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ABSTRACT

T he fish pathogenic bacterium  Aemmonas salmonicida is the causa tive  agen t o f  
furunculosis in salm onids, a  system ic disease that causes im portan t econom ic  Josses in 
sa lm o n  aquacu ltu re , S ince the paracrysta lline  S -laycr o f  Aeromonas salmonicida, 
know n as the A -Iaycr, is essential for virulence, the v iru lence m echan ism s associated  
with this structure were studied,

S tructu ral stud ies dem onstrated tha t the A -layer is flex ib le  and p lastic , being  
cap a b le  o f  acqu iring  d ifferen t con fo rm ations an d /o r s truc tu ra l p a tte rn s , in w h ich  
d iva len t cations play an im portant role,

It w as rigorously  dem onstrated (hat the A -layer acts as an adhesin , p rom oting  
adherence to m acrophages, and fish cel) lines. S ince the m acrophage is a p ro fessional 
phagocy te involved in ingesting and destroying bacteria, the ability  o f A, salmonicida to 
re p lic a te  in side  m acrophages w as exam ined . A, salmonicida re p lic a te d  in s id e  
m acrophages and eventually  destroyed them. This characteristic, together w ith  the fact 
tha t A, salmonicida a lso  penetra ted  ep ithe lia l fish  ce lls , m ake it  a facu lta tiv e ly  
in trace llu la r, invasive pathogen. T he  A -layer provided an  in itia l p ro tec tion  ag a in s t 
ox id a tiv e  agents, increasing the opportunities for A. salmonicida cells  to induce  an A - 
laye^-independen t m echanism  invo lved  in high resis tance to o x id a tiv e  agen ts , and  
thereby increased survival inside m acrophages,

S tudies w ith in vivo g row n A. salmonicida p rov ided  fu rther in s ig h t in to  the 
pathogen ic  p rocess o f furunculosis, and suggested tha t the A -layer p lays a  c ruc ia l ro le  
in co lo n iza tio n  and penetration o f  the host, as w ell as surv ival inside the host (early  
ev e n ts  o f  the in fec tious  p rocess). H ow ever, it w as found  tha t in vivo g row n  A . 
salmonicida is capab le  o f  expressing  a slim e layer that sh ie lds its en tire  su rface  and  
p ro v id es  full p ro tection  against com plem ent-m ediated  k illing  and  phagocy to sis , thus 
relegating the A -layer to a secondary or m inor tole in the later stages o f infection.

T he resu lts presented have contribu ted  s ign ifican tly  to ou r k n o w led g e  o f the 
v iru lence factors o f A, salmonicida, and could  be used p ractically  in  the p reven tion  o f 
furunculosis in the salm on aquaeultural industry,
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GENERAL INTRODUCTION

T h is  d o c to ra l d is se r ta tio n  deals  w ith  the  s tru c tu re  and fu n c tio n  o f  the 
p arac ry sta llin e  su rface  la y e r o f the fish pathogen A e tm m a s  salmonicida, Several 
com p reh en siv e  rev iew s and m onographs on paracrystalline surface layers (S -layers) 
h av e  ap p ea red  recen tly  (B au m cisle r et al., 1989; B everidge  and G rah am , 1991; 
E nge lhard !, 1988; H ovm oller et ah, 1988a; K oval, 1988; K oval and M urray , 1986; 
M e ssn e r  and  S lcy tr, 1991 & 1992; P h ipps, 1988; Pum  et al., 1989; S ley tr and 
M essn e r, 1988 &  1989; S ley tr et al,, 1988a, 1988b &  1989; S ley tr and Srtra, 1986; 
S m it, 1986), and  the p roceed in gs o f the Third  In terna tional W orkshop  on S -layers 
(N A T O -A R W , L ondon, O ntario, S eptem ber 27-30, 1,992), are  to be published  shortly  
(B everidge  an d  K oval, 1993). C onsequen tly , ano ther ex tensive  p resen ta tion  on S- 
layers w ould be redundant. Therefore, th is general introduction will describe , briefly , 
the general characteristics o f cubacterial S-layers, and m ore extensively, an area that has 
no t been covered  in deta il in any o f  the above m entioned rev iew s o r m onographs, that 
is the  S -layers o f  bacteria l pathogens, including the m icroorganism  that constitu tes the 
sub jec t m atter o f  this dissertation, Aeromonas salmonicida.

PARACRYSTALLINE SURFACE LAYERS OF EUBACTERIA

H ouw ink  (1953) w as the first to report the ex istence o f an S-layer, T his w as 
detected  by e lec tron  m icroscopy o f cell w all fragm ents p repared  by m etal shadow ing 
(un fo rtunate ly  these layers  are on ly  detected by electron m icroscopy). S ince then, S- 
layers have been reported in an increasing num ber o f  bacterial species. T he  m ost recen t 
lis t o f  eu b ac te ria  possessing  S -layers (M essner and  Sleytr, 1992) inc ludes m ore than 
200 sp ec ies  an d  s tra in s , com p ris in g  nearly  ev e ry  eu b ac te riu l tax o n o m ic  g roup , 
A lthough  these  m acrom olecular surface structures have received differen t nam es, a t the 
S econd  In te rn a tio n a l W orkshop  on S urface L ayers, held in V ienna in 1987, it w as 
ag reed  to use the term  “ S -iayer” to conno te  “ tw o-d im ensional c ry s ta llin e  arrays o f 
p ro te inaceous subunits form ing surface layers on prokaryotic cells” . In this con tex t S­
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layers shou ld  be distinguished  from other surface layers described  in p rokaryotes; i.e. 
capsu les, external slim es o r glycocaliccs, and sheaths (B everidge and G raham , 1991). 
In terestingly , m any  S -layer pro te ins constitute exam ples o f  p rokaryo tic  g lycop ro te in s  
(M essner and S leytr. 1991), for m any years thought no t to  ex ist in prokaryotes.

S-layers arc tw o-dim ensional, h ighly  organized  pro te in  m uH im ers d isposed  as 
s ing le  m ono layers, or as natu rally  superim posed  m u ltilayers , th a t co v er the  ersthc 
su rface  o f those bacteria  w hich possess them , W ith  few  excep tions, each S -’ay cr is 
com posed  (if a  single ty p e  o f protein o r g lycoprotein  subunit. T herefore , w hen m ulti- 
S -layers  are p resen t on the  sam e bacterium , each has a d iffe ren t protein  com position  
(A ustin and M urray, 1990; K is tan d  M urray, 1984; T suboi etal, 1982).

S -layer subunits are acidic proteins with a m ass range o f  30 to 220 kD a, high 
con ten t o f  hydrophobic am ino acids (40-50%  on average), and a  very  low  co n ten t o f 
m e th ion ine  and cyste ine. S truc tu ra lly , S -layer su b u n its  in  eu b ac te ria  a re  b ilobed  
p ro te ins, form ed by a heav ier (m ajor) and a ligh ter (m inor) dom ain  connec ted  by  an 
arm (F ig . 1), H eav ier dom ains convene around a p rim ary  sym m etry  ax is to form  
m assive  cores, and the lig h te r dom ains p rov ide co n n ec tiv ity  by in te rac tin g  a t a 
secondary  sym m etry  axis. Prim ary and secondary axes m ay be of the sam e or d ifferen t 
sym m etry , i.e. 2 -fo ld , 3 -fo ld , 4 -fo ld  o r 6-fold  sym m etry , and reg u la rly  d is trib u ted  
w ithin  arrays o f  p ! , p2, p3, p4 o r p6 space sym m etry  (S ax ton  and  B aum eister, 1986) 
(Fig. 1), The cu rren t understand ing  o f  the o rgan iza tion  o f S -lay e rs  in  eu b ac te ria , 
defines the su b u n it-subun it and the subunit-w all in terac tions as the  m eans o f S -layer 
in teg rity  (B au m eiste r et al,, 1989; K oval, 1988; S ley tr and M essn e r, 1992; S m it, 
1986). Subunit-subunit interactions determ ine the form ation o f the paracrystalline array 
w hile in te rac tions w ith the  cell w all provide anchorage o f  the assem b led  array  to the 
bacterial cell,

Purified S -layer subunits have show n the ability  to spontaneously  self-assem ble 
into array s  identical to those  observed on cells, suggesting  tha t a rray  fo rm ation  is  an 
entropy-driven, process, and that subunits possess a lt the inform ation  necessary  to form  
la ttices o f  defined  structu re  (S ley tr and M essner 1989). P urified  S -layer subun its  or 
layers assem bled  in vitro also have the ability to reattach onto  cell surfaces devoid  o f  S- 
la y e rs . T h is  re c o n s titu tio n  p ro cess  is  u sua lly  sp ec ie s  a n d /o r  s tra in  sp e c if ic , 
dem onstra ting  th e  im portance and specific ity  o f subun it-w all in teractions. S ubun it- 
su b u n it and subun it-w all in teractions are genera lly  o f  a  d iffe ren t natu re (A ustin  and



Minor domain

Ann

IMajor domain

S-layer protein

f ’IG U R E  1. Schem atic representation o f the different space symmetry groups and arrangements 
found in S-layers, The symmetry axes, around which the S-layer protein major ( M) ,  or m inor ((',) 
domains convent, are shown as geometric figures filled in black: ellipse = 2- fold symmetry axis, 
triangle *  3-fold symmetry axis, square *  4-fold symmetry axis, hexagon -  6*fold symmetry axis. 
P i ,  P2, P3, P4, and P6 designate the space symmetry groups, and the nomenclature used for (he 
different lattice arrangements is that proposed by Saxton and Baumeister ( & 86). Other symmetry 
centres within the lattice are-not shown,
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M urray , 1990; B aum eister <'t. al, 1982; D oran  e: al., 1987; K oval and M urray , 1983; 
N orm u t and M urray , 1967; S ley tr and G lauert, 1976; S leytr and P lo h b erg e r, 1980), 
and arc  m ediated by non-eovalent bonds (hydrophobic and electrostatic in teractions), as 
In ferred  from the m ethods required- to iso la te  in tac t S -layers o r to so lu b ilize  S -layer 
pro te ins (KOnig and S tcttcr, 1986; K oval and  M urray, 1984; M essner &  S leytr, 1992), 
T h ese  m ethods usually involve the  use o f  chao lropes, detergents, low  io n ic  streng th  
buffers or deionized w ater, extrem e pH buffers, or d ivalent cation  chelators.

S -layers are clearly  im portan t sup ram olecu lar assem blies, accoun ting  fo r the ir 
ub iq u ity  am ong  prokaryotes. W hen  presen t, they com prise  up to 20%  o f the total 
ce llu la r protein (im posing an expensive burden upon the cell econom y), and i t  has been 
estim ated  that they rep resen t the m ost abundan t prokaryotic pro te ins in  the b iosphere 
(M essner and Sleytr, 1991 &  1992), In m o s t cases how ever, their e x a c t b io log ica l 
fu n c tio n s  h av e  n o t y e t been ass igned . Indeed , in  c o n tra s t to  th e ir  s tru c tu ra l 
charac teriza tion , there is a  severe lack o f  in form ation  regard ing  the functions  o f  these 
unique structures, O w ing to their strategic surface location, and to the fact that S-layers 
rep resen t ttpen netw orks o f charged proteins w ith defined pores, the fo llow ing potential 
functions have been proposed: i) p ro tective coats, ii) m olecu lar sieves, iii) m o lecu la r 
traps and /o r ion ic  ex changers; iv ) adhcsin s for su rface  reco g n itio n ; v) c e ll shape  
de term inan ts , A lthough  som e o f  these functions have  now  been co n firm ed  in som e 
eubac teria  (M essner and Sleytr, 1992), the  ev idence is still fragm en tary  o r ab sen t in 
m ost cases.

S-LAYERS OF BACTERIAL PATHOGENS

The in teraction  o f  bacterial pathogens with the ir host is  m ain ly  determ ined  by 
m aerom olecu lar surface structures (Brow n and W illiam s, 1985, D oyle and Sonnenfeld , 
1989, F ish er, 1989, S m ith , 1977, W illiam s, 1988). T h e  p a th o g en ic  p ro cess  o f  
infectious d iseases has been dissected in the  fo llow ing steps: co lon ization , penetration , 
m u ltip lica tion , evasion  o f  host defense m echan ism s and dam age to the  host. In  all 
these  steps (w ith  the possib le  exception  o f  m ultip lication in  the  host and  dam age) the 
b ac te ria l su rface  p lays a p ivo tal role. I t  is the ce ll su rface , th rough  sp ec ia liz ed  
m acro m o lecu la r structures know n as adhem s , w hich serves as an anchoring  p o in t for 
pathogen ic  bacteria , In  turn, these adhcsins may determ ine h o st and tissue  specificity ,
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i.e. th e  ab ility  o f  a  bacteria l pathogen to p roduce d isease in so m e  an im al spec ies in 
p reference to o thers, and the ab ility  to co lon ize  (w ithin a g iven host) som e specific 
tissue in preference to others, It is the cell surface, through its specialized  structures, 
w hich determ ines w hether certain pathogens w ill be invasive, i.e. able to penetrate host 
cells o r  som e physical barriers, to becom e established in deeper layers o r tissues o f the 
host. S urface com ponents con tribu te  to m ultip lication in the h o st by help ing  bacteria 
acq u ire  e ssen tia l nu trien ts. O ne o f  the best docum ented  cases is the ir role in iron 
aquisition , e ith e r through specific surface receptors for s iderophores o r th rough  direct 
b ind ing  o f h o st iron-contain ing  m olecules. I t is also the cell surface w hich serves as a 
site o f  im m unological recognition, accounting for the im portance o (surface antigens in 
vacc ine design. It is by m odifying their cell surface (through m echanism s of antigenic 
and phase variation) tha t som e bacterial pathogens evade im m unological recognition. 
As w ell, it is the  cell su rface  w hich  serves as the ta rge t o f  m any o f the  host defense 
m echanism s, and it is by having tough specialized surfaces that som e pathogen,,, evade 
these  m ech an ism s. F o r in s tan ce , som e su rface  s tru c tu re s  (e .g , p o ly sac ch a rid e  
capsu les, long  O p o ly sa c c h a rid e  chains and S-layers) inh ib it com p lem en t-m ed ia ted  
k i l l in g ,  p h a g o c y to s is  a n d /o r  in t r a c e l lu la r  d ig e s t io n  a f te r  p h a g o c y to s is .  
L ipopo lysaccharide  (LPS) from  gram -negative bacteria, and lipo te icho ie  acids (L 'l'A) 
from  g ram -p o sitiv e  bacteria , also  have been im plicated  in m odu la tio n  o f  the host 
im m une response. F inally , surface com ponents o f bacterial pathogens m ay cause  host 
dam age evoking  im m unopathological reactions (e.g. im m unopathology associated with 
surface antigens o f  Treponema pallidum or Mycobacterium species).

T he su rface  location  o f  S -layers, in m any instances as th e  ou te rm ost structu re  
on bacteria l pathogens, m eans that they serve as the interface betw een the pathogen and 
its h o s t and m ay  significantly  influence the outcom e o f  a  host-parasite relationship , S- 
lay ers  m ust n a tu ra lly  com e in c lo se  con tac t w ith cells , flu id s, m em b ran es an d /o r 
basem en t p ro te in  su rfaces o f  the host, and therefore m ediate several o f  the actions 
described  above. In the follow ing section a survey o f cases o f bacterial pathogens wi th 
S -layers (ordered  alphabetically  by genus and species) is presented. M y in ten tion  is to 
em phasize the know n virulence functions o f S-layers but, unfortunately, only structural 
descrip tions are  available in the m ajority of cases.



A erom onas hydroph ila
A ccording to the B crgey’s M anual o f System atic B acterio logy (P opoff, 1,984), 

the genus Aeromonas belongs to the fam ily  Vibrionaceae and inc ludes two g roups 
separa ted  on the basis o f op tim al grow th tem peratu re  and m otility . O n e  g roup  is 
form ed by psychroph ilic , non-m otile  acrom onads, belong ing  to a  s in g le  species, A. 
salmonicida, w ith three subspecies, A. salmonicida subsp. salmonicida, A. salmonicida 
subsp . achromogenes, and A. salmonicida subsp . masoucida. T he  seco n d  g roup  
consists  o f m esophilic  and m otile bacteria, including three species, A. hydrophila, A. 
caviae and A. sohria. A lthough the taxonom y o f m esophilic aerom onads has changed  
significantly  from  P o p o ff  s schem e, the psychrophilic group has been m ore  stable. To 
date, i t  has been proposed to m ove the acrom onads out from  the Vibrionaceae to form  a 
new  fam ily, the Aeromonadaceae (C olw ell, e ta l,  1986); the taxonom y o f  the now  11 
recognized species o f m esophilic  acrom onads is  still no t reso lved  (M artfnez-M urcia  et 
at,, 1992); and  a new  subspecies o f A. salmonicida has been proposed  (A ustin  et a l, 
1989; B e iland  and T ru s t, 1988) lo inc lude the so -ca lled  “ a ty p ic a l” s tra in s . A . 
hydrophila com prises g ram -negative  stra igh t and sh o rt rods, m otile  by a  sing le  po la r 
liagellum  in liqu id  m edium  and  som etim es peritrichous flagella  on so lid  m edia. Its 
op tim al g row th  tem pera tu re  is  28°C . Its  nam e m eans “ w a te r-lo v in g ” s in ce  th is 
organism  is com m only  found in fresh w ater and sew age (Popoff, 1984).

In 1980, M ittal et al, (1980), reported  a p articu la r g roup  o f A. hydrophila 
stra ins that w ere  h ighly  v iru len t to salm onids. A t tha t tim e, A. hydrophila had been 
regarded  only  as an opportun istic  pathogen (B oulanger e ta l,  1977; De F igueiredo  and 
P lum b, 1977), residing free in the environm ent (H azen e ta l,  1978; K aper etal., 1981) 
o*’ in the d igestive  trac t o f sa lm on ids (T rust and S parrow , 1974; C ah ill, 1990b and 
references therein). H ow ever, the high virulence traits o f this particular g roup  indicated 
that som e A, hydrophila iso la tes may behave as true prim ary pathogens. P a thogen ic  A. 
hydrophila cau se  hem orrhag ic  sep ticem ic in fections in fish , and g as tro in tes tin a l or 
sy s tem ic  in fec tio n s  in  o the r an im al spec ies in c lu d in g  am p h ib ian s , rep tile s , and 
m am m als. In te re stin g ly , certa in  A. hydrophila s tra ins iso la ted  from  hum ans also  
d isp lay  this h igh v irulence phenotype (D ooley, etal., 1985; Janda  etal., 1987), v/hich 
s ig n if ic a n tly  c o rre la te s  w ith  p roduction  o f in v asiv e  in fe c tio n s  (b a c te re m ia  and 
periton itis) (Jan d a  etal., 1987). The highly v iru len t iso la tes (either from  salm onids, 
m am m als  o r  hum ans) possess  O -p o ly sa c c h trid e  ch a in s  o f  h o m o g en eo u s  leng th  
(D o o ley , et at., 1985) tha t ca rry  a therm ostab le  se ro g ro u p -sp ec ific  ep ito p e , 0 :1 1
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(Sakazaki, 1987), in  turn associated with the presence o f a pnracrystalline surface layer 
(D oo ley  and T rust, 1988). T he S -laycr o f the h ighly  v iru len t A. hydrophila s tra in s  
(particularly  T F 7) has been well characterized, In it" relation w ith the 0 ;  11 specific 0* 
p o ly sac ch a rid e  chain  it w as show n  th a t S -laye r ancho rage  is 0 -p o ly sacch arid e - 
dependen t and that a m inim um  L PS  oligosaccharide size is required for anchoring  the 
S -lay e r to the ce ll su rface  (D ooley  and T rust, 1988; K okka et al,, 1990), A ll the 
m em bers o f the high virulence group possess a s im ilar te trag o n a l^  arrayed layer w ith a 
la ttice  constan t o f  abou t 12 an (M urray  et cd„ 1988). T he 3-D  structure o f  this array 
has been  reso lved  (A l-K aradagh i etal,, 1988) show ing  tha t the S -layer subun its  are 
b ilobed  p ro te in s  g rouped  around two d ifferen t 4 -lb ld  sym m etry  axes w ith an MqOq 
arrangem en t (refer to Fig, 1) and a thickness o f 5 .6  nm. D ooley et al,, (1988; D ooley  
and T ru s t 1988) carried  ou t the biochem ical characterization o f the S-layer subunit from  

stra in  T F7, T h is  is a  52 kD a acid ic  protein , w ith 41%  hydrophob ic  am ino  acids, a 
sing le isoelectric  form  (p i 4.6), and no cysteine. V ery sim ilar characteristics w ;rc also 
found  fo r the S -lay e r p ro te in  o f  a stra in  (A H -342) invo lved  in a case  o f hum an 
bac te raem 'a  (K okka etal,, 1992b). A lthough hydrophobic in itself, the S -layer protein 
does n o t co n fe r hyd ropnob ic ity  to A, hydrophila cells w hen p resen t as an in tact S- 
layer. T he S -lay e r p ro te in  is com posed  by 44%  beta-sheet, 19%  alpha-hclix , 12% 
beta-tu rn , and 25%  aperiodic structure, T he N -tcrm inal am ino acid sequence  (first 30 
residues) o f the m ature protein did not show  any sequence sim ilarity  with o ther S -layer 
pro te ins (D ooley and T rust, 1988; K okka etal,, 1992b).

E xp lo rin g  the an tigen ic  re la tedncss o f the S-Iayers associa ted  w ith the ( ) ;!  I 
sero type, it w as found  tha t som e S-layer proteins were an tig en ica l'y  d iverse  ow ing lo 
d ifferences in  their prim ary sequence. D ue to the com plexity  o f  this genus, this is no t a 
su rprising  finding, and in  relation to pathogenesis, it m ay rep resen t an extra s trategy  o f 
an tig en ic  varia tion  o f S -layer-possessing  A, hydrophila s tra ins (K ostr/.ynska el al., 
1992). E stab lishm en t o f  the functions for the S -laycr o f  pathogen ic A. hydrophila has 
not been  an easy  task, T he strongest d irec t ev idence o f  its ro le in pathogenesis com es 
from  recen t experim ents reported by K okka et al, (1992b). S -layer negative (S ')s tra in s 
w ere in jected intraperitoneally , together with purified S-layer protein, in S w iss-W ebster 
m ice, In te resting ly  the LD$r o f  S" strains was reduced 30-70  fold, suggesting  that the 
S -laye r p ro te in  m ay p lay  an im portan t ro le in pathogenesis. T he m echanism  o f  this 
enhancing  e ffec t upon the ability  to produce disease is no t yet know n. H ow ever, it w as 
p roposed  that the S -laye r subunits reconstitu ted an S -layer on the su rface  o f S* cells ,
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conferring  to them som e tra it(s) necessary  fo r system ic d issem ination  (K okka e ta l, 
1992b), It is d isap p o in tin g  that, a lthough  c lea rly  im p lica ted  in  v iru len ce  and 
pathogenesis (M ittal et al.,, 1980; Janda et al,, 1987: Ford and  T hune, 1991; K okka et 
a l,  1992b), a sp ec ific  function  fo r this w ell ch arac te rized  S -laye r o f  v iru len t A. 
hydrophila, has not as y e t been unequivocally dem onstrated (K okka et a l,  1991).

A erom on as schu bertii
This is one o f  the 12 recognized species o f the genus Aeromonas and belongs to 

the g roup  o f  m esoph ilic  m o tile  ae rom onads (M artln ez -M u rc ia  et al,, 1992 and  
references therein). A lthough d ifferen t species o f aerom onads possessing  the 0 :1 1  
sero type also  possess an S -layer (e.g . A. veronii),A. schubertii is  o f particu la r in terest 
because it causes sy stem ic  o r w ound infections. S ign ifican tly , a lthough  on ly  a few  
strains have bet n isolated, none o f them were isolated from the gastrointestinal tract and 
no an im al o r env ironm enta l iso la tes are know n to exist. K okka et al, (1992a) stud ied  
the 11 know n stra ins o f  A. schubertii to determ ine the ir s tru c tu ra l and p a thogen ic  
properties, A ll six  stra ins belong ing  to the 0 :1 1  serogroup  (bu t none o f the  stra ins 
con ta in ing  LPS w ith O -chains o f heterogeneous length) possessed  a  55 k D a  surface 
la y e r pro te in . O ne, o u t o f  th ree  stra ins w ith  truncated  O -p o ly sacch a rid e  chain s , 
sec re ted  the S -layer p ro te in  in to  the  m edium , suggesting  tha t, as describ ed  fo r A . 
hydrophila, anch o rin g  o f  the S -layc r to the ce ll su rface  is L P S -d ep en d en t an d  a 
m inim um  leng th  o f  the O -po lysaccharide  chain  is required  fo r com peten t anchoring  
(K okka et al. 1992a). S trangely , these authors d id  no t rep o rt any u ltras truc tu ra l o r 
functional characterization of the S-layer.

Bacillus anthracis
T he m em bers o f  the genus Bacillus are d istinguished  from  o ther g ram -positive 

rods by  th e ir  s tr ic t o r facu lta tive  aerob ic nature, and their ab ility  to sp o ru la te  and 
p roduce catalase fS lepecky  and H em phill, 1992). B. anthracis, the causative  agen t o f 
the fatal d isease an thrax , possesses two w ell recogn ized  v iru lence factors: a  po ly-D - 
glu tam ic acid capsu le  w hich inh ib its phagocytosis (G reen etal., 1985) and a  tripartite  
toxin (L eppla, 1988). T he  p resence o f a linear S -laycr in th is o rgan ism  Was early  
recogn ized  in freeze-etched  rep licas (H olt and L eadbetter, 1969) w here  the S -layer 
appeared  to be form ed by strands o f  g lobular particles o f  6-8 nm . S eparation  betw een 
stran d s  and  be tw een  partic les  w as 7 -10  nm . A nalysis  o f  a  2-D  p ro jec tio n  o f the
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neg a tiv e ly  s ta in ed  S -layer show ed  tha t it is o rgan ized  in a p i  la ttice  (D oy le  and 
S onnenfeld , 1989). A lthough u  is possible that tw o proteins designated as “cxtrnetablo 
an tigens” E A -I and EA -II (closely  associated w ith  the pep tidog lycan  layerl are the S* 
lay er su b u n its  (D oy le  and S onnenfeld , 1989), the ir iden tity  has no t been c la rified , 
neither their function discerned.

B acillus cereus
B. cereus has been  recognized  as an a g e n t o f food po ison ing  s in ce  1955, 

c au s in g  true  in to x ica tio n s  ra th e r than in fec tions . H ow ever, B cereus has been 
im p lica ted  in  m ultip le  cases o f  a variety o f  infections (F arrar and R ebo li, 1992), and 
accord ing  to D av cy  and T auber (1987) th is is one o f the m ost destructive organism s to 
in fec t the eye. S ince B, cereus produces potent exotoxins (responsib le  for m uch of the 
pathogenesis  associated  w ith th is organism ) em phasis has been p laced  on the study o f 
such  toxins. T hus the functions associated with its S-layer have not been characterized 
a t all, and even  structu rally , very  little is  know n about the S -laycr o f  B. cereus, H olt 
and  L eadbetter (1969) described it as a “globular layer” , s ince  in freeze-etched replicas 
i t  appeared  as form ed by g lobu lar units o f  6-7 nm  in size. N egative stain ing  revealed 
m ore  c lea rly  a  te trag o n a l array  w ith a  la ttice spac ing  o f app rox im ate ly  10 nm , first 
described  by E llar and Lundgren (1967) on the A TC C  strain 4342.

Bacillus sphaericus  and Bacillus thuringiensis
In  the cou rse  o f  sporulation , som e strains o f  Bacillus syn thesize  a parasporal 

in c lu sion  o r “c ry s ta l” , w hich m ay  con tain  pro te ins toxic for la rv ae  o f  a varie ty  o f  
in sec ts . T he tw o m ore p rom inen t species o f these en tom opathogen ic  bacteria are B, 
sphaericus an d '# . thuringiensis. Com m ercial products (b ioinsecticides), prepared from 
cu ltu res  o f these  m otile Bacillus species, are availab le  and they are expected  to gain 
popu la rity  s in c e  they do not have m ost o f  the env ironm en ta lly  de le terious  effec ts  o f  
syn thetic  in sec tic ides (Ignoffo and A nderson, 1979; Stably etal., 1992). In teresting ly , 
both  species have  S-layers.

T h e  S -lay e r o f B, thuringiensis w as described  recen tly  by  L uckev ieh  and 
B everidge  (1989). T he three strains that they stud ied  had struc tu ra lly  s im ilar S -layers 
co m p o se d  o f  a  de lica te  ob lique  array . O ptical d iffrac tion  o f n eg a tiv e ly  s ta in ed  
specim ens sh o w ed  that the m ajor la ttice lines w ere spaced abou t 8 .5 nm. S econdary  
la ttice lines, running  a t 73° w ith respect to  the m ajor lines, w ere separated  7 .2  nm. T he
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la y e r w as 9 nm  th ick  in thin sec tions. S hadow ed p rep ara tio n s o f  sh ed  S -lay e r 
fragm ents show ed  that the layer has an external sm ooth face and a  rough face facing the 
cell w all. T h e  purified  S -layer protein w as hydrophobic , and  acid ic  (p i 5) w ith  a 
m olecular w e ig h t of 91,400, no t g lycosylated, and did not contain  cysteine, m ethionine 
and tryptophan . Its N -term inal am ino acid sequence w as determ ined  but no sequence 
s im ilarity  w as found w ith  any o ther S -layer protein. Increasing  am oun ts o f S -lay e r 
pro te in  w ere found as cultures aged, and stationary phase cells shed la rge  am oun ts o f 
S -laycr fragm ents, No functional characterization w as attem pted.

in co n tra s t to the  S-layer o f B. thuringiensis, the S -layer o f  B. sphaericus w as 
reported  m uch  earlier (H olt and L cadbettcr, 1969). H ow ever, it w as n o t until 1983 
w hen it w as d iscovered  that the cn tom opathogenic strains o f B. sphaericus had an  S- 
layer d ifferen t from th a t o f non-pathogcnic strains (W ord et al,, 1983). T he  S -layer o f 
non-pathogonic  strains consists o f  a  tetragonal array w ith a la ttice  co n stan t o f  13-13.5 
nm , form ed by  a — 150 kD a protein . In terestingly , S -layer negative  m utan ts  have not 
been  iso la ted , su g g estin g  an in d isp en sab le  ro le  fo r th is S -lay e r, a lso  sh o w n  to 
constitu te  a bac teriophage  recep to r (H ow ard  and T ipper, 1973). T he S -laye rs  from  
non-pathogen ic  B, sphaericus s trains have been used to study the  dynam ic p rocess  o f 
S -lay e r assem bly  du ring  grow th (S leytr and  G lauert, 1975; H ow ard  et a l,  1982), to 
dem onstrate the  bilobal nature o f  the S-layer subunit and define the dom ains and bonds 
involved  in a rray  form ation as w ell as anchorage to the cell w all (H astie and  B rin ton , 
1979a; H ow ard  and T ipper, 1973; L epault etal,, 1986), to s tudy  the specific ity  o f  S- 
laycr reconstitu tion  (HastiC and B rinton, 1979b), and the varia tion  in  fine  structu ral 
detail betw een  air-dried  negatively  stained and unstained frozen-hydrated  spec im ens 
(L ep au ltan d  Pitt, 1984; Lepault etal., 1986).

AH th e  pathogen ic  s tra in s  o f B. sphaericus possess ob liq u e  S -layers w ith  a 
spac ing  o f 5 nm  and fa in t secondary linearity at about 27° (L ew is et al., 1987). T hese  
cover the en tire  cell surface, and have the ability to reassem ble in vitro. In  spite o f  their 
structu ral hom ogeneity , it was found that S -layer pro te ins o f  pa thogen ic  s tra ins w ere 
an iigen ically  heterogeneous. T here  was a  perfect correlation betw een an tibody  typing 
and the type o f  peptide m ap obtained upon trypsin digestion, suggesting  th a t an tigen ic  
variation w as due lo d ifferences in prim ary am ino acid sequence. H ow ever, all S -layer 
p ro te ins sh ared  m any b iochem ical characteristics, all w ere g lycosy la ted , had s im ila r 
am ino  acid com positions, m olecular m asses (133-155 kD a) and isoelectric  points (4,6- 
4 .9 ). In te resting ly , s in ce  the S -layers o f  pathogenic stra ins o f  B. sphaericus w ere



lin e a r  (as th o se  o f B. thuringiensis) w hereas  n o n -p a th o g en ie  s tra in s  po ssessed  
te trag o n a l a rrays , a p o ssib le  re la tionsh ip  betw een S -laye r and p a th o g en ic ity  w as 
considered  and  further supported by the fact that a p ro teoly tic  degradation  p roduct o f  
the S -layer pro te in  o f strain  2362 appeared to be tox ic to insects. P reparations o f the 
la rv ic ida l crystal show ed that i t  w as form ed by four au tigenically  related  proteins, 125, 
110 ,, 63 and 43 kD a (B aum ann et a l,  1985). E xc iting  resu lts  show ed  th a t upon 
com pletion  o f  the exponential phase, and initiation o f the sporulation process, a gradual 
decrease  o f  the abundan t 125 kD a protein w as accom panied by a proportional increase 
o f  the  110 k D a  protein. S ince the latter proved lo be toxic to m osquito  larvae, but not 
as to x ic  as the 43 kD a protein, it w as proposed that the 110 and the 43 kD a parasporal 
c ry s ta l co m p o n en ts  rep resen ted  su b seq u en t deg rada tion  p roducts o f  the 125 kD a 
pro toxin , each having increased toxicity against insect larvae (Broadw el! and Baum ann, 
1986). O nce the gene encoding the 125 kD a protein w as cloned and sequenced , it w as 
found  that the 125 kD a was the precursor o f the 122 kD a S -layer protein o f  strain 2362, 
and  th a t the 125, 122 (S -layer p ro te in ) and 110 kD a p ro te in s  sh ared  the sam e IM- 
te rm in u s  am in o  ac id  seq u en ce  (B ow ditch  et a l,  1989). H ow ever, it w as also  
dem onstrated  that no relationship existed between this group o f  proteins and the 43 kD a 
tox in , and the  p roposed  relationsh ip  betw een S -layer and tox icity  began  to co llapse. 
N o w  it  is know n  th a t no  re la tionsh ip  ex ists betw een S -layer and pathogen icity  o f IS. 
sphaericus. T he  122 and 110 kD a pro teins w ere dem onstra ted  no t to be part o f the 
parasporal crystal and the 110 kD a protein not to be toxic to m osquito larvae (Bow dileh 
et a l,  1989; B aum ann  and B aum ann, 1991; B aum ann et a l,  1991). T here fo re , we are 
le ft w ith  ano ther w ell characterized S -layer with no functional role y e t assigned. Even 
the putative protective role o f the S-layer against m uram idases was not confirm ed (Stira 
et a l ,  1990).

B a c te ro id es  buccae, B actero ides  s p p . ,  and other  path ogen s  
associated  with periodontitis

In the  p rogression  o f the  in flam m ato ry  periodon ta l d isease , there is a c lea r  
succession  o f  the residen t m icrobio ta from a  predom inantly gram -positive facultatively 
anaerob ic  one, to one that is  a lm ost exclusively gram -negative and anaerobic, A m ajo r 
co m p o n en t o f  this com m unity  com prises several Bacteroides species frequently  found 
in associa tion  w ith apical periodontitis  (infection o f  the jaw bone). F rom  these, five 
sp ec ies  have been show n to possess S-layers: B. buccae, B, caplllus, B, pentosaceus
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(H aapasalo  et al,, 1985; K ornm an and H olt, 1981), B, heparinolyticus (O kuda et al., 
1985), and B, forsythus (T anner et at,, 1986). H ow ever, the S -layer is  no t u sually  the 
ou te rm ost layer on m ost o f these bacteria since they also possess s lim e layers detected  
as an  e lec tron  opaque m aterial in specim ens stained  in the p resence  o f  tan n ic  acid 
(H aapasalo  et al., 1985) o r ruthenium  red (K ornm an and H olt, 1981). M oreover, B. 
buccae and B, capillus also possess pill (H aapasalo etal,, 1985).

S jhrgen et al, (1.985) show ed that two differen t types o f  hexagonal S -layers are 
p resen t on d ifferen t strains o f  B, buccae, B. capillus and B. pentosaceus. T h e  la ttice 
constan t o f  one S-layer is 2'1.5 ±  0.5 nm and the o ther 7.7 ±  0 .3  nm. A lthough the tw o 
S -la y c r types can  co -ex is t on the sam e supporting  m em brane, an a ly s is  by  op tica l 
d iffraction  show ed  that they did not occur on top o f  each o ther (superim posed  layers). 
In the  sam e study  (SjOrgen etal,, 1985), the 3-D  reconstruction  o f  the  21.5 nm  array 
w as achieved . It consisted  o f  a sing le m orphological unit o f  6-fold sym m etry  w ith  a 
cen tral pore o f  ~5 nm in d iam eter and six sm aller pores (5 x  2.5 nm ) su rrounding  it. In 
add ition  to these  two S -layer types, cells  o f B. buccae have been show n  to posses an 
hexagonally  arranged periodic structure (K erosuo etal,, 1987 &  1988b). T h is  k ind  o f 
a rray , form ed by crysta lline  ou ter m em brane proteins, also has been observed  in  o ther 
p a th o g en ic  b ac teria  like Bordetella pertussis (K essel et al,, 1988) and o th e r non- 
pathogcnic species (review ed in M essner and Sleytr, 1992). T he relation  betw een the 8 
nm array o f crystalline ou ter m em brane proteins and the tw o S-layers is not know n.

In the firs t repo rt o f  O kuda et al. (1985) no characterization  o f  the S -layer o f  B. 
heparinolyticus w as attem pted. Later, this w as structurally  characterized  by K erosuo et 
al, (1988b) as a  thin e lec tron  dense  layer su rrounded  by am o rp h o u s  m ateria l and 
separated from  the outer m em brane by an electron dense, 20 nm  gap. T h is  layer has an 
hexagonal la ttice w ith a spacing o f about 20 nm. T he structu re  o f the  S -layer from  B. 
forsythus w as also  fu rther characterized  by K erosuo (1988) as an ob lique  array  o f  
a b o u t 10 nm  spacing  and 10 nm height. Som etim es the array  cou ld  be separa ted  in 
s ing le  lines (ragged appearance), suggesting m ultiple subun it-subun it in teractions; the 
in teractions w ithin lines being stronger than interactions betw een lines, U nfortunate ly , 
in these  and o ther reports docum enting the existence o f S-laycrs on Bacteroides species 

,no b iochem ical characterization w as attem pted and only in one case, th a t o f B, buccae, 
w as the role o f  the S-laycr in m ediating an interaction with leukocytes in vitro explored  
(K erosuo  et al,, 1990). U nfortunately , no S -layer deficien t m utants w ere  availab le  and 
a spec ific  ro le  for the S -laycr w as no t dem onstrated. M oreover, som e iso la tes studied
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w ere apparen tly  capsu la ted  (K, L ounatm aa, personal com m unica tion ) obscuring  the 
role o f  the S -layer in adherence,

A n o th e r S -lay c r for w hich  a functional ro le has been  exp lo red  is tha t o f  
Wollinella recta, an o ral pathogen frequently im plicated in mixed periodontal infections 
together with o the r flagellated, anaerobic gram -negatives; Campylobacter coacistts and 
Eikenella conodens (L ai et ah, 1981). From  these organism s only  W. recta c learly  
d isp layed  an S -layer o f  hexagonal space sym m etry  and a la ttice constan t o f  abou t 20 
nm , D ok lan d  et a l  (1988 &  1990), as w ell as K erosuo  et a l  (1 9 8 8 a) fu rth e r 
characterized  the  structu re o f  the S -layer from V/. recta, A close relationship  betw een 
S -la y e r  and o u te r  m em brane  w a p found  and a 3-D  reconstruc tion  w as  ach ieved  
(D okland , 1988 &  1990), confirm ing the p6 sym m etry  and a la ttice constan t o f 21. nm, 
T he  th ickness o f  the layer was 15 nm (unusually  th ick) and it w as form ed by bilobed 
p ro te in  subun its  in an M 6C 3 a rran g em en t (refer lo Fig, 1). T he  six heavy  dom ains 
a round  the 6-fo ld  sym m etry  ax is form  a funnel-shaped m assive un it tha t in teract w ith 
ad jacen t units th rough the ligh ter dom ains a t the 3-fold axis. In teresting ly , a second 
p e rio d ic  s tru c tu re  w as p resen t in negative ly  sta ined  cell w all fragm en ts, Us 2 -D  
pro jection  show ed  a p2 sym m etry  w ith un it cell vectors o f  8.5 x 12,5 nm and a relative 
angle o f  85°, and  apparently it represented an alternate crystallization lattice o f the sam e 
S -lay e r p ro te in  (D ok land , 1988), C om paring  S -laycr positive  and S -lay e r negative 
s tra in s  o f  W, recta it w as show n  tha t the p resence o f  S -layc r co rre la ted  w ith the 
appearance  o f an  acid ic 142-154 kD a protein  (B orinsky and H olt, 1990), T he absence 
o f S -laye r a lso  caused  a  45-60%  increase in bacterial adherence to  a hum an gingival 
fib ro b last ce lt line. A lthough clearly  poin ting  to  a  potentially  im portan t function, this 
a lte red  b ac te ria -host ce ll in teraction  in the absence o f  S -layer has n o t been fu rther 
characterized . In terestingly , as previously indicated for Aeromonas species o f the 0 :11  
se ro ty p e , the  L P S  o f  W. recta p o s se sse s  O -p o ly sa c c h a rid e  c h a in s  o f  ra th e r  
hom ogeneous size con tain ing  5-8 repeating  units (G illespie e ta l ,  1988). M oreover, 
this L P S  had an  unusual high con ten t o f  rham nose (88%).

Tw o o the r organism s associated w ith oral infections have been dem onstrated  to 
p o ssess  S -layers. T h ese  are  Campylobacter sputorum and Bacillus sp, s train  M 3 198, 
T h e  fo rm er c o n s titu te s  a case  in  w h ich  the p resen ce  o f  S -lay e r h a s  on ly  been 
do cu m en ted  in  thin sec tio n s  o f  the o rgan ism , since its  fine s tru c tu re  cou ld  n o t be 
re so lv ed  by negative  sta in ing  (Lai et a l,  1981). In te resting ly  (see below ), the fine 
s tru c tu re  o f  the  S -layer o f ano ther C am pylobacter, Campylobacter fetus, also has no t
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been reso lved  by negative staining, T h e  strain M 3198 is a peritrichously  flagella ted , 
facu lta tively  anaerob ic  Bacillus species, related to li, coagulans and B, circulans. I t 
w as isolated from  a roo t canal infection and found to have an oblique S -layer w ith  9.5 
nm spacing betw een lines (H aapasalo etal., 1988).

B actero ides nodosus
T his organism  is the causal agen t o f ovine foo tro t d isease (h o o f in fec tions  o f  

sheep  and goats). It is an ob ligate  anaerob ic, g ram -negative  rod w ith  an uncerta in  
tax o n o m ic  g en e ric  p o sitio n , tha t has been  p roposed  to be m o v ed  o u t from  the  
Bacteroides g enus (S hah , 1992), to g e th e r w ith  m any  o the r b a c te r ia  p re v io u s ly  
classified  as Bacteroides species (actually, m ost o f  the above m entioned  oral pathogens 
arc being  reclassified  in to  the genus Prevotella), The cell surface o f  th is o rgan ism  is 
very com plex , ow ing  to the p resence o f  pili, capsu le , unusual rod -like  s tru c tu res, a 
d iffuse  m aterial associated  w ith pili, polar rings and an S -layer (E very  and S kerm an , 
1980). T he S -layer is com posed  o f subunits arranged  in a hexagonal la ttice  w ith  a 
spacing  o f 6-7 nm, c learly  observed in negatively stained  and freeze-etched  specim ens 
o f d iffe ren t v iru len t strains. A lthough the role o f surface structures in  the  v iru lence  o f  
B, nodosus w as being investigated  (E very  and S kerm an , 1980), no fu rther fin d in g s 
have been reported.

C a m pylob ac ter  fe tu s
T he g enus Campylobacter encom passes th irteen  species o f  g ram -n eg a tiv e , 

s len d e r cu rv ed  rods, m o tile  by m eans o f  a s in g le  p o la r flag e llu m . S p ec ies  o f  
Campylobacter are asaccharo ly tic  and produce the ir energy  th rough  resp ira tio n  and 
m etabolism  o f  am ino  acids (T enovcr and Fennell, 1992). C  fetus, the type spec ies o f  
the genus, is an im portan t veterinary pathogen causing  venereal genital tract in fections 
in ca ttle  tha t m ay lead to infertility  and abortion . In  hum ans in fec tions  are ra re , bu t 
b ecom e sy stem ic  in co m prom ised  ind iv iduals. A lth o u g h  m ost ca se s  rep o rted  in 
hum ans involve ex tra intestinal infections, C, fetus also  causes acute d iarrheal illness,

T he firs t report on the ex istence o f an S-layer on C. fetus w as tha t o f  M cC oy  et 
al, (1975). T he  S -layer w as ev iden t in thin sections, and in con trast to o ther S -layers, a 
functional ro le  as an an tiphagocy tic  su rface structu re  w as read ily  reco g n ized . T w o 
types o f  la ttice w ere ev iden t in the m icrographs o f  negatively  sta ined  specim ens la te r 
reported by  M cC oy et al, (1976), but at that tim e this fact passed unconsidered . I t took



15

several years to clarify the fact that indeed there are two different types o f S -layer on C
fetus and to understand  how  they arc form ed. An oblique (possib ly  o rthogonal) array,
o f ab o u t 9 nm  spacing  betw een lines, w as reported by D ubrcuil et al, (1988) and an
hexagonal array w ith a lattice constant o f 24  nm and a thickness o f  10 nm w as reported
by F u jim o to  et al, (1989), These observations relied  on the freeze-etch ing  technique
ow ing  to the fac t that the  C, fetus S -layer is re luc tan t to y ield good negatively  stained
preparations, In  a  latter report (D ubrcuil et al., 1990) oblique (orthogonal) arrays  w ere
o b served  (no t v ery  c lea rly ) by negative stain ing  in all s tra in s  stud ied ; bo th  la ttice
v ec to rs  w ere  sp aced  5.6 nm a t an angle o f 75 ° , and the layer had a  th ickness  o f
app rox im ate ly  11 nm. T he  p resence o f tw o d ifferen t S -layers on C, fetus w as further
clarified  by a rep o rt show ing that both lattices (linear and hexagonal) may he expressed
s im u ltan e o u sly  on  the sam e c e ll and, very  in te restin g ly , that the re  w as a strong
co rre la tio n  be tw een  M .W . o f the  S -lay c r p ro te in  and th e  type o f  la ttice  form ed
(F u jim oto  etal,, 1991). H igh M .W . subunits form ed orthogonal arrays (8 nm betw een
lines) and  low  M .W , subunits, hexagonal arrays (24  nm lattice constant),

T o  m ake the structural features o f the C fetus S -layers even m ore fascinating, it
w as show n that there are  tw o groups o f S -layer proteins (w ith d ifferen t am ino-term inal
am ino acid  sequences) and that each  group exclusively  interacts with a  specific  type o f
L PS  0 -c h a in . In reconstitu tion  experim ents, S -layer proteins belonging to the  type A,
w ere  exc lu siv e ly  reconstitu ted  on to  cells with the  type A LPS, and the sam e w as true
fo r type B LPS and type B S -layer proteins; type A  LPS do  not associate  w ith type B
S -lay e r su b u n its  o r v ice  versa. T hese  resu lts ind icate  a very  spec ific  subun il-L P S
in teraction  and po in t to LPS as the anchorage m olecule on the cell surface (Y ang etal.,
1992). I t  is  a lso  know n that d iva len t cations a re  requ ired  for p roper subunit-w al!
in te rac tio n s  bu t n o t for subunit-subunit in teractions (Y ang et at,, 1992), th a t the LPS
bind ing  s ite  res ides  in the  conserved  N -term inus o f  the S -layer pro te in  (Y ang  et al,>
1992) and  tha t na tu ra lly  assem bled  S -layers cover the en tire  cell su rface  h id ing  the
u n d erly in g  L PS  O -p o ly sacch arid e  chain s  (Fogg et al,, 1990; M cC oy et al,, 1975).
T hus, availab le  resu lts  (D ubrcuil etal,, 1988 &  1990; Fujim oto et al,, 1989 &  1991;
M cC o y  et al„ 1975 &  1976; Pei et al., 1988; W in ter et al„ 1978) ackno w led g e  the
ex is ten ce  o f tw o g ro u p s o f  non-g lycosy la ted  b ilobed  S -laye r p ro te ins, each  g roup
co n ta in in g  p ro te in s  o f  d ifferen t m ass and antigenic ities capab le  o f  fo rm ing  S -layers
w ith  d iffe ren t la ttice sym m etry . The low  m ass S -layer subun its  (94-100 kD a) form

(
h e x a g o n a l a rray s , w h ereas  the h ighe r m ass  su b u n its  p ro d u ce  o rth o g o n a l a rray s
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irrespective o f  the group they belong to, Each cell o f  C. fetus m ay  express m ore than 
one S -laycr p ro te in , s im ultaneously  o r sequen tia lly  in tim e, (D u breu il et al,, 1990; 
F u jim o to  et al,, 1991; P e l et al,, 1988) but these p ro te in s  w o u ld  be o f  the type 
determ ined  by the LPS type o f that cell (Y ang et al,, 1992), T o  da te  it is no t know n if  
C  fetus cells have the ability  to express sim ultaneously  d ifferen t types o f  L PS , and /or 
S -layer proteins. In sp ite  o f this flexibility  am ong C. fetus S -layer proteins, all o f  them  
are ac id ic  p ro te ins (group A  being m ore acidic than g roup B pro te ins) w ith  a s im ilar 
am ino acid com position typical o f S-layer proteins (D ubreuil et al., 1988; M essner and 
s ie y tr , 1992; Pei etal., 1988).

T he g en e  sapA, encod ing  the S -layer pro te in  o f  C. fetus  s tra in  84-32 , w as 
c lo n ed  and sequenced  (B lase r and G o tsch lich , 1990). T he  f ir s t  20  am in o  ac id s  
encoded  in the open  reading fram e o f sapA m atch exactly  the p rev iously  reported  N - 
tcrm inus am ino acid sequence o f the m ature S-layer protein, ind icating the absence o f  a 
leader peptide sequence , T he  C -term inus possesses a hyd rophob ic  sequence  (am ino 
ac id s  672-689) tha t m ay function  as a tran sm em b ran e  sp an n in g  reg io n  and  has 
hom ology  w ith the leader sequence in a variety o f pilins. M oreover, ano ther in ternal 
hydrophob ic  reg ion  (am ino  acids 429-453) also show ed  som e h om ology  to signal 
sequences  for o th e r exported  pro te ins (B laser and G o tsch lich , 1990). A lthough  the 
recom binant protein w as not exported in E, coll, the recovered product (upon cell lysis) 
w as co m p eten t in reconstitu tion  experim ents (Y ang etal,, 1992), suggesting  tha t its 
fo lding in E. call m ust be largely sim ilar to that in C. fetus. In this respect, D ubreu il et 
al, (1988) show ed  that an S -layer protein from  a d ifferen t strain  possessed  28%  alpha- 
helix , 36%  beta-sheet, 5%  beta-turn  and 31%  aperiod ic  s truc tu re , and th a t the beta- 
sheet folding w as quite stable.

In regard  to functional aspects, it is en cou rag ing  to  f in d  o u t th a t spec ific  
v iru lence-re la ted  functions have been assigned to the C. fetus S -layer. A s m entioned  
before , its ro le as an an tiphagocytic  “m icrocapsu le” w as early  recogn ized  (M cC oy et 
al,, 1975). L a te r  a correlation  betw een serum  resistance and the p resence  o f  su rface  
layer p ro te ins and  type A  LPS w as found. B oth  the  S -laye r and  type  A  L PS  are 
necessary  for fu ll resistance to im m une serum ; som e S -layer positive  (S+) strains w ith 
type B  LPS a re  serum  sensitive , w hereas no s tra in s  w ith  ty p e  A L PS  are  serum  
s e n s itiv e  (B la se r  et al., 1987; P drez-P drez  et a l,  1986). T h e se  tw o  fu n c tio n s  
(phagocytosis and  serum  resistance) have a com m on m echanism , both  are the resu lt o f 
a  fa ilu re  in the co m plem en t fixation p rocess, as determ ined  by B la se r et al, (1988)
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usin g  tw o p a irs  o f  S+/S" strains. A lthough C 3 consum ption w as sim ilar betw een S + 
and S '  strains, actual binding o f C 3 to S+ cells was reduced  and m ost o f the bound C3 
appeared  in its  inactive form  iC3b, lead ing  to a highly reduced C 5-C 9  fixation on the 
su rface  o f  S +  strains. B y using po lym orphonuclear (PM N ) phagocy tes it w as also 
sh o w n  tha t S + s tra in s  w ere res is ta n t lo PM N  killing as a co n sequence  o f  reduced  
phagocy to sis , and this as a consequence o f deficien t opsonization , O psonization  with 
im m u n e  se ru m , b u t n o t w ith  n o n -im m une scrum , im m ed ia te ly  led  to e ff ic ie n t 
in te rn a liz a tio n  and k illing , suggesting  tha t in ternalization  o f  C, fetus in PM N  w as 
m ediated by F c  receptors rather than by com plem ent receptors (B laser et al., 1988),

A se rie s  o f  experim en ts have dem onstrated  that the S -layc r o f C  fetus is an 
im p o rtan t v iru lence  determ inant. S" variants obtained by repeated  subcu ltu re  in the 
laborato ry  regained  the S+ phenotype after a single passage in a m ouse, suggesting  that 
the presence o f  an S -layer is im portan t for grow th in vivo (Fujim oto  et al., 1989). In a 
m ouse  m odel developed  by Pei and B laser (1990), the v iru lence o f S+  and S ' strains 
w as com pared . T he L D 50 o f  the S+ strain w as 43-fold low er than tha t o f the S ' strain. 
B acterem ia a fte r an oral challenge w as not detected for the S" strain, and the high-grade 
bac te rem ia  d e tec ted  for the S+ strain  w as reduced  50-fo ld  by an in trapcriloncal (IP) 
in jection  o f pre-im m une serum  raised against the purified S -layer protein, Finally, m ice 
in jec ted  IP  w ith  a  sub lethal dose o f S" cells o r with high concen tra tions o f purified  S- 
lay er protein, show ed no m ortality. In  contrast, injection o f S ' cells m ixed with S-layer 
p ro te in  at the  sam e concen tra tions caused  30%  m ortality  (Pci and B laser, 1990), As 
d iscu ssed  in  the case  o f  A. hydrophila, i t  is very likely  tha t the  S -laye r p ro te in  
reconstitu ted  an S -layer on the surface o f S ' ce lls  conferring them a tra it necessary  for 
pathogenesis. A t the sam e tim e this last experim ent show ed that the S -layer protein by 
itse lf  is  non-toxic.

T he la s t fu n c tio n  o f  the C. fetus S -lay c r to be d iscu ssed  is its an tig en ic  
varia tion . T h is  charac teristic  m akes it stand ou t as a unique S -laye r am ong the ones 
s tud ied  to date . D ubreuil et al, (1990) reported  three variants o f  the sam e strain  with 
an tig en ica lly  d iffe ren t S -layers, and show ed that w ithin  each strain  n o t all the celts 
re ac ted  w ith the sam e an ti-S -layer antibody. Since killing  by PM N  phagocy tes w as 
sh o w n  to depend  upon opsonization  with im m une serum , S -laycr an tigen ic variation 
m ay  co n stitu te  an im p o rtan t function  to avo id  killing. In te resting ly , in sp ite  o f  this 
varia tion  in an tigen ic ity , th a t was show n to occur also  in vivo (S churig  etal,, 1978), 
im m u n iz a tio n  w ith S -layer en riched  ex trac ts  helped in e lim inating  in fec tions  from
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fem ale cattle  in fected  w ith hom ologous and hetero logous C. fetus s tra ins (Schurig  et 
al,, 1978).

Chlam ydia psittac i  and Chlam ydia trachom atis
M em bers o f  the genus Chlamydia are o b liga te  in trace llu la r  pa th o g en s and  

belong  to one o f  the th ree recognized  species, C. trachomatis, C. psittaci and C. 
pneumoniae (the la tter including the T W A R  strains). T hese p leom orph ic o rgan ism s, 
related  lo the g ram -negative bacteria, have a unique biphasic developm ental cycle  tha t 
alternates betw een a spore-like, infectious, m etabolically  inactive form  (the e lem entary  
body, EB), and a non-infectious, m etabolically  active , rep licative form  (the re ticu la te  
body, RB). In terestingly , these organ ism s apparen tly  lack  a  pep tidog lycan  layer and 
therefore it is no t clear how  the cell rigidity  is m aintained to cope w ith osm otic stresses, 
although a series o f cysteine-rich  outer m em brane proteins have been im plicated  in this 
function  (F ields and B arnes, 1992). C. trachomatis causes the m ost frequen t sexually  
transm itted disease in developed countries and it is also the causative agent o f  trachom a 
(the  single m ost im portan t cause o f  preventable blindness). C. psittaci is p rim arily  an  
an im al pathogen that m ay cause serious hum an resp iratory  in fections. C, pneumoniae 
cau ses  acute respiratory  disease in hum ans (Fields and B arnes, 1992).

E lectron m icroscopic observations o f  purified  ch lam ydia l ce lls  and  envelopes  
have show n very  sim ilar regu lar hexagonal arrays in C, psittaci (M atsu m o to , 1973; 
M atsum oto and M anire, 1970) and C. trachomatis (C hang etal., 1982) p resen t in both  
the  EB and the RB. F or the latter species, a 3-D  reconstruc tion  w as ach ieved  show ing 
th a t the  a rray  has a  la ttic e  c o n s ta n t o f  17.5 n m , and it is fo rm ed  by  a  s in g le  
m orpholog ical unit, in turn com posed o f s ix  subunits surrounding a  cen tra l depression  
10 nm in d iam eter and 8 nm deep (Chang e ta l,  1982). This array w as dem onstrated  to 
have tw o d is tin c t faces, a  rough inner su rface  and  a sm ooth  ou te r face; a ll ap p a ren t 
charac te ristics  o f  an S -layer. A lthough in som e recen t rev iew s (B avoil, 1990; F ie lds 
and  B arnes, 1992) th is pu ta tiv e  S -layer has been  associa ted  w ith  the m a jo r o u te r  
m em brane  pro te in  (M O M P ) its identity  has no t been  c larified , n o r its b io ch em istry  
defined . M O M P  w as first purified  and charac terized  by C aldw ell et al, (1981) w ho 
indicated tha t th is  is a very abundant ~40 kD a protein , w hich  accounted  for as m uch as 
61%  o f  the to tal envelope proteins, it has becom e the prim ary  focus o f  vacc ine-based  
research  since  it is capable o f stim ulating specific cell-m ediated  im m unity , an  essential 
response in pro tection  against in tracellu lar pathogens (Ishizaki et al., 1992). B ased  on
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the in fo rm ation  curren tly  available, it is no t possib le to establish any c lea r relationship  
betw een the M O M P (o ' any o 'her chlam ydial outer m em brane protein) w ith the S-layer, 
T herefore, th is S -layer s till i m ains biochem ically and functionally uncharacterized . It 
is p o ssib le  th a t due to  the nick o f a typ ical g ram -nega tive  pcp tu lo g ly ean  layer, 
ch lam yd iae  have  developed  S -layers s im ilar to those on a rchaebacle .ia , w hich  have 
been  im p lica ted  in cell wall rig id ity  and in tegrity  (B aum cister et al., 1989). I f  this 
w ould hold true, then the S-layer protein m ay interact strongly v ith  die outer m em brane 
o f ch lam ydiae  o r even traverse it (B aum cister et al,, 1989; M essner and S ley tr 1992), 
rep resen tin g  an S -layer w ith an  im portan t function  in the lifesty le  o f  these un ique 
obligate intracellular pathogens.

C lostr id ium  d iffic ile  and other clostridial pathogens
T he g enus Clostridium represents one o f the  largest genera o f the prokaryotes, 

com pris ing  m o re  than 100 species. It is form ed by spore-form ing, anaerob ic , gram - 
positive  rods, unable to  reduce su lfate  (H ippc et al,, 1992). Som e m em bers o f  this 
genus are considered  pathogenic due to their ability  to produce poten t toxins tha t either 
necro tize  tissues or in terfere  w ith nerve transm ission (Sm ith, 1992). C. dijficile could 
be co n sid e red  a  m em ber o f the norm al hum an m icroflora tha t occasionally  m ay cause 
p seu d o m em b ran o u s  co litis , ch ron ic  d ia rrhea  and necro tizing  en teroco litis . T he  so- 
ca lled  C D A D  (C. difficile-iiSsociHLicd d ia rrhea) is a s ig n ifican t p rob lem  in m any 
hosp ita ls  and ch ron ic  care  facilities (C labots et al,, 1992 and references therein), T he 
pa thogen ic  tra its  o f C. dijficile a re  m ostly related to the production o f  an en tero toxin  
(toxin A ) and a  cy totoxin  (toxin B).

In 1984, the p resence o f  an S -laye r w as dem onstra ted  on 10 stra ins o f  C . 
dijficile, A ll S -layers w ere structurally  related, consisting  o f a tetragonal array  w ith a 
la ttice  co n s ta n t o f  - 8.2 nm, b u t b iochem ically  they  w ere d iv ided  in tw o g ro u p s  
acco rd ing  to th e ir com position : group-1 , con ta in ing  32 and 45-47  kD a p ro te ins and 
g ro u p -2 , co n ta in in g  38  and 42  kD a pro te ins (K aw ata  et al., 1984). T akum i et al,
(1 9 8 7 ) ch a ra c te r iz e d  the  32 kD a pro te in  from  a  group-1 s tra in  (A T C C  H O I I). 
S u rprising ly , the protein was read ily  extracted w ith phosphate-buffered sa line  w ashes, 
leaving  the 45 kD a protein still associated with the cell surface, This constitu tes a  very 
in teresting  find ing  since , in a  com plete ly  independent study by D ailey and S ch loem er
(1988), a se rie s  o f  reco m b in an t E. coli c lones w ere delected  ex p ress in g  a 32  kD a 
p ro te in  o rig ina lly  p resen t in cu ltu re  supernatan ts  o f  C, difficile, S u rp ris ing ly , every
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clone that con tained  the 32 kD a protein also contained  a 43 kD a protein. H ow ever, a 
corresponding  protein band Tor the cloned 43 kD a protein w as no t detected  in  cell-free  
ly sates o r cu ltu re  supernatan ts  o f C, difficile. A lthough these two s tu d ies  have no t 
been linked experim en ta lly , it is very  tem pting  to specu la te  tha t the  c lo n ed  D N A  
fragm en t con ta ined  the two S -layer protein genes, and that th e ir genetic  re la tedness  
could  be a reflection o f a structural one, The contention that the S-layers o f  C. dijficile 
co m p rise  tw o d iffe re n t types o f  S -layc r p ro te in s  h as  g a in ed  fu r th e r  c red ib ility , 
C haracterization o f a group-2 S-layer (from strain G A I4131) confirm ed the presence o f 
two m ajor p ro te ins o f  38 and  42 kD a. T hese  w ere n o t re la ted  since  they  p roduced  
d ifferen t peptide m aps upon proteolysis, The proteins were ab le to reassem ble  in vitro 
and form  open cy linders possessing  an array  structu rally  s im ila r to th a t observed  in  
native S-laycrs. The in vitro reassem bled cy linders w ere purified  in a  density  g rad ien t 
and show n to exclusive ly  com prise the 38 and 42 kD a pro teins (M asuda  et al., 1989). 
H ighly  purified pro te ins from  a group-1 S -layer (from  strain G A I 0714) w ere used  to 
raise an tibodies to the individual proteins. B y using these antibodies it w as show n that 
the tw o proteins w ere antigenically  d istinct and that both  w ere evenly  exposed  on the 
cell surface (T akeoka et al,, 1991). Furtherm ore, now  i t  is know n that the tw o pro te ins 
(in a 1:1 ratio) are required for in vitro reassem bly o f  the S-layer; none o f  the p ro te ins 
by itse lf  was ab le  to form sem icrystallinc sheets. If  the 1:1 ra tio  w as changed  to a 2:1 
or a 1:2 ratio, the sem icrystalline sheets w ere not fo rm ed; purified  in vitro assem bled  
sheets were show n to be exclusively  com posed o f approxim ately  equal am oun ts o f  the 
32 and the 45 kD a proteins (T akum i et. al., 1991). A 3-D  reconstruction  w ould  help  to 
determ ine if the tw o types o f  subunits are part o f the sam e or d ifferen t la ttices and w hat 
is their spatial relationship.

T o d a te , S -lay e r p ro te in s  from  the  tw o g ro u p s  h av e  b een  p u rif ie d  and  
characterized , and  the follow ing is know n: EG TA  treatm ent d isrupts the reg u la r array 
and ex trac ts  the  tw o pro te ins from  iso la ted  cell w alls, suggesting  the in v o lv em en t o f  
Cn2+ in the S -layer integrity  (M asuda etal,, 1989). T he  two subun it types in each  S- 
layer group are  different, ow ing to differences in their peptide m aps, im m unoreactiv ity , 
N -term inal am ino  acid sequences, num ber o f  isoelectric  fo rm s, and su scep tib ility  to 
P B S  ex trac tio n , H ow ever, both p ro te ins have s im ila r am in o  acid  co m p o sitio n s , 
characteristic  o f  S -layer proteins (H agiya et al,, 1992; M asuda et al,, 1989; T ak eo k a  et 
al., 1991; T akum i et al., 1987 &  1991a). A  direct role for the S -layer in  adhesion  w as 
dem onstrated by Takum i et al, (1991a). Fab fragm ents o f an tibodies raised  against the
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32  o r the 45 kD a S -layer protein from  strain  G A I 0714 (group 1), caused  62 and 55%  
inh ib ition , respectively , in the adherence lo I-IeLa cells, T he com bined  use o f both Fab 
fragm en ts caused  an 83%  inhibition, indicating that both S -layer proteins play a part in 
m ed iating  adherence  to host cells. S -layer m ediated adherence m ay be im portan t in 
d e te rm in in g  p ers is ten ce  in the  in tc s t in i . but th is  fu nctional ro le aw aits  fu rth er 
experim ental dem onstration.

T w o other Clostridia w ill be briefly considered here, C. hotulinum and O  tetani. 
B o th  are w e ll know n  pa thogens, ow ing  lo the p roduction  o f p o te n t n eu ro tox in s  
responsib le  for the pathogenesis o f  botulism  and tetanus respectively (Sm ith, 1002; van 
H eyn ingen , 1992), and both are capable o f  grow ing in w ound tissue. T he S -layers  o f 
th ese  tw o Clostridium species cou ld  be associated w ith  tissue persistence , b u t m ost 
lik e ly , S -layers are involved  in survival o f  free ce lls  in the soil env ironm ent, T he S- 
la y e rs  have  been visualized  in thin .sections and b iochem ically  charac terized , but no 
functional characterization  has been attem pted (T akum i etal,, i 983, 1 9 9 lb  &  1991c). 
A pparen tly , the S-layer o f G  tetani is no t associated with neurotoxicity , since toxigenic 
and  non-toxigcnic strains possessed S-layer (Takum i et al., 1991c),

C om am o n as ac idovoran s  and other pathogens associated with 
suppurative  otitis

O nly  a  single case report o f an ea r  infection caused by G  acidovorans seem s to 
e x is t  in  the  litera tu re  (R cina et a l,  1991), A lthough this is  no t enough  ev idence to 
c la ss ify  th is  organ ism  am ong the  bacterial pathogens, o ther cases o f  secre to ry  otitis 
m e d ia , in  w hich  S -lay e r possessing  b ac teria  w ere  in v o lv ed , have  been reported  
(L o u n a tm aa , etal,, 1988). T hus, these S -layer possessing  bacteria  a re  very briefly  
conside red  here, as a  potentially  in teresting group o f  pathogens, G  acidovorans does 
n o t possess (as cou ld  be the case with chlam ydias) a bonajide S -layer. T he  regularly  
a rray e d  su rface  p ro te in  on th is  g ram -negative  bacterium  (fo rm erly  c la ss ified  as 
Pseudomonas acidovorans ) is  in tim ately  associated  w ith  the o u te r  m em brane  
(E ngelhard t e ta l,  1991 and references therein), Three-d im ensional reconstruc tions o f 
the  native surface array  and the array obtained after in vitro crystallization , revealed an 
un u su a l, s in g le  m o rpho log ica l unit, com posed  o f  d im eric  su bun its  an d  d istribu ted  
around  a p 4  la ttice  w ith tw o d iffe ren t 4-fo ld  ax is and a sp ac in g  o f  10.5 nm . No 
func tion  is know n fo r this regu lar su rface  protein , but the consequences  o f  its  light
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associa tion  w ith the ou ter m em brane (in re la tion  to the  structu re  and function  o f  the 
latter) are currently under investigation (Engelhardt etal., 1991).

S -layer possessing  iso la tes (as determ ined  in thin sections) be long ing  to two 
spec ies  o f  g ram -positive  bac te ria  w ere obta ined  from  a p a tien t w ith  secre to ry  otitis 
m e d ia  (L o u n a tm a a , et al., 1988). T h e se  b ac te ria  w ere  id e n tif ie d  as  e ith e r 
Peptostreptococcus magnus o r Euhacterium sp.. T he  S -laye r from  tw o iso la tes o f  
Euhacterium sp. (A H N  990 and ES4C) w ere fu rther characterized  s tru c tu ra lly  and 
show n  to be constitu ted , respective ly , by an hexagonal and  a  te tragonal a rray , fo r  
w h ich  3-D  reconstructions have been achieved  (H ovm dller et al., 1988b; S jorgen , et 
al., 1988). N o functional characterization o f these S-layers has been carried  out.

C oryn ebac ter iu m  d iph theriae
C orynebaclcria  are g ram -positive  eubaeteria  w ith a h igh  G C co n ten t to  w hich 

the genera  Mycobacterium, Nocardia and Rhodococcus are the c losest relatives (L iebl, 
1992). C. diphtheriae is co n s id e re d  a  hum an p athogen , the  cau sa tiv e  a g e n t Of 
d iph th eria , P a thogen ic ity  is m a in ly  due to the p ro d u c tio n  o f a p o te n t tox in , bu t 
in fec tio n s  w ith non tox igen ic  stra ins have been  reported  (von G raev en itz  and  K rech, 
1992); suggesting the existence o f v irulence determ inants involved in tissue persistence 
and  h o st dam age. A lth o u g h  n o t charac te rized  fu n c tio n a lly , the S -lay e rs  o f  th is 
o rgan ism  could  constitu te  one o f these determ inants. Tw o types  o f te tragonal arrays 
w ere  found on the cell envelope o f C. diphtheriae, w ith  lattice constan ts o f  5.3 and 3.5 
nm. Little is know n about the S-layer proteins o f C. diphtheriae except tha t they are not 
related to toxicity (K aw ata and M asuda, 1972).

M yco b a c ter iu m  bovis
Recently* L o una tm aa and B ran d er (1989) rep o rted , for the  f irs t tim e , the 

occurrence o f an S -layer w ith oblique lattice (5.5 nm  spacing betw een lines) in  several 
s tra in s  Of the  b ac illu s  o f  C a lm ette  and G uerin  (a ttenua ted  M. bovis), u sed  in the 
m anufac tu ring  o f liv e  vacc ines against tuberculosis. The s trik ing  fea tu res  o f  th is S- 
layer are, firs t, th a t it has n o t been lost a fte r so m any  years o f  in vitro subcu ltu re  o f  
these .laboratory strains (im plicating the existence o f som e selective pressure to keep  it), 
and second , that i t  passed unrecognized  in  spite o f  the  fact th a t tuberc le  b ac illi have 
been studied  for m ore than 100 years. In teresting ly , L ouna tm aa and B rander (1989) 
advanced  som e specu la tive  argum ents re la ting  the S -layer w ith  w ell know n , h ighly
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im m unogen ic  su rface  antigens o f  the m ycobacteria, im plying the p resence o f  S -layers 
in  o ther sp ec ies  o f  the  genus. I t  w ould  be qu ite  in teresting  to confirm  that these  
findings and  the latter hypothesis are actually true,

R ic k e tts ia  sp ec ie s
T h e  ricketts ia les include several genera  and their taxonom y is com plex . T hey  

h av e  a c e l l  en v e lo p e  ch arac te ris tic  o f the g rain -negative  eub ac te ria , and w ith the 
exception  o f  Rochalimaea quintana they arc obligate intracellular pathogens (D asch and 
W eiss, 1992). H ere  I deal m ainly  w ith species from two groups w ithin the rickettsiae, 
the  spo tted  fever g roup  (represen ted  by Rickettsiae rickettsii) and  the typhus g roup 
(represen ted  by Rickettsiae typhi and Rickettsiae prowazekii),

I t w as as a  re su lt o f the early  w ork  o f Palm er et al, (1974a &  1974b) tha t the 
ricke tts iae  w ere placed am ong those bacteria possessing S-layers. R, prowazeki and R, 
akari w ere  show n to possess ou ter layers com posed o f tc tragonally  arrayed  subunits 
w ith  a la ttice  co n stan t o f  about 13 nm and a  depth  o f 7 nm . O nce th o u g h t to be a 
c ap su le  (A n ack e r et al., 1967) th is S -layer sta ins w ell w ith  ru then ium  red and is 
d isso lved  (losing  all structure) by hypotonic shock, suggesting an acid ic nature and the 
invo lv em en t o f ion ic  in teractions in the in tegrity  o f  the layer (D asch, 1981), A ddition 
o f  d iva len t cations during  w ashing prevented loss o f the S -laycr. A pparen tly , the S- 
la y e r  o r “m icrocapsu le” (as it w as designated then), was n o t the ou te rm ost structu re  in 
R. prowazekii o r R. rickettsii, s ince  these w ere show n to possess  s lim e-like  layers  
e x te rn a l to  the S -lay e r (S ilverm an  and W issem an , 1978; S ilve rm an  et al., 1978). 
In teresting ly , it is now  know n that the slim e-like layer is not g lycosid ic in nature, and it 
m ay  rep resen t po lym erized  host actin (G. A. D asch, personal com m unication), T he  S- 
la y e r co u ld  be invo lved  in actin polym erization  but this rem ains to be experim en tally  
determ ined.

T h e  biochem ical characterization  (Ching etal., 1990) o f  these  S -layer proteins 
(o r SP A s, fo r su rface  pro te in  antigens) w as not s traightforw ard , ow ing to the unusual 
ch arac te ristic s  o f  these  proteins. A ll the rickettsiae studied  con tain  a — 120 kD a SPA  
detected  by  S D S -P A G E  after bo iling  in  SDS. A fter ion ex ch an g e  H PL C  o f  purified  
p repara tions o f SPA s from  differen t ricketlsiae, a com plex profile o f  several peaks was 
obta ined , b u t surprising ly , each fraction contained SPA in high purity , A pparently  this 
e ffec t is d u e  (at le as t in part) to form ation o f dim ers, trim ers and a d iversity  o f  h igher 
po lym ers; a ll o f them  d issocia ted  into m onom eric  SPA  by reducing  agen ts. T hese
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re su lts  su g g e s t tha t the po lym eric  SPA  form s w ere fo rm ed  by d isu lf id e -lin k ed  
subunits , an unusual property n o t reported for any other S -laye r pro te in , T he  purified  
SPA  is fo rm ed  by 10% a lpha-helix , 40-50%  b e ta -sh ee t, and 4 0 -5 0 %  ap e rio d ic  
structure. T he  am ino acid com position conform s w ith the general p rofile  reported  for 
S -lay e rs  (rich in acid ic  am ino acids, 40-50%  h y d rophob ic  am ino ac id s  and  a low  
content o f  m ethionine and cysteine). R. canada and all the spotted fever rickettsiae have 
a second , 130-200 kD a SPA  (know n as the large SPA, in  co n tras t to  the 120 k D a, o r 
sm all SPA ). A pparen tly , both SPA  are  part o f  a sing le S -layer, an o th e r unusual 
ch a rac te ris tic  (shared  by Clostridium dijficile, see above) since m o s t S -laye rs  are 
form ed by a sing le  type o f subun it (B aum eister e t  al, 1989; K oval, 1988; M essner and 
S ley tr, 1992). B oth  SPA s (sm all and large) seem to be genetically , b iochem ically  and 
im m u n o lo g ica lly  re la ted , suggesting  th a t they probab ly  a ro se  th rough  dup lica tio n , 
d e le tion  an d /o r recom bination  (C hing et al,, 1990). B o th  SPA  are hea t m od ifiab le  
p ro te ins. T he  low  tem peratu re  form , w hich ex ists  at tem peratu res lo w er than 56°C  
(< 40°C  for R, typhi and R, prowazekii), is 10-25 kD a ligh ter than the h igh tem perature 
form ,

T he D N A  sequence o f the gene spa? encoding  the sm all SPA  o f R. prowazekii, 
has been determ ined , I t contains an open reading fram e o f 4836  nucleo tides, encoding  
a 169 kD a protein and no leader sequence (Carl et a l,  1990). The C -term inus is highly 
h y d ro p h o b ic  (p o ten tia l tran sm em brane  region) and  co n ta in s  m any  ly sin e  res id u es 
(p o ten tia l s ite s  for c leavage). S ince the  C -term inus is ev id en tly  n o t p resen t in  the 
m atu re  protein , this is presum ably  cleaved after serv ing  as an  anchoring  site  fo r SPA  
translocation , a  sim ilar m echanism  to tha t proposed for the S -layer p ro te in  o f  C. fetus. 
N o sequence hom ology w as found with other S -layer proteins.

Im m uno iog ically , SPA s are the m ost in tensely  stud ied  S -layer p ro te ins so  far. 
SP A s co n stitu te  good an tigens fo r d iagnosis as w ell as good  p ro tective  im m unogens 
(D asch , 1981; A nacker et. al,, 1986). A ctually , the SPA  from  typhus g roup  ricketts iae  
constitu te the basis for im m unity to typhus, R ecom binant 155 kD a SPA  is pro tective to 
m ice (M cD onald  et al,, 1987) and guinea pigs (M cD onald  et a l,  1988a &  b) and has 
been proposed  as a vaccine. M onoclonal antibodies (M A bs) w hich re a c t w ith  the low  
tem peratu re , b u t no t h igh tem perature, form s o f  both the sm all and  la rge  S P A  have 
been found, T h ese  M A bs w ere protective. Ho w ever, an tibod ies ob ta ined  aga in st the 
h ea t denatu red  p ro te ins, w ere no t pro tective any m ore, suggesting  th a t a c ritica l heat-



m odifiab le  site on the su rface o f the SPA is necessary  for in feetiv ity  (A naekcr et al., 
1987b; Li etal., 1988).

B esides being highly  im m unogenic pro tective antigens, SPA s from the typhus 
r ic k e tts ia e  sp e c if ic a lly  s tim u la te  d iffe re n t c la sse s  o f  hum an  ly m p h o cy te s  that 
p resum ably  play im portan t ro les in the protective cellu la r response against typhus. R, 
typhi and R. prowazekii induce in vitro p roduction o f  an tigen -specific  an tibod ies by 
hum an  peripheral b lood  m ononuclear cells (PBM C). R esponse o f  PB M C  to rickettsial 
an tigens w as spec ific , requ ired  tie novo p ro te in  syn thesis , w as an tig en -d ep en d en t, 
requ ired  p re-sensitiza tion  (e.g. natural in fection  in vivo), w as T -eell dependent, and 
w as su b jec ted  to T -ce ll suppression , T -cc il supp resso r ce lls  w ere induced  by p re ­
exposure  to high concen tra tions o f SPAs. S uppressor cell generation  w as inhibited by 
cyclohex im ide and suppresso r cell function elim inated  by radiation (M isiti and D asch, 
1985). R. typhi and  R. prowazekii also induced  in vitro fo rm ation  o f  lym phok inc- 
activated cy to toxic lym phocytes that efficiently killed infected target cells; non-infected 
ce lls  w ere n o t k illed . Supernatan ts from  cy to tox ic  cells  w ere no t active, ind icating  a 
true cell-m ediated  process requiring  contact. Preparations o f  PBM C from unsensitized 
ind iv iduals  (not exposed  to rickettsiae) w ere n o t induced to form k iller cells (Carl and 
D asch , 1986). C D -4 +  clones o f hum an T  cells also respond to SPA from  R. typhi and  
p roduce  in terferon  (IFN ). T hese  cells seem  to be d ifferen t from  those  reported  by 
M isiti and D asch (1985), involved  in helping PBM C to produce antibodies, as inferred 
by the  concen tra tion  o f  SPA  used. W hereas high concen tra tions o f  SPA s induced T- 
cell suppresso rs th a t blocked antibody production, they still stim u lated  C D -4+  T -ce lls  
for IF N  production (C arl etal., 1989). Regions o f the SPA m olecule, critical for T-cell 
recognition  (T-cell ep itopes) have been determ ined by challenging several T -cell clones 
w ith  cy anogen  b rom ide  (C nB r) fragm ents from  the SPA, A lthough  m ost fragm ents 
e lic ited  a response (indicating  that T-cell epitopes arc  present along the entire length o f  
the SPA ), a  particu lar fragm ent elicited a stronger response in all cases (C hurilla  el at.,
1990). T hese  results are encouraging for the developm ent o f  a  recom binant vaccine,

R egard ing  the  functional ro le  o f SP A s, the fac t that an tibod ies raised  aga in st 
them  are protecti ve, is per se a strong support for the ir role in pathogenesis. Al though 
the m echanism  o f protection has not been elucidated, it is know n not to be the resu lt o f 
e ffic ien t opsonization, ow ing to the fact that antibodies against LPS efficiently  opsonize 
the rickettsia l cells b u t are not protective (A nacker et al., 1987a), T herefore, protective 
a n tib o d ie s  m u s t b lo c k  an o th e r critica l s tep  in p a th o g en es is  like  b ind ing  to , o r
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penetration  o f  non-in  footed host cells, T here  is a  correlation  betw een u llrastructural 
ch an g es  (loss o f  S -layer) and loss o f v irulence, as observed  in inactivated  ricke tts iae  
liv ing  in starving w intering ticks. R eactivated rickettsiae (reactivated by feeding  ticks 
or incub a tin g  them  a t 37°C ) regained  v iru lence and  an in tegral S -laye r (H ayes and 
B urgdorfer, 1982). M oreover, all pathogenic rickettsiae stud ied  so fa r  possess an S- 
layer, and the only non-pathogenic sir',in  studied so far, lacks  an S -layer (H ayes and 
B urgdorfer, 1982). F inally, two strains from  different geographical areas w hich  d iffer 
in v irulence fo r guinea pigs, w ere found to differ in a t least one ep itope o f  the 120 k D a 
S P A  (as detected  by M A bs), w hile all o ther phenotypic and sero log ica l characteristics  
w ere very sim ilar (A nacker et at., 1987a)..

T reponem a pa llidu m
M em bers o f the genus Treponema are helical, m otile sp irochetes (5 -20  x 0.1-

0.4 pirn) with a gram -negative cell wall envelope. T h e  recognized  pa thogen ic  species 
are T, pallidum (causative agen t ol syphilis), T. carateum (causative ag en t o f  p in ta), T. 
paraluiscuniculi (causa tive  a g en t o f  venerea l sp iro ch e to s is  in ra b b its )  and T. 
hyndysenteriae (causative  agen t o f  sw ine dysen tery) (M ille r et al., 1992b). From  
these , a strain  o f  T, pallidum has been reported to have an o u te r com ponen t o f  the cell 
en v e lo p e  con ta in ing  “po lygona l” subunits (Jackson and B lack , 1971). B es id es  th is 
la co n ic  ev id en ce  p rov ided  by the e lec tron  m icroscope, and  in  co n tra s t w ith  o th e r 
treponem al S -layers (M asuda and K aw ata, 1982, 1986 &  1987; M essn e r and  S leytr, 
1992), nothing m ore is know n abou t this S-layer.

As the read e r m ay conclude after th is exposition  o f  cases, there  is (w ith  few  
no tab le  excep tions) a  general lack o f  know ledge abou t the b iochem istry , im m unology  
and functions o f  S-layers in pathogenic bacteria. S tructurally , all com m on sym m etries 
(p2 , p 4 , and p 6 ) are  rep resen ted , a lthough te tragonal and ob lique  array s  seem  to 
p redom inate  am ong pathogens, F or those S-layer proteins w ith  reso lved  am ino  acid 
com position  and /or sequence, it has been confirm ed that all o f  them  are  acid ic  p ro tem s 
w ith  no seq u en ce  hom ology  betw een them , suggesting  th a t co n v e rg e n t ev o lu tio n  
rendered  sim ilar arrays form ed by protein subunits o f  d issim ilar genetic origin. Indeed, 
the s tu d y  o f  S -layers from  pathogenic bacteria m ay w ell be fru itfu l in  p rov id ing  an 
understand ing  o f  the biological significance o f  S-layers, as it has been dem onstrated  in 
the ca se  o f the fish pathogen Aeromonas salmonicida.
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A ero m o n a s  sa lm onicida
A, salmonicida is a w ell recogn ized  fish pathogen , the cau sa tiv e  agen t of 

fu ru n cu lo s is  and u lcera tive  d isea ses  in sa lm on ids, as w ell as e ry lh ro d e rm a titis , 
u lce ra tiv e  d iseases o r sep ticaem ia  in a variety  o f  non-salm onid fish (M cC arthy  and 
R o b erts , 1980; Q stland  et al,, 1987; T rust, 1986), U dey and Fryer (1978) w ere the 
firs t to report the S -layer o f A  salmonicida. They observed, in thin sections o f  virulent 
A, salmonicida, a d is tinc t layer ex ternal to  the ou te r m em brane and nam ed it the “A - 
lay er” (fo r additional layer), Its invariab le  presence in v iru len t iso lates, as well as the 
au to ag g lu tin a tio n  p roperties  o f  the  S -laye r possessing  iso la tes and the ir increased  
associa tion  w ith  host cells, pointed to the now am ply  dem onstrated  im portance o f  the 
A -lay e r as a v iru lence determ inant, As it  w ill be discussed in the fo llow ing chapters, 
the  A -lay er is  perhaps the best characterized  (b iochem ically , genetica lly , structurally , 
and  fu n c tio n a lly ) S -laye r from  a bac te ria l pathogen . T h e  A -layer has con tribu ted  
severa l landm arks to S -layer and bacterial pathogenesis research, T h e  gene for the A- 
lay er p ro te in  (the A -protcin) is the first and  only A  salmonicida gene lo be sequenced 
to da te  (C hu et al., 1991). The A -layer constitu tes the first surface layer dem onstrated 
to be  e ssen tia l for v iru lence, and to possess specific  v iru lence functions (rev iew ed in 
c h a p te r  IV ); the f irs t S -layc r cap ab le  o f  ex istin g  in a lte rn a te  re g u la r  struc tu ra l 
arrangem ents, and d istinct functional organizational stales (chapter III); the first S -layer 
fo r  w h ich  a com bined  ro le  o f  C a2+ and M g 2+, has been dem onstra ted  in its s tructu re 
(chap ter III); the first S -layer involved in specific binding lo lam inin, fibronectin (Doig 
et al., 1992) and co llagen (Trust etal., m anuscrip t subm itted); the firs t S -layer show ing 
an ability  to bind stoichiom etric am ounts o f  small host m olecules like hem in (K ay el al,, 
1985), and the first surface m olecular arrangem ent reported in Gram negative eubaeteria 
in v o lv e d  in non -im m u n e  b ind ing  o f im m u n o g lo b u lin s  (P h ipps and  K ay, 1988), 
D eta iled  characteristics  o f  the A -layer w ill be presented, as explained  in the follow ing 
sec tion , in chap ters  I and IV  w hich are the introductory  chapters to the two sub jec ts  in 
w h ich  I  w ou ld  like to p resen t m y experim en ta l w ork: i) the s tru c tu re  and ii) the 
function , o f  the A -layer.
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ORGANIZATIONAL PLAN FOR THIS DISSERTATION

The ex p erim en ta l part o f  the p resen t d isserta tion  has been o rg an ized  in to  
ch ap te rs , B es id es  th e  "G enera l In tro d u c tio n " , "G enera l D iscu ss io n " , an d  the 
"L ite ra tu re  C ited" sec tions, tw o m ajor areas con ta in ing  the ch ap te rs  dealing  w ith 
experim ental studies have been assigned:

1, S tructu re  o f  the A -layer, inc lud ing  an in troducto ry  ch ap te r for th is  area 
(chapter I) and two chapters dealing with structural studies (chapters n  an d  III),

2, F unctions o f  the A -layer, com prising  an in troducto ry  ch ap te r for th is  area 
(chap ter IV), and seven chapters dealing with functional studies (V, V I, V II, V III, IX , 
X , and  XI).

Each chap ter con ta in s its ow n In troduction , R esults and  D iscussion  sections, 
In regards to M ate ria ls  and M ethods, the two in troductory  chap ters  fo r the two m ajo r 
areas (i.e. ch ap te r I for s tructu re, and chap ter IV  for functions), con ta in , respectively , 
the M ateria ls and M ethods used in e ither the structural, or functional s tud ies  o f  the  A- 
layer. Thus, those m ateria ls o r experim ental m ethods used to  answ er o r  solve m ore 
than one question or problem , are not repeated in several chapters.
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CHAPTER I

S T R U C T U R E  OF  T H E  A - L A Y E R  
OF A e r o m o n a s  s a l m o n i c i d a

T he A -laycr is p rim arily  com posed o f subunits o f a - 5 0  000 A7r sing le  protein 

sp ec ies, the A -p ro te in  (K ay  et a l, 1981). T he A -p ro te in  appears to be conserved  
am o n g  A. salmonicida iso la tes  (typical o r a typ ica l) from  d iffe ren t geo g rap h ica l 
lo ca tio n s  (P h ipps et a l,  1983; K ay et a l,  1984; C hu et a l,  1991), It con ta ins a high 
p roportion  (45-47% ) o f  hydrophobic am ino acids (C hu et a l, 1991; K ay et a l,  1981; 
K ay  et a l, 1984; P hipps et a l, 1983) that apparently  concentrate  a t the ou ter surface o f 
the arrayed  layer, s ince  it im parts high hydrophobic ity  to A -layer positive  (A + ) cells 
(P arker and M unn , 1984; T rust et al, 1983; van A lstine et a l,  1986), T h e  A -protein  
has  a  ne t n e g a tiv e  c h a rg e  and, on iso la tion , has been  show n  lo e x is t in several 
isoe lec tric  fo rm s; it is  n o t phosphory lated  o r g lycosy la ted  and is h ighly  resis tan t to 
p ro te o ly tic  d eg rad a tio n  w hen assem bled  as an arrayed  A -layer (C hu et a l,  1991; 
P h ipps e ta l,  1983).

As d e fin e d  b io c h e m ic a lly  (C hu et a l,  1991) o r s tru c tu ra lly  (by  th ree- 
d im ensional reconstruc tion ) (D ooley e ta l,  1989), the A -protein  is bilobed, defined by 
a heavy  m ajo r dom ain  and  a ligh t m inor dom ain. T he bilobed A -protein  subunits are 
o rgan ized  in to  a  p4  la ttice  w ith an M4C 4 a rrangem ent (refer to Fig. I in the G eneral 
In tro d u c tio n ), co m p ris in g  two d is tinc t 4 -fo ld  sym m etry  axes (D oo ley  et a l, 1989), 
F our A -protein  heavy dom ains convene at the prim ary sym m etry  axis to form a funnel- 
shaped  core m ass un it w ith  a p rom inent cen tra l depression , and fou r lig h t A -protein  
d o m ain s  co n v en e  at the secondary  sym m etry  axis, to form  the linker m ass unit, to 
p ro v id e  c o n n e c tiv ity  w ith in  the  array  (F ig , 2). T h u s , each  A -p ro te in  su b u n it 
con tribu tes  to one  q u arte r o f  the respective co re  and linker m ass units (D ooley  e ta l,  
1989; Fig. 2). U pon negative  stain ing, each o f the m ass units defines a m orphological 
u n it w ith a d is tin c t and  w ell characterized  m orphology (S tew art et a l, 1986; S tew art 
and B ev erid g e , 1988), I t should  be em phasized  tha t the m orphological units are the 
re su lt o f a co n tra st enhanc ing  e ffec t p rovided  by the  negative sta in , and tha t each o f  
these m orphological units is the resu lt o f a defined pattern of stain disp lacem ent by each 
o f the  m ass units o f the A -layer,
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F IG U R E  2. Three-dimensional reconstruction o f the A-layer, The A-layer is shown with its 
external face pointing to the observer, CU = Core (major) mass unit, D  =  Central depression in 
the core mass unit, LA =  Linker arm o f the A-layer protein subunit, LD =  M ass unit formed by 
the linker (minor) domains, The depth o f the layer shown (defined by the distance between the 
bottom part o f  die core mass unit and the highest point on the linker mass unit) is about 5.5 nm, 
and the lattice spacing (defined by the distance between the centers o f  two linker or core m ass 
units) about 12.3 nm. Reconstruction adapted from D ooley  (1988),
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G enetically , the A -pro tein  gene, vapA, for virulence -array p ro te in , revealed  a 
sing le open read ing  fram e o f 1506 base pairs upon sequencing (Chu et al., 1991). T his 
o p en  read in g  fram e encodes a  p red icted  481 -am in o  acid  p ro te in  o f  50 ,778  A7j- 
co n ta in in g  a typ ical 2 l-am ino  acid  leader sequence for p ro te in  export. B elland  and 
T ru s t (1987) p rev iously  reported tha t loss o f  A -protcin expression  in m utants selected 
for g row th  a t high tem peratu re  (Ish iguro  et al., 1981; Ish iguro , 1988) w as due to a 
g en e tic  rea rran g em en t w ith in  the A -p ro le in  gene tha t resu lted  in deletion  o f the N- 
te rm inal sequence. Sequencing  o f vapA (Chu et al., 1991), revealed the ex istence o f a 
21-b a se  pair d irec t repea t w ithin the gene. T his repea t sequence is separated  by 795 
bases and is m o s t likely involved in the genetic  rearrangem ent conveying  a  loss o f  A- 
p ro te in  exp ression , through loop ing  and deletion o f a  816-base pair fragm ent w hich 
inc ludes  one o f  the d irect repeats. The genetically  determ ined am ino acid com position 
w as in  agreem ent w ith that determ ined biochem ically (Evenbcrg and Lugtenberg, 1982; 
K ay et al,, 1981 &  1984), and follow ed the general com position o f all S -layer proteins,
i.e. h ig h  co n ten t o f ac id ic  and hydrophobic  am ino acids and  a very low co n ten t o f  
su lfu r con tain ing  am ino acids. From  circu lar dichroism  spectra the A -protein exhibited 
14%  a lp h a -h e lix , and 19-28%  beta-sheet. T his p roportion  changed s ligh tly  in  the 
p resen ce  o f  sod ium  dodecyl su lfate  (SD S); the alpha-structure increased to 29%  a t the 
ex p en se  o f beta-structu re  (Phipps e ta l,  1983). S econdary  structure p red ic tions from 
the p rim ary  am ino  acid sequence indicated 26.2%  beta-structure (distributed in the first 
424  am ino  acids), 24 .5%  alpha-structure (m ainly  confined to the last three quarters o f  
the sequence), and 6.7%  beta-turns (only p resen t at both ends o f  the sequence) (Chu et 
al., 1991). C u rio u s ly , the p red ic ted  a lp h a-stru c tu re  (24 .5% ) w as s im ila r  to tha t 
m easu red  in  the p resence o f SD S (29% ). O ther genetic  s tud ies  (B elland  and T rust,
1985) have show n  th a t sing le transposon insertions m ay produce defec ts  in the  A - 
p ro te in  expo rt p rocess, leading to accum ulation o f A -prolein  in the perip lasm ic space. 
N ow  i t  is th o u g h t tha t m ost like ly  the A -protein  has a unique export pathw ay, s ince 
these  transposon  insertion m utants which are unable to translocate A -protein across the 
o u te r m em brane  still export o the r proteins (T.J. T rust, personal com m unica tion). T he 
valid ity  o f th is hypothesis is currently  being investigated (N oonan and Trust, 1993).

T he A -lay e r en tire ly  covers the A, mhnonicida su rface  (P h ipps et at., 1983) 
m ask ing  underly ing  surface m olecules. This could be one o f  the factors that contribute 
to the  high hydrophob ic ity  observed in A -layer positi ve (A 4*) cells o f  A, salmontcida, 
o w in g  to th e  co v e rin g  o f  m o st o f the h y d roph ilic  O -p o ly sacch a rid e  ch a in s  from
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lipopo lysaccharide (LPS) (C hart et a l, 1984). T he layer requires a specific  in teraction  
w ith  these A, salmonicida O -po iysaccharide  chain s  to rem ain  ancho red  to the cell 
su rface  (B elland and T rust, 1985; Phipps and K ay, unpublished  da ta). In te resting ly , 
these O -chains, as those from the 0 :1 1  A. hydrophila LPS serotype associated  w ith the 
presence o f S-layer, are o f an unusually hom ogeneous length (C hart et al, , 1984). 0 -  
chain  deficien t m utants produce assem bled A -layer sheets (D ooley et a l,  1989) o r free 
te tram crie  units (G riffiths and L ynch, 1990) that are released  into the cu ltu re  m edium . 
T he  re la tionsh ip  betw een A -layer and LPS O -chains appears to in v o lv e  m ore than  a 
m ere  structural interaction. Belland and T rust (1985) found that a m utan t w ith a  single 
T n 5  insertion lost the ab ility  to p roduce both A -protein  and LPS O -chains, suggesting  
th a t the sy n th es is  o f  these  tw o m ain  su rface  d e te rm in an ts  m ay  be c o o rd in a te ly  
regulated, A lso  it has been observed that, upon subculturing, A -layer negative  m utants 
e a s ily  lose the ir ab ility  to p roduce  O -p o ly sacch a rid e  chain s , su g g es tin g  th a t the 
syn thesis  o f  high m olecu lar w eigh t LPS is  a se lective  d isadvan tage in  the absence o f  
surface-anchored  A -layer (Evcnberg eta l,  1985).

T he fo llow ing  tw o chapters w ill p resen t the experim ental w o rk  tha t led  to the 
dem onstra tion  that the A -layer w as structurally  flex ib le  and plastic. A lthough  the A- 
layer usually  ex ists in a  sing le type o f la ttice  structu re  capab le  o f adop ting  d ifferen t 
conform ations (chapter II), under certain environm ental conditions it m ay  form  alternate 
la ttice patterns w ith functional relevance (chapter III). A lso , it w ill be show n tha t the 
integrity  and plasticity o f  the A -layer structure is partially m aintained by  C a2+ and M g2+ 
bridges, and that it is possible to isolate naturally  occurring m utants w ith  defec ts  in the 
A -layer assem bly process (chapter III).

M A T E R IA L S  A N D  M E T H O D S  U S E D  IN  S T R U C T U R A L  S T U D IE S

Bacterial strains
A, salmonicida A 4 5 0  is a  w ild type, v iru len t, A -layer positive  (A +), LPS 0 -  

po ly sacch arid c  positive ( 0 +) strain . T his strain  w as iso lated  in  F ran ce  by C . M ichel 
from  brow n trout w ith the orig inal denom ination  T G 72/78. A, salmonicida A 450-1  is 
a sp o n tan eo u s 0 \  A -layer secreting  m utant, iso la ted  from  A 450  by seria l subcu ltu re, 
T h is  strain produces assem bled A -layers that are released into the cu ltu re  supernatant as 
squared  or rectangular double layered sheets (D ooley et a l, 1989) o f  various sizes (no t



longer than 500  nm ); phenotypically  an A “ strain , salmonicida A451-70 is a lso  a 
sp o n ta n e o u s  O ',  A -lay er sec re tin g  m u tan t, iso la ted  from  the  ex o p ro tea se - and 
hem o ly sin -d efic ien t stra in  A 451-25. A, salmonicida A450-10S is a slow -g row ing , 
am inoglycoside-resistan t, attenuated m utan t isolated hy J.C , Thornton  (Thornton et ah,
1991). A. salmonicida A450-10SR is an attenuated, rapidly grow ing pseudorevertan t 
from  A 450-10S  (Thornton et al., 1991),

G row th conditions
B acteria  w ere routinely grow n overnight in trypticase soy broth (TSB ) (B B L), a 

ca lc ium  replete m edium  con tain ing  173 pM  C a2+, or for 3 days on p lates o f trypticase 
soy agar (T SA ) (BBL). A45Q-10S w as routinely  grown on T SA  plates w ith 500 (.ig o f 
strcp tom ycin /m l until the appearance o f  visible colonies. Luria-Bertani (LB ) broth with 
E D T A  or E G T A  at a final concen tra tion  of 5, JO, 50 o r 100 m M , w as also used, A 
m in im a l m ed ium  (M M ) con ta in in g  0 .5  pM  C a2+, o r fish pep tone m edium  (P P M ) 
con ta in in g  7 .5  p M  C a2+ w ere used to grow  bacteria u nder calcium  lim itation , T he 
ca lc iu m  le v e ls  o f  the d iffe re n t m ed ia  w ere  de te rm in ed  by a to m ic  ab so rp tio n  
spectroscopy. M M  consisted  o f 0,4% glucose, and the L-am ino acids g lyc ine , alanine, 
v a lin e , th reon ine , cyste ine, m eth ionine and h istid ine (each a t a final concen tra tion  o f 
0.1 m g/m l) in basa l sa lts  so lu tion  (in g/1; N a d ,  6.0; K2H P ()4, 7 .15; K H 2P 0 4, 3,0; 
(N H 4)2S 0 4, 0 .78 ; M g S 0 4‘7 H 20 ,  0 .1; Z n S 0 4*7H2(), 0 ,008; F o S 0 4-2H 20 ,  0 .005). 
F P M  consisted  o f 0 .4%  glucose and 0.2%  peptone P 0100 (desalted fish peptone from 
M arin e  B iochem icals  a.s., N orw ay) in m odified m inim al D avis salts  (in g/1; K2I*IP04, 
5 .2 3 ; K H 2P 0 4 , 2 .2 ; N a2H P 0 4, 4 .26 ; N aH 2P ( ) 4 , 1.98; (N H 4 )2,S<)4 , 1,0; 
M g S 0 4*7H20 ,  0 .1). B acteria  w ere g row n in M M  for 5 to 7 days and in FPM  for 24  to 
48 h. A ll in cu b a tio n s  w ere done a t 20°C , and  bacteria  w ere harvested  as actively  
grow ing  cells.

Electron  m icroscopy (EM)
Negative staining

A ll e lec tro n  m icroscopy specim ens w ere  m ounted  on fo rm var coated  co p p er 
g rids and  nega tive ly  sta ined  by floating  grids on drops o f  an unbuffered  sa tu ra ted  
so lu tion  o f am m onium  m olybdate in deionized w ater (S leytr eta'l, 1988a; S tew art et al,
1986). C ells in  su spension  w ere m ounted by placing 5 p,l o f the bacteria l suspension  
on a  grid , a llow ing  1 to 5 min. for cells to settle and adhere to the film , T he rem ain ing
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suspension  w as then rem oved from the grid w ith a  piece o f filter paper, S pecim ens 
w ere also m ounted  by  directly  touching , with the coated  side o f  a  co p p er g rid , the 
surface o f an A 450 isolated colony, A fter staining grids were air dried and observed  in 
an EM  300 Phillips T ransm ission Electron M icroscope, using an accelerating voltage of 
80 kV ,
Inimrinogold labeling of thin sections for transmission EM

B acteria l ce lls  w ere p rocessed  fo llow ing  the g en era l reco m m en d a tio n s  o f 
B eesley  (1989). B riefly , cells were fixed at room  tem perature for 2 h„  in filtered  4% 
fresh ly  d ep o ly m erized  p a ra fo rm aldehyde  and 0 . 1% g lu ta ra ld e h y d e  in  ph o sp h a te  
buffered  sa line  (PB S) (N aCl 8 g, KC1 0 .2  g, K H 2P 0 4 0 .2  g, N a2H P 0 4 1,15 g , pH 
7.4 ), F ixed ce lls  w ere  pelle ted  and en robed  in 0 .3%  ag aro se  in P B S  p rio r  to 
dehydration  in a g raded  series o f  e thano l, and final em bedd ing  in  L R  W hite  resin  
(L ondon R esin , Surrey , England). Em bedding  w as conducted  in  s tra ig h t L R  W hite  
overn igh t at room  tem peratu re , fo llow ed by tw o 2 h. changes o f  fresh  resin . B locks 
w ere hardened at 60°C  for 20-24  h., under a n itrogen  atm osphere. T h in  sec tions  (50- 
60 nm ) w ere c u t in a  R eich ter u ltram icro tom e and m oun ted  on n ickel g rids. Post- 
em bedding  labeling w as carried  out using a m odification  o f the p rocedure  o f  D eM ey 
(1983), M ounted sections w ere blocked with 1% pow dered skim  m ilk  in  IG  buffer (20 
mM  TRTS, 150 m M  N aC l, pH  8.2 con ta in in g  b ov ine  serum  a lb u m in  to a fina l 
concentration  o f 0 .1% ), w ashed in  IG  buffer and floated on drops o f  po lyc lonal rabb it 
an ti-A -protein  serum  diluted 1:500 in IG  buffer. A fter an overn igh t incubation  a t 4°C , 
sections w ere w ashed 3 X  in IG  buffer, and floated, for one hour a t room  tem peratu re, 
on a 10 nm protein  A -go ld  con jugate  probe (Janssen  B io tech , N V , O len , B elg ium ) 
d ilu ted  1:50 in  IG buffer, T hree final w ashes in IG  buffer preceded a fina l fixa tion  of 
the labeled  sections on  drops o f  4%  glu taraldehyde in  IG  buffer, befo re  sta in ing  with 
2% aqueous uranyl ace ta te  pH  4,5, and 0.2%  neu tra lized  lead  c itra te . T he  an ti-A - 
p ro te in  serum  w as p rov ided  by J, W inchester, D ep artm en t o f  B io c h em is try  and 
M icrobio logy , U niversity  of V ictoria, Canada.

Com puter sim ulation
A m ode l o f th e  A -layer p4 sym m etry  array  w as d raw n  in a  M ac in to sh  II 

com puter using the program  M acdraft™ . This m odel w as draw n using the subun it sizes 
and the  m ass d istribu tion  o f the A -layer te tram eric m orpho log ical u n it, acco rd ing  to 
D ooley  et al (1989), Each te tram eric un it w as jo in ed  to neighbou r un its in a  type II



array , w ith  a theoretical la ttice constan t o f  approxim ately  14 nm , and d isp lay ing  the 
hand norm ally  seen in actual m icrographs. This array  w as copied to produce a second 
id en tica l array w hich w as then superim posed  to the first one in the lou r possib le  in ­
reg iste r form s.

N egative staining w as sim ulated by draw ing the spaces betw een tetram eric units 
(po res) and filling  them  in black. T he staining o f  the tetram eric units them selves w as 
based  on the p rocessed  im ages o f negatively stained A -layers reported by S tew art et al 
(1986) and S tew art and B everidge (1988), Due to the A -layer topography, the putative 
in n e r  su rface  o f the lin k e r dom ains appears as four w h ite  lobes w hen facing  the 
o bserver, and the core un it is alw ays stained in the center due to the depression created 
by  the associa tion  o f the four m ore m assive A -protein dom ains in to  a  funnel shaped 
co re  (D oo ley  et al, 1989). F inally , it is know n tha t the pu ta tive in n e r face is m ore 
scu lp tu red  than the ou ter one (D ooley etui, 1989) and therefore, s ta in ing  o f  units that 
p re sen t th is face to the observer is predom inant, I carefu lly  considered  these structural 
fe a tu re s  in m y sim ulation . A rrays o f "negatively stained" units and spaces, as well as 
th e ir  co rresp o n d in g  supcrim positions w ere generated  by the co m pu ter as described  
above.

DOC extraction method for A-protein
A -layers are co-iso la .ed  w ith outer m em branes (O M ) w hen these are prepared 

by ex trac tio n  w ith  sodium  lau ry l sarcosinate  (K ay et aL, 1981; P h ipps et al„ 1983; 
T ru s t et al., 1980). O M  prepared in this w ay w ere subjected to serial extraction:, with 
so d iu m  deoxycho la te  (D O C ) as follow s; 4 .5 ml o f  an OM  prepara tion , 4 ,0  ml o f  10 
m g/m l lysozym e, and 31.5 ml o f  20  mM TR IS pH 8.0 w ith 5 mM  ED TA , w ere  m ixed 
and  agitated  for 30 min. a t room  tem perature (21 to 25°C). F orty  ml o f  4% D O C  in 0.5 
M  N aC l with 5 m M  ED TA  were added and the preparation w as incubated for 30 min, at 
30°C . T he ex tracted  preparation  w as separated by centrifugation  a' ! ■ • J ()  X g for 10 
m in . a t  room  tem peratu re , and w ashed w ith 20 m M  phosphate buffer, pH  7 ,3 , T he  
D O C  ex traction  steps w ere serially  repeated up to 4  tim es (p rocedure carried  ou t by J. 
W in ch es te r, D epartm en t o f  B iochem istry  and M icrob io logy , U niversity  o f  V ictoria, 
C anada).
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T reatm ent of whole cells or purified A-layers with E D T A  or 
E G T A

A 450 ceils grow n in TSB  were separated by centrifugation  and resuspended  in 
100 m M  H E P E S , pH  7,0, w ith 25 o r 500 raM  E D TA  o r E G T A  (D /G  huffer). C ells 
w ere incubated  aL room  tem perature for up to 5 h. A lternatively , b locks o f T S A , each 
co n ta in in g  a  sing le iso la ted  co lo n y  o f  A 450, w ere im m ersed  in D /G  buffer, and 
incubated  a t  room tem perature fo r up to 5 h. A lso, w hole ce lls  or pu rified  A -layers 
w ere m ounted  on co p p er grids and observed. C lean , iso lated  reference  sloughs o f  A- 
la y e r w ere lo ca liz ed  and m icrog raphs taken. G rids w ere then  rem o v ed  fro m  the 
m icroscope and floated on drops o f D /G  buffer, deionized w ater, o r 100 m M  H E P E S , 
pH  7, fo r up to 4 h. A fter trea tm en t, re fe ren ce  s loughs w ere re - lo c a liz e d  and 
photographed.

T reatm ent of altered A-layers with divalent cations
A 450  w as g row n  in F P M  w ith  5 m M  E G T A . C e lls  w ere  se p a ra ted  by 

cen trifugation  and rcsuspcnded  to the orig inal vo lum e in 50 m M  im idazo le  bu ffered  
saline, pH 7 .0 , contain ing  C a2+, or S r2+ or M g2+, to a final concen tra tion  o f 25 m M , or 
C a ?+ and M g 2+, or S r2+ and M g2*, each  a t a  final concen tra tion  o f 1.2,5 m M . P lain  
im idazole buffered  sa line  w as used to resuspend  con tro l cells, C ell su spensions w ere 
incubated at room  tem perature for a m inim um  o f 3 hours.

Im age processing
E lectron  m icrograph im ages w ere analyzed by densitom etry  w ith  an E ikon ix  

M odel 1.412 cam era system  fEnconix C orporation), as arrays o f  1024 X  1024 o r  1536 
X 1536 p ixe ls, a t a p ixel size o f  1.5.1 (im , corresponding  to 0 .4 4  nm a t  the specim en  
level. Im age p rocessing  w as p erfo rm ed  using the S E M P E R  system  (S axton  et al., 
1979). Im ag e  subfram es w ere ex trac ted , appropria te ly  m asked  to iso la te  a re a s  o f 
p ro jec ted  A -layer, and sub jected  to co rre la tion  averag ing  (S axton  an d  B aum eiste r, 
1982) (P ro ced u re  ca rried  o u t by B ,M . P h ipps, at the M ax  P la n k  In s titu te  for 
B iochem istry , M artinsreid, G erm any).
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A S I N G L E  S T R U C T U R A L  T Y P E  I N  
N O R M A L  A - L A Y E R S

IN T R O D U C T IO N

Aeromonas salmonicida appears to be a, prolific exporter o f  a varie ty  o f large 
cellu ly tic  p ro te ins w hich are also required for effective pathogenesis (E llis et al, 1981; 
F y fe  etal, 1987, P rice etal, 1989). S-layers o f m esophilic eubacteria w ould perm it, on 
av erag e , free  passage  for m olecules o f approx im ate  m olecu la r w eigh ts  o f  1(),()()()- 
15,000 (S leytr etal, 1989). Therm ophilic eubacteria and arcnaebaclcria seem  to have S- 
layers  w ith la rger pores, bu t even som e o f  the m ost porous am ong these arrays should 
have  a  m olecu la r w eight cu t-o ff o f  less than 37,000 (B aum eister et. al, 1989). It is no t 
ap p aren t then , how  such  an effic ien t pro te in  ex p o rt appara tus cou ld  function  in A. 
salmonicida, in view  o f the presence o f the contiguous A -layer (Kay et al, 1981; Phipps 
et al., 1983). O ne suggestion  has been that this layer is capable o f adop ting  an alternate 
co n fo rm ation  w ith  enhanced  porosity (S tew art et al, 1986). E vidence for Mils unusual 
behav io r w as the discovery o f  two m orphologically d istinct patterns, called type 1; (wi th 
an associated  closed conform ation) and type II (with an associated open conform ation), 
revea led  by im age enhancem ent techniques in two dim ensional (2-D ) m ass distribution 
p ro jections o f  negatively  stained A -layer preparations (S tew art et al, 1986; S tew art and 
B everidge , 1988). Subsequently , a three dim ensional (3-D ) reconstruction  o f  the type 
I I  pattern  w as accom plished  by D ooley etal (1989). T he released A -layer sheets that 
w ere  used  in such  reconstruc tion  consisted  o f tw o iden tica l A -layers , in opposite  
o rien ta tio n , superim posed  in perfect reg ister, and w ith a type 1-like 2-D  pro jection  
(D oo ley  et al, 1989), This suggested the possibility  that type I patterns m ay be form ed 
fro m  su perim posed  A -layers . T here fo re , this possib ility  w as exam ined  and it w as 
concluded  tha t the  type I pattern occurs routinely  as an artifact o f  superim position  and 
stain ing .
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MATERIALS AND METHODS

R efer to chap ter I.

RESULTS AND DISCUSSION

In w ell-con tras ted  m icrographs o f  negatively  s ta ined  p rep ara tio n s  the  two 
m orpho log ica l A -layer patterns, type I  and type II, are easily  d istingu ished  (F ig . 3). 
T he non-handcd type I m orphology is m ore prom inent, and i t  is no t d ifficu lt to see  that 
i t  is  com posed  o f tw o alternating , d is tinc t m orphological units. T y p e  II  m orpho logy  
resem b les  a w eaved basket w ork  and is handed. W hen th e  tw o p a tte rn s  are  found  
together on a darkly  stained area , there is a transition pattern  betw een  them  (F ig. 3a). 
A s noted by S tew art et al (1986), there is a con tinu ity  o f  the la ttic e  lines, o f  both 
n e ighbou r patterns, a ll across the transition zone. This transition  zone  is n o t u sually  
p resen t in betw een lightly stained type II patterns and perfect, dark type  I  patterns (Fig, 
3b ).

Invariab ly , the ligh test zones o f A -layer sloughs alw ays show ed  a  typ ica l type 
II pattern , w hereas darker zones displayed type I  patterns (Fig. 3b and c). H ow ever, it 
w as possib le to occasionally  observe type II patterns in d ark  zones, as in F ig . 3a. In 
o th e r w ords, type I patterns w ere  exclusive o f dark ly  s ta ined  areas w hereas type II  
patterns w ere found on  lightly o r darkly stained areas. H ow ever, type I I  patterns (either 
on ligh t o r dark  areas) w ere alw ays observed to be o f the sam e hand , an  observation  
p rev iously  repo rted  (S tew art et al, 1986), suggesting  tha t the A -lay er p re fe ren tia lly  
attaches to the fo rm var film by only one o f  its faces o r sides.

D uring  p repara tion  o f  negative ly  stained  specim ens, large po rtions o f  film - 
bound A -layer arc presum ably torn from  w hole A. salmonicida cells by  physical stress, 
leav ing  a slough o f  A -layer presented to the observer by its inner face, as show n in  Fig. 
4 a  (sequence 1-2), T he  type II 3-D  reconstruc ted  m odel repo rted  by D oo ley  et al,
(1989), w as used to discern  the layer side involved in b inding (i.e. the outer side o f  the 
layer). A  s im p le  com parison  o f  the hand o f  its 2 -D  pro jections w ith  that o f  actual 
m icrographs w as su ffic ien t to determ ine that the A -layer in teracts w ith  the supporting  
film  by the linker m ass units, confirm ing that the s ide  defined by the m ore m assive core 
m ass units is the inner side o f  the layer, the one in contact w ith  the ce ll surface.
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F IG U R E  3. Electron micrographs showing the two morphologies in which negatively stained A- 
layer sloughs may appear. Notice die presence o f  a transition zone when neighbour type I and type 
II patterns are bodi darkly stained (a), as w ell as its absence when die type U pattern is lightly 
stained (b). (c) Normally, type I patterns appear darkly stained on a lighdy stained background o f  
type II patterns. I = Type I pattern, II = Type II pattern, T  =  Transition zone between patterns, 
Bars represent 0.1 |im .
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D uring  sloughing , o r during sac form ation (Fig. 4a, sequence  1-2*, and  Fig, 
4b ) A -lay ers  have abundan t opp o rtu n ity  to bind to each  o ther, fo ld  over o r  upon 
them selves, and to p resen t a superim posed  structure to the observer. W hen  th is occurs 
the superim posed  layers invariably  appear darker than single layers (F ig. 4c). T ype I 
p a tte rn s  a lw ays show ed  up on darkly  stained  areas, the refo re  the ir ap p ea ran ce  w as 
n a tu ra lly  su sp ec ted  to be assoc ia ted  w ith supcrim p o sitio n  o f la y e rs , H o w ev er, 
superim position  w ould also have to accoun t for the appearance o f type II patterns in 
d ark  zones and the ir conserved  handedness, even though type II patterns w ere  only 
occasionally  observed in these zones.

It is  a t f irs t re a so n ab le  to co n ce iv e  o f  the  e x is te n c e  o f  tw o A -la y e r  
co n fo rm a tions w hich could be read ily  arrived  at, by  a 20° ro ta tio n a l ch an g e  in  the 
arrangem en t o f  the tetram eric m orphological units (S tew art et al, 1986, and illustrated  
in Fig. 5a); how ever on closer inspection, it can be seen that it is  im possib le  to  obtain  a 
lion-handed type I pattern this w ay (left side o f Fig. 5b), w ithou t reso rting  to rem oval 
o f the linker arm s betw een the core and linker dom ains (rig h t side o f  Fig. 5b), The 
accum ula tion  o f  stain  betw een two superim posed  layers w ould  easily  accoun t fo r the 
se lective  d isappearance  o f linker arm s. T o  test this hypo thesis  I  artific ia lly  p roduced  
d ifferen t superim positions o f tw o interacting type I I  patterns. A ssum ing  that one o f the 
in te rac ting  layers is fixed to the supporting  film by the lin k e r dom ains, tw o type II  
layers could form the four d ifferent in -phase in teractions dep icted  in Fig. 6. In teraction  
(a) p roduced  en hanced  type II patterns, as those observed  on dark ly  s ta ined  areas; 
interaction (b), a type 1-like pattern with a single m orphological unit, very  sim ilar to the 
one observed in Fig, 3a; and interaction (c) produced perfect type I patterns, as those in 
Fig. 3b and c. In Fig. 6d, the  parallel running  linker arm s cou ld  accu m u la te  som e 
s la in , revealing  a type I-like im age ju s t  as that produced in the r ig h t hand  side  o f  Fig, 
5b, 11 has no t been possible to determ ine if  all in teractions norm ally  occur in  A -layer 
p repara tions. H ow ever, Fig. 3a provides evidence for the ex istence o f  in terac tions (a) 
and (b), and D ooley et al (1989) observed a superim position identical to in teraction (c) 
w hich  w as negatively stained as a perfect type I pattern.

Superim positions not only accoun t for the occurrence o f both patterns in darkly 
s ta in ed  zones, as w ell as lo r  the  hand preservation  in those  su p erim p o sitio n s  tha t 
p roduce  type 11 patterns, b u t also p red ic t the prevalence o f  type I  pa tte rn s  in  them .



F IG U R E  4 . Explanatory model o f  how  cells may shed their A-laycrs. A-layer sloughs (sequence 1-2 
in “a”), lateral sacs (sequence 1-2* in “a"), Or terminal sacs (b) arc usually formed. The top 
electron micrographs show the actual appearance o f  the negatively stained structures w hose  
formation is represented in the drawings. Large white arrows indicate the direction o f physical 
stress applied to the cell. Small black arrows indicate die proposed movement o f  the cell as a 
result o f  the physical stress applied, (c) Electron micrograph o f  a  negatively stained, broken and 
folded sac, sloughed from an A. s a l m o n i c i d a  cell. Notice how the superimposition o f  layers 
increases the darkness o f  the image, Bar represents 1.0 ftm for all micrographs.
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F K iU R l1) 5. Handedness o f  tile A-laycr lattice arrangement, (a), Schematic m odels o f  A-protein 
tetrameric units, from type II and type I patterns, showing die 20 0 rotabonal change required to go 
from one pattern to the other. Fig, l ll .3 b  is a drawing o f  an array o f  type I tetrameric units, 
according to the morphology presented in (a). Notice that this array still keeps its handedness (left 
side). In the right side o f Fig. III.3b the linker arms o f die array have been erased (selectively  
stained) to prtxltice a type I-like pattern.
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F IG U R E  6 .  A-layer morphological types produced by supcrimposition and differential staining. 
Superimposition o f  two type II A-layers in lour (a, b, c and d) o f the eight possible in-phase 
interactions are shown. The bottom layer is fixed to the supporting film by the linker domains, 
Column 1 shows side views o f  the proposed A-protein subunit arrangements o f  the two interacting 
layers. Column 2 represents a top view  o f the two interacting layers. Layers actually interact only 
in the central zone, External zones represent Single layers (bottom layer in black and top one in 
grey) in order to appreciate their orientation and the interacting mass units (cores or linkers). 
Column 3 is the simulated negative staining o f  the corresponding interacting layers depicted in 
column 2. Tetrameric units now appear in white and the stain filled pores in black, Lor details on 
negative stain simulation refer to "Materials and methods used in structural studies", in chapter II, 
BL = Bottom layer, F = Supporting formvar film, TL = Top layer,
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From m odeling, 75%  ol* the in-phase superim positions give type 1 patterns (Fig. 6).
Som e support for the legitim ate ex istence o f  both type  I and  II patterns is the 

observed  d ifference in their la ttice constants (S tew art et al, 1986). H ow ever, frequen t 
la ttice constan t variations were found w ithin both patterns (F ig . 7), and others (D ooley 
et alt 1989) also have reported large variations in the  spacing  o f  type II  patterns, w hich 
indicates that it is not reliable to exclusively  associate a pattern  w ith  a spec ific  lattice 
spacing, N evertheless, it still rem ains true that sm aller lattice constan ts prevail in type 1 
patterns, V aria tions in la ttice  co n stan t could  be ex p la in ed  as a  fla tten ing  a rtifa c t 
p roduced e ither by the traum atic process o f  layer detachm ent during  slough form ation 
(B ing le  etal, 1987) and /o r adherence to the form var film and  air dry ing  (S ley tr etal, 
1988, and references  w ith in ; W ild h ab er et al,, 1985). A s p resen ted  in  F ig . 8, an 

increase in lattice spacing would be necessarily accom panied by a proportional decrease 
in the depth  o f  the layer, P resum ab ly  due to c lo se r pack ing , d oub le  lay e rs  w hich  
p roduce type I patterns w ould m ore effic ien tly  te s is t  fla tten ing , acco u n tin g  fo r the 
sm aller spacing associated with them.

It seem s that confusion has been introduced by applying the sam e nom enclature 
to tw o disparate situations. The term s type I and type II  w ere orig inally  used to  describe 
tw o  m o rp h o lo g ica l types o f  the  A -lay e r in th e  c o n te x t o f  n e g a tiv e  s ta in in g . 
U n fo rtuna te ly , the ap p lica tio n  o f  these term s has been g en e ra liz ed  to in c lu d e  the 
descrip tion  o f  two d iffe ren t structu ral confo rm ations (open and c lo sed , respec tive ly ) 
tha t could  be adopted by the sam e m orphological type, and n o t necessarily  invo lv ing  a  
structural change o f the lattice array. The explanation that the  two m orpho log ical units 
in the  A -lay er a rc  fo rm ed  by a s ing le  p o lypep tide  ch a in  p a rtia lly  fo u n d  in o n e  
m orpholog ical un it and partially  in the o ther (in troduced by S tew art et al, 1986), is in  
ag reem en t w ith the da ta  p rovided  by the 3-D  reconstruc tion  analysis  by D oo ley  et al 
(1989 ). I advanced  th is co n ce p t in figu res  5a, 6 , and 8 ; w here  each  te tram e ric  
m orpho log ical un it is  form ed by four A -protein  subun it dom ains, the core m ass un it 
being  form ed by the m ore m assive dom ains, and the linker m ass u n it by the lig h te r 
dom ains (D ooley et al, 1989). T he  linker arm s, w hich co n n ec t both the two A -pro te in  
d o m ain s  and the tw o d iffe ren t m orphological un its, tire s tro n g  d e te rm in an ts  o f  the 
handedness o f  such structural arrangem ent. Therefore, if  type I  and type II patterns are 
tw o legitim ate conform ations o f  a  single layer, both having sim ilar m orphological units 
(S tew art and B everidge, 1988), one should not expec t a loss o f  handedness in  the type
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F IG U R E  7. Lattice constant variation in A-layer sloughs, Negatively stained type II (micrographs 
1, 2  and 3) and type I patterns (micrograph 4), with different lattice constants. As measured on 
these micrographs the average lattice constants o f  the highlighted areas are; 1=12.6 nm, 2=10,9 
nm, 3=10.3 nm, 4 ,1= 9,6  nm, 4,2=10.6  nm, 4,3=11,6 nm. It is important to note that spacing 
variations occur in both morphological patterns.
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F IG U R E  8. M odelling o f  the lattice constant variations in A-layer sloughs. Top and side view s o f  
arrangements of A-protein tetrameric units in arrays with different lattice, constant. 'Hie quantitative 
relationship between pore size, lattice constant and depth o f (lie layer is evident. Numbers under the 
squares showing top views, indicate the theoretical lattice constant o f  each array (in mn). Numbers 
on the rectangles showing side views, indicate die depdi o f  each array (in nm), The size o f die A* 
protein subunit used to construct diese arrangements was taken from Dooley tit a l  (1989).



4 6

If to typo I transition  (Fig. 5). From  a s tric t structu ral p o in t o f v iew , both  patterns 
shou ld  rem ain handed unless i) one o f the two m orphological units d issocia tes, o r ii) A- 
p ro te in  subun its  su ffer a m ajor conform ational change and the lin k e r arm s v irtually  
d isappear. T h e  first alternative (w hich happens upon rem oval o f d iv a len t ca tions from, 
the layer (refer to chapter III)] renders a very slightly  handed pattern , b u t w ith a single 
m orpho log ical unit. B ecause type I and type II patterns arc constitu ted  by tw o d istinct 
m orphological units, this alternative is ruled out. The second a lternative w ould require 
an un lik e ly  g ro ss  m od ification  o f the A -p ro te in  m o lecu le  w hich  has been  am ply  
dem onstra ted  to be unusually stable under a variety  o f cond itions (P h ipps et al 1983; 
Ph ipps, 1988). T herefore, the m ost feasib le  possib ility  is  one that s tric tly  does no t 
in v o lv e  any  stru c tu ra l chan g e  in the la ttice  a rray , i.e . d is tin c t s ta in in g  o f  tw o 
superim posed  layers. This accounts for the preservation  o f la ttice struc tu re , as w ell as 
the tw o d istinct m orphological units in both  patterns. T herefore, the type II  pattern  is 
the on ly  A -layer structural type (tha t can adopt a c losed  o r an open co n fo rm a tion ) in 
norm al A -layers , and  type I pattern  is an a rtifac t o f su p e rim p o sitio n  and  d is tin c t 
stain ing , I p ropose the use o f the term s type I and type II to exclusively  describe  the 
tw o morphological patterns that appear in negatively stained preparations, and the open 
and closed nom enclature to describe the possible different conformations that layers o f 
a sing le  structural type (i.e. type II) can adopt.

B ecause it is certain that open conform ations predom inate in re leased  m ateria l, 
and  c losed  co n fo rm a tio n s  in  associa tion  w ith  a  norm al c e ll su rface , i t  h as  been 
suggested  th a t type II patterns only occur in released m aterial such as A -layer sloughs, 
cell ghosts, o r  A -layer sheets released by lipopolysaccharide (LPS) d efic ien t m utants; 
and that perhaps type I patterns are the final conform er resu lting  from LPS associations 
on a norm al cell surface (D ooley et ah 1989). T h is  possib ility  can n o t be rig o rously  
exc luded  a t th is point. N evertheless, based on experim en tal m easu rem en ts o f  the A- 
laycr thickness, that w ill be discussed below , the n r v e l  depicted in Fig, 8 p redicts that, 
in association  w ith in tact cells, an A -layer should have a fairly deep conform ation , (Fig. 
8-3). T his type II deep  conform ation , w ith  a  p redicted  la ttice  c o n s ta n t o f  10,6 nm , 
w o u ld  h av e  been  p rev io u sly  a sso c ia ted  w ith  a type I p a tte rn  (i.e . a  c lo se d  
c o n fo rm a tio n ). In te re stin g ly , this p red ic ted  la ttice  sp ac in g  is in  a g re e m e n t w ith  
ex p e rim e n ta l m easu rem en ts: 8 .8-11,1 nm (S tew art eta l, 1986) o r  11.0 ± 0 .2  nm  
(D ooley  et al, 1989). I therefore propose that, e ither in  association w ith  the no rm al cell 
su rface  or w ith sloughed material,, the A -layer has a  single sfructural type that acquires a
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closed  confo rm ation  (w ith  increased depth) w hen associated w ith in tact cell surfaces, 
and  a m ore open  conform ation  (w ith decreased  depth) w hen sloughed  from  the cell 
surface.

F inally , it is relevan t to consider the possible existence o f double layers in vivo, 
in  association  w ith an in tact cell surface. As dem onstrated by D ooley et al (1989), free 
A -layers re leased  into the culture m edium  by L PS-deleclive strains readily form  stable 
sheets (consisting o f tw o exactly superim posed layers) that can not be easily  separated. 
H ow ever, these free layers typically  in teract th rough their inner luces w hich  in in tact 
cells  w ould elim inate the polarity o f the layer, presum ably an undesirable c ircum stance 
in vivo. A lthough the double layer in teractions (w hich preserve polarity) illustrated  in 
F ig. 6a  and  b cou ld  theo re tica lly  o ccu r in vivo, there is abundan t ev id en ce  to the 
contrary: the m easured depth o f a single layer from its 3-D  reconstruction (D ooley etal, 
1989), the m easured  depth  o f the A -layer in freeze fractured specim ens (S tew art et al, 
1986) o r  in  th in  sec tio n s  o f in tac t chem ica lly - or cryo -fixed  A. salmonicida cells  
(G raham  et al, 1991; Ish iguro  et al, 1981), as w ell as theoretical ca lcu la tions o f A - 
p ro te in  y ie ld  and d isposition  (Phipps et al, 1983); all o f  w hich supports the contention  
tha t native A -layer ex ists  in vivo as a monolayer o f  A -protein  subunits. As m entioned 
before, this m onolayer should have a fairly deep conform ation o f approxim ately  8 nm.

W ith  a sin g le  c lo sed  in vivo A -lay er co n fo rm ation , it is now  even  m ore 
perp lex ing  to sa tisfacto rily  account for the copious production o f ex tracellu lar proteins 
by th is bacterium . O ne possib le explanation  is enzym e release v ia  ou ter m em brane 
v es icu la riz a tio n  seen  in  negatively  s ta ined  as w ell as in thin sec tio n ed  w ho le  A. 
salmonicida ce lls  (no t show n). A lternatively , enzym es m ay escape  th rough  lattice 
defec ts  in  the A -layer. Lastly, there is a  d istinct possib ility  that ce lls  w hich express an 
A -lay e r do  no t, in  rea lity , ex p o rt p ro te in s  beyond it. T he e x tra c e llu la r  p ro te in s  
com m on ly  found  in  supernatan ts  o f  liqu id  in vitro cu ltures, or the variety  o f  enzym es 
and  aggressins w hich diffuse in  agar plates o f differential m edia (giving c lea r halos or 
ly tic  zones), m igh t have been released from  lysed cells. Protein expo rt beyond the A- 
lay er rem ains to be rigorously  show n,
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n o v e l  s t r u c t u r a l  p a t t e r n s  i n

D I V A L E N T  C A T I O N - D E P L E T E D  A - L A Y E R S ,  A-  
L A Y E R S  F R O M  E N E R G Y  S T A R V E D  C E L L S  OR  

A - L A Y E R S  F R O M  M U T A N T S  D E F E C T I V E  I N A-
L A Y E R  A S S E M B L Y

IN T R O D U C T IO N

K now ing  tha t the A -layer is som ew hat flex ib le , possessing  a s in g le  type o f 
lattice capable o f adopting closed or open conform ations, i t  w as im portan t to determ ine 
liow  the in tegrity  o f this flex ib le  structu re is m ain ta ined . P rev ious observ a tio n s  by 
Phipps (1988) suggested the involvem ent o f calcium  in e ither the form ation o f  arrays o r 
in attachm ent o f the A -layer to the cell surface.

Extraction o f S -laycr proteins by chelating d ivalen t cations, rep lacing  a  d iva len t 
ca tio n  w ith  a non-functional substitu te , or d isp lacing  d iv a len t ca tio n s  w ith  a  h igh 
concentration  o f  m onovalent cations indicate the involvem ent o f  d ivalent cations in the 
stru c tu re  o f  S -layers and point, in som e cases, to the spec ific ity  o f  th is req u ire m en t 
(B everidge, 1979; B everidge and  M urray , 1976b, 1976c; K oval and M urray , 1983; 
T ho rne  etal., 1975; W atson  and  R em sen, 1969). M oreover, reassem bly  o f m onom ers 
into S-layers on cell w all tem plates is often dependent on the p resence o f C a2+, M g 2+ or 
S r2+ (A ustin and  M urray , 1990; B everidge and M urray , 1976a, 1976b; B ing le  etal., 
1984; B uckm ire  and M urray , 1973; K is t and M urray , 1984; T h o rn e  et al., 1975; 
T su b o i et al., 1982), p rov id ing  fu rther ev idence for the ro le  o f  these ca tio n s  in the 
assem bly  o f  S -layers, A ccordingly , the prevalence o f cation -m ed iated  bond ing  in  S- 
layers is consisten t w ith  the acid ic  nature o f S -layer proteins. S pecifically , the role o f 
calc ium  in the assem bly  and organization  o f som e S -layers has been w ell docum ented  
for Aquaspirilltan .serpens V H A  (B uckm ire and M urray, 1976; K ist and M urray , 1984; 
K oval and M urray, 1985), o ther Aqiiaspirillmn species (B everidge and M urray , 1976a, 
1976b, 1976c) and Azotobacter vinelandii (B ingle etal,, 1 9 8 4 ,1 9 8 6 ,1987a; D oran  et 
al., 1987).
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T h is  c h ap te r  p resen ts  and d iscusses the ex p e rim en ta l resu lts  ob ta in ed  by 
s tu d y in g  the  ro le  o f d iv a le n t ca tio n s  in A -lay e r in teg rity , A lso , the possib le  
m echan ism s invo lved  in  the form ation o f novel structu ral A -lay er pa tte rns, w hich 
resu lted  from  energy  or C a2+ lim itation , o r C a2+ and M g2+ ex trac tion  w ith chela ting  
agen ts , are  d iscussed,

MATERIALS AND METHODS

R efer to chapter I.

RESULTS

Review of biochem ical studies on A-protein subunit  
in tera ction s

A -pro tc in  can  be iso lated  in  m onom eric form , from whole- cells, by treatm ent 
w ith  0.2 M  g lyc ine-H C l, pH  2,15 a t 0°C  (Phipps, 1988; P h ipps and  K ay, 1988). A  
0,2 M  a lan ine-H C l buffer o f  the sam e pH w as equally  effective ind icating  tha t pH, and 
n o t som e specific  effect o f  the glycine itself, w as responsib le  fo r releasing A -protein, 
E x trac tio n  a t pH  2.3 g av e  less than one third o f  the A -p ro te in  y ield  ob ta ined  at pH 
2 .15 , and  a t pH  2.6 , v irtually  no extraction took p lace , ind icating  tha t this process had 
a sharp  pH  cu t-o ff. I t w as consisten tly  observed tha t 5 to 20%  o f  the total A -protein 
cou ld  no t be released  from  cells by low  pH extraction, even after a prolonged exposure 
(P h ipps, 1988; P h ipps and  Kay, 1988),

U sin g  a  se rie s  o f  chem ica l ex trac tions on ou te r m em b ran es  p repared  by 
sa rco s in a te  ex trac tion , P h ipps (.1988) also dem onstrated  th a t the positive ly  charged 
chao trop ic agen t guanidinc-H C l, at a concentration o f  6M, released A -prolein from OM  
p rep ara tio n s  nearly  quan tita tive ly  (as estim ated  by S D S -P A G E ), w hereas the n o n ­
charged  chao trope urea, w as totally ineffective (Phipps, 1988). M oreover, A -layer w as 
re la tive ly  resistan t to extraction  with, a  variety o f non-ionic o r cation ic detergents (both 
tem pera tu re  and  d e tergen t concentration being im portant), ru ling  o u t the ex istence o f  
hyd rophob ic  in teractions as the m ain force responsib le for A -layer in teg rity  (Phipps, 
1988). Full so lub iliza tion  o f A -protein could be achieved by treatm en t with 0 ,5 -1.8%
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SD S at 60"C , which also solubilized rao s tO M  proteins with the exception o f  porin  (Afr 
4 2 ,0 0 0 ). O u te r m e m b ran e  p rep ara tio n s  ex tra c te d  w ith  D O C  (p ro v id ed  by J. 
W inchester, D epartm ent o f B iochem istry  and M icrob io logy , U n iversity  o f  V ictoria* 
C anada) contained, upon inspection by electron m icroscopy (EM ), num erous fragm ents 
o f  in tac t A -layer and w hat appeared to be free ring-shaped units (Fig. 9). T he num be; 
o f  in tac t frag m en ts  decreased  in p ropo rtion  to the nu m b er o f  ex trac tio n s  and a 
proportional increase ip the am ount o f  free ring -shaped  units w as observed  (F ig. 9a), 
A lso , in D O C -extracted  layers, I observed areas d isp lay ing  a d iffe ren t m orphological 
pattern , apparently  form ed by the grouping  o f free rin g  shaped  un its (Fig. 9b), This 
pattern was called "BS" (lo r "big squares").

C o n cen tra tin g  (on u ltra filtra tio n  m em branes) ce ll-free  su p e rn a ta n ts  from  
cu ltu res o f  the A 451-70  strain  (containing free A -layer sheets), P hipps (1988) show ed 
tha t the secreted  A -layers fo rm ed  sm all c lear sheets, s im ilar to ce llophane  sheets  in 
appearance, w hich fractu red , upon dry ing , in to  sm all p ieces (~ 1 m m  in len g th  and 
variab le  w idth) w ith a  characteristic curvature in one d irection. T hese  appeared  to be 
sem icry sta lline  in nature as they  w ere  rigid, re frac tive  and tended  to frac tu re  along 
s tra ig h t lin es  when sub jec ted  to physical s tress. In  E M  spec im ens p repared  from  
son icated  sem icrysta lline  shee ts  I observed  a substan tia l am o u n t o f  arrayed  A -layer 
fragm ents (Fig. 9c), sug g estin g  that these sem icry sta lline  shee ts  w ere  com posed  o f 
stacked  A -layers. C rystallization  only occurred at pH  7 o r higher, and  w as also culture 
m edium  dependent. M edium  dependence w as assum ed to be re la ted  to the p resence o f 
calcium , since  casam ino acids (derived from casein) w ere likely  to con tain  the caieium  
level o f T S B . D esalting  o f m edium  prio r to concen tration  p reven ted  crysta lliza tion , 
c learly  indicating  the invo lvem ent o f ions in the process. Purified A 450 A -pro tein  also 
fo rm ed  sem icrysta lline  sheets (constitu ted by arrayed  layers) w hen it  w as m ixed  w ith 
fresh casam ino acids m edium  and concentrated, indicating tha t A -protein has the ability 
to se lf-a ssem b le  in vitro in the  absence o f a  cell tem plate  or o th e r A. salmonicida 
secreted factor. On the other hand, extensive concentration o f purified  A -pro tein  in the 
d iv a len t c a tio n -d e fic ien t T E P A  bu ffer induced  p rec ip ita tion  o f  A -p ro te in  in to  an 
am orphous m ass, suggesting  tha t d ivalent, or other, cations w ere necessary  fo r  array 
and sem icrystalline shee t form ation.
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FIGURE. 9. Regular arrays found in detergent-extracted A-layers, or in semicryslalline sheets formed 
upon concentration o f  A-protein on uitraliltration membranes, (a) Nonna! A-layer fragments and 
ring-shaped units in a preparation- extracted three times with sodium deoxycholale (1 )0 0 ). (b) Big 
squares pattern in a preparation extracted once with DOC. (c). One o f the many large fragments ol 
A-layer found in a preparation o f sonicated scmycryslalline sheets. Bars represent 50 nm in fa) and 
(b), and 0.1 pm in (c).
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EDTA or EGTA altered the A-layer structure
Extraction with 20 m M  ED TA  w as ineffective in rem oving A -protein  from  O M  

(Phipps, 1988). Even when O M  preparations w ere extensively  dialyzcd against 10 m M  
E D TA  o r E G TA  in T E PA  a t 4°C  and exam ined  by S D S -P A G E , all the A -p ro te in  
rem ained  associated  w ith the O M  pelle t (not show n). T he  p ossib ility  tha t th is  O M - 
associated A -pro tein  ex isted  in a  disorganized state  was investigated  through electron 
m icroscopy.

T he  A -layer o f cells treated w ith 25 mM  E D T A  show ed areas  w ith a  d ifferen t 
m orpholog ical pattern  tha t 1 called  "W D" (for "w hite  do ts"). T he norm al te tragonal 
a rray  w as n o t to ta lly  lo st in these areas, but a second  reg u la r  pa tte rn , fo rm ed  by 
rounded un its w hich d isp laced  the stain, w as observed running  a t 45° w ith re sp ec t to 
the orientation o f the norm al array (Fig. 10a), Som e other sm all areas displayed the BS 
pattern , firs t observed  in the A -layers prepared by D O C  ex traction . S pecim ens treated 
w ith  de ion ized  w ate r o r H E PE S bu ffer alone possessed  no rm al A -lay ers . D irec t 
treatm ent o f A. salmon id  da colonies with 25 m M  E G T A  rendered m ore  distinguishable 
BS patterns (Fig, 10c). T rea tm en t o f colonies w ith  0.5 M  E D TA  o r E G T A , produced  
the sam e effec ts  b u t to a  g reater extent, suggesting  a  concen tra tion -dependen t process. 
In te re s tin g ly , in sp ec im en s  trea ted  w ith  0.5 M  E G T A , i t  w as also  p o ss ib le  to 
d is tingu ish  free rin g -sh ap ed  un its, s im ila r to those  firs t o bserved  in the A .-layers 
prepared by D O C  extraction. I called these structures "FR units" (fo r "free ring-shaped 
un its"), T h e  num ber o f  FR units in purified  A -lay er p rep ara tio n s  in c reased  upon 
trea tm en t w ith  0,5 M  EG TA , and w ere clearly  visib le (F ig . lOf). L ayers bound  to 
fo rm var film s prior to treatm ent w ith 0.5 M  E D TA  or EG TA , show ed no change a t all, 
indicating tha t physically constrained layers were incapable o f  form ing altered patterns.

Follow ing ED TA  or EG TA  treatm ents, the A -layer rem ained cell-associated and 
in teresting ly , never show ed  extensive structural m odifications. T herefore, the e ffec t o f 
calcium  lim itation on grow ing cells was investigated as an alternative to d ivalen t cation 
extraction from norm ally pre-assem bled layers.

A-layers o f calcium deprived cells
W hen cultured in LB broth containing up to 0.1 M  E D T A , A. salmonicida cells 

g rew  as long  filam ents (N orris etal., 1991) incapable o f form ing norm al septa. The A- 
layers o f  these cells presented the sam e general feature of W D  patterns associated  with



F IG U R E  10. Altered A-layer patterns. Representative micrographs o f the white dots pattern (a and 
b), big squares pattern (c to e), free ring-shaped units (f  to h), intermediate patterns (i), and 
disorganized A-layers 0 .  Specimen from cells treated with 25 mM UDTA in suspe ' : " r  (a). 
Specimen from whole colonies treated wid) 25 mM EGTA (c). Specimen from a purified A-layer 
preparation treated with 0.5 M EGTA (f). Specimens from cells grown in MM with .5 .mM 
Ca2+ (b), MM (d and i), or FPM will* 5 mM EGTA (e and j). Specimens from altered A-layer 
sloughs o f  cells grown in FPM with 5 mM EGTA, to which Ca2+ (g) or Sr2+ (h) were added, All 
bars represent 50 nm,

84
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E D T A  treatm ent, On the o ther hand, cells from cu ltu res  g row n in LB  w ith  0.1 M  
EG TA , did not produce filam ents and their A -layers appeared norm al.

A . salmonicida cells in M M  (or M M  w ith 1,5 m M  calcium ) w ere nu tritionally  
and /o r energetically  lim ited , since only a sing le subculture cou ld  be ach ieved , T hese 
cells also  appeared m orphologically  affected, with som e filam entous and m any  coccoid 
form s, A -layers from  cells grow n in M M  had prom inen t W D  patterns. A lso , BS 
patterns (Fig, I Od) and in term ediate m orphologies betw een W D  and  BS patterns (Fig,
I Oi) w ere observed. On the o ther hand, A, salmonicida cells g rew  w ithou t d ifficu lty  in 
FPM , and p roduced  A -Iaycrs o f poor order, w hich p rom inen tly  d isp lay ed  the B S 
p a tte rn , A dd itio n  o f  5 m M  E G TA  to th is m edium  p ro d u ced  fu r th e r  A -lay e r 
d iso rg an iza tio n , y ie ld ing  sm all patches o f  arrayed  la y e r and n u m ero u s F R  un its. 
S pecim ens o f A 450-1 cells grow n in FPM  w ith 5 m M  E G TA , show ed  la rge  areas o f  
the g rid  covered  w ith poorly  ordered BS patterns (Fig. 10c), o r d iso rgan ized  free A - 
layers (Fig, l()j), T he  S D S -P A G E  profile o f  proteins and LPS from  ce lls  g row n in 
FPM  d id  not show  sign ifican t changes (results not show n).

The WD pattern is not exclusively associated with lim itation  
of divalent cations

Interestingly, cells grow n in M M  with 1.5 mM  calcium  also  had p rom inen t W D  
patterns (Fig. 10b); suggesting  tha t env ironm ental cond itions d iffe ren t from  C a2+ or 
M g2+ lim itation  m ay produce lattice altera tions in the A -layer. E M  o f  c e lls  o f  the 
a ttenuated  m utan ts A 450-10S  and A 45Q-10SR (Thornton etal,, 1991), dem onstra ted  
that they  are s ligh tly  sm aller and are, in general, coccoid  in form  (Fig, 11a), Fig, l i b  
represents a negative stain o f  the A -layers from these strains as com pared  w ith  the w ild 
type stra in  A 450. T he layer from  the IDS strain, show ed reg ions d isp laying  p rom inen t 
W D  patterns. T he A -layer from the 10SR strain displayed a norm al m orphology (upper 
sp lit fram e), b u t o lde r co lon ies, show ed w hat I in terp reted  as A -lay er ag g reg a tio n  
(s lack in g  o f layers). T he A -layers appeared  quite dark , w ith  row s o f  w h ite  dots 
sh o w in g  som e regularity  (low er sp lit fram e). Fig. 11c &  d show s the resu lts  from  the 
im m unogold. labeling o f thin sectioned  cells. A 450-10S was un ifo rm ly  labeled  at the 
cell periphery , as w as (although  to a le sser ex tent) A 450. H o w ev er, A 4 5 0 -1 0 S R  
show ed  frequent gaps o f m ore than 600 nm  between neighbor go ld  particles (Fig 1 Id ), 
as w ell as a reduced  num ber o f gold particles per cell, suggesting  tha t covering  o f  the 
cell su rface w ith A -layer is incom plete, a finding com patible w ith A -layer aggregation.
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M m

F IG U R E  11. Cell and A-layer morphologies o f  the surface disorganized mutants A 450-10S and 
A450-10SR, as compared with the wild type strain A450. (a) Electron micrographs o f  negatively 
stained w hole cells, (b) Representative micrographs showing the different A-layer morphologies 
found. (c)(next page) Immunogold labelling o f  thin sections showing the surface distribution o f  
A-protein subunits. Scale bars for (a), (b), and (c), are shown in the first column (corresponding to 
A 450). (d) (next page) Quantitative analysis o f the distribution o f  gold particles over the cell 
surface. Analysis was performed on micrographs similar to those presented in (c) comprising 25 
cells from each strain.
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A lso , cells  kep t in T R IS  buffer for extended periods o f lim e 16 h) possessed 
A -layers w ith W D  patterns (not shown),

A ddition  o f  divalent cations to altered Adaycrs
T he  lay e rs  from  ce lls  g row n in FPM  w ith 5 niM  B G T A  w ere used  lo r 

reconstitu tion  because they show ed the m ost extensive and uniform  alterations, Since 
calc ium  cou ld  not be added directly  to FPM  due to precip ita tion  and /o r gelling  o f  the 
m ed ium , w ashed  F P M  grow n cells w ere resuspended  in 50 mM  im idazole buffered 
sa line  con tain ing  the corresponding  d ivalent cations used for reconstitu tion . A ddition  
o f  C a2+ o r  S r2+ y ie lded  a la rge  num ber o f  FR  units, e ither d ispersed  (F ig. lOg) or 
fo rm in g  n o n -re g u la r  m asses (Fig. lOh), In te re stin g ly , ex ten s iv e , h igh ly  o rdered  
n o rm a l a rray s  co u ld  also  be found . T he add ition  o f m agnesium  did n o t cause  
s ig n ifican t changes com pared  with the control, and the sim ultaneous addition  o f ( V  
and  M g2+, o r Sr2+ and M g2+, did n o t im prove the reconstitu tion process.

The BS pattern ts formed by a single morphological unit
C o rre la tion  averag ing  o f w ell ordered BS patterns, such  as the one show n  in 

F ig . t2 b -2 , ind icated  th a t they w ere apparently  com posed  of a w eakly  h anded , single 
m o rp h o lo g ica l un it (fo rm ed  by four large dom ains g rouped  around  a m a jo r 4-fold  
sym m etry  ax is) w ith  little o r no m ass connecting adjacent units (Fig, 12b-1), T in s  is in 
c o n tra s t  to  p ro je c tio n s  th rough  n o rm al A -lay e rs , w hich  e x h ib it  tw o  d is tin c t 
m o rp h o lo g ica l units (rep resen ting  the two A -iaycr dom ains) w ith c lear co n n ec tio n s  
betw een them  (Fig, 1 2a-1). A veraging  o f o ther BS patterns rendered  s im ilar im ages, 
bu t w ith  s lig h t varia tions in lattice spacing . T he la ttice spacing  o f  BS patte rn s  w as 
app ro x im ate ly  equal to  the average lattice spacing  o f norm al A -layer d iv ided  by V2 , 
suggesting the possib ility  that the core and linker A -layer dom ains were still present but 
had been  a lte red  to becom e s im ila r in appearance, T his s itu a tio n , in which, only  
alte rna ting  m o rpho log ica l units are equivalent, is represen ted  by the large un it cell in 
F ig . I2 b - i  (la ttice spacing  =  10.8 nm ), The sm all un it cell (la ttice spacing  ss 7 ,6  nm) 
w ou ld  apply  i f  all m orphological units are in  fact identical. The average show n in Fig, 
12b - 1 w as o b ta in ed  by averag ing  o ver a lte rna ting  co rre la tion  peaks, on a  la ttice  
co rrespond ing  to the  large un it cell, in  order to detect any  m inor d ifferences betw een 
ad jacen t units. N o d ifferences were apparent, consisten t with the fact that corre la tion  
p e a k  h e ig h ts  fo rm ed  a co n tin u u m  o f  va lues ra th e r than p a rtitio n in g  in to  tw o



F IG U R E  12. Comparison o f Uic normal and the BS A-layer patterns, Correlation averages o f  
normal (a-1) and BS (b-1) A-layer patterns, aligned to their corresponding micrographs (a-2 and b- 
2). The normal layer (a) shows two distinct morphological units representing the core ("C" in 
Fig. 4a-1) and linker ("L" in Fig, 4a«l) mass units, Lattice spacing is 10,4 nm. Number o f unit 
cells included in the average = 250. The BS pattern (b) is from cells grown in FPM. Averaging 
was performed over alternating correlation peaks, i.e. adjacent morphological units were averaged 
separately. Number o f unit cells included in the average = 520. The overlaid boxes in Fig. 4 b -1 
show die two possible unit cells; cidicr i) all morphological units are equivalent (small box =  7.6  
nm spacing) or ii) only alternating morphological units are equivalent (large box = 10.8 nm). 
Both averages were subjected to 4-fold rotational symmctrizalion, Both averages are presented at 
the same scale; their dimensions being 22 x 22  nm. Bars represent 50 nm. Correlation average 
and imaging was performed by B.M, Phipps at the M ax-Plank Institute for Biochem istry, 
Martinsreid, Germany.
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c lasses . It th u s  appears that only  a single type o f m orphological unit is p resen t in BS 
arrays. T his is  supported  by the observation that BS patterns frequently  lie at an angle 
o f  45° to patches o f norm al A -layer, which is w hat one w ould expect if only  one o f  the 
tw o types o f  A -layer dom ains w ere disrupted  w hile the rem ain ing  dom ains packed 
m ore closely  together.

DISCUSSION

T he o rgan iza tio n  of the  A. sulnwnichia A -layer is c lea rly  dependen t on the 
availab ility  o f  d iva len t cations, in particu lar C a2+. C a2f lim itation  com prom ised  the 
o rd e r  o f  the  A -lay e r and  a lte red  its s tru c tu re  in  a defined  w ay . T h e  fo llow ing  
observations  strongly  suggested  that A -prolein  subunit in teractions w ere largely ionic 
and th a t d iv a len t ca tio n  bridges w ere involved: i) only  guan id inc-H C l [a positive ly  
charged  chao trope capab le of displacing cations (K oval and M urray , 1984)1 effectively  
re leased  m onom eric  A -protein  from  the outer m em brane, ii) the in vitro crystallization 
p ro cess  w as both pH  and  salt-dependent, Hi) there w as a precise corre la tion  betw een 
the pK as fo r g lu tam ate  and asparta te  carboxylic  groups and the pH  required fo r A- 
p ro te in  ex traction , and iv) d ivalen t cation depletion or grow th under calcium  lim itation 
produced  A -layer structural alterations,

F u rth e rm o re , the  fo llo w in g  in d ica te d  th a t d iv a le n t ca tio n  b rid g e s  are 
p redom inan tly  restricted  to one o f  the two A -layer dom ains (core o r linker), and a re  not 
invo lved  in association with the cell surface; i) the novel altered regu lar A -layer patterns 
p roduced  by  C a 2+ depletion w ere found to run a t -4 5 °  to the norm al orientation o f  the 
A -lay e r la ttice  (Fig. 10a, b and d; Fig. 13a); ii) m onom eric A -pro tein  w as no t released 
from  the ce ll surface upon d iva len t cation depletion (Phipps, 1988); iii) le tram eric  FR 
u n its  w ere re leased  upon  physical d isruption after d ivalen t cation depletion (Fig, 1 Of); 
iv) serial D O C  ex tractions solubilized m o si o f the outer m em brane com ponents w ith a 
su b stan tia l p rese rv a tio n  o f in tac t A -layers (Fig, 9a); v) sem icry sta llin e  sh ee ts  were 
fo rm ed  from  L PS-free preparations o f  purified A -protein; and vi) A 45J-70  and A450-.I 
(both  A + , O - m utants) were capab le o f form ing large free A -layer sheets (not show n),

T he appearance o f  the structurally  altered W D, BS and in term ediate patterns, as 
w e ll as the ap pea rance  o f  FR  units, could  be conceived  as represen ting  a sequence  of 
rea rran g em en ts , as d ep ic ted  in the hypothetical m odel o f  Fig. 13. L oss o f  d iva len t
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F IG U R E  13. Hypodietical model showing llie proposed structural rearrangements within die A- 
layer. (a) Micrograph o f  an A-layer slough subjected to divalent cation removal by 0.5 M  EDTA, 
in which the following elements are distinguished: (I )  Small patch o f  a normal type I pattern (refer 
to chapter III), (2 and 3) intermediate patterns, (4) BS pattern. Note the latdce lines o f  normal and 
altered patterns running at 45° to each odier, Bar represents 50 nm. (b) Schematic hypothetical 
representation o f die changes in A-layer organization observed in ‘a’ . The normal tetragonal array 
(1, and black filled squares) is disrupted by calcium removal causing the dissociation (exaggerated 
in die drawing) o f  one o f  die two A-layer domains (in diis case the linker domain), with the 
consequent formation o f independent tetrameric units (2, and gray filled squares in 1), which upon 
rearrangement (3) may cidier be packed to form well-ordered BS arrays (4) or dispersed to form free 
rings (5). One o f the free tetrameric units is presented in its side view  (arrow in 5) to explain die 
appearance o f  "U" shaped free units (arrowheads in Pig. IV .3g). In die dissociation process, the 
W D pattern may appear as mi intermediate morphology between normal arrays (1) and independent 
units (2),



ca tio n s  w ould  a ffec t the in tegrity  o f one o f  the tw o A -layer dom ains, A t first, this 
w o u ld  p roduce a s ligh t m ass concentration  at the unaffected  centre and a consequen t 
d isp lacem en t o f  negative  stain, accounting for the appearance o f the W D  pattern  (Fig, 
1 3 a - l to 13a-2). C om ple te  d isrup tion  o f  the affec ted  cen tre  w ou ld  lead  to the 
appearance o f in term ediate  patterns form ed by independen t A -pro tein  letram ers (Fig, 
13a-2 to 3, and 13b-2), w hich partially  rotate o u t o f  the A -layer p lane  (Fig, 13b-3), 
a llow ing  them  to d iffuse together into a close ordered  packing (F ig. 13a and 13b-3 to 
4 ), accounting  fo r the form ation o f BS patterns. T h e  lattice constan t o f this new  array 
w o u ld  vary  w ith  the degree o f packing; a  m inim um  determ ined by the size o f  the A- 
p ro te in  te tram ers, and being sim ilar to the lattice spacing o f the norm al A -layer in its 
c lo sed  confo rm ation , d ivided by V2 (com pare square  sizes o f Fig, 13b-1). Physical 
s tress  or fu rther loss o f  d ivalent cations w ould release FR units (Fig. 1 3 l> 5 \ im plying 
th a t the A -pro te in  te tram ers in BS patterns in teract w eakly, Som e o f  these le tram ers 
m ig h t be p resen ted  to the observer in side view (Fig, 13b-5, arrow ), accounting  for the 
"LJ" shaped  un its observed  in negatively  s ta ined  p repara tions (F ig , id g , a rrow s). 
T hus, accord ing  to this hypothetical m odel the FR  units consist o f A -protein  te tram ers 
s till in teracting  at the unaffected A -layer dom ain. Results from the low pi I ex traction , 
w h ich  re leases  m onom eric  A -protein , suggest tha t the A -protein  in te rac tions  ai this 
unaffec ted  dom ain  (i.e, the one that ho lds together the m orphological units o f  the BS 
pattern  as w ell as  the F R  units) could also  be ionic, but the ir natu re  has no t y e t been 
e lu c id a ted , W hile  th is m odel is som ew hat specu la tive , it  does acco u n t for all the 
b iochem ical and struc tu ra l data presented herein. In  principle, it should  be possible to 
test parts o f  this hypothesis by 3-D  reconstructions o f the altered A -layers, particularly  
o f  the BS and  W D  arrays. H ow ever, since these  arrays are p roducts o f  structu ral 
m o d ifica tio n s , it  has so far been im possib le to consisten tly  obtain  patches o f  these 
a rra y s  w h ich  a re  su ffic ien tly  large and  well o rdered  enough  to w a rran t a 3-D  
reco n s tru c tio n . In any  case  (even i f  the p resen ted  m odel w ould n o t s tand  fu rth er 
testing ) the co n c lu s io n  that the A -layer possesses s ign ifican t structu ral pi as-'.city, in 
w hich  C'<P-+ plays an im portant role, rem ains valid and unaffected.

A lternate explanations for the appearance o f  altered patterns (particularly the BS 
p a tte rn ) , in c lu d e  su p e rim p o sitio n  o f  A -lay e rs , and the  o c c u rre n c e  o f  m a jo r 
con fo rm a tio n a l changes in  the A -protcin , The fo rm er w as ruled ou t, s ince  the only  
su perim posilion  tha t produces a pattern w ith a sing le  m orphological unit possesses a 
d ifferen t m orphology  to that o f B S  patterns (Fig, 6b in chap ter 11). A lso, the degree  o f
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s ta in in g  observed  for BS patterns, their poor order and the ir w eak b u t s ig n ifican t 
handedness, m ake it un likely  tha t they w ere form ed by superim posed  layers. T he 
second  possib ility  im p lies that the core and linker dom ains o f  the no rm al array  are 
s tru c tu ra lly  re ta in ed , b u t A -p ro te in  su b u n its  have gone  th ro u g h  a s ig n if ic a n t 
conform ational change, such tha t the m orphologies o f  the two dom ains can  no lo n g e r 
be d istinguished  a t low resolution. This is very  unlikely fo r several reasons. F irstly , it 
is h igh ly  im probab le  th a t these d istinctive  s tructu res w ou ld  becom e so  s im ila r  in 
appearance. S econd ly , i t  has been am ply dem onstra ted  that A -p ro te in  is  unusually  
s tab le  under a variety  o f  cond itions (Pnipps, 1988; P h ipps etal., 1983). T h ird ly , if  
this w ere true, BS arrays w ould be "in line" w ith ad jacen t a reas  o f no rm al A -layer, 
ra th e r than a t an angle o f  45°. A lso , the poor order som etim es associa ted  w ith  B S 
patterns should not be expected to occur in arrays form ed by interlocked subunits.

N evertheless, it  is also true that irreversible m inor co n fo rm ationa l changes in 
the A -protein seem  to be involved, as indicated by the failure o f  in vitro added  C a2+ in  
resto ring  to n o rm ality  abnorm al layers assem bled  in vivo. U pon in vivo assem b ly  i i 
the absence o f  C a2+, A -protein  subunits m ay p resen t carboxylate  g roups in  a d ifferen t 
o rien ta tio n  (p o ssib ly  defined  by the lo w est A -p ro te in  c o n fo rm a tio n a l en e rg y ), 
p reventing subsequen t form ation o f  calcium  bridges. D oran etal, (1987) have show n  
that in vitro reassem bledA . vinelanaii S -layers do not acquire the in vivo s ta te  and that 
an associa tion  w ith the O M  achieved  during in vivo assem bly  is im p o rtan t to S -laye r 
s tab ility . I t  w as also  suggested  (B ing le et at., 1987a) tha t d e tach m e n t o f the  A. 
vine land ii S - la y e r  from  the norm al cell, su rface  p roduces  a  su b tle , p resu m ab ly  
irreversib le alteration  in  its structure. Since calcium  has been observed  to  enhance  A- 
layer-O M  in te rac tio n s  (P h ipps, 1988), it  m ay  be requ ired  fo r A -p ro te in  assem b ly  
proficiency  [as for the Aquaspirilliun serpens V H A  array  p ro te in  (K oval and  M urray , 
1984, 1985)] and /or fo r its proper in teraction with LPS. F urther support fo r this v iew  
co m es from  the  observation  thr.t altered  A -layers (e.g. from  ce lls  g row n  in calc ium  
lim ited m edia) are shed from the cell surface m ore readily than those from  norm al cells, 
T he sam e extensive sloughing o f A -layer has also been observed w ith the m utan t A 450- 
10S, w hose A -layers have prom inent W D  patterns.

Since binding o f  calcium  to the A -layer seem ed to be very  tight (as ju d g ed  from  
the h igh E G T A  concen tra tio n s  required  to  p roduce s ig n ific an t a lte ra tio n s  in  p re ­
assem bled  A -layers , and  by the fact tha t cells  grow n in LB w ith  0.1 M  E G T A  had 
n o rm a l A -layers), the g rea te r e ffic ien cy  o f E D TA  in  p roducing  W D  p a tte rn s  w as
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possib ly  re la ted  to a  selective extraction o f M g2+ from the A -layer, im ply ing  that M g2t 
h as  a spec ific  ro le in the A -layer integrity , BS patterns w ere p rom inen tly  produced 
u n d er C a 2+ lim ita tion  in the p resence o f  M g2+(i,c. in FPM ) and, in te resting ly , they 
w ere  d isrup ted  upon addition o f  C a2+. These results are best exp lained  by surm ising  
th a t M g2+ p rom otes the packing  o f A -protein  tetram ers into ordered BS patterns, and 
th a t C a 2+ is  no t functional in this ro le . E xperim en ta l ev idence  to  su p p o rt this 
h y p o th esis  w as ob ta ined  by grow ing A. salmonicida cells  in M M  or PPM  w ithou t 
M g 2+, T h ese  cells w ere incapab le o f  assem bling regu lar patterns (norm al o r altered), 
and produced  large am ounts o f  FR units grouped in m asses s im ila r to those show n in 
F ig. lOh, I t  is  im portan t to no te that w hile  calcium  has been reported to he involved in 
lin k ag es  be tw een  S -layer subunits (K ist and M urray, 1984), betw een su bun its  and a 
ce ll w all co m p o n en t (Sdra and S leytr, 1987), or in both kinds o f linkages w ithin the 
sam e S -layer (B ingle etal,, 1987b; D oran et al„ 1987), a requ irem ent for m agnesium  
h a s  on ly  been  docum en ted  fo r S -layer assem bly  in Spowsurcina ureae (B everidge, 
1979) and Bacillus brevis (Tsuboi etal,, 1982),

F inally , it  is im portan t to em phasize that the appearance o f  the W D  pattern  is not 
an exclusive  consequence o f  d ivalent cations ex traction o r deficiency , T he  attenuated 
m u ta n t A 4 5 0 -1 0 S , as w ell as ce lls  kep t in TR1S buffer, o r g row n  in M M , also  
d isp layed  p rom inen t W D  patterns. E xperim ental evidence suggesting  a m echanism  for 
th is e ffec t has  no t been found , bu t i t  is very in teresting  that a com m on fac to r for the 
IDS stra in  (J.C . T horn ton , personal com m unication) and the cells kep t in buffer, o r  
g row n  in M M , is energy  starvation. Perhaps the synthesis o f  A -protein subun its  under 
low  energy  conditions, leads to defective A -layer assem bly,

T h e  appearance o f regular altered patterns upon calcium  (and perhaps energy) 
lim ita tion  seem s to be a un ique response o f the A -layer, since o ther S -layers in  w hich 
ca lc ium  b ridges have been  specifically  im plicated  lo se  all regu la rity  upon calcium  
dep le tio n  (B u ck m ire  and M urray , 1976; K oval and M urray , 1985; B everidge and 
M u rray , 1976c; D oran  et a t, 1987). It is im p o rtan t to note tha t the facu lta tiv e ly  
in trace llu la r pathogenic species o f the genus Yersinia respond to low  levels o f  calcium  
and  increased  tem peratu re  by inducing  a com plex program m ed, response (C ornelia el 
a l,  1989; S traley , 1991), apparently  m ediated by a tw o-com ponen t regu la to ry  system  
(F orsberg  etal., 1991). In terestingly , 1 have observed that altered  A -layers d isp laying  
the BS pattern  ex is t in vivo and are capable o f  m ediating a very effic ien t association  o f  
A, satmonicida w ith salm onid m acrophages (refer to chap ter IX). Perhaps, m ore than a
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m ere in vitro induced  effec t, the appearance o f  regu lar altered  pa tte rn s  m ay be an 
ind ication  o f  the A -layer's ab ility  to respond to environm ental signals, im ply ing  tha t it 
m ay possess m ore than one functional organizational state.
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F U N C T I O N S  O F  T H E  A - L A Y E R  
O F  A e r o  m o n a s  s a l  m o n i c i d  a

F u n c tio n a lly , the A -lay e r is  ex trao rd inarily  versatile  (K ay ant! T rust, 1.9 9 1), 
S oon  a f te r  its d iscovery  i t  w as show n  that the A -layer w as essen tia l fo r v iru lence 
(Ish igu ro  e ta l,  1981; Kay etal., 1981); the LD50 o f  A “ m utants being  four orders o f  
m agn itude g reater than  their corresponding A + parental strains. T he  A -layer is neither 
the  only n o r  necessarily  the m ajor v irulence determ inant o i \ \ .  saltiumidda, since there 
a re  to ta lly  av iru len t A +  s tra in s  (T horn ton  et al., 1991). T he  sp ec ific  v iru lence  
m echan ism s associated  w ith  the A -layer are still being e lucidated , and constitu te  the 
core o f the  w ork presented in  the rem aining section o f this d issertation.

A s proposed  for S-lnyers in general, the A-layer has a  definite role as a  physical 
barrie r, I t  p ro tec ts  A. salrnonicida ce lls  aga in st b ac te rio p h ag es  that u se  su rface  
m olecu les, especia lly  d ifferen t portions o f the LPS m olecule, as recep tors (Ishiguro et 
al., 1981 &  1983). S ince m ost recep to r m olecu les are sh ie lded  by the  A -layer, 
bac teriophages (w h ich  can n o t penetrate  the A -lay er’s pores) h av e  a h igh ly  reduced 
ab ility  to  in fec t A +  cells. I t  also confers resistance to predation by  Bdellovibrio spp, 
(K oval a n d  H y n es , 1991). A lthough  th<* m echanism  fo r th is e ffec t is  not fu lly  
un d ers to o d , it is  v e ry  likely  that the A -layer e ither h ides a recep to r m olecu le  from  
m aking  co n tac t w ith  Bdellovibrio ce lls , acts as a barrie r against enzym atic  attack o r  
possib ly  stren g th en s the o u te r m em brane to avoid  b reakage by physica l attack . T h e  
p ro tec tiv e  action  o f  the A -layer ag a in s t k illing  by fresh serum  w as one o f  the firs t 
specific v iru lence related functions disco vered (M unn et al., 1982). A+A. salrnonicida 
a re  ab le  to  w ithstand  com plem en t a ttack  even  in the p resence o f  im m une serum . 
H ow ever, A -lay e r is  no t the only  p ro tec tive  barrier aga in st k illin g  by com plem en t. 
Sm ooth  L P S  is a lso  pro tective as dem onstra ted  by the fac t that ( ) “ strains w ith co re  
reg ion  L P S  are ex trem ely  sensitive to norm al serum . In te resting ly , fresh trou t serum  
appears to  be m o re  bacteric idal than rabb it or hum an serum  ag a in s t A. salrnonicida 
(M unn et a l,  1982; L C , T h o rn to n  and  R .A . G arduno , unpub lished  o b se rv a tio n ). 
F u rtherm ore, it h a s  been show n that in  its native arranged form , the A -layer is  resistan t 
to  the ac tio n  o f  p ro te ase s  (Chu e t  a l., 1991; P h ip p s , 1988). By w ith s ta n d in g
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proteolysis, the A -iayer is able to p ro tect underlying surface m olecules from  pro leases, 
w h ich  im p o rtan tly  co n tr ib u te  to the n o n -o x id a tiv e  k illin g  m e ch an ism s  in s id e  
phago lysosom es (Lehrer and G anz, 1990).

An in trigu ing  pro tective effect o f  the A -layer against reduced  oxygen  species 
(R O S) has been observed (K arczew ski et al,, 1991). T his pro tective effec t w ill be the 
su b jec t m a tte r o f chap ter V II. A pparently, as in the case o f  serum  resistance , the A - 
lay er is n o t exc lu sive ly  responsib le  for pro tection  against R O S; p roduction  o f  the 
en zy m e  su p ero x id e  d ism u tase  w as also  re la ted  to p ro tec tio n  ag a in s t su p e ro x id e  
(K arczew ski e l al., 1991).

T he A -layer is associated  w ith su rv ival o f  A. salrnonicida in  the freshw a ter 
env iro n m en t (Sakai, 1986). A + cells w ere able to survive for m ore than  15 w eeks in 
the  p resence o f  d ilu ted  hum ic acid (10 mg/1), tryp tone (10 mg/1), and  c leaned  r iv e r 
sand. A ' cells  incubated under the sam e conditions, and A + cells kep t in saline w ithout 
nu trien ts , o n ly  su rv ived  fo r 7 days a t the m ost, S akai (1986) p roposed , based  on 
experim en tal data, an e lectrosta tic  m echanism  o f  adsorption to sand  partic les, w here  
adsorbed A +  cells could  slow ly  utilize co-adsorbed nutrients. T he ro le  o f the A -lay er 
appeared to be the conferring o f a net negative charge to A + cells; A ' cells d isp layed  a 
net positive charge.

S u rp ris in g ly , the A -lay er has been dem onstra ted  to be in c red ib ly  good  at 
b in d in g  h o s t m olecu les. It is capab le  o f b inding  po rphy rin s (K ay  et a l, 1985), a 
capability  tha t has been speculated  to be involved in an iron uptake m echanism  (K ay et 
a l ,  1985 &  1988), or, as it  w ill be d iscussed  in  chap te rs  V  &  V I, h i in c re a se d  
penetration  o f  host cells. E nhanced  invasiveness after hem in  b ind ing  also  has je e n  
show n  lo r the facu lta tively  in trace llu la r pathogen Shigella flexneri (D askalero s an d

i
P a y n e , 1987). A + A.  salrnonicida c e lls  w ere  fo u n d  to s p e c if ic a l ly  b in d  
im m unog lobu lins; rabb it .IgG, w ith  a K j o f 1. pM , and hum an IgM , w ith  a K j o f  3 .3 
p M  (Phipps and Kay, 1988). In tact IgG  w as requisite for b inding, s ince  both Fab and 
Fc fra g m e n ts  w ere  n o t bound . It has been  h y p o th e s ized  th a t the c o m p le te  
im m unog lobu lin  m olecule is accom m odated  in  the p it form ed by the  m assive , funnel- 
shaped , A -layer co re  unit. Som e support fo r this view  com es from  the. fac ts  tha t the 
average b ind ing  sto ich iom etry  is approxim ately  1 im m unoglobu lin  m olecu le  to 4  A - 
p ro te in  m onom ers , and that the arrayed  A -layer, bu t n o t m o n o m eric  A -p ro te in , is 
requ ired  fo r b in d in g  (P h ipps and K ay, 1988). M o reo v er, the A -lay e r has been  
dem onstrated  to specifically  bind the host basem ent proteins fibronectin , lam inin (D oig
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et al, 1992) and  co llag en  IV (T rust et a!., m an u sc rip t subm itted}. T h e  b ind ing  
constan ts  fo r lam inin  and fibroncctin w ere 1,52 nM and 6 .6  nM, respectively . B inding 
o f  co llagen  IV  w as irreversib le , m aking the m easu rem en t o f the equ ilib rium  constan t 
d ifficu lt; an estim ation  being 27 n'M. This un ique ab ility  o f the A -layer to bind host 
b asem en t p ro te ins m ay re fle c t an A -layer-m cdiated , sp ce iab zed  m echanism  o f  host 
colonization . Instead  o f  exclusively  interacting with h o st cell surfaces, A, sahmmwida 
cells m ay  alternatively  b ind  to and co lon ize ex trace llu la r m atrices. A lso, b inding o f 
ex tracellu lar m atrix  proteins to the bacterial cell surface m ay subsequently  enhance the 
ability  o f  A  salrnonicida to colonize certain tissues or g a in  access to specific cell types, 
ex p lo itin g  host ex trace llu la r basem ent protein receptors, E levated fibum eclin  levels 
m ay c o n tr ib u te  to  enhanced  tissue ad h eren ce  o f pa th o g en s (H ook  et a l,  1989), 
in c lu d in g  A, salrnonicida, F inally , the un ique  ab ilitie s  o f the  A -lay e r to h ind  
im m unog lobu lin s and o ther h o st m olecules perhaps re fle c t an o th er A -layer-m ediated  
m echanism  of h o s t defense avoidance. N on-im m une b inding o f im m unoglobulins may 
o v e rth ro w  the p u rp o se  o f  the hum oral im m une resp o n se , and  fu rther sh ield  the 
bacterium  irom  o th e r defense m echanism s like opsonic phagocytosis by  neutrophils. 
In  the case  o f  hem in  and  so lu b le  fib ro n cc tin , b ind ing  to the A -layer m ay sh ie ld  
underly ing  bacterial surface antigens from  norm al im m unological recognition (a case o f 
m olecu la r m im icry), again, subverting the purpose o f the hum oral and ce llu la r im m une 
responses. Specifically , so luble fibroncctin has been identified in rainbow  trout plasm a 
and in the  supernatant o f rainbow  trout gonad (RTG -2) cell line cultures (L ee and Bois, 
.1991). In teresting ly , cortiso l induced  an increase in fibroncctin syn thesis by thise cel! 
line (L ee  and B ols, 1991).

T he  A -layer p rom otes adhesion to host cells, It has been show n tha t A +  cells 
w ere tw o  to th ree  tim es m ore  active than th e ir A" co u n te rp a rts  in th e ir  ab ility  to 
associa te  w ith m acrophages (T rust e ta l,  1983) or w ith  non-phagocy lic  cell lines o f  
m am m alian  (baby  ham ster k idney , B H K -21) o r  p iscine (R T G -2) origin (P arker and 
M unn, 1985), A t firs t i t  w ould  seem suicidal fo r A. salrnonicida. cells  to associate  with 
m acrophages, s in ce  these  are  p rofessional p hagocy tes  capab le  o f  k illin g  bacteria  
th rough  o x id a tiv e  and n o n -o x id a tiv e  m echanism s. H ow ever, there is ev id en ce  
in d ica tin g  that A + A  salrnonicida ce lls  are ab le  to su rv iv e  k illin g  by m acrophages 
(G raham  et a l,  1988; O liv ier e ta l,  1986), Therefore, it is reasonable to hypothesize  
that the  m acrophage constitu tes an unsuspecting  accom plice in the rapid spread  o f  the
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in fec tion . T h is , and the issue o f A, salrnonicida as a facu lta tiv e ly  in trace llu la r  
pathogen, will be discussed in m ore detail in chapters V, VI. V IH  and X I.

W ith this rem arkable plethora o f functions, it seem ed im portant to  determ ine the 
spec!H e role o f  the A -layer in som e specific processes, and to exam ine the  m echanism s 
in v o lv ed . Indeed , the  exp lanation  o f w hy the A -layer is ab so lu te ly  requ ired  for 
virulence is being unraveled.

M A T E R IA L S  A N D  M E T H O D S  U S E D  IN F U N C T IO N A L  S T U D IE S  

B u ffe rs
S terile phosphate buffered sa line  (PBS) pH 7 ,4 , w as used  as the  m ain genera l 

bu ffer (especially  in bacterio logical w ork). It contained  8 g o f  N aC l, 0 .2  g o f KC1, 0.2 
g o f  K H2P O 4 , and 1.15 g o f N a2H P 0 4 , d isso lved  in one li te r  o f de ion ized  w ater. 
F ilte r  s te rilized  H anks balanced  sa lt so lu tion  (I-IBSS), pH 7 .6 , w as u sed  as the m ain  
b u ffe r for tissue cu lture (especially  for piscine cells). HBSS w as com prised  o f N aC l, 8 

g ; KC1, 0 .4  g; C aC l2-2 H 2 0 , 0 .185  g; K H 2P 0 4 , 0 .06  g; N a2H P 0 4 , 0.05 g  (or 
N a2H P 0 4-7 H 2(), 0 .09  g); M g S 0 4-7H20 ,  0.2 g; N a H C 0 3, 0 .35  g; D -G lucose, 1 .0 g; 
and  de ion ized  w ater to one liter. E xtra  buffering  capacity  w as  o b ta in ed  by add ing  
M EPES at a  final concen tration  o f 2.38 g/1. M illon ig 's P hosphate  B u ffe r  (N aH 2P 0 4, 
55 .2  g/1; pH 7 .4) w as used to con tro l the pH o f fixa tives and saline w ashes, du ring  
preparation o f som e specim ens for electron m icroscopy,

Bacterial strains
A, salrnonicida s tra in s  A 450, A 450-1 , A 450-10S , and  A 4 5 0 -1 0 S R , w ere  

d e sc rib ed  in ch ap te r I, “ M ate ria ls  and m ethods used in s truc tu ra l s tu d ie s” . T he  
fo llow ing  stra ins w ere also used in functional studies: A. salrnonicida A 450-3 , an  A" 
avi.rulen t m u tan t selected  by incubating  a cu ltu re o f  A 450 a t 30°C  (Ish igu ro  et al., 
1981), I t con ta in s  h igh m olecu lar w eigh t LPS w ith in tact O -po ly saccharide  ch a in s  
( 0 4‘); A. salrnonicida A 45 'l, a w ild type A + , 0 + strain  iso la ted  in  F rance  (C, M ic h e l’s 
s tra in  T G 51/79) (K ay et al. , 1981); A. salrnonicida M T 2 6 , a  w ild  type, h ighly  v iru len t 
s tra in  iso la ted  from diseased  salm on in the C anadian w est co as t (a M icro tek  R. &  D. 
stra in , B .C., C anada); Escherichia coli A TC C  11775; and c lin ica l labo rato ry  s tra in s  of 
Pseudomonas aeruginosa and Staphylococcus aureus (o b ta in e d  th ro u g h  the
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M ic ro b io lo g y  T e a c h in g  L ab , D ep a rtm e n t o f  B io c h em istry  and M ic ro b io lo g y , 
U niversity  o f V ictoria, Canada).

G row th conditions and preparation o f  bacterial cells
A, salrnonicida strains w ere routinely  grow n, as needed, in LB , T S B , FPM , o r 

p la tes  o f  T S A , as described  in chap ter I, “ M aterials and m ethods used in structu ral 
s tu d ie s” . E. coli, S. aureus, and P. aeruginosa were routinely grow n on T S A  plates at 
37 °C  for 24  h, A. salrnonicida s trains used in association or cy to tox ic ity  assays w ith 
m ac ro p h ag es  o r o th e r host ce lls  w ere cu ltu red  a t 20°C , for 4 8 -7 2  Iv, on  T S A , o r 
su p p lem en ted  T S A  plates, as needed: T S A /C ongo  R ed (30 p g /m l) w as p repared  as 
d e sc rib ed  p rev iously  (Ishiguro et a l,  1985). T S A /hem in  plates w ere supp lem en ted  
w ith  hernin  a t a fina l concen tra tion  o f 10 (ig/rnl. H em  in w as firs t d isso lved  in a I : I 
m ix tu re  o f D M SO :Tw een 20 and further diluted in deionized w ater, filter sterilized, and 
u se d  as n eed ed . T S A /b lo o d  p la te s  co n ta in ed  10% (v /v) a se p tie a lly  co lle c ted , 
h ep a rin ized  fresh  trou t blood. H em in and blood supp lem ents w ere added to the T SA  
base at 50 °C, before pouring the m edium  in to  plates.

R outinely , bacteria grow n in liqu id  m edia w ere prepared by pelleting  them in a 
c e n tr ifu g e  (1 ,5 0 0  x g av . fo r 5 m in .) and  w ash in g  them  2  tim es w ith  P B S . 
A lternative ly , co lonies o f bacteria grow n on plates w ere scraped o ff  the p la te’s surface, 
su sp en d ed  in PB S, pelleted  by cen trifugation , and w ashed under the sam e conditions 
described  for cells grow n in liquid m edia. T hen, bacterial cell suspensions w ith a final 
c e ll density  o f  1 O D . (absorbance read a t 650 nm ), w ere prepared , as needed, in PBS, 
H B S S  or tissue cu ltu re  m edium , T hese  bacterial cell suspensions w ere used in further 
ex p erim en ts, e ith er d irectly , o r a fte r p roper dilu tion. Several v iab le  cell coun ts o f  I 
O D (55o su spensions o f the d ifferen t bacteria l strains used, w ere m ade by the standard 
d ilu tio n -p la le  m ethod  (see below : “S tain ing  and counting  m ethods” ), and the a verage 
n u m b e r o f  CFU/ml, un it determ ined  (0 .75-1 .0  x 109 CFU /m ! o f a 1 O D. bacterial cell 
su sp e n sio n ). D ilu tio n s  o f  1 O D . su spensions w ere rou tinely  m ade to ad ju st the 
bacterial cell density as needed.

M urine m acrophages (m 0 s )
T he m urine  m 0  ce ll line P388D1, derived from  the m ouse strain  D B A /2 , w as 

used  for those  experim en ts  described  in chap ter V, M 0 s  w ere in itia lly  ob ta ined  from  
J .L . K lu ftin g e r  and  R .W , H ancock , U n iv e rs ity  o f  B ritish  C o lu m b ia , to perform
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pre lim inary  experim ents. L ater, a s tock  culture o f  P 3 8 8 D t m 0 s  w as ob ta ined  from  
T .W . Pearson , U niversity  o f  V ictoria.

M 0 s  w ere k ep t g row ing  at 37°C  and 5%  C O 2, in 40  m l tissue cu ltu re  flasks
(Falcon  L abora to ries) w ith 10 ml o f  com p le te  R P M I-1640  m ed ium , co m p rised  o f 
incom ple te  m edium  (see below ) supplem ented w ith ,5% heat inactiva ted  fe ta l bov ine 
serum  (S igm a H eart Line), T hey  w ere passaged every  48 h to be used in  experim en ts, 
an d  every  96-120  h for m ain tenance. M 0 s  w ere  ro u tine ly  d e tached  by  rep ea ted  
w ashing, Incom plete  R P M I-1640 consisted o f basal m edium  (S igm a) w ithou t sodium  
bicarbonate o r glutam ine, 450 ml; glutam ine (30 m g/m l), 5 ml; 2 -m crcap toethano l (3.5 
p.I/ml), 0 .55 ml; H E PE S (I  M ), 5 ml; N aH C (>3 (7 .5% ), 13.35 m l; pH  7.4.

Iso la tion  and cu ltu re  of ra inbow  trou t ( O n c o r h y  n c h u s
m y  ki ss)  m 0 s
Materials.

Surgical tools: ^ lu n t nosed scissors, forceps, scalpel, s te rile  sca lp e l b lades, 
and  spatu las; all m ade o f sta in less steel, These w ere  kep t im m ersed  in 95%  ethano l. 
P rio r to use , tools w ere p referab ly  flam ed or a lte rna tive ly , left to air d ry  in  a  c lean  
lam inar flow  hood. I t  w as convenien t to have a d issection  board on w hich  to keep  the 
fish in a correc t position, and in to  w hich wire hooks, used as retractors, w ere fixed.

Plasticware: S terile  N algenc™ , 10 nil, 16 x  64 m m , ro u n d  bo ttom , sc rew  
capped , po lycarbonate  tubes, used fo r h igh speed  cen trifugation  (up to 50 ,000  x g); 
s terile , g raduated , screw  capped , 17 x 120 mm , 15 m l po lysty rene con ica l cen trifuge  
tubes; sterile  polystyrene Petri dishes, 100 x 20 rum ; tissue culture po lysty rene d ishes, 
35  x 10 m m ; tissue cu ltu re 2 4 -fla t well po lystyrene plates, w ith lid; N algene™  500 ml 
b o ttle  top filters (w ith a 50 m m  cellu lose  acetate m em brane o f 0 ,2  pm  pores), to f it 
bottles w ith  45 mm neck size; sterile syringes (different volum es); needles fo r bleeding 
(18 gauge x 25 m m ), and syringe filters 0 ,2  pm  pore size,

Glassware: Long P asteu r p ipets (9 inches); glass bottles (bo ttle  n eck  size  45 
m m ) o f 500 and 100 ml capacity , used fo r storage o f tissue cu lture m ed ia  and buffers; 
g la ss  p ieces o f 10 x 1 0 x 3  m m  to be used  as supports for cu ltu re coverslip s; square  
coverslip s N o. 1 th ickness (0 ,13-0.17 m m ), 22 x 22 mm; g lass ro d s (7 m m  d iam eter,) 
w ith bulged flat ends, used to squash the head k idney tissue,

Culture media: L eibovitz  L - 15 tissue cu ltu re  m edium  w as ro u tin e ly  used. 
B asal L -15  w as p repared  from  a pow dered  stock  (O IB C O  B B L). In co m p le te  L-15



consisted  o f  the basal L-15 form ulation  supplem ented  w ith 0,4%  glucose, T h is  could 
be  sto red  a t 4°C  fo r  up to 2  m onths in tightly  c losed  g lass bo ttles, F resh ly  m ade 
g lu tam in e  (f ilte r  s te rilize d  w ith  a sy ringe  filter) w as added  to in com ple te  L -15, 
im m ed ia te ly  befo re  use , to a  fina l concen tra tion  o f 150 mg/1, F resh ly  m ade L- 
15/H eparin  (10 heparin  units/m l) w as used to in itially  suspend the cells from squashed 
h ead  k id n e y  tissue . F rozen  300 (il a liquo ts  o f  a s te rile  heparin  so lu tio n  at a 
concen tration  o f 1000 units/m l w ere kep t at -20°C, Each thawed aliquot m ade 30 ml of 
L -15 /heparin , w hich w as the volum e usually required per isolation batch, C om plete L~ 
1.5 w as com prised  o f  89 volum es o f incom plete L-15, 10 vo lum es o f  hea t inactivated 
b o v in e  c a lf  serum , and  1 vo lum e o f the an tib io tic -an tim yco tic  s tock  so lu tion  (see 
be low ). C a lf  serum  w as a  good  substitu te  for fetal bovine serum , T here  w ere  no 
no ticeab le  d iffe ren ces  observed  in trou t m 0  cu ltu res  kep t in e ither com p le te  L-15 
p repared  w ith  5% fe ta l bov ine scrum  or w ith 10% bovine c a lf  serum . V ery good 
re su lts  w ere ob ta ined  using tro u t serum  as a substitu te  for bovine serum . In this case, 
com ple te  L -15 w as p repared  w ith  95 volum es o f incom plete L - 1 5 ,4 vo lum es o f fresh 
tro u t serum , and 1 vo lum e o f  the an tib io tic-an tim yco tic  s to ck  so lu tion , Serum  was 
rou tinely  ob ta ined  from  the sam e trout used as source o f head kidney tissue, U sually, 
the vo lum e o f  b lood  w as p roportional to the num ber o f  m 0 s ob ta ined , so  that the 
vo lum e o f  serum  recovered  w as enough to supp lem en t the cu ltu re  m edium . Before 
u se , fresh serum  w as filtered  through a 0.2 pm  pores syringe filler. T he  use o f trout 
se ru m  w as avoided  in  those cases w here con tam inating  hem oglob in  w as undesirab le . 
T h e  an tib io tic -an tim y c o tic  s tock  so lu tion  w as p repared  from  lyoph ilized  p roduct 
(S IG M A ), T he  reconstitu ted  stock solution w as stored  at -20°C , T his contained 100X 
the needed concen tra tion  o f penicillin  (10,000 U /m l), strep tom ycin  (10,000 U /m l), and 
am pho teric in  B (25 p g /m l). For convenience, I kep t the an tib io lic -an tlm yco tic  stock 
frozen  as 1.0 m l aliquots. Each thawed aliquot supplem ented 100 ml o f  com plete L-15, 
G e n ta m ic in /L -1 5  (5 p g  o f  g en tam ic in /m l) w as used  in assay s  w here  b ac teria l 
con tam ination  con tro l w as required, bu t the presence o f an tib io tics inside m 0 s  w as not 
desired ; i.e. in tracellu lar bacteria were not exposed to the antibiotic. T his w as prepared 
using  9,6 volum es o f  incom plete  L-15 0.4 volum es o f serum , and 0.0! volum es o f a 5 
m g/m l stock  so lu tion  o f  gentam icin. G entam icin w as stored at 4 ''C .

Other materials; S iev ing  cups (Fig. 14} w ere used to d isperse  the head  
k id n ey  tissue in to  a  cell suspension . C ircu lar p ieces (12 cm  in d iam eter) cu t from a 
w oven  ny lon  m esh , 20  p m  pore  size (M acroporous Filter™ , obtained in 30 x 30 cm
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Nalgcne bottle

•J

Cut ring

6 cm

Woven nylon 
inesh

Rubber band

RKilJRIC 14, Mitnuracluring o f laboratory-made sieving cups, An autoclavable 250 ini bottle 
(Nalgcne, polypropylene) was cut to obtain plastic rings o f die indicated dim ensions. Rubber 
bands were used to keep (be woven nylon mcsli in place, covering the bottom o f  each ring. Cups 
were autoelaved before use. After use, the nylon mesh was removed from the ring, thoroughly 
washed with water, and reattached using new rubber bands.
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sh ee ts  from  S pectrum  M edical Industries  Inc.) w ere used to m ake s iev ing  cups as 
illu stra ted  in  Fig. 14. A  hem acytom eter (B right Line™ , from  A m erican O ptical), was 
used  to c o u n t cells in  suspension. A p ipet-filier pum p (D rum m ond), w as used w ith 1, 
5 and 10 m l serological pipets in the lam inar flow hood,
Method.

Dissecting the head kidney. A  trout w eigh ing  300-500 g  w as s tunned  on 
the  head w ith  a w ooden stick and im m ediately bled through the caudal vein. Betw een 5 
an d  S m l o f  blood w ere  usually  obtained. The blood w as transferred to a 15 ml conical 
tube fo r c lo tting  a t  room  tem perature. The trou t w as placed on the dissection  board 
w ith  the ven tra l side up and the m ucus covering the ventral skin w as scraped o ff w ith a, 
spatula. T h e  ventral skin w as then disinfected w ith 70%  ethanol and a scalpel w as used 
to  care fu lly  cu t around  the anus (in testine was no t cu t or perforated). O nce the m uscle 
an d  skin around  the  anus w ere separated , the blunt nosed scisso rs w ere used to cu t the 
abdom en  (from  the anus to the gill level), exposing the internal cavities, H ooked wires 
w ere  used  to  retract the abdom inal w alls and keep them pulled to the outside, fixed to 
the  d issec tion  board. The viscera w ere m oved to the front, pulling from (he anus, and 
held  at the front by m eans o f a  blunt-cnded w ire hook passed around the esophagus and 
fixed  to th e  dissection  board. A ll the organs w ere kept intact, especia lly  the digestive 
tract, so  th a t their con ten ts w ere not sp illed  in the internal cav ities. T he  k idney  w as 
en tire ly  ex p o sed  (F ig , 15), T h e  m em branes covering  the head k idney w ere c u t w ith a 
ste rile  sca lp e l b lade, and gen tly  pulled w ith fine forceps, A spatu la  w as (hen used to 
scoop o u t a ll the head  kidney tissue.

Processing the head kidney tissue. T h e  d issec ted  head  k id n e y  w as 
p laced  in  a  siev ing  cup  inside a Petri d ish  containing 10 ml o f I leparin /L -15, and was 
squashed  w ith  the fla t end o f  a  glass rod. The bottom  of the Petri dish was k ep t on ice 
to  assure th a t during  squash ing , the tissue was constantly  bathed w ith cold 1 leparin /L ’ 
15. T he  ce ll suspension  produced  had a dark  brow nish co lo r and con ta ined  a  total 
nu m b er o f  cells (excluding  ery throcytes) approxim ately  equal to 10^ tim es the tro u t’s 
w e ig h t in  gram s. T h e  volum e o f the cell suspension w as ad justed  Lo 24  ml w ith  cold 
H eparin /L -15  and the suspension sp lit in to  six 4  m l aliquots. Each aliquo t w as loaded 
in  a  10 m l N algenc™  cen trifuge  tube con tain ing  4.2 ml o f  stock  iso tor:!. Percoll™  
(SIP). U nder these cond itions the num ber of cells  did not exceed  the lim it o f K x 10^ 
p e r g rad ien t (i.e. p e r  tube),
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Esophagus

Head 
kidney

Anus

Hook holding 
the viscera

FIG URE' 15, Representation o f a dissected trout (top view  o f  (lie abdominal cavity) just before 
removing the head kidney. N otice the position o f the wire retractors fixed to the dissection board, 
and the position o f  (lie internal organs.
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Separating m0s,  Percoll™  (P harm ac ia , U ppsa la , S w eden ) co n s is ts  o f  
co llo id a l s ilic a  p a rtic le s , 15-30 nm in d iam ete r, w hich  have been  co a ted  w ith  
po lyv iny lpyrro lidone. C oating  renders the silica particles non-toxic and sign ifican tly  
increases  the ir s tab ility  in  suspension. Pcrcoll™- has a very low osm otic pressure and 
v iscosity , even  a t h igh  densities (up to 1.3 g/m l), and it is able to form self-generated  
g rad ien ts  in  a sh o rt tim e (10-30 m in.), w hich m ake it useful in  cell separa tions  by 
iso p y cn ic  cen trifu g a tio n . B efo re  use, Percoll™  w as m ade iso ton ic  by  m ix ing  9 
vo lum es o f  Percoll™  w ith  1 volum e o f sterile 1.5 M N aCl. R outinely , batches o f  100 
m l o f  s to ck  iso ton ic  P erco ll (SIP) were prepared, so that the bulk o f the p roduct w as 
k e p t undilu ted in its orig inal bottle.

B y m ix ing  4  m l o f  the head kidney cell suspension in H ep arin /L -15 with 4.2 ml 
o f  S IP  a  su sp e n sio n  w ith  an in itia l d en sity  o f  1.065 g /m l w as o b ta in ed . U pon  
cen trifugation  in an angle-head  ro to r (JA -20 Beckm an™ ) for 20 m in., 20 ,000 x gav. at 
5 °C , a co n tinuous density  g rad ien t w as sym m etrica lly  d istribu ted  around this initial 
density  o f  1.065 g /m l, and  the head kidney cells w ere  distributed along the gradien t in 
d isc re te  bands as ind ica ted  in Fig. 16a. T he top band was form ed by dead ceils, cell 
c lu m p s and a  gum m y, v iscous, dark  debris, T he second band from  the top usually  
appeared  lum py and had a brow nish color; it was m ainly form ed by m elanocytes. T he 
th ird  band, w ith  a  density  d istribution  o f  1.069-1.075 g/m l w as the one enriched  in 
m 0 s .  Im m ed ia te ly  below , w ere the lym phocytes, som etim es separated  in to  d iscrete 
b ands but usually  appearing  as a  single band as in Fig, 1.6a. T he fifth band consisted  
o f  red  blood cells, F inally , a b lack pellet o f  m elanin granules w as form ed against the 
tu b e ’s w all. T h e  first and second bands from  the top w ere taken ou t o f  the  lube and 
d isca rd ed . T h e  th ird  band w as then recovered  from  beneath , by m eans o f a  “ U- 
sh ap ed ” P as teu r p ipe t (F ig . 17). R ecovery  from  beneath  w as a lw ays c lean e r than 
recovery  from  the top w ith  straight pipets (Fig. 16c).

Sequential discontinuous and continuous Percoll™ density 
gradients. W hen  h igh ly  purified  preparations o f head k idney m 0 s  w ere req u ired , it 
w as possib le  to com bine  the use o f d iscontinuous and continuous density  g rad ien ts, 1 
app lied  first a m odification  o f the m ethod o f  B raun-N esje e t al. (1981), fo llow ed by a 
con tinuous density  g rad ien t purification. D iscontinuous gradients w ere p repared  in 15 
m l con ica l cen trifu g e  tubes, T he  bottom  layer consis ted  o f 6 ml o f  a Percoll™  
suspension  p repared  by m ixing  30 ml o f SIP and 19.7 ml o f  HBS»S (density  =  1.077 
g /m l). T he  m idd le  la y e r  consisted  o f 3 ml o f a Percoll™  suspension  p repared  by
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FIG U R E  16. Distribution o f head kidney cells in a continuous density gradient (initial density 1,065 
g/m l). Five* cell bands were distributed as shown in panel (a). Density w as tracked by colored 
density marker beads (Pharmacia), as shown id panel (b). In panel (c), the macrophage band (m 0) 
luts been recovered from the tube shown in panel (a). Notice the undisturbed lymphocyte band left 
(LYMPH.). MELAN. = Melanocyte band, RBC = Red blood cell band.

a

F IG U R E  17. Tips o f  the modified Pasteur pipets used in the isolation o f trout m 0 s. (a) The “U- 
shaped” pipcte is used to recover macrophages from continuous density gradients, (b) The 
“balloon” pipcte is used to smoothly load the layers o f discontinuous density gradients. The 
pressure at die tip o f  the balloon pipcte is reduced, avoiding die usual turbulences produced by 
delivery o f  liquids dirough straight narrow pipcte tips. BoUl m odified pipetes are easily made by 
means o f  a Bunsen burner. In die case o f die “balloon” pipete, die dp is first sealed and then 
blown until the balloon formed bursts, leaving a huge lateral hole.
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m ix in g  10 m l o f SIP and 10.8 ml o f  incom plete L -15 (density  =  1.066 g/m l), The 
m id d le  la y e r w as loaded  onto  the bottom  one, by m eans o f  a m od ified  “ ba llo o n ” 
P a s te u r  p ip e t (Fig, 17). S ince P asteur pipets arc no t g raduated , it w as conven ien t to 
use  the g raduation  on the tube to dispense the appropriate vo lum e o f each  layer. The 
top layer consis ted  o f 4  m l o f a head k idney cell suspension in H ep arin /L -15 (prepared 
as describ ed  above). T h is  top la y e r w as also loaded  by m eans o f a, balloon p ipet. 
T u b e s  w ere cen trifu g ed  a t 400  x g iVV for 40 min. a t 4°C  in  a cen trifuge  with free 
sw in g in g  ro to r , and the  ce ll band  located  betw een the m idd le  and bottom  layer 
(enriched  in  m 0 s) w as recovered  from each discontinuous g rad ien t (w ith a U shaped 
p ipe t) and pooled . Pooled  m 0 s  w ere washed once by centrifugation  (300 x guv fo r It) 
m in . a t4 °C )  in L-15, resuspended in 16 ml o f incom plete L-15, and equally  divided in 
fo u r  10 ml N algcne™  cen trifuge tubes contain ing  4,5 ml o f  S IP . A fter m ixing, lubes 
w ere  cen trifuged  in an  angle-head ro tor (JA -20 Beckm an™ ) fo r 20 m in., 20,000 x gav> 
a t 5°C . A fte r centrifugation , a top broad band o f m 0 s  (with basically  the sam e density  
d istribu tion  o f  1.069-1.075 g/m l) w as clearly distinguished above several thin bands o f 
lym p h o cy tes  and o ther contam inating  cells. Som etim es an upper band o f dead and /or 
c lum ped  ce lls  was form ed near the m eniscus. This w as d iscarded  p rior to recovery o f 
m 0 s  by m eans o f a U -shaped pipet.

Washing and plating m 0s. C o llected  m 0 s  w ere w ashed  th ree  tim es by 
cen trifu g a tio n  (300 x  gav fo r 10 m in. al 4°C ), with ■() ml o f incom ple te  L-15. Before 
the  la s t w ash , cells in  suspension  w eto counted  in  the h em acy to m eter, a fte r a 1:2 
d ilu tion  in 0 .4%  solu tion  o f T rypan B lue in PBS. T rypan B lue w as used to determ ine 
c e ll v iab ility , since live ce lls  exclude the dye, w hereas dead  cells ta k e  it up. C ell 
v iab ility  a lw ay s  w as £90%  , A t this point, approxim ately  40-50%  o f the head kttitaw  
c e lls  in su spension  (exclud ing  ery th rocy tes) w ere recovered . This y ie ld  w ax low er 
w hen consecutive discontinuous and continuous gradients w ere used.

R ecovered  ce lls  w ere suspended in a single sterile  bottle at a cell co n een tm n  u 
o f  106/m l, an d  plated on supported  coverslips (Fig. 18) at 7.5 x 10s cell,s/cover,slip m 
in  24 -w ell p la tes  at 5 x lO-Vwell. C ultures were incubated a t 14 °C for tw o hours and 
n o n -a d h e re n t cells w ere  w ashed aw ay from the coverslips o r  w ells. A dheren t ni0*» 
w ere  then covered  w ith fresh com plete L-15; cultures on supported coverslips used  7T  
p i o f  m edium /coverslip  and cultures in 24-w ell plates, 1 m l/w ell. The yield of adherent 
m 0 s  varied  betw een  15-20%  o f the plated cells, T his y ie ld  w as h ighe r fo r  m 0 x  
purified  by d iscon tinuous-con tinuous gradients. The m inim al final p u rity  o f m 0 s  was
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F IG U R E  18. Preparation o f  m 0  cultures on supported coverslips. (Hass coverslips were raised from 
the bottom o f  35 x 10 mm tissue culture dishes by means of a supporting glass piece. ( I ) Melted 
vaseline was used to attach the supporting piece to the bottom o f the dish. (2 )  Also the cover,slip 
was fixed to die supporting glass piece with vaseline, Coverslips are centered, so that no contacts 
occur between their edges and the walls o f  the dish. (3) Side view o f a mounted culture covered 
wiUi 750 p.1 o f  tissue culture medium. Notice the shallow depth o f  the medium covering the 
culture, and its curvature at the free edges o f the eovers'ip.
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>95% , The m ain  co n tam in an t cells w ere lym phocytes, ad h eren t g ranu locy tes , and 
apparently  im m ature cells with strongly basophilic cytoplasm ,

T he u se  o f su p p o rted  co v ers lip s  w ith  free edges p ro v ed  to have m an y  
quan tita tive  advan tages, Non adheren t cells w ere easily  and co m ple te ly  e lim inated  
th rough  w ash ing  o f  the supported  coverslips. In con trast, it w as m ore  d iff icu lt to 
elim inate  non-adheren t cells from cultures k ep t in w alled devices (m ulti-w ell p la tes  or 
tissue cu lture dishes), ow ing to the fact that in these, a o jm nan t o f  non-adheren t cells 
a lw ay s  pers is ted  at the  edge form ed by the  w alls and  the bo ttom  o f  the dev ice . 
M oreover, also  in con trast to w alled devices, a t the tim e o f p la ting , the su rface  tension 
o f the  tissue cu ltu re  m edium  in con tact w ith the free coverslip  edges, fo rced  the cells 
aw ay from  the edges, p reventing  their accum ulation in reg ions d ifficu lt to reach and 
o b serv e . A d h e ren t m 0 s ,  co n fin ed  to the su rface  o f  the co v e rs lip , w ere  100%  
o b se rv ab le  and recoverab le  fo r coun ting  purposes. F u rtherm ore , in  b a c te r ia -m 0  
association assays, all added bacterial cells also rem ained confined to the surface o f  the 
coverslip  and interacted exclusively with the m 0 s  on the coverslip. Bacterial cells were 
presum ably m ore availab le  to m 0 s in coverslip  cu ltures, due to the low  depth  o f  the 
liquid phase covering  the culture. D uring assays, m 0 s  on supported  coverslip s  w ere 
m aintained w ith 0.5 ml o f buffer o r tissue culture m edium  covering them.

M0s in culture. T he tissue  cu ltu re m edium  w as changed  daily  for m 0 s  on 
supported  coverslips and every  48h  for m 0 s  in tissue cu lture p lates. A lthough  i t  has 
been reported that head kidney m 0 s  m ay stay in cu lture for up to one m onth (B raun- 
N esje et al., 1 9 8 1), I usually  used m 0 s  after 24 h and before 72  h. in cu ltu re . In  this 
way, com plete  adherence to the substratum  w as assured, and the risk  o f bacterial and /or 
fungal con tam ination  kep t low , H ow ever, it w as possible, w ithou t d ifficu lty , to  keep  
m 0 s  in  cu ltu re  fo r up to  one w eek, U sually , no de terio ra tion  o f m 0 s  (com m on ly  
d e tec ted  by round ing  o f  the ce lls  and /or the p resence o f g ran u la r in c lu sions) w as 
observed during, the first w eek o f culture.

Fish cell lines
T he cyprin id  cell line EPC (epitheliom a papulosum  cyprini) from, com m on carp, 

Cyprians carpi o, and the C hinook  salm on (Oncorhynchus tschawytscha) em bryo  line 
C H S E -214  (A T C C  C R L  1681) w ere obtained from  M icro tek  R . &  D., B .C ., C anada, 
C e lls  w ere  m a in ta in ed  as m o n o lay ers  in 75 cm 2 tissu e  c u ltu re  fla sk s  (F a lco n ) 
con tain ing  50 ml o f  M inim al E ssential M edium  (M EM ) (G IB C O  B R L) w ith 10% fetal



bo v in e  serum , a l 15°C, C ells to be used in associa tion  assays w ith  bacteria  w ere 
transferred to 24 -we 11 plates as follows. C ells from one flask w ere try p s in i/ed  w ith 1.0 
ml o f  a ready to use trypsin -E D T A  solu tion  (G IB C O ), cen trifuged  to e lim inate  the 
try p s in  (300 x g uv fo r 10 m in. a t room  tem perature.) re su spended  in 48 mi o f  
M E M /p la les  m edium , d ispensed  in  two 24-w ell p lates (abou t tOA ce lls /w ell), and 
incubated  at 15°C. M E M /plates m edium  w as com prised o f M EM  supplem ented  w ith 
2%  fetal bovine serum , 10 niM  11EPES, and antibiotic/antim ycotie m ixture (G IBCO ) to 
ach ieve  a fina l concen tra tion  o f 1,000 U pen icillin , I mg strep tom ycin  anti 2.5 (.tg 
am pho teric in  B p er m l. C ells w ere used after they had com plete ly  sp read , but before 
co n fluen t grow th  w as achieved.

Staining and counting methods
M o n o lay e rs  o f  m 0 s  o r fish cell lines w ere  air d ried , fixed fo r 5 m in. in 

m ethano l, and stained  w ith  W righ t or G iem sa stain  (SIG M A ). B acteria w ere stained  
d a rk  p u rp le  by these  sta ins. M 0 s  in su sp en sio n  w ere  coun ted  in a N eu b au er 
haem ocy lom eter, a fter a 1:2 dilu tion with 0.4%  T rypan  B lue in P B S . T he  num ber o f  
ad h eren t host ce lls  o r bacteria  per coverslip , the percentage o f  infected host cells , as 
w ell as the num ber o f  particles (i.e. bacteria o r latex beads) per in fected  host cell, w ere 
d e te rm in ed  by d ire c t m icro sco p y , fo llow ing  the  p rocedu res  rep o rted  by M alle ltc  
(1.969), A pp ly ing  a 95%  confidence level to the bacterial coun ts, and a t the usual 
d en s ity  o f  h o st ce lls  per m icroscop ic 100X ob jective field, 250  m 0 s /c o v e rs lip  w ere  
ro u tine ly  analyzed , T h is num ber could be reduced to 60-70 m 0 s /e o v e rs lip  in h ighly  
in fe c ted  p repara tions . T he  average num ber o f bac teria  per in fec ted  h o st cell w as 
m ultip lied  by the percentage o f infected host cells, to obtain the num ber o f  bacteria per 
100 cells.

H eat-fixed  bacteria  were stained by G ram  stain , o r  w ith C rystal V io le t fo r I 
m inu te , as needed . B acteria , as w ell as latex beads, in suspension  w ere counted  in a 
P etro ff-H ausser coun ting  cham ber (in 5 (al aliquots) o r by using an internal standard o f 
fungal spores (M alle tte , 1969), F o r the latter, a suspension  o f  spores from  a puffball 
(CalvatJa sp .)  w as p repared  in  FPA  fixa tive  (37%  fo rm alin , 5 m l; co n cen tra ted  
p ro p io n ic  acid , 5 m l; 70%  ethano l, 89 m l; T w een  20, 1 m i). T he  su spension  w as 
p laced  in a bottle con tain ing  1 mm glass beads previously w ashed in FPA  fixative, and 
g e n tly  ag ita te d  o v e rn ig h t in a ro ta ry  shaker. T h e  su sp en sio n  o f  sp o re s  w as  
s ta n d a rd iz e d  th ro u g h  25 d iffe re n t c o u n ts  o f  the  n u m b e r o f sp o re s /m l in fiv e
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independen t sam ples (by using the Petroff-Haussver cham ber). N orm ally , 20 id o f  the 
standard ized  fungal spore suspension were thoroughly m ixed with 20 |il o f the bacterial 
sam p le  and spread on a clean g lass slide, a ir dried, and G ram  sta ined  for exam ination  
by lig h t m icroscopy, Proportional counting and calcu la tion  o f the num ber o f  bacteria 
w ere perform ed as described by M allettc (1969).

V iable bacterial cell counts were routinely m ade on T SA  plates, by the standard 
d ilu lion -p ia tc  m ethod, using two o r three plates per sam ple. W hen a high variab ility  
am ong  pla tes o f  a sing le sam ple  w as observed , only  the resu lts  from  p la tes  w ith  a 
num ber o f  co lon ies betw een 30 and 300 w ere recorded. C ongo R ed  (CR) p la tes (30 
|ig /m l) w ere used to distinguish A + (which g ive red co lonies) from  A ' bacteria  (w hich 
g ive  w hite colonies) (Ish iguro  et a l,  1985). T he dilu tion m edium  used  fo r v iab le  cell 
counts w as LB w ithou t g lucose, o r nutrient broth, con ta in ing  0,5 % (v/v) o f T w cer. 20 
to reduce autoaggregalion o f A+ cells.

Electron m icroscopy (EM)
Negative staining.

N egative  sta in ing  w ith am m onium  m olybdate w as perfo rm ed  as rep o rted  in 
“ M aterials and m ethods used for Structural studies” (chapter I),
Scanning electron microscopy (SEM),

S E M  o f m 0 s , or fish cell lines, w as done by co n v en tio n a l m ethods. B rie fly , 
ce lls  in  2 4 -well p la tes o r a ttached  to round (10 m m  d iam eter) g la ss  coverslip s w ere 
fixed in 2 .5  % gIu taraldchyde for a t least 2  h a t room  tem perature o r overn igh t a t 4°C . 
C ells  w ere w ashed  w ith H B SS o r M illon ig ’s  phosphate buffered  sa line  and, fo r 24- 
w ell plates, the bottom s o f the w ells were cu t with a  cork boring m achine. D ehydration 
o f coverslip s or cu t bottom s w as carried  ou t in u graded  series o f  e thano l (up to 100% 
ethano l), w ith  a m axim um  dehydrating  tim e of 40 m in. D ehydrated  specim ens w ere 
critica l po in t dried  in  a O M A R  SPC -1500 drier (liqu id  C O 2 a t  1200 psi, 40°C ), and 
m ounted  on  alum inum  stubs using silver paste. T hen, coverslips w ere  gold  coated  for 
2 m in., in an Edw ards S putter Coaler* at 40-100 m illiam peres and an  argon atm osphere 
a t a p ressu re  o f  100 m illito rrs. S pecim ens w ere ex am in ed  w ith  a  JE O L  JS M  35 
scann ing  e lec tron  m icroscope a t an operating  vo ltage o f 10 o r 20  kV . M illipore™  
m em branes recovered from intraperitoneal cham ber^ (see below ) w ere also prepared for 
S E M , c u t 111 h a lf  and m ounted  on alum inum  stubs fo r go ld  co a tin g , T h u s , each  
alum inum  stub had both sides o f the m em brane exposed.



Transmission electron microscopy (TEM),
B acteria l cells , o r scraped  m 0 s  o r fish cell lines w ere fixed, as needed , in 

d iffe re n t fixatives, C onven tional fixation w as carried  ou t in 2,5%' g lu taraldehyde in 
H B S S  (p isc ine  cells) o r M M lonig’s phosphate  buffered  sa line  (m urine m 0 s ) , Bor 
de tec tion  o f s lim e  layers on bacteria , fixatives con tain ing  positively  charged  sta ins 
(trad itionally  used to enhance v isualization  o f ac id ic  polysaccharides) w ere used: 1) 
A lc ian  B lue fix a tiv e  co n ta in ed  2.5%  g lu ta ra ld eh y d e , 1 ,25%  fo rm aldehyde, 0 ,5% 
A lcian B lue stain  and 0,03%  tannic acid in HBSS, ii) Ruthenium  Red fixative contained 
2,5%  glu taraldehyde, 0.075%  R uthenium  Red slain and 50 mM  L-lysine hydrochloride 
in H B S S . C ells  w ere fixed for at least 2 h at room  tem perature (or overn igh t at ‘I T ’), 
and th e n  pelleted  in a conical m icrocap,m le (BEEM ). Poslfixation was conducted  with 
1% osm ium  te trox ide (S tevens M e' „g ica l C orp., N ew  Y ork, U .S.A .) in IIB SS or 
M illo n ig ’s ph o sp h a te  buffered  saline, for 1 h a t 4°C . A fter careful rem oval o f  the 
postfixalivc, the pelleted cells w ere overlayed with a thin layei o f  melted 0.5%  agarose, 
R em ain ing  fixa tives v/ere elim inated  w ith  three 5 min, HBSS o r M illo n ig ’s phosphate 
b u ffe red  sa line  w ashes w ith o u i ag itation , S pecim ens were dehydra ted  in a g raded  
se ries  o f  e th an o l (up to 100% ), w ith a m axim um  dehydration  tim e o f  50 min, T he 
ag a ro se  overlay  w as then rem oved and the cell pellet separated from the bottom  o f the 
m icro cap su le . P e lle ts  w ere em bedded  in Epon 812 and b locks hardened  at 6 0 HC 
overn igh t. T h in  sections (50-60 nrn) w ere  cut in a Reiehler U ltram icro tom e, m ounted 
on c lean  co p p er grids, and con trasted  w ith urany l ace ta te /lead  citrate  stains. Thin  
sec tio n s  w ere observed  in a Phillips EM 300 a t an accelera ting  voltage o f  60 kV, EM 
ch em ica ls  w ere  ob ta ined  (un less o therw ise  specified) from M arivac L T D , H alifax, 
C anada.
[nimunogold labeling of whole cells for negative staining,

A  m odification  o f the im m unonegative stain  lechnit|ue o f  B eeslcy (1989) w as 
ro u tin e ly  used, B rie fly , bacteria l ce lls  suspended  in PBS w ere m ounted  on fo rm var 
co a ted  grids, Trids w ere blocked w ith 1% skim  pow dered m ilk  in P B S , w ashed in 
P B S , and  f lo a ted  on d rops o f  rabb it an ti-A -p ro te in  serum  d ilu ted  1:100 in PBS 
co n ta in in g  1%  bovine serum  album in  (P B S /B S A ), A fter a  2 h incubation  a t room  
tem perature, g rid s w ere w ashed in PB S/B SA  and floated for 1 h„  at room tem perature, 
on d rops o f pro te in  A -gold probe (15 nm AuroProbo™  gold label protein A , A m ersham  
In te rn a tio n a l) d ilu ted  1:50 in PB S /B S A , G rids w ere w ashed in PB S and fixed in 
R u th en iu m  R ed  fix a tiv e  (see  above) befo re  nega tiv e  s ta in in g  w ith  am m onium
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m olybdate. T h e  rabb it an ti-A -protein  serum  w as provided by W .W . K ay, D epartm en t 
o f B iochem istry  and M icrobiology, U niversity o f V ictoria, Canada.

Survival curves
T he surv ival o f  A, salmonicida a t 37°C , in  PB S or LB , w as determ ined  by 

direct viable cell counting. M 0 s  w ere  also tested for survival in PBS. A liquots o f  m 0 s  
suspended in PBS at 37°C , were counted in the presence o f T rypan B lue. M 0 s  staineu  
in blue, unable to exclude the stain, were considered non-viable.

Purified A-layer and A-protein
O uter m em branes (O M ) o f A. .salmonicida A 450, prepared  by sodium  lauryl 

sarcosinate  ex traction , w ere  subjected  to serial ex tractions w ith sod ium  dcoxycho la tc  
(D O C ), as previously  reported in chap ter I “ M aterials and m ethods te e d  in struc tu ra l 
s tud ies” , T he  D O C  extraction  steps were serially  repealed to obtain the correspond ing  
2X , 3X  and 4X  D O C  preparations. A -protein from A .salmonicida h  450, purified  to 
hom ogeneity  by p rev iously  published  m ethods (P h ipps e t «/.» 1983), w as ob ta in ed  
from  B .M . P h ipps (D epartm en t o f  B iochem istry  and M icro b io lo g y , U n iv ers ity  o f  
V icto ria , C anada). A -layer sheets from the A -layer secreting  m u tan t A 450-1  w ere  
purified from cu ltu re  supernatan ts by centrifugation a t lOO.GOOX gav, for Ih , fo llow ed  
by a single D O C  extraction,

A -layer reconstitution
A, .salmonicida s trains A 450-3 and A450-1 w ere co-cu ltivated  in a m ixed  law n 

on T S A  plates, S uspensions o f the tw o stra ins to an O Dgso nm o f  1, w ere p repared  in 
PBS, and m ixed in an A45G-3 to A450-1 ratio  o f  1,5:1, O ne hundred p i o f  this m ix tu re  
w ere sp read  on a T S A  pla te  and incubated  fo r 72 h a t 20°C , B ac teria l g ro w th  w as 
scraped o ff from the p la te  and w ashed 2X in PBS, Bacterial cell density  w as ad justed  
its needed . R econstitu tion  in liquid phase w as sim ilar to the m ethod  o f  G riffith s  and 
L ynch  (1990), W ashed A 450-3 ce lls  suspended  to 1 OD<s5o in an A 450-1 cu ltu re  
supernatan t, w ere gently .agitated for 3 h at room  tem perature. A lternatively , 0 .4  m g o f 
the 4X  D O C  A -layer preparation w ere added to 1 ml o f  the A 450-3 ce ll suspension  and 
gently agitated fo r I h a t room  temperature,



C oating o f  latex beads with A-layer or A-protein
Latex heads o f  3.1 pm  d iam eter (SE R A D Y N , P article  T echno logy  D ivision) 

w ere ex tensively  w ashed w ith glycine buffered saline (0.1 M glycine, 0 .85%  N a d ,  pi I 
8 .4), T h e  su spension  o f  beads w as ad justed  to  a density  o f  1% so lids ( -5 .6  X 10^ 
beads/m l), and d ifferen t A -layer preparations (IX  D O C, 3X D O C  and A 450-1 layer), 
or purified  A -pro te in , w ere added, to a final concentration  o f  50 pg /m l. C oaling  w as 
a llow ed  to o ccu r for 3 hours at room  tem perature, under continuous gentle, ag itation , 
B eads w ere then  w ashed w ith PB S tw ice, and stored on ice, C onfirm ation  o f p ro te in  
c o a tin g  and p u rity  w as m ade by sod ium  d o d e e y lsu lfa te  p o ly a c ry la m id e  gel 
e lec tropho resis  (S D S -P A G E ), Sam ples o f 25 p i w ere boiled  for 10 m inutes w ith 0 pi 
4X  sam p le  buffer. A fter centrifugation  in an E ppendorff m ieroecntril’uge, 20  pi o f  the 
liqu id  beneath the floating beads w ere loaded on a  12% gel for SD S-PA G E,

B acteria-host cell association assays 
Murine nt0s„

Assays with bacteria, M 0 s  w ere p la ted  in 35 m m  tissue cu ltu re  d ishes, 
each con ta in in g  a 22 x 22 mm g lass  eoverslip  a ttached  to the bottom , at a ratio o f  I 
m illion  m 0 s /d ish . A lternatively, 24-w ell tissue cu lture plates w ere inoculated  with 0.5 
m illion  m 0 s /w e li. D ishes or p lates were incubated  for up to 4  hours a t 37°C , to allow  
a ttach m en t o f  m 0 s, o r overn igh t, to allow  a ttachm en t and g row th  o f  m 0 s on the 
substra tum , B efo re  the experim ent, m 0 s  w ere w ashed tw ice w ith PB S and covered 
w ith 1 m l o f fresh  incom plete  m edium  or PBS. A dherent m 0 s  w ere scraped  from two 
d ishes  o r  w ells, to determ ine the ir num ber, S uspensions o f  w ashed b ac teria  in PBS 
Were ad ju sted , so  that 100 pi contained  a num ber o f  bacteria  equal to 50 tim es the 
num ber o f m 0 s per dish o r well,

A ssays w ere  in itia ted  by inoculation  o f  the dishes o r w ells w ith 100 pi o f  the 
co rrespond ing  b ac teria l suspension . In assays w ith 24-w ell plates, the inoculation  o f 
w ells w as done sequen tially  (at the corresponding sam pling tim es), so that a ' the end o f 
the experim ent all the w ells in a single plate were processed together.

T w o  3 5  mm d ish e s  w ere  u sua lly  p ro cessed  a t e v e ry  sa m p lin g  tim e. 
S upernatan ts  fro m  the tw o  dishes w ere rem oved (and sam pled  w hen necessary ), and 
the d ish es  w ashed  3X  w ith  PBS. M 0 s  in one dish w ere lysed in I ml o f  deion ized  
w ater fo r  1,0 m in ., w ith agitation . T he m 0  lysate  (I ml) w as co llected  and the dish 
w ash ed  3X  with, 3 m l o f  deionized  w ater. W ashes w ere co llected  w ith the  lysate  to
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produce  a I ; 10 dilu tion, The .second dish was air-dried  and the eoverslip  stained  and 
p repared  for d irec t m icroscopy counts on m onolayers, A t the end  o f the  experim ents 
conducted  in 24-w ell plates, supernatants from all the w ells in  a  p la te , w ere rem oved 
and the plate w ashed 3X  w ith PBS using a w ash bottle . P lates w ere  a ir d ried  and 
sta ined , W eil bottom s w ere c u t w ith a cork  boring m ach ine and m oun ted  on a  g lass 
s lid e  fo r d ire c t m icroscopy  coun ts  on m ono layers. All a sso c ia tio n  assays w ere  
perform ed at 37°C,

Assays with coated latex beads, P h ag o cy to s is  ex p e rim e n ts  w ith  la tex  
heads were done in PB S and using 24-w ell tissue culture plates as described in "A ssays 
w ith bacteria". T he bead to m 0  ratio was adjusted to 5 :1,

Frustrated association/phagocytosis assay. T h is  assay  w as p rep ared  as 
a reg u la r b ac le ria -m 0  associa tion  assay in PB S using 35 m m  d ish es , b u t w ith  the 
follow ing m odifications. H alf o f the coverslips were coated  w ith purified  A -layer; a 1 
ml suspension o f  3X D O C  A -layer (140 Jig/ml) in deionized  sterile w ater w as a llow ed 
to d ry  a t room tem peratu re on each  eoverslip , T hen  coverslips w ere covered  w ith  0.5 
m l o f  an A -layer suspension  in PBS (70 fig /m l), for 4  h. C o n tro l co v erslip s  w ere 
s im ila rly  trea ted  w ith deion ized  w ater and PBS. C overslip s w ere then  w ashed  w ith  
excess PBS, inoculated  with 5 x 105 m 0 s , and incubated for 4  h, p rio r to rep lacem en t 
o f cu ltu re  m edium  with 1 ml o f  an A 450 suspension in PB S adjusted  to g ive  a bacteria  
to n i0  ratio  o f  50:1, A fter 3 hours, d ishes w ere w ashed  in P B S  and p rocessed  for 
d irect m icroscopy counts in m onolayers.

A . salmonicida cytotoxicity to m 0s. C y to to x ic ity  w as e v a lu a te d  in 
adheren t m 0 s  through bacteria-induced m orphological changes, M 0 s  and bacteria w ere 
prepared  in P B S  as fo r "A ssays w ith bacteria", bu t m 0 s  w ere inocu la ted  on 35 m m  
d ishes w ith fou r c ircu lar coverslips (10 rnm in diam eter) a ttached  to the bottom . T w o 
d ifferen t bacteria to n i0  cell ratios were used: 500:1 and 2,000:1 A t 2 and 4 h afte r the 
add ition  o f bacteria , tw o coverslips were rem oved from  each dish. O ne eoverslip  w as 
air-dried , anti processed for light m icroscopy and the other prepared for SEM ,

A lso, cy to to x ic ity  tow ards m 0 s  suspended  in PB S w as evalua ted  through m 0  
v iab ility , as determ ined  by the T rypan B lue exclusion  assay  (described  in  the section  
"Survival curves" above), using bae teria ;m 0  m ixtures at a  cell ratio  o f 100:1.
Rainbow trout ni0s.

Assays with bacteria, M 0 s  w ere g en tly  w ashed  2X  w ith  H B S S  and 
adh eren t cells from  tw o supported  coverslips stained and counted , B ased  on the  m 0
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coun t, bacterial cell suspensions w ere adjusted, si drat 0.5 ml contained  a  num ber o f  
bacteria  equal to 50 tim es the num ber o f m 0 s  per eoverslip, Supported coverslips were 
covered  w ith 0 .5  ml o f the corresponding  bacterial suspension  in H BSS or in tissue 
cu ltu re  m edium . A t each  sam pling  lim e, coverslips w ere gently w ashed 3X  with 5 ml 
o f  H B S S , and  a ir  d ried . M 0 s  w ere  fixed  and sta ined  fo r ex am in a tio n  hy light 
m icroscopy.

In 24-w ell p lates, the num ber o f m 0 s  per well was estim ated  accord ing  to the 
average  yield o f  adheren t to plated cells, p rev iously  determ ined by direct m icroscopy, 
M 0 s  w ere  g en tly  w ashed  2X  w ith  H B SS and the rem oved tissue cu ltu re  m edium  
rep laced  w ith one ml o f H B SS or incom plete 1.-15, W ells w ere inoculated w ith 100 fit 
o f  th e  co rrespond ing  1 O D . bacteria l cell suspension , U n d er these cond itions the 
bac teria  to m 0  ratio  w as k ep t betw een 60 and 100 bacteria to one m 0 . T he inoculation 
o f w e lls  w as done  in dup licate  and in sequence (a t the corresponding  sam pling  tim es) 
so th a t a t the end  o f the experim ent, all the w ells in a plate w ere processed together by 
sh ak ing  o ff the w ell supernatan ts  and w ashing  the plate 2X  w ith H B SS using a w ash 
bottle, P lates w ere  then air dried and m 0 s  stained. W ell bottom s w ere cu t w ith a cork 
boring  m achine and m ourned on a glass slide for exam ination by light m icroscopy.

Assays with latex heads. P hagocy tosis experim en ts w ith  latex beads w ere 
done in  24-w ell tissue cu lture plates using a beads to m 0  ratio o f  6: 1 , and follow ing the 
p ro toco l described above for “ A ssays with bacteria” ,

intracellular replication assay. M 0 s in suspension  (KK'/rnt o f  in com ple te  
L -1 5 ), recovered  by the sequential use o f d iscontinuous and continuous Percolt density  
g rad ien ts , w ere in fected  w ith  A, salnonidda  a t a m ultip lic ity  o f  infection  o f  50, and 
c e n trifu g ed  (5 0 0  x g fo r  20  m in . at 4°C ) to enhance, by p e lle tin g , m 0 s -b a c te r ia  
in te rac tio n s . T h e  p e lle t w as resuspended , and div ided  in to  I ml a liquo ts  (i.e. 10° 
ce lls), into a  se rie s  o f 14 ml polystyrene tubes (Falcon L abora to ries), p reconditioned  
o v e rn ig h t w ith  10% fresh  trou t serum  in L-15, and w ashed w ith P B S , p rio r to the 
ad d itio n  o f  the in fected  m 0 s  suspension. A fter two hours at 14°C, non-adheren t ce lls  
and fre e  bacteria , w ere w ashed aw ay  from  the tubes and the  tim e zero  sam ples w ere  
taken  to  determ ine  the basal num ber o f  bacterial co lony  form ing units (C PU ), and the 
n u m b e r o f m 0 s  per tube, A dheren t in fected  m 0 x  w ere then covered  w ith  I m l o f  
g critam ic in /L -15  m edium . A t tw o hour in tervals, two tubes per tested  strain  w ere  
p ro cessed  as fo llow s: 9 ml o f s terile  deionized w ater w ere added p e r tube, vortexed 
v igorously  for 21 see. and rem aining viable bacterial cells determ ined  by the standard
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dilution' plate m ethod. E x tra  tubes w ere sam pled  at longer in te rva ls  to m o n ito r the 
n u m b e r o f  m 0 s  per tube. T h ese  w ere w ashed once in  L -15 , a ir  d ryed , fixed  in 
m ethanol and stained for cell counting, using light m icroscopy.
Fish cell lines.

Assays with bacteria, T h e  cu ltu re m edium  covering  the E P C  or C H S E  cells 
in 24-w ell p la tes was replaced by 1 ml o f  H B SS, and 100 (il o f  th e  co rrespond ing  1 
O P . bacterial cell suspension w ere added in. a sequen tial w ay, a t the co rresp o n d in g  
sam p ling  tim es. F urther p rocessing  w as done as described  ab o v e  fo r tro u t m 0 s  
(“A ssays with bacteria” in 24-well plates).

In trap cr iton ea l ch am b ers (TPC) used for in vivo growth of A.  
salmoi.oida.

M icrocen trifuge con ical tubes (1 .5  nil) (S arsted t, N ew ton , U .S .A .), w ere cu t 
ar.d assem bled  in to  IPC s as illustrated in  Fig. 19. A u toclaved  IP C s w ere  filled  by 
in jec tion  o f bac teria l ce ll su spensions ad justed  to d iffe ren t cell d en sities , as also  
illu stra ted  in F ig . 19, T he po in t o f  in jection  was disinfected  by p lacing  the cham bers 
inside sterile  tube caps (Bacti-capall™ , Sherw ood M edical Industries, E ng land) filled  
w ith 70 %  ethanol in sterile  deionized w ater. B efore im plantation  IP C s w ere  flam ed to 
elim inate any rem aining ethanol.

Surgery of rainbow trout
R ain b o w  trou t o f  3 0 0 -4 0 0  g, a n e s th e tiz ed  w ith  n e u tra liz e d  M .S . 2 2 2  

(W edem eyer, 1969), w ere held (ventral s id e  up) in  a  clean  sty ro foam  box w ith  w et 
sponges, and im m ediate ly  in tubated  through the m outh. D uring su rgery  (perfo rm ed  
inside  a lam in a r flow  hood) a g en tle  flow  o f co ld  w ater (< 10°C ), c o n ta in in g  h a lf  
streng th  anesthetic , was constan tly  passed through the gills  w ith  the  aid o f  a  perista ltic  
pum p. A fter m ucus rem oval and skin d isinfection w ith  70%  ethanol, a  ven tral inc ision  
o f app rox im ate ly  1.5-2,0 cm  w as m ade, and  the filled  IP C  im plan ted  in  a ho rizon ta l 
p o s itio n , S te r i le , s y n th e tic  p o ly g la c tin  9 1 0 , 3 -0  su tu re  (E T H IC O N  L td .,  
P e te rb o ro u g h , C anada) w as used to c lo se  the inc ision . A so lu tio n  o f  14 |xg/m l 
tetracycline in ethanol w as then applied to the sutured incision to m inim ize post-surgical 
in fections, The com plete  surg ical process w as perform ed in ab o u t 10-15 m in , T rou t 
w ere p laced  in clean  aereated w ater for recovery  (assessed  by up rig h t sw im m ing) and 
then tran sfe rred  to ind iv idual tanks rece iv in g  a  co n tinuous flo w  o f d ech lo rin a ted
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F IG U R E  19. Sequential steps in the assembly ofinLraperitoneal elvambers using microccntrifuge 
tubes. 1. The bottom o f  the tube was cut (dotted line), and die floor o f the lid depression bored 
With a cork, boring tool. 2. The lid’s rim was cut (dotted ‘ 1 ‘ ' a lid ’s ring dial, tightly
tits inside die tube, 3. A circle cut from a Milllporc™ membrane, type HAWP 04700 o f  0.45 pm 
pores, anti a similar circle cut from a 20 pm pore si'/e nylon mesh (M aeropo-ous tillers™, 
Spectrum Medical Industries Inc., U.S.A.) were sandwiched in between two silicone O-rings, using 
two lid rings as holders, The bottom o f  the chamber was diet) closed with a rubber plug cut from 
a stopper, by also using a  cork boring tool, 4 , An autoclaved chamber is being filled with a 
bacterial cell suspension, widi die aid o f a syringe. The piambcr is held in a vertical position to 
displace, upon fiiimg, ail die air contained in it,
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freshw ater. P ost-su rg ical fitness reduction  w as no t delected  and 24  h  a fte r su rgery , 
trout fed norm ally  and continued to teed thereafter. T h e  survival rate  a fte r su rgery  w as 
100%  and the overall post-recovery survival rate w as approxim ately  95%., T here w ere 
no eases  o f  fu runcu losis  associa ted  w ith the im p lan tation  o f  IPC s co n ta in in g  the 
viru lent strain A 450.

In vivo g r o w n  A. salm onicida
In vivo g row n c e lls  o f  Aeronumas salmonicida w e re  o b ta in e d  fro m  

intraperitoneai cham bers surgically  im planted in rainbow  trout (see above). T o  follow  
the in vivo g row th  curve, duplicate  fish w ere sacrificed , at d iffe ren t tim e in tervals, to 
rem ove the im plants, T he  IPCs con ten t w as used to determ ine the num ber o f  co lony  
form ing units (C PU ) per m l (by m eans o f the standard  plate d ilu tion  m ethod) and to 
prepare specim ens for electron  m icroscopy. T o  routinely  obtain in vivo g row n ce lls  to 
he used in fu rther assays, IPC s w ere routinely  recovered  one w eek  after im plan ta tion . 
Bacterial cells w ere then recovered by  centrifugation, washed once, and resuspended  to 
a cell density  o f 1 OD. in H BSS or PBS.

Challenges with scrum and peritoneal fluid
B acteria l cell suspensions in PBS (1 O D .) w ere diluted 1:5 in fresh  trout serum  

or fresh  trou t peritoneal fluid. S am ples w ere taken  at d iffe ren t tim e in te rv a ls  to 
determ ine the num ber o f co lony  form ing units (CFU ) per ml by the s tandard  d ilu tion- 
plate m ethod. Percentage o f  survival was calculated in  reference to the initial num ber o f 
C P U /n il.

Challenges with reduced oxygen species (ROS)
Liquid phase assay.

B ac te ria l cell suspensions (1 O D.) w ere d ilu ted  1:20 in n u trien t broth  (NB> 
(D1PCO). C om m ercia l 3%  hydrogen peroxide (F isher L abora to ries) w as added  to a 
final co ncen tra tion  o f 1 m M  to s ta rt the challenge. T he x an th in e /x an th in e  ox idase  
system  was used to generate supcroxidc radical, follow ing a m odification o f the m ethod 
reported  by H assan (1984). B acteria l cell suspensions (1 O D ,) w ere d ilu ted  1:20 in 
stipcroxide buffer, and 3 p i o f  a xanthine oxidase preparation (IC N , from  bovine m ilk) 
w ere  added  to s ta r t the cha llenge . U nder these con d itio n s , the  ra te  o f  su perox iue  
g en e ra tio n  w as d e te rm in ed  to be app rox im ate ly  3 p m o les /m in . (H assan  1984),
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S upcrox idc bu ffer w as prepared by d isso lv ing  3 mg o f  xan th ine (IO N) in 10 ml o f  
boiling 70  m M  phosphate buffer, pH  6,3, X anthine solution w as cooled dow n to room  
tem perature and FJDTa  to a  final concentration o f 0,1 mM  w as added.

S am ples  w ere taken a t d ifferen t tim e in terva ls  to determ ine the num ber o f 
C F U /m l by the standard  dilu lion-plate m ethod. Percentage o f su rv ival w as calculated 
in reference to the initial num ber o f CPU/ml,

T he p resence  o f  an inducib le response to  ROS w as assayed  by exposing  the 
b ac te ria l ce lls  to  sub le thal concen tra tions  o f  H 2O 2 (60 pM ) o r an d  SN G  (1 
n g /m l\  in the p resence o r absence o f 100 pg/rnl o f  ch loram phenicol. A fter 1,5 hours 
a le thal ch a llen g e  w ith  ROS w as conducted . T he  p ro tective  e ffec t o f  superox ide 
d ism u tasc  (IC N , from  bovine ery th rocy tes), a t a fina l concen tra tion  o f 80 l l /m l, o r 
ca ta lase  (S IG M A , from  bovine liver), a t a final concen tration  o f  1000 if/m l, w as also 
tested by add ing , ju s t befo re  the lethal challenge, the co rrespond ing  enzym e, In som e 
cases both enzym es w ere added,
Disc inhibition assay.

T h e  e ffe c t o f  perox ide  w as also  m easured  by a m odification , o f  the disc 
inh ib ition  assay  reported  by Schcllhorn  and H assan (1988). A liquo ts (0,5 ml) of a I 
OD. bacterial cell suspension w ere mixed with 3 ml o f m elted nutrien t agar (N A). This 
m ix tu re  w as overlaid  on fresh ly  prepared 10 m l plates o f  NA, S terile  paper d iscs, o f 6 
m m  d iam eter, c u t from  a sheet o f  chrom atography paper (W hatm an No, i C l (.ROM), 
w ere p laced  on the lest plates (6 discs per plate) and d ifferen t am ounts o f  112O2 added 
on to  the  d iscs , T he d ilu tion  m edium  w as s te rile  d e io n ized  w ater, P la tes w ere 
incubated  a t 20°C  f i r ,  48  h and the d iam eter o f  the inh ib ition  zones m easured  and 
processed  fo llow ing  the  procedures of C ooper (1973).

C hallenges with intracellular generators o f  superoxide  
Disc inhibition assay,

T he p rocedure  w as basically  the sam e described  above fo r perox ide challenge 
on pla tes. In add ition , N A  supplem ented with C ongo red (CR), pro toporphyrin  IX , or 
hem in  w ere used, In th is case, also the m elted agar m ixed with the bacterial inoculum  
con ta ined  the uanie concen tra tion  o f C R  or porphyrins than the supporting  NA layer, 
T he  tw o  red o x -ac tiv e  com pounds used (S IG M A ) w ere s trep to n ig rin  (S N G ), and 
p lum bagin  (P G ), SN G  w as solubilized in N ,N -dim elhylform am ido (D M P) to produce 
a s to c k  so lu tion  o f 1 m g/m t, T h is  w as dilu ted to produce a  w ork ing  so lu tion  o f  0,1



91

p g /p l in 50%  D M F in sterile deionized  w ater, PG  w as so lub ilized  in 95%  e thano l to 
p roduce a  w orking solution o f  5 pg /p l.
Liquid phase assay.

O nly SN G  w as used fo r challenges in liquid m edium , B acteria l suspensions (1 
O D ,), w ere diluted 1:20 in N B (approxim ately  3.5 x 107 bacterial cells/m l), and SNG 
at a final concentration  o f 1 pg /m l was auded to s ta rt the challenge. M ix tu res o f  0,1 
O D. bacteria l cell, suspensions o f  A 450 and A 450-3, o r A 450-1 and A 450-3  in  a 1:1 
ratio w ere also challenged, A t d ifferen t tim es the num ber o f C F U s/m l w as determ ined 
by the standard  d ilu lion-plate m ethod, and the percentage o f su rv ival ca lcu la ted  using 
the original C FU s/m l o f  the inoculum  as 100%, The p resence o f  an inducib le response 
to S N G , and the pro tective ro le  o f  superoxide d ism utase and cata lase , w ere assayed  in 
the p resence o r absence o f ch lo ram phenico l, us described  above fo r cha llenges  w ith 
ROS in  liquid phase.

Cytochrom e C reduction assay
C ytoch rom e C  reduction  w as done by a m od ifica tion  o f the p ro ced u re  o f 

Johnston  (1984), orig inally  described  lo r  the m easu rem en t o f  superox ide  secreted  by 
m onocytes and m acrophages. B riefly , 125 p i  o f a 1.2 m M  filte** sterilized  so lu tion  o f 
cy toch rom e C  (SIG M A , from  horse heart), w as m ixed, in a 1.5 m l rec tan g u la r sem i­
m icro  cuvette  (H E L L A ), w ith  300 p i  o f xan th ine so lu tion  (7 .6  m g/10  m l, in  0 .07  M  
p hosphate  buffer, pH 6.5), and 1075 p i o f 0 .07 phosphate bu ffer con ta in ing  0.1 m M  
ED TA . A bsorbance a t 550 nm  w as recorded (until a stab le  read ing  w as achieved) and 
1-3 p i o f  a liquid  preparation  o f xan th ine  oxidase (IC N , from  bovine m ilk , 20 U /m l) 
w ere added. A bsorbance a t 550 nm w as then recorded  for a period  o f  5 m in. T o  test 
the inh ib ition  o f  cy tochrom e C reduction, 5 o r 10 p i o f  a superox ide d ism utase  (ICN , 
from  bov ine  ery th rocy tes) so lu tion  (1 m g/m l, ~3 500  U /m l), as w ell as d iffe ren t 
am ounts o f  purified  A -protein , or A -layer, w ere added  to the reac tion  cuvette , before 
the addition o f  xanthine oxidase.

H em olysis assay
W ashed suspensions o f  ery throcytes, ob ta ined  from  blood o f  d ifferen t an im al 

species (PM L  M icrobio logicals, Tualatin , O regon, U .S.A .), w ere  p repared  in PB S a t a 
final density  o f  5% w et v/v, T o  test hem olysis these suspensions w ere  d ilu ted  1:5 in 
fresh trou t serum  or fresh trou t peritoneal fluid, to a final vo lt n e  o f  100 p i, in  a  96-
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w ell p late. C on tro l w elts were prepared dilu ting the ery throcyte su spensions 1:5 in 
P B S . H em olysis  w as evaluated by a loss o f  turbidity  and quan tified  in an au tom atic 
p late reader (D ynatech M R500).



CHAPTER V

S3

A - L A Y E R - M E D I A T E D  S P E C I F I C  
I N T E R A C T I O  N O F  A e r o m o n  a s  s a l m o n i c i d a  

W I T H  M U R I N E  M A C R O P H A G E S

IN T R O D U C T IO N

It has been o b se rv ed  th a t v iru len t A -lay er p o s itiv e  (A + ) iso la te s  o f  A . 
salmonicida readily  associate  w ith  host ce lls  (Parker and M unn , 1985; T ru st et al,, 
1983; U dcy an d  Fryer, 1978), T his w as though t to be the resu lt o f  a  ra th e r  n o n ­
sp ec ific  hyd rophob ic  effec t, w h ich  has been  d em onstra ted  to  p rom o te  ad h eren ce  
betw een bacteria and host cells, and in som e instances phagocy tosis (A bso lom , 1988; 
M agnusson , 1989). P eritoneal e lic ited  exudate  ce lls  from  ra inbow  trou t, coho  and 
m asu salm on w ere also used to show  that phagocytosis o f  A - ce lls  by salm onid  m 0 s  is 
ra th e r poor a n d  tha t o p so n iza tio n  o f A - b ac teria  w ith  sp e c ific  an tib o d ie s  and 
hom ologous com plem ent, increased phagocytosis (Sakai, 1984).

D espite  the above observations there is considerable ev idence  to the  con trary , 
suggesting  th a t the A -layer is n o t involved in the bacteria l-host ce ll in teraction . E arly  
observations indicated  tha t v iru len t, strongly  agglu tinating  s tra in s  o f A. salmonicida 
(presum ably  A + ) were le ss  easily  phagocytosed  than non-v iru len t, non -agg lu tina ting  
s tra in s  (p resum ab ly  A "), by e lic ited  or activated  perito n ea l m 0 s  from  b rook  tro u t 
(O liv ier el al,, 1986). I t w as also  reported that viru lent, A + stra ins o f A. salmonicida 
resist phagocy tosis  by m 0 s , as com pared  to A" stra ins (S akai and K im ura , 1985). 
Furtherm ore, it has been suggested that A -layer w as not essential to virulence and tha t a 
supposedly  A “ m utant o f  A, salmonicida (v iru len t and autoagglu tinating) adhered  very 
effectively  to m onolayers o f cells in culture (W ard etal,, 1985). O thers suggested  that 
the presence o f  A -layer did not correlate w ith enhanced adhesion to rainbow  trout blood 
leukocy tes  o r  w ith  v iru lence  (Johnson  et al,, 1985). In y e t ano ther s tu d y  it w as 
suggested  that association  o f A. salmonicida w ith two different salm onid  ce ll lines w as 
charge-m ediated  and a ro le for the A -layer w as excluded (Sakai, 1987).

D ue to the unavailab ility  o f  an estab lished  m 0  cell line  from  fish , m 0 s  have 
been iso la ted  from  w idely  d iffe ren t sources by d iffe ren t iso la tion  p rocedu res. T o
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co m p lica te  m a tte rs  fu rther, a variety  o f A, salmonicida iso la tes , n o t a lw ays w ell 
c h a ra c te r iz e d , h av e  a lso  been  used . T h e re fo re , it w as dec ided  to u se  a w ell 
ch a rac te rized  m urine  m 0  cell line (P 388D O  to avo id  possib le  d iffe rences  in m 0  
functional com petence, w hich accom panies the above variations, as w ell as an isogenic 
se t o f  w ell-charac terized  m utants o f A. salmonicida.. This defined system  w as used 
experim entally  to define the role o f  the A -layer in the association o f A. .salmonicida with 
m 0 s.

M A T E R IA L S  A N D  M E T H O D S

R efer to chap ter IV.

R E S U L T S

Effect o f  experim ental assay conditions on m urine m 0 s  and  
A, sa lm on ic ida

P 388D i m 0 s  rem ained 90%  viable when suspended in PBS for up to six  hours 
(no t show n). SE M  show ed  that, w hen com pared  w ith  con tro l m 0 s  k ep t in com ple te  
R P M I-1.640, there w ere no m ajor a lterations in the g ross m orphology  o f  m 0 s  kept in 
P B S , e x ce p t for a  le ss  sp read  appearance , On the  o ther hand , incubation  o f A, 
salmonicida in LB  a t 3 7 °C  caused a rapid decline in viability  (Pig, 20a), M icroscopic 
exam ination  o f  these h ea t stressed  cultures show ed that although m ost bacterial cells 
w ere e longated , A +  bacteria  frequently  possessed A -layers in the form  o f  caps tit the 
ce ll po les (Fig. 20a, inset). B acteria l cells suspended in PBS w ere also  killed at 37°C , 
but no t to the sam e degree (Fig. 20b) as cells in LB m edium , Electron m icroscopy (not 
sh o w n ) revea led  tha t these cells w ere  less e longated  (or even no t at all), and A -layers 
w ere  found  su rro u n d in g  m ost A +  bacteria . T h e se  observ a tio n s  ensu red  a valid  
e x p e r im e n ta l d es ig n  in  w h ich  the  ta rg e t c e ll, th e  m 0 , rem a in ed  v iab le  and 
m o rpho log ica lly  unpertu rbed  and the adheren t cell, retained its su rface  com ponen ts 
under test.



HOURS

A450 A450-3

FIG U R E  20, Survival o f  A, sa lm o n ic id a  at 37°C, (a) Survival curves o f A +  and A" cells at 37°C in
LB, ( • — •), A + (A450); and ( x ~ x ) ,  A* (A450-3). (Inset) Electron micrograph o f  negatively
stained A 450 ceils incubated at 37°C in LB, A  = A-layer cap at one end o f  die cell, Bar represents 5
pin* (I)) Survival o f  A+ and A* A. S a lm o n ic id a  after 24 h at 37°C, Survival was enhanced by 
keeping (he bacterial cells in PBS,
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B a c ter ia -n i0  association in PBS.
Normal assays.

A t all in cu b a tio n  tim es the associa tion  o f  A. salmonicida w ith  m 0 s  (as 
determ ined  through different quantitative m ethods) w as much greater for A t  com pared 
to A* strains (Fig. 21 a to c). Specim ens observed by SEM  show ed that A 4* cells readily 
adhered  to m 0 s and som etim es covered  the en tire  pscudupodial su rface  (Fig. 2 Id), 
T E M  revealed that A4  cells w ere also readily internalized by  m 0 s  in PBS (Fig. 21e and 
f), w hile  it w as not possible to identify any internalized A ' cells.
Forced association.

I t is know n tha t A 4 A, salmonicida cells  in suspension , au toagg lu tina le  and 
co n seq u en tly  sed im en t co nside rab ly  faster than A * bacteria (E venbcrg  et al,, 1082; 
U dey  and F ryer, 1978). In order to confirm  that the h igher association, levels observed 
w ith A4 cells w ere not an artifactual resu lt o f  a fas te r sed im entation rale, both A4  and 
A - c e ll  su sp en sio n s  w ere  cen trifu g ed  o n to  the m 0  m o n o lay er and su b seq u en tly  
p rocessed  to determ ine their levels o f  association  w ith m 0 s  (Fig, 22), T h e  degree  o f 
m 0  associa tion  w ith A" cells w as increased , bu t no t nearly as d ram atica lly  as for A + 
cells, T he  overall quan tita tive  levels o f m 0  association for both bacterial strains w ere 
n ea rly  an o rd e r  o f  m ag n itu d e  g rea te r  by this p rocedure . T hus, the d iffe ren ce  in 
association o f A 4  and A- cells with m 0 s  w as not due to a cell availability artifact, 
Selective adherence,

T o ex am in e  the  p o ssib ility  that ex trace llu la r fac to rs  from  A 4  cells  o r the 
associa tion  o f  A 4  cells w ith m 0 s , m ay activate them tow ards tin enhanced  association 
w ith  A ” ce lls , A +/A -co in cu b a tio n  experim en ts w ere carried  out. T w o  co-in fection  
ex p erim en ts  w ere  conducted  using  a 50:1 , and 500:1 A* to A 4  cell ra tio s  (Fig, 22) 
V iab le  cell coun ts  o f  m 0  lysate sam ples, w ere used to m onito r the level o f  bacterial 
associa tion  w ith  m 0 s . A 4 and A" cells w ere discrim inated on the basis o f  C ongo Red 
binding, D ue to the lethal effect o f  the incubation tem perature upon A, salmonicida, the 
ab so lu te  value  o f  these results can be regarded  as an underestim ate. N everthe less, it 
w as s till ev id en t that m 0 s  in PB S w ere unable to associate  w ith  A** ceils , w hereas A 4 
cells , even  h  the p resence o f a large num ber o f A" cells, e ffic ien tly  associa ted  w ith 
these sam e m 0 s . Thus, the association o f  A 4  bacteria with m 0 s  w as not a  cell density - 
determ ined  artifact, nor did one cell type predispose m 0 s to associate w ith the other,
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F IG U R E  21. Association o f  A + (A.450) and A ' (A 450-3) bacteria with m 0 s  kept in PBS as 
determined by three different quantitative methods and EM. (a) Bacterial cells associated per 100 
1110s, as determined by direct microscopy counts in m 0  monolayers. Two separate experiments are 
shown; experiment I (— ); experiment 2  A+ (•); A *(x), (b) Bacteria-m 0 association, as
determined by direct microscopy counts using the internal standard method, Data was obtained from 
samples o f experiment 2 in ‘a ’, and is expressed as percentages o f the bacterial cells added: Counts 
done in n i0  lysate samples (— ); counts done in supernatant samples (— ); A*' (•); A" (x), (c) 
Bacteria-m 0 association, as determined through viable cell counts. Dam was obtained from m 0  
lysate samples taken from experiment 1 in ‘a’, and is expressed as percentages o f the viable cells 
added, A + bacteria ( • — •); A* bacteria (x——x). (d) to ( 0  SEM and TEM o f  m 0 s kept in PBS, 
with bound and internalized A+ bacteria.
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F IG U R E  22. Forced association o f A+ (A450) ami A' (A450-3) A, sa lm o n ic id a  with m 0s in
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Association assays were done in 24-weil plates io Which bacteria were centrifuged (500 X g av for 
10 mill) onto die m 0  monolayer. At (lie different sampling times, rows of wells were washed three 
times in PBS, and the m 0 s  kept in fresh PBS until the end o f the experiment, when the pi,ate was
air dried and processed, A+ (•----- •); A "(x~— x),
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F IG U R E  23, M acrophage association from mixtures o f  A+ (A450) and A* (A 450-3) strains o f  A. 

sa lm o n ic id a  at different A* to A+ cell rados. Association with m 0 s was determined through viable 
cell counts o f  m 0  lysate samples, on Congo Red agar plates (refer to Fig. V l,2c), A* to A4' cell 
ratio 500; 1 (— ); A* to A+ cell ratio 50:1 (..... ); A+ (•); A ' (x),



E ffect o f com plex m edia on b acter ia -m 0  interactions
W hen association assays w ere carried  ou t in  tissue cu ltu re m edium , m 0 s  w ere 

particu larly  found to associate m ore readily  with A - bacteria than prev iously  observed 
(Fig. 24a  and b). T hese m ore com peten t m 0 s  also  in ternalized A* bacteria  effic ien tly  
(F ig, 24c), w hereas they w ere unable to do so  in  PB S. M o reo v er, there w ere  no 
apparen t qualitative differences in the m echanism  by  w hich m 0 s bound or in ternalized 
A.' and A + b ac te ria . U n d er th ese  ex p erim en ta l co n d itio n s , A, salmonicida Wits 
in ternalized by a  conventional zipper m echanism  (S ilverstein  etal,, 1977), as depicted  
in Fig, 25,

A -layer or A -protein  coated surfaces 
Coated latex beads.

A  series  o f  associa tion  assays w ith  coa ted  la tex  beads w e ie  co n d u c ted  to 
ev a lu a te  the con trib u tio n  o f  the A -layer alone, to the p ro cesses  o f  ad herence  and 
in ternalization , A ll A -layer preparations used w ere ab le to enhance the in te rac tion  o f 
latex beads w ith  m 0 s  (Fig. 26a), all the m ore apprec ia ted  considering  that uncoated , 
hydrophobic la tex  beads are  effic ien tly  phagocytosed  by m 0 s, and fo r this reason  are 
co m m o n ly  used  in phagocy to sis  assays (S ilve rste in  etal., 1977). I  a ttrib u ted  this 
enhanc ing  e ffec t to the regularly  arrayed A -layer, since  the uncoated  beads and those 
coated  w ith purified  m onom eric  A -protein, behaved sim ilarly . T he  A -layer p repared  
from  A 450-1 had, as determ ined  by negative sta in  EM , the g rea tes t degree o f  o rd er 
(results not show n), and w as the m ost effective a t prom oting adherence.
Coated coverslips.

T he possib le  ex istence o f  a specific adhesin -recep to r in terac tion  betw een  the 
arrayed  layer and  the m 0  surface w as further exam ined  in a fru stra ted  p hagocy to sis  
assay. In this type o f assay, the presence o f putative recep tors for a particu lar ligand  is 
ind irectly  revealed  by recruiting available m 0  recep tors on a  ligand-coated  substratum  
(d o w n-m odu la tion ), thereby  depleting  availab le  recep to rs and  red u c in g  su bsequen t 
bacterial cel! interaction (M ichl et al., 1979; Speert et al., 1988). T he  g lobal capacity  fo r 
b inding A+ cells, was reduced 40%  in m acrophages plated on A -layer coated coverslips 
(Fig, 26b), This reduction w as accom panied by a c lea r shift in  the association  profile  o f 
A +  ce lls  to m 0 s  (Fig. 26c) (S peert et al,, 1988), ind icating  tha t a  spec ific  recep to r, 
p resum ab ly  invo lved  in the  adherence p rocess o f  A + A, salmonicida to m 0 s , w as 
dow n-m odulated  by the presence o f the A -layer coating.



F IG U R E  24. Association o f A+ (A450) and A" (A 450-3) A. sa lm o n ic id a  with m 0 s  in (issue culture 
m edium , RPM I-1640, (a) A+ and A “ baoteria-m0 associations were measured after one hour 
incubation in PBS (1), or RPM I-1640 (2). The bacteria to m 0  cell ratio was 100:1, (b) and (c) 
SEM  and TEM o f m 0 s  witli bound and internalized A' bacteria from (a-2) above,

F IG U R E  25. TEM reconstruction o f the internalization mechanism o f  4 ,  s a lm o n ic id a  by murine 
m 0 s  in tissue culture medium, RPMI-1640. Bar represents 0.5 pm for (he three micrographs,
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'FIGURE 26, Macrophage association with particles or substrata coated with A-layer, (a) Association  
experiments with plain, uncoated latex beads (+), and beads coated with A-protein (x), IX  DO C  
A-layer preparation (O), 3X  DOC A-layer preparation (•) , and A-layer sheets isolated from 
strain A450-1 (0), The number o f  uncoated beads/100 m 0 s was substracted, at each sampling 
time, from tire rest o f  tire values, Each point represents the average o f  six independent counts from  
two separate experiments with triplicate samples, (b) and (c) Results from the frustrated 
phagocytosis experim ent Each column represents the average o f three independent counts from a 
single experiment with triplicate samples, (b) Association o f A+ bacteria with m 0 s  attached to 
glass coverslips coated with 3X  DO C A-layer preparation, or to uncoatcd control coverslips. (c) 
Distribution o f  m 0 s according to the number o f  associated A+ bacteria.
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A, sa lm onic ida  cytotoxicity
D uring  the association assays, it w as observed that m 0 s  exposed to A + bacteria 

appeared  m ore com pact (darkly  stained), and had a larger proportion  o f lysed cells, 
than those exposed  to A" cells. T hese observations prom pted an investigation  o f  the 
p o ssib le  cy to to x ic  e ffec ts  u f  A + bacteria , and in particular, the role o f  the A -layer, 
C o n tro l m 0 s  (bacteria-free) and m 0 s  challenged w ith e ither A + or A ’ cells  (w hether 
th ey  w ere  p re v io u s ly  g row n in the p re sen ce  or ab sence  o f  hem in ), co n ta in ed  
ap p ro x im ate ly  the sam e proportion  o f cells perm eable to T rypan  B lue a fte r an K It 
cha llenge  (d a ta  n o t show n). H ow ever, there w ere m arked m orpho log ical d ifferences 
am o n g  ad h eren t m 0 s  treated w ith  the d ifferen t bacteria used (F ig . 27). T h e  m arked 
effec ts  o f  A + celts upon adherent m 0 s  were confirm ed by light m icroscopy (Fig. 27-12 
and 13), in co n tra st to the less severe effects induced by A“ bacteria (Fig, 27-8 to 11), 
In terestingly , SE M  specim ens indicated that A +  bacteria induced a  m arked rounding o f 
m 0 s and  sm o o th in g  o f  th e ir  su rface , p resu m ab ly  due to sev e re  eylo ,skeleta l 
m od ifica tions (Fig, 2 7 -4  and 6), T his effec t w as also noticeable in m 0 s  exposed  to A" 
bac te ria  (Fig. 27-5), b u t only  a t an unusually high bacteria to m 0  cell ra tio  o f  2 ,000; I, 
o r a t  longer incu b a tio n  tim es. S im ilar round ing  and era tering  e ffec ts  w ere  also  seen 
w hen m 0 s  w ere  challenged  w ith A - bacteria* g row n on T S  A /hem  in plates. H ow ever, 
the m o rp h o lo g ica l changes induced  by hr bacteria  w ere never as ex tensive  as those 
induced  by A +  bacteria, and m ost m 0 s  exposed to hr bacteria rem ained in tact (Fig, 27- 
3, 10 and 11). O nly hem in  coated  A + bacteria  induced m assive  lysis in som e m 0  
m onolayers. M acrophages tha t had no t yet lysed in these m onolayers, resem bled  g o lf  
balls, w ith  "craters" on  their surface, and w ere densely covered w ith bacteria (Fig. 27-6 
and 7 ). O f sp ec ia l in te re s t w as the appearance  o f apparen t "cy to skele ton  ghosts" , 
p resu m ab ly  c o n s is tin g  o f a  p reserved  cy to ske le ta l s tru c tu re  still a ttach e d  to the 
substra tum  b u t devo id  o f a ce ll m em brane ("CG " in F ig , 27, m icro g rap h s  5 and 7). 
T h e re  w as a  g o o d  co rre la tio n  betw een the ligh t m icroscopy  im ages and the SEM  
detailed  observations.

DISCUSSION

T he u se  o f  a  w ell defined  system  to study  the ro le  o f  the A -lay e r in m 0  
association  appears to  be ju stified , on the basis that perhaps, the w ide d iscrepancies in



F IG U R E  2 1 . M orphological changes induced by A , sa lm o n ic id a  upon adherent m 0 s, as detected  
through SEM (I to 7), and light microscopy (8 to 13). Macrophages were challenged with different 
bacterial preparations, at different cell ratios and for different times. (1 and 8), control m 0 s  kept in 
complete RPM I-1640 (note die prominent spreading ); (2  and 9), control m 0 s  kept in PBS for 3 h 
(m 0 s are more rounded and less spread, but still displaying a rough surface covered with' microvilli, 
blebs and ruffles); (3 and 10), m 0 s in PBS exposed for 3 hours to A" cells (A450-3) at a  bacteria to 
m 0  ratio o f  500:1; (4 and 12), m 0 s in PBS exposed for 3 hours to A+ cells (A 450) at a bacteria to 
cell ratio of 500 :1; (5), detail o f som e m 0  morphological changes induced by A450-3 after 3 hours 
in PBS, at a bacteria to m 0  ratio o f 2,000:1; (6, 7 and 13), m 0 s in PBS exposed for 3 h to A 450  
previously grown on TSA/liemin plates, at a bacteria to m 0  ratio o f  500:1; (11), in 0 s  in PBS 
exposed for 3 h to A450-3 previously grown on TSA/hemin plates, at a bacteria to m 0  ratio o f  
50 0 :1 (note the larger proportion o f lysed to normal cells, as compared with micrograph 10). Bars 
represent 10 pm  in all micrographs, All light m icnscopy micrographs have the same magnification 
shown in micrograph 8, CG cytoskeleton ghost, L = lysed m 0,



the litera tu re  regard ing  this ro le a re  due to d ifferences in the source o f m 0 s, iso la tion  
m ethods, culture conditions and bacterial strains used, A well characterized m am m alian 
cell line  and isogen ic  A. salmonicida strains w ere used to overcom e these d isparities, 
b u t a  p rob lem  o f incubation  tem peratu res arose, The g row th  tem pera tu re  for A, 
salmonicida lies betw een 20-25°C , or up to 30°C  for A* bacteria  (lsh ig u ro , 1088; 
Ish ig u ro  et a l,  1981), w hereas the  optim al tem perature for m urine m 0 s  is 37 T .  A 
tem peratu re  o f  37°C  w as used in all association or cytotoxicity  assays to keep the m 0 s  
under m ore favorab le  conditions, A t the sam e time, the continued presence o f A- layer 
w as confirm ed  for A +  bacteria by electron m icroscopy and by SD S-PA G E. M oreover, 
the A -layer has proved to be structurally  stab le  at tem peratures o f up to 5 0 T  (Phipps 
and  K ay , 1988), assu ring  tha t no s ign ifican t com prom ise  in the adherence o f A , 
salmonicida w ould take place due to major alterations on its surface.

U sing  d ifferen t approaches it was ev iden t that the A -layer o f  A, salmonicida is 
in v o lv ed  in adherence to the m 0  cell surface, and m ay lead to in ternalization , T h is 
e ffec t, w h ich  is ana logous to the  ro le  o f  som e charac terized  adhesins o f  bacterial 
p a th o g en s (fialkow , 1991; Tsberg, 1991), w as not m erely  the resu lt o f  a  non-specific  
h y d ro p h o b ic  effec t, as dem onstra ted  in the latex beads and frustrated phagocy tosis  
experim en ts. N either w as it due to a cell density-m ediated  process, as dem onstrated ' in 
the m ixed  s tra in s  assay ; nor to a  secondary  artific ia l e ffec t o f  hactci -a o r partic le  
availab ility , as dem onstrated  in the mixed strains, the forced association , and the latex 
beads experim ents; no r w as it due to the intervention o f bacterial com ponents different 
from  the A -layer, as dem onstrated by the latex beads assay.

In the assays w ith latex beads, only the natively arrayed layer w as com peten t in 
m e d ia tin g  e n h a n c e d  ad h e re n c e  to m 0 s .  In te re s tin g ly , s p e c if ic  b in d in g  o f 
im m u n o g lo b u lin s  by the A -layer also requ ires  the p resence o f  assem bled  A -layer 
(P h ip p s  and  K ay , 1988), suggesting , together w ith  the resu lts  from  the frustrated  
a sso c ia tio n  assay  (indicating  the invo lvem en t o f a recep to r in A -layer b inding), the 
possibility  that the putative receptor which interacts with the A -layer m ay lie a leukocyte 
ad h esio n  m o lecu le  o f  the im m unoglobu lin  superfam ily  (A lbelda and B uck , 1990), 
C ell-ad h esio n  m olecu les con tain ing  im m unoglobulin-like dom ains (A nderson , 1990) 
have  been  iden tified  as race r A rs for rh inoviruses (G reve etal,, 1989; S taunton  et a l, 
1989) and poltovirus (M endelsohn, et al, 1989). D ifferences observed in the adherence 
o f  beads coated  with d ifferen t A -iayer preparations suggest tha t specific  p roperties o f 
the assem bled  layer m ake it m ore  or less su itable as an adhesin. T hese  could  include
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high o rder (as in the A 450-1 A -layer prepara tion), con ten t o f  L P S  O -po lysaccharide, 
(h igher in the IX  D O C  preparation and absen t in the A 450-1 A -layer), o r the presence 
o f  the  novel BS A -layer conform ational pattern (refer to chap ter III) (observed  in  the 
3X  D O C  preparation).

T he b e s t ev id en ce  for the adhesin  ro le  o f  the  A -lay er w as o b ta in ed  from  
experim en ts carried  out in P B S , an energy  poor m edium , apparen tly  unfavorab le  for 
the norm al phagocy tic  process. The e ffic ien t in terna liza tion  o f  A + bac te ria  in s ide  
m ultilayered m em brane lined phagosom es (Fig. 21e and f), indicated the presence o f an 
unusual, pathogen-d irected  m echanism  tha t operates even in  the  absence o f  a norm al 
p hagocy tic  process: a  situation  sim ilar to that observed  fo r Legionella pneumophila 
(H alab lab  etal., 1990) and Salmonella (F inlay and Falkow , 1989). I f  A. salmonicida 
uses a pathogen-d irected  in ternalization  m echanism  to penetrate m acrophages, i t  m ay 
a lso  be ab le  to use i t  in the pene tra tio n  o f n o n -p h ag o cy tic  c e lls , as has been 
dem onstrated  for som e invasive in tracellu lar pathogens (G aillard  etal., 1991; Isberg , 
1991; M cG ee et al,, 1988; S an so n e ld , 1992; W ee l et al., 1991) an d  su g g es ted  fo r 
Salmonella (F inlay and F alkow , 1989). P relim inary  results w ith  non-phagocy tic  fish 
cell lines, suppo rt this con ten tion  (refer to chap ter X I). In  re sp ec t to th is, the un ique 
ab ility  o f  the A -layer to bind hem in  (K ay et al., 1985) m ay be re la ted  to penetration  o f 
non-phagocy tic  cells as it  has been dem onstrated fo r Shigella flexneri (D askaleros and 
P ayne, 1987). O bservations here  support the view  that hem in coated  bacteria  in terac t 
m ore efficiently  with m urine m 0 s, producing a m ore m arked cytotoxic effect.

A ' A. salmonicida cells w ere fairly  effic ien tly  in ternalized  by co m p e ten t m 0 s  
kep t in R P M I-1640 m edium . U nder these favorab le conditions, A + and  A" bacteria l 
ceils w ere sim ilarly  in ternalized  follow ing a conventional zipper m echanism  (Fig. 25), 
p resum ably carried  ou t as alectinophagocy tosis  process (O fek and Sharon, 1988). The 
lack o f  a com ple te  A -layer in e longated  A + b acteria  k ep t in R P M I-1640 , p robab ly  
accounted for this sim ilarity. Im portantly , internalization o f  A ' bacteria, lacking the A- 
layer adhesin, exclusively  depended on th is conventional phagocytic m echanism , which 
only occurred effic ien tly  in com petent m 0 s , T hese results m ay be in terpreted to im ply 
tha t in vivo, both  A + and  A" A. salmonicida ce lls  are e ffic ien tly  in te rn a lized  by 
phagocy tic  cells ; a view  supported  to som e degree by infection  k in e tic  s tud ies in  fish 
(K ay et al,, 1986). T hus the fac t that A +  bacterial cells are ab le  to su rv iv e  in  the in 
vivo env ironm ent, w hereas A ' ce lls  are rap id ly  cleared  (K ay et al., 1986), suggest that 
the A -layer assists A. salmonicida su rv ival w ithin the  phagocy tic  cell, as it has been
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also  reported by G raham  et al. (1088) and O livier et al, (1986), The A -layer is know n to 
res is t protcases, som e o f w hich w ould likely he encountered within the phagolysosom e 
(K ay  et. al., 1986). I t  also has been show n to be involved in resistance to ox ida tive  
k illing  (K arczew ski et al., 1991; and results presented in chapter V ll).

D esp ite  the increased  alterations in  m 0  m orphology produced by A+ bacteria , 
sev e ra l o b se rv a tio n s  ind ica ted  th a t the A -lay er itse lf  w as not cy to to x ic . D uring  
phagocy to sis  o f  uncoated  la tex  beads, as w ell as A -protein  and A -layer coated  ones, 
the re  w ere  no  o b serv ed  d ifferences  in m 0  m orphology , A lso , m the fru stra ted  
p hagocy to sis  assay, m 0 s  in d irect con tact w ith an A -layer coated substra tum  did not 
exh ib it any app aren t m orphological d ifferences, neither w as there ev idence o f  it larger 
num ber o f  ly sed  cells, w hen com pared to m 0 s  plated on con tro l coverslips. T w o  well 
charac te rized  adhesins o f pathogens, the invasin from  Yersiniapestis, and in ternalin  
from  Listeria monocytogenes, have also been dem onstra ted  to be in d ep en d en t o f  
cy to to x ic  ac tiv itie s  (G aillard  et al., 1987; K uhn et al., 1988; R o sq v is t et. al., 1990), 
F o r A. sahnonicida, the cytotoxic factor could  be one or several o f its cy to lysins (El lis, 
1991). S ince  A - bacteria  still produce these cy to lysins (L ee and E llis , 1990; Price et 
al., 1989; J .C , T h o rn to n , personal co m m u n ica tio n ), the o b se rv ed  d iffe ren ce  in 
cycotoxic effic iency  betw een A + and A" bacteria w as clearly associated with adherence 
and perhaps, a m ore freu sed  targeting  o f cy to lysins to the su rface  (O fek  et al., 1990; 
R osqv is t et al., 1991) or the in tracellu lar reg ion  o f the n i0  (C lere et u i,  1987; C lu ff et 
al.., 1990; M o u allem  et al., 1990). T he  g rea t d iffe rence  in cy to to x ic ity  observed  
betw een  attached  and  suspended m 0 s, m ay be explained by the fact tha t a ttachm en t o f  
phagocy tes , as w ell as the type o f substratum  they attach  to , p ro foundly  a ffec t their 
functions (G inis and T auber, 1990; L auren t e ta l,  1991), includ ing  opsonic (N ew m an 
and T ucci, 1990) and non-opsonic phagocytosis (K luftinger etal,, 1989),

In sum m ary , I  have dem onstrated  tha t the A -layer acts as a spec ific  adhesin 
p o s itiv e ly  im p lica ted  in  b ind ing  to and penetra tion  o f  m urine  m 0 s, as w ell as in 
ta rgeted  cy to tox ic ity . O w ing to the lethal effec t tha t the incubation  tem peratu re  had 
upon  A, salmonicida, fu rth er experim en ta tion  on su rv ival in s id e  m acro p h ag es  o r  
beh av io r o f  in te rna lized  bacteria  w as prevented , T herefo re , to eo n tin u e  th is  line o f  
in v e s tig a tio n  it  w as necessary  to transla te  the p resen t find ings to a m ore re lev an t 
sy stem , i.e . the use  o f  sa lm on id  m acrophages w ith no co m p ro m ise  in incubation  
tem perature.



CHAPTER VI

107

A LA Y E R - M E D I A T E D  I N T E R A C T I O N  O F  
A e r  o m o  n a s  s a l m o n i c i d a  

W I T H  R A I N B O W  T R O U T  M A C R O P H A G E S

INTRODUCTION

T he resu lts presented in  chap ter V  dem onstrated tha t the A -layer is capab le  o f 
m ed ia ting  a ttach m en t to and penetration  o f m urine m acrophages (m 0 s), th ro u g h  a 
specific  m echanism . Furtherm ore, only the assem bled layer w as effective, y e t d ifferen t 
preparations o f  assem bled A -layer varied in efficacy, suggesting that specific properties 
o f  the A -layer (am ount o f  associated  LPS O -chains, proportion and  type o f  s truc tu ra l 
arrays present, and layer’s orientation) m ay m odulate its adhesin-like activity.

B es id e s  in tro d u c in g  a  m 0  sy stem  m o re  re le v a n t fo r  s tu d ie s  w ith  A. 
{salmonicida, it  v /as im p o rtan t to s tu d y  the e ffe c t th a t som e su rface  s tru c tu ra l 
m o d ifica tio n s , e sp ec ia lly  those  a ffec ting  the A -layer, have  on the  a b ility  o f  A. 
isalmonicida to associate with rainbow  trout m 0 c.

MATERIALS AND METHODS

R efer to chapter IV.

R E S U L T S

Isolation and culture o f trout m 0 s
A  m ethod  w as dev e lo p ed  to iso la te  tissue  m 0 s , from  the  head  k id n e y  o f  

ra in b o w  trout, by  using  con tinuous density  g rad ien ts o f Percoll™ . T he m ethod  w as 
described  in detail in chap ter IV . Iso lation  o f m 0 s  from  head  k idney  tissue , by the 
o rig inal m ethod o f  B raun-N esje et. al. (1981) (or m odifications o f it) is w ell estab lished  
(S c c o m b e s , 1990). T he  c e lls  ro u tin e ly  iso la ted  w ere  a d h e re n t, c a p a b le  o f
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phagocy tosing  bacteria, rem ained in culture for up to one w eek, had a cell m orphology 
very  sim ilar to  that repo rted  by B raun-N esje  et al, (1981) and Sceom bes (1985), and 
the re fo re  w ere  confiden tly  considered  to be m 0 s , T he  use o f  supported  covcrslip s 
w ith  free ed g es  p roved  to have q uan tita tive  advan tages (chap ter IV ). Im portan tly , 
ad h eren t m 0 s, co n fin ed  to the surface o f the coverslip , w ere 100% observab le  and 
recoverab le fo r counting purposes, as were the added bacterial cells,

R econstitu tion  o f  an A -layer onto A~, 0+  cells.
A fu n c tio n a lly  co m p eten t A -layer w as successfu lly  reconstitu ted  onto  the 

su rface  o f A 4 5 0 -3  by  a novel techn ique  o f  co -cu ltu ring  on agar p la tes . A450-1 
produces A -layer sheets but canno t tether them  to its cell surface due to the lack  o f LI’S 
O -chains. T h ese  A -layer sheets, form ed and released as the cu ltu re grew , attached  to 
ne ighbo r A 450-3 , A", 0 +  cells, w hose surface acted as an im m obili/,ud reconstitu tion  
tem plate, producing a  m ixture o f A ' and reconstituted A +  bacteria, T he presence o f cell 
assoc ia ted  A -layers in  reconstitu ted  bacteria  w as confirm ed  by the  ap pea rance  o f a 
d is tin c t band  a t the A -p ro te ir  position  on S D S -P A G E  gels (in se t in  Fig. 28). T he  
reco n s titu te d  A + m ix tu re , w as show n to be still co m p eten t in C ongo  R ed b inding 
assays (K ay etal., 1985) (Fig, 28). C o-culturing  the tw o strains in liquid m edium  did 
no t provide an  effective reconstitu tion, as judged  by S D S -P A G E  (not show n).

A. sa lmonic ida  surface changes and m 0  association
T he use  o f d iffe ren t A, salmonicida strains, each w ith a particu larly  d ifferen t 

cell surface, perm itted the evaluation o f the role o f  p redom inant surface structures in the 
bacteria-m 0  interaction.

M 0  associa tion  w ith w ild  type A + , 0 + bacterial ceils, o r w ith  co-cu ltu red  A- 
layer reconstitu ted cells , was significantly greater than that o f the A* strains A450-1 and 
A 450-3  (F ig. 29a and b). Phenotyp ically , A 450-1 behaves as an A “ strain  sin ce  it is 
unab le to te ther the A -layers it  produces. A “, 0 +  cells (A 450-3) reconstitu ted in liquid 
phase  w ith supernatan t from  an A450-1 culture, were still unable to associate with m 0 s  
(F ig , 29b). In  co n tras t, reconstitu tion  in liquid phase  w ith the 4X  D O C  A -layer 
preparation resulted in  the appearance of a  cel I associated A -protein band in SD S-PA G E 
(no t show n) and a sligh tly  enhanced  m 0  association  (Fig, 29b), A  m ixture o f  A 450-3 
an d  A 450-1  cells  (m ixed  in a  1.5:1 ra tio  ju s t befo re  the associa tion  assay ) still 
d isp la y ed  a  low  asso c ia tio n  lev e l (F ig. 29b), d em o n stra tin g  th a t the en h an ced



CR added (jiM)

F IG U R E  28. Congo Red binding o f  Uie A+ reconstituted co-cultured mixture, as compared with 
wild type A450, and the separate reconstitution partners A450-1 and A450-3. Curves represent the 
average o f  three independent assays. For clarity, standard deviation bars are shown for only two o f  
the curves. (Inset) W hole cell lysate SDS-PAGE analysis o f the strains used in the CR binding 
assays. Lancs in the inset and curves in the graph me similarly numbered for direct identification; 
1, A450 ( • —-•); 2 , Reconstituted mixture (x— x); 3, A450-1 (O— O); 4, A450-3 (0— 0), A  
distinct band at the A-prolcin position (A-pt) is observed in the reconstituted bacteria.
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K IGURE 29 . Association o f (rout in 0 s  with different strains o f  A, sa lm o n ic id a  and A-layer or A- 
protein reconstituted cells or latex beads, (a) Macrophage association o f the A’1' reconstituted co- 
cultured mixture (A-* A), as compared with wild type A450 ( • — •), and Hie separate reconstitution 
parmers A450-1 (x— x) and A450-3 (O— O), Curves represent the average o f  two independent 
experiments run in duplicate, (b) Effect o f  different A-layer reconstitution methods upon m 0  
association. A-iaycr reconstitutions o f A 450-3 were: co-culturing with A450-I on 'I'SA piales, as 
in ‘a’, (A— A); reconstitution in liquid phase using the 4X DOC A-layer preparation ( •  » •);  
reconstitution in liquid phase using die supernatant from an A450-1 culture (+ —  +). A control 
consisting o f a It 1.5 mixture o f  the A 4504:A 450-3  strains (O— O) was included, (c) Results 
from a 3 h m 0  association assay with plain uncoatcd latex beads (Column I), as well as beads 
coated will) A-layer sheets from A450-I (Column 2), Each column represent the average o f three 
measurements in a single experiment,



a sso c ia tio n  o f  the reco n stitu ted  m ix tu re  w ith  m 0 s w as sp e c if ic a lly  due to  the 
reco n s titu tio n  o f  an A -lay e r and  no t to the  m ere  p resen ce  o f  b o th  ce ll types. 
Furtherm ore, coating latex beads with A -layer sheets from  A 450-1, resu lted  in a  5-fold 
increase in adherence, when com pared  with plain uncoated beads (Fig. 29c).

E ffect o f A -layer structural m odifications
The A -layer o f  s tra ins A 450-10S  and A 450-10SR  w ere p rev iously  sh o w n  to 

exh ib it structural alterations (refer to chapter III). The form er exhibits W D  patterns and 
the latter d iscon tinuous A -layer aggregates. Furtherm ore, A -layer aggrega tion  on  the 
su rface  o f A 450-10S R  is know n to occur only after 3 days in cu ltu re (T horn ton  et al,, 
1991). Y ounger A 450-10$R  cultures produce A -layers s im ilar to those o f the parental 
stra in  A450, In reference to w ild type A 450 and young A 450-10SR  cu ltu res , A 450- 
I OS consisten tly  show ed a reduced  capacity  to  associate  w ith m 0 s  (F ig . 30a and  b). 
H ow ever, a dram atically  decreased m 0  association with older A 450-10S R  cultures w as 
observed , presum ably related to the A -layer aggregation process (Fig, 30b).

E ffect o f hem in coatings on m 0  association
Bacterial cells , coated  in liquid phase w ith  hem in  or the hem in  analog  C ongo  

Red (CR) (K ay  et al., 1985), w ere used to study the e ffec t o f  these co a tin g s  on  their 
ab ility  to associate  w ith m 0 s , W hile  A + bacteria  coated  w ith  hem in associa ted  w ith 
m 0 s  better than uncoatcd cells (Fig. 31a), a C R  coating , w as ine ffec tive  (not show n). 
F urtherm ore, A 450-3 cells exposed  to c ither o f  these com pounds w ere  still unab le  to 
e ffec tiv e ly  assoc ia te  w ith  n t0 s  (Fig. 31a). B ac te ria  g row n on T S A /b lo o d  p la tes  
exh ib ited  m uch higher levels o f  m 0  association (Fig. 31b), as com pared  w ith uncoated  
or hem in  coated  b ac teria  (com pare o rd inants o f  Fig. 31). T he  e ffec t o f  trou t serum  
com p o n en ts  w as e lim inated  as the cause o f enhanced  adherence, by ca rry in g  o u t a 
s im p le  asso c ia tio n  assay  w ith  bac te ria  opso n ized  in  10% fresh  tro u t se ru m  in 
incom plete  L-15. N one o f the three bacterial strains tested (A 450, A 450-3 , and A 450- 
I.0S.R) show ed  a s ign ifican t increase in  m 0  association , m ediated by the  p resence o f 
serum  alone (Fig, 32).

C ytopatliic  effects o f A. salmonicida  on trout m 0 s
D uring the b ac te ria -m 0  association assays, it w as observed  th a t an increase  in 

the incubation  tim e, as w ell as in the bacteria  to m 0  ce ll ra tio  (w ith  a co n seq u en t
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in c rease  in m 0  association levels), w as invariably accom panied by an increase in m 0  
detachm ent from  the substratum , and m 0  lysis, As observed before w ith m urine m 0 s  
(chap ter V), m o s t o f the m 0 s  exposed to the A" strains A 450-3 and A 450-1 had well 
co n se rv ed  m o rpho log ica l features, s im ilar to those o f  contro l m 0 s no t exposed  to 
b ac teria  (no t show n). C ytopath ie effects w ere m ostly observed in association w ith A+ 
bacteria , accounting  for the ab rup t reduction in the m 0  association index o f A4* strains 
(450, A 450- LOS, and  reconstitu ted  A 450-3), usually  seen in the last sam pling  tim e of 
the asso c ia tio n  assays (e.g. arrow  in Fig, 30a). It is o f  in terest to note tha t in sp ite  o f  
being  an  A + stra in  capab le  o f  associating  w ith m 0 s , A 450-10SR  n ever show ed  th is 
reduction  in  m 0  association, suggesting  that it was probably not severely  cy topath ie to 
tro u t m 0 s.

It w as ev id en t, from  m icroscop ic  ob serv a tio n s, th a t A . sulinmicida  also  
p roduced  m orpho log ical changes and lysis o f  trout m 0 s  (Fig, 33). It w as com m on to 
observe  pronounced  cell rounding and com paction ("R" in m icrograph b, and  arrow  in 
m icro g rap h  f). M acrophages exposed  to A. salmonicida g row n in the p resence  o f 
hem in  p resen ted  a particu la rly  pecu liar m orphology (Fig. 33h), In terpreted as m assive 
lysis  due to cell fragility, In som e instances, m 0  cell nuclei w ere also observed to lyse 
(a rro w s  in m ic ro g rap h s  g and  h). M acrophages observed  by SEM  had a b izarre  
m orpho logy , p resum ab ly  as the resu lt o f lysis during EM processing, due to increased 
su scep tib ility  to chem ica l o r physical stress. T he coverslips prepared  for SEM  w ere 
a lm o s t en tire ly  analyzed  to determ ine the frequency  o f lysis, and I found tha t the 
m a jo rity  o f  ce lls  exposed  to A 450 cells  had  the m orpho log ical features presented hi 
m icro g rap h s b and c. S im ilarly , som e m 0 s  exposed to A 450-3 presented the sam e 
features, I t  w as in teresting that lysed m 0 s  revealed A +  cells that had been internalized 
(a rro w s  in F ig . 33c). F u rther su p p o rt for bac teria l cell in te rna liza tion  cam e from  
stu d ie s  on the rep lication  o f  A. salmonicida inside trou t m 0 s , in the p resence o f  the 
am inoglycoside gentam icin (refer to chapter VIII).

DISCUSSION

The stud ies presented in chap ter V dem onstrated that the A d ay er w as involved 
in  m ed ia ting  a  specific  in teraction  betw een m urine P388D ^ m 0 s  and A, salmonicida. 

T h e s e  f in d in g s  h a v e  b een  c o n f irm e d  in th e  m o re  r e le v a n t  s a lm o n id
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F IG U R E 33. Effects Of A. sa lm o n ic id a  upon trout m 0  morphology. SEM o f  control, intact m 0 s  
(a) anti m 0 s exposed to A450 for 2 h, at a bacteria to m 0  cell ratio o f  50:1 (b and c). R  =  rounded 
n i0  covered with bacteria. Arrows point to exposed internalized bacteria. Bars represent 10 pm . 
Light microscopy images o f control m 0 s in L-15 (d) and HBSS (e). A multinucleated giant cell 
(Secombes, 1985) is shown in the latter (arrow). Different m 0  morphological changes induced by 
A450 arc shown: pronounced m 0  rounding (f), lysis and cell distention (g), and massive lysis (h), 
All light micrographs have the same magnification, represented by the 50 pm  bar in T .
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(Oncorhynchus mykiss) m 0  system , and fu rth er s tud ies have been  co n d u c ted  to 
exam ine the effects c c A -layer structural m odifications on this m ediated interaction..

T h e  e x p e r im e n ta ' system  o f  ra in b o w  trou t m 0 s  cu ltu red  on su p p o rted  
coverslips, p roved  to be particu larly  useful, and it could easily  be adapted and applied  
to o ther quantitative studies in w hich adherent cells in culture are used,

I t  w as confirm ed  that the p redom inan t bacterial su rface structu re, the A -layer, 
ac ts  by  fac ilita tin g  an  enhanced  in terac tion  w ith  m 0 s, w hereas an in tact, sm ooth  
h y d roph ilic  L P S  layer, by p reven ting  m 0  recognition . T h e  A, salmonicida strain  
A 450-1 , w h ich  lacks both  o f these tw o m ain surface com ponents, has a hydrophobic 
su rface , as ju d g e d  by the adherence to hydrocarbons (R osenberg , 1.984), sa ltin g  out 
(L indah l, 1981), and po lym er partition  (van A lstine et al., 1986) tests  (no t show n), 
T he in te rm ed ia te -lo w  level o f  m 0  associa tion  show n by A 450-1 (F ig. 29a and h), 
su g g es ts  th a t n on -spec ific  hydrophobic  in teractions played only a m ino r role in the 
association  w ith  m 0 s.

T o idea lly  d em o n s 'ra te  that the A -layer has an adhesin-liko  role, it w ould  be 
necessary  to fo llow  the  so-called  m olecu lar K och's postulates (Falkow , 1988), i.e. the 
re-in troduction  o f  the cloned vapA gene into an A" deletion m utant, w ith the consequent 
reg a in  o f adherence to h o st cells. This has not y e t been possible since vapA has so  far 
been re trac tile  to expression  in vapA deletion m utants (S. C hu and T .J. T rust, personal 
com m unica tion). As an  alternate approach, I used the in vitro reconstitution o f A -layer 
on to  the sm oo th  L PS  surface o f the deletion  A" strain  A 450-3 (B elland  and T rust, 
1987), and dem onstra ted  that the A -layer alone is capable o f m ediating an effic ien t m 0  
reco g n itio n . A n in teresting  finding  w as tha t reconstitu tion  o f  A 450-3  w ith cu ltu re  
supernatan ts  con ta in in g  A -layer sheets from the A -Iaycr secreto ry  strain  A 4 5 0 -1 , was 
no t particu larly  effective, as these cells did not recover the ability to associate w ith m0 s 
(F ig. 29b). F rom  a non-functional perspective, G riffiths and Lynch (1990) reported 
this m ethod o f reconstitu tion in liquid phase as effective, but the A + , ()* strain tha t they 
used released  into the culture supernatan t w hat they described as floret-like m aterial. 1 
too , observed  th is k ind  o f  m aterial in negative stained specim ens o f  the 4X  D O G  A- 
layer p repara tion , bu t n o t in cu ltu re supernatan ts o f  A 450-I.; instead, these contained  
regu larly  arrayed  A -layer sheets sim ilar to the double layers described by D ooley  etal 
(1989). T he m onolayers that form these double layers interact through their inner faces 
and  thus the norm al A -layer po larity  is lost (Fig. 34a), accounting  fo r the fa ilu re  to 
ach ieve  co m p le te  reconstitu tion  o f  A 450-3 ce lls  (Fig. 34b). H ow ever, these double
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Top A -layir

Bottom A-layer

I’K lU R li 34. Rationale o f surface reconstitution with A-layer sheets from the A450-1 strain, (a) 
Simplified diagram showing die external hydrophobicity (IT) and die lack o f  polarity o f double A- 
layer sheets [according to D ooley  e t a t  (1989)]. (b and c) Schematic explanation o f  why die 
bacterial surface o f  A450-3, covered with a smoodi hydrophilic LPS layer, was not efficiently  
reconstituted (b), while a hydrophobic (II) latex betid surface was (c), (d) Single A-layer at die 
surface o f  a wild type strain showing its interaction widi LPS O-cliains, This is die putative 
arrangement, obtained !>y reconstitution o f  A450-3 in co-culture widi A 4 5 0 -1.



layered  sh ee ts  effic ien tly  coated hydrophobic latex bends (Fig. 34c), and m ediated  an 
e ffic ien t in terac tion  o f the coated  beads w ith m 0 s  (Fig. 29c, and F ig . 26a in chap ter 
V ). C oated  beads therefore, displayed the correc t w ild type A -layer orien tation  on its 
su rface  (com pare  Fig. 34c w ith  F ig. 34d), w hich seem s to be critical for effective m 0  
recognition. The co-culturing rcconstitutios method proved to be functionally effective, 
as jud g ed  by  CR bind ing  and effic ien t n t0  association, m ost likely becau.se single A" 
layers , re leased  during  grow th o f A 450-1, w ere adsorbed onto the A 450-3 cell surface 
tem plate , befo re  they had a  chance to form  double layers. T h is  also  suggests that, in 
c o n tra st to the  surface p rocess on plates, A -layers in liquid phase easily  form double- 
layered  sheets.

T he  presence o f  A -layer has profound effec ts  on the charac teristics  o f  the A, 
salmonicida cell su rface  (K ay et a l, 1981; P arker and M unn, 1984 & 1985; Phipps, 
1988; T ru s t et a l,  1983; van A lstine et a l, 1986). T here fo re , it is conce ivab le  that 
d iffe re n t A -lay e r a rrangem en ts  are critica l to th e  bacteria l su rface  topo logy  and, 
co n seq u en tly , to m 0  recognition , Both the m utan t A 450-i()S , in w hich the A -layer 
appears d iso rgan ized , as well as A45G-1QSR, w ith aggregated  A -layers, had a reduced 
capac ity  to  associate  w ith m 0 s . A nother im portan t structural m od ification  in the A* 
la y e r, is th a t induced  by  grow th o f A. salmonicida in the calcium  defic ien t m edium  
F P M . FPM  grow n cells have A -layers displaying the hovel BS structural pattern (refer 
to chap ter III), w hich sign ifican tly  increases the ability  o f A. salmonicida to associate 
w ith  m 0 s , T h is w ill be d iscussed  in chap ter X I, T hus, it is c lea r  tha t structu ral 
m od ifica tions in the A -layer had im portan t effects on the association o f  A, salmoniclla 
w ith  m 0 s , suggesting  once m ore, that the A -layer is indeed responsib le  for m ediating  
th is  p rocess,

H em in  coatings also had an im portan t enhancing  e ffec t on adherence to m 0 s . 
B ecause A -protein is the hem in binding m olecule on the surface o f A. salmonicida (Kay 
et a l,  1985), it appears (in its native A -layer arrayed form ) to be d irectly  responsib le  
fo r this effec t. Surprisingly, grow ing bacterial cells on plates with w hole rainbow  trout 
b lo o d , p roduced  an even  g rea te r e ffec t upon adherence  to m 0 s  (F ig. 31b), T h is  
rem ains as a  partially unexplained effect because, although it is know n that A +  bacteria 
a re  cap ab le  o f  b ind ing  im m unog lobu lins (Phipps and K ay, 1988), and com plem en t 
(T om ds and  Kay, m anuscrip t subm itted), exposure to norm al fresh trout serum  alone 
(co n ta in in g  im m unog lobu lins and com plem ent), did no t increase adherence to m 0 s. 
T h u s , the e ffec t o f w ho le  blood is m ost likely attributed  to i) hem in b ind ing  and ii)
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bacteria l cell surface m odification  through som e as y e t un id en tified  m echan ism s. 
In terestingly , it has been previously  reported that hem in o r C R  coated  Shigella flexneri 
had  an increased  invasiveness in  the H eL a cell system , w hen com pared  w ith n o n ­
coated bacteria (DaskaSeros and Payne, 1987).

A lthough not a  m ajor objective o f this present study, it w as im possib le to ignore 
the cy top a th ic  effec ts assoc ia ted  w ith A + A . salmonicida, P rev io u sly  observed  in 
m urine  m 0 s  (chapter V ); these effects are now  confirm ed w ith  trou t m 0 s  (Fig. 33). 
C y to to x ic ity  appeared  not to b e  a  d irec t effect; o f the A -lay er, s in ce  the A -lay e r 
possessing  strain  A 450-10SR d id  not appear as cytotoxic as A 450, and A -layer coated  
la tex  beads d id  not induce m a jo r changes in m 0  m orphology. A  m arked  effec t o f  A, 
salmonicida upon tro u t m0 s, n o t p rev iously  observed  w ith  m urine  m 0 s, w as the 
detachm ent o f  m 0 s  from  the substratum . S im ilar effects on A tlan tic  salm on peritoneal 
m 0 s , have been reported by O liv ie r et al (1992). T hese  au thors also  concluded  that 
cy to tox icity  w as not directly  an effec t o f  the  A -laver, T he  potentiating  e ffec t o f hem in 
on the cytolytic activity o f  coated A. salmonicida rem ains Lo be explored.

In su m m ary , I  have sh o w n  that: i) ad h eren ce  o f the  f ish  p a th o g en  A. 
salmonicida to trout m 0 s  is m ediated by the A -layer, and ii) that s tructu ral a lterations 
in the A -layer have im portant effects on adherence.
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CHAPTER VII

R E S P O N S E  OF A e r  o m o  n a s  s a i m  o n i c i d a T O 
O X Y G E N  R A D I C A L S .  R OL E  OF THE A-

L A Y E R

IN T R O D U C T I O N

A s p ro fessional phagocytes (in con trast to phago troph ic  o r non-p ro fessional 
p h a g o c y te s )  m 0 s p o sse ss  a d iv e rs ity  o f  o x id a tiv e  and n o n -o x id a tiv c  k illin g  
m echan ism s. O x idative  k illing  is m ediated  by a m u lticom ponen t N A D P H  ox idase  
w h ich  tran sfe rs  a  s ing le  e lec tron  from  N A D PH  to m o lecu la r oxygen , to  p roduce  
s to ic h io m e tr ic  am o u n ts  o f  su pcrox ide  an ion  (M orel et al,, 1991). S u perox ide  is 
d ism u ta ted  to perox ide  w hich  then form s o ther reduced  oxygen species (R O S) like 
hydroxyl rad ical, s ing le t oxygen, or, in the presence o f m yeloperoxidase, hypochloralo; 
a ll w ith  p o te n t m icrob ic ida l ac tiv ities  (H urst and B arre tte , 1989). R ainbow  trou t 
m acro p h ag es  are qu ite  capab le  o f  m ounting , upon stim u lation  w ith  live v iru len t o r 
av iru len t s tra in s  o f  A. salmonicida, a resp iratory  burst lead ing  to p roduction  o f ROS 
(Sharp and  Secom bes, 1990; Secom bes e ta l,  1988) by a  N A D PH  oxidase-like activity 
(S eco m b es  etal,, 1992). T here fo re , A. salmonicida, tha t arc ab le  to penetra te  and 
surv ive in  R O S -producing  m acrophages, m ust possess pro tective m echan ism s against 
ox idadve killing.

A  grow ing body o f  experim ental evidence indicates tha t bacterial pathogens are 
co nstan tly  sensing  the ir env ironm ent and responding to it through proper ad justm ents 
(B uchm eier and H effron , 1990; C lark , 1990; D iR ita and  M ekalanos, 1989; G roism an 
and  S aie r, 1990; L ee  and Falkow , 1990; M aurelli et al., 1992; M ille r et al,, 1989; 
S m ith , 1988). T hus, a  bacteria l pathogen  that goes from  the e x tra c e llu la r  to the 
in trace llu la r env ironm en t, and ends up inside a  phagolysosom e, soon realizes that the 
su rro u n d in g  en v iro n m en t is  h ighly  hostile, How the pathogen responds and copes 
w ith this hostile  env ironm ent w ill determ ine the final outcom e o f the infection process. 
A ero b ica lly  g row n A. salmonicida (as m any other resp iring , cy toch ro m e-co n ta in in g  
o rg an ism s) sho u ld  be ab le to cope  w ith ox ida tive  stress , s ince  R O S a re  u sua lly  
g en era ted  as a  consequence  o f aerob ic m etabolism  through incom ple te  reduction  o f
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m o lecu la r oxygen to w ater during  resp iration , o r by o the r m em brane-associa ted  o r 
cy to so lic  p rocesses (F arr and K ogom a, 1991; S to rz  et a l,  1990). In  the p resence  o f 
o x id a tiv e  stress during  its in teraction  w ith m 0 s , A. salmonicida m ay  be capab le  o f  
inducing  an effective response, accounting for survival inside R O S-producing  m 0 s . A 
se ries  o f  experim en ts  w ere in itia ted  to determ ine the resistance o f  A, salmonicida to 
superox ide, peroxide, and in tracellu lar redox-active agents. T he ro le  o f  the A -layer in 
pro tecting  A. salmonicida against ROS w as especially  considered.

M A T E R IA L S  A N D  M E T H O D S

Refer to chapter IV.

R E S U L T S

A ssays on plates
R esults from  disc inhibition assays on pla tes indicated that A + A . salmonicida 

cells w ere about tw o-fold  m ore resistant to  H2O2 than  A ' cells  (Fig. 35a). O n the o ther 
hand, A + cells w ere m ore sensitive than A" to the in tracellu lar redox-active com pounds 
strep ton igrin  (SN G ), and p lum bagin (PG ) (Fig. 35b  and c). A 450-1 , ow ing to  the lack  
o f  LPS O -po ly saccharide  chains and an anchored  A -layer, behaved m ore s im ila r to 
A 450-3  than to A 450.

D isc inhib ition  assays in  nutrient agar (N A) containing d ifferen t concen tra tions 
o f  C ongo  Red (C R ), hem in, o r pro toporphyrin  IX  (plX ), ind icated  tha t pIX  and  hem in 
reduced SNG toxicity  to the A + strain A 450 in a  concentration  dependent m anner (Fig. 
36) w hereas C R  had v irtually  no effec t (no t show n). In con trast to A 450, A 450-1  ( 0 ‘ , 
pheno typ ic  A ') , and A 450-3 (A - , 0 + ) w ere m ore sensitive to SN G  in  the p resence o f  
hem in  or p IX  (T ab le  I). A gain , C R  had v irtually  no m odu la ting  e ffec t upon  SN G  
toxicity  against A 450-1 or A 450-3.

T h e se  re su lts  c lea rly  po in ted  to  a  re la tio n sh ip  b e tw een  the A -lay e r and  
su scep tib ility  o f  A. salmonicida to peroxide or redo x -ac tiv e  com pounds. T h is w as 
fu rther explored in assays conducted in liquid phase.
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Table 1. Effect of hemin and protoporphyrin IX on the toxicity of 
streptonigrin to A , salmonicida  strains A450-1 and A-450-3, as compared with

the w ild type A + strain A450

M IC "  (ng streptonigrin/disc)

A 450-1 A 450-3 A450

A gent added:

A. H em in  (p g /m l)  

0 63 66 17
2 28 59 15.5
5 34 57 29

15 24 45 52

B. P rotop orp hyrin  IX (p g /m l)  

0 56 42 13
5 22 24 8
15 15 32 17

30 14 28 26

n M IC  M in im al in h ib itory  concentration. D eterm ined  from  the grap h s presented  in F ig . .16 (for 
A 450) and sim ilar grap h s obta ined  for A450-1 and A450-3.
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A ssays in liquid  m edium  
Challenges' with externally added ROS.

It w as once m ore confirm ed tha t the A -layer provided som e p ro tection  against 
perox ide (F igs. 37 and 38). In addition, the A -layer had a  s ign ifican t p ro tective  effec t 
ag a in s t superox ide (Fig. 39). A gain, A 450-1 (O ',  phenotypic A ')  had a  sensitiv ity  to 
RO S more sim ilar to A 450-3 (A", 0 + )  than to A 450 (A+, 0 + ) . T he  pro tective e ffec t o f 
hem in  ag a in s t SNG  w as also  confirm ed  (Fig, 40), suggesting  tha t it is  ce ll bound 
hem in (and n o t only the excess o f hem in in solid  m edia) w hich reduced  SN G  toxicity , 
In these challenges, it w as also possible to assay the effec t o f A -layer reconstitu tion  on 
resistance to R O S, R econstitu ted  cells gained resistance  to e ith er perox ide (F igs. 37a 
and 38) or supcrox idc (Fig, 39). H ow ever, increased sensitiv ity  o f  reconstitu ted  cells 
to S N G  was not detected,

E xposure to sublethal doses o f  peroxide (Fig, 38), or perox ide and  SN G  (Fig. 
39), rendered A. salmonicida highly resistan t to subsequen t le th a l cha llenges by H 2O 2 
and superox ide, respectively , This inducible response w as no t due to the p resence o f  
the A-layer, s ince A+ and A ' strains acquired sim ilar levels o f resistance upon exposure 
to sub lethal R O S doses. C ells induced in the p resence o f  ch lo ram phen ico l w ere still 
sensitive to lethal challenges, suggesting the truly inducible natu re o f the response, and 
the req u irem en t o f  de novo p ro te in  syn thesis , T he p ro tec tiv e  ro le  o f  su p e ro x id e  
d ism utase  (S O D ) and cata lase , as w ell as the R O S -m ed ia ted  natu re  o f  the k illin g  
process, was a lso  dem onstrated ; externally  added enzym es sign ifican tly  reduced  R O S 
to x ic ity  against ch lo ram phen ico l treated  A, salmonicida cells (Fig. 37b  and Fig. 39). 
T h is  inducib le , A -layer independent resistance m echanism  appeared  to  be the m ain  
protecti ve response o f A, salmonicida against R O S; protection obtained afte r induction 
with sublethal doses o f RO S w as alw ays higher than the A -layer-m ediated protection o f 
non-induced cells.

A -layer-m ediated  protection from  ROS w as not enhanced  w hen C R , o r hem in 
co a ted  A+ c e lls  w ere used, suggesting  that the iron cen ters  o f  hem in  d id  n o t ac t as 
beneficia l scavengers o f  oxygen radicals (Fig. 40). In contrast, the p ro tective , A -layer 
m ed ia ted  e f fe c t  w as im p a ired  in hem in  coa ted  A+ ce lls , o r A +  c e lls  g ro w n  on 
T S A /B lo o d , perhaps due  to a h igher ce llu la r iron  load  w hich  has been  re la ted  to 
in c reased  R O S  tox ic ity  (especially  H 2O 2) (A sad and L citao , 1991; H a lliw e ll and 
G u tteridge, 1984; Sam bri et al. , 1991). Furtherm ore, n e ither pu rified  A -p ro te in  no r 
A -layer w ere ab le  to inh ib it the S O D -inh ib itab le  reduction  o f  cy toch rom e C by the



126

<>
>tr
D(/>

Cl)o

3 4 51 20

A450
A450-3
A450-1
Roeonst,

HOURS

Reconst, Cm control 
Reconst, +  catalase

A450-3 Cm control 
A45Q-3 Cm + catalase

A450-1 Cm control 
A450-1 Cm +  catalase

A450 Cm control 
A450 Cm +  catalase

F IG U R E  37 . Toxicity o f  II2O 2 to A. s a lm o n ic id a  cells with different surface properties, as 
determined 111 liquid phase assays in nutrient broth, (a) Survival curves after a challenge with 
2mM II2 O 2 . (b) Survival curves o f cloramphenicol-treated cells alter a challenge with 2mM  
I-I2O2  in die presence o f  catalase, Cm controls = Cloramphenicol-treated cells not challenged; 
Cm+catalase -  Cloramphenicol-treated cells challenged with 2  niM in the presence o f  1000 U 
catalase/ml. Reconst. =  A-layer reconstituted A450-3 cells, Reconstitution was performed by the 
co-culturing method described in chapter V, Results shown arc from a single experiment.
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F l(lllR 1 5  38. Induction, in A, sa lm o n ic id a , o f  it protective, A-layer independent response against 
11202- 'flic different strains shown were challenged with ImM II2O2 . Control = Bacterial cells 
incubated in nutrient broth (NB), i Control -  Cells pre-induced with 60 |iM  H2O 2 in NB and not 
challenged. Cm Control -  Cloramphenicol-treated cells, pre-induced and not challenged, i chall = 
Challenged pre-induced cells, ni chall = Challenged non-induced cells . Cm i chall = 
Cloramphenicol treated cells, pre-induced and challenged. A-layer reconstitution o f A 450-3 cells 
(Reconst.) was performed by the co-culturing mediod described in chapter V. Results from a 
single experiment are shown,
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F IG U R E  39 . Toxicity o f  superoxide to A , sa lm o n ic id a  colls with different surface properties, and 
induction o f  a protective, A-layer independent response, its determined in liquid phase assays in 
0 .07  M phosphate buffer, The different strains shown were challenged with xanthine/xanthine 
oxidase generated superoxide at an approximate rate o f 3 pmoles/min, Control =  Bacterial cells 
incubated in phosphate buffer, i Control =  Cells pre-induced with 60 (iM IJ2O 2  and 0,001 fig 
SNG/ml in phosphate buffer, and not challenged. Cm Control =  Cloramphenicol-treated cells, pre­
induced and not challenged, i chall = Challenged pre-induced cells, ni chall *  Challenged non­
induced cells, Cm i chall = Cloramphcnicol treated cells, pre-induced and challenged. Cm i chall 
+  SOD = Cloramphcnicol treated cells, pre-induced and challenged in the presence o f the enzym es 
superoxide dismutase and catalase, A-layer reconstitution o f  A450-3 (Reconst.) was performed by 
tire co-culturing method described in chapter V, Results from one o f  two indepenoent experiments 
showing similar results.
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xan th in e /x an th in e  ox idase system  (Fig, 41), nor did A ' ceils  survived belter to ROS 
ch a llen g es  conduc ted  in the presence o f  A+ , or coated  A + cells , co n firm in g  tha t 
scavenging o f  rad icals is not the protective m echanism  o f the A -layer (Fig, 42), 
Challenges with intracellular redox-active compounds.

The increased  sensitiv ity  o f  A+ cells to SN G  was confirm ed in the liquid phase 
assays. The fina l level o f  survival o f A 450-3 to SNG  challenges w as 100-fold h igher 
than  tha t o f  A 450  (F ig , 43), In  co n trast to the resu lts ob ta ined  w ith perox ide  and 
superox ide, the  p re-induction  o f A. salmonicida w ith sublethal doses o f  SN G , o r the 
ex te rn a l add ition  o f SO D , did no t p ro tec t A. salmonicida aga inst in trace llu la r S N G - 
m ediated  genera tion  o f superox idc (Fig. 43). H ow ever, induction w ith sublethal doses 
o f  H 2O 2 had a  cross-pro tective effect against SNG (not show n). T his suggested that; i) 
S N G  m ay n o t be a good  inducer, and  ii) perhaps the in trace llu la rly  g en era ted  
superox ide  w as not the m ost im portan t e ffec to r o f  cell dam age, bu t secondary  H 2O 2 
(generated  through the dism utation o f superoxide) was. H em in coated A+ cells as well 
as A +  cells g row n  on T S A /B lood  plates, had a decreased sensitiv ity  to SN G  (Fig. 40), 
and the p resence o f A + cells in m ixtures with A" A 450-3, sligh tly  enhanced survival o f 
the la tte r to S N G  (Fig, 42), both effects suggesting that SN G  is indeed attracted and /or 
bound by A -layers, perhaps a t the hem in binding site.

DISCUSSION

T he response  o f  A. salmonicida to oxidative stress has som e sim ilarities to the 
w ell studied responses o f  Escherichia coli and Salmonella typhitnurium (D cm ple, 1 9 9 1; 
F arr and K ogom a, 1991; T artag lia  etal., 1.991), I t  w as induced by sim ilar sublethal 
concen tra tions o f  H2O 2 ( b u t ,superoxide and hydrogen peroxide had d ifferen t inducing 
properties), and  required de novo protein synthesis, as in terred  by the inh ib iting  e ffec t 
o f  ch lo ram phen ico l. B y analogy, this inducib le response in A. salmonicida cou ld  also 
in v o lv e  m echan ism s s im ila r to those in E. coli and S. typhitnurium, i.e . in c reased  
sy n th es is  o f S O D , ca ta la se  and in trace llu la r scaveng ing  su b stra te s  like g lu ta th ione , 
induc tion  o f  D N A  repair system s, and synthesis o f several stress pro te ins (w hich m ay 
overlap  w ith those  induced  by o ther stressfu l stim uli). Indeed, this inducib le  response 
appeared  as the m ain pro tective m echanism  of A. salmonicida against R O S. H ow ever, 
it w as observed  that the A -layer had an interesting pro tective effect in non-induced  A +
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strain A 450-3 against 11202,

Effect o f the presence o f  coated or uncoaled A+ A 450 cells on survival o f the A ' 
strain /v tjo -3  against H2O2 , streplonigrin (SNG), orsupcroxide (SPO) challenges, The following 
mixtures were challenged: +  A450 Blood = A 1:1 mixture o f  450-3  and A 450 grown 011 
TSA/Blood plates. +  A450 high heinin *  A 1:1 mixture o f 450-3 and A 450 grown on TSA plates 
supplemented with 10 pg/m l hcmin. + A450 OR =  A 1:1 mixture o f 450-3 and A450 grown on 
TSA plates supplemented with 30 Rg/ml Congo Red, +  A450 Uncoat. -  A 1:1 mixture of 450-3  
and A450 grown on plain TSA  plates. Results from two independent experiments are shown.
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F IG U R E  43. Toxicity o f  streptonigrin to A. sa lm o n ic id a  cells with different surface properties. 
Toxicity was determined in liquid phase assays in nutrient broth. The different strains shown were 
challenged with I |Xg SNG/ml, (arrow). Control = Bacterial cells incubated in nutrient broth, i 
Control = C ells pre-induced witli 0 .0 1 pg/m l SNG in NB and not challenged. Cm Control =  
Cloraniphenicol-treated cells, incubated in nutrient broth. Cm i Control = Cloramphenicol-treated 
cells, pre-induced and not challenged, i chall =  Challenged pre-induced cells, ni chall =  Challenged 
non-induced cells. Cm i cliall -  Clorahiphenico! treated cells, pre-induced and challenged. Cm i 
chall -t SOD =  Clortunplienicol treated cells, pre-induced and challenged in the presence o f  the 
enzym e supcroxide dismutase. Results are from one o f two independent experiments showing 
similar results.



ce lls  o f A. salmonicida. T h is  p ro tec tive  e ffec t w as s ig n ifican tly  h ig h e r against 
superoxide, p robably  as a consequence o f the fact that, unlike H2O2, superoxide cannot 
f re e ly  d iffu se  th rough  b io log ical m em branes (H asse tt and C o h en , 1989), T hus, 
possession  o f an A -layer could represent an initial advantage for cells facing the hostile 
p h ag o ly so so m a l en v iro n m en t o f  m 0 s, b e fo re  induc tion  o f the m ain  p ro tec tive  
response. O ther investigators have observed a relationship betw een the presence o f A - 
layer, surv ival in side  m 0 s , and resistance to in vitro generated superox ide (G raham  et 
al., 1988; K arczew ski et a l,  1991; O livier et til,, 1986), bu t the pro tective m echanism s 
associated w ith the A -layer were not further investigated.

T he re su lts  p resen ted  in th is chap ter clearly  ind icate  that, in co n tra st to the 
p ro tection  m ediated  by som e m icrobial surface exposed glycolipids (C han et til., 1989), 
the  A -layer-m ed ia ted  pro tection  is not d irect and apparen tly  does n o t invo lve radical 
scaveng ing . S urprising ly , no t even A -layer bound hem in had an enhanced  beneficial 
e ffec t, w hich  w as expec ted  ow ing to the affin ity  o f  hem e iron cen te rs  for oxygen, 
S ince it is d ifficu lt to conceive that the A -layer w ould act as a physical barrier for such 
sm all rad ical species, exp lanations for the pro tective role o f  the A -layer m ust involve 
in d irec t m echan ism s. A sim plistic m echanism  may be related to the  propensity  o f A+ 
cells to agglutinate. A"*' cells located in the centre o f cell clum ps m ay be m ore protected 
from  RO S than single, dispersed A“  cells. A nother possible explanation  constitu tes an 
A -la y e r  m e d ia te d  re ten tio n  o f  o u te r m em brane  (O M ) b lebs, A c c o rd in g  to OM 
o b se rv a tio n s  (n o t sh o w n ) and b io c h em ic a l ev id en ce  (J.C , T h o rn to n , personal 
co m m u n ic a tio n ) , A. salmonicida is regarded  as a p ro lific  p ro d u ce r o f  O M  blebs. 
P hysica lly  constra ined  blebbing in the p resence o f A -layer, m ay cau se  bleb retention 
underneath  the A -layer. A lternatively, blebs could  rem ain associated with the outer face 
o f  the A -layer (through specific A -layer-O M  interactions) leading to the form ation o f a 
c loud  o f b lebs around  A + cells. S ince O M  blebs have been dem onstra ted  to have a 
p ro tec tive  e ffec t aga inst serum  in Neisseria gonorrhoeae (Pettit and Judd, 1992) and 
Porphyromonas gingivalis (G ren ie r and fid langer, 1991), se rv in g  as s ites  fo r 
co m p lem e n t fix a tion  aw ay from  the cell wall: and cy top lasm ic m em brane , it seem s 
reasonab le to hypothesize that a concentration o f  blebs at the cell su rface could, as well, 
serve as a trap fo r  R O S, reducing  the ir probability  to reach vital m em brane-associa ted  
o r cy to so lic  ta rgets (especially  D N A ), F inally , the possib ility  that the p resence  o f  a  
su rface anchored  A -layer m ay m odulate som e OM functions (e.g. perm eability ) cannot 
be ru led  ou t a t th is point. Such a m echanism  could also partially  exp lain  the puzzling
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.susceptibility o f  A +  cells to SNG and its m odulation by hem in, the increased sensitiv ity  
o f  A 450 to ch loram phenicol (Figs, 37b, 38 and 39), and the d ifference in the behav io r 
o f reconstitu ted  cells against external RO S or SN G  (i.e. reconstitu ted  cells w ere m ore 
resis tan t to peroxide o r superoxide but no t m ore sensitive to SNG).

O w ing to the apparent hydrophobicity o f the redox-active com pounds SN G  and 
PG, a w o rk ing  hypo th esis  w as fo rm ulated  postu la ting  th a t the A -lay e r ac ts  as a 
h ydrophob ic  su rface  to w hich these com pounds could  be a ttracted . B eing  in  c lose  
proxim ity to the outer m em brane (and in potential agreem ent with the view  that an outer 
m em brane anchored  A -layer m odifies perm eability ), fu rther partition  o f S N G  o r PG  
into the ou ter and eel I m em branes w ould lead to h igher in trace llu la r concen tra tions o f 
these com pounds in A + cells, accounting for the extrem e sensitiv ity  o f  A + cells to these 
com pounds, In support to this v iew , A ' cells (possessing o r  no t a  hydroph ilic  layer o f  
sm ooth  L P S ) w ere m ore resistan t to redox-ac tive  com pounds and ch lo ram phen ico l, 
suggesting  tha t it w as the A -layer, bu t no t LPS or surface hydrophob ic ity , w hich  w as 
responsib le  fo r inc reased  toxicity . S ince reduction  o f S N G  tox ic ity  by hem in  w as 
ex c lu s iv e  o f  A +  cells , and A-  ce lls  cha llenged  w ith  S N G  su rv iv ed  b e tte r  in  the 
presence o f A + cells, a direct relationship betw een SNG, hem in  and A -layer m ust exist. 
M oreover, the reduced  SN G  toxicity , c learly  seen in  the presence o f  hem in, w as less 
noticeable in the presence o f protoporphyrin  IX, and virtually  absen t in  the presence o f 
the iron ie s s  h em in  ana lo g  C R , po in ting  to a possib le  in v o lv em en t o f  iro n  in  the 
process, In terestingly , a d irect relationship  betw een SNG toxicity  and  cell iron  con ten t 
ex ists  (Y eow ell and W hite , 1982). This relationship , w hich has been la rgely  exp lo ited  
in the isolation o f iron uptake defective m utants ow ing to the ir resistance to SN G  (D yer 
et al., 1987; G cnco  et. al., 1991; H olland  et.al„ 1991), m ay also exp la in  w hy A 450-3  
and A 450-1 w ere  m ore susceptib le to SNG  in the presence o f  hem in (Table 1). E xcess 
hem in  and pIX , but no t C R , m ay have increased the cell iron  con ten t, w hich , in the 
absence o f  A -layer, led to increased SNG toxicity.

A lthough (lie m echanism s involved in A -layer-m ediated  sensitiv ity  to SN G  are 
s till u nknow n , th is e ffec t, as w ell as its m odulation  by hem in , has o p en ed  new  
opportunities to study the relationship betw een A -layer, hem in binding, iron uptake and 
virulence, S N G  resistan t (SN G r) m utants have been isolated and w ill be characterized  
as to  the ir ab ility  to b ind  hem in, p roduce siderophore, and in fec t trout, P re lim ina ry  
resu lts (no t show n) have indicated that the A“  or the 0 “  pheno types are p red o m in an t



am ong  SN G r m utants, and that m ost A +, ()+ , SN G r m utants arc siderophorc negaLiv* 
O ne o f  these m utants also had a reduced capacity to bind C R  on plates.
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f N T R A P E R I T O N E A L  C H A M B E R  M O D E L  
F OR I N  V I V O  G R O WT H  OF A e r o m o n a s

s a l m o  n i c i d a

IN T R O D U C T IO N

W hile furunculosis, and its causative agent A  salmonicida, h av e  been know n 
fo r nearly  a cen tu ry  (M cC arthy  and R oberts, 1980), a tru ly  e ffec tiv e  fu runcu lo sis  
vacc ine  aw aits developm ent. N um erous potential vaccines have been fo rm ulated , bu t 
the re  is as yet, no consisten t correlation  betw een pro tection  from  d isease  and an ti-A  
salmonicida agglu tin in  titers. Even the m ost recent resu lts from  im m unization  studies 
ag a in s t furunculosis are either h ighly  variable or d ifficu lt to rep roduce  (H astings and 
E llis, 1990; L und et. al,, 1991; Thornton  et. al., 1991). M any factors m ay  con tribu te  to 
th is d isappoin ting  failu re in achiev ing  consisten t pro tection , ev en  in the presence o f a 
good  antibody response. O ne possib ility  is  that the A, salmonicida an tigens presented  
in cu rren t vaccines are not relevant to protection, im plying that o ther v iru lence-re la ted  
d e te rm in an ts , perhaps only exp ressed  in vivo, m ay  co nstitu te  im p o rtan t p ro tec tive  
antigens, T he  cell surface o f in vitro grow n A  salmonicida is m ain ly  defined by the A- 
la y c r  and the  sm o o th  LPS layer, w h ich  co m p rise  O -p o ly sacch a rid e  c h a in s  o f  
hom ogeneous length. O w ing to their functional d iversity  and th e ir s trateg ic  location  at 
the  cell su rface , these determ inan ts  have been considered  the  m ain an tigens o f  A. 
salmonicida. On the other hand, no v iru lence determ inants ex c lu s iv e ly  exp ressed  in 
vivo have been as yet identified.

A lternatively , i f  A  salmonicida is a facultatively in tracellu lar pathogen , it m ay 
find protection from hum oral defense m echanism s by readily  penetra ting  m acrophages 
(m 0 s ) ,  inside w hich A. salmonicida has been show n to su rv ive (G raham  et a l,  1988; 
O liv ie r  et a l,  1986; T ru s t et a l, 1983; and chapters V to VII), In  this case , successfu l 
activation  o f  the ce llu la r arm o f the im m une response (K aufm ann, 1988) w ould likely 
be necessary  for protection against furunculosis, A lthough there are sporadic reports o f 
p ro tection  again st furunculosis by transfer o f  im m une scrum  (O liv ier et a l,  1985; E llis
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et al., 1988), it is not as yet c lear w hether im m unity  to fu runcu losis  is m ediated via 
cellu lar and/or hum oral responses,

T o  exam ine these possibilities m ore closely, an in traped toneal cham ber (IPC) 
m odel w as developed, tha t perm itted the study o f the in vivo grow th o f  A, salmonicida 
cells  in s id e  ra inbow  tro u t (Oncorhyncims my kiss). In th is ch ap te r the resu lts o f th is 
study  are  reported. O f particular significance are two findings: that the peritoneal fluid 
o f  in su lted  ra inbow  trou t appears to  con tain  a po tent bacterio lytic activ ity  capable o f  
s e v e re ly  im p a irin g  the  in vivo g row th  o f  v iru len t A. salmonicidn, and  that / \ ,  
salmonicida is ab le  to replicate inside in vitro cultured m 0 s. These findings support the 
v iew  tha t/4 , salmonicida is  a facultatively  in tracellu la r pathogen tha t escapes hum oral 
defense m echanism s by readily  penetrating m0 s in the early stages o f  infection,

MATERIALS AND METHODS

R efer to chapter IV.

RESULTS AND DISCUSSION

R em oved intraperitoneal cham bers (IPOs)
IP C s kep t for up to one w eek w ere found to be partially encapsulated  by a host** 

deriv ed  m ateria l, deposited  around the cham ber, particu larly  a t the end c losed  by the 
m em brane . S E M  o f m em branes recovered  front one w eek old IPC s, show ed  that the 
tw o face s  o f  the M illipore™  m em brane had quite d ifferent surface m orphologies. T he 
in n e r face  (F ig , 44a) w as covered  by num erous m icroco lon ies o f  bacteria , and the 
ex te rn a l face w as heavily covered with a fibrous m aterial (Fig. 44b), Som e areas o f the 
ex terna l face also  had groups o f adheren t host cells (Fig. 44c). In tw o prev ious studies 
on the use o f  IP C s in m am m als (D ay et at., 1980; Sutherland et al., 1990) it w as found 
tha t the im plants also w ere encapsulated in  a  fibrinous m aterial, This w as considered to 
be the consequence  o f an inflam m atory  response, ow ing to the p resence o f  num erous 
g ra n u lo c y te s  in  the m a te ria l. S ince I a lso  observed  a s im ila r  phenom enon  it is 
reaso n ab le  to su rm ise  tha t rainbow  trou t are capab le  o f  m ounting  an in flam m ato ry  
re sp o n se  s tim u la ted  by the  p resence o f the  cham bers and, m ost likely , by bacterial



F IG U R E 44. Scanning electron micrographs showing the internal (a) and external (b & c) sides o f a 
Millipore™ membrane recovered from an intraperitoneal chamber, after an incubation period o f  one 
week, (a) M icrocolonies o f in v iv o  grown A. sa lm o n ic id a  cells, (b) Detail o f  the host-derived 
fibrous material deposited on the membrane, (c) Group o f  host cells attached to the membrane. 
Bars represent 10 tun.



facto rs d iffusing  through the M illiporc™  m em brane. It is possible that a fte r one w eek, 
the fib rinous co a t im paired  the exchange o f nutrients, gases and m etabolites across the 
m em brane.

Survival o f  A. sa lmonic ida  inside TPCs
E ven after repea ted  attem pts, no viable bacterial cells could be recovered from 

IP C s  co n ta in in g  from  5 x 103 to 5 x 105 c e lls , a fte r one, tw o or three day 
incubations. N egatively  stained specim ens prepared for electron m icroscopy confirm ed 
tha t there w ere  no w ho le  ce lls  p resent in the rem oved IPCs. Instead , m any cell wall 
fragm en ts w ere  observed , d isp lay ing , upon c loser in spec tion , num erous doughnu t- 
shaped  pores (Fig. 45). O nly w hen the cham bers w ere  filled w ith 7 x 10° cells, were 
su rv ivors recovered  (Fig. 46). In  sharp  con trast w ith these findings the in traperitoneal 
L D 50 for the v iru len t strain  A 450 in juven ile  coho salm on, Oncorhynchm kisutch, was 
rep o rted  as 2  x  104 ce lls  (K ay  et a l,  1981; Ish iguro  et a l,  1981). M oreover, in 
ju v e n ile  ra inbow  trout, the in traperitoneal LD 50 for A 450 w as determ ined  to be 1,7 x 
102 cells  (J.C . T horn ton , personal com m unication).

T w o salien t fac ts  em erged  from these studies, First, a bacterio ly tic  activ ity  is 
p re se n t in ra in b o w  trou t peritoneal flu id , capab le  o f  d iffu sing  across the 0 .45  pm  
m em brane. Second, there ex ists  a 3 5 0 -4 0 ,000-fold  d ifference betw een the effec tive  
LD 50 o f free in traperitoneally  in jected cells and the dose required to su rv ive inside the 
peritoneal cav ity  w hen bacterial cells  w ere confined  in side  IPCs. A lthough puzzling 
indeed , these  facts su g g est tha t the peritoneum  constitu tes a  hostile  env iro n m en t and 
tha t m ig ration  from  the peritoneum  m ust be essential for bacterial surv ival. A c lo se r 
exam ination  o f  this hypothesis w as conducted,

The bacteriolytic  activity o f peritoneal fluid
T he m o rp h o lo g y  o f  the pores associated  w ith  the env e lo p es  o f  lysed  cells 

re sem b led  th a t  o f the m em brane  a ttack  com plexes form ed upon fish co m p lem en t 
fix a tio n  (Jen k in s  et a l,  1991). T here fo re , a se ries  o f assays w ere carried  o u t to 
determ ine i f  the pores w ere lesions associated with lysis, N orm al or ch lo ram phenico l- 
trea ted  in vitro g row n bacteria  w ere challenged w ith fresh o r treated peritoneal fluid. 
T he resu lts (Table 2) indicated that the appearance o f  pores w as alw ays associated with 
ly sis  and that the pores w ere caused by factors of host origin. T he lytic activity  o f  fresh 
peritoneal f lu id  w as re la tive ly  non-specific , since a  variety o f  bacterial spec ies were
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F IG U R E 45. Transmission electron micrographs o f negatively stained specimens showing the pores 
formed upon exposure to peritoneal fluid, (a) Cell wail fragment from the contents o f  an 
intraperitoneal chamber filled with a Cell suspension o f  (lie A * strain A450-3 (chosen because the 
doughnut-slmpcd pores were more clearly distinguished in the absence o f A-layer); inset: detail o f  a 
pore, (b) section o f  a membrane ghost from a horse erythrocyte challenged in  V itro  with fresh 
peritoneal fluid. Bars represent 0.1 fim.
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F IG U R E  46 . Growth o f A c r o m o n a s  s a lm o n ic id a  A 450  inside peritoneal chambers surgically 

implanted in rainbow trout, (a) Growth curve inside chambers containing an initial inoculum o f  7 
x 10® bacterial cells/nil. Notice the sharp decrease in viability observed during the first 24 h post 
implantation, and the enormous recovery o f  the survivor cells by the third day. (b) Transmission 
electron micrograph o f  negatively stained specimens recovered from die chambers used to construct 
die growth curve in panel 'a', There was always a large proportion o f lysed ghost cells (“L” in 
the micrograph) in the midst o f  whole darkly stained cells (“W ” in the micrograph). Bar represents 
1 fim.



Table 2. Bacteriolytic activity o f trout peritoneal fluid and serum under
different conditions.

Peritoneal fluid Serum

Fresh" Treated*' F resh  T reated
H e a t  F r e e z e -th a w  H e a t  F re ez e -th a w

B a c t e r ia l  c e l l s :

A . Norm al"

Pores form ed^ + - - + +

K illin g  b y  lysis" + - - +*

B. In h ib ite d /

Pores form ed + - - n d k N D  N D

Lysis^ + - - N D N D  N D

n U s e d  im m ed ia te ly  after co llection

l> H ea t trea tm en t w a s ach ieved  a t 55°C  for one hou r. F reeze-th aw  treatm ent c o n sisted  o f  a 
s in g le  cy c le  o f  freez in g  at -20°C  overn igh t, and th aw in g  at room  tem perature

c B acterial c e lls  u sed  for ch a llen ges w e re  obta ined  from  fresh  TSA cu ltu res su sp en d e d  and  
w a sh e d  in  PBS

d  D eterm in ed  b y  electron m icroscopy

" D eterm in ed  b y  a red u ction  in viable c e ll counts and ap p earance o f  cell g l io s is  by electron  
m icroscopy

/  B acterial p ro te in  sy n th esis  w as inh ib ited  w ith ch loram p h en ico l (20(1 p g /m l)

S  N D , n ot d eterm in ed

!l A p pearan ce o f  cell g h o sts  determ ined b y  electron m icroscopy
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suscep tib le  to lysis (Fig. 47). In general, peritoneal fluid w as less b ac te ric id a l than 
se rum , hut there  w ere im portan t d ifferences in the re la tive  k illin g  o f  Pseudomonas 
aeruginosa and A. salmonicida s trains by these flu ids. M oreover, bov ine , sheep , 
horse , gu inea pig, rahhil, and chicken ery throcytes w ere also lysed  by trou t peritoneal 
f lu id , and th e  m em brane  ghosts from  ly sed  red b lood  ce lls  d isp lay ed  the  sam e 
m orpho log ically  d istinct pores, previously  observed in  association  w ith  env e lo p es  o f 
lysed bacterial cells (Fig. 45).

In teresting ly , w hile the ly tic  activ ity  o f  peritoneal flu id  w as in ac tiv a ted  by a 
s in g le  freeze-thaw  cycle  a t -20°C , the ly tic  activ ity  o f  serum  w as re s is ta n t to this 
treatm en t (T ab le 2). A lso, the k inetics o f hem olysis w as quite d istinct be tw een  serum  
and peritoneal fluid; w hile serum -m ediated hem olysis w as com plete  a fte r few  m inutes 
o f  cha llenge , peritoneal flu id-m ediated hem olysis required  an o v ern igh t incubation  a t 
14°C  to be com plete , L astly , as m entioned  before, the  serum  sensitiv ity  p ro file  o f a 
spectrum  o f bacterial species w as d ifferen t from  the ir sensitiv ity  p ro file  to peritoneal 
fluid (Fig. 47). T herefore, it is  c lear tha t the  iytic activ ities o f  serum  and perito n ea l 
flu id  d iffer. N onetheless, they m ay rep resen t the sam e  com p lem en t-m ed ia ted  ly tic  
activ ity , and the differences betw een serum and peritoneal fluid may be exp lained  by i) 
a d ifference  in the concen tra tion  o f  co m p lem en t com ponen ts  in  the tw o f lu id s  (th is 
being  g rea te r in serum ), o r  ii) a d ifference in com plem en t com petence  due  to the 
en v iro n m en t in w hich it is acting  (e.g. ab sen ce  o f som e serum  co m p o n en ts  in the 
peritoneal flu id , or vice versa).

Survival and replication inside m 0 s
N o tw ith s tan d in g  its  lack  o f  m otility , A. salmonicida is c lea rly  cap ab le  o f  

sp read ing  in to  (as w ell as persisting in) a variety  o f h o s t tissues (Johnson et al., 1985; 
K ay et al, 1986; T rust 1986), an ab ility  assum ed to be m ediated  by the m 0  (K ay  e ta l  
1986; T rust et al, 1983). Fig. 48a show s that, in d e e  the A 450 wild type s tra in  had a 
h igh  level o f  su rv iv a l, w h ereas  the  tw o av iru len t s tra in s  A 450-3  and  A 4 5 0 -1 , 
contain ing  cell surface defects, w ere m ore read ily  killed. These results are in agreem ent 
w ith  p rev io u s reports  ind icating  enhanced  su rv iva l o f  v iru len t A + A. salmonicida 
s tra in s  inside m 0 s  (O liv ier et al. 1986; G raham  et al. 1988), S ince A. salmonicida 
s tra in s  cause  lysis (refer to chap ter VI) and  de tachm en t o f sa lm on id  m 0 s  from  the 
substratum  (O liv ier e ta l,  1992), I determ ined the num ber o f  m 0 s  in the a ssay  system , 
and  c a lc u la te d  the num ber o f  bac te ria  p e r 100 m 0 s ,  as rep o rte d  in  F ig , 48b ,
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F IG U R E  47, Survival o f  different bacterial species after a 3 h challenge with fresh serum or fresh 
peritoneal fluid, obtained from rainbow trout, Percentages o f survival are refered to the initial 
inoculum (~2 x 108 cells/m l = 100%). Controls kept in PUS did not show any reduction in 
viability during die incubation period. Error bars represent standard deviation o f duplicate samples 
from a single experiment.
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F IG U R E  48, Survival o f  three A e r o m o n a s  s a lm o n ic id a  strains (A450, • — •;  A 450-1 , x — x; 
A450-3, 0 — 0 )  inside cultured head kidney tissue macrophages, isolated from rainbow trout. In 
one experiment (a), d ie  data is presented as “% survival”, calculated in reference to d ie  number o f  
colony forming units per lube al time zero. In a second experiment (b), d ie  data is presented as 
“number o f bacteria per hundred macrophages”, As compared with d ie  first experiment, survival o f  
A450-3 and A450-1 strains was apparently higher; however, the intracellular numbers o f  these 
avirulent strains steadily declined during d ie  assay.
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In te re s tin g ly , it b ecam e m ore app aren t that, soon  a fte r an in itia l k illing  phase 
(p resu m ab ly  the com bined  re su lt o f m 0  k illing m echan ism s and the add ition  o f 
g en tam ic in ), the v iru len t strain A 450 replicates in traeellu larly . E  is im portan t to note 
th a t the nu m b er of v iab le  A 450 cells per 100 m 0 s  declined in the final phase o f  the 
ex p e rim en t (F ig . 48b). This m ay not be entirely the result o f  effec tive  killing by the 
m 0 , since upon  m icroscopic inspection  m 0 s looked feeble, m orpholog ically  altered, 
and  still co n ta in ed  m a n y  bacteria l cells, I attributed this final k illin g  phase to the 
cy to tox ic  e ffec ts  o f A. salmonicida, leading to perm eability  problem s a t the m em brane 
o f th e  com prom ised  m 0 ,  G entam icin  m ay have reached the in trace llu la r bacteria , 
causing  the observed  decrease in viability. Therefore, v iru len t A -layer positive cells, 
w h ich  readily  associate and penetrate m 0 s  in the absence o f host opson ins (chapters V 
&  V I) , n o t only  su rv iv e  b u t also  are  capab le  o f  re p lic a tin g  in sid e  m 0 s , The 
c o m b in a tio n  o f  this find ing  w ith the fac t that IP C  confined  bac te ria l ce lls  d id  not 
su rv ive  the ly tic  ac tiv ity  o f peritoneal fluid, strongly  suggests that A. salmonicida is a 
facu lta tiv e ly  in trace llu la r pathogen  capab le  of p ro tecting  itse lf  from  hum oral host 
d e fen se  m echan ism s by  rap id ly  gain ing  access to tn0 s and partia lly  avo id ing  their 
k illin g  m echanism s. A dditional support to this v iew  com es from  the results presented 
in  chap ter V II, w hich dem onstrated  that A + A. salmonicida strains a re  m ore resistan t 
than  A ' s tra in s  to oxygen  rad icals, especially  superoxide, S ince ox ida tive  k illing  is an 
im p o rtan t defence m echan ism  o f  m 0 s, an initial resistance against oxygen  rad icals 
w ou ld  be v ery  valuable in assuring enhanced survival inside m 0 s.

In conclusion , using the IPC m odel described here, I have dem onstrated that the 
peritoneal flu id  of rainbow  trout, possesses a potent bacteriolytic activ ity  which im pairs 
in vivo g ro w th  of A, salmonicida. I postulate tha t free in traperi toneal A. salmonicida 
m u s t ra p id ly  evade th is p o ten t bacterio ly tic  ac tiv ity , and p ropose tha t one  o f  the 
m echan ism s involved  is  penetration o f peritoneal and/or tissue n i0 s in the early  stages 
o f  in fe c tio n . The resu lts  o b ta ined  a lso  d ic ta ted  the co n d itio n s  u nder w h ich  A , 
salm onicida  w ould  grow  'in vivo, and suggested  that IP C s m ay  be v a lu ab le  as 
ex p e rim en ta l tools in  studying  the potential in vivo expression  o f v iru lence factors not 
expressed  upon  in vitro grow th.
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CHAPTER IX

T HE A - L A Y E R  OF A e r  o m o n a s  s a l m o n i c i d a  
G R O WN  I N  V I V O

IN T R O D U C T IO N

T he resu lts  p resen ted  in chap ters  II and III  d em o n stra ted  tha t the  A -lay er 
p o ssesses  s ign ifican t s tructu ral flex ib ility  and p lasticity . O n the ce ll su rface , the A - 
layer apparently  exists as a  m onolayer with a sing le type o f  closed and deep lattice, bu t 
once  detached  from  the cell surface, it dem onstrates its f lex ib ility  by adop ting  m ore 
open conform ations. U nder calcium -depletion conditions the A -layer dem onstrates its 
p lastic ity  by fo rm ing  tw o novel structural patterns, w hich are the re su lt o f  structu ral 
rearrangem en ts w ithin the layer. The objective o f  the w o rk  p resen ted  h e re in  w as to 
exam ine  if the A -layer o f  in vivo grow n A. salmonicida experienced  structu ral changes 
indicative o f a  role fo r the layer’s plasticity  in the in teraction o f A. salmonicida w ith  its 
host. S ince positive resu lts w ere indeed obtained, the functioned re levance  o f the B S  
pattern  was also  explored.

m a t e r i a l s  a n d  m e t h o d s

R efer to chapter IV .

R E S U L T S  A N D  D IS C U S S IO N

A-layers of in vivo grown A. salmonicida
D uring  the in itia l studies w ith in vivo g row n cells p resen ted  in ch ap te r V III, it 

w as im portan t to determ ine if  the A -layer could change its struc tu re  upon exposure  to 
the intraperitoneal environm ent. U nfortunately, the fine structural s tudy  o f the A -layers 
o f in vivo g row n  A+ A. salmonicida cells w as n o t an easy  task  fo r  two m ain  reasons: 
F irst, in  co n tras t to in vitro g row n  ce lls , w hich  no rm ally  y ie ld  n um erous A -lay er
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sloughs (refer to F ig . 4  in chap ter II), in vivo g row n cells did not easily  shed the ir A- 
layers, i.e. the m ajority  o f ceils had A -layers associated  w ith the ce ll w all, h indering 
(even  in  lysed  cells) the visualization o f the fine A -layer structure. Second, the few A- 
la y e r s lo u g h s  p re se n t in negative ly  sta ined  p rep a ra tio n s  w ere  no t w ell s ta in ed . 
N onethe less, som e success w as obtained in studying  the A -layers secreted  by in vivo 
grow n  cells of the A. salmonicida m u tan t strain  A 450-1. The fluid recovered  from 
in traperitoneal cham bers, contained num erous A -layer sheets, som e o f w hich displayed 
the  tw o novel W D  and BS patterns (Fig. 49), suggesting  that these patterns m ay he 
relevan t in the biology o f A. salmonicida. Therefore a functional characterization o f  the 
US structural pattern (as found in FPM  grow n cells o f the strain A450) w as attem pted.

Functional competence of the BS pattern
B esides possessing  A -layers w ith  p rom inent BS patterns, A. salmonicida cells 

g row n in the  calc ium  deficien t m edium , FPM , d id  not show  any o ther m ajo r change in 
the ir protein or LPS profile, as detected by SDS-PAGF, gels o f w hole cell lysates, or by 
W este rn  b lo ts using anti-A. salmonicida serum  (gels and W estern  b lo ts w ere run by 
J.C . Thornton , D epartm en t o f  B iochem istry  and M icrobiology, U niversity  o f V ictoria, 
C anada). F P M  g row n  A 450 A. salmonicida ce lls  w ere exam ined for their abiliLy to 
re s is t non-ox ida tive  (com plem ent-m ediated), and  oxidative (peroxide- or superox ide- 
m ed iated ) k illing , as w ell as in  their ab ility  to associate  w ilh m 0 s . C on tro l ce lls  were 
g row n  in the calc ium  replete m edium  trypticase soy broth (TSB), T he A ", 0 + strain 
A 450-3 , g row n  in  T S B  or FPM , also  w as inc luded  as a  con tro l, to define  A -layer- 
independen t processes. T he results presented in Fig. 50a indicate that the BS pattern is 
as e ffec tiv e  as the no rm al A -layer in  p ro tec ting  ce lls  from  com plem en t-m ed ia ted  
bacterio lysis. The low er level o f serum  resistance observed in A~ cells grow n in FPM  
o r T SB  ind ica ted  tha t pro tection  against scrum  in A + FPM  grow n ce lls  w as m ainly  
dependent on the presence o f cell-associated A-layer.

It w as strik in g  tha t only  A+ ce lls  g row n in FPM  had a  m arked ly  enhanced  
ab ility  to associate  w ith m 0  (Fig. 50b); control TSB grow n A +  cells, w hich associate  
w ith  m 0 s  th rough  an A -layer m ediated  p rocess (chap ters V and V I), appeared  (in 
com parison  to FPM: grow n cells) as having low  levels o f  adherence to m 0 s . Indeed, 
the  BS pattern  m ediated the highest levels of m 0  association in the absence o f opsonins 
o r any o the r su rface  coating. Since no m ajor detectab le changes w ere observed  in the 
p ro te in  and LPS profiles o f FPM  grow n cells, and  the A" strain A 450-3 grow n in FPM
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I

F IG U R E  49 . Altered A-layer patterns after in v iv o  growth o f A. sa lm o n ic id a .  (a) and (b) altered 
patterns obtained as a result o f  calcium limitation in v itro ,  or (c) and (d), as a result o f  growth in  
v iv o . W D patterns are shown in (a) and (c) and BS patterns in (b) and (d). Bar represents 50 nm 
for all micrographs.
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F IG U R E  50. Functional characterization o f A-layers displaying the BS pattern in A. s a lm o n ic id a  
A450. FPM grown bacterial cells (displaying the BS A-layer pattern) were compared with control 
cells grown in TSB (displaying normal A-layer patterns) to compare the functional competent:"' o f  
the BS pattern. 'Hie A-layer negative mutant A450-3 was also included as a control to define A- 
layer-independent processes, (a) Results from the serum resistance assay, (b) Results from the 
macrophage association assay, Results from challenge assays with II2O2  (c), and superoxide (d).
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was still unable to associate with m 0 ,1  have ascribed the increase in m 0  association to 

the m ajor structural change in the A-layer, from a normal to a BS altered pattern. It is 

possible that some protein dom ains, necessary for efficient adherence, becam e more 

accessible in the A-protein subunits arranged in the BS pattern.

As indicated in chapter VII, the A-layer protects A. salmonicida against reduced 

oxygen species (ROS), but the m ain protective m echanism  against oxidative killing is 

inducib le  and A -layer independent. W hen FPM  or TSB grow n bacteria  w ere 

challenged with H2O 2 (Fig, 50c) or superoxide (Fig. 50d) it was observed that the BS 

structural pattern, as well as the normal A-layer, are sim ilarly protective against H 2O 2 . 

H owever, FPM  grown A450-3 displayed a  higher level o f  resistance to H2O 2 . On the 

other hand, A + , FPM  grown cells were highly resistant to superoxide, as com pared to 

cells grown in TSB. Again, FPM  grown A450-3 displayed a high level o f resistance to 

superoxide. The enhanced survival observed in  A-  cells grow n in FPM , clearly  

suggests a role for the inducible, A-layer independent m echanism  in the resistance of 

FPM grow n cells to ROS, The fact that FPM grown A + cells had a significantly  

enhanced resistance to superoxide, but not against H2O2 , whereas FPM  grown A-  cells 

acquired resistance to both agents, confirmed previous observations (chapter VII): i) 

that the A -layer is definitely m ore protective against superoxide than H 2O 2 , ii) that 

resistance to H 2 O 2  and superoxide is differentially  induced (both having different 

m echanism s of action), and Hi) that the A-layer appears to m odify som e functions of 

A + cells. In teresting ly , FPM and TSB grown cells w ere sim ilarly  sensitive  to 

streptonigrin , and equally  com petent in binding the hemin analog, Congo Red (not 

show n).

E vidently , fu rther experim entation  is needed to evaluate  the functional 

com petence o f the BS pattern, but the results obtained so far are quite encouraging. A. 
salmonicida cells possessing BS or normal A-layer patterns were sim ilarly  protected 

against oxidative or non-oxidativc killing, bu t the BS pattern c learly  facilitated  

adherence to host cells. In addition to in vitro calcium -depletion conditions, altered 

novel, structural patterns were found to be present in vivo (Fig. 49) and also in starved 

cells (chapter III); observations that give rise to the question: does the A -layer possess 

more than one functional organizational state? Free cells in the environm ent, perhaps 

ca lc ium - and /or energy-lim ited , m ay produce altered  A -layers w ith  enhanced  

adhesiveness, presum ably an im portan t advantage to e ffic ien t co lon ization  and 

penetration o f  the host. O nce in the host, changes in  the levels of calcium  and



availab ility  o f  nu trien ts m ay  m odulate the expression  o f d ifferen t structu ral A -layer 
p a tte rn s  on  the su rface  o f  A. salmonicida w ith  c o n se q u e n t im p lic a tio n s  for 
p a th o g en esis . I t has no t y e t been determ ined  w hich natural env ironm en ts  o r host 
com partm en ts m ay contain  low enough levels o f calcium  to induce a structural change 
in the A -layer, but the possibility that the A -layer may ex ist in more than one functional 
organizational stale cannot be ruled out,
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CHAPTER X

I N  V I V O  G R O W N  A e r o m o n  a s  s a l n t  o n i  c i d  a

IN T R O D U C T IO N

C lassically , bacteria l pathogens have been iso lated  and stud ied  in vitro, then 
used to infect anim als to elucidate v irulence factors, to define pathogenic m echanism s, 
and to rep roduce the in fectious p rocess fo llow ing  K och 's postu la tes , in e ith er th e ir 
c lassical or m olecu lar form s (Falkow , 1988 &  1990; K havkin, 1991). H ow ever, i t  has 
been am ply dem onstrated that in vitro conditions do not accurately  duplicate  the in vivo 
env ironm ent. Thus, in vitro g row th  is often  not conducive to the expression  o f som e, 
o r perhaps all, o f the essential v irulence determ inan ts that bacteria l pathogens exp ress  
upon sensing  their host during the norm al course o f  an in fection  (B row n and  W illiam s 
1985; D iR ita and M ekalanos, 1989; S m ith , 1958 &  1990; W illiam s, 1988). In  m any 
cases , this response to the in vivo env ironm ent is coord inate ly  regu la ted  by in trica te  
g lo b a l regu lato ry  netw orks m ediated  by tw o-com ponen t system s, and in v o lv e  the 
partic ipa tion  o f  d ifferen t cell functions (A ricb etal., 1989; B ernard  in i et a l, 1990, 
C la rk , 1990; D iR ita  and  M ekalanos, 1989; G ro ism an  &  S a ie r 1990; L e im e is te r-  
W achler et a l,  1992; M aurclli et a l, 1992; M elton and W eiss, 1989; M iller et a l,  1989 
&  1992a).

T he  s tu d ies  in tro d u ced  in  ch ap te r V III have  been  co n tin u ed  to stu d y  the 
expression  o f pu ta tive v iru lence determ inants during  in vivo g row th . B esides the  A- 
layer, o ther know n virulence determ inants o f A. salmonicida include a  layer o f sm ooth  
lipopo lysaeeharide  (L PS) o f hom ogeneous O -polysaccharide chain  leng th , as w ell as 
sev era l ex trace llu lar products (K ay and T rust, 1991). S m ooth  LPS is necessary  fo r 
anchoring  the A- layer to the cell surface o f  A. salmonicida (B elland and T rust, 1985), 
and  plays a ro le  in serum  resistance (M unn et a l  1982). S m oo th  LPS m ay be also  
responsib le  lo r the sugar-inh ib itab le hacm agglutination, observed  by  B rooks and T ru s t 
(1 9 8 3 ) using  an A -lay e r d e fic ien t s tra in . M oreover, L ee and E llis  (1991) h av e  
d em o n stra ted  that p u rified  L P S , from  A. salmonicida and  seven  o th e r b ac te ria l 
pathogens, cause  lysis o f  salm onid erythrocytes.
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E xtracellu lar products, extracted from culture supernatants o f in vitro grow n A. 
salmonicida, m ain ly  inc lude p ro tcases (Price etal,, 1989; G u d m u n d sd o ttlr  etal.,
1990), hem olysins/cy to lysins (Lee and Ellis, 1990; N om ura et al,, 1988), and e n /y m es  
in v o lv ed  in lip id  m e tabo lism  (C am pbell etal,, 1990, Lee and Ellis, 1990), T hese 
e x t r a c e l lu la r  p r o d u c ts  ( in  p a r t ic u la r  a 7 0  k D a  p ro te a s e  a n d  the  
g lycerophospholip idscho lestero l acy ltranslerase— LPS com plex) have been associated  
w ith  cy to to x ic ity  , p roduction  o f typ ica l fu runcu la r lesions, and m orta lity , upon 
in jec tion  in sa lm on ids (H untly  etal,, 1992; K aw ahara etal,, 1990; rev iew ed by Ellis,
1991). L astly , in iron  defic ien t m edia, A, salmonicida produces a s iderophore  (C hart 
and  T ru s t 1983; H irs t etal,, 1991), S iderophores are im portan t v iru lence  factors 
invo lv ed  in  e ffic ien t up take o f iron, a  scarce essen tia l m icronu trien t in the in vivo 
en v iro n m en t (B ergeron , 1986; Payne and L aw lor, 1990), A s w ell, the sideropho re  
pyochelin  m ay  also be involved  in tissue injury and .inflamm ation during Pseudomonas 
aeruginosa in fections (C offm an e t al,, 1990),

U sing  the in traperitoneal cham ber m odel presented in chap ter VIII, it luts now 
been  dem onstra ted  tha t A. salmonicida cells grow n in vivo acquired total resistance to 
h o st ly tic  fac to rs and phagocytosis; a phenotype associated  w ith the presence o f an 
undefined  s lim e  lay er as the ou term ost structure on the su rface o f  in vivo g row n A, 
salmonicida. S ince this putative novel virulence determ inant apparently  shields the A- 
l r y e r  and L P S  O -ch a in s , the  ro le  o f  these know n su rface  d e te rm in an ts  is also 
d iscussed . T h is  w ork  w as conducted  in collaboration w ith J,C . T hornton  (D epartm ent 
o f  B iochem istry  and M icrobio logy, U niversity  o f V ictoria, C anada), w ho is curren tly  
in v e s tig a tin g  the e x p re s s io n  o f o th e r in v tv o -in d u eed  su rfa c e  a n tig en s  o f  A, 
salmonicida, as well as the nature and origin o f the slim e layer described in this chapter,

M A T E R IA L S  A N D  M E T H O D S

R efer to chap ter IV.
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RESULTS AND DISCUSSION

in vitro g row n  A + stra ins o f  A. salmonicida a rc  so m e w h a t re s is ta n t to 
co m p lem en t-m ed ia ted  bacterio lysis (M unn etal. 1982). H ow ever, even  th is level o f 
re s is ta n ce  w as m arked ly  su rpassed  after in vivo g row th , s ince ce lls  o f  the  in vivo 
g row n , v iru len t stra in  A 450 w ere com plete ly  resistan t to both  serum  and p eritoneal 
flu id  challenges (Fig. 51a). T hese cells had also acquired an unusually  high resistance 
to perox ide (Fig. 5 1b ) and the ir ab ility  to surv ive superox ide challenges  w as ten-fo ld  
h ig h e r than that o f in vitro g row n cells (Fig. 51c). S im ilar resistance patterns against 
the lytic activ ity  o f peritoneal fluid and killing by peroxide w ere observed  for the m ore 
v iru len t stra in  M T26, and for the av iru lcn t A" strain  A 450-3 (Fig. 5 2 a  and b). T hese 
resistance patterns appeared to represent truly inducible responses ra th e r than an in vivo 
selection  p rocess o f  resis tan t variants, since resistance w as lost upon  a  s ing le  in vitro 
subculture, as dem onstrated for Doth M T26 and A 450-3 strains, W hen  recovered  from 
in traperitoneal cham bers and subcu ltu red  once on T S A  pla tes, these  strains regained  
sensitiv ity  to peroxide and peritoneal fluid (results not show n).

In vivo g row n A 450 ce lls  w ere found to have lo s t the ab ility  to associa te  w ith 
m 0 s . M oreover, in vivo grow n cells o f  the A ” m u tan t A 450-3 show ed  an ev en  low er 
capacity  to adhere to cultured m acrophages than in vitro grow n cells  (Fig. 53a). T his 
w as no t s im p ly  the e ffec t o f  coating  the bacteria l cell su rface  w ith  h o st-d e riv ed  
m o lecu le s , s ince  in vitro g row n  M T 26 cells  p re -ex p o sed  fo r o n e  h o u r to  fresh 
peritoneal fluid (Fig. 53b), o r exposure to 10% trou t serum  during  the m 0  association  
assays (no t show n), did not have significant effects upon m 0  association . S ince it w as 
p rev iously  dem onstrated  that the A -layer m ediates a  specific  in te rac tio n  w ith the m 0  
cell su rface , and that A “ m utants are poorly  adheren t to m 0 s  (refer to  chap ters  V and 
V I), the fact that in vivo grow n cells adhered to m 0 s  a t very low  leve ls  (even  low er 
Hum those observed for in vitro grow n A -layer negative m utants), suggested  th a t either: 
i) the A -layer was lo st upon in vivo culture, ii) the A -layer w as struc tu ra lly  m odified , 
o r iii) the  A -lay e r w as sh ie lded  by an even  m ore ex te rn a l s tru c tu re , E lec tro n  
m icroscopy  o f in vivo grow n cells pointed to the la tter possib ility  as the m ost feasib le 
explanation , Firstly, arrayed A -layers were still p resent in A 450 and M T 26 ce lls  (refer 
to ch ap te r  IX), S econdly , irnm unogold  labeling  o f  A 450  cells w ith  an ti-A -p ro te in  
an tib o d y  (re fe r to “ M ate ria ls  and m ethods used in  fu n c tio n a l s tu d ie s” in ch ap te r
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F IG U R E  51. Resistance o f  in v ivo  grown A. sa lm o n ic id a  A450 to different bactericidal challenges, 
(a) Survival o f  in v iv o  ( • )  or in v itro  (o) grown cells after being challenged with serum (solid 
lines) or fresh peritoneal fluid (broken lines), (b) Survival o f in v iv o  ( • - - • )  or in v itro  (o-~o)  
grown cells after a 1 mM II2O2 challenge, (e) Survival to a superoxide challenge o f 4  It,
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F IG U R E  53 , Effects o f  in v iv o  growtli and pre-exposure to fresh peritoneal fluid on m 0  
association, (a) M 0  association assays with in v iv o  (broken lines) or in  v itro  (solid lines) grown 
cells o f  the virulent strain A450 (•), and die avirulent, A-layer negative strain A450-3 (O), (b) In  

Vitro  grown cells Of the strain M T26 were exposed to straight fresh peritoneal fluid for one hour to 
determine the effect o f  this treatment upon macrophage association, Pre-exposed cells ( 0 — 0 )  were 
compared with in v itro  ( •— •)  or in v iv o  (x— x) grown cells o f  the same strain,

n v i t r o  ' In vivo

F IG U R E 54. Immunogold labelling with anli-A-protein antibody, o f A, s a lm o n ic id a  A 450 grown 
in v ivo  or in v itro ,  in  v iv o  grown cells were not labelled, whereas in  v itro  grown ones were 
heavily labelled, Doth preparations were processed simultaneously using the sam e reagents. Bars 
represent 0.5 pm,



IV ) show ed  that in vivo g row n cells w ere not labeled, w hereas in vitro g row n  cells 
w ere  heavily  labeled (Fig, 54), T hirdly , a slim e lay er w as observed in thin sections o f 
ce lls  fixed in  R uthen ium  Red (Fig. 55a) o r A leian  B lue (Fig. 55b) fixatives, w hich 
en h an ce  v isua liza tion  o f s tructu res com posed  by polyanionic m olecu les, especia lly  
po lysaccharides (B ayer, 1990). C ontro l cells obtained from  TSA  plates and prepared  
sim ilarly  for e lectron  m icroscopy did not possess this extra coat on the ir su rface  (Fig. 
55c). In te restin g ly , it  w as noticed  that in negatively  sta ined  sp ecim ens o f  in vivo 
g row n  cells it  w as no t possib le  to observe any surface structure resem bling  the slim e 
la y e r o bserved  in th in  sections. T here fo re  negatively  stained  specim ens o f  in vivo 
g ro w n  A 450-3  ce lls  (A 1-, 0 + ) p rev iously  fixed in R uthenium  R ed  fixa tive  w ere 
prepared , w hich  confirm ed  the presence o f a diffuse, sligh tly  electron dense structu re, 
correspond ing  to the slim e layer o f  thin sections (Fig. 56). T ha t this structure w as only 
v isib le  after enhancem ent w ith Ruthenium  Red stain, suggested a polyanionic and m ost 
likely , a po lysaccharid ic  nature. T hese experim ental observations are  fully com patib le  
w ith  an in vivo exp ression  o f a po ly saccharide  slim e layer, s ince  s lim e layers and 
cap su les  h av e  been recogn ized  as a freq u en t m eans o f  avo id ing  phagocy to sis  and 
m ed ia ting  serum  resis tance  (C ross, 1990; C ross and K elly, 1990; M oxon and  K roll, 
1990; H o rstm an n  1992; R oberts  et aL, 1989), In vivo g row n bac te ria l pa th o g en s 
usually  develop  resis tance  to serum  or to phagocytosis (review ed by W illiam s 1988), 
an d , a t le as t in one p a rticu la r case, these  effec ts  w ere spec ifica lly  co rre la ted  w ith 
enhanced  p roduction  o f exopolysaccharides (Sim on et ui,, 1982).

A lte rna te  serum  resistance m echanism s, d ifferen t from g lycocalix  expression , 
sh o u ld  be a lso  considered . O uter m em brane blebs have been recen tly  im plicated  in 
pro tection  against com plem ent-dependent lysis (G renier and Bdlanger, 1991; Pettit and 
Ju d d , 1992). A lthough  this canno t be ruled out as a possible in vivo induced resistance 
m echanism  in A. salmonicida, it is m ore likely tha t blubbing, and association  o f LPS- 
rich  blebs w ith  the A -layer, w ould be m ore related to serum  resistance o f in vitro grow n 
cells . Long O -po lysaccharide  LPS chains have been associated w ith increased serum  
resistance in Escherichia coli (Poral etaL, 1992) and Salmonella (Jim dnez-Lucho et aL, 
1990). In the case o f  A. salmonicida, it  w ould be necessary  for in vivo g row n cells to 
syn thesize  a  unique type o f O -polysaccharide (perhaps longer), d ifferen t from  the one 
ex p re ssed  in vitro. T h is  is no t a  very  likely  po ssib ility  s ince  the  A -lay e r LPS 
in te ra c tio n  is  O -ch a in  d ep en d en t and qu ite  sp ec ific . In the c a se  o f  Neisseria  
gonorrhoeae, resistance  to norm al or im m une serum  (W etzier el al,, 1992), as well as
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F IG U R E  55. Electron micrographs o f  thin sectioned A. sa lm o n ic id a  A450 cells grown in  v iv o  or in  
v it r o ,  (a) In v iv o  grown cells fixed in die presence o f  Ruthenium Red stain, (b) In v iv o  grown 
cells fixed in the presence o f  A ldan Blue Stain, (c) In  v itro  grown control cells fixed  in A ldan  
Blue fixative. Bars represent 0.1 pm,
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F IG U R E  56. Transmission electron micrographs o f  negatively stained cells o f A. s a lm o n ic id a  
A45Q-3 grown in v iv o . (a) C ells as recovered from intraperitoneal chambers, (b) Cells from 
iutraperitonciil chambers fixed in (lie presence o f Rudienium Red. Bars represent 0.5 (mi.
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re s is ta n c e  to  p h ag o cy to s is  is due  to a ho s t-m ed ia ted  s ia ly la tio n  o f  b ac te ria l 
lipoo ligosaccharides (LO S) (review ed by Sm ith, 1090), w ith a co nsequen t increase in 
L O S  m o lecu la r  w eigh t, and fo rm ation  o f  a d iscre te  capsu le  w hich  s ta in s  w ith  
Ruthenium  R ed (Fox e ta l,  1991). T his host-m ediated m echanism  may very well be in 
operation  in the  case o f  A  salmonicida. N onetheless, the results ob tained with in vivo 
g row n  cells o f  the strain  A450-1OSR, seem  to favor production o f  a slim e layer as the 
m ech an ism  o f  serum  and p h ag o cy to s is  res is tance , ra ther than  a h o s t-m ed ia ted  
m odification o f existing polysaccharide residues.

W hen  cells o f the m ultiply attenuated strain A450-1OSR (harboring  pleio tm pic 
d e te c ts  in c e l l  surface o rgan ization) w ere grow n in vivo, they did not becom e fully 
re s is ta n t to th e  lytic activ ities  o f serum  or peritoneal flu id  (F ig , 57a), and did not 
d isp lay  reduced  levels o f  m 0  association. T hese cells adhered to n i0 s  at levels even 
h ig h e r than those  o f in vitro g row n cells (Fig, 57b). H ow ever, in vivo grow n A 450- 
10S R  cells w ere  partia lly  resistan t to peroxide (Fig. 57c) o r  superoxide. (Fig. 57d) 
challenges. I t  w as su rprising  to find that in vivo grow n cells o f  A 450-10SR  did not 
d isp lay  the s lim e  layer prev iously  observed  in cells o f  the A 450  or A 450-3 strains. 
T h is  co nstitu ted  a fortu itous and s ign ifican t observation  because it provided  strong  
ev id en ce  to fu rth e r su p p o rt a re la tionsh ip  betw een res is tance  to b ac te rio ly sis  and 
p h a g o c y to s is  w ith  th e  p resen ce  o f  a s lim e  layer. M o reo v er, s in c e  the LPS 
e lectrophoretic  profile o f A 450-10SR  is indistinguishable from that o f  A 450 (Thornton 
et a l ,  1991), the view  that the s lim e layer is o f bacteria l, and not h o s t o rig in  was 
reinforced. T he  fact that A 450-10SR  had quite different resistance profiles ag; inst lysis 
and ox ida tive  k illing , also  suggested that these operated through different m echanism s; 
i.e. in v /w -induced  resistance to oxidative killing appeared to be an A -layer and a slim e 
la y er-in d ep en d en t process. M ost likely , this in v /vo-induced res is tance  to oxidative 
k illing  is equ ivalen t to the A -layer independent, highly protective, inducible m echanism  
repo rted  in ch ap te r V1L The fact tha t cells recovered  from  in traperitoneal cham bers 
w ere  re s is ta n t to red u ced  oxy g en  sp ec ies  (R O S), su g g es ts  tha t th is  p ro tec tiv e  
m echanism  has relevance for in vivo g row th , and is presum ably induced in response to 
g ranu locy te-m ed ia ted , hum oral in flam m atory  m echanism s, tha t operated  through the 
m em brane o f the intraperitoneal cham bers.

In c o n c lu s io n , A. salmonicida re sp o n d s  to the h o s tile  in tra p e rito n e a l 
en v iro n m en t o f  ra inbow  trout, by inducing  the expression  o f a h igh ly  p ro tec tive  
m echanism  to resist oxidative killing, as well as a slim e layer. T he latter appeared to be
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directly  related to resistance against host lytic factors and phagocytosis. These novel 

v iru lence determ inants are not observed during in vitro grow th, and consequently  

represen t a unique response o f A, salmonicida to its host. The com bined facts that 

A 450-10SR  is absolutely non-virulent, unable to persist in infected tissues for longer 

than 48 h (Thornton et al, 1991), and unable to produce a slime layer, .strongly suggest 

th a t this ou term ost surface structure may be im portan t fo r in vivo v iru lence . 

Experim ents to confirm  this contention are being performed by determ ining if in vivo 
grow n cells o f the otherw ise avirulent strain A450-3, are virulent by intraperitoneal 

injection.

It was recently reported that A. salmonicida is capable of producing a capsule in 
vitro (apparently form ed by an acidic polysaccharide and not related to the A-layer), as 

a response to a  change in the carbon to nitrogen ratio in the culture medium (Garrole et 
al., 1992). B esides confirm ing the fact that A. salmonicida is capable o f producing a 

slim e layer, th is rep o rt also confirm s that the expression o f this slim e layer is 

environm entally  regulated. It is reasonable to surm ise that in vivo, pathogens would 

no t express all essential virulence factors sim ultaneously. Rather, these appear to be 

expressed  as program m ed responses fo llow ing a sequential order, as has been 

observed during the establishm ent o f some pathogenic (DiRita and M ekalanos, 1989; 

Sm ith, 1990) or sym biotic (Rolfe and Gresshoff, 1988) infections. In the case o f A. 

salmonicida it seem s that the role of the A -layer and sm ooth LPS layer is particularly 

relevant at the early stages of infection, promoting colonization, penetration o f the host, 

and providing protection against the non-specific humoral defence m echanism s of the 

host. This w ould assure a successful in itiation and establishm ent o f the infectious 

process. Subsequent A -layer-m ediated interaction with phagocytes would induce 

resistance to RO S that, in com bination with the A.-layer, could m ediate survival inside 

m 0 s . Spreading, presum ably m ediated by infected n i0 s , would assure a continuation 

o f the pathogenic process, by reaching other host tissues. Later, when the synthesis of 

the outerm ost slim e layer is induced (or derepressed), the A and sm ooth LPS layers 

w ould rem ain covered, presumably playing a m inor role in the later stages o f infection. 

T he expression o f glycocalix might facilitate replication o f A. salmonicida in different 

host organs, protected from the hum oral response against the now covered surface. 

A lso , since an im portan t characteristic o f som e polysaccharide coats is their poor 

im m unogenicity  (Cross, 1990; Jennings, 1990, M andrcll, 1992; M oxon and KroJI, 

1990), it is tempting to speculate that A, salmonicida cells may avoid recognition by the
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h o s t im m une system , Som e su p p o rt for the la tter com es from  h is to p a th o lo g ica l 
o b se rv a tio n s  o f  in fec ted  fish, w here foci o f  A. salmonicida m ic ro co lo n ies  w ere  
observed  in d ifferen t tissues in the absence o f  a su rrounding  in flam m ato ry  response  
(A rm strong , 1992),



CHAPTER XI

IS A e r o  in o n a s s a I m o n i c i d  a A N 
I N V A S I V E  P A T H O G E N ?

IN T R O D U C T I O N

Since the in tracellu lar environm ent represents a largely unexploited food source 
w ith  ex trem e stab ility , successfu l adaptation to the in tracellu lar env ironm en t m ay be 
regarded  as advan tageous. H ow ever, this rich, in trace llu la r m icrohab itat also  has an 
ex trem e selection  against general colonization, im plying that it is not easy  to penetrate 
cells and  estab lish  an in tracellu lar w ay of living or cy tobiosis (Taylor, 1983). Indeed, 
in trace llu la r bac teria l pathogens have to utilize specialized  m echanism s to en ter and 
su rv ive w ithin the ir hosts (Falkow , 1991; M oulder, 1985), Entry o f phagocytic host:; 
m ay be easier, ow ing  to the very nature o f  the phagocyte, i.e ., phagocytic  hosts m ay 
acqu ire  pa thogens during the ir norm al (feeding  o r defense) activ ities. H ow ever, the 
usual fa te  o f ingested  pathogens is to be destroyed and digested (for nutritional and /or 
d e fe n s iv e  p u rp o ses). B ased  on the ir e ffic ien cy  to ca rry  ou t th is la tte r  function , 
p h ag o cy te s  can  be c lassified  (B rubaker, 1985) as p ro fessional (good k illers , like 
m acrophages, neu troph ils  and eosinophils) or non-professional o r phagotrophie (poor 
k ille rs , like  free  living p ro tozoans, som e un icellu lar p lan t ce lls  anti ce lls  o f  certain  
an im al tissues, e .g . those lin ing  the gut, o r the genital m ucosa). On the o ther hand, 
non -phagocy tic  ce lls  are d ifficu lt to penetrate. T hese can he exclu sive ly  penetrated 
th ro u g h  d iaey to s is  (fo rced  entry  w ith o u t the partic ipa tion  o f the host) o r through 
pathogen-d irected  m echanism s (w here the pathogen induces the host cell to effic ien tly  
in ternalize it through a norm ally inefficient m echanism ; usually not used for any cellu lar 
function ) (M oulder, 1985). H ow ever, contrary  to phagocytes, non-phagocy tic  hosts 
d isp lay  a  low er capacity  to destroy and d igest pathogens. T hus, from  the in trace llu la r 
pa thogen’s perspective, there are two alternatives: facilitated entrance to a highly hoslile 
in tra c e llu la r  en v iro n m en t in a p hagocy te , or a  d iff icu lt en tran ce  to a less hostile  
env ironm ent in a  non-phagocytic host,

H aving  dem onstrated  that/1, salmonicida is a facultative in tracellu lar pathogen 
capab le  o f  su rv iv ing  and rep licating  w ithin professional phagocytes, i.e. m acrophages
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(m 0 s )  (refer to ch ap te r VIII), it seem ed im portan t to determ ine i f  this pathogen  could 
also  penetrate  non-phagocytic cells, and therefore extend its opportun ities to co lon ize 
the in tracellu lar m ierohabilat o f the host. Previous observations during  m y studies with 
m urine  m 0 s  (refer to chap ter V), ind icated  tha t A+ 4. salm onicida  w as cap ab le  o f 
p en e tra tin g  u ncom pelen t m 0 s, apparently  through a p a thogen -d irec ted  m echan ism . 
H ere I report that the A -layer m ediates an efficient interaction with non-phagocytic  fish 
cell lines, and that, indeed ,/!, salmonicida was able to penetrate epithelial cells.

M A T E R IA L S  A N D  M E T H O D S

R efer to chapter TV,

R E S U L T S

A ssociation  assays o f A. salm onicida  w ith the fish  cell lin es  E P C  and CFISE, 
show ed that the A -layer was capable o f m ediating adherence to these  p resum ab ly  non- 
p h ag o cy tic  cells (Fig. 58a and b). T he  A "  strain  A 450-3 , w as u n ab le  to e ffic ien tly  
asso c ia te  w ith e ith er o f  the tw o cell lines (Fig. 58c and d), but A -lay er reconstitu ted  
A 450-3  ce lls  re-gained  adherence and associated  w ith h o s t cells a t leve ls  even  h igher 
than  those  show n by the w ild type A. salm onicida  s tra in  A 450  (F ig. 5 8 a  and  b). 
Escherichia coli A TC C  11775, introduced to determ ine background bacterial adherence 
to these fish cell lines, show ed the low est levels o f  association (Fig. 58c and d).

S E M  revealed  that on ly  A+ bacteria  readily  covered  the su rface  o f E P C  or 
CT1SE cells (Fig. 59), and m ost im portantly, thin sections o f  infected cells show ed  that 
A. sa lm o n ic id a  w as cap a b le  o f  p e n e tra tin g  e p ith e lia l (E P C ) c e lls  (F ig . 60). 
In teresting ly , the tw o A "  strains A 450-3 and A 450-1 w ere  also in terna lized , a lthough 
in low er num bers (no t show n).
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A. sa lm o n ic id a  strains with different surface characteristics were used, A 450 (A+ , ()+)» A 4104  
(phenotypic A “ , 0 “ ), A450-3 (A“ , 0 + ). E, c o ll  was also used as a control to determine non­
specific bacterial binding to these cell lines. Reconst. = A-layer reconstituted A 450-3 cells. 
Reconstitution was carried out by the co-culturing method reported in chapter V. Results shown 
are from a single experiment,
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FIG U R E 59. Scanning electron micrographs o f EPC (a) and CHSE (b) cells, with adhered bacterial 
cells o f  the A 450 wild type . 'rain. Only A'1' bacterial ceil" i 'Uered readily to host cells in culture. 
Bars represent 10 pm.

I *  0 6

f t

FIG U R E 60. Thin section o f  an EPC’ cell showing several surface-bound and internalized bacterial 
cells o f  the A450 wild type strain. Bar represents 1 pm,
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DISCUSSION

A lthough  ce ll-en try  m echanism s o f in tracellu lar pathogens are d iverse, som e 
genera lizations can be made, F or instance, a  com m on property o f  phagocytic pathw ays 
is the  dynam ic cy toskeletal rearrangem ents that accom pany penetration (S tossel, 1986; 
van D eurs et. a l, 1989), w hich arc the result o f transm em brane signals involved in the 
ac tiva tion  o f  e ffec to r sy stem s (B aggiolin i and D ew ald , 1988; Pullm an et a l,  1989; 
Je sa ilis  et a l,  1989; S arndah l et a l,  1989; W ick  et a l,  1991), T he  fact that A. 
salmonicida could penetrate the epithelial cell line EPC, dem onstrates that this bacterium 
is  cap a b le  o f  p ro d u c in g  the co rrec t signaling  requ ired  to trigger a n o rm a lly  non- 
opera tional partic le  in ternalization  system . In o rder to do that, A. salmonicida m ust 
in te rac t w ith  the p roper surface receptors on the surface o f  the host cell. T he fac t that 
A +  and A- cells w ere also in ternalized, indicates that penetration is perhaps an A -layer 
in d e p e n d e n t p ro cess . In o th e r w ords, the A -lay er m ay  ac t as an adhesin  (as 
dem onstra ted  by the fact that it significantly  prom otes the association  o f A+ bacterial 
ce lls  w ith  h o s t ce lls), b u t no t as a specific invasin , As an adhesin , the A -lay e r may 
prom ote in itia l a ttachm ent to the cell surface, leading to a m ore effic ien t establishm ent 
o f  seco n d ary  in te rac tio n s  responsib le  o f triggering  in terna liza tion  (H oe pel m an and 
T u o m an en , 1992). Q uan tita tive  stud ies on the in ternalization  o f  uncoated versu s  A- 
layer coated  latex beads, and determ ination o f the bound to in ternalized ratio o f  A *  and 
A -  bacterial cells, shou ld  provide the inform ation necessary to determ ine if the A -layer 
has a role in both adhesion  and internalization o r if  it  only prom otes adhesion. A s well, 
the  iso la tio n  o f  p u ta tiv e  cell su rface  recep to rs  invo lved  in the  b in d in g  an d /o r 
in te rn a liza tio n  p rocesses , shou ld  help  to elucidate  the ro le  o f the A -layer (o r o ther 
surface m olecules) in the internalization process. A lternatively, U could be possible that 
the fish  ce ll lines o<*ed w ere unknow ingly  phagocytic  to som e ex ten t, as it has been 
dem onstra ted  for ep ithelia l cells  lining the in testine o f cod and herring  larvae (O lafsen 
and  H ansen , 1992), T he  norm al phagocytic com petence o f the ep ithelial (EPC.') and 
fibroblasto id  (C H SE) fish cell lines should be clarified before further experim entation is 
co n d u c ted . In  any  case , as reported  p rev iously  by o ther in v estig a to rs  (P ark er and 
M unn , 1985; S akai, 1987), A + A . salmonicida cells w ere dem onstra ted  to have an 
enhanced  ab ility  to bind host cells. M ore im portantly, a door to investigate the invasive 
properties o f  this unique and fascinating fish pathogen has been opened.
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G E N E R A L  D I S C U S S I O N

No S 'la y e r  has been as thoroughly studied as the  A -layer o f  the fish  pathogen  
A, salmonicida, T h e  ex p erim en ta l re su lts  p resen ted  in  th is  d isse rta tio n  have  
sign ifican tly  contributed  to ou r understanding o f the structu re  and  function  o f the A - 
layer. T hus, the A -layer constitu tes the firs t S -layer fo r w h ich  c lea r re la tionsh ip s  
betw een structu re and functional com petence have been estab lished . F o r instance, no 
o th e r  vS-layer has been  show n to possess a lte rna te  s tru c tu ra l co n fo rm a tio n s  w ith  
po ten tia l in vivo functions, as it have been dem onstrated for the A -layer (chapters III &  
IX). These novel structural conform ations are no t re la ted  to those p rev iously  though t 
to in v o lv e  a  change  in the po ro sity  o f  the A -la y e r  (S tew art et a l ,  1986). A s 
dem onstrated  in chap ter II, the putative structural conform ations described  by S tew art 
et al, (1986), turned o u t to be tw o d iffetcn t A -layer m orpho types that o n ly  ex ist in the 
c o n tex t o f negative stain ing , as artifacts o f  superim position  and d ifferen tia l stain ing . 
T h e  functional s tud ies reported  in chap ters  IV  to X I, also  c o n trib u ted  to a b e tte r 
und ers tan d in g  o f the arch itec tu ra l o rgan ization  o f the A -layer. For in s tan ce , they 
provided support for the view  that the A -layer naturally  exists as a  m onolayer, ow ing to 
the fact that superim posed  or aggregated  layers w ere n o t fu nctionally  co m p e ten t in 
m ediating  adherence to m acrophages (m 0 s), o r  in reattach ing  to the cell surface o f  A- 
lay cr negative m utants (chap ter VI). T he structu ral o rien ta tion  o f  the lay er w as also 
im portan t in reattachm en l to A 450-3 cells ( 0 + , A "), and  adherence to m 0 s  (chap ter 
V I); c lea rly  sug g estin g  tha t the A -layer possesses  tw o  d iffe re n t face s  w hich  are 
functionally  different. T he  inner face, defined by the p lane occup ied  by the core m ass 
un its, interacts with the bacterial cell surface through specific  in te rac tions  w ith the 0 - 
po lysaccharide  chains o f LPS. The outer face, defined  by the p lane occup ied  by the 
lin k e r m ass units, is involved in  adherence to su rfaces and h o s t cell recep to rs , I t is 
tem pting  to specu late  tha t the pits exposed on the ou te r A -lay er’s face, fo rm ed  by the 
low er core m ass units su rrounded by the m ore elevated linker m ass units (refer to F ig. 
2 in ch a p te r  1) m ay c o n s titu te  the p re fe rred  b in d in g  s ite s  fo r  h o s t p ro te in s . 
Im m u n o g lo b u lin s  (P h ipps and  Kay, 1988), co llag en  IV  (T ru s t et a l,  m a n u sc rip t 
subm itted), and  host receptors possessing im m unoglobulin-like dom ains (w hich I have
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h y p o th esized  to be involved  in  m 0  binding) (chapter V ), bind to the A -layer in an 
a rray -d ep en d en t fash ion . P erhaps these host m olecu les bind to  a site on ly  form ed 
w hen four A -protein subunits convene a t one of the two 4-fold  sym m etry axis e . .he A- 
layer. A lternatively , b inding sites for host m olecules may be present on each A -protein 
subunit, bu t they only  are available w hen the subunits are w ithin the array. In the latter 
case , b in d in g  o f one la rge  host m o lecu le  (e.g. an im m unog lobu lin ) to one o f the 
b ind ing  s ites, m ay preclude binding o f m ore host m olecules through sterie h indrance, 
accounting  for the binding stoichiom etry o f  I im m unoglobulin m olecule to 4  A -protein 
m onom ers, Lastly , the A -layer also  constitu tes the first S -layer lo r  w hich a com bined  
and differential ro le  for C a2+ and M g2+ in the structural in tegrity  o f '  he layer has been 
dem onstra ted  (chap ter III). This m ay constitu te  a unique and im portan t property  that 
a llow s the A -layer to ex is t in a t least tw o functionally  d ifferen t o rgan izational states 
(chap ter IX ).

F u n c tio n a lly , it w as rigo rously  dem onstra ted  tha t the A -layer possesses the 
p ro p erties  o f  an adhesin  (chapters V , V I &  X I). C onsequen tly , S -layers shou ld  be 
regard ed  as a new  structural c lass o f adhesin , together w ith  fim briae, m ultifunctional 
toxins, flagella, and o ther nonfim brial adhesins. It rem ains to be rigorously  show n that 
the A -layer also  has a  ro le  as an invasin . H ow ever, the resu lts p resen ted  in chap ter XI 
regard ing  penetra tion  o f  the ep ithelia l fish cell line EPC, are encourag ing , M ucosa 
invasion  experim en ts  in vivo, or the use o f  po larized  fish ep ithelial cells, o r  organs in 
c u ltu re , sh o u ld  p ro v id e  ex ce lle n t m odels  to  study  the in v asiv e  p ro p erties  o f  A. 
salmonicida, and define the role o f  the A -layer in  the invasion process,

A n  ou tstand ing  and unexpected function o f the A -layer w as that invo lv ing  the 
p ro te c tio n  o f  A. salmonicida aga in st reduced  oxygen rad icals  (ch ap le r VI I). T he  
m ech an ism  in v o lv ed  in this pro tection  is ill-defined , bu t the availab le  experim en tal 
ev idence  poin ts to a possib le physiological connection betw een the A -iaycf and the cell 
m em brane , In  th is con tex t, find ings here could com plem ent prev ious ones, that lo r 
m any  years have also  suggested  such a connection , and perhaps w ill encourage further 
investigation  [e.g. investigation  o f the tight relationship  tha t exists betw een incubation  
tem pera tu re  and the syn thesis o f A -layer (Lshiguro, 1988; Ishiguro el aL, 1981)|. For 
ex am p le , it  is  know n  th a t grow th  o f A . salmonicida at 3(AC is only  possib le  in the 
absence  o f  an arrayed  A -layer. H ow ever, som e prelim inary  resu lts  (no t show n here) 
have indicated  that A, salmonicida A 4V) readily grow s at 3(AC in FPM  m edium  w ithout 
M g 2+, in w hich  A 450 form s te tram eric units o f A -prolein  tha t do  not assem ble  into
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arrayed  layers. A lso, cultures o f the surface disorganized m utant A 450-1O SR (chap ter 
H i), which appears to have aggregated layers that do no t com pletely  cover the bacterial 
ceil su rface, possess a very h igh num ber o f A "  varian ts, as dem onstrated  by the large 
n um ber o f w hile  co lonies p roduced upon culture a t 30°C  on C ongo  R ed  (OR) pla tes 
(J,C . T horn ton , personal com m unication), Lastly , a typ ical A. salmonicida, w h ich  can 
g ro w  and form  norm ally  arrayed A -laycrs at 30°C , have a  nu tritional req u irem en t fo r 
hem e (Ishiguro et al., 1986), suggesting tha t they have difficulty  in acquiring  iron, The 
d iffe ren tia l sensitiv ity  profile  o f  A + and A“ A, salmonicida s tra ins to s trep to n ig rm  
(S N G ), and its m odulation  by hem in, also  seem s to f it as an add itional p iece  in  this 
puzzle . SN G  uptake appears to be m ediated by a w ild type (but no t reconstitu ted ) A* 
la y e r (ch ap te r V II). P rev ious unpub lished  ob serv a tio n s  by W ,W , K ay, and E .E , 
Ish igu ro  (U n iv ers ity  o f  V ic to ria , C anada), a lso  in d ica te  tha t d u rin g  C R  b ind ing  
experim ents w ith A + cells, som e dye was partitioned into the outer m em brane, reaching 
in n e r cell targets, This w as n o t observed  at a ll during  binding  assays w ith  A “  ce lls  
possessing  an in tac t sm ooth  L PS  layer, unless the sm oo th  LPS la y e r w as d istu rbed  
w ith  ED TA  (Ish iguro , 1985). I t  is very  possib le  tha t A -la y e r-b o u n d  S N G  had  an 
enhanced  access to inner cell targets, accounting for the ex trem e sensitiv ity  o f  A + cells 
to th is redox -ac tive  com pound . R ecently , i t  w as found tha t A +  ce lls  g row n  in  the 
presence o f the iron chelator ED D A  are m ore susceptib le  to SNG than LB  grow n cells 
(no t reported  here), w hich confirm s the re la tionsh ip  betw een iron transport, A -layer, 
and SN G  binding. The hem in and SNG  binding k inetics o f  atypical s tra ins, the S N G r 
m u tan ts  tha t have been iso la ted  (chap ter V II), as w ell as w ild type A. salmonicida 
g ro w n  in the p resence o f  ED D A , should  p rov ide c lues fo r the e lu c id a tio n  o f these  
puzzling  results,

T he in vivo s tudies, o rig inally  devised  to de tec t s tructu ral ch an g es o f  the  A - 
layer in the host environm ent, have provided  a trem endous insigh t in to  the pathogen ic  
process o f furunculosis, and the time fram e (sequence) in w hich the d ifferen t v iru lence 
determ inan ts  o f  A, salmonicida m ay be expressed , C o lon ization  o f  e ither the ex ternal 
su rface  o f  fish (C ipriano et al., 1992), g ills, or internal m ucosas (T atner, 1987), m ay 
be m ed iated  by the A -layer, in its ad b e d  n ro le , w hich  in  ad d ition , m ay  p ro v id e  
protection against the non-specific antim icrobial activities o f  skin and m ucosal barriers, 
e .g . lysozym e, It is no t c lea r y e t i f  su b seq u en t penetra tion  o f the h o s t is  d irec tly  
m ed iated  by the A -layer o r a consequence o f the in itia l A -lay e r-m ed ia ted  b ind ing  to 
host cells, a llow ing  other as yet unknow n m echanism s to operate. In  any case , once A,



sa lm on icida  has penetra ted  the host, the A -layer certain ly  prov ides som e p ro tection  
ag a in s t the hum oral non-im m une defenses, e.g, com plem ent and  bacterio ly tic activ ity  
o f  p e r ito n e a l fluid. E n co u n te rs  w ith tissu e  m 0 s  and g ran u lo cy tes  are p robab ly  
frequen t, e ither during  early colonization  and penetration o f  dam aged sk in  (C ross and 
M atthew s, 1991; P e le te iro  and R ichards, 1990), o r later, w hen A, salm onicida  is in 
co n tac t w ith deeper tissues. E nhanced penetration o f  m 0 s  (chapters V  &  V I), as well 
as su rv iva l w ith in  them , are tw o processes in w hich the A -layer has a  defin ite  role. 
In d irec t e ffec ts  tha t stem  from the in teraction w ith m 0 s  include: t) sp read ing  to new  
s ite s  (especia lly  the lym phoid  organs), p resum ab ly  m ediated  by in fected  m 0 s, ii) 
ev as io n  o f  hum ora l d e fen se  m echan ism s (chap ter V lll) , and  iii.) ind u c tio n  o f  the 
p ro tective  response  aga in st oxidative killing (chapter VII), w hich  toge ther w ith the A- 
lay e r, p resum ably  co n stitu te  the m eans o f  surv ival inside m 0 s . A t th is poin t, som e 
o the r v irulence factors m ay start playing a m ore prom inent ro le , w hile the A -layer may 
be re le g a te d  to a m in o r o r secondary  one. P roduction  o f  agg ressin s  (p ro teases, 
hem o lysin , and cy to tox in s) in  d ifferen t tissue locations, is m ost likely  the cause  o f 
pa tho logy  in  fu runcu losis. A t this point the A -layer may be a lready  sh ie lded  by the 
s lim e  layer (chap ter X ), w hich in turn provides to ta l resistance to serum  and tissue 
f lu id s  (e.g. peritoneal fluid), T he presence o f a s lim e layer, together w ith an apparen t 
im m u n o su p p re ss io n  in d u ced  by A. sa lm on ic id a  in the la ter s tag es  o f  in fection  
(P o u rreau  e t al., .1986 &  1987) m ay a llow  the free  sy stem ic  m u ltip lica tion  o f A. 
sa lm onicida  and the con seq u en t production o f  elevated  concen tra tions o f aggressins, 
accounting fo r the severe tissue destruction and acute m ortality typically associated with 
furunculosis. The little  success so  far experienced in com bating furunculosis m ay stem 
from  the fac t that i t  w as totally  unknow n that A. salm onicida  possessed a program m ed 
resp o n se  to the in v ivo  env ironm en t. O bv iously , in vivo grow n A. sa lm on ic ida  
sh ie lded  inside  its s lim e layer has eluded  m any researchers, w ho considered the A and 
sm o o th  L P S  layers as the m ajo r targets o f  a  pro tective im m une response . It seem s 
appropria te  to re-direct, now, the strategy used in com bating  furunculosis.

In conclusion , the A -layer o f A. salm onicida  has pro ved to be a  m ultifunctional 
s tru c tu re  th a t plays specific  and im portan t roles in the b io logy  o f th is fish pathogen . 
Indeed , it h as  been rew ard ing  to confirm  that S -layers do n o t ex ist as m ere decora tive  
a rra y s  on the  su rface  o f  b ac teria . It w ould  be even m o re  rew ard in g  w ere  the 
ex am in a tio n  o f  bac te ria l pathogens w ith S -layers stim u la ted  in ligh t o f  the find ings 
p resen ted  here. In co n tra st to environm ental bacteria , w hich are usually  exposed  to a
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fluctuating and sometime,s unpredictable environm ent, pathogens appear to be exposed  
to a  series o f  w ell-defined  aggressions im posed by the host defence m echan ism s, and 
therefore, they m ay provide researchers with som e advantages in obtain ing  inform ation 
abou t the biological significance and capabilities of S-layers,

A s for as the A -layer, A, mlmonidda, and fu ru n cu lo sis  arc con ce rn ed , the 
b e tte r understand ing  that w e now  have w ill certa in ly  d irec t us in  d evelop ing  m ore 
adequate approaches to prevent infection in salm on aquaculture farm s, a  key  step w hich 
is all the m ore sign ifican t, ow ing to the fact tha t the en tire  fu tu re  o f  th is develop ing  
industry  largely depends on o u r ability to rear healthy fish.
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