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Abstrnct

The following sludies were donc le idenlify faelera thnl influence Ule virulence of

XCI/olhabdus I/cma/ophilus nnd lhe inlernclions of lhe bnclerinm wiUI lhe nonself <telclll,e

systems of nonimmune Gallcria IIIclio I/clla . Isolnles of X. I/cllla/ophill/s lhnlnre

qualitnlively similar in biochemical properlies differed signilicnnUy in virulence (Ill' ..

vnlues, Ule le kill 50 % of lhe insects injected willl n given bncterinl dosnge) for G.

mellonella larvae. The production of enzymes such as proLenses could notnccollllt far

differences in 1Iie virulence of 1Iie Îsolnles.

G rowth conditions, influenced the growth rnLe nnd the internctions of the

bacterium willl nonimllIune G. mellol/clla Inrvne. In genernl, X. I/cllla/oplJillIs cells

grown under aerobic conditions were more susceptible le the nonsclf defences of G.

mellonella larvae Umn lhose grown under less Ulnn ideal condilions, resull.iug in incrensed

clearance of Ule bacleria from lhe helllolymph (blood) of the inscets. Clennlllce of Ule

baeleria from the hemolymph of the insect wns positively correlated wiUI cullure

condition, culture age, and attnchmentle insect helllocytes in vi/IV. However, c1enrnnee

of Ute baeleria frolll Ule hemolymph of the insccl wns nol correlnted with ccII surface

hydrophobicity, electroswtic charge or cell viability of Ule bncleria.

lsolales of X. nema/ophilus produced flagella and Iimbriae when grown under

llIieroaerobic and aeroblc conditions. 'l'he type of Iimbriae produced was influenced by

culture conditions. X. Ilcma/ophilus Iilllbriae consist of 3 major proLeins <07, 40, nnd 32

l<Da), and X. nema/op/lilus flagellar consist of 4 major flagella prolcins (07, 40, 35, 32

l<Da). The i~ection of both flagella and Iimbrine in picogram qunnlities inle nonimmune

G. mcl/onel/a caused an inerease in letnl helllocyle counts wiUlin Ulese inscctlnrvae. 'l'he

i~ection of Iimbrial and flagellar antigens inle G. mel/onclla larvae cnuscd changes in

Ule helllocyle types found in circulation in Ule insects' hemolymph.

CO'i~ection of picogralll amounts of X. ncma/ophilus Iimbrial and flagellar

antigens wiUt X. nema/ophilus cells did not impact upon baclcrial clearance from Ule

helllolymph. When Pro/eus mirabilis was co·i~eclcd inle nonimmune G. mel/onel/a

larvae wiUt Utese antigens, flagella reduced Ule clearance of P. mirabilis and Ule lilllbriae

had no effecl The surface appendages of X. I/ema/ophilus may prevent eellullir

recognition of baeleria by blocking hellIocyle receplers for eerwin surface lInlîgens of

baeleria.
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Résum6

I.es études suivnnws ont été menées nIin d'élnblir les fncteurs qui ont une

incidencc sur ln virulencc de Xel/orlwbdus I/ema/ophilus et les interoctions de la bactérie

IIvec kes sysœmes de dérense non-soi de Gal/cria mel/anel/a. Les illOlats de X.

l1elllCl/ophilus qui ont des propriétés biochimiques qualilntivement semblables varient

considémblement du point de vue de la virulence (valeurs de LT 50) sur les larves de G.

mel/ol/el/a. l.cs fncteurs cnzymatiques (nolnmment les protéases) n'élnient pas

resJlonsllbles dcs écnrts dans le tllUX de virulence des isolats.

Les conditions de croiSSllnce, nolnmmentl'o>;ygénation, influent sU!' le lnux de

croiSSllnce dc la culture et les interactions de la bactérie avec les larves de G. mellonella

non imlllunes. EII général, les cellules de X. nema/ophilus produites sous condition

lIérobie sc prêtent plus facilement a l'action des défenses nOIl-soi des larves de G.

mellanella, cntraÎllant une claironce accrue de 111émolymphe (du sang) des insectes. La

clairance élnit positivement reliée a la condition de culture, n l'âge de la culture et a la

Iixntion aux hémocytes de l'insecte in vi/ro. La clairance n'était pas reliée a

11tydrophobicité ou a la charge électroslntique de la surface de la cellule, ou a la viabilité

dc cclle-ci.

Les isolats de X. nema/aphilus produisent les flagelles ct des Iimbriae lorsqu'ils

sont culUvés sous condition microaérobie oU aérobie. Les conditions de culture avaient

une incidence sur le genre de Iimbriae produit. Les Iimbriae de X. nema/aphilus

comprennent 3 protéines principales (f.7, 40 et 32 KD a) et les flagelles de X.

nema/aphilus comptent 4 protéines principales (67, 40, 35 et 32 RDa). L'il"\Ïectioll dans

11témocèle de G. mellanella de picogrnmmes de flagelles et de Iimbriae peut causer une

hausse du lnux d 'hémocytes talai dans les larves. Des changements dans les genres

d11émocylcs circulant dans 111emolymphe ont été provoqués par injection d'antigènes de

Iimbriae et de flagelles dans les larves de G. mellanella.

L'il"\ÏecUon combinée de mg d'antigènes de cellules de X. nema/aphilus et de

Iimbriae et flagelles deX. nema/aphilus n'a pas eu d'incidence sur la clairance

bactérienne de 111emolymphe. Lorsqu'on a remplacé X. nema/aphilus par Pro/eus

mirabilis dans les antigènes il"\Ïectés, les flagelles réduisaient la claironce de Pro mirabilis et

les Iimbriae n'avaient aucun elTet. Par conséquent, les appendices de surface de X.

nellla/aphilus jouent peut-être un rôle dans les défenses cellulaires de l'insecte en

recouvront la bactérie d'une surface non réactive.
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Introduction

Pest insecLs cause billions of dollars in crop losses yearly. The use of chemical

insccticides is becoming le88 appropriaLe du", La increased resisLance of pest insecLs La

these insccticides and the impact of the chemical insecticides on the environment as a

who le. This has resulLed in the greaLer emphasis on the development of biological control

ngenL. for the regulation of pest populations in lieu of chemical pesticides La reduce

negntive enviromenLaI impact. One biologieal control agent for use against pest insecLs is

Ute nemnLade Sleinemema carpocapsae (F. SLeinemematidae). At present a number of

insect pesLs have been succe88fully controlled with this and other sLeinemematids and WiUI

the closely relaLed heLerorhabditid nematodes [31, 57, 72J.

'fhe sLeinemematids are symbiotically a880ciaLed with bacLeria of the genus

Xenorllabdus CF. EnlelObacleriaceae H601. The nonfeeding, infective sLage of the

nemnLade (infective juvenile (IJ), which carries the bacLeria within the inLestinal tract,

genemlly enLers an insect host via the mouth, anus, and spiracles [551 and subsequenUy

reteases the virulent bacLeria shorUy afLer enLering the insect hemocoel [59,601. The

bncLerin multiply making the host suiLable for nemaLade reproduction [601 through the

retense of antimicrobial compounds which either kill or slow the growth of adventitious

bncterin Il, 81. The level of virulence of the bacterial-nematode complex of

sLeinernematids has been !inked La (i) the degree of control of pest insecLs [25, 361 (li)

eeologicaland behavioral parameLers of the nemaLades in nonimmune insecLs 135, 481 and

Oii) Ule strains of X. nemalophüus carried by the nemaLade [2, 361.

Nonimmune insecte Lhat are susceptible ta the nematode·bacterium complex have

sysLems UlIlt respond La nonself maLerial but, by virtue of d08llge (1-10 cells) X.

IIcmoloplzilus required La kill 50 % of a population of nonimmune Lest insecte, the

nntimicrobial defences of the insect blood (hemolymph) are ineffective [27J. The

interactions of X. nematophilus with the cellular (hemocyLes) and humoral (enzymes)

Ilntibncterial systems of nonimmune insecLa have been described for GaUeria mellonella

nnd Lymanlria dispar [24, 271. Dunphy [231, using chemically muLagenized X.

ncmalophilus, eSLab!isIJed Lhat bacLerial atLachment La insect hemocyLes was correlaLed

WiUI Ule susceptibility of the bacteria to the humoral factor lysozyme which digests

peptidoglycan. ResuiLs with closely relaLed Photorhabdus luminescens rx. luminescens1l91

have led La the propo8lll Lhat flDlbriae may be important La the ability of the bacLeria ta

colonize host tissue or resist host defences [131. However, !iUle is known about the

relationship of hacteria! metabolites, funbriae and OageUa of X. nematophilus ta bacLeria!
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virulence or their contribution to the interaction of the organism wiUI host dcfcllccs of

insects.

The objectives of the thesis are as follows;

(il to determine the relationship of the biochemical properties, (such as secrcted cnZYlllllS

and utilized substrntes) culture conditions and physicochemical surface propcrtics of

selected varieties of X. nematophilus that dilTer in virulence for nonimlllllllc G.

mel/onel/a larvae.

(ii) to determine the relationship of culture conditions and physicochclllicnl surfncc

properties of varieties of X. nematophilus to bacterial interaction wiUI selccted

antibacterial systems of nonimmune G. mel/onel/a larvae.

and (iii) to determine the contribution of the liagella and fimbriae of X. nematophil/ls ln

Ule interaction of X. nematophilus with selected antibacterial systems of nonillllllunc G.

mel/onel/a larvae.

The antibacterial responses examined included bacterial attnchment to insect

hemocytes in vitro. the patterns of removel of the bacteria l'rom the hemolymph in vivo

and the activation of the melanizing system, the prophenoloxidase system.
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Coopter 1: Llt.erature Revlew

1. Cellular Antlbacterlal Systems: Nonselt Responses ot Nonlmmune Inset.'i8

[nsccls exist in a m)Tiad of environmenls, due in part to their abili~ to resist

1>ncl.crinl infecUons 126J with two wes of anUmicrobialacUons; (i) nonimmune responscs

1.0 nonsclf malerials (anUgens) and (H) baclericidal immune prOleins induced by prior

expoBlIre 1.0 an anUgen. The nonself responses of nonimmune insecls consist of two

inl.cmctive componenls. The first of these operales at the cellular level involving the

hemocyl.cs and, depending on the insect species and nature of the anUgen, may involve

phagocytosis, nodule formation and encapsulaUon [64, 661. The second component

includes humoral factors such as the prophenoloxidase cascade, consUtuUve lecUns,

lysozyme and certain biogenic amines [6, 11, 151. In immunized insecls resistance is bascd

on induced anUbaclerial proleins and lecUns, and elevaled levels of lysozyme. These

nBpecls will be discussed generally for insecls with emphasis placed on Galleria

mcllonclla in the following text.

1.0 Phagocytœls ot Foreign Partlcles

Phagocytosis is an important process in vertebrale cellular immunity. In insecls,

tittle is known about this process although studies have shown phagocytosis to play an

importllnt role in defence reacUons of insecls against pathogens [661. Five wes of

hemoeyles (blood cells) are present in the hemolymph of G. mellonella including the

prohemocytes, plasmatocytes, granulocytes, spherule cells, and oenocytoids. The

plnsmntocytes are considered to be the main phagocyt.ic blood cells in most insecls

including G. mellonella although the granulocytes may exhibit phagocytosis in other

insect species [14, 67).

Electron microscopy has established that the ch8raclerisUc attachment and

ingestion phases of the phagocyt.ic process in vertebrales also occurs in G. mellonella and

other insecls and involves fllopodial and lobopodial engulfment of the bacleria by the

plnsmntocytes. This process culminales in the formaUon of bactericidal vacuoles

(phagocyt.ic vacuoles) and cell wall degradaUon [66, 671. Phagocytosis is driven by ATP

generaled by glycolysis and requires the functioning of the cytoskeletal system of the

hemocyles 1391. Although lysosomes are known to occur in insect hemocyt.es, theyare not

npparent in the plasmatocytes of G. mellonella and the origin of the baCleriolyt.ic

enzymes involved in the degradation processes in G. mellonella is unknown [661. The

cfficiency of phagocytosis varies with the nature of the bacleria, virulent pathogens

sllrviving the process [341. Phagocytosis may occur concertedly w1th nodule formation [781.
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2.0 Nodulatlon

Nadules are melanized aggregates consisting of usual1y two types of hell\ocytes

willt foreign particles (P.g. Bacilius cereus) lItat have eiUler exceeded a criticnl level or

virulence and! or concentration [15, 64, 681. Initiation or lite process occurs WiUl

degranulation of fragile granulocytes during conlnct willt lite foreign agenL Granulocyte

Iysis is a prerequisite for lite atlnchment of aliter granulocytes and bacterin prior lo Ule

prenodule being surrounded by successive layers of plasmalocytes 138. 741. In G.,
melionelia, lite center of lite nodule is composed of bollt necrotic nnd intact granulocytes

whereas lite periphery consista of layers of plasmalocytes l67, 741.

The release of a plasmatocyte depletion factor from lite granulocytes ns n response

lo wounding or injection of foreign materials causes lite plasmnlocytes lo drop froll\ Ule

plasma onto lite insect's tissue l17]. These plasmalocytes are attracted to Ule prenodule

ns it drops from suspension in lite hemolymph onlo lite tissues and lite)' Ulen effectively

wal1 off lite bacteria [17]. Foreign particles (bacteria) initiate lite formation of Inrge

compact nodu:es willt lite hemocytes, while soluble molecules (peptidoglycnn) initinte

small lo medium nodules [38. 67]. The efficiency of lite response vnries willt Ule insect

species due lo variation in lite number of hemocytes [34] and lite nature of Ule antigen(s)

but in generalllte bulk of remaval of lite bacteria occurs witt.in 5 minutes postinjection

137, 63, 68J. D espite lItis hemocyte response palltogenic Gram-positive bacteria oven!ome

Ule larvae of G. melionelia [78].

Nadulation of bacteria could result in (1) bacterial deallt due lo active killing by

antimicrobial mechanisms, (2) bacterial deallt due to physiological stress, (3) bacterinl

survival with entrapment in multicellular nodules, or (4) bacterial survival, multiplication,

and escape from lite nodule [78].

3.0 Cellular Encapsulatlon

Cellular eneapsulation is a response lo parasites loo large lo be phagocytosed und

involves lite aggregation of hast hemocytes around lite parasite willt lite resultant

formation of a multi-layered cellular sheallt of plasmalocytes surrounding a necrotic muss

of granulocytes [74]. Encapsulation in G. mellonella is a biphasic process similar to

nodule formation where phase one is modified clot formation resulling from granulocyte

Iysis, and phase two resulta in capsule formation, consisting of plasmalocyte ntlnchmentlo

lite nonself material [74]•
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Il. Humoral AnUbactcrlal Systems of Nonimmune Inslll:tB

Humoral immunily, by t.rndition, is regarded as consisting of lectins (agglutinins),

Ihe prophenoloxidase syslem and lysozyme, recognizing Utat many of Utese faclors may

!oove 0 cellular (including hemocyte) origin 151.

1.0 The Prophenoloxidase System of Insects

A loyer of melanin is frequenUy observed deposited on parasites of insecls; Utus,

Illelonizotion is onen associaled wiUt an insect's cellular response [631. In insecls WiUl

lorge num bers of hemocytes, componenls of Ute melanization paUtway are believed lo be

derived from Ute hemocytes 168, 751. Melanization can also be a st.rictly humoral

response in insecls wiUt few hemocytes such as sorne species of Diptera [631. The enzyme

phenoloxidase (PO) produces quinones Utrough Ute oxidation of tyrosine lo 3,4,

dihydrox;yphenylalanine and subsequenUy lo boctericidal derivatives. The bactericidal

ocUvity is due ta the ability of Ute carbox;yl groups of Ute producls te react wiUt (1) Ute

free amino groups of proteins and oUter amines and (2) Ute Utiol groups of oUter

compounds 17, 22, 63]. PO is activated by limited proteolysis of Ute zymogen form

(described later in Ute text). When quinones are present in excess, Ute black pigment

melonill is formed.

Melanization requires Ute activation of Ute zymogenic form of phenoloxidase,

prophenoloxidase (PPO) ta phenoloxidase bya cascade of serine proteases [71. Calcium

dependont PPO [21J is found in eiUter Ute plasma andl or hemocytes (eg. granulocytes,

oenocytoids) depending on Ute species of insect [75J and is activated by peptidoglycan

from bocterial cell walls, capsular polysaccharides [151 and by B -l,3-glucans from fungal

cell walls [21, 521. However, teichoic acid, a component of Ute cell walls of Gram-positive

bocleria, does not activate Ute PPO system. Lipopolysaccharide (LPS) associated wiUt Ule

outer membrane of G ram-negative bacteria varies in its elTect on Ute prophenoloxidase

syslem ranging from activation te no elTect depending on Ute insect species [15, 801. In

Ule locusls Schistocerca gregaria and Locusta migratoria, LPS from several bacterial

species was found te activate Ute PPO system in whole hemolymph homogenates but not

in hemocyte Iysate i1nplying a dilTerent method of activation of the PPO system by LPS in

locusls. The PO levels generated by LPS in vitro were correlated with nodules formed in

vivo 1651. LPS from Pseudomonas aeruginosa, 8higella flexneri, Klebsiella pneumoniae

t.riggered nodule formation while LPS from Escherichia coli 0111 and E. coli 055 did

not (65).



•

•

Brehélin et al. [121 purified a 14 kDa protein which inhibits Pl'O conversion to

PO from the plasma and hemocytes of Locusta migratoria. The protein strongly

inhibited chymotrypsin but not trypsin suggesting that chymotrypsin'cntnlyscd lIetivnlion of

l'PO in hemocyte extrncts takes place under different controls or nt an enrlier sInge of Ihe

cascade 1121. The result is a sticlty coating of opsonie protein eomposed of PO or olller

fnctors of the l'PO system which mediates the insect's humoral response to foreigll

pnrticles 17, 521.

2.0 L)'Ilozyme Actlvity ln Insect Hemolymph

Lysozyme of G. mellonella is a constitutive, cationie protein, Umt is similllr to

avian l)'Ilozyme in terms of amino acid composition, molecular mass (14.7 kOn) nnd

ultraviolet absorbance spectrum [611. However, lysozyme of Galleria species differs in

both substrate binding affinity and specificity when compared to oUter lysozymes of Ille

class [61, 621. The lysozyme of G. mellonella releases N . acetylmurnmic acid l'rom

bacterial cell walls, permitting the insect protein to be c1assified as a mucopeptide N·

acetylmuramyl-hydrolase ([61,621. The lysozyme is heat stnble and is found in hemoeytes

and plasma of insects [611.

A putative role of insect lysozyme is to hydrolyse the cell walls of invnding bncterin

partlcularly Gram-positive bacteria [221. Factors such as erowding, high humidity, nnd

starvation cause G. mellonella larvae to increase blood lysozyme levels 1371; howcver, il"

presence does not ensure immunity [161.

3.0 The Role of Lectlns and Antlbacterlal Protelns ln Nonlmmune Insct:tB

Agglutinlns (or lectins) are capable of agglutinating vertebrate blood eclls nnd lire

considered to be lectin-Iike due to their specificities for carbohydrate groups 140, 691. In

insects, agglutinin activity has been found in the hemolymph of several orders

(Orthoptera, Lepidoptera and Diptera).

Lackie [49] proposed that agglutinins in the immune response of inseets could

function as (1) membrane-bound receptors, (2) humoral opsonic factors, or (3) act

independenUy of the hemocytes agglutinating bacteria. Studies with Sarr:ophaga

peregrina and Spodoptera e%igua Iarvae showed agglutinins to be produced in respon." 1.0

i~ury or i~ection of solutions into the hemocoel suggeBting that sorne agglutinins are

indueible and may be involved in wound repair or be a form of proteetive immunity 147,

581•
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Agglutinins have been found in the hemocytes and fat body of S. peregrina 147,

501 und the grasshoppers Melanoplus differentialis and M. sanguinipes [ll\. In vitro

Rtudies with hemocytes of M. differentialis and M. sanguinipes showed that neither

grllsshopper serum nor purified agglutinin stimulate the adhesion of hemocytes to particles

or phagocytosis, indicating that the agglutinin is not generally involved as either an

opsonin or recognition molecule though a limited number of granulocytes have agglutinin

hinding sites 1111. Lectins of stick insects (phasmids) act as opsonins bridging bacteria to

hemocytes 1711.

In S. peregrina larvae, the hemocytes from normallarvae have a lower affinity for

the agglutinin compared with injured larvae. The binding to the hemocytes is specific to

Ule galactose residue on the cell surface, which may be either masked or absent on the

surface of normal hemocytes [47]. The association of agglutinins with the hemocyte

surface was confirmed when hemocytes of injured insects were exposed ta galactose or

lactose, and lectin was released from the cell surface without causing ceU Iysis 147].

In Periplaneta americana and Schistocerca gregaria, agglutinin activity of whole

serum cannot be totally inhibited and shows no obvious specilicity for any one type of

sugar. This implies that more than one type of agglutinin may be present [491. However,

oUler studies involving hemolymph of G/assina species have shown the presence of

ngglutinins which exhibit wide specificities for carbohydrate residues on the surface of

human erythrocytes [441. The different types of agglutinin differ in their sugar specilicities

and are directed mainly towards sorbose, trehalose, glucose, 2·deollYgalactose and to a

lesser extent the deollY, [1-4]- andl "r [1·6]·linked derivatives of glucose [44]. The metal

ion requirements of lectins for hemagglutinating activity depend on the type of lectin and

insect species [20, 45, 58, 70].

4.0 Nonself RecognItion

The cellular responses are init:ated by the hemocytes recognizing foreign

organisms invading the body. The constitutive lectins present in the plasma and the

hemocytes have an opsonic role in several insect species and may be part of the

recognition system [71] although the evidence is not unequivocal for al1 insect species 173].

The lectins enhancing bacterial attachment to hemocytes may act as bridging molecules

between antigen and hemocyte or promote the activation of the prophenoloxidase system.

Recognition of nonself material(sl by the hemocytes may occur independenUy of

plasma factors. Morton et aL [54] estBblished the existence of carbohydrate receptors on

the plasmatocytes and granulocytes of G. melloneUa. The physicochemical properties of
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nntigens also trigger nonself responses in insecl.'l. The adhesion of antigens te hemocylcN

is infiuenced by antigen hydrophobicity nnd degree of electrostntic charge 1501. A twn ticr

system of nonself recognition has been proposed by Lackie [511. one being nonNpecific

and based on physicochemical properties and the other on specific recognition systelllS.

Ill. Antlbacterlal Protelns ln Acquired Immunlty

Antibacterial pro teins have been found in diverse orders of insccl.'l ('l'nblc 1);

however. lepidopterous larvae have received the most attention due te their grenter Rize

nnd ease of rearing. Antibaeterial pro teins are produced de nouo by insecl.'l in responNe

te bacterial challenge [10. 46]. 0 f the antibacterial pro teins whieh have been discovered

and studied te date. the ceeropins have received the most in-depth analysis. Cecropins

from different insecl.'l are similar in that they have a strongly basic N -terminal region /lnd

a long hydrophobie Sl'ction in the C-terminal part of the molecule (lOi. The high degree

of homology between the various groups of eecropins of Antheraea peroyi nnd

Hyalophora cec'Opia indicates a similar evolution through gene duplication 1101.

Two different genes exist, responsible for encoding the basic nnd neutral or Rcidic

forms of the attacin molecules [10J. The attacins are larger in molecular weight thun the

cecropins and Interfere with cell division [43J. The activity spectra of the differcnt

subclasses of cecropins and attacins vary [10J. In G. mel/onel/a, both live and dead

Gram-positive and Gram'negative bacteria act as immunizing agenl.'l for Ule induction of

antibacterial pro teins. Ali of these inducing agenl.'l give the same type or level of

antibaclerial activity [411. The factors round in the hemolymph of G. mel/oncl/a larvne

were similar in properties (heat stability and sensitivity) te the InA facter (an immune

inhibitor) produced by B. thuringiensis [411. Hemocytes from immune pupae stimulate

the production of cecropins. lysozyme and other antibacterial proteins by II. ccc'Opia fut

body [771. and in G. mel/onel/a. cecropin and antibaclerial activity 119J.

IV. The Genos Xenorhabdus

1.0 The Blochemical and Ph)'slologlcal Propertles or Xenorhabdus

The genus Xenorhabdus œnte'Obacteriaceae) Thomas and Poinar is comprised

of bacteria that are Gram'negative chemoorganotrnpllic (76]. and are peritrichously

fiagellaled asporogenous rods of variable size (0.3 x 2.0 /lm to 2.0 x 10 /lm) with

occasional fllaments (15 • 50 /lm in length)[31. The bacleria are symbiotically associated

with the entomopathogenic nematodes of the genus Steinemema and released into the

insect hemolymph. effectively killing the insect [59, 601. Stationary phase bacteria produce
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Table 1. overview of insect antibacterial proteins. l

•

protein

cecropins

Andropin

Defensins

Attacins (includes
sacrotoxin X & diptericin

M 13

Bemolin

size (kDa)

4

4

4

9 - 28

72

48

Source

Lepidoptera

oiptera

Diptera, Hymenoptera,
Coleoptera, odonata

Lepidoptera, oiptera

Lepidoptera

Lepidoptera

Activity spectrum

Bactericidal, Gram -,+

Bactericidal, Gram -,+

sactericidal, Gram +

Bactericidal, Gram 

Triggers coagulation
of hemolymph

Recognition of nooself
materials

1 Table adapted from Faye and Bultmark [32]_
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two types of birefringent (Ilon·polybetahydro~butyrnte) phasc bright inclusions (typc

and type 2J13, 181 which contain traces of DNA, RNA and carbohydnltes and nre

restricted to particular strains. The function(s) of Ulese protein inclnsions I1lIlY be rellltcli

to the host nematode since Xenorhabdus inclusions are metabolizcd in vivo in Ule

presence of larval nematodes [181. Members of Ule genus are facultntively IInaerobic nnd

exhibits respirntory and fermentative metabolism [31.

The genus currenUy consists of four species; X. nematopllilus, X. bovicnii, X.

poinarii, and X. beddingii each associated with a specific nemlltodc spccics 141. BlIctcrill

from the genus exist in two fonns, phase l and phase II 181. Thc phasc l forl1l (1) is

carried by infective stage nematodes, (2) absorbs bromoUlymol bluc frol1l IIgllr mcdin. (:1)

absorbs neutral red from MacConkey's agar fonning either red or brown colonics, (4)

produces antimicrobial substances, and (5) produces lipase and protease, whereas, phil""

II fonn has none of these properties [81. Phase l and phase II forms are also

distinguishable by their soluble pro teins and isoenzyme patterns [421. Boemare lInd

Akhurst (3) studied the biochemical and physical charncteristics of colony form varillnt.. in

Xenorhabdus spp. and found phase l variants were sticky and gummy on agar and dilncult

to disperse in Iiquids, whereas the phase II variants could be easily dispcrsed.

Xenorhabdus spp. produce glutamic aeid decarbo~lase 1761 and I1lctabolizc N

acetylglucosamine, fructose, fumarnte, glucose, L-glutamate, DL·glycernlc, glyccrol, L

malate, maltose, mannose, L-proline, pyruvate, succinate, L-alanine in API LRA mcdinl1l,

and most strains produce acid from utilizing glucose (no gas), mannose, maltose, N·

acetylglucosamine, fructose, ribose, trehalose, and glycerol in API CHE medium 131.

Based on the API strips, five sugars were utilized and 13 carbon sources utilized out of

147 compounds tested, byall strains of Xenorhabdus tested [31. Ali strains utilized

citrate, acetate, and DL·lactate when tested in Pye's (1968) medium; sorne strains did not

utilize these compounds in the API tests. Ali strains gave a negative result for

acidification of melezitose solution when tested on API CH strips with API CHE mediul1l

131. Although these bacteria do not reduce nitrates to nitrites and are genernlly catalase

negative and anaerogenic, they POBBCSS the remaining charncteristics of the

Enlerobacleriaceae (76).

The bacteria produce cytochrome oxidase, urease, phenylalanine deaminase,

catalase, .B-D ·galactopyrnnoside, arginine dihydrolase, omithine decarbo~lase,and Iysinc

decarbo~lase, and are methyl red positive and Voges Prosknuer positive dirrerentiating

them from the Vibrionaceae [3]. Indole is not produced and certain strnins do not

hydrolyze glycogen and slarch but do hydrolyze casein, liquify gelatin, and produce
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DNAase and lipase on Tween 40 and 60 131. GrowUt is not inhibited by KeN.

Hydrogen sullide is not produced 1761.

2.0. The Inl.cractlon of XenomabdlUl nemalophillUl wlth the Hemolymph of
Nonlmmune Galleria mel/oneUa

A paUtogenic bacterium which has penetl'ated into Ute hemocoel of an insect must

have (l) Ute ability of resisting the humoral defence factors of the hemolymph, and (2)

Ule ability to defend against Ute attack of phagocytes or evade recognition if infection is to

result in leUtal septicemia 153]. The nematodes of Ute S. carpocapsae-X. nematophilus

complex do not influence Ute fate of Ute symbiotic bacteria, X. nematophilus 1281.

When il\iected into Ute hemocoe~ the phase 1 form of X. nematophilus var dut/Ii

is not initially cleared from Ute hemolymph of G. mellonella during Ute flrBt hour all.er

il\iection, possibly due to bacterial surface changes induced by humoral enzymes [271.

However, Ute majority of Ute bacteria are cleared by 6 h by nodulation followed by

bacterial emergence into Ute hemolymph as represented by an increase in bacterial

numbers. The increase in number of X. nematophilus cells in Ute hemolymph is due to

bacteria! multiplication as evident by an increase in muramic acid (a unique bacterial cell

wall compound) 1271. Transient hemocytopenia occurs wiUtin 1 h aller il\iection of

bacteria and Utis is followed byan increase in hemocyte counts. The hemocytes are

damaged in Utat Utey are vacuolated, fail to adhere to coverslips or to exclude trypan

blue, and are incapable of binding X. nematoDhilus or B. cereus [27].

The removal of phase Il X. nematop'lilus var duthi from Ute hemolymph of G.

mellonella occurred within 30 minutes of il\iection and Ute majority of Ute bacteria were

removed from Ute hemolymph by 4 h. By 8 h, Ute bacterial numbers increased but by a

signilicanUy lower level tban when the phase 1 form of the bacterium was used.

HemocytopclIia occurred wiUtin 30 min all.er il\iection of phase Il X. nematophillUl and

Ule hemocyte counts remained low for 2 h followed by an increase at 4 h [271. These

differences may be aUributed to differences in the outer membranes (OMs) of phase 1

and phase Il bacteria.

During the initial period of bacteriai incubation in the hemolymph, hemocyte

counts were neiUter elevated nor decreased during the flrBt 30 min in Ute hemolymph.

The absence of a hemoeyte decrease during Ute early stages of infection would be

advantageous for X. nematophilus and Ute nematode vector by ensuring the repair of

host tissue damaged during nematode invasion andl or enabiing the host to contain

adventitiousiy inlroduced bacteria present on the cuticle of Ute nematode. This would
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nllow time for X. nematophilus to reach n level which can support Ule groWUI nnd

reproduction of the nemntode 1271.

The incrf'ase in the levels of damnged hemocyt.es nnd bnctorin wns shown to be

independent of ongoing bactorial metabolism, suggesting that Ule outor membranes of Ule

bactoria were responsible lbr daml1ging the hemocyt.es and Ule emergence of X.

nematophilus from the nodules and for hr.:mocyt.e damage 1271. As Ule bactorh.l infection

proceeded, a rapid increase in vacuolatod hemocyt.es occurred followed by n Iytic decline

of hemocyt.es thereafler. Therefore a hemocytotoxin exists, which dnmnges hemocytoH

129J.

The hemocytotoxin in G. mellonella infectod with X. ncmatophilus wns identilied

as lipopolysaccharide (LPS) because (1) the toxin i&olntod from infectod lnrvnl serum by

phenol/ wator extraction, like LPS from the bactorial coll envelope, induced Lim ulus

nmoebocyt.e lysato coagulation, (2) il\iection of LPS resultod in fnt body dissociation nnd

hemocyt.e damage, and (3) the electrnphoretic profiles of Ule LPS extracts were identicnl.

The correlation of LPS release from varieties of X. nematophilus with hemocyto damnge

and emergence of X. nematophilus into the hemolymph established LPS ns n virulence

detorminant of X. nematophilus [291. LPS was released from both living nnd deud X.

nematophilus but only when the bactoria were exposed to larvnl serum. AIUloUgh serum

is believed ta modify the envelope of the bactorium, it is not known how this relutos to

LPS release.

The observations that (1) the LPS gel profiles of the breton and dutky vnrieties

of X. nematophilus dilTered, (2) il\iecting LPS samples containing the same concentration

of 3·deoxy·D·manno·octulosonïc acid (KDO) damaged the hem()cyles ta the same exlcnt,

and (3) the binding of polymyxin B sulphate ta Iipid A neutralized LPS taxicity suggest

that Iipid A was the taxic moiety 129 J. The LPS is believed ta bind to lectin-Iike .

molecules on the granulocyt.es by meaus of the glucosaminyl group of Iipid A. The fntty

acids of X. nematophilus Iipid A are responsible for endotaxic expression 1291.

Il\iecting LPS and the corresponding amounts of Iipid A and total oligosacchnride

from the LPS ahowed that only the carbohydrate fraction lowered hemocyt.e counts below

t!le controllevels. Nodules were detoctod in the hemocoel in close proximity tu the

il\iection site in larvae receiving the oligosaccharide. Thus, LPS may bind 10 hemocytos

by both Iipid A and the oligosaccharide moieties of LPS [29 J.

The quantity and release of LPS from the outer membrane of X. nematophilus

varies with bacterial isolate; wild type X. nematophilus contains less KDO than did

antibiotic·resistant mutants. Differentiai rates of LPS release occurs between dilTerent
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isolnles Xenorhabdu8 8pp., but has not been correlaled with baclerial virulence [23J.

Muwnt st.rains of X. nemalophilu8 have reduced ouler membrane prolein (OMP)

conlent compared with the wild type which is negatively correlaled with KD a conlent

1231. Baclerial inleraction with hemocyles is infiuenced by baclerial hydrophobicity, LPS

conlent, cationic surface charge and PO activity in the lest insect 123J.

:1.0 The Antlhemocyte Surface ComponentB of Xenorhabdus

The LPS of X. nemalophilu8 reduces PO activity in the hemolymph of

Lepidoplera in vivo 124,30, 791. However, incubating either X. nemalophilu8 or its LPS

in larval serum containing PO previous/y activaled with laminarin did not result in

reduced PO activity; thus, the taxin prevents PPO activation as opposed to inhibiting PO

activity 130J.

Although artificial1y·activaled PO augments cellular responses towards X.

llemalophilu8 in Lymanlria dispar [24J, the absence of a correlation between PO activity

and X. nemalophilu8 levels in L. dispar and G. mel/onel/a implies that PO is not an

opsonin during the early stsges of septicemia by X. nemalophilus [24, 30J. Thus, other

factors in the hemolymph May be involved. Incubating X. nemalophilu8 with larval

serum (with inhibited PO activity) altered the bacterial surface resulting in rapid reduction

in bac:.erial levels. Deproteinizing the serum abrogated the effect eslablis/ling the opsonic

factar(s) as proteinaceous 130J.

Larval serum contains a·mannosidase·Iike, a· and B·galactosidase·like and B·N·

acetyl·D ·glucosaminidase·Iike (a·N·acetyl·D·glucosaminidase·Iike activity was not found)

enzymes which have specific activities that vary with the enzyme; B·galaclesidase activity

was the greatest and B·lI;·acetyl·D·glucosaminidase the least [30J. Removalof

carbohydrates from the aM of X. nemalophilu8 enhanced bacterial attachment to the

plasmalecyles ofG. mel/onel/a without the production of pa and accelerated bacterial

removal from the hemolymph. Changes in the physicochemical surface properties alone

of the bacteria May not be responsible for these nonself responses as the addition of

enzyme subst.rates to suspensions of modified bacteria suppressed or reduced the

responses. This suggests bacterial attachment le hemocyles May be lectin·mediated [301.

The importance of the aM of X. nemalophilu8 in the interactions of the

bacterium with G. mel/onel/a hemocyles was demonst.rated byaccelerated removal of the

bacteria from the hemolymph afler the bacterial surface was modified by agents that

dissociate protein and extract LPS. Such treatments May have (1) altered the bacterial

surface charge and! or hydrophobicity, (2) removed antlhemocyle components, (3) exposed
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antigens, or (4) increased bacterial sensitivity to humoral antibacterial factors 1301. 'j'he

latter was demonstrated when EDTA-treated bacteria were exposed to purificd iasecl

lysozyme and insect serum, resulting in an increase in spheroplast formation.

OMPs and envelope appendages may contribute to Ule antihcmocytic naturc of

X. ncmalophilus since proteolytic digestion of the bacteria elcvates UIC nonsclf rcsponscs.

Fimbriae of X. ncmalophilus, have an unknown function in terms of Ule paUlogcnicity of

X. ncmalophilus, but for the closely allied bacterium, Pholorhabdusiumincccns, fimbriac

may facilitate bacterial adhesion to insect hemocytes 1131. G rowUI conditions of UIC

bacteria may also influence bacterial hemocyte interactions 1131.

The OM and surface appendages of X. ncmalophilus, Iike those of othcr inscct

pathogens 1331, may contribute to host antibacterial·pathogen interactions. Thercforc, UIC

objective of this study was to investigate the interaction of the surfacc components of X.

ncmalophilus var dulhi with the hemolymph environment inside the hemocel of

nonimmune G. mcllonella larvae. The objective was addressed by: (1) investigating

physicochemical surface properties and how they relate ta pathogen-host interactions, (2)

determining the occurrence of bacterial surface components (fimbriae and flagclla), and

(3) relating surface properties and components to interactions with the host and

determining their role in virulence.
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Chapter II

The Influence oC Blochemlcal Propertlœ, Cultural Conditions, and Physlcochemlcal

Surface Propertlœ on the Interaction oC Xenomabdus nemalDphüus

w1th Nonimmune Galleria melloneUa Larwe
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Abstract

iBOlates E4 and E7 of Xenorhabdus nematophilus were qualitaUvely similar with

respeelto their biochemical properUes but differed significanUy in their LT" (time to kill

GO % of the insects injected with a given bacterial dosage) values for Ga/leria mel/onel/a

IlIrvne. Protease production by this bacterium may not be a virulence factor sinee enzyme

Ilctivity agninst nBOcasein was detected in vitro only when the bacteria entered stationary

phase. Artilicial Gal/eria serum which aproximates G. mellonel/a hemolymph did not

enhance the level of protease activity produced by the iBOlates of X. nematophilus when

used as a growth medium over the 1evels of activity produced in YSB medium. The

protease was not similar to subtilin because it did not use azocall as a substrate.

Differences in the LT" values were not correlated with growth rates under aerobic

or microaerobic conditions in yeast salis broth (Y SB) medium. The growth of the

bacteria1 iBOlates was signilicanUy reduced in synthetic Gal/eria serum and in this medium

supplemented with insect hemolymph. lBOlates grown under the same cultural conditions

to the same physiological age interacted differenUy with the antimicrobial defences of G.

mel/onel/a larvae. Cells grown aerobically were removed from the hemolymph more

rapidly and for an extended period of Ume compared with microaerobically grown

bacteria. The extent of bacterial removal increased with cultural age when X.

nematophilus was grown microaerobically; however, this was not the case for aerobically

cultured ceIls.

The clearance of these iBOlates from the hemocoel of G. mellone/la was

correlated with attachment to hemocytes in vitro. Clearanee was not correlated with

bacterial hydrophobicity, electrostatic charge or cell viability. Clearance of the bacteria

from the hemocoel was negatively correlated with the surface area of the iBOlates.
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Introduction

Xenorhabdus nematophilus is n virulent insect pnthogen cnrried into Ule

hemolymph of the host within the intestine of the insect pnrasitic nemntode Steinememn

carpocapsae [5].

The insect Gallena mellonella. n pest of beehives, rcsponds to UIC bnctcrin WiUI 1\

combination of cellular and humoral mechnnisms. Ule extent nnd efficiency of which

varies with the bacterial species and strnin [161. The bnctcrin ndhere to Ule insect

hemocytes, initinte bncterial-hemocyte aggregations called nodules. nnd nre Ums rcmoved

from the hemolymph. These reactions were nttributed to enzymes in Ule hemolymph

modifying the carbohydrates nnd pro teins of the bncterinl outer membrane fncilitnting

hemocyte contact [28]. Phenoloxidase (PO). a hemolymph enzyme with putative opscnic

properties. is usually activated by bncterial cell wnll and envelope componcnts 191.

However. PO does not normally nct ns nn opscnin during X. nematophilus infections

becnuse their lipopolysaccharides (LPS) prevent the nctivation of Ule prophenoloxidnse

(PPO) system [18.281.

X. nematophilus proliferates within the nodules and subsequenUy emerges into Ule

hemolymph [28]. Emergence is due to the lysis of the hemocytes caused by Ule rclcnsc of

LPS into the hemolymph and does not represent the multiplication of a selected

subpopulation of bacteria thnt evaded the hemocytes [161.

Surface components and extrncellular enzymes of insect paUlogens conlribute to

pathogenic interaction with the host's antibacterial systems and to virulence [19. 321.

Although LPS and fimbriae may be involved in the adhesion of X. nematophilus and

Photomabdus luminescens to hemocytes 18. 281. the relationship of the extrncellular

enzymes and physicochemical properties of the outer membrane components of X.

nematophilus to the interaction of the bacteria with the antibacterial systems of insecta is

unknown. Similarly. the efTect of culture conditions, known to inOuence physicochcmicnl

properties of vertebrate pathogens [46]. on X. nematophilus and its relntionship to

virulence and hemocyte responses is unknown. The present study will determine the

contribution of biochemical factors such as secreted enzymes and utilized substrntes,

culture conditions including Ollslt and tube cultures that were shaken or not shaken and

the physicochemical surface parameters of hydrophobicity and type of charge of two

strains of X. nematophilus that difTer in virulence to bacterial interaction with the

antibacterial systems of nonimmune G. mellonella .
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Mal.erlals and Methods

IMOOL Culture

Galleria mel/onella larvae were reared La Lhe sixth insLar according La Dutky ct al. 129J.
Unless sLaLed otherwise insecLs weighing 200 mg were used in ail experimenLs.

IsolalJon oC Xmorlwbdus tIl!IIIaIophi/us Crom Nematodes

Ten G. mellonella larvae were plaeed in a glass petri dish conLsining moistened filter

paper (Whatman No. 1). The insecLs were parasitized wiLh the addition of the infective sLage

nemaLodes (lO/larva) of Steinemema eapocarpsac strain DD 136 (supplied by Dr. J.Wbuster,

Simon Fraser UniversiLy) La the Iilter paper. The petri dish was incubaLed at 25 oC in the

dark until the insects died. D ead insecLs were individually surface·disinfected with 95%

(vI v) ethanol and passed through a fiame. A thoracic proleg was severed with sterile

microsciBB80rs; the hemolymph was collected from individual insecLs with sterile pasteur

pipels and was spread on the surface of tergitol·7·agar (D ifco) supplemented wiû, 0.04

mg! 1of 2,3,5 • triphenyltetrazolium chioride (Sigma)(TTC medium)[1, 57). Blue colonies

were subcultured on TTC medium live times La ensure the purity of the bacterial isolates.

Bacteria were considered La be X. nematophilus based upon the biochemical

characteristics described by Boemare and Akhurst [71. The six pure cultures so obLained

were mninLained nL room temperature, in the dark, nnd were subcultured every 2 weeks

on TTC medium. The phase 1 sLate of the isolates wns confl1'll1ed bnsed upon

bromothymol blue upLake on TTC medium, protease activit' and antibiotic production

Ill.

Bacterlal Culture

lsolates ofX. nematophilus, unless sLated otherwise, were grown in 5 ml oCyenst

salLs broth (Y SB) medin in 20 ml test tubes on a gyroLary shaker at 150 rpm nt 27 oC for

18 h. The same conditions were used La grow Baeillus subtilus in tryptic soy broth (TSB).

B10chemlcal Properties oC X. nemaIDphi/us Isolal.e8

(1) Catalase Activil.y

CaLalase activit' was tested using n modification oC Thomas and Poinar [57) in

which the isolntes were individunUy mixed in a drop of 3% (vI v) hydrogen peroxide. A

positive test is indicated by the production of bubbles in the hydrogen peroxide.
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(2) Nitrate Reduction

The ,;ix isolat.es oC X. nemolophi/u8 were grown in Bncto-nitrnt.e broUt (DiCco) in

t.e8llub~s shaken al 150 rpm and 27 oC on a gyrolary shnkt:r. The cullures were

sampied al 24 and 48 hours and t.est.ed Cor their abilily t.o reduce nitrnle by Ule addition oC

sulCanilic aeid and tt-naphlhylamine to each sampie. A positive t.esl result.ed in Ule

production oC a dark red color l151.

(3) Lipase Actlvlty

Lipase activit.y was " lermined on bacto-agar (1.2% (v/v» supplement.ed wiUI

Tween 20 (1.0 % (v/v» and Tween 80 (1.0% (v/v» l61. The plat.es were incubat.ed nl27

oC Cor la daye and lipase activit.y confirmed by cloudiness in Ule agnr nround bncl.erinl

colonies.

(4) Leclthlnase Actlvlty

Lecithinase activit.y was det.ermined using egg y.. lk agar 171. Bacl.erin were

slreaked on the surCace oC the agar and the cultures incubat.ed al 27 oC Cor 10 dnye. A

positive result is indicat.ed by a clearing in the yolk agar and the occurrence oC n whil.e

precipilat.e.

(5) Protœse Actlvlty

Two assaye were used to diacem prot.ease activit.y: (1) gelatin hydrolysis at pH 7.2

was based upon the absence oC precipilation oC the prot.ein indllced by acidic HgC\,

around colonies on plal.es pn:viously incubat.ed Cor la daye at 27 oC 161 and (2)

quantilative evaluation oC prot.eolyUc activit.y was baaed upon the release oC the a7.0 dye

Crom azocasein (0.6% w/v) in phosphat.e bulTered saline (PBS) 1281. X. nemolophi/u8

were grown in 2 ml oC Ihree t.ypes of media, yeast salta broth, t.ryptic ElO"J broth (SeoU),

and artifieial GoUerio serum (AGS) [26J, in 10 ml culture tubes on a horizonlal gyrolary

shaker (46 h, 27 oC, 150 rpm). Bact.eria-free supemalant (1 ml) was produced by

cenlrifugation (11 000 xg, 3 min., 25 • C) and added to the azocasein solution. The

solution was incubat.ed on a horizonlal gyrolary shaker (2 h, 27 oC, 150 rpm). Conlrols

eonsist.ed oC azocasein in bulTer with designat.ed medium that was not inoculat.ed with

bact.eria. The reaction was stopped by the addition of 200 /JI of 5 N HCl, the precipilat.e

removed by cenlrifugation (11 000 xg, 3 min, 25 OC) and the level of Iiberal.ed azo dye in

the supernalant det.ermined speclrophotomet.erically based on a change in absorbance at

a wavelength of 4:''''-. on a Beckman DU-70 speclrophotomet.er.
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(6) AnUbloUc Production in uUro

lsolates E4 and E7 of X. nematophilus were chosen for subsequent study because

U,ey difTered in lipase and protease activity, aspects important to virulence [251. The

bacl.eria were grown in 2 ml of YSB on a horizontal gyratory shaker under conditions

(48h, 27 oC, 150 rpm) that will he henceforth referred to a standard conditions. Following

centrifugation (12,000 x g, 5 min, 25 OC), 25 !JI of supernatant were aseptiœlly added to sterile

antibiotic disks and air dried. The disks were subsequently added to tryptic BOY agar o:'SA) that

had been freshly inoculat.ed with B. subtilis on a cotton swab to produce a lawn. B. subtilis is

sensitive ta antibiotics produced by X. nemoJophilus l44l Cultures were incubat.ed for 24 h and

the zones of clearing around the disks were measured.

mAntlblotlc Productlon in uivo

Bacterial isolates E4 and E7 grown in YSB under standard conditions were washed by

centrifugation in PBS and 10 !JI of the bacterial suspension (2.1 x 107 cellsl ml) irljected into

insects. The control insects were injected with 10 !JI of PBS. InseclB were incubated in

darkness at 27 oC and at designated times 5 inseclB were homogenized in 1 ml of

deionized water in a 20 ml tissue homogenizer. The homogenate was centrifuged in a 1.5

ml microcentrifuge tube (11 000 xg, 3 min., 25 OC) and the supematant assayed for

antibacterial acLivity as descrlbed by Maxwell et al. [44]. The level of bacteria per insect

was also determined at the designated Limes by serially diluÛDg the initial insect extrBclB.

The seriai dilutions of the insect extracta were spread on TSA containing bromothymol

blue and TTC and incubated in the dark (3 dayB, 27 OC). Results are reported as colony

forming unilB (CFU) per gram (wet weight) of insect tissue.

(8) Hlochemlca1 Characterlzatlon uslng API 20E and API ZYM

The API 20E and API ZYM systems were used ta examine biochemical

chamcteristics semiquantitatively. The API system was inoculated with an 18 h old

culture grown in YSB under standard conditions and incubated (96 h, 27 OC) in the dark.

The reactions were read every 24 h.

Lethal Time to Kill 50% of the Hœt Population (LT.. )

Both isolates E4 and E7 of X. nematophilus were grown under standard

conditions, washed three times by centrifugation in PHS, and the fmal bacteriallevel

adJusted to 2.1 x 10 7 cellsl ml with PBS. Ten groups of G. mellDneUa larvae in each of 4

replicates were injected with 10 !JI of bacterial suspension per insect per isolate. Control
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groups consisted of insects iqjected with 10 III of PBS. The insects were incubntcd nt 27

oC in darkness without food. Insects were inspected at regulnr intervals until signs of

dysfunction were evident, and thereafler by inspection at 10 minute intervals until nll Ule

insects died. An insect was considered dead when no response could be observed nfler

prodding the facial plates with a pair of forceps.

Growth of Selectal Isolates of X. nemalophüus ln Llquld Medium

The study of the growth of the bacterial strains in test tubes and Erlenmeyer flnsks

was done ta determine the effect of different culture conditions on Ule growUI rate of

strains E4 and E7. This is important because different culture conditions is known ta

influence the virulence of bacterial pathogens of plants and mammals 14, 31, 371. Bacterin

previous1y grown under standard conditions were washed three times wiUI PBS by

centrifugation, adjusted ln 2.1 x 10 7 cellsl ml afler which 100 III volumes were ndded ta

live 500 ml flasks containing 100 ml of YSB and 5 III volumes were added ta 10 ml

volume test tubes containing 5 ml of YSB. The bacteria were grown under standard

conditions and the cellievei determined every 3 h (0.1 ml per sampling) using a Petroff

Hausser counter and phase contrast microscopy.

To simulate growth of the bacteria in vivo, bacteria were grown under standard

conditions, washed as before, and 100 /JI of a 2.1 x 10 7 cellsl ml suspension was added la

600 III of the following media in 1.5 ml microcentrifuge tubes: (1) arUficial Gal/eria

serum (AGS): (2) AGS with 18% (V/V) larval serum hemolymph; and (3) PBS wiUI

18% (V/V) larval serum. The cultures were grown in the dark without shaking, at 27

oC and the cellievei determined at 2 h intervals (10 /JI per sampling) using a Pertroff

Hausser counter and phase contrast microscopy.

Clearance of Bacterla at Dl1Jerent Ph)'slologlcal Ages from G. mel/onell4

Bacterial isalates (E4 and E 7) were grown individually under standard conditions

and used as inoculum. Experimental cultures were grown ta the early exponential growth,

late exponential growth, and stationary phases in test tubes and flasks. Bacteria in flasks

were grown alsa la a physiological age similar la cells in stationary phase in test tubes.

The bacteria were washed three Urnes in PBS by centrifugation (11 000 xg, 3 min., 25

OC), adjusted ta 2.1 x 10 7 cellsl ml and 10 III were iqjected inta each insect. Insccts were

incubated in two groups of live insects for 5, 30, 60, 120, and 240 minutes post-iqjection

prior ta bleeding. Hemolymph was collected with a chilled (4· C) Pasteur pipet following
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severance of a prothoracie leg. The pipets eontaining hemolymph were plaeed on iee to

minimize coagulaUon and melanizaUon. The hemolymph samples were plaeed on a

hemoeytometcr and the bactcria and t.otal hemocyte eounts delermined for eaeh insect at

Ule designaled Urnes using phase contrast microscopy.

Viable Plate Counls

'fo delermine if the viabilit' of bacteria in the previous experiment was correlated

wiU, the removal of the bacteria from the hemolymph samples of each bactrial group in

POR were plated on TSA amended with bromthymol blue and 2,3,5-triphenyl tetrazolium

chioride. The plate counts were performed for isolates E4 and E7 grown in YSB for 6, 9,

and 17 h of growth in test tubes and 6, 15 and 23 h of growth in flasks. The bacterial

suspensions were plated fol1owing the standard wash procedure used to prepare bacteria

for il\ÏecUon int.o the insects.

Bacterlal Surfaœ Area

Surface area, which may change as bacteria age, is known to influence the

removal of Gram posiUve bacteria from the hemolymph of insectsin vivo [51]. To

detcrmine if surface area influenced the clearance of i80lates E4 and E7 from insecte,

bacteria were grown in YSB in tube and flask cultures at 27 ·C as previously stated, and

the bacteria sampied at the appropriate physiological ages. The bacteria were placed on

slirles, heat Iixed, covered with glycerol and a cover slip, and the dimensions of the

bacleria were measured with a standardized ocular micrometer. The surfilce area was

calculated using the formula for the surface area ofa cylinder (A = 2:n:rh, r=radius,h

height) and adding it t.o the surface area of a sphere (A - 4n~ which represent the t....o

ends of the bacteria.

Hemocyte Monolayers

Monolayers of insect hemocytes were used t.o determine if the differences in the

removal of bacteria from the hemolymph observed in earlier experiments was due to

dilTerences in bacterial adhesion t.o the antibacterial hemocytes, the plasmatocytes and

granulocytes. Five G. mellonella larvae were bled by cutting a prothoracic leg with

sterile microsissors. Twent' microliters of hemolymph were collected from each of the

insects and combined in an ice'chilled microcentrifuge tube producing a total volume of

100 Ill. The 100 III volume was added t.o a microscope slide and the hemocytes allowed

to attBch to the slides for 10 minutes. The slides were rinsed with three 1 ml volumes of
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PBS w remove plasma and non adhering hemocytes. Bacteria grown in tubes and llasks

w selected physiological ages, as previously described, were washed by centrifugation

(11 000 x g, 3 min., 27 ·C), resuspended in PBS, and alijusted w 2.1 x 10 7 cells/ml.

One hundred microliters of the bacterial suspension were added w Ule slides resulting in

a bacteria:hemocyte ratio of 50:1. The suspensions were incubated at 27 ·C in darkneBB

on a gyrotary shaker (25 rpm) for 10 min. aCter which an additiona! 100 pl of PBS was

added and the material incubated for an additional 10 min. The slides were rinsed WiUI

three 1 ml volumes of PBS w remove non adhering bacteria, and the bacterial'hemocyte

complex fixed with 100 pl of 2.5% glutaraldehyde in PBS for an additional 10 minutes.

The glutaraldehyde solution was removed using three 1 ml volumes of PBS. Th,· slides

were then coated with 100 pl of 5% (vi v) glycerol in PBS and the monolayers covered

with a coverslip. The slides were examined under phase contrsst microscopy and the

numbers of bacteria per plasmawcyte and granulocyte determined. The number of

hemocytes of each type with adhering bacteria was also determined.

Hydrophobie and Electrostatle Interaction Chromatography

Bacteria were grown under standard conditionR in test tubes and used as inocula.

Media in the test tubes and llasks for each bacterial isolate were inoculated and grown

und~r standard conditions w the appropriate physiological ages. The bacteria werc

washed once in PBS and suspended ta an optical density between 0.1 • 0.4 (0 D ...~,

using a Bechman DU70) in 1ml of nine salta solution (NSS) [141. The hydrophobic

interaction chromatagraphy (HIC) resin, Octyl'Sepharose CL 4B (Pharmacia), and Ule

electroststie interaction chromawgraphy (EIC) resins, Dowex 50xS·200 for cationic, and

Dowex 1xS·200 for anionic ellChange, were washed in NSS and resuspended in NSS (lg of

resin/ ml of NSS). Following the adjustment of the bacterial suspension 25 pl of the resin

suspension were added and the suspension incubated for 20 minutes. The 0 D of the

samples were determined aCter the resins had setUed ta the bottom of the sampie tubes.

Control groups eonsisted of NSS without bacteria plus resin suspension and bacteria plus

NSS without resin. The level of hydrophobic and electrostatic charge was determined

using the following formula: Hydrophobicityl electrostatic charge a [(initial sample 0 D •

initial control OD) • (fmal sample (with resin) OD • final control (with resin) OD)I + 1

initial sampie OD (without resin) • initial control OD (without resin) [ x 100 %. The final

values represent the percentage of cells which are hydrophobic or the percentage with a

specifie charge.
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Sl.alJstlcal Analysls

Separation of means was performed at a signilicance level of a = 0.05 using the

Lad test. Ali means are expressed as the mean ± the standard error of that mean.
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Resulta

Isolation and Characterlzatlon of X. nemalDphilus Isolates

The six isolates of X. nematophilus obtained from Ute DD 136 strain of S.

carpocapsae were positive for protease, lipase, leciUtinase and antibiotic activity nnd

negative for catalase and nitrate reductase conlirming Ute identity of Ute isolntes ns X.

nematophilus.

Protease activity, based on Ute substrate azocnsein, varied wiUt Ute bacterinl isolnte

and medium used (Table 1). Generally isolates produced Ute grentest proteolytic nctivity

when grown in yeast salta broUt medium and Ute least activity in tryptic soy broUt. In nll

cases activity was detected when Ute bacteria were in Ute stationary phase in culture

vessels which may represent nutrient limitation in Ute culture medium. The proteolyUc

enzyme(s) showed no activity for Ute substrate azocoll.

Additional biochemical characterization of isolates E4 and E7 wiUt Ute API 20E

(Table 2) and API ZYM (Table 3) sml' systems established semiquantitaUve dilTerences

between Ute two selected isolates but no qualitative dilTerences. DilTerences in activity for

cysteine aminopeptidase, acid phosphatase, phosphohydrolase and Cl - glucosidase activity

were most evident (Table 3) wiUt isolate E4 producing higher levels Utan did isolate E7

except for cystine aminopeptidase activity which was more pronounced in cultures of E7

Utan in E4 cultures. NeiUter isolate produced eiUter trypsin-Iike or chymotrypsin·like

enzymes. The isolates also did not dilTer in Uteir antibioUc production profiles wiUlin

insect cadavers, boUt isolates producing anUbiotics aller Ute deaUt of Ute insecls (Figure

ll. lsolate E7 was more virulent for G. mellonella larvae Utan E4 (Table 4).

Growth of X. nemalophilus under DIfferent PhyslologlcaI Conditions

To determine if bacterial growUt rate was Iinked ta virulence, isolates E4 and E7

were grown under two conditions: (1) in ollYgen rich media in shake flasks, and (2) in test

tubes wlùch eventually become microaerobic (which more c10sely approximates Ute insect

hemocoel). The population doubling time (PDT) for isolates grown in YSB medium in

test tubes were 1.02 ± 0.06 h and 1.08 ± 0.02 h for E7 and E4, respectively, and Ute PDT

for cells grown in YSB medium in flasks were 1.01 ± 0.02 h and 1.28 ± 0.10 h for E7

and E4, respectively. The cultural pH for isolate E7 grown in test tubes and flask

cultures in YSB medium were 6.67 ± 0.02 and 7.98 ± 0.02 at stationary phase (l8 hl.

Individual random samples fram test tubes and flasks containing Y SB medium and isolate

E4 during growUt showed that isolate E4 aitered Ute media pH ta Ute same extent as

isolate E7 uder similsr growUt conditions.



• •
Table 1. proteal!e activity produced per cell of xenorhabdus nematophilus in three types of liquid media

using azocasein as a protease substratp-.

J:solate

Medium

E3 E4 E6 E7 E8

TSB

YSB

AGS

0.046 :1: 0.007

0.172 :1: 0.018

0.088 :1: 0.002

0.056 :1: 0.007

0.156 :1: 0.021

0.107 :1: 0.004

0.077 :1: 0.009 0.046:1: 0.004 0.058:1: 0.002

0.131 :1: 0.004 0.161:1: 0.012 0.161:1: 0.014

0.100:1: 0.002 0.096:1: 0.023 0.070:1: 0.002

0.215 :1: 0.035

0.149 :1: 0.014

0.103 :1: 0.023

1 Values (mean:l: SE) are expressed as the change in absorbance per minute per 2.8 x 10 8bacteria (n = 3).
TSB - Tryptic soy broth, YSB - Yeast salts broth, AGS - Artificial Galleria serum.

w
w



34• Table 2. Biochernical Characterization of two isolates of Xenorhabdus
nernatophilus at designated times on API 20E test strips (API
Laboratory Products Ltd.).

Isolate E4 Isolate E7

Time (h) 24 48 72 96 24 48 72 96
Enzyme activity or
Reaction assayed

EDZymeS
Oxidase
B-galactosidase
catalase
Arginine-
dihydrolase
Lysine-
decarboxylase
urease
ornthine-
decarboxylase
Trytophane-
dearninase NDa ND ND ND ND ND

Substrates used
citrate
Indole ND ND ND ND ND ND
Gelatin-
liquefaction + ++ ++ ++ +w ++ ++ ++
Glucose + + + + + + + +
Mannitol
Inositol + + ++ ++
sorbitol
Rharnnose
sucrose
Melibiose
Arnygdalin
Arabinose

product. foJ:llllld
Acetoin ND ND ND ND ND ND
Hydrogen sulfide
NO, ND ND ND ND ND ND
N, Gas

a not deterrnined, - = no activity detectable, +w = activity weak but

• detectable, + = activity easily detectable, ++ = strong activity
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Table 3. characterization of two isolates of Xenorhabdus nematophl1us using
the API ZYM system.

Isolate E4l E7

Enzyme assayed Concentration Concentration

Alkaline phosphatase o - 5 o - 5
Esterase (C4) 10 10
Esterase (CS) 5 5
Lipase (c14) 0 0
Leucine aminopeptidase ~ 40 2: 40

valine aminopeptidase 5 5
Cystine aminopeptidase 0 5
Trypsin 0 0
Chymotrypsin 0 0
Acid phosphatase 20 5
Phosphohydrolase 2: 40 10
a - galactosidase 0 0
fi - galactosidase 0 0
fi - glucuronidase 0 0
a - glucosidase 2: 40 5

fi - glucosidase 0 0
N - acetyl- fi -glucosaminidase 30 20
a - mannosidase 0 0
a - fucosidase 0 0

1 values represent the concentration of enzyme in nanomoles as per the
manufacture's procedures •



Figure 1. Antibiotic activity produced in insect cadavers infected with x.

nematophilus isolates E4 ( .) and E7 ( • ). Control insects were

injected with phospate buffered saline ( ~ ). units (U) of

antibiotic activity represent mm of inhibition/wet weight of insect

(g). Error bars represent the standard error of the mean for samples

(n = 5).

•

•
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Table 4. Lethal Time for Xenorhabdus nematophilus isolates E4 and E7 to
kill fifty percent nonimmune Galleria mellonella larvae.

Xsolate probit line
slope x -intercept

LT 1..
(h)

95 % confidence
Xntervals

E4

<:7

y .. 78.1X

y .. 42.4X

+ - 82.6

+ - 41.1

13.2 ± 1.0

12.2 ± 1.0

13.1 , 13.3

12.1 , 12.3

•

1 The lethal time to kill 50 % of insects injected with xenorhabdus
nemstophilus (2.1 x 10 7 cells/ml) is expressed as the Mean ± standard error
of the Mean (n .. 40). y .. the probit of the percent cumulative mortality;
X .. the log of time •
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'l'he growllt palterns in vitro were similar for lite lwo isolates grown under lite same

conditions (Figure 2 and 3). Thus dilferences in isolate growllt rates may nol be

responsiblc for dilfcrcnccs in virulence. AllItough lite growllt rate in vitro may not relect

lite growUt rate in vivo dilferences belween iso!ates biochemical and physiological

properties may be enhanced and may yield clues 10 dilferences in isolate behavor in vivo.

itecognizing thal YSB is not similar 10 the insecl hemolymph, PDTs were

calculated for bacteria grown in AGS, AGS supplemented with 18% (v/v) larval serum,

und phosphate bulfered saline (PBS) supplemented with 18% larval serum. No

signilicanl dilference in PDT occurred for a given isolate in AGS supplemented with

larval serum (Figure 4 and 5). It was observed lhat cultures of E7 in AGS supplemented

with larval serum showed less melanization than cultures of E4. The increased amount of

melanization may have reduced reduced the growth of isolate E7 or the particles of

melanin may have obscured the bacterial cells dlJring on lite counting chamber.

However, in AGS lite PDT was longer for E7 isolate (1.54 ± 0.05 h) of X. nematophilus

than isolate E4 (1.36 ± 0.04 hl. Cultures of isolate E7 also failed 10 reach stationary

phase by 12 h. lsolate E4 of X. nematophilus also grew faster in PBS supplemented willt

larval serum than isolate E7. The PDTs for isolates E4 and E7 were 1.41 ± 0.04 h and

1.70 ± 0.04 h respectively. No relationship between virulence and growllt was observed.

In vWo Rœponse oC Galleria melloneUa tu X. nemalophilu.B

lsolates E4 and E7 grown in tubes 10 the same physiological age were not similar

in vivo in their interactions with lite insect's antibacterial system. In general, as the

physiological age of E4 increased, lite extent of bacterial removal from lite hemolymph

increased (Figure 6). This elfect was not seen for isolate E7, lite bacteria being cleared ta

Ule same level al ail ages except for lItose from the 6 h tube lItese bacteria were not

removed from the hemolymph but rather increased in concentration (Figure 7). Both

isolates grown in tubes emerged inta the hemolymph at similar rates. Reemergance inta

Ute hemolymph was independent of inoculum age for bollt isoIates. Bacterie from flask

cultures at lite same physiological age as bacteria grown :n tubes (17 h) had a clearance

pattern from lite hemolymph of lite insect lItat differed from lItose grown in test tubes.

The cells of isolate E4 grown in flasks floated in lite blood for 30 min and were lIten

gradually removed from circulation ta lite lowest level by 2 h followed by graduai

emergence of lite bacteria back inta lite hemolymph whereas E7 exhibited an intmediate

and continuous decline for 4 h. Willt lite exception of E7 23 h flask culture, lite bacterie

of boUt isolates emerged inta lite hemolymph. The rates of emergence were similar,



Figure 2. G rowth of isolate E4 ofX. nemalophilu8 in yeast salis broth. Bacterin werc

grown in tubes (e) and Ilasks œ) at 27 oC, 150 rpm in darkness. Error bars

represent the standard error of the mean of each point (n a 5).
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Figure 3. Growth of i80late E7 in yeast salta broth. Bacteria were grown in tubes (e) and

flasks œ) at 27 oC, 150 rpm in darkness. Error bars represent the standard

error of the mean of each point (n - 5).
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Figure 4. Growth of isolate E4 in growth medium simulaUng hemolymph.

Bacteria were grown in arUficial Galleria serum (AGSl (el,

AGS + 18% larval serum (v/vl (.l, and phosphate buffered saline +

18% larval serum (v/ vl (.) aL 27 oC, unshaken in darkness. Error bars

represenL the standard error of the mean of each point (n - 5l.

•

•



-
E

"'1/1

VI
;:l

-0
.0
o
.c:.....
o
c
o})

x

1O~

41

6o 2 4 8

Time (h)

10 12 14



Figure 5. Growth of isolate E7 in growth medium simulating hemolymph.

Bacteria were grown in artilicial Galleria serum (AGSl (."

AG S + 18% larval serum (vi vl ." and phosphate buffered saline

+ 18% larval serum (vI vl (A) at 27 ·C, unshaken in darkness.

Error bars represent the standard error of the mean of each point (n - 5).
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Figure 6. Clearance ofXenomabdus nematophilus isolate E4 at dilTerent

physiological ages and from dilTerent culture conditions from the

hemolymph of nonimmune Gallena mellonella larvae in uiuo; 6 h tube

(ellPonential growth) (e), 9 h tube (late exponential growth) (II), 17 h

tube (stationary phase) (.), and 23 h Oask (same physiological age as 17 h

tube) (.). Error bars represent the standard error of the mean and the

means represent the number of free Ooating bacteria (n - 10).
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Figure 7. Clearance ofXenorhabdu8 nemalophilu8 isolate E7 at dilTerent physiological

ages and From culture conditions From the hemolymph of nonimmune GaUena

mel/onella larvae in vivo; 6 h tube (exponential growthl (.), 9 h tube (Iate

exponential growthl e-l, 17 h tube (stationary phasel (." and 23 h fiask (snme

physiological age as 17 h tubel (Yl. Error bars represent the standard errar of the

mean and the means represent the number of free fioating bact.eria (n-10l.
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except for the slower rate of E4 from the 17 h Oask culture (Figure 6). Emergence

occurred as the hemocyte counta increased. The hemocyt.es were highly vacuolated at Ulis

time indicating damage. Total hemocyte counta increased for boUI E7 from 23 h Oask

cultures and E4 from 17 h tube cultures, even though bacteria in the former did Ilot

emerge and bacteria from the latter emerged slowly. Bacterial emergence illlo the

hem(llymph was not related ta virulence. There was no relationsllip between Ule rate of

removal of the bacteria from the hemolymph and virulence.

To determine if inoculum v1ability played a role in these resulls, viable plate

counta were done for the two bacterial isolates from the aforementioned growth

conditions. The v1ability of isolate E4 and ta a lesser extent the viability of isolate E7

declined in the tubes with increasing culture age (Table 5). However, Ulere was 110

discemible difference in the v1ability of isolate E4 and isolate E7 in 6 h tubes or 23 h

Oaeke. A correlation (r-0.826,P <0.05) between the v1ability of bacteria in tubes at

difTerent physiological ages and the number of hemocyt.es with attached bacteria (Table

6). Due ta cultural difTerences no comparisons were possiable with cells grown in tubes

ta cells grown in Oaeke.

There was no correlation (r-0.05,P >0.05) between the surface area of Ule

bacteria of either isolate and bacterial removal from the hemolymph. Increasing the dose

of bacteria Ü\iected inta the insecta ta correct for difTerences in surface area between

isolates or age groups was not feasible as it resulted in an increase in contact of Ule

bacteria with the hemocytes. In general, older bacteria were cleared more cxtensively

from the hemolymph than bacteria from younger cultures of a given isolate although the

surface area was reduced in the older bacteria.

Hemocyte levels in larvae Ü\iected with the bacteria at different physiological ages

were lower than in the control insecta during the initial 1 h post.-il\iection, indicating

recognition of the bacteria by the hemocytes (Figure 8 and 9). With the exception of

larvae Ü\iected with isolate E4 from a 17 h tube culture and isolate E7 cultured in Oasks,

hemocyte levels during this time did not differ for either isolate or physiological age.

Both isolate E4 and isolate E7 grown in test tubes for 17 h induced the greatest

hemocytopenia which was not related ta bacterial viability. Although difTerences in the

surface of the bacteria of different ages may have altered the stimulation of the

hemocytes, no differences were found between the surface area of bacterial isolates at

comparable physiological ages, but significant differences occurred between difTerent

physiological ages of isolate E7 as opposed ta isolae E4 (Table 7). Thus there was no

discemible relationship between bacterial surface area and changes in THe.
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Table 5. Viability of xenorhabdus nematophilus at different physiological ages in yeast salts broth.

culture
:Isolate Age (h) culture condition viable COllOt (cells/ml)

E4 6 tube 1.03 x la 6:1: 1.39 x la 5

E4 9 tube 8.23 x la 5 :1: 8.19 x la 4

E4 17 tube 2.28 x la 5:1: 1.61 x la 4

E4 23 flask 1.17 x la 6:1: 1.38 x la 5

E7 6 tube 1.32 x la 6:1: 5.37 x la 4

E7 9 tube 7.31 x la 5 :1: 1.18 x la 5

E7 17 tube 6.04 x la 5:1: 5.77 x la 4

E7 23 flask 1.26 x la 6:1: 4. 08 x la 4

The bacteria were grown in yeast salts broth, washed in phosphate buffered saline and adjusted to a total
bacterial count of 2.1 x la 7 cella/ml using a Petroff Hausser counter prior to plating on tergitol-7 agar
supplemented with 2, 3, 5 - triphenyltetrazolium chloride. Values represent the mean :1: the standard error
of the mean (n = 12).

•

....
'"



•
Table 6. Adhesion of Xenorhabdus nematophilus o,t designated physiological and cultural conditions to

IlIOnolayers of hE!lllOC"ytes of Galleria mellonella larvae.

Isolate Physiolo"ical Bemocytes with Bacteria ('Il) Bacteria par Bemocyte
Age (h)

Gr pl Gr Pl

E4 6 12.0 ± 2.5 5.6 ± 1.8 1.0 1.0

E4 9 24.0 ± 3.0 10.4 ± 2.1 1.0 1.0

E4 17 21.6 ± 2.7 11.2 ± 4.1 1.1 1.4

E4 231 13.6 ± 3.9 24.0 ± 3.8 1.1 1.2

E7 6 12.0 ± 3.6 3.2 ± 1.8 1.0 1.0

E7 9 12.8 ± 1.8 7.2 ± 2.6 1.0 1.0

E7 17 24.0 ± 3.6 18.4 ± 3.~ 1.0 1.1

E7 23 17.6 ± 5.7 7.2 ± 0.7 1.1 1.1

1 SaDIe physiologic"l age as 17 h in a tube culture. Gr- granulocyte, P1- plasmatocyte. Ages 6 - 17 h
cells grown in tubes in darkness, 150 rpm, 27 0 C. Age 23 h cells grown in flasks in darkness, 150 rpm,
27 0 C. Hean ± standard error of the mean (n = 125).
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Figure 8. Total hemoeyte eounts in nonimmune Galleria mellonella larvae
invoked by different physiologieal aged and culture eonditioned
XenorhabduB nematophiluB Isolate E4: 6 h tube (exponential growth)
(tt), 9 h tube (late exponential growth)(.), 17 h tube (stationary
phase) (~), and 23 h flask (same physiologieal age as 17 h tube)
(,,). Error bars represent the standard error of the mean (n = 10).
control inseets injeeted with phosphate buffered saline ((»).
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Figure 9. Total hemocyte counte in no~immune Gslleris mellonells
larvse invoked by different physiologicsl aged and culture
conditioned xenorhabduB nemstophiluB, Isolate E7; 6 h tube
(exponential growth) ("), 9 h tube (late exponential growth)
(.). 17 h tube (stationary phase) (.A.). and 23 h flask (seme
physiologieal age as 17 h tube) (,,). Error bars represent the
standard error of the mean (n = 10). control inseets injected
with phosphate buffered saline «(»).
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Table 7. Bacterial surface area of Xenorhabdus nematophilus isola~es E4 and E7 in yeast salts medium at selected

physiological ages from two methods of culture.

Isolate culture Type Age (hours) Heasurements (1JDI) Surface Area per
width Length Bacterial cell (~)

E4 tube 6 1.01±0.12 4.20U.18 39.47tO.38a

E4 tube 9 1.08tO.11 3.32t1.02 37.18tO.33b

E4 tube 17 1.04%0.12 3.79U.59 38.36tO.86a

E4 flask 23 1.09tO.11 2.42tO.56 31.50tO.34c

E7

E7

E7

E7

tube

tube

tube

flask

6

9

17

23

1.086tO.0346 4.14tO.18

ND ND

0.998tO.017 3.86tO.20

1.0975tO.0174 2.77tO.08

43.01%0.31a

ND

36.72tO.15b

34.25tO.05c

The surface area of the bacteria are expressed in IJID 2 and ages of the bacteria correspond to different
growth phases of the bacteria. Bacteria grown in Dasks represent the same physiological age of bacteria
grown in tubes (slaliolUllY phase). Least significant difference test (LSD) Il = 0.05 values followed by the
same letter in the same column are not significantly different (n = 41). Means are present ± their standard error.

U1
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BBcterlal Bdheslon tu hemocytes

To derermine if the increased removal of bacreria with increasing age from Ule

hemolymph was relared to bacrerial attachment to hemocytes, hemocyte 1II0nolayers were

used. The number of bacreria per granulocyte and plasmatocy'.e was not statisticaUy

dilTerent (Table 6); however, thc level of these hemocytes wiUI bacreria varied wiUI Ule

bacrerial isolare and its physiological age. ln general, the results showed an increased

number of both types of hemocytes with adhering bacreria as Ule physiological age of Ule

bacreria increased with maximum adhesion occurring for 9 h and 17 h old tube cultures of

isolares E4 and E7. M ore granulocytes were found with adhering bacreria Umn

plasmatocytes, indicating dilTerential recognition of X. nemalophilu8 by Ule hemocytes.

Flask grown E7 cells, which were less extensively removed than the 17 h tube grown ceUs,

attached to fewer of either type of hemocyte than did the 17 h old cells grown in tubes.

The adhesion patrems of bacreria to the plasmatocytes and granulocytes were correlared

with the clearance patl«rns of the bacreria from the insect hemolymph (r- 0.777, P -0.05)

but not with virulence (r-0.321, P > 0.05).

Hydrophobic inreraction chromatography (HIC) of E4 showed a trend towards a decrease

in hydrophobicity with inereasing physiologica1 ages (Table 8). Except for isolare E4 grown for 6

h (61 %) in test tubes hydrophobicity of the cells under ail conditions (ilaso and tubes) and agES

was less then 10 % of the cells. Cells rown in Oaaka also showed a low level of hydrophobicity.

Electrostatic inreraction chromatography (ElC) studies have shown there to be no relationship

between the type and magnitude of the surface charge of the bacreria at dilTerent ages or growth

conditions and their interaction with the insect's hemocytes ('l'able 9). the level of positive or

negative charge was less !han 5%.
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Table 8. Level of hydrophobicity of XenorhabduB nematophiluB at different
cultural ages and from different incubation conditions based on
hydrophobie interaction chromatography.

Percentage of cells
Isolate Age (h) culture conditions adhe&ing to resinl

E4 6 Tube 61.65 ± 8.71

E4 9 Tube N02

E4 17 Tube 4.54 ± 0.73

E4 23 Flask 7.65 ± 0.95 .

E7 6 Tube 7.82 ± 1.24

E7 9 Tube 6.56 ± 0.41

E7 17 Tube 6.57 ± 0.37

E7 23 Flask 3.52 ± 0.25

1 The hydrophobicity values (mean ± SE) represent the percentage of
bacteria removed from suspension by the hydrophobie resin (octyl
Sepharose CL-4B). The bacteria grown in flasks are the sarna
physiological age as bacteria grown for 17 h in tubes.

2 ND - not determined
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Table 9. Level of surface charge of xenorhabdus nematophiluB at different
cultural ages and conditions based on electrostatic interaction
chromatography.

Isolate Age (h) culture Percentage of Bacteria with charge
adhering to resin

Negative charge positive charge

E4 6 Tube 1.74 ± 1.56' 2.33 ± 1.30

E4 9 Tube 0.00 ± 0.00 4.10 ± 0.97

E4 17 Tube 3.69 ± 1.03 0.82 ± 0.42

E4 23 Flask 3.71 ± 0.37 0.00 ± 0.00

E7 6 Tube 2.69 ± 0.19 2.43 ± 1.50

E7 9 Tube 1.58 ± 0.39 3.53 ± 3.16

E7 17 Tube 5.33 ± 1.04 0.00 ± 0.00

E7 23 Flask 3.68 ± 0.90 0.00 ± 0.00

, The electrostatic values (maan ± SE) represent the bacteria removed from
suspension by the electrostatic resins (anion exchanger- Dowex 1x8 
200, cation exchanger- Dowex 50x8 -200, Aldrich chemical company
Inc). The bacteria grown in flasks are the same physiological age as
bacteria grown for 17 h in tubes •
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Discussion

Isolation and Characterlzatlon oC Xenomabdus nematophilus

The parollel slopes of the probit mortslity regressions indicate that both bacterial

isolates kiH their hosts by the aame mode of action [10]. The magnitude of the slope of

the lines being greater than one may indicate that a toxin was involved in the death of the

insects [101. Although not tested, the probable toxin may be LPS which was reported by

Dunphy and Webster [25] to cause an increase in the total hemocyte counts and the

eventuallyais of the insecte' hemocytes. The probit mortslity regression equations

estabished the regressions to have parallel s10pes implying the existence of toxins. No

discemible relationship between virulence and the measured biochemical parameters was

evident. lsolate E4 showed a greater production of acid phosph&tase, phosphohydrase, et

lllucosidase, and N -acetyl-B-glucoaaminidase than isolate E7 although E4 was less virulent

than isolate E7 which may preclude these enzymes as virulence factors. Although, these

enzymes were not measured in vivo due to the enzymatic nature of insect hemolymph.

How"ver, it does not preclude the injection into insecte of these enzymes in a more

detailed study to determine ti'eir effect on the insect antibacterial system. It is possible

that the slight production of the enzyme cystine aminopeptidase, produced by E7 resulted

in increased virulence of this isolate in an as yet unknown manner.

Since Ph. luminescens produces an alkaline metalloprotease toxic ta G.

mellonella 1531 and the insect pathogen 8enntia mareescens produces proteases which act

as virulence factors (36), it is possible tha< in vivo, X. nemalophilus protease playa a role

in the bacterium 's virulence mechanism (s). lsolates ofX. nemalophilus in this study

produced the most proteolyUc activity in YSB and slightly less activity in AGS, which may

indicate that in the insect Iittle protease would be produced during the early stages of

infection until the amino acids in the hemolymph are depleted and the bacteria reached

the stationary phase. Protease activity was not measured in vivo due to the Inherent

proteolyUc nature of insect hemolymph [28]. Kucera and Mracek [39] have identified

two Ca-dependent Cya-SH proteases (41 and 57 KDa) from X. nemalophilus which are

inhibited by a factor in G. mellonella hemolymph which implies that should proteases be

produced in the early stages of infection they may not contribute to virulence. Both

isolntes E4 and E7 produce two types of esterases (C4 and C8) in comparable amounts ta

one another as indicated by API ZYM ana1ysis. The presence of these esterases may

explain the inability of these bacteria to uUlize the substrate azocoll and ite weak use of

azocasein as a substrate as some esterases have been shown ta have protease Iike activity.
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Proteases of Ps. aelUginosa damage the hemocytes of G. mellonella and cause Ille

formation of large vacuoles in the hemocyte cytoplasm [421. However, since Ille same

elTect has been observed for LPS from X. nematophilus 1251, it is unlikely Ille proteaac of

the latter bacterial species plays the same role as the protease of Ps. aelUginosa.

Since the X. nematophilus isolates, which were obtnined from one nematode

strnin, dilTered in semiquantltntive API ZYM profiles and LT" values, Ille bacteria found

in the nematode gut may ail be of equal benelit to the nematode 13, 301, one bacteriulII

may contribute to the killing power of the nelllatode! bacteria complex, while, olller

bacteria bmay be more important in other aspects of the nematodes Iife cycle 147. 401.

Bacterlal growth

The growth of Xenomabdus isolates in dilTerent culture conditions (tubes vs.

l1asks) resulted in no dilTerences in PDTs. However, the population level was signilicanUy

higher and the bacteria entered the stationary phase sooner in l1ask cultures than Illoac in

tube cultures which may rel1ect 0llYgen restriction and! or waste build up in the latter

culture system. The PDTs for these iso1ates were in agreement with those found by

Poinar et al. [50] and Goetz et al. [35] who found that rich media supported a PDT of

1.5 h and 0.9 • 1.3 h in vitro, respectively, and a PDT in hemolymph of 2.5 • 3.0 h in

vivo [2]. However, from the point of view of pH, cells grown in l1asks produced a higher

medium pH than did cells grown in test tubes, and this higher pH has been shown to

control phase variation of X. nematophilus [43]. The presence of a lower pH in test

tubes than in l1asks appears to represent a more accurate portrnyal of in vivo conditions

liS reported by Maxwell et al. [44].

The PDT in AGS and AGS supplemented with larval serum or PBS with larval

serum increased significanlly for both isolates compared with those grown in YSB. The

increase in PDT may be due to higher osmotic pressure in AGS and! or factors in the

hemolymph which antagonize bacterial growth. Dunphyand Webster [261 has shown that

hemolymph enzyme~ such as lysozyme and proteases influence the PDT of X.

nematophüus isolates. Isolate E7 grew more slowly in AG S with larval serum than did

isolate E4. This was unlikely due to differences in serum composition because pool sera

was used. Rather, it may rel1ect differences in the isolate sensitivity to or interaction with

serum factors. Isolates E4 was more effective than iso1ate E7 at blocking the conversion

of prophenoloxidase (PPO) to phenoloxidase (PO). The reduced bacterial growth in

insect hemolymph has been reported for other insect pathogens Ps. aelUginosa, P.

mirabilis and P. oulgaris, as weU as non insect pathogenic bacteria [12].
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ln uiuo rœponse of G. mellonello ta X. nemalDphilus

Bact.erill of increllsing physiological age il\iect.ed into the hemocoel insects resulted

in Ule increased removal of the bacteria from the hemolymph through adhesion to

hemocyt.es. Although dilTerences in removal of X. nemalophilus and Ph. luminescens

are known to vary with isolate, stmin and insect species [18, 24], this study is the first to

report the elTects of physiologicalllge and culture conditions on X. nemalophilus and the

bacterium 's int.e1'llction with the antibncterial system of insects. Physiological age and

growth conditions are known to influence the nonself responses of mammals to Gram

negative pnthogens [371. Factors influencing bacterial attachment to antibacterial cellular

defences of invertebrates include bacterial age, viability, physiological properties (such as

hydrophobicity and surface charge), outer membrane composition and surface appendages

[37]. The latt.er three parameters are influenced by culture conditions the bacteria are

grown under [4. 54]. Hemocyte levels general1y decreased in response to bacteria of

increasing physiological age reflecting increasing levels of nodulation. The surface of the

bacteria may have become l'lore antigenic as the bacteria aged.

Bacterial removal from the hemolymph is a complex event as evident by the

viability of E4 being correlated with bacterial removal from the blood whereas the

removlll of E7 was independent of bacterial viability. The resul.s with E4 isolate suggests

ongoing bacterial metabolism reduced the removal of the pathogen from the hemolymph,

whereas the E7 data suggests that other factors may be involved such as surface

structures. Dunphy and Webster [25]. using antibiotic kiIIed X. nemalophilus, reported

that bacterial surface structures facilitated the removal of the bacteria by hemocytes in G.

mellonella. Changes in the OMP/proteinaceous appendages may have facilitated the

response [28J.

It was observed that as physiological age of the bacteria increased the size of the

bacteria decreased, resulting in less surface area, which could result in reduced physical

contact with the hemocytes of the insecl Bince circulation in the hemocoel is so rapid (2

5 minutes)[33] it can be concluded that bacteria i!\iected into insects have little chance of

avoiding circulating insect hemocytes or contact with host tissue However, the bacteria

with less surface area were more readily removed from circulation in the insect ihan cel1s

with greater surface area. This negative correlation may be due ta greater interaction

with the hemocytes as a result of altered physicochemical properties andl or structural

nppendages. RatclilTe and Walters [51] also addressed the clearance of bacteria with

dilTerent surface areas and concluded that surface area was lntportant with larger Gram

positive bacteria eliciting a weaker cellular response !han smaller bacteria. This
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relationship was not apparent for the G ram·negative bacteria used by these authors which

may reliect their use of different species of bacteria with dilTerent antigenic surfaceH.

The clearance pattern of P. /uminescens reported by Dunphy and Webster 1271

resembled the findings in this study for X. nemalophilus grown in tubes except Ule

reactions in this study occurred over a much aborter period of time. The il\Îection of G.

mel/onel/a with 12 h old X. nemalophilus var. mexicanus [261 produced a clearance and

THC response that was similar to X. nemalophilus i80lates grown in test tubes in Ulis

study. This suggests similar surface attributes between the two strains.

Bacteria of incresing physiological ages adhered to increasing numbers of

hemoeytes suggesting a surface changees) on the bacteria allowing a higher proportion of

the bacteria to be recognized by the hemocytes. lt is possible that either a specific

adhesion antigen(s) becomes more prevalent on the bacterial surface as it ages or

immunorepreasive factors become leas prevelant. The adhesion of rough walled Ps.

aeruginosa to hemocytes was inliuenced by the LPS chemot;ype (20) and LPS of X.

nemalophi/us is known to adhere to insect hemocytes [261. Since bactorial age and

culture conditions are known to inliuence LPS content 1381, it is possible thet the dillcrent

adhesion patterns of X. nemalophilus in the present study may reliect such changes in

LPS content andl or chemot;ype. The level of plasmatocytes with adhering bacteria was

lower than the granulocytes; however, since granulocytes are the initial ceIls responding to

bacteria by nodulation, this was expected and supports the concept of receptor

heterogenei~ propcsed for different t;ypes and subt;ypes of hemncytes 134, 461. However,

the magnitude of increased bacterial adhesion from early exponential groWUI was similar

(2 fold). Af\er the bacteria reached late exponentiel growtb, the percentage of hemocytes

with adhering bacteria of a given i80late became constant. However, between the E4 and

E7 i80tateS a minor difference in the level of bacteria adhering to specific hemocyte types

was noted. Both of these adherence patterns were correlated with bacterial clearance

establishing the validi~ of hemocyte·mediated removal of the bacteria from the

hemolymph.

When the adherence of liask grown cells to hemocytes was investigated, the

number of ptasmatocytes with adhering bacteria exceeded the level of granulocytes with

adhering bacteria by almost 2 fold with isolate E4, whereas the opposite oc~urred for

isolate E7. Specific recognition by the hemocytes based upon carbohydrate receptors on

the hemocytes with possible lectin Mediation has been proposed by several authors 119,

27, 521. Chadwick et aL [131 found thet isolates of Senutia man:escens with low LT>Il for

G. melloneUa adhered to more insect hemocytes !han did isolates with high LD>Il and
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Huggest.cd UllIt adherence may be a component of virulence. This was not Lbe situation

wiU, lIluwllt X. ncmalophilus 1161 and Lbe present results. The dirrerential Bdherance of

cells grown in liasks Lo a specific blood cell type implies a dirrerence in hemocyte recepLar

types alld Ule bact.crial cell surface.

Physical facLors conLributing Lo adhtlsion of isolaLe E4 and isolaLe E7 are complex

in Lbat Ule hydrophobicity of isolaLe F.4 was negatively correlaLed wiLb conLact wiLb Lbe

hemocytes and Lbe hydrophobicity of isolaLe E7 did nat change wiLb culture age and did

Ilot arrect Ule adhesion of isolaLe E7 ta Lbe hemocytes. SLensLrom [55J found pH Lo have

onlya marginal errect on surface hydrophobicity of Salmonella typhimuriuna and

bnct.crial surface characLeristics ta be Lbe most important facLors arrecting cell

hydrophobicity. The hydrophobicity of bacterial cells is infiuenced by bacteria capsules,

surface appendages, and Lbe amount of LPS and or type found in Lbe ouLer membrane of

Ule bacLeria 1111. Since Lbe hydrophobicity of X. nemalophilus waslow, it is possible Lbat

Ule older ceIls of isolaLes E4 and E7 lacked a antigen andl or capsular polysaccharide.

The relationship of hydrophobicity La Lbe culture age of boLb iso1aLes was unexpecLed

since Krekeler cl al. 138J reporLed increasing hydrophobicity for bacLeria in general as Lbe

bacLeria aged. The role of hydrophobicity in Lbe responses of hemocytes La nonself

maLerial is equivocal. Laclcie 140,411 found plasmatacytes from insecta from Lbe order

arOlopLem ta adhere more readily ta hydrophobic surfaces. Pendland and BOllcias [48J

alLered Lbe hydrophobicity of spores of Lbe insect paLbogenic fungus Nomuraea rileyi and

found atLachment of Lbe alLered spores La hemocytes of Spodoplera exigua La be

independent of hydrophobicity.

overall, Lbe surrace charge of isolaLes E4 and E 7 appear La be insignilicant in

terms of Lbe intemction of Lbe isolaLes wiLb Lbe cellular defences of G. mellonella.

However, charge localized on surface appendages may contribute ta btlcLerial-hemocyte

ndhesion as reporLed by SLensLrïim 1551 for bacLerial adhesion ta soil particles. The

increased pH of cultures of X. nemalophilus LesLed in Lbis study probably did not arrect

Ule surface charge of Ule bacLeria. The pH of bacLerial media did not affect Lbe surface

charge of bacLeria in general at dirrerent pH values [381. Surface charge may be

infiuenced by JUany outer membrane characteristics such as LPS chemotype, aM

phopholipid composition, surface appendages and capsules [11, 21, 551. Beads differing in

Lbe type of surface charge are atLacked by insect hemocytes but in a maoner that varies

wiLb Ule insect species: negatively charged beads were encapsuiaLed in vivo by

Periplanela americana, and neuLmI Sephadex and weakly positive beads were

encapsulaLed by Schistocerca cregaria [41]. However, in Choristoneura fumiferana and
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Lambdina {iscellaria {isccllaria, helllocytes did noL nUach La negntively chnrged bellds buL

adhered La postively chnrged bends 122, 231.

In sUllllllary the virulence oC isolntes E4 nnd E7 oCX. llemalopl,i/ul/ WIIS lIoL

related La biochemical and physiological properties oC Ule bncwrin, or Uleir inwnlction

with the cellular deCences oC G. mellonella. CulLure nge, buL noL bllewrilll hydrophobiciLy

or charge was relaLed La LIIe adhesion oC Ule bacLerin Lu Ule helllocytes ill Vi/IV IInd La Ule

removal oC the baeLeria Crolll Ule helllolymph. ThereCore, oUler surCaee nLLribuLes slIeh liS

nngella, fimbrine and ouLer membrane proLeins mny be responsible for Uleac bindi!lg of

the baeLeria inLeractions La LIIe insecL's hemocytes.
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Abstract

lso1at.es ofXenorhabdus nematophilus produced both Oagella and limbriae when

cullured in t.esllubes and Oaska when their growth reached stationary phase. Cells grown

under aerobic shaken conditions produced mainly rigid limbiae, while stationary

microaerobic cells produccd mainly limbriae of Oacid mCJrphology. The presence of

capsular mat.erial (indicat.ed on cells grown in shaken Oaska by int.ense electron densit;y)

increased in int.ensit;y with increasing physiological age of the cells. The amount of

Oagella prot.ein was 3.16 x 10 -10 lJg/bacterium and 1.0661 x 10.g IJg of limbrial prot.ein par

bact.erium. Electrophoresis revenIed limbrial extracts to consist of 31lll1jor prot.eins (67, 40, and

32 KDa) and Oagella cxtract to have 4 ml\ior prot.eins (67, 40, 36, and 32 KDa) ofsimilar

molecular weights of the limbriae. These structures may have prot.eins associated with thern

that act as virulence factors.

lqjections of Oagella in doses of 6.6, 66.2, and 661.6 pg/ml into Galleria mellonella

larvae cnused an increase in total hemocyt.e counts up to 4 hours postiI\iection. Similar results

were acbieved with limbriae at 22.4, 223.7 and 2236.8 pg/ml but to a level grent.er than the

Oagella extrncts. Similar results were also obtained when the two antigens were iI\iect.ed into G.

mellonella larvae at the same prot.ein concentrations, indicnting that differences in the cellular

response found between the two antigens wns not due to the differ<!llt prot.ein concentrations

used. Combination of the antigens result.ed in an incrense in total hemocyte counts that was less

than limbriae and Oagella individually but grenter than the cellular responses of the control

insects. lqjections of Oagella and fimbriae facilitat.ed an incrense in circuJating plasmatocytes

and a decrease in the number of circuJating granulocytes, suggesting that cellular mobilizntion

may be occurring in response to these bacterial surface antigens. Only at 2.2 ng/ml of fimbrial

prot.ein did a depletion of circuJating plasmatocytes occur, suggesting that a threshold exista

between hemocytes phngocytosing foreign pnrticles and removing pnrticles from circulation and

becoming assoclat.ed with hoat tissue.

Both limbriae and Oagella ofX. nemaJophilus when co-iI\iect.ed into Galleria larvae did

not stimulate cellular interaction with the bacteria. Therefore, fimbriae and flagella did not

stimulate bact.erial recognition at pg quantities. However, at ng quantities, fimbriae increased

bact.erial removal slightly and flagella reduced removal slightly of bacteria when they were

coiI\iect.ed into the insects. When Proteus mirabilis wns substitut.ed for X. nemaJophilus, only

flagella prevent.ed or interfered with removal ofProteus mirabilis from the hemolymph of G.

mellonella. Therefore, the surface appendages ofX. nemaJophilus may need to he assoclat.ed with

other surface proteins in order to protect the bacteria from recognition by the insect's nonself

recognition system at the cellular level.
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Introduction

The insect pathogenic bacterium, XenorhabdU3 nemaJophilU3, is cnrried into Ule

hemolymph of insecta in the gut of the entomopar8sitic nemnt.ode Sieinemema earpoeapsac. 'l'he

bacterin encounter the antibacterinl systems of the insect immedintely upon their diechnrge from

the vector.

The nntibacterinl systems of the insecta consist of interactive humoral nnd cellulllr

factors that elrectively contain nonpathogenic bacteria 1381. The type of response to bacteria IInd

ita elrectiveneas varies with the insect species and bacteria! species. Cellular phagocytosis IInd

hemocyte-part.icle aggregations (nodules) are invoked by bacterial peptidoglycnn fragments,

lipopolysaccharides (LPS), and fungnl 13-1-3 glucnnsl31. Peptidoglycnn fragmenta exceeding Il

minimum size and, for sorne insect species, sorne LPS chemotypes activate the melanizing

prophenoloxidase systen (PPO)[3J. Activation of this system may augment nodulation under

specific conditions and for specific foreign bodies [151.

The adhesion of X. ncmaJophilU3 to hemocytes of nonimmune larvae of Gal/eria

mel/onel/a was mediated by larvnl serum eno,ymes, independent of the prophenoloxidase system

and enhnnced by a decrease in overal1 bacterinl catiOlÙC charge and an incrense in bacterial

hydrophobicity [14, 18J. However, for isolates E4 and E7 of X. nemaJophilU3 adhesion to Ule

hemocytes of G. mel/onel/a was independent of bacterial surface charge and hydrophobici ty

(Chapter 2) suggesting that surface structures IlÙght be involved.

Bncterinl pathogens have a number of surface structures which confer protection from

the defences ofvertebrate hoats. These structures include capsules, Iimbriae, Oagella and, in

some cases, LPS and outer membrane proteins 134t Flagella and fimbriae have also becn linked

to bacterial virulence and colonimtion of hoat tissues in vertebrates 134Jand for Pseudomonos

aerugin08a in insecte [27J. Fimbriae and outer membrane proteins of the phase one form of X.

nemaJophilU3 (the form normally infect.ing insecte) have becn implicated in the removal of the

bacteria from the hemolymph of insecte [l, 18t These structures are inOuenced by the culture

conditions of the bacteria ln The elrect of culture age and method on Oagella, fimbriae, and

outer membrane proteins of X. nemaJophilU3 is unknown. The present study will address this

aspect and elucidare the contribution of the surface structure and OMPs to bacterial adhesion to

the hemocytes of nonimmune G. mel/onel/a larvae.
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Materlals and Methods

Il1IIOOt Culture

Gal/eria mellonella larvae were roorOO to the sixth instar (19]. Unless stated otherwise,

insecta weighing 200 mg were used in ail experimenta.

Bocterlnl Culture

lsolal.es E4 and E7 of X. nematophilus, unIess stated otherwise, were grown in 5 ml of

yeasL salta broth (YSB) in 20 ml test tubes on a gyrotary shaker at 150 rpm, in dsrkness at 27

oC for 18 h. HereaCter, these parameters will be referred ta as standard conditions.

Proteus mirabilili was grown under the same incubation conditions except the culture

media was tryptic BOy broth (TSB).

Electron MlCl'OllCOPY

Bacteria were grown ta different physiological ages in test tubes and flasks under

standard conditions. Bacteria were removed from cultures in 5 ~I volumes, added ta

carbon coated copper grids (200 mesh) and negatively stained with 2% uranyl acetate or

2% phosphtungstic acid [23] ta reveal X. nematophilus surface appendages. Excess

liquid was removed aCter 1 minute of staining and the grids air dried. The grids were

observed with a Zeiss transmission electron microscope.

Isolation of Surface Appendages

Fimbriae of X. nematophi/us (isolate E7 was chosen as the example strain when

possible due ta ita greater virulence) were induced by growing the bacteria in stationary

500 ml l1asks containing 100 ml of YSB (27 oC) in darkness for 8 days. The bacterial

concentration was determined with a Petroff Hausser counter, the bacteria pelleted by

centrifugation (10 000 xg, 5 oC, 30 min) and resuspended in 150 ml of phosphate

buffered saline (PBS) (pH 7.2). The suspension was then blended in a Warring blender

for 2 min at room temperature and centrifuged twice (10 000 xg, 5 oC, 30 min) ta

remove the bacteria. The resulting supematant containing I1mbriae and flagella was

retained for subsequent puriflcation. Flagella were pelleted by centrifugation (40 000 xg,

5 oC, 1 h) and I1mbriae collected from this supernatant by ultracentrifugation (100 000

xg, 5 oC, 1.5 hl. The pelleta of both appendages were resuspended in 1.5 ml of PBS (pH

6.5) and stared frozen (·20 OC) in vials until required [221.
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Purification of Flmbriae and Flagella

Fimbriae suspended in PBS were dissociated by incubation in 0.15 M

ethanolamine·HCI buffer (pH 10.2, 12.5 mV g wet wt of bacteria pellet) for lB h nt 26 ·C

[4l. The fimbriae subunits were precipitated by adding ammonium sulphate to 10 %

saturation and stirring for 1 h at room temperature [221. Fimbriae were collected by

centrifugation (100 000 xg, 1.5 h) and resuspended in PBS. Contalllinating ethanolnllline

HCI buffer was removed by dializing the fimbriae suspension against two 1 L changes of

PBS overnight. The fimbriae were centrifuged (100 000 xg) and resuspended in 2 1111 of

PBS and stored at ·20 ·C until required.

Flagella suspensions were added to distilled water (10 ml), the pH adjusted to 2.0

with 1 M HCI, and the suspension incubated at 0 ·C for 1 h to dissociate the flagelln.

The solution was centrifuged (100 000 xg, 1 h) to remove insoluble contaminants; Ule

supematant was adjusted to pH 7.0 with 1 M NaOH and incubated for 1 h to reassociate

the flagella which were then reclaimed by centrifugation (100 000 xg, 1 h) and

resuspended in PBS [221. The second method [121 used a cesium chio ride gradients of in

6 ml cellulose nitrate tubes 0.832 g/ ml (2.5 ml) overlayed with 0.289 g/ ml solution of

cesium chio ride (2.5 ml). To this gradient 0.5 ml of flagella suspension was ndded and

the tubes topped up with paraffin oil. The tubes were centrifuged for 18 h at 100 000 xg

with an SW 41 rotor. Tubes were punctured with a needle where bands were located and

the material collected.

Purity was assessed by electron microscopy aCter negative staining with 2 %

phosphotunsic acid (PTA). The protein concentrations were determined by the Peterson

1351 method. The different fractions of fimbriae and flagella were further assessed for

purity by SnS-PAGE [31](8 IJg of total protein/well) on a mini protein II gel system

(Biorad) and the proteins detected using the silver stain method of Harlow and Lang 1211.

Lipopolysaooharlde QuantlflcatioD in Surface Appendage Samples using Limultu
amoebocyte lysate.

To test for LPS contamination of purified fimbriae and flagella, the quantitative

chromogenic Lintulus amoebocyte Iysate (LAL) kit (QCL-1000, Whittaker Bioproducts)

was used. Bacterial endotoxin ::ctivates a serine protease in the Iysate thus initiating

hydrolysis of the substrate acetyl·ïsoleucyl-glutamyl-arginyl·p·nitroalùline releasing p'

nitroaniline. The level of p-nitroaniline was linearly related to the endotoxin level.

Endot,)xin standards were prepared as recommended by the manufacturer for a range of
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0.1 • 1.0 endotoxin unit/ ml. LPS·free distilled water was used throughout the study.

Sampies to be tested were serially diluted in distilled water in 1.6 ml centrifuge tubes to

yield antigen concentrations ranging from 10.1 to 100 of the originallevel. The solutions

were assnyed as follows: (1) a 60 /-II of sample, standard, or distilled water (blank) was

added to 1.5 ml centrifuge tubes; (2) 50 /-II of LAL were added immediately, the samples

vortexed and incubated at 37 Oc for la min; (3) 100 /-II of substrate were added and ail

tubes were incubated for an additional 6 min at 37 oC; (4) the reaction was stopped with

100 pl of acetic acid, and (6) the amount of released p·nitroanallne was determined

spectrophometrically (0D 410 ND)'

Total and Differentiai Hemocyte Responses ID Surface AppendagllS

To assess the influence of fimbriae and flagella on the insect hemograms, the

fimbriae and flagella antigens (purified by centrifugation) were prepared in three dilutions

(fimbriae: 22.4, 223.6, and 2236.8 pgl ml, flagella: 6.6, 66.2, and 661.6 pgl ml) in PBS

where 66.2 and 223.6 pgl ml represent the protein concentration of flagella and fimbriae

respectively associated with 2.1 x 107 bacterial ml (concentration of bacteria used in the

bacterial clearence and adhesion studies). To test the influence of fimbriae and flagella

together, a series of solutions with pooled antigens were also prepared at 289.8, 2898.2,

nnd 28982 pgl ml of total protein (combined concentration of fimbriae and flagella on 2.1

x la 7 cells/ml, protein ratio - Cunbriae:flagella {3.4 : 1}). However, because the total

protein of the pooled antigens was greater than the aforementioned solutions of Cunlr~ae

and flagella, control antigen suspensions consisted of fimbriae only and flagella only at the

same total protein level as the mixed suspension.

The antigens were injected into 6th instar G. mel/onella larvae in la /-II volumes.

Groups of la l'lrvae were bled individually at 5, 30, 60, 120 and 240 min. post·injection.

Hemolymph was collected with, ice·chilled pasteur pipeta and placed on ice prior to

enumeration of the total hemocyte counta on a hemocytometer.

Particles injected into the hemocoel are known to induce the depletion of

plasmntocytes in G. mel/onel/a [lOI. To determine if Cunbriae and flagella influence

dilTerent hemocyte types, G. mel/onel/a larvae were injected with the antigens as before,

bled (20 /-II) at the designuLed times and the hemolymph placed on a slIde containing 36

/-II of 0.1% trypan blue [371 (0.2 %) in PBS. Slides were covered with a 22 x 40 mm

cover slip for obstl'Vlltion by phase contrast microscopy. One hundred hemocytes were

counted per slide for e,'ch of five insecta per lime period and the diITerential hemocyte

counta recorded. Hemocytes were identified according to Price and RatclilTe [361.
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Hemocyte viability was based on the number of cells excluding trypan blue per 100 cclis

of each type per slide. Both differential counts and viabilily were expresscd as

percentages with 95 % confidence limils of arc sin p·2 lronsformed data 1461. Helllocyle

viability served as an indicaler of LPS contamination since LPS is known le mpidly

damage insecls hemocytes [171.

The Eft'ect oC Surface Appendages on Clearance oC Bacteria

'1'0 asseas the ability of X. nematophilus surface components le influence

clearance oC bacteria Crom the hemolymph, X. nematophilus al a stage (isolalc E7)

lacking fimbriae andP. mirabilis (Department of Natural Resource Sciences, Macdonald

College oC McGill University) were grown Cor 24 h in YSB in flasks al 27 oC on a

gyrotary shaker at 150 rpm. The bacteria were washed lwice by centrifugation (12 000 xg,

3 min) and resuspended (2 x lrfJ celV ml) in PBS containing surface componenls of

Xenorhabdus. Three concenlrotions of fimbriae (22.4, 223.6, and 2236.8 pg/ ml), flngellu

(6.6, 66.2, 661.5 pg/ ml), and a fimbriae and flagella mixture (3.4 : 1) (289.8, 2898.2, und

28982 pg/ ml) were used with X. nematophilus, whereas, 223.6 pg/ ml of fimbriae, 66.2 pg

of flagella, and 2898.2 pg/ ml of a 3.4:1 mix of fimbriae and flagella were used wiU. P.

mirabilis. Groups of ten sixth instar G. mellonella larvae were injected with 10 /lI of Ule

suspensions of antigens. The insects were incubated for 30 min al room tempemlure nnd

individually bled by culting a prothoracic leg. The hemolymph was collected WiUl

individual, ice chilled Pasteur pipels and placed on ice. Hemolymph samples were placed

on hemocylometers and the number of Cree floating bacteria and hemocytes enumerated

using phase conlrosl microscopy.

ln uivo Activation oC the Phenoloxldase Cascade by Xenorhabdus nematophiJus
Fimbrlae

Ten G. mellonella larvae were injected with one of the following solutions: (1)

phosphate buffered saline; (2) a suspension oC X. nematophilus fimbriae al 22.4 pg/ ml

(lx); (3) a suspension of X. nematophilus fimbriae al 223.6,pg/ ml; (4) X. nematophilus

fimbriae at 2236.8 pg/ ml, where 223.6 pg/ ml oC fimbriae represenls the protein Cound on

the surface oC 2.1 x 107 Xenorhabus cellal ml (our standard dose). The treatmenls

consisted oC ten injected G. mellonella larvae. The injected insecls were incubated nl

27°C Cor 5, 30, and 60 min postinjection. The insecls were bled al the designated times

and the hemolymph added le test tubes containing 3.5 ml oC 1110 strength PBS

containing 2 mg/ ml DL·dihydro~henylalanine and incubated for 1.5 h at room
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temperature. The optical density of Ule reaction mix was mcasurcd lit 4UO '''' IInd Ule

phenoloxidase activity expressed liS Ule change in optical density per minute pcr mg tollli

protein 15. 131.

Statlstlcs

Means for data were separated using Ule Lsd test at a = 0.05 unies., stllted (lUlOr

wise. and ail pereentage data codedj'2'P 1461 beforc statistical analysis.
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RcsullB

SUrface Appcndagœ

Both bacterial isolates pOBBeBBed perilrichous flagellation (flagella diameter 7.1 ±

0.2 nm (n = 9» under the different cultural conditions and phases of development (Plate

1, Figurc 1). Flagellation was not related to the antibacterial responses described in

Chapter 2, as all ages of bacteria were flagellated ..

Rigid fimbriae (Plate l, Figure 2) (diameter 4.6 ± 0.20 nm (n = 10) were

detected on Ule surface of bacteria in the stationary phase of both isolates in both tube

alld flask cultures (Plate l, Figure 3,4). Stationary cells from tube cultures also appeared

to pOBBeBB flac id fimbriae (Plate 1, Figure 3). The number of fimbriae on the surface of

Ule stationary tube and flask grown cells was approximately 15 - 20 (n = 10 )per cell and

approximately 30 • 40 (n = 10) per cell, respectively for both iso!ates (micrographs of

isolate E4 representative of cells elŒlmined by EM and the estimation of fimbriae is in

Olle plane aBBuming uniform surface localities). Since there was an increase in both the

adhesion of the bacteria to hemocytes and bacterilll removal from the hemolymph at this

stage of growth, the presence of fimbriae may be responsible for adhesion of the bacteria

to the hemocytes and the subsequent removal from the hemolymph by the nonself

systemes) of G. mel/onel/n.

The isolate E4 grown in test tubes did not stain with phosphotungic acid but

readily stained with uranyl acetate. Bacteria from flask cultures stained with the latter

slain revealing a diffuse layer around the cells that increased with increasing physiological

age (Plate l, Figure 4). With the advent of fimbriaeation, the diffuse layer became

extremely eleclron dense (Plate l, Figure 5, 6). The increase in layer density occurred 3S

the bacterial hydrophobicity level declined and the bacterial interaction with the

hemocytes increased.

Flagella (previously collected by differential celrifugation at 40 000 xg and viaual

estimated to be 90 -95 % pure from EM analysis) were purified by two methods, cesium

chloride (CsCI) cenlrifugaLion and solubilization at low pH (pH 2.0) in HCl followed by

reaggregation at pH 7.0. There were no significant differences in flagellar morphology

from semipurified and ethanolamine ·HCl insoluble material ob&erved by lranamiB8Îon

eleclromicroscopy (Plate 2, Figure 1) resembling those in the insoluble fraction (Plate 2,

Figure 5). The aggregated flagella formed rigid, thickened rods that did not resemble the

morphology of the starting structures. The insoluble fraction contained a Jarger amount

of protein band with a molecular weight (30 KDa) of approximately the same (Plate 2,

Figure 2).
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Plaie 1: Investigation ofXcnorllabdus ncmatophilus surface slruclures wiU, lmnsmission

eleclronmicroscopy

•
Plale 1: Figure 1. Isolale E4 ofXcnorhabdus ncm alophilus grown for six hours

in lesllubes (early exponential growU,). 1 cm bar .• 0.33611111.

Figure 2. Isolale E4 ofXcnorllabdus ncmalophilus grown for nine hours

in lesllubes (lale exponential growili). 1 cm bar - 6.3281,m.

Figure 3. Isolale E4 ofXcnorllabdus ncmalophilus grown for 17 hours

in lesllubes (early slationary growili). 1 cm - 0.336 l'm.

Figuro 4. Isolale E4 ofXenorhabdus ncmalophilus grown for nine hours in

l1asks (early exponential gruwili and similar physiological age as

Figure 1). 1 cm bar = 0.334 pm.

Figure 5. Isolale E4 ofXenorhabdus ncmalophilus grown for 15 hours

in l1asks (early exponential growili and similar physiological age

as Figure 2). 1 cm bar = 0.334 pm

Figure 6. Isolale E4 ofXenorhabdus ncmalophilus grown for 23 hours in

l1asks (early exponential growili and similar physiological age as

Figure 3). 1 cm bar = 0.334 pm.
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Plate 2 : Electronmicroscopy analysis of Ule purification of Xenorllabdus ne", a/ophilus

fimbriae and flagella by selective solublization and centrifugation

Figure 1: Crude flagella purified by centrifugation al40 000 xg.

1 cm bar = 0.134 pm.

Figure 2: Flagella material thal was insoluble al pH 2 and collected by

centrifugation al 100 000 xg. 1 cm bar = 0.342 pm.

Figure 3: Flagella extract precipitated al pH 7 and centrifuged nl 100 000 xg nller

removal of insoluble material. 1 cm bar = 0.134 I"n.

Figure 4: Crude fimbriae purified by centrifugation al 100 000 xg following lhe

removal of flagella at 40 000 xg. 1 cm bar = 0.134 pm.

Figure 5: Insoluble material in ethanolamine-HCI removed al40 000 xg.

1 cm bar = 0.134 pm.

Figure 6: Soluble fimbriae material in ethanolamine·HCI precipitated WiUl

amonium sulphate and centrifuged at 100 000 xg. 1 cm bar = 0.134 I"n.
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Solubilization of the partially purilied limbriae (estilllaled visually to be 85 ·90 %

pure from EM analysis) in ethanolalamine • HCL, followed by precipitation, produced

limbriae that were similar in morphology to Ule partially purilied lilllbriae (plate 2: l'igure

1 and 2) whereas Ule insoluble fractions produced diffuse irregular aggregations (l'Iate 2:

Figure 5). Similarly, the solubilized and crystallized fraction produced an

electropherogram in which there were fewer prolein bands ·but., unexpectedly, no increa"e

in any major bands was observed. It is possible that Ule treatments may hnve affected Ule

stainability of the proleins, thus casting doubt as to the actual purilication of Ule proteiJŒ.

Similar results were deteeted for flagella (Figure 1: lane 6).

Electrophoretic analysis of the limbriae and flagella purilied by diffcrential

centrifugation revealed that the two surface structures have protein bands of silllilnr

apparent molecular weight. Major pro teins found in flagella consisted of a 32, 35, 40 nnd

67 kDa, while major proteins composing the limbriae consisted of 32,40 and 67 kDa

(Figure 1).

Impact. of Purlfied Flagella and Flmbrlae on the Total Hemocyte Counls of GalJeria
melloneUa

The total flagella and limbriae protein per baeterium was estimated to be 3.15 x

10.10 IJg of protein/ cell and 1.065 x 10.9 IJg of protein/ cell, respectively, for isolate E7.

Suspensions of these antigens representing the concentration of limbriae or flagella round

in the baeterial suspension (2.1 x 10 7 bacteria/ ml) used to deline bacterial intemctions

with insect defences (ehapter II). Flagella injected into the larvae at 6.6, 66.2 and 662.5

pg of proteinl ml were compared with the PBS control insects did not cause a decline in

hemoeyte counts at 5 min postinjection but thereafter there was a mpid increase in 'rHC

to a maximum level by 1 h, followed thereafter by a decline in hemocyte counts (Figure

2). The 662.5 pg/ ml suspension induced an increase in the THC to a maximum by 2 h

followed by a decline in THC by 4 h to levels comparable to those produced by Ule other

two concentratins of antigens. Injection of limbriae into larvae alsa elevated the

hemocyte counts (Figure 3). Fimbriae also elicited an increase in THC that reached an

essentually constant level by 2 h postinjection (Figure 3). The increase in THC's was

greater with limbrial antigens than with flagellar antigens.

When limbriae and flagella were mixed in proportions comparable to those on the

bacterial surface, the mixture caused an increase in hemocyte levels (2.1 x 107 cellal ml)

3imilar to flagella aIone (2.2 x 107 cellal ml). To determine if the increased level of the

total protein in a flagella·limbriae suspension influenced the THC. flagella and limbriae at
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l'igurc 1 Elcctrophoretic profiles of crude limbriae and flagella ofXenorhabdus

nemalophilus collected by diITerentiai centrifugation. Sample lanes were Ioaded

WiUl B pg of protein. Lane 1 • low molecular weight standards; lane 2 • limbriae:

insoluble material from ethanolamine-HCl induced precipitation (40, 000 xg); Iane

3 - limbriae: soluble in ethanolamine-HCl and precipitated with ammonium

sulphate; lane 4 - unpurilied limbriae collected by diITerential centrifugation; lane

5 - flagella extract: insoluble material at pH 2.0 (100,000 xg); lane 6 • flagella

precipitated at pH 7.0 (100,000 xg); Iane 7 • crude flagella collected by diITerentiai

centrifugation (40,000 xg).
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l'igure 2: 'rotai hemocyte response of nonimmune Gal/eria mel/onel/a to different

concenlrntions ofXenorllabdus nematopllilus flagella. The antigen in phosphate

buffereù saline (PBS) was injected inta larvae at three concenlrntions (e) 6.6

pg/ ml, (0) 66.2 pg/ ml, and (Â) 661.5 pg/ml in a 10 pl volume. The conlrnl

injection consisted of PBS (0). Bars represent the standard error of the mean.
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l''igurc 3: 'fotal hemocyte response of nonimmune Gal/eria mel/onel/a to different

concentrations ofXenorlzabdus nematoplzilus fimbriae. The antigen in phosphate

bulfered saline (PBS) was injected into larvae at three concentrations (e) 22.4

pg/ ml. (0) 223.6 pg/ ml, and (LI.) 2236.8 pg/ ml in a 10 1.11 volume. The control

injection consisted ofPBS (0). Bars represent the standard error of the mean.
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concentrations equal ta the tatal protein of the flagella·fimbriae suspension were injected

inw Inrvne as before. The results showed that higher protein concentration did not cause

n different results <Figure 4), indicating that the hemocyte response is not a dose

dependent event for these antigens wiUlin the concentration range tested.

Llpopolysaooharlde Quantification ln Surface Appendage Samplœ

BoUI fimbrine nnd flagella samples were found ta contain extremely low levels of

LPl:l contamination. Swck suspensions of fimbriae (920 /Jg/ ml protein) and flagella (900

/Jg/ ml proteinl contained 0.67 EU/ ml (7.39 x 10 -5 ng of LPS//Jg of protein/ ml) and

0.275 EU/ml (1.05 x 10-4 ng ofLPS//Jg ofprotein/mll, respectively. Allowing for

dilution, this would result in 6.7 x 10 -6 (6.7 x 10.7 ng of LPS) and 2.75 x 10 -6 EU (2.75 x

10.7 ng of LPS) of LPS being injected inta the larvae with the flagella and fimbriae

respectively. InjectingX. nematophilus LPS at the 1 x 10 -5 EU (1 x 10 -6 ng of LPS)/ ml

did no t elevatc the hemocyte counts; thua, it is unlikely that the elevated hemocyte counts

in Ule present study were due ta LPS contamination of the fimbriae and flagella antigens.

Differentiai Hemocyte Respoflse ln Surface Appendagœ

The increase in THC response ta the injection of the antigens may have consisted

of changep in the types of hemocytes thua, differential hemocyte counts were done at 5,

30, and 60 min postinjection. Injections of flagella at 6.6 pg/ ml and 66.2 pg/ ml caused an

increase in the number of plasmatacytes in circulation in the hemolymph and a

proportionate decrease in circulating granulocytes by 30 min. postinjection when

compared with PBS (Table 1). The 661.5 pg/ ml flagellar suspension caused a decline in

plnsmatacytes and an increase in granulocytes within 5 min of injection and these values

remained constant until 60 min. In ail flagellar treatments, the proportion of oenocytoids

and spherulocytes did not durer from those of the controllarvae.

When insects were injected with fun briae at 22.4 pg, and 223.6 pg/ ml the

proportion of plasmatacytes 5 min pc.stinjection was significantly thon the levels observed

in controllarvae injected with PBS. The proportion of plasmatacytes remained at tIlis

elevated level for at least 60 minutes while the level of granulocytes remained at the

reduced level during tIlis period. Fimbriae at a concentration of 2236.8 pg/ ml caused a

lowering of the level of plasmatacytes at 5 min postinjection which Wll!J maintained for

less than 30 min. The proportion of oenocytoids and spherulocytes was not influenced by

the antigen conentration.



Figure 4: Total hemocyte response of nonimmune Ga/leria me/lone/la ta dilTerent

concentrations ofaXenomabdus nemalophilus fimbriae·llagella mix. The mixture

of the antigens in phosphate bulTered saline (PBS) was il\Ïected inta larvae at

three concentrations (e) 289.82 pg/ml, (0) 2898.2 pg/ml, and (â) 28982 pgiml

in a 10 /JI volume. The control injection consisted PBS (0). Bars represent Ule

standard error of the mean.
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Table 1. Dtfferential Bemocyt.e COUDte of HcmJ.maauno sixth lnatar Gal.leria elloneUa larvae in Reapcnae ta :Injection of Xenorhabius nemat-œhilus surface

AppeDdage••

•

Timo pooiDjectioniBemacyto ~_ 5 min 30 min 60 JIlin

ADU_ CaDcentraticn Pl" Gr 00 sph pl Gr 00 Sph pl Gr 00 Sph

Plagella 6.6pg/ml 54.4 ± 2.4& 39.8 t 2.1 1.6 t 0.6 4.2 t 0.8 65.1 ± 2.0 30.7 t 2.1 1.7 t 0.5 2.4 t 0.6 67.4 :t 1.6 29.1 :t 1 .. 4 1.1 t 0.2 2.3 t 0.5

Plagella 66.2pglal. 55.8 t 2.1 41.6 t 3.0 2.1 t 0.4 3.4 t 0.8 71.4 t 2.1 25.4 t 1.1 1.3 t 0.4 2.4 t 0.4 72.0 t 2.8 25.1 t 2.& 1.0 t 0.2 1.' t 0.4

Plagolla &61.5pg/lll1 35.4 t 1.6 57.8 t 2.0 1.0 t 0.4 S.S t 1.2 39.2 • 3.0 52.8 t 3.C 2.' t 0.4 5.0 t 1.2 62.4 t 2.7 33.4 • 1.8 0.6 t 0.4 3.3 t 1.0

pas 53.2 t 2.9 42.2 t 2.8 1.3 t 0.4 3.1 t 0.8 47.7 • 5.C 50.8 t 5.2 o._ t 0.2 0.8 t 0.2 55.& t 3.6 42.3 t 3.8 1.0 t 0.3 1.2 t 0.7

pioobri.. 22.4pg/ml 73.8 t 1.3 22.6 t 1.7 1._ t 0.4 2.1 t 0 .. 4 77.2 t 1.8 20.9 t 2.0 0.6 t 0.1 1.2 t 0.4 80.8 t 1.8 17.4 t 1.8 1.0 t 0.4 0.8 t 0.2

Pi>obriao 223.llpg/lD1 64.4 t 2.5 30.1 t 2.4 1.3 t 0.4 C.2 t 0.7 69.4 :t: 1.5 28.8 • 1.1 0.8 t 0.2 2.0 t 0.6 72.2 • 1._ 24.6 i: 1.6 0.8 i: 0.2 2.C t 0.6

rislbriae 2238.fipg/mJ. 3".6 i: 2.7 57.7 t 2.5 1.' i: 0.8 5.8 i: 0.9 71.7 :!: 1.6 26.0 • 1.8 0.8 i: 0.2 1." i: O." 75.4 :!: 2.1 22.9 t 2.1 0.8 :!: 0.2 o., t 0.2

pas 55.3 t 1.8 "1." t 1.9 0.8 t 0.3 2." t 0.9 65.9 t 2.1 32." t 1.8 0.4 t 0.2 1.2 i: O." 66.3 t 1.8 31.4 t 1.6 0.8 t 0.3 1.4 1: o...

ria , Plag 289.Bpg/ml 60.2 t 2.0 36.5 t 1.8 0.8 t 0.3 2." t 0.5 72.3 t 2.8 25.8 t 2.8 0.6 t 0.2 1.3 t 0.4 68.6 t 3.1 29.0 1: 3.0 0.4 t 0.2 2.0 i: 0.6

Plagolla 289.8pg/.l 51.6 t 1.' 45.6 :!: 2.0 o., • 0.3 1.9 t 0.5 67.0 t 2.5 30.2 t 2.2 0.7 t 0.3 2.1 t 0.8 69.9 t 2.9 27.3 t 3.0 1.0 t 0.2 1.8 t 0.5

pili 289.8pg/1ll1. "8.1 • 1.7 47.7 .1: 1.7 o.- • o., 3.5 t 0.9 60.1 t 2.7 38.0 t 3.0 0.2 t 0.2 1.6 t 0.4 65.9 • 1.7 32.15 • 1.7 0.7 t 0.1 0.9 t 0.2

pas 5".2 • 1.8 42.1 t 1.4 1.2 • o., 2.4 i: o... 65.6 t 2.4 3l.B t 2.5 O.B t 0.2 1.7 t 0.5 57.9 • 1.' 28.1 • 1.C o.• t 0.4 3.4 1: 1.0

a PeJ:cent&ge of • hemoc:yt.. type bued UpoD. the examia.aticm of 100 he=lcc:ytes/.amp1e (0-10).
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In general, insect.s injected with Iimbriae exhibited a higher proportion of circulating

plosmatocytes than did insect.s injected with flagellar fragment.s.

To assess the contribution of the flagella and Iimbriae together, the two antigens

were cO'injected into insect.s at 289.8 pg of protein/ ml as no difference in total hemocyte

count.s were observed between concentrations of 28.9, 289.8, and 2898 pg of proteinl ml of

the suspension containing both Iimbriae and flagella. To compensate for the increased

level of injected protein in the dual antigen suspension, flagella and Iimbriae were

separately injected into insect.s at 289.8 pg of protein/ ml, a level of protein that was

equivalent to 289.8 pg of protein/ ml of the flffibriae·flagella mixture. There was no

signilicant difference in Ule hemocyte types for larvae receiving the antigens (Table 1).

The EtTect of Surface Appendagœ on Clearance of Bacterla

Injecting P. mirabilis in PBS into the insect hemocoel elevated the THes above

the hemocyte levels in larvae injected with PBS only (Table 2). Although increases in

hemocyte count.s above the PBS·injected insect.s were alao observed for larvae coinjected

with the bacteria and antigens ofX. nematophüus, the effect wasless than withP.

mirabilis in PBS. The increase in hemocyte count.s was not correlated with the removal

ofP. mirabilis from the hemolymph (r- 0.00, P <0.05). Flagella impaired the abiliw of

the hemocytes to remove P. mirabilis as evident by the higher bacterial levels compared

with P. mirabilis levels in the PBS group (Table 2). However, neither flffibriae nor

Iimbriae plus flagella altered the removal ofP. mirabilis from the hemolymph.

The antigens at the test concentrations did not influence the total hemocyte count.s

when compared with PBS containingX. nematophilus (Table 3). Similarly, flffibriae and

flagella did not alter bacterial removal from the hemolymph. However, the flffibriae·

flagella mix did accelerate bacterial removal by the same extent independent of the

antigen concentrations compared with those in the control insect.s.

ln uivo Actlwtion of the PhenoImddase Cascade by Xenorhabdus nemaIDphilus
Flmbrlae

PO activiw in insect.s injected with buffer and the different concentrations of

Iimbriae were not statistically different at 5 min postinjection whereas the activiW in these

groups was less than the PO activiw in noninjected larvae (Table 4). However, PO levels

of (arvae il\Ïected with flffibriae at 223.8 and 2238.6 pg of proteinl ml were less then those

with PBS or 22.4 pg/ mllimbriae by 30 minutes postinjection. Injections of funbriae

produced PO levels below those of noninjected and PBS injected larvae and was

independent of the concentration of limbriae. PO levels increased in aIl test groups by 60

min postil\Ïection, aIthough levels in larvae with funbriae were stilliess !han the PBS and

noninjected insects.
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Table 2. Effect of partially purified fimbriae and flagella of xenorhabdus
nematophilus coinjected with Proteus mirabilis on the removal of the
bacteria from the hemolymph of nonimmune Galleria mellonella sixth
instar larvae 30 min postinjection.

Treatment/
concentration

PBS with bacteria

1 x Fimbriae
(223.8pg/ml)

1 x Flagella
(66.2pg/ml)

1 x Flagella +
Fimbriae

(289.8pg/ml)

PBS only

Bacterial level
(X 106 cells/ml)

15.0 ± 1.1

12.8 ± 1.5

27.0 ± 4.2

14.1 ± 2.1

Total Hemocyte Count
(x 105/ml)

6.7 ± 0.4

3.8 ± 0.3

4.6 ± 0.4

4.7 ± 0.5

114.0 ± 15.1

•

values represent mean ± the standard error of the mean (n = 20) •
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Table 3. :Influence of partially purified surface appendages of Xenorhabc/us nematophilus coinjected with fimbriae

minus Xenorhabc/us nematophilus on total hemocyte counts and the removal of the bacterium from the hemolymph
of nonimmune sixth instar Galleria mellonella larvae 30 min postinjection.

Concentration of X. nematophilus (X 106/ml)

Treatmsnt 28.9 pg/ml

Bacteriall

level THel!

289 pg/ml

Bacterial
level THc

Bacterial
level

2892 pg/ml

THe

PBS with bacteria 17.7 ± 0.7 3.7 ± 0.2 16.6 ± 2.1 3.7 ± 0.3 15.6 ± 1.0 3.1 ± 0.3

Fimbriae 16.5 ± 0.7 3.5 ± 0.2 17.6 ± 1.3 3.6 ± 0.2 13.8 ± 1.2 4.1 ± 0.4

Flagella 14.8 ± 1.1 4.7 ± 0.3 13.6 ± 0.9 4.6 ± 0.4 16.1 ± 1.0 4.5 ± 0.3

Fimbriae + Flagella 11.0 ± 1.5 3.0 ± 0.4 10.3 t 1.6 2.4 ± 0.3 11.0 ± 1.3 2.9 ± 0.5

PBS ooly 11.1 ± 1.1 14.7 ± 0.7 13.4 ± 1.4

values represent the mean ± standard error of the mean ( n= 10) for both bacterial levels and total hemocyte counts.
l concentration of bacteria 1 X 10 6/ml
2 concentration of total hemocytes 1 X 10 6/ml

!Xl
U1
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'nlbl.e 4. 'lb! Jnf!JBœ cf p3rt.ially p.n:ifi.ed XEn:JI:1BI:dJs nenatxPlilœ fl!1b:iae al (hnùaddaœ
activity in nonimmune Galleria mellonella.

Treatment

Noninjected
larvae

PBS

Fimbriae
(22.4pg/ml)

Fimbriae
(223.8pg/ml)

Fimbriae
(2238.6pg/ml)

Time postinjection (Min. )

5 30 60

33.1 ± 13.4 58.0 ± 18.6 91.2 ± 12.8

16.6 ± 2.4 16.0 ± 2.1 118.8 ± 24.2

10.2 ± 1.6 11.2 ± 1.2 42.0 ± 4.7

14.7 ± 1.2 7.8 ± 0.3 55.1 ± 6.1

12.2 ± 2.2 8.4 ± 1.4 46.1 ± 6.4

•

l Values represent the mean ± the standard error (n=10) in units of activity
(. OD ",1 min.1 mg of protein) .



•

•

B7

Dl8CUB8lon

lsolates E4 and E7 of the DD 136 slrain of X. nematophilus both possessed

peritrichous flagellation atall physiological ages examined. Peritrichous flagellation has been

reported previously forX. nematophilus [47], but this is the first time that their presence has

been related to a diversity of culture ages and growth conditions. The observations are

similar to the Iimited study of Brehélin et al. [1] with other slrains ofX. nematophilus.

This is the first report of fimbriae on the surface ofX. nematophilus slrain DD 136

slrain in Iiquid culture. The presence of fimbriae on X. nematophilus slrain DD 136 was

found to be correlated with increased removal ofstationary phaseX. nematophilus cells from

the insect hemocoel, thus indicating fimbriae as one factor responsible for increased clearance

ofX. nematophilus from G. mellonella as culture age increased. The number of funbriae

on the surface of the two isolates was the same when the appendages were present on both

isolates, indicating appendage number did not play a role in their different patterns of

bacterial removal from the hemolymph. The same isolate grown under aerobic conditions

was cleared more readily than those at the same physiological age under conditions of lower

ollYgen and this May have resulted from the aerobic cultures having more funbriation. It has

been shown that slrains ofP. mirabilis with heavy funbriation are cleared more readily than

IighUy fimbriated slrains [45]. There appears to be a structural difference between funbriae

produced on cells grown microaerobically and those grown aerobically. The funbriae

produced under microaerobic conditions appear to be a flacid forro, while those produced

by cells grown under aerobic conditions appear ta be of the rigid type. This dimorphism in

fimbriae structure has been found in other bacteria and may be related ta function such as

colonization ofhost tissue [121. The true role ofX. nematophilus funbriae is not known, but

in other bacterial species they play a role in resisting host defences and colonization of host

tiasue thus contributing ta virulence [25, 341. Some strains ofX. nematophilus have been

found ta disappear completely from the hemolymph after Ù\iection inta G. mellonella only

ta reappear after the insect's death suggesting that the bacteria may be colonizing the insect

tiasues or have been removed by the insect hemocytes. Fimbriae have aiso been shown ta

influence the hydrophobicity of bacteria [B, 4BI, but this does not appear ta be the case in

view of the results from Chapter II where cell surface hydrophobiclty remained either

constant or decreased in the presence of funbriae. It is possible that isoiate E4 may produce

a capsule of considerable size as evident by areas of intense stain surrounding the bacteria1

cells. A capsule has been shown ta exist in other Btrains ofX. nematophilus in different types

of medium [II but does not seem ta have the extensive magnitude which has been observed
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inX. nematophilus strain DD136.

ln order to further study the effects oflimbriae and flagella on insect cellular defence,

the appendages were purilied. Sampling of Iimbriae and flagella by electran microscopy

during stages of purification showed strutures that were structumlly homogeneous in nature.

However, SDS-PAGE ofdifferentfmctions showed the Iimbriae to be 85·90% pure and Ule

flagella to be 90-95% pure, these values were determined visual from micogmph. SDS

PAGE of crude Iimbriae and flagella collected by differential centrifugation alsa showed

almost identical proliles. No substantial purilication was obtained with selective salublization

methods as evidenced by the lack of increase in band intensity for protein bands. Cesium

chloride centrifugation did cause sepamtion oflimbriae into 3-5 bands. The two ml\ior bands

were collected and found to contain structures identilible as Iimbriae. The lower band had

live structures resembling Iimbriae whereas the diffuse upper band contained structures Ul8t

did not resemble either Iimbriae or flagella. When these bands were subjected to SDS

PAGE, they produced identical banding patterns suggesting that they were the same

structure. Contamination of Iimbriae with flagellar protein was expected but at low levels

which should have produced bands of low intensity for the same protein load; however, this

was not observed using any of thE purification procedures. ln the Iitemture, fimbriae consists

ofa single protein [11,431 and the flagella are composed offlagellin [421. Fimbriae may alsa

have a minor protein associated with it,e.g. adhesion protein at its tip [411. The only cases

of more than one protein associated with flagella is in bacteria which have sheathed flagella

[441 or periplasmic flagella [261 and usually comprise the ml\ior protein of the structure. Il

has not been reported in the litemture that fimbriae and flagella have pro teins with similar

molecular weight. Therefore, it May be possible that the isalated fimbriae herein may be an

incomplete forro of flagella.

When flagella were il\iected into G. mellonella larvae, the total hemocyte levels for

ail three doses did not signilicantly drop below the hemoytes levels of the control larvae

iqjected with PBS. This is not Iike the more traditional response to iqjected materi&1 in

which particles trigger nodulation and a decline in THC [201. However, the flagella induced

an increase in THCs that was independent of antigen. Although an increase in THC has

been observed in muscid species infected by parasitic nematodes [161 or to bacteria damaging

the hemocytes of lepidoptera (G. mellonellal [39l, the present increase could represent

hemocyte damage induced by the LPS ofX. nematophilus.

Injection of funbriae into G. mellanella at dilTerent doses caused an increase in total

hemocyte counta tltat were signilicantly greater titan contrais, although the greater the dose,

the slower the rate of increase of the hemocyte numbers. The higher dose May be caused
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by microscopic nodulation slowing down the rate ofincrease in the THC. However, nodules

were not readily observed. LPS contamination of the antigens or mobilization of the

hemocyte community May explain the increase in THC. It is unllkely that !his response is

a nonspecific response to pro teins in general because the flagella at lower concentrations than

fimbriae produced a fasiiJr increase in THC. The mixture of flagella and funbriae injected

into insec18 cause an increase in THC that wasleBB then that found for the structures allone.

This reduced responce May reflect a conformational change in the protein structure or their

interaction. It is unlikely that LPS is the cause as the amount of LPS that each insect

received with the fimbriae was 3.0 x 10-4 ng! insect, weil below the level known to incite

hemocyte damage [9]. The fact that the iarger doses of fun briae caused a slower increase

in hemocyte coun18 alao supports the conclusion that !his is not an LPS effect because the

:"lite of increase in THC is related to the concentrations of LPS [17]. The failure of funbriae

to trigger nodulation was unexpected due to the correlation offimbriae andX. nematophüus

adhesion. It May represent the effect of particulate size with the antigen suspension not

inducing sufficientstreBB on the granulocytes to cause nodulation. When funbriae and flagella

were coinjected into insec18 at the concentration found on 2.1 x 107 bacteria, a similar change

in the types of hemocyte was obtained as those for funbriae and flagella separately. This

implies a difference in antigenicity, thus resulting in a different cellular response when

introduced to the hemocoel of an insect.

The both antigens showed differences in their ability to alter the levels of the two

main types of insect hemocytes in circulation. Flagella at the lower concentrations caused

an increase in the circulating number of plasmatocytes and 1or a decrease in granulocytes

over 60 minutes following injection. However a dose of 661.5 pg! ml of flagella antigen

produced a decline in the number of circulating plasmatocytes (or an increase in

granulocytes) compared with controllarvae until60 minutes post Ü\jection by which time the

pattern reversed. The increaBing number of plasmatocytes in G. melloneUa in response to

low levels of antigen May represent activation of the plasmatocytes as opposed to a

nodulation effect (which would deplete the granulocytes and favoring an increase in

plasmatocytes) Bince micronodulation was not event. However, when these antigens were co

injected into insecte, the effect was abrogated. This May have been due to overloading the

system, one antigen nullifYing the effect of the other, and! or it May represent funbriae and

flagella interacting to produce a conformation different from that of either antigen alone.

Ali doses were in the picogram range of protein, !hua indicating the highly sensitive

cellular immune system present and the strong antigenicity of these proteine. This result

indicates that bacterial surface appendages can invoke a cellular immune response to nonself
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material.

The efl'ect oC surface appendages on clearance oC bacterla

The effect on the clearance of bacteria appears 00 be dependent on the type of

bacteria as, the removal ofX. nematophilus from the hemolymph differed from the removal

of Pro mirabilis. In the case of X. nematophilus, the antigens had no effect on bacterial

removal whereas for Pr. mirabilis the flagella antigen alone had the greatest effect, reducing

the removal of the bacteria from the hemolymph. The release ofLPB fromX. nematophilus

may have altered the hemocytes 000 extensively 00 allow them 00 remove X. nematophilus

from the hemolymph.

The ability of flagella from X. nematophilus 00 impair cellular defences of G.

mellonella againstP. mirabilis implies that flagella ofX. nematophilus may preclude bacterial

adhesion 00 hemocytes and thus contribute 00 the growth of the pathogen in insects. This

follows the USURI cases where the p:'esence of flagella and motility affects virulence of

bacterial pathogensofvertebrates [33, 34, 40) andPs. aeurginosa onG. mellonella [271. The

flagella may also be acting as a masking agent, preventing the detection ofP. mirabilis. as

opposed 00 contributing 00 molecular mimicry has been reported for bacterial pathogens of

animais and eucaryotic pathogens of insects [29, 30].

The reduced PO activity in Galleria larvae il\iected with X. nematophilus Iimbriae

may be due 00 LPB preventing the activation of the PO system. However, the level of LPB

was 2.8 x 10 -6 EU (2.8 x 10 -7 ng)/ insect, which is considerably lower than the level found

00 cause a hemocyte response in Galleria (0.2 pg) [17]. Bince LPB suppression is unlikely,

it may be possible that the funbriae protein may be binding activsted PO on the surface of

the funbriae causing a diluted PO response. Alternatively, the Iimbraie may be binding 00

the granulocyte surface blocking recepOOrs that activate the PO system. If this is the case,

then funbriae may act either as a mechanism that dilutes host defences or instills OOlerance

of host defences which is similar 00 the role that funbriae play in serum resistance ofE. coli

in mammals (32).

In summary,X. nematophilus surface appendages (funbriae and flagella) are capable

ofstimulating a cellular response in G. rneUonella 1arvae. These antigens were very effective

at stimulating the insect's cellular system stimulating an increase in THC and altering the

DHC in insects receiving the antigen. The iI\iection of insects with these antigens did not

stimulate the PO system or nodule formation. Flagella also affected the recognition of

Proteus mirabilis. WhenXenomabdus was coiI\iected with its own surface appendages,

clearance was unaffected. Thus, these structures may play a role in host-resistance.
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Thesls Summary

In summary,Xenorhabdus nematophilus lsolates which are biochemically similar can

interact with the nonself system of insecta in different ways. The bacterium's interaction with

Galteria mellonella was influenced by culture conditions. The differences in host response

to these condiUoned bacteria in general, was not related to physicochemical properUes of the

bacterial surface. Bacterial adhesion to hemocytes increased wlth the physiological age of the

bacteria as did clearence from the hemocoel of one of the two isolates examined ln this

study. The importance 'Jf cell surface hydrophoblciW and electrostatic charge is isolate

dependanl The more virulent (by LT 6ft isolate E7) isolate was removed from the hemocoel

more extensively than the less virulent isolate. Isolate E7 also adhered to more hemocytes

in vitro. Therefore, other factors such as surface appendages were impllcated. Investigation

of the appendages revealed cells which were removed from the hemolymph were readily

covered with fimbriae and flagella. These surface structures were produced in test tubes and

flasks in yeast aalta broth when the culture reached the stationary phase of growth. Both

flagella and fimbriae elicit cellular responses ln insecta but no detectable humoral changes.

Therefore, fimbriae and flagella may play a role in resistance to host antibacterial defences.

Fimbriae were found to surpress PO activation when insecta were Ïl\Ïected wlth picogram

amounta of the structure. This indicates the sensitive nature of the insect antibacteial system.

Therefore, it can be concluded that the interaction of isolates ofX. nematophilus is isolate

dependant and consista of multiple evenls/ host'pathogen interactions.

Further research involving the interaction ofX. nematophilus withGalleria mellonella

should investigate the role that outermembrane proteins play in interactions with the nonself

defences. The outer membrane proteins responsible for attachment andl or evasion of host

defences should be investigated for X. nematophilus under different growth conditions. It

is clear that the interaction ofX. nematophilus is a multi·interactive system where a number

of componenta may play a amall parl The differences in the interactions of the two isloates

ofX. nematophilus in these study strongly suggest a role for OMPs.




