their low solubility made the evaluation of 

bioactivity difficult. Their bioadivity was not evaluated further. 

Ody one active compound, which we named nematophin (MD), was purified fmm the 

organic fraction of X nematophilus s t r ~ n  BC 1. This compound is a novel chemical (see 

Appendix 2). It showed strong antibacteria! activity against B. subtilis (MIC= 12 pg/rnl), S. aureus 

(MiC=0.75-1.5 pg/ml), and in particular against drug-resistant S. aureus (Table 14). Nematophin 

also showed antimycotic activity (Table 15). Although purification was done for each of the three 

strains (ATC, BCl and Dl) o fX  nematophilus, the only bioactive compound found in the ethyl 

acetate fractions was nematophin. From the aqueous fraction only one active fraction was found. 

Although the active material was not 1 W?4 pure, its 'HNMR spectrum showed clearly that it 

belonged to the xenocoumacin group of the water-soluble berazopyran-1-one derivatives. Thus 

ftrther work on this was terminated. 

4.3.3. Analysis of antimicrobid compounds in culture broth. 

HPLC analysis (Figure 10) showed that the concentration of nematophin differed 

significantly during the period of culture (Table 16). Strain BC1 of X nemutophilus had a higher 

(&om 2-5 times) concentration of NID through the whole culture period than did strains Dl and 

A X .  The average MD concentrations in ATC, BC 1 and Dl cultures increased signrficantly Som 

the 1st to 2nd Qay, and remained relatively high thereafter. Variations were evident in the average 

N D  concentration in all cultures throughout the test period. 

The concentrations of the four individual indoies differed significantly during the period of 

culture (Figure 1 1). ID1 and ID2 had their maximum levels of 17.00 pghl and 1 1.56 pglml, 

respectively on the 1 st day of culture, but the concentrations decreased thereafter, and reached the 



Figure 10. Rtpresepahtive EWU: dution profde for the ntmatophb standard (the 

i d )  and the organic extract of the % h w h b d h  nemQlOplkilw BC1 culture 

supematant, showing the dative retention time of thc rrematoghin through us 

a d y h l  Crr edumn ruing a gradient mob& p b  s?HzO and CajeN. 
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Tabk 16. Concentrations of nematophin produced in TSB cultures of XenorMcirrs 

r r c ~ ~ b p k i l v s  str i ias ATC, BCl and Dl  at 2•˜ OC. 

Cmcm&&on of ncmatophin (Wml) 

3 478.48 39.93 88.72 
Aab Cb Bab 

5 564.20 108.00 190.00 
Asrb Bab Bob 
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minimum levels of 2.06 &rnl and 3.46 pg/rnl, respectively at the end of the culture period 

Figtare I I). In contrast, ID3 and H)4 had their lowest leve!s of 24.42 p@m! and 18.87 pg/ml, 

respectively on the 1st day, and the concentrations significantly increased thereafter to their 

maximum on the fourth day. The total indoie concentration of the A2 1 strain of X bovienii 

significantly increased in the first two days of culture and reached the maximum by the fourth day. 

There was a significant positive correlation between total indole concentration and absorbance 

(r=0.67) of the culture. None of these antimicrobial compounds was detected in any of the TSB 

control samples. 

The concentration of ST33 in the culture of P. luminescens had a maximum (178.53 

pg/ml) on the 1st day and tended to decrease thereafter to a significantly lower level (4.3 pglml) 

at the end of the culture period (Figure 12). The anthraquinone concentration in the culture was 

not analyzed because of technical reasons. However, continuous decline similar to that of the 

stilbene was noted by observing the color changes of the culture. 

4.4. DISCUSSION. 

Al! previous reports on the production of antimicrobial substances by Xenorhabdus and 

Photorhabchrs were limited to the isolation of the most abundant classes of antimicrobial 

compound (e.g. indoles, stilbenes and xenorhabdins). The present research has, for the first time, 

isolated several classes of antimicrobial compounds from a single bacterial strain, the compounds 

have been characterized, several of them are new to science, and their bioactivity and production 

have been documented (Table 14, 15 and 16). From the organic fraction alone three classes of 

antimicrobial agents, indole derivatives, xenorhabdins and xenorxides, have been isolated from X 

bovienii A2 1 strain. These four indole derivatives, four xenorhabdins and two xenorxides, clearly 



Figurn 12. course of ibrorbancc (Ab), pH and stilbent conctmtntbn (St) in 

TSB culture of l%ofmltabatvs lwmr~llcscc~u struin C9 at 25 O C .  





demonstrate tlx wide-spectnun of antimicrobial substarrces produce8 by this! one bacterid a&. 

Indole derivatives haye b e a  reported &om .X m.mpfrjlm by Paad e? d. (1981) e d  S a q h  a d  

Chang (1993). However, the identity of the bacterial sPrain examifled by Pad et aL(1981) was 

questioned by Grimont et al. (1984), who suggested, after DNA d y s i q  that the bacterium was 

not a strain ofX r~matophilzrs. It appeared to be a strain of X bovienii as described by AMt~lf3t 

and Bamare (1988). Four xemrhabdins have been reported from an X k v h i i  strain and an 

unidentified Xemthabdus strain (Mcherney at d., 1990a). Out of the four xenorhabdbs isolated 

&om A21 in this present study, two are identical with the ones isolated by McInerney et d. 

(1 Wla) and the other two are isolated for the first time fiom a flatural source. Xenorhabdins ara 

dithiolopyrrolone derivatives, firs& isolated fiom Streptomycespimprim about 50 years ago, 

which have been shown to have a wide-spectrum of antibacterial and mtirnycotic activity (Celmer 

a d  Solomons, 1955). These mmpamds are believed to &%it RNA synthesis of Imimoorganisms 

and to be a membrane stab'- in rats (Nibmmiya et all, 1980). 

Pad et al. (1981) ad S m d u  atsd C h q  jlSS83)rqftd taat the inBsle derivatives hiut 

antibacterial activity. These corn@ were found in the present research to have antimycotic 

activity as well. However, unlike tbe widespectrum of antiiacterial activity previously reported 

(Sundar and Chaug 1993) only ID2 demonstrated strong antibacterial activity aa8 this wu 

a .  some Gram-positive tact& but not Gram-negative bacteria The reason for this 

in our nspbctive hdbgs is not clear. Sundar aad Chang (1993) wad r mixture of all 

h m e d  indde derivatives for thdr bioassay, whereas I tad each idols c k i ~ a t k c  

oeparately. It does not seem liLdy thu there irdoles have syaagistic Wh6~ k u u ~  my test, 

uskg a mixture of all indola, did nct rbow my ryaaghn Th pr- r-~h dem~nstrattil 





The data obtained on the production of individual indoles have significant implications for 

the improvement of fermentation. The pattern of total indole production during the growth course 

has confirmed that reported by Sundar and Chang (1993). However, the total indole production 

fiom the present work is about five times higher than that reported by these workers, There is no 

clear explanation for the difference. The difference may be partially attributed to the different 

bacterial strains, culture conditions and media used since these conditions significantly influence 

bacterial growth and metabolic activity (Ndson et al., 1990; Maxwell et al., 1994; Chen et al., in 

press). Further, the different efficiency of analytical techniques used between this study and that of 

Sundar and Chang (1993) may well contribute to some of the difference. Unfortunately, neither 

detailed specification of the culture media nor variance of the means were presented in the Sundar 

and Chang (1993) report. The data for the different production pattern of individual indole 

compounds is of significance for their industrial production in the event that a particular indole is 

commercialized for its antimicrobial activity. The strong correlation between the total indole 

concentration and absorbance clearly indicated a continuous production and accumulation of 

some of these indoles during the culture period. 

Unlike X bovienii, only a single antimicrobial agent, nematophin, was isolated fiom the 

organic fiaction ofX nematophilus. Nematophin is a novel indole antimicrobial agent. The fact 

that all of the three strains o fX  nematophilus produced nematophin suggests that nematophin 

might be present in many other strains of the same species. Indole derivatives produced by X 

bovienii are probably bioqnthesized from tryptophan, and their production was enhanced by the 

addition of tryptophan to the media (Sundar and Chang, 1993).The antibacterial activity of 

nematophin is probably restricted to Gram-positive bacteria (Table 14), but it also shows 



antimycotic activity against the plant pathogen, B. cinerea (Table 15). The fact that only 

xenocoumacins were present in the aqueous fraction ofX nematophi2us strain BCl suggests that 

strains of X. n e ~ o p h i l u s  have a narrower spectrum of antimicrobial substances than that of X. 

bovienii. Based on the successfid identification of the antimicrobial substances in both the organic 

and aqueous fractions, a complete spectrum of antimicrobial substances can be drawn for X 

nematophilus, that includes nematophin, xenocoumacins, bacteriophage, bacteriocins and other 

proteinaceous agents (see Chapter 5). 

It has been established that the xenorxides and nematophin could have significant potential 

for use against medically important human pathogens because both chemical groups have MICs of 

less than 2.0 pg/ml against drug-resistant bacteria. In addition to this strong activity, the simple 

structure and ease of production of nematophin, by biological or synthetic means, should make 

this group of chemicals an excellent starting point for the development of new drugs or 

agrochemicals. 

There appear to be two antimicrobial groups isolated from P. Iuminescens, i.e stilbenes 

and anthraquinones. Stilbene derivatives were previously reported to have strong activity against 

both Gram-positive and Gram-negative bacteria (Sundar and Chang, 1992). The production of the 

stilbene isolated in this study fiom the bacterial culture is interesting in that it was at maximum 

level at a relative early stage of the bacterial culture, substantially slowed as the growth continued 

and eventually disappeared at the end of the culture period. In general, the production of 

secondary metabolites, such as antibiotics of microorganisms, is triggered by unfavorable 

environmental factors and commences in a relatively late stage of growth. The reason for the early 

production and decline of stilbene is not clear. However, its decline in concentration suggests the 



possie cessation of dbem synthesis. The cessation of antiiiotic synthesis usually results from 

the following possible reasons: disappearance of enzymes of the antibiotic synthetic pathway, the 

inhibitory &ect ofthe acmmUtated antibiotic, and/or deletion of intermediary prearrsors of the 

antibiotic (Martin and Demain, 1980). AIthough none of these possibilities is ruled out it is not 

IikeIy that the stilbene has an inhliitory effect on P. luminescens itseffat the concentration 

achieved in the medium (178.53 &mi) because P. luminescem is resistant to stilbene (hal[CXOO 

pg/ml, data not shown). It appeared that the anthraquinone production in the culture had a similar 

decline during the culture, but again, the reason for the d e c k  is not clear. However, one possible 

expianation for the decline of both the stifbene and the anthraquinone might be the fast conversion 

of the p r h q  form of this bacteria into secondary or intermediate forms. As & m a d  in Chapta 

3, strain C9 was not stable and it r t d y  changed into its secondary or in3eraediote form. It 

would be poss~'ble to analyze the production of these rrntimicrobirl subs tma  of P.  luminesce^^^ if 

a stable primary form was used. 



5. I .  INTRODUCTION. 

It has been reported that strains of Xenorhabdus and Photorhabdus species have 

antimicrobial activity, such as suppressing soil microflora populations (Maxwell et a!. , i 9941, 

inhibiting the growth of blastospores of the insect pathogenic fbngus B. bassiana (Barbercheck 

and Kaya, 1990), and slowing or inhibiting the mycelial growth and spore germination of many 

hngal species on agar plates (Chen et al., 1994). The identities of the bioactive substances 

produced by these bacteria, especially those in the aqueous fraction, are only partially known. In 

Chapter 3 it was observed that Xenorhabcfus and Photorhabdus lysed fungi. This suggested that 

these bacteria probably produce chitinase andtor P-glucanase, and it led to an investigation of 

exo-enzymatic activity of Xenorhbdus and Photorhbdus species. 

Chitin, an insoluble linear P- 1,4-linked polymer of N-acetylglucosamine, is a common 

constituent of a wide range of organisms, including hngi (cell walls), insects (cuticle) and 

nematodes (egg shell) (Flach et al., 1992). Chitinases are those enzymes that cleave the chitin 

polymer. In general, the enzymes that cleave chitin randomly and release oligosaccharides are 

referred to as endo-chitinases (EC 3.2.1.14). The enzymes that hydroiyze non-reducing, N-acetyl- 

glucosamine residues &om the terminal non-reducing ends of chitobiose and higher analogues, 

releasing N-acetylgfucosamine from chitin are considered to be exo-chitinases (EC 3.2.1.30) 

(Gooday, 1 99 1). Organisms that contain chitin also possess chitinase. In addition, organisms such 

as soil bacteria, and many plant and animal species, that do not contain chitin may produce 

chitinases in order to obtain carbon by degrading the polymer (Roberts and Selitrennikoff, 1988). 



Plant chitinases are often associated with pathogenesis, and are induced by the presence of some 

pathogens such as fbngi. Fungal chitinases are involved in the growth of the fingus itself. Insect 

chitinases are found principally in the moulting fluid and integument of insects, and are believed to 

participate directly in cuticular chitin degradation. Bacterial chitinases play a role mainly in chitin 

mineralization as extracellular enzymes (Flach et a€., 1992). In addition, chitinases express 

antimycotic activity through the destruction of fbngal cell walls, and some chitinases have 

lysozyme activity which hydrolyze :he peptidoglycans in bacterial cell walls and may, therefore, be 

antibacterial (Flach et al., 1992). Among the Enterobacteriaceae, only a few species, such as 

Serratia Iiquefaciens (Molise and Drake, 1973) and S. marcescens (Young et al., 1985) produce 

chitinases. In an earlier study Khan and Brooks (1977) failed to identie clearly the presence of 

chitinase activity in Xenorhabdus and Photorhabhs species. 

P-glucan, as either linear or branched polymers of anhydroglucose, linked by glucosidic 

bonds, is found in higher plants, in kngi and yeasts as structural component of the cell walls. P- 

glucanases, which hydrolyze P-gIucan, are produced by plants, hngi, yeast and bacteria, such as 

Bacillus and Pseudomonas species. Like chitinase, P-glucanase has been shown to have 

antiiycotic activity against kngi and yeasts (Bielecki and Galas, 1991). 

These properties o f  chitinase and P-glucanase e w e s  probably form part of the 

collective antimicrobial activity ofxenorhubdus and Photorhabdus, but little is known of them in 

these bacteria. Therefore, the chitinase and P-glucanase ixtivity of these bacteria was investigated 

to determine their possible role in the bacteria-neinatode-insect interaction determined. 



5.2, MATERIAIS A .  METHODS. 

5.2.1. Enzyme preparation and detection. 

Bacterial inoculum (10 rnl) from an ovemigh it culture (25 ml in 100 ml flask shaken at 1 

rpm., 25OC) of the primary or secondary forms ofXenorhabdus or Photorhabdus species was 

added to 300 rnl TSB and cultured separately in 1,000 ml flasks on a gyratory shaker (I50 rpm.) 

in the dark for 60 h. The cell suspension was then centrifbged (1 1,000 x g, 4 OC, 20 rnin) to 

remove bacterial cells, the cell-fiee culture was treated with (N&)2S04 to 20% saturation, stirred 

for 2 h at 4 "C and centrifbged (1 1,000 x g, 4"C), and the supernatant was decanted from the 

protein, treated again with (NH&SO( to 80% saturation, stirred (4 "C, overnight) and centrifiged 

(1 1,000 x g, 30 min, 4 "C). The precipitated protein was pelleted, dissolved in distilled water, 

dialyzed (MW cur-off: 8-9,800) overnight against 4 liters of distilled water ( t ~ o  changes) and 

then dialyzed against 4 liters of 10 mM sodium acetate buffer (pH 5.0,4 "C, overnight). The 

dialysate was centrifuged to remove any precipitate and the resulting supernatant was 

concentrated to 5 ml by adding Sephadex G-10 powder to remove water. 

Protein concentration in the enzyme preparations and bacterial cultures was determined 

using the Coomassie brilliant blue G-250 assay (Bradfcrd, 1976) with bovine serum albumin as 

the standard. Enzyme solutions were kept at 4 "C and used immediately or within 1 week; 

preliminary tests established that the specific activity did not decline during this period. 

The proteinaceous preparations were separated using non-denaturing polyacrylamide gel 

electrophoresis (PAGE) at 4 OC (Pan ct a[., 1991). After electrophoresis, the PAGE gel, attached 

to supporting glass plates, was incubated in 9.1 m M  sodium acetate (pH 5.9) for 5 rnin, covered 



with a 0.75 mm thick polyacrylamide overlay gel (7.5%) containing 0.04% glycol chtin in 0.1 M 

sodium acetate buffer (pH 5.0) and incubated at 40 "C overnight under moist conditions. The 

overlay gel was then stained by incubating in fieshly prepared 0.01% (wlv) fluorescent Brightener 

28 (Sigma) in 500 m M  Tris-HCl (pH 8.9) at room temperature for 5 min. The Brightener solutiori 

was discarded and the overlay gel was incubated in distilled water at room temperature in the dark 

for 2-3 h. Chitinase isozyrnes were visualized as clear zones by placing the overlay gel on a UV 

transilluminator and then photographed. 

To detect P-1,3-glucanaseq the above non-denaturing PAGE gels (after electrophoresis) 

were washed with distilled water, incubated with 0.05 M sodium acetate (pH 5.0) for 5 min, and 

then incubated at 40 "C in 150 id of 0.025 M sodium acetate buffer (pH 5.0) containing 0.75% 

Iaminarin for 30 rnin. The gel was then incubated in a mixture of methano1:water:acetic acid 

(552)  for 5 min at room temperature, washed with distilled water, and stained with 0.3 g of 

2,3,5-triphenyitetrazolium chloride in 200 mi of 1 .C\ M NaOH in a boiling, water bath for 15 min. 

Sodium dodecyl sulfate-PAGE (SDS-PAGE) was performed as described by Zhang and 

Punja (1994). Briefly, denatured samples were loaded onto an SDS-PAGE gel containing glycol 

chitin as the substrate for chitinase. After running the gel, SDS was removed from the gel by 

shaking overnight at 38-40•‹C in sodium acetate buffer (0.1 M, pH 5.0) containing purified Triton 

X- 100, and the proteins in the gel were renatured The gels were then stained and destained as 

described above for the non-denaturing PAGWoverlay gels. The lytic zones were visualized and 

photographed as described above for the overlay gels under W. The molecular wei@ of the 

chitinase protein was obtained by comparing it with standard mmker proteins on the m e  SDS- 

PAGE gel (Trudel and Asselin, 1989). 



5.2.2. Biochemicaf analysis of the eimjme activities. 

To compare the enzymatic activity of different bacterial species and strains, the five 

bacterial strains listed in Table 3 were grown separately in 30 ml of TSB in 125 ml flasks (25 O C ,  

shaken at I50 rpm) in the dark for 48 h, and tested for &, protein concentration and enzymatic 

activity as outlined below. The comparison test between these strains was repeated three times. 

Pretiminary tests revealed strong chitinase enzyme activity in the A21 strain of X bovienii. 

Therefore, this strain was chosen to monitor the levels of enzymatic activity during the growth of 

the primary and secondary forms. Experiments were initiated by growing the A2 1 strain in 100 ml 

of TSB ir; each 250 mf flask (25 T, sthaken at 150 rgm). The cultures were sampled at 0.5, 1,2, 

3,4 and 5 days. For comparison of the primary and secondary forms, these two forms of the A21 

strain of X. bovienii were grown -ately under the same conditions. Bacterial growth was 

measured as absorbance at 600 nm and then the media were centrifkged (1 1,080 x g, 20 rnin, 4 

"€1 to remove bacterial cdls md debris, and the supernatant of each of the cultures was subjected 

to rhe following tests. 

To quantify exo-chitinase, the release ofpnitrophenol (PNP) from the substratep- 

nitropheny5-N-acetyI-~-D-g1~~0Saminide (Sigma) was assayed using the modified methods of 

R h s  d SeiitrennikoE(1988) and Ohtakara (1 988). Briefly, 10 pl of the supernatant were 

added to a I .5 d Eppendorf tube. Sixty microliters of the substrate solution, containing 100 

pdmf ofpn2tropfien~-N-acetyf-~R~~~0Saminide dissolved in 50 mM potassium phosphate 

(pH 6-Tj, was mixed with the test sample and the tubes were incubated at 41 OC in a water bath 

for 30 rnk. The reaction was tenninaded by adding 1.43 ml of 0.4 M Na2CO3 to each tube and the 

co-tbn ofPW in the dub was determined by absorption at 405 nm (Tronsmo and 



Haman, !W3). One unit of enzgae d v i ~  was dehed as the amount of enzyme h t  eel& 

i ~t ~ f p m k i ~ V e  tk ~ f i d i t i o ~ .  

Endo-chitinase activity was quantified by using the same assay as described for ex+ 

chitinase, but using nitrophenyf-$-f)-N,N',N"--1chitotriose as a substrate (Tronsmo and 

Hannan, 1993). Test samples (10 @ )  of dture supematant were added to each 1.5 ml 

Eppendorf tube followed by 50 fl of the substrate solution (250 pg/ml) dissolved in 50 mM 

potassium phosphate (pH 6.7 ). The tubes were incubated at 41 "C for 30 Jain and the reactions 

were stopped by adding 0.95 ml of O.4,,M NaKG. 

&!,3-glucanase activity ofthe p a d d y  purified empatic 901~ti8ns wrs tested aa 

d e s c n i  by Sack et aE (1890) using h i m i n  as substrote by merrsruing tbe amount of reducing 

=w- 

5.2.3. Partid purification of the chitinase. 



The activity of lysozyrne was assayed using a modified lysoplate method as described by 

Yousif (1993). Briefly, 40pl of the test sample was pipetted into wells (4 mm in diameter) cut into 

0.5% agarose (Sigma) in a 9-cm Petri plate containing 10 ml of agarose. The agarose had been 

amended with 0.6 mglml of fieeze-dried cells ofMicrococcus Zysodeiktiens (Sigma). Chicken 

egg-white lysozyme (1,000 pg/ml) was used as control. The lysozyme activity was qualitatively 

assessed after 20 h incubation at 25 O C .  

Assay for proteolytic activity was tested using the method outlined by Holding and Collee 

(1971). Wells of 4 rnm were made in 1.5% water agar plates (10 ml in a 9 cm plate) containing 

0.4% of gelatin, and 40p1 of test sample was added to each well. The agar plates were incubated 

at 25 O C  for 40 h before the plates were flooded with 1% tan& acid, and then the clear 

proteolytic zones around the wells were qualitatively assessed. 

5.2.4. Bioassay of antimycotic activity. 

To quantifjr the antimycotic activity ofXenorhabchrs and Photorhabdus species, the 

partially purified protein solutions were tested against B. cinerea on cavity slides as described in 

section 2.4.2. 

To detect hrther the lytic activity of the chitinase enzymes on germ tubes, the conidia of 

B. cinerea were allowed to germinate for 12 h prior to mixing with an equal amount of test 

solution containing 0.1-10 pghlprotein. The mixture was incubated in a humid chamber, in the 

dark at 24 OC fei- an additional 12 h, examined microscopically and photographed. 

Prelirninq tests showed proteolytic activity of the freeze-dried protein and fiactions after 

partial purification. Consequently, in order to eliminate the possible effect of the proteolytic 

activity on germination ofthe fungat conidia the fractions, after Sephadex separation, were either 



heated in a water bath at 41 OC for 30 rnin or were added together with phenylrnethylsulfonyl 

fluoride (PMSF, 3 mM, final) prior to the test. Both methods resulted in undetectable proteolytic 

activity in the fractions. 

5.3. RESULTS. 

5.3.1. Enzyme activity. 

Xenorhabdus and Photorhabdus species showed enzymatic activity by their ability to 

hydrolyze glycol chitin after electrophoresis (Figure 13). Two major activity bands were detected 

for both X bovienii (A21) and X nematophilus (BC 1, D l ) ,  three bands for ATC of X 

nematophilus, and one band for P. Iuminescens strain C9 on the overlay gel. SDS-PAGE of the 

A21 strain showed one band with chitinase activity at a molecular mass of 38.8 kDa. The activity 

of both enzymes for the A2 1 strain of X bovienii increased during the first 24 h (Figure 14) with 

the exo-chitinase activity peaking by 24 h post-inoculation and remaining at a constant level until 

the fourth day alter which it decreased significantly. The endo-chitinase activity increased rapidly 

throughout the first 48 h and was more or less constant thereafter. The overall level of activity of 

exo-chitinase was greater than that of endo-chitinase during the five-day period of culture. 

5.3.2. Enzyme analysis. 

The levels of specific endo-chitinase and exo-chitinase activity differed among the strains 

of Xenorhabdus and Photorhabdus (Table 17). Among the three strains of X nematophilus, 

ATC, BCI and Dl, the BCl culture had the lowest activity for both enzymes whereas the ATC 

culture had the highest activity for endo-chitinase and Dl had the highest activity for exo- 

chitinase both enzymes. The strains ATC and D 1 but not BCI of X nematophilus had higher 



Figure! 13. Photos showing the isoform bmdhg pattcmr for the chitinme enzyme of 

s h i n s  of X ~ l t r r b m u  and Rhhrkabchu: (a) Native PAGE of A21,0, BC1, Dl 

and ATC s t m h  fdlowd by ovtrliy gd of glycd chitin; (b) SDSBAGE of A21 

strain with chitinut activity (S) nrtmbtr marker on the right (k D8) and standud 

protein marker 0 rt.irrd with Coomas& Mu& 



M S 
A21 C9 BCl Dl ATC 



Figure 14. Timuount ofXaw* h i e d  A21 stninr development showing 

ex~hiainaae (Ex) and e n d ~ h l t i n r w  (En) activity ia TSB. 





Table 17. Comparison of the final absorbance, total protein concentration and specific exo- 

and endo-chitinase enzyme activity in the cultures of three strains of Xenorhabdus 

nematophilus (ATC, BCI, D l ) ,  and one strain each o f X  bovienii (A21) and Photorhabdus 

luminescens (C9). 

Bacterial strains* 

Characteristics ATC BCl Dl C9 A2 1 

Final absorbance (600n.m) 2.9k0.1 3.3k0.0 3.lf0.0 2.9M.0 2.7M.0 

Total protein (x 100 pg I d )  1.3f0.1 9.539.3 2.4H.1 4.6f0.2 6.3f0.3 

Exo-chitinase (unit s lmd 29.6rt2.2 10.3f0.1 35.2f1.7 8.0f0.5 12.5f1.1 



levels for both a q m a  than had P. fumi~tescem strain C9 and X bovienii strain a2 1. The 

chitinase activity was not enplancad by adding 0.5% chitin to the culture media (data not shown), 

The chitinase eaqme activity of the primary form of X bovienii A21 strain was 

sigtllficantly greater than that of the secondary form (Table 18). Exo-chitinase activity was about 

ten times higher and endo-chitinase b u t  four times higher in the primary form cultures than in 

the secondary form cultures. There was no significant difference ( M . 0 5 )  in the final absorbance 

or the total protein level between the primary and secondary forms (Table 18). 

The fieezedried protein of A21 strain did not sbow lysoyme activity but hard proteulytic 

activity before and after the chromatographic separation (data not shown). The chitinage mzymc 

activity of A21 was detected fkom the 4th to the 14th W o n  for cxo-chitinase a d  fiom th6 4th 

to the 9th for endo-chitinase fdlowbg Sephadsr gel sqaration. Tkis ~ ~ ~ ~ e s p o n d e d  with the first 

small peak of the protein absorbance and the antimycotic d t y  Figure 15). There was a major 

peak of protein absorbance present between -on t 0 and 24, and this peak corresponded with 

a high i d  of mtimymtic activity. Howma, thilr majot of protein a b w r b m  corresponded 

with very weak chithue activity. The antimyeotic activity decreased in the between thc 

small and the major peaks. The inhibition of protedytic activity with PMSF and beat treatment 

did not change their antimycotic activity (Figure IS, A) but tbt heat treatment t o w  elifninoted 

the antimptic d v h y  correlated with the major peak (Figure 15, B). The partially pun64 

protein solutioar 6Mn the poded hctions of tbe s d  perk showed antimydc uaivity against 

conidid g ermination and gam tubes of B, cinerea @gun 16). Thir was expressed rs inhibition of 

consid g embation aMi of gcnn tube elongation on expasure to mqmatic: proteh at 0.1-1 



Table 18. Comparison of the absorbance, total protein concentration and specific chitinase 

activity in primary and secondary form cultures of Xenorhabdus bovienii A21 strain. 

Characters Primary Secondary 

Final absorbance (600nm) *2.5M.O 2.5S.O 

Total protein (x 100 pg/ml) 5.0M.3 5.2 + 0.3 

Endo-chitinase (unit dm$ 9 . M . 9  2.3kO. 1 



Figure IS. Prof* of endosbitinmt (En) and exo-chitinase (Ex) actMty in tho 

different fractions bdk,wing separation of protein from Xel~~~llrrrQmw W n U  atmh 

A21 cultare through Sephadd100.120. Protein concentration (Ab), u expremed 

by absorbance at 280 nm, and antimycotic activity (%), mpnucd u the prctntrge 

inhibition of ;Bolrydr cirrawt conidid germination in tbese Ih&oa, rn rhown. In 

(B) but not in (A) the fhctions were heated at 41 OC for 30 llmh prior to test for 

rurtimycotic activity. 



Fraction number 



Figure 16. Phota  showing lysb of the gtw tube of ci- (a) caused by 

padally puriCIcd chi t iavt  of XkadMdw bodend A21 in comparison with in 

untnsted c o n W  (b). 





pg/ml, and as severe cell wail lysis and distortion of the germ tube on exposure to enzymatic protein at 

5 pg/d (Figure 16). 

Neither the electrophoresis nor biochemical assay detected any P-glucanase activity in any of the 

strains of Xenorhabdus and Photorhabdus examined. 

5.4. DISCUSSION. 

Tne chitinase activity ofxenorhabdus and Photorhabdus has been clearly demonstrated by the 

fact that the proteinaceous preparations of their respective cultures hydrolyzed glycol chitin after gel 

electrophoresis. The different isofonn binding patterns for the chitinase of strains of these bacteria 

(Figure 13) suggests that the chitinase activity varied qualitatively and quantitatively between the 

species and strains tested. 

The antimicrobial activity of species ofXenorhabdus and Pnotorhabdus is due to the production 

of antibacterial and antimycotic substances and these include chitinases. These enzymes have 

particularly strong antimycotic activity as shown by their effects on conidial germination, and on the 

growth and morphology of the germ tube of B. cinerea at a concentration as low as 0.1 pg/rnl. The 

result is consistent with the idea that the chitinase of these bacteria contributes to the overall 

antimicrobial activity, based on the correlation of the antimycotic activity and chitinase activity in the 

absence of lysozyme and proteolytic activity in the partially purified fractions. Proof will require 

purification of the protein fiactions. The mechanism of action of these enzymes produced by 

Xenorhabdrrs and Photorhabdus s p i e s  is not clear. However, the rapid increase (Figure 14) in 

enzymatic activity in the first 24-48 h of bacteriai culture suggests that these enzymes may play an 

important role in the initial antimycotic mechanisms of the dying insect against microbial invasion, since 

by then the protection from the immune system of the insects is fading and the antibiotic production of these 



. . bacteria is raot maxuntzed. The relatively stable enzymatic level suggests fiutRer possible roles, 

including the h d h t i o n  ofjwenife hatching by softening the nematode egg shell, and juvenile 

emergence &om the insea cadaver at a later stage of nematode development by softening the 

insect cuticle. The former is probably a similar mode of action to tht of chitinase activity during 

egg hatch of the animat parasitic nematode, ASCCBIS susmt (Fuhrman, 1995). The softening sf the 

insect cuticle is probably in a manner similar to the eclosion of the adult sugar beet roo2 maggot, 

Telanops mjvpef~nttis,  fiom the pupa with the aid of chitinsse from S. nrorcescem and S 

liquefaiem (Iverson et d., 1984). 

The proteolytic activity of the crude protein preparation confirmed two a r k  reports on 

protease of X e w h b d u s  (Boemare and Akhmt, 1988) and of P h o t w h a ~  (Schmidt et d., 

1988). Although it is not confirmed, the proteolytic activity may play a part, not only in the 

inactivation of insects' defense systems (Scf idt  et d.., 1988; Dunphy and Thurston, 1990) but 

also in nutrient utilizaOion by the nematode through conversion of some insect proteins to amino 

acids. The large protein absorbance peak after chromatographic separation indicates the presence 

of large amounts of protein in these M o m  (Figure 15a). The fkt that tbese M o m  did not 

have chitinase activity but did have antimycotic activity, suggests that some other enyme or 

protein plays a role in the cdlective antimicrobid activity of Xe~~(~hbdrco in tbe symbiotic 

system. The ckrrfy diminisbed aatimycotic activity in fractions between the small chitinase peak 

and f)lZ major * ,& thnt &!2 mkycotic activity in t!le . w o r n  cmspondb~ to 

the major peaL is vay unlikely to be derived fiom the tailing effect ofthe chithue W o n  or 

&om something common to both pedcs. The inhiiition of the proteolytic activity in all Mans 

and the inhibition of antimycotic activity corresponding to the major protein peak by heat 



treatment (Figure 15b) suggests that the agents responsible for these activities are not heat stable. 

The nature ofthe lags mount of protein shown by the major peak has yd to be detemined, since 

these proteins have neither chitinase, lysozyrne nor f3-glucanase activity. 

The primary and secondary forms differ from each other in many physiological properties 

woemare and Akhurst, 1988; Nealson et al., 1990), and this study shows that one strain, A21, 

differs also in chitinase enzyme activity (Table 18). The chitinase enzyme activity of the bacterial 

culture of the primary form of strain A21 was several times stronger than that of the secondary form 

of the same strain, but their overall absorbance and total protein concentration were similar. This 

may be attributed to the nature of the overall differences in their antimicrobial activity. Since the 

LD%s of the primary and secondary forms of X nematophilus and X bovienii are the same in G. 

mellonella (Dunphy and Webster, 1985), the chitinases may not be part of the virulence mechanisms 

of the bacteria. 

Xenorhabdus and Photorhubdus species have not been tested routinely for chitinase enzyme 

activity. In an earlier study, Khan and Brooks (1977) observed a doubtful positive for chitinase 

activity using the bacteria associated with the DD136 isolate of S. curpocapsae (presumably, the 

strain ATCC 19061 deposited by Poinar and Thomas). However, in this study, this strain of bacteria 

(ATC) associated with DD136 was positive for chitin hydrolysis activity, but its overall activity on 

glycol chitin and chitin residues were not the strongest among the strains tested (Figure 13, Table 

17). It is quite possible that its we& chitinme activity was mt detected previously, either because 

the methais used to detect this activity were not suficiefitly sensitive or the bacteria did not grow 

wen on the medium used by Khan and Brooks (I977j. li is also possible that they used the 

secondary form, which is probably weak in chitinase activity, but were unaware of it 



because it was not recognized at that time. Chitinase is not a cbmtm which has km associated 

with meury s@es of the Errtaobacttxiaceae. Howma, c k f k  enzyme activity was common to 

all of the five s t r a i ~ ~  tested in this study. Therefore, chitiaase should be routinely tested for in the 

isolation and identification of Xemrhabdus and PhtwhBdtcs species. This test will help to 

differentiate these bacteria from many othef species h the Enterobacteriaceae. 



CHAPTER 6. GENERAL DISCUSSION 

It has been reported since the early seventies @utky, 1974) that the symbiotic bacteria of 

this nematodehacteria (Steinernema spp.) complex produce antimicrobial substances that protect 

the insect cadaver from secondary invasion by micro-organisms. Although some aspects of the 

antimicrobial activity of these bacteria has been examined in recent years and several classes of 

compounds have been identified (Akhurst and Dunphy, 1993), the overall spectrum or the 

bioactivity of antimicrobial substances produced by these bacteria is not hl ly known. 

The present research has established clearly that there are at least three antimicrobial 

systems employed by different nematode-bacteria complexes. In the X nematophiluslS. 

carpocapsae complex, I have shown that X nematophilus has an antimicrobial effect in the 

production of nematophin in addition to the xenocoumacins (McInerney et al., 1991 b) and the 

proteinaceous chitinases and bacteriocins (Boemare et al., 1992). In the X bovieniilS. feltiae 

complex, the antimicrobial substances produced by bacteria are xenomides as well as the indoles, 

xenorhabdins, the unknown water-soluble-non-proteinaceous substance(s), the proteinaceous 

chitinases, bacteriocin (Boemare et al., 1992) and an unknown protein. The bacteria of the P. 

1urninescenslHeterorhabditis spp. complex produce the stilbene, anthraquinones and the 

proteinaceous chitinases and bacteriocin (Boemare et al., 1993 b). It appears that the X bovienii/S. 

feltiae complex grodtices the most diverse range of compounds, producing at least seven classes of 

antimicrobial ager-its, whereas the simplest system of P. 1uminescenslHeterorhabditis produces only 

four classes. The presence of chitinases and bacteriwins are common to all three complexes which 

suggests the essential role played by these agents in the biology of the nernatodehacteria complex. 



Chitinase hydrolyzes chitin in many organisms including hngi, nematode egg shell and 

insect cuticle. One role of cfritinases is apparently part of the col!ective urtirnycotic activity of the 

symbiotic bacteria as shown in this present study. However, unlike some other bacterial chitinases 

that have both antimycotic and lysozyme activities (Flach et al,, 1992) the chitinases of 

Xenorhabdus and Photorhabdus are unlikely to contribute to the antibacterial activity because they 

do not have lysozyme activity. In contrast to the large variation in species-specific, non- 

proteinaceous substances as antimycotic agents employed by the different Xenorhabhs and 

Photorhabchrs species, chitinases are the proteinaceous, antimycotic agents that are common to all 

species tested. This suggests that the chitinases may play additional roles in the nematodehacteria 

system. Although not yet confirmed, one of the possible roles may be in inducing neinatode egg 

hatch at a particular time and, subsequently, in assisting the nematodes to emerge from the insect 

cadaver, as has been demonstrated for other nematode and parasitic systems (Fuhrman, 1995). The 

occurance of nematode egg hatch at a particular time may well reflect the timely availability of 

chitinase activity in the insect cadaver. 

Compared with the large variation in species-specific, non-proteinaceous substances as 

antibacterial agents produced by the different species of bacteria, the ubiquitous production of 

bacteriocins (Table 2) by both Xemrhabctus and Phtorhabdus spp. suggests that there may be a 

significant function for the bacteriocins. Production of bacteriocins is widespread among both 

Gram-negative (Dykes, 1995) and Gram-positive bacteria (Jack et a]., 1995). Basically, 

bitcteriocins are effective against closely related bacterial strains or species (Beernare et al-, 

199351, but their exact role in :he iiematoddbacieria complex is not clear. Given heir high degree 

of specificity, bacteriocins would only help in competition among related strains of Xenorhabdus 



and Photorhubdus, to establish population predominance in a manner similar to LactobaciIh 

piantarum @uiz-Barba et al., 1994) and M~XOCDCC~~S spp. (Smith a d  horkn,  1994). 

When two different entomopathogenic nematodes co-infected an insect, only one species 

was able to reproduce (Alatorre-Rosas and Kaya, 199 1). Boemare et al. (1 993b) suggested that 

the first symbiont to establish in the host may initiate the spontaneous production of bacteriocins 

which may kill related symbionts and, consequently, may inhibit development and reproduction of 

the second nematode. This suggestion is rather controversial. Elimination of the symbiotic bacteria 

in vivo does not necessarily result in failure of nematode reproduction because these nematodes are 

able to reproduce on other bacteria. The fact that non-symbiotic bacteria are dominant in the insect 

cadaver at a certain stage of nematode development (Maxwe!l et al., 1994: Akhurst, 1982) fbrther 

illustrates the flexibility of nematode development on the bacterial species in viva Moreover, the 

relaiively small proportion of antibacterial activity that is derived fiom the proteinaceous 

component of the bacterial metabolites (Chapter 3.) clearly suggests that the elimination of a 

closely related bacterium is not a major target of the overall antimicrobial activity. Several workers 

(Lysenko and Weiser, 1974; Poinar, 1966) noted that fiesh, infective juveniles &om insect cadavers 

contain bacterial contaminants, and for them to become monoxenic a "starving time" is required, 

during which the contaminants are eliminated. The effect of bacteriozins in eliminating the closely 

related species or populations probably occurs at a stage when the juveniles are acquiring their 

symbionts and/or after emergence fkom the insect cadaver when inter-specific competition 

organisms in the cadaver. This is because the closely related bacterial symbionts andor 

populations have very similar affinities for their nematode symbionts (Binnigton 



and Brooks, 1993; M~ureaux er d., 1995). Bosh bacteria? g a m  haw evslyd v q  

m b - p t i c  and antiiacterkl strategies for pcduchg c b i d n ~  zrtO b-&wii .  ? & i  (1993) 

suggests that their simiIarities are a result of convergent evolution arising from their mutuatistic 

usciation with the nematodes. This evolutionary convergence firrther supports the relative 

importance sf the chitinases and bacteriocins in the nematodd bacteria complex. 

The form variants of Xemhubdrcs and Photmha&ius differ physioIogically (Boemare and 

AWuust, 1988), but these differences am ill-clefirted and the Wthg between f o m  is 

unpredictable (Smigielski el d., 1994; Krasomil-Qsterfeld, 1995). The digerence in the mtiiiotic 

activity between primary and secondary forms is one of the features that differentiam than. 

Howeverp the present study shows that this feature is also highly variable with regard to the 

qualitative w e  of tbe antimycotic activities. The presence of mtimycotic activity in tbt 

sacondary form in the abscace of antibackrid activity sugsests tht these rrctivitier probably 

would be ody a part of the overall rntimicrob'i arsenal that cliffen beta forms. Apparently, 

the secondary forms do not p r d w e  the s a d  midar rntimicfobii agents, such as inddes and 

xenorhabch, in X buvienii or naaatophin and xenocoumocinr, in X nerrmtsphtEuP (Chapter 3. 

4.). However, the secondary forms do produce some of the protchwms agents, such as 

chitima and bactaiscias (Chapter 5; Bocmm et ail, 1993b). Vuirtioa in antimicrob'i agents 

ancf their activitia between forms is complicated by the reciprocal Mtiq of tbege fonns. Precise 

charactaization oftbe ~~ in antimicrobid activity bctwccm fonnr ir possiile only wRen 

stable primary rrad s4coadruy forms are found. 

Zn the qmtnm ofiuroiglimobiai sib- p r o d u d  by these symbbtk bacteria this 

study hu s b o ~ n  U bt of 1l011-prdcjssrruY1~ Sub- espacirllY, h X  





probable novel mode of action. Further exploration of this compound in terms of its potential 

usefblness and mode of action deserve immediate consideration. The antimicrobid activity of 

xenorxides is probably similar to that of the structurally related compounds wRich have been 

shown to have high mammalian toxicity. The toxicity of xenorxides needs to be examined as soon 

as possible, and should they prove to be nsn-toxic, this group of compounds would offer 

themselves as exceptional antibiotic candidates and as lead compounds for medicinal and 

agroforestry applications. 

Although the antimicrobial activity of these bacteria has Czen studied in recent years and 

several classes of compounds have been identified (Akhurst and Dunphy, 1993, Chapter 41, little 

is known of the protective mechanism of these antimicrobial substances or of their roles in the 

nematode reproduction. Nevertheless, this present study has provided additional information for a 

better understanding of the protective mechanism of the antimicrobial activity in the 

nematodehacteridinsect complex. Based on information fiom the present study and the few 

earlier studies (Paul et al., 198 1 ; Richardson et a/., 1988; McInerney et al., 199 1 a, b) a model of 

the protective mechanisms is presented in Figure 17. 

During the first several hours post-infection by the nematodes, the nematodes trigger the 

insect's immune system to eliminate all microorganisms introduced by the nematode at the time of 

insect penetration (Dunphy and Thurston, 1990). In nonimmune insects such as G. mellonella, 

about 6 h post-infection, the symbiotic bacteria are released fiom the nematode into the host 

hemocoel, and they multiply rapidly (Dunphy and Webster, 1985, l988a). These symbionts 

apparently are somewhat resistant to the insect's immune system or are not recognized as nonself 

(Dunphy and Thurston, 1990). The insect host dies due to the rapid growth of the bacteria and 

nematode and to the toxins produced by them (Akhurst and Dunphy, 1993). Meanwhile 



Figure 17. M d d  sammuizing the biological proecsscr that occur when SIcirrane~a 

spp, and their associated XCMWltobriws spp. inf& r larval GIJIaia lltCaOn&; in 

puticulu it rho- the antimicrobial rctMty, nematodc development, irrsmt's 

immune system activity and other activiticr within the insect in tbc llnt 72 h port- 

infection. 
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antimicrobial substance are produced by the bacteria, and these substances N u p l l y  ~ m p ~ t ~  

for the diminishing effectiveness of the insect defense system. The mtimia&ia activity o f h m  

substances of bacterial ori@ p a d d y  increases, and approache a maxkwn, replacing the 

host's immune defenses against microorganisms between 30 to 48 h pod-infection. The o v d  

antimicrobid activity remains at about the same !ewe1 thereafter. There is, over a period of about 

48 h, a fUndamental c b g e  in the antimicrobid amend fiom a mainly host immune system to the 

antimicrobid subminces produced by the symi>itic bacteria p d d s  the development of the 

nematode fiom the infective juvenile to the second stage juvenile of the next generotion of 

nematodes. 

It appears that the antimicrobial protection in the imcd host is needed for only a selected 

perid of nematode development, namely, for approximately 72 h fdowing the initial infdon 

and, thereder, for defenst against certain organisms such as fUnsi. It hns h e n  &saved in 

previous studies (Akhurst, 1982; Maxwell et d,  1994) that the momxenic conditions in the 

. . 
cadaver sre usually -4 on!.!. tem;x:mr;&, for h i  48-72 h pt--0% and diio that 

the cadaver is subsequently dominated by non-symbiotic bactaio as a d of the breakdown of 

the mid-gut of the insect. The autixiicrobid subslPacts mahtah a anoddst iafactjoa Ievd and so 

ensue a slow disruption of the integrity of the cadaver ratha thon t o w  c l h i d q  the non- 

symbiotic orsrrolisms, because tbesc nematodes are h w n  to r e p r k  on non-symbiotic 

organisms (Poiav, 1990, AIrtiunt a d  Dunphy, 1B3; Aguillcn md Smut, 1993). For example, 

rapid d m & -  of the iae& sfthe cadover by fbgd penetmh oftk dmm wti~b w d  

tk3troy the en+*- wi&'h eadsvw aad tk&y wOtiM SGp ~ c s O e  *-. This 

hypothesis is supported by tbe fict that a wide array of an' qcotic compouadr are p r d d  by 
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ones, rather than total elimination of non-symbiotic Weria This hypothesis is b d  on the fact 

that (1) all the anti'bacterid agents produced by Xemrhabdus spp. are active against Gram- 

positive but not Gram-negative bacteris; (2) these nematode entornopathogens can Bc successwy 

cultured on many non-symbiotic, Gram-negative bacteria (Ehlers, et al., 1990; Poinaf, 1990; 

AguiUera and Smart, 1993); and (3) the dominance of non-symbiotic bacteria in the iPlsect cadaver 

48-72 h post-infection (Maxwell, et a]., 1994; AkhUfSt, 1982). It appears that Gram-positive 

bacteria are IMX suitable for nematode reprductio~ whereas Gram-negative bacteria (including 

Ximr- and P h t ~ h a ~ )  are generally satidkctory for the nematode reproduction. This is 

reflected in the fkct that many h-negat ive  bacteria have h e n  succeSSfUfly used for nematode 

reproduction, whereas no Gram-positive bacteria have been rsported to be suCCe99fUYI used. It 

win be of interest to conapare the monoxenic reprodudon of these nematodes on Gram-positive 

a d  Gram-negative bacteria to deteRniQc what impact Gram-positive bacteria have on nematode 

reproduction. 
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APPENDIXES 

Appendix I. Habitit and muaces of test organisms 

Species and t abitats Organism Sources* 

ANIMAL PA.THOGENS 
AqwrgiZZusjimdgatus ATCC 13073 h g u ~  MM 

A. j h u s  ATCC 24133 f@W MM 

C d h  tropicales CBS94 Y m  W 

C ~ t a o c c i l s  neofonnanr ATCC 14 1 17 yeast MM 

~ k r i c i t i i s  coli ATCC25922 bacterium ATCC 

s " ~ ~ i ( x 0 c c w  metls ATCC 29213 bmerium ATCC 

S QWW 0012 lxcterium S M  

S. uureus0017 bacterium SM 

FOREST 

Cephaloasctlsfiagrans w FT 
C ~ r ~ ~ ~ s  a@ocoeti& fwiw JB 
Cetatoqy~s's iilmi f U B g r t s .  PVM 
Opkrost~m~~piceae fimW FT 
3eniciZiium sp fungus F6 

Tn'ckxiemp,sa&bqgi fungus PrT 
INSECT PATHOGENS 

~ -- 

PLANT PATHOGENS 
Foliage 

<;ontimu on next pase 



Species and habitats Organism Sources* 
Alfem'cr  sp- isolate A f;_n_gus GD 
A l l e m i a  sp. isolate B 

Postharvest 

Monilinia fiucticola 
Mucor pintomis 
,Penicilhrn e;siwnnmr 
P. notatrsm 
R h i z o y  d o n i f e r  
V e n m b  inaecpua1i.s 

Soil born 

Phytophrhora infestans 
Pythium coloratum 
P. ultimum 

fungus ZP 
fungus JR 
b g u s  rn 

Rhizoctonia cerealis h g ~ s  GD 
R s o h  
Scler~tinia minor 
Zhielaviopsis bizsicoh 
Verticilliurn a1bodm.m fungus JR 
Y: dahliae fungus JR 

SOIL 
Bacillus su btilis bacterium JR 

*ATC: Arnerican type culture cdcdim (ATCC), Rockvillt Maryland, USA; FF'Foriatck Canada C o p  

Ottawa, C w  GD: Dr. G. B. I-, Dqwtmaa of Natural Resauct ~~, McGill University, 

Montreal; Jb: Dr. J. H Borden, Dqwrtmnt of Bidogcal Sciences, Sirmn Fraaer University, Ihmaaby; 

JR Dr. J. E. Rahe, ofBidogical Scia#.its, Simon Fraser bivmity,  Burnaby., MH: Dr. M. 
H u b ,  Department of Forestry, U n k d y  ofToroato, Tonndo.; MM: Dr. M. M. Moore, Department of 

Bidogical Sci-, Simoa Frasca Univers'ity, Bumby; PS: Dr. P. Shelberg, Agticulhm Canada 

Summc~i@ SB: Dr. S. Birch, r)cparbaccb of Soil Science, Univady ofBritish Cdumb'la, Vaacouver; 

SM: S. Fssrmcr, Canadian Bacterial Diseases netwo* V m w ,  ZP: Dr. 2. Plllrja, Dqwrtmart of 



Appendix 2. The c hcrnicd structure and the bioactivity of antimicrobial substances isolated 

strain A2 

* I= antibacterial; 2 = anthycotic, nt= not tested. 




