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A b s t r a c t

The esg locus of  Myxococcus xanthus  was analyzed and shown to 

co n s is t  of  two gene t ic  com p lem e n ta t io n  groups. In an a t t e m p t  to  

charac te r ize  the  de fe c t s  in esg, it w as  found th a t  the  m utan t  bound 

t h e  d y e  calcofluor  white  poorly t h a n  wild-type cells. Unlike S- 

m oti l i ty  m u ta n t s  t h a t  sh a r e  th is  p h e n o ty p e ,  esg e x h ib i t e d  S- 

motility. This led to  th e  identificat ion of nine new t ran sp oso n  

in se r t io n  m u t a n t s ,  d e s i g n a t e d  Cds (c a lc o f lu o r  w h i te  b inding  

defic ien t ,  ^ -moti le) ,  which exhibited a phenotype  similar to  th e  esg 

strain. The Cds m utan ts  were also found to  be defect ive  in cell-cell 

a g g lu t i n a t io n ,  p o ly s a c c h a r i d e  p r o d u c t i o n  and  d e v e l o p m e n t a l  

aggrega t ion .  The deg ree  of  polysaccharide  deficiency in the  Cds 

m u ta n ts  corre lated with th e  degree  o f  loss of agglutination and dye 

b inding as  well a s  w ith  t h e  s e v e r i t y  o f  t h e  d e v e l o p m e n t a l  

aggregat ion  defec t .  Extracellular matrix  fibrils com posed  of roughly 

equal am ounts  of polysaccharide and protein have been shown to  be 

involved in agglu t ina t ion ,  and e l e c t r o n  microscopic  exam ina t ion  

showed th a t  esg and the o the r  Cds m u ta n t s  lack the  wild-type level 

of fibrils. Preliminary g e n e t ic  c h a rac te r iza t io n  d e m o n s t r a t e d  t h a t  

th e  t r an sp o so n  insertion m u ta t io n s  in th re e  of the  Cds m u ta n t s  

(SR53, SRI 71, and SR200) were loosely linked.

In an a t t e m p t  to  further charac ter ize  the  Cds phenotypes, it was

x i i i



f o u n d  t h a t  SRI 71 (a  Cds  m u t a n t )  d r a s t i c a l l y  r e d u c e d  

developmental ly  regu la ted  tps gene  express ion similar to  esg. Total 

f a t ty  acid analysis  revea led  t h a t  SRI 71 is de f ic ien t  in branched-  

chain f a t ty  acids (BCFA). Addition of IVA to  growing cells rescued 

fruiting body  fo rm a t io n  and increased  sporu la t ion  and tps  gene 

ex p re s s io n  by s e v e ra l  folds.  SRI 71 d i f fe red  f rom  esg  in 

p igm enta t ion  and sporulat ion. Extracellular c o m p lem en ta t io n  was 

observed when SRI 71 was mixed with wild-type and e sg  mutant . A 

6kbp DNA f ra g m e n t  c loned from the  wild-type cosm id  library was 

able to  partially c o m plem en t  genetically, th e  aggrega t ion  d e fe c t  in 

SRI 71.  Restr ic t ion  analysis  revealed  t h a t  the  SRI 71 locus was 

d i f fe ren t  f rom esg locus. The esg locus encodes  t h e  El a  and Elp 

subuni ts  o f  a b ranched-chain  ke to  acid d e h y d ro g e n a s e  (BCKAD) 

involved in th e  product ion of BCFA. The results s u g g e s t  th a t  SRI 71 

locus a p p e a rs  t o  e i th e r  encode  for  addit ional  c o m p o n e n ts  of the  

BCKAD or  c o m p o n e n t s  of a se co n d  e n z y m e  involved in BCFA 

syn thes is .
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CHAPTER I

M y xo co cc u s  : A p ro k a ry o t i c  m ode l  s y s t e m  to  s t u d y  

m u l t i c e l lu la r  be h av io u ra l  a n d  d e v e l o p m e n t a l  p h e n o m e n a .

INTRODUCTION

Myxobacteria  a re  g ram -nega t ive ,  s t r ict ly  aerobic, gliding bacter ia 

found in t o p  soil all over  t h e  world. They are  d ist inguished from 

o t h e r  bac te r ia  by the i r  rem ark ab le  ability t o  form multicellular 

fruiting bodies containing d o rm a n t  myxospores (21,  72) . They have 

been  found in many d ifferent  t y p e s  of  soil (4 2 ) ,  mainly in the pH 

range of 5-8. Another  typical hab i ta t  of  myxobacteria  is decaying 

plant material,  and the  dung o f  herbivorous animals (59, 76) .  These 

o rgan ism s  a re  found in all c l im ate  zones ,  v e g e ta t io n  b e l t s  and 

a l t i tudes,  a lthough, no t  everyw here  with th e  sam e  frequency  (60).  

Most  m yxobacter ia l  s t ra ins  a re  typical mesophiles .  However, t rue  

psychrophilic myxobacter ia  have  been  isolated from sam ples  found 

in Antarct ica (1 5 ,  64). Although myxobacteria  are prevalent  in soil 

s y s te m s ,  the ir  contribution to  soil ecology is no t  well unders tood.  

Myxobacteria a re  microbial p r e d a to r s  and it is believed t h a t  they  

play a role in controlling t h e  popu la t ion  s ize  of  c e r t a in  soil 

m icroorganisms.  Myxobacteria  s e c r e t e  a va r ie ty  of  mater ia ls  into 

t h e i r  i m m e d i a t e  e n v i r o n m e n t  which  in c l u d e s  a n t i b i o t i c s ,

1



p o ly sacch ar ides ,  bacter iocins  as well a s  e n z y m e s  t h a t  d e g ra d e  

microbial cell walls, lipids, proteins and nucleic acids  (10, 25, 27, 

61, 6 9 ) .  Roland Thaxter  was the  first t o  recognize the ir  prokaryotic 

na ture  in 1 8 9 2  (80).  The G+C compos i t ion  of all myxobacterial  

species is very high, abou t  67-71% (46, 52) .  Comparison of 16s rRNA 

molecules f rom  a varie ty  of m yxobacter ia  indicates  t h a t  th ey  are 

re la ted  to  bdellovibrios and su lfa te - reducing  bacter ia  and thus  are 

p h y lo g e n e t i c a l ly  c lass if ied  as  b e long ing  t o  t h e  d b ranch  o f  

p ro te o b a c te r i a  (74 ) .  The  taxonom y of m yxobac te r ia  is based  on 

morphological  charac te r is t ics ,  such as  s h a p e s  of v e g e ta t iv e  cells 

and f ru i t ing  b o d y  s t r u c t u r e s .  A p p ro x im a te ly  4 0  s p e c i e s  of 

m y x o b a c t e r i a  in 12 g e n e r a  can  p r e s e n t l y  be  d is t in g u ish ed  

m orp ho log ica l ly .  Much of  o u r  k n o w le d g e  of t h e  biology of  

myxobacteria  h a s  been limited to  two sp e c ie s  - Myxococcus xanthus 

mainly and to  a lesser ex tent ,  StigmateUa aurantiaca. Most of the  

recen t  research  on the  genet ics  of  myxobacterial  deve lopm en t  and 

social behaviour  has been done on M.xanthus which has  served as a 

model myxobacterium. The M.xanthus s y s t e m  is amenable  to  analysis 

by a va r ie ty  o f  gene t ic  and biochemical  app roaches .  One of  the  

fundamental  problems in developmental  biology is to  unders tand how 

m acroscop ic  biological s t ru c tu re s  are built  from individual cells. 

M.xanthus is a unique prokaryotic sys tem  in which one can study the
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formation  of  a fruiting body s t ru c tu re  built  f rom an in terac t ion  of 

tens  of thousands of individual cells. This developmental process  clearly 

requires cell-cell communication and th u s  it o f f e r s  a simple  model 

s y s t e m  to  iso la te  and  s tu d y  biological signals ,  t h e i r  m ode  of  

reception,  signal t ransduction and developmental  gene  expression.

L ife -cy c le  of  M yxococcus xanthus  

T he l ife -cyc le  of  M.xanthus c an  be s e e n  a s  two s e p a r a t e  b u t  

interlocking cycles of growth and deve lopm ent  (Figure 1 ). Vegetat ive  

cells can be grown in liquid culture on media containing hydrolyzed 

protein (i.e., Casitone), with a generat ion  time of  roughly four  hours. 

In th e  p re sen c e  of a d e q u a te  nu tr ien ts ,  v e g e ta t iv e  cells grow and 

d iv ide  indef in i te ly  by  t r a n s v e r s e  b in a ry  f iss ion .  During t h e  

v ege ta t ive  phase,  the cells exhibit co-operat ive  growth in which the  

g ro w th  r a t e  on m ac rom olecu les  is d e p e n d e n t  on cell dens i ty .  

Rosenberg e t  al., (62) showed t h a t  cells t h a t  live in a d e n se  swarm 

a ccu m u la te  a high local concen tra t ion  o f  hydrolytic e n z y m e s  like 

p ro tea se s ,  which in turn provide the  swarm with more nu tr ien ts  by 

hydrolyzing macromolecules , t h u s  support ing  a f a s t e r  g row th  rate. 

This typ e  of communal feeding on organic debris has been likened to  

a wolf-pack e f f e c t  (20). The co-operat ive  use of se c re ted  hydrolytic 

e n zym es  is th o u g h t  to  have provided th e  selective pressure  for the  

e v o lu t i o n  o f  m u l t i ce l lu la r  b e h a v i o u r  ( so c ia l  b e h a v i o u r )  in



m yxobacter ia .

M.xanthus e n te r s  the deve lopm enta l  phase  of Its life-cycle if th ree  

condit ions  are met:  (a)  nutr ient  deplet ion (b) p resen c e  of  a solid 

surface and (c) sufficiently high cell density  (19, 40 ,  47, 82) . When 

these  conditions are m et ,  t e n s  of thousands  of cells move towards  a 

d isc re te  aggrega t ion  fo c u s  where they  pile on t o p  of  each  o th e r  

forming a mound.  The mound m atures  into a fruiting body within 

which th e  rod-shaped cells g e t  conver ted  to  spherical  spores.  The 

myxospores are dorm ant  and resistant  to  heat ,  desiccat ion, uv light 

or f reezing condit ions t h a t  would normally kill v e g e ta t iv e  cells (78). 

When nutr ients  become available, the  spores  shed th e  spore c o a t  and 

germ ina te  into rod-shaped  vegeta t ive  cells (23).  The fruiting body 

formed by M.xanthus is o n e  of  the simplest  s t ru c tu re s  built am ongs t  

myxobacteria.  S.aurantiaca  forms an e laborate  treelike s t ruc ture  and 

the  m yxospores  are  con ta ined  in sac  like s t ru c tu re s  referred to  as 

sporangioles t h a t  are borne on top of a large stalk (51) .

D e v e lo p m e n t  in M .x an th u s  

The m e c h a n i sm  by which M.xanthus cel ls  are  a t t r a c t e d  t o  an 

a g g re g a t io n  c e n t e r  to  fo rm  a fruiting body is n o t  known. The 

eukaryo t ic  slime-mold, Dictyostelium  discoideum  has  been shown to 

a g g r e g a t e  in r e s p o n s e  t o  cAMP which a c t s  a s  a long-range  

c h e m o a t t r a c t a n t  (4 3 ) .  Shi and Zusman ( 6 7 )  have  shown t h a t



ch em otax is  also plays an  importan t  role in ag g reg a t ing  M.xanthus 

cells. T h ey  have identified m utan ts  called f r z  t h a t  produce  poorly 

organized  fruiting bodies .  Several f r z  genes  have been cloned and 

sequenced  (6, 7). The frz  g enes  have been shown to  encode  proteins 

t h a t  have  functional homology with chem otax is  pro teins  of  enteric  

bacteria. These genes  control  the  ra te  of  reversal of  cells gliding on 

solid su r faces .  The w i ld - type  cells reverse  the i r  direction of cell 

m o vem en t  every 6-8 minutes .  Many f r z  m u ta n ts  rarely reverse ,  and 

s o m e  sh o w  h y p e r r e v e r s a l .  The reve rsa l  f r e q u e n c y  h a s  been  

c o r r e l a t e d  with t h e  m é th y la t io n  of  FrzCD, a m e th y l -a c c e p t in g  

chem otax is  protein (49) .  Cells collected from fruiting bodies contain 

highly m ethy la ted  FrzCD. Shi and Zusman (67)  have su g g e s te d  tha t  

a g g r e g a t i n g  ce l ls  s o m e h o w  r e g u l a t e  r e v e r sa l  f r e q u e n c y  by 

responding to  so m e  chem ical  in the  aggregat ing  field and t h a t  is 

importan t  for fruiting body  formation. However, no c h e m o a t t r a c ta n t  

has y e t  been identified.

Initiation of  d e v e l o p m e n t  is co rre la ted  with an increase  in the  

intracellular levels of  guanosine  penta and te t rap h o sp h a te  ([pJppGpp) 

(47) .  Manoil and Kaiser ( 4 8 )  have shown t h a t  M.xanthus cells can 

m onito r  availability of  n u t r ie n t s  to  bring a b o u t  c h a n g e s  in the  

[plppGpp levels. Singer and Kaiser (75)  have shown t h a t  if the  levels 

of [p lppGpp are increased  by the  expression of  E.coli relA  gene.



developmental  gene  expression and early s t a g e s  o f  d ev e lo p m en t  are 

in d u ce d  in M.xanthus. T h ey  h a v e  p ro p o se d  t h a t  t h e s e  highly 

phosphory la ted  nuc leot ides  are syn thes ized  in r e sp o n se  to  nutrient  

limitation which in turn ac t iv a te s  several deve lopm enta l  genes .  

Kroos e t  al., (38,  39) have  used T n 5 - / a c  fusions t o  identify genes  

t h a t  are transcriptionally ac t iva ted  during deve lopm en t .  T hey  have 

e s t im a t e d  t h a t  8% of  t h e  g e n o m e  increases  i ts  t ranscr ip t iona l  

activ i ty  during d e v e lo p m e n t  and only 0 .3 -0 .6 %  o f  th e  g e n o m e  is 

e s s e n t i a l  fo r  d e v e l o p m e n t  ( 3 9 ) .  Using p u l s e d - f i e l d  gel 

electrophoresis , Chen e t  al. (13)  have e s t im ated  th e  genom e size of 

M.xanthus to  be 9 4 5 4  kbp. Assuming an average g e n e  size of  1 kbp, 

a b o u t  7 5 0  g e n e s  are  e x p e c t e d  t o  inc re ase  e x p re s s io n  during 

development ,  and only a b o u t  55 o f  those  genes  a re  essen t ia l  for 

development.  Kroos e t  al. (3 9 )  showed th a t  29 g e n e s  increased their 

act ivit ies according to a tem poral  program of d e v e lo pm en ta l  gene 

ex p re s s io n .  The e x p re s s io n  t im e s  rang ed  f ro m  t h e  o n s e t  of 

s ta rva t ion  to  th e  o n s e t  o f  sporulation.  Since d i f f e r e n t  g e n e s  are 

expressed  a t  d ifferent  t im e s  during development,  t h e  developmental  

g e n e  express ion serves  a s  s tage  specific markers  in the  s t u d y  of 

fruiting body formation.  As is th e  case  with o t h e r  developmenta l  

s y s t e m s ,  th e  p rog ram  o f  fruiting body fo rm a t io n  in M.xanthus 

combines differential gen e  expression with morphological changes .



sporu la t ion  begins prior to  t h e  complet ion of  fru iting body. The 

spores  form in the  interior region of the  mound first.  O’Connor and 

Zusman (53 ,  54, 55)  have repor ted  t h a t  1-2% of  t h e  population of 

developing  cells do  n o t  sp o ru la te  and t h a t  t h e y  remain  in th e  

periphery of  the  developing fruiting bodies. They r e fe r  to  t h e s e  

cells as peripheral cells. Using Confocal microscopy and T n 5 - / a c  

reporter  genes, Sager and Kaiser (65, 66)  showed t h a t  the  developing 

fruiting body is divided into tw o  concentric, hemispherical  domains. 

The o u te r  domain is densely packed with rod-shaped cells t h a t  move 

in concentr ic  s t r e a m s  and th e  inner domain is less dense ly  packed 

with d i f fe ren t ia ted ,  non-moti le  myxospores.  As th e  fruiting body 

m a tu res ,  t h e  inner domain g e t s  packed  with m y x o sp o re s .  They 

su g ges t  t h a t  the  m ovem ent  o f  the  myxospore precursor  cells to  the  

interior of  th e  fruiting body is a result of their  passive t r an sp o r t  by 

th e  peripheral ,  moti le  rod -sh ap ed  cells t h a t  have n o t  unde rgone  

d i f f e r e n t ia t io n .

In te rce l lu la r  Signaling 

Cell-cell in te rac t ions  are e s se n t ia l  for the  dev e lo p m en ta l  p ro cess  

b e c a u s e  condit ional  m u t a n t s  have be en  i so la ted  t h a t  c a n n o t  

sporu la te  alone, bu t  can be rescued  for sporulation by  mixing th e  

m u ta n t s  with wild-type cells. The ge rm in a ted  M.xanthus m u ta n t  

sp o re s  f rom  such pairwise m ix tures  of  cells have b e en  shown to
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p o s s e s s  th e  original m u ta n t  p h e n o ty p e  indicat ing t h a t  g e n e t ic  

exchange had not tak e n  place. Such a phenotypic rescue is referred 

to  a s  ex trace l lu la r  c o m p le m e n ta t i o n .  Five c la s s e s  o f  m u ta n t s  

designated  Asg, Bsg, Csg, Dsg, and Esg (for A signal e tc . )  have been 

identified (17,  28). T h ese  m u ta n t s  canno t  sporulate  alone, but  their 

sporulation can be re scu e d  by codeve lopm ent  with wild-type cells or 

cells t h a t  belong to  a different m u tan t  class. Each class of m utan ts  

b e h av e  as if they  a re  def ic ien t  in t h e  production of  a d i f fe ren t  

developmental  signal (A, B, C, D and E signals) bu t  have reta ined th e  

capaci ty  to respond t o  th e  signal which they  fail to  produce.  Each 

class  of m u tan ts  exhibi ts  a charac ter is t ic  p a t t e rn  of developmenta l  

gene expression. Analysis of gen e  expression has indicated t h a t  asg, 

bsg, and dsg m u ta n ts  a re  blocked very early in deve lop m en t  (within 

2h). The esg m u ta n t s  are  blocked abou t  5h into deve lopm ent ,  csg 

m u t a n t s  sy n th e s iz e  d e v e lo p m e n ta l  m arkers  t h a t  a re  e x p re s s e d  

befo re  6h of d e v e lo p m e n t  normally, but  express ion is reduced  or  

abolished for  m arke rs  t h a t  begin  to  be e x p re s sed  a f t e r  6h o f  

deve lopm en t  (17 ,  3 5 ) .  These  signaling m u ta n t s  are de fec t ive  in 

s t e p s  leading to  init iation of sporulat ion, b u t  no t  in sporula t ion  

p ro c e ss  itself, since sporula t ion  can be r escued  by extrace l lu lar  

complementation. The f a c t  t h a t  the se  signaling m utan ts  are  blocked 

during aggregat ion and  are also defec t ive  in sporulat ion su g g e s t s



t h a t  th e  form at ion  of cell-cell signaling s t e p s  may be  needed  t o  

sy n c h ro n ize  a g g r e g a t io n  with sporu la t ion  b o th  t e m p o ra l ly  and  

spatially within the  fruiting body.

M o t i l i t y

Aggregation and fruiting body formation requires t h a t  cells move. M. 

xanthus exhibits a fo rm  of motility called gliding motility. Gliding 

moti l ity is much s lo w er  th an  flagellar  driven swimming moti l ity 

(36).  M.xanthus m oves  a t  an average ra te  of I p m /m in  compared  to  

5 0 - 6 0 p m /m i n  in f lage l la ted  bac ter ia .  The r a t e  of  gliding is n o t  

cons tan t .  The cells move in the  direction of the  long axis of  the  cell. 

Cells accelera te ,  d ece le ra te ,  s top,  and frequently  reverse  direction. 

All gliding bacter ia  p roduce  extracellular  slime consis t ing  mainly of 

polysaccharides and also require c o n ta c t  with a surface  in order to  

move (79).  There  is no specific organelle identified t h a t  is required 

for th e  propulsion of cells. The mechanism of gliding motility is n o t  

known, but  on the  basis  of th e  propert ies  of gliding cells, a variety 

of  models have been  p roposed  to  explain gliding moti lity. They 

inc lude  ( a )  d i r e c t e d  e x t r u s io n  o f  sl ime (b )  in t r a c e l lu l a r  

microfi lament  c o n t r a c t io n -b a se d  gliding (c) in te rac t ion  of  ro tary  

m o to rs  in the  cell envelope  with the  su bs t ra tu m  or ex t ru d ed  slime, 

and (d) cell g e n e ra ted  su r fac tan t  gradient (9, 22, 37, 57, 58).  None 

of th e s e  models have been  confirmed by genetic  or biochemical data .
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However, many m u tan ts  of M.xanthus defective in motility have  been 

i so la ted .  G e ne t ic  ana lys is  o f  t h e s e  m u ta n t s  h a s  r e v e a le d  two 

s y s t e m s  of motil ity in M.xanthus : A (Adventurous moti lity)  and S 

(Social motility). The A s y s te m  includes a minimum of 3 7  genetic  

loci and S-sys tem  requires a minimum of 19 loci (29) .  The A and S

s y s te m s  contr ibu te  addit ively to  wild-type gliding p h e n o ty p e .  A+S+

(Wild type)  cells exhibit  single cell m ov em en t  (A-motil ity)  as  well 

a s  group m o v em en t  (S-motili ty) . Cells with a single m uta t ion  in

th e  A-system (A" 5+) can move only as groups whereas  m uta t ions  in

th e  S s y s t e m  (A+S") leads  to  a b se n c e  of c e r t a in  p a t t e r n s  of

c o o rd ina ted  group moti l i ty  and  th ey  glide primarily as individual

cells. Strains with m uta t ions  in each sys tem  (A"S")  are  non-motile

(31,  32, 44).  Shi and Zusman (68)  have shown t h a t  A-motility and 

S-motil ity  can  functional ly  be s e p a r a t e d  by plat ing cells on rich 

medium containing different  am ounts  of agar. They have shown tha t  

A-motility allows cells to  move b e t t e r  than  S-motility on relatively 

firm and dry su r faces  (1 .5%  agar)  while S-motility allows cells to  

m ove  b e t t e r  on relatively so f t  and w e t  su r faces  (0 .3 %  agar) .  In 

addition to  A and S motility genes ,  there  are o ther  genet ic  loci th a t  

contr ibute  to  motility. A single mutat ion a t  the m g l locus abolishes 

bo th  individual and g roup  motility in M.xanthus (7 7 ) .  Several genes
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found a t  the  f r z  locus have been shown to  be involved in chemotaxis 

and also to  control t h e  reversal frequencies of cells (7 ) .  Mutations 

a t  this locus do not  abolish motility. Dual motility s y s t e m s  seen in 

M.xanthus a re  also c o m m o n  among f lage l la ted  b a c te r ia .  Several  

sp e c ie s  of V ibrio  and  Proteus  are able to  p roduce  tw o  ty p es  of 

f lagella  u n d e r  d i f f e r e n t  cond i t ions .  For e x a m p le ,  when th e  

bacter ium is grown in liquid, V. parahaemoiyticus p roduces  a single 

sh ea th ed  polar flagellum t h a t  is used for swimming, b u t  when grown 

on plates, it produces numerous unsheathed lateral flagellae t h a t  are 

used  for  swarming o v e r  t h e  solid su r face  (5 0 ) .  Based  on th e s e  

findings, Shi and Zusm an have  s u g g e s te d  t h a t  th e  dual motility 

sy s t e m s  found in M.xanthus allow cells to  a d a p t  t o  a variety  of 

physiological and ecological environments.

P i l i

When a colony of A'S"^ cells is observed  un de r  a p h a se  c o n t r a s t

microscope, flare-like projections of cells can be seen  a t  the  edges  

in which the  cells never  appea r  to se p a ra te  from one  an o th e r  (30) .  

Burchard (8)  has s u g g e s t e d  t h a t  cell-cell in te rac t ions  a re  required

for  S-moti l i ty  since A'S"^ cells s e p a ra ted  by more th a n  one cell

length becom e non-motile. Kaiser and Crosby (3 4 )  have found th a t

when cells a re  in c o n t a c t  with each other ,  th e  ra te  o f  A 'S ^  cell
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m ovem en t  away from the  colony increases with cell density. Several 

l ines o f  e v id e n c e  in d ica te  t h a t  pili a r e  involved  in cell-cell

in te rac t ions  t h a t  e f f e c t  social motility : ( a )  several  A+S" m utan ts

t h a t  belong t o  sg l and tg l  loci have been shown to  lack pili (33) ,  (b)

some tg l  m u ta n t s  (A+S") can regain S-motili ty if t h e y  are placed

within one cell length of a tgt^  cell (33), (c) t g f  cells acquire the

ability to  syn thes ize  pili when th ey  are c lose  to  tg t^  cells (33), (d)

mechanical  removal of  pili in wild-type cells resu l ts  in loss of  S- 

motility but  has no e f fe c t  on A-motility (63),  and (e) Wu and Kaiser 

(83) have shown t h a t  a mutation in the  sgIB  locus resul ts in loss of 

S-motil i ty  as  well a s  pilus b iosyn thes is .  Pili in M.xanthus were 

first repor ted  by MacRae and McCurdy (45) .  They are proteinaceous 

s t ru c tu re s ,  5 - 1 0pm  in length, a b o u t  lO nm  thick and are polarly 

located.  Typically, 4 - 1 0  pili are  o bse rved  pe r  cell pole. Mutants  

lacking pili a re  genera l ly  d e fe c t iv e  in f ru i t ing body  format ion .  

Sequencing of  the  sgIB locus has revealed open  reading frames th a t  

have  s ig n i f ic a n t  ho m o lo g y  t o  t h r e e  g e n e s  involved in pilus 

b iosyn thes is  in Pseudomonas aeruginosa and  o th e r  gram negat ive  

bacteria  with Type IV pili (56) .  How do pili bring abou t  S-motility? 

The prec ise  role of  pili in S-motility is n o t  c lear  a t  the  p re sen t  

time. It was previously su g g e s te d  t h a t  pili could bind cells to g e th e r
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(16), constrain the ir  m ovem ent  and lead t o  social motility instead of 

adventurous  motility. Wu and Kaiser ( 8 3 )  argue t h a t  if S-motility 

were merely a form of  A-motility cons t ra ined  by binding of pili, 

then m u ta t ion s  t h a t  inactivate  A-motility should a lso inactivate  S-

motility. This is n o t  t h e  case  since none  of  t h e  37  d i f fe ren t

mutat ions  in t h e  A -sys tem  have any e f f e c t  on S-motility. So, they  

sugges t  t h a t  t h e  Type IV pili are ei ther  pa r t  of a pos tu la ted  gliding 

motor t h a t  is u sed  in S-motility or are p a r t  of a sensory  appara tus

which a c t iv a te s  th e  gliding motor.

When t h e  co lony  of A+S" m u ta n t s  are  o b se rv ed  under  a phase

contras t  microscope, single cells can be seen  moving t o  and fro from

the edge  of th e  colony. Although A+ cells can move  as  individuals,

they normally t e n d  to  remain in close proximity of  t h e  main swarm. 

Those cells t h a t  do leave th e  swarm as individuals, soon reverse  

their direction and  re e n te r  the  swarm. Kaiser and Crosby (34)  have 

shown t h a t  th e  r a te  o f  A-motility is d e p e n d e n t  on  cell densi ty .

Kaiser (3 3 )  has shown t h a t  A+S" cells lack pili sugg es t in g  t h a t  pili

are not  involved in A-motility. The mechanism of A-motility is also 

not known a t  th e  p re sen t  time. It is specu la ted  t h a t  the  individual 

cells periodical ly  re tu rn  to  th e  swarm in o rde r  to  replenish a 

putat ive motil ity-enhancing factor  (34).  If t h a t  is th e  case, then  it
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would g u a ran tee  t h a t  individual cells would never  be sep a ra ted  from 

the  main swarm by a large distance.

F i b r i l s

M. xanthus cells p roduce  ex t ra ce l lu la r  o rg an e l le s  cal led fibrils 

which are a lso  involved in c o n ta c t - m e d ia t e d  cell-cell in te rac t ions .  

Unlike pili, t h e  fibrils are  peritrichously a r ranged  on the surface  of 

wild-type cells.  They are  a b o u t  5 0 ^ m  in leng th  and th e  average  

d ia m e te r  as  de te rm ined  by scanning e lec t ron  microscopy is a b o u t  

30nm. The fibrils were first identified by Fluegel (24) ,  who observed 

th e  branching,  extracellu lar  f i lam en ts  a t t a c h e d  t o  hydra ted  cells 

s ta ined  with India ink. Arnold and Shimkets (1, 2) were th e  first to  

s u g g e s t  t h a t  the  fibrils p layed a role in cell-cell cohes ion  and 

fruiting body formation. They show ed t h a t  th e  appearance  of  fibrils 

on t h e  cell su rface  could be p re v e n te d  by t rea t in g  the  wild-type 

cells with Congo red. Such t r e a t e d  cells w ere  found t o  be less 

cohesive and failed to  make fruiting bodies. Congo red is a dye t h a t  

is known t o  bind b a c te r ia l  e x t r a c e l lu l a r  p o ly sa cc h a r id e  which 

s u g g e s t s  t h a t  fibrils a re  c o m p o s e d  o f  p o ly s a c c h a r id e .  The 

m e c h an ism  by  which c o n g o  red inhibits  fibril fo rm a t io n  and  

a g g lu t in a t io n  is n o t  known. W ild - type  cel ls  o f  M.xanthus a r e  

cohes ive  and agglu t ina te  in th e  p r e s e n c e  of  divalent  ca t ions  like 

calcium and magnesium. The rate  of agglut ination can be q uan t i ta ted
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by m e a n s  of an  agglutination assay  which is perform ed in a buffer  

containing calcium (2, 1 4 ) .  When wild-type cells are  used  in this  

assay ,  cells t h a t  are d ispersed  a t  th e  beginning of  the  a s sa y  will 

begin to  a t t a c h  to  each  o th e r  forming small c lumps. These  clumps 

will coalesce  t o  form larger  clumps which will eventually s e t t l e  o u t  

of suspens ion .  In S.aurantiaca, th e re  a re  a t  l e a s t  two t y p e s  of  

co h es io n  s y s t e m s  - c l a s s  A co hes ion  s y s t e m  is c o n s t i tu t iv e ly  

ex pressed  and energy  independen t  while class B cohesion sy s te m  is 

induced by calcium and inhibited by resp ira to ry  poisons (26) .  In 

M.xanthus, agglutination is d e p en d en t  on calcium, magnesium and an 

e n e rg y  source .  Shimkets  (7 0 )  show ed  t h a t  agg lu t inat ion  can be 

inhibited by e n e rg y  poisons  th a t  block e lectron  t r a n s p o r t  (cyanide 

and azide), uncouple oxidative phosphorylation [(carbonyl cyanide-4- 

( t r i f lu o ro m e tho x y )p hen y lh yd ro zo n e  (FCCP)], or inhibit m em b ran e -  

bound ATPase [N,N’dicyclohexylcarbodiimide (DCCD)]. He su g g e s te d  

th a t  energy  m ay  be required for  th e  syn thes is  o r  secre t ion of cell 

surface co m ponen ts  necessary  for agglutination. He also showed th a t  

t ransc r ip t ion  a n d  t r an s la t ion  was  n o t  required for  agglu t inat ion  

s in c e  g r o w t h  in h ib i t in g  c o n c e n t r a t i o n s  o f  r i f am p in  and  

chloramphenicol  did n o t  block agglu t inat ion .  T he  social motil ity

m u tan ts  (A+S" ) are  generally found to  be defect ive  in agglutination

(14, 33) .  Dana and Shimkets (14) have shown th a t  a mutation a t  the
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s tk  locus resu l ts  in enh an c ed  agglutination and  fibril product ion in 

wild-type cells.  The s tk  muta t ion  can also e n h ance  agglut ination in 

severa l  S-motil ity  m utan ts .  Mutations in the  asgA, asgB, and asgC 

loci reduce,  but  do no t  complete ly  eliminate agglutination (41).  All 

t h r e e  m u tan ts  could bind congo red with a /Ca similar to  t h a t  of wild- 

ty p e .  An unknown, hea t-s tab le  fac to r  obtained from developing wild- 

t y p e  cells could r e s to re  agg lu t ina t ion  in an asgB m u tan t .  These  

r e su l t s  s u g g e s t  t h a t  in addit ion to  fibrils, t h e r e  are severa l  o th e r  

f a c to r s  in M. xanthus t h a t  play a role in cell-cell agglutination.

A class of  S-motility m u ta n t s  t e r m e d  dsp ( for  d ispersed  growing) 

w a s  shown to  be severe ly  def ic ien t  in agglu t inat ion  and fruiting 

body  formation (71).  The dsp m u ta n t  also lacks fibrils su g g e s t in g  

t h a t  fibrils play a role in agglutinat ion and fruiting body formation. 

Arnold and Shimkets (1 ,2  ) o b s e r v e d  fibrils on  wild-type cells 

p repared  from the  agglutination buffer  by means o f  transmission and 

scanning e lec tron  microscopy. Behmlander and Dworkin (3) used low- 

v o l ta g e  scanning  e lec tron  microscopy and sh o w ed  t h a t  fibrils are  

e x p re s s e d  in wild-type cells exhibit ing group motil ity b u t  no t  in 

cells exhibiting adventurous  motility. This was d one  to  prove t h a t  

t h e  fibrils o b s e r v e d  by o t h e r  t e c h n iq u e s  w a s  no t  a re su l t  of  

dehydra t ion  art i facts  of electron microscopy. They have conclusively 

shown t h a t  fibrils are a major s t ruc tura l  c o m p o n e n t  in M.xanthus.
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They also purified fibrils from wild-type cells and showed t h a t  they 

are  com p o sed  of protein and carbohydra te  in a 1.0:1.2 weight ratio. 

Fibrils were  found t o  compose up to  10% of  the  dry weight o f  cells. 

The polysaccharide portion of th e  fibrils w as  shown t o  be com posed  

o f  five different  monosaccharides - ga lac to se ,  glucose, glucosamine, 

rham nose  and xylose. By t rea t ing  isolated  fibrils with periodic acid 

o r  p ro te a se ,  they  found t h a t  th e  fibrils ap p ea re d  to  consis t  of a 

c a r b o h y d r a t e  back bo n e  with a s s o c i a t e d  p ro te in s  (4 ) .  Using a 

monoclonal  an t ibody  (MAb 2 1 0 5 )  d i r e c te d  agains t  a cell su r face  

antigen,  a protein antigen d e s ig na ted  IFP-1 (integral fibril protein)  

was  localized to  th e  fibrils (5). IFP-1 an t igen  actually is comprised 

o f  five major  p ro te ins  whose molecular  s i z e s  range from 14 to  

66kDa. All the  five proteins have been purified from isolated fibrils 

by p rep a ra t iv e  SDS-PAGE. W es te rn  b lot  analysis  of  th e  pro te ins  

indicate  t h a t  th e  d i f fe ren t  molecular  s i z e s  of the  pro te ins  may 

re su l t  f ro m  cova len t ly  a s s o c i a t e d  m u l t im e r s  of a single small 

molecular size subunit.  The N-terminal amino acid sequence  analysis 

o f  one of  th e  proteins (IFP-1:31) revealed no significant homology to 

any  o t h e r  known seq u en ces .  The rat io o f  t h e  d i f fe ren t  multimers 

changes  during deve lopm ent  with th e  14kDa subunit  increasing the 

m o s t  during early s t a g e s  of d e v e lo p m e n t .  IFP-1 is e x p re ssed  a t  

e x t r e m e ly  low levels in th e  dsp m u tan t .  Chang and Dworkin (11)

18



a d d e d  pur i f ied  fibrils from wild- type  ce l ls  to  dsp m u ta n t  and 

sh o w ed  t h a t  th e  d e v e lo p m e n t  and agg lu t ina t ion  d e f e c t s  in t h e  

m u ta n t  could  be correc ted ,  indicating t h a t  fibrils play an integral 

role in t h e  social behaviors  of  M. xanthus. They s u g g e s te d  t h a t  

fibrils i n t e r a c t  with th e  cells by m e a n s  of  a l ig a n d - rec ep to r  

in te rac t ion .  Recently, t h ey  isolated severa l  seco n da ry  m u ta n t s  of 

dsp which could not  be rescued for cohesion and development  by the  

addit ion o f  iso la ted  fibrils (1 2 ) .  They  h a v e  a rg u e d  t h a t  th e s e  

m u ta n ts  (fbd) lack a putat ive fibril r ecep to r .  The fbd  m u ta n t s  lack 

fibrils, b u t  unlike dsp, have regained social motility. From all of the  

s tu d ies  m en t io ned  above,  several  ideas have  e m e rg ed  as to  how 

fibrils m e d ia te  cell-cell interact ions. Fibrils may es tabl ish  physical 

bridges b e tw e e n  cells and thus bring abou t  agglutination. They may 

serve  as  a n te n n a e  to  sense  nearby cells o r  part iculate  su b s t ra te s .  

Shimkets and Rafiee (73)  have shown t h a t  t h e  C-signal is located in 

th e  extracellu lar  matrix suggest ing  t h a t  t h e  fibrils may also serve 

as  physical  s t r u c tu r e s  for  the  p re s e n ta t io n  of  intercellular signals 

required fo r  th e  completion of development .  While it is apparen t  th a t  

e x t r a c e l l u l a r  a p p e n d a g e s  of  M.xanthus m e d i a t e  so c ia l  and 

d e v e lo p m e n ta l  behaviours  like motility, agg lu t ina t ion  and fruiting 

body  fo rm a t io n ,  th e  mechanism of  how t h e y  a re  accomplished  

remains t o  be seen.
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OBJECTIVES OF DISSERTATION

As p a r t  o f  a s tu d y  t o  fu r th e r  t h e  kn ow led ge  on in terce l lu lar  

signaling, Downard e t  al., (17)  identified a signaling m u ta n t  called 

esg. esg was  deficient  in developmental  aggregat ion,  sporulation and 

tp s  g e n e  e x p re s s io n .  T h ese  p h e n o ty p e s  could  be su b s ta n t ia l ly  

correc ted  by extracellular  com plem enta t ion  with wild-type and th e  

other  signaling m utan ts .  The esg locus was shown to  reside within a 

2.5kb region o f  M.xanthus ch rom osom e .  C h a p te r  IV d escr ibes  th e  

genetic  analysis  of the  esg locus and shows t h a t  the  locus contains 

two com plem enta t ion  groups.

In an e f fo r t  t o  unders tand  o th e r  phenotypic  d e f e c t s  in esg, it was  

found t h a t  esg  m u t a n t s  bound  ca lco f luo r  w h i te  d y e  poorly. 

Calcofluor w h i te  is a dye  similar to  congo  red (14) .  This resul t

su g g e s te d  t h a t  esg w a s  probably d e f ic ien t  in t h e  product ion  of

extracellular  fibrils and behaved  like S-motili ty m u ta n t s .  When its 

moti l ity w a s  t e s t e d ,  esg ex h ib i ted  g ro u p  m oti l i ty  which w as  

dependent  on th e  genet ic  background. This phenotype ,  referred to  as 

Cds, has  n o t  been  descr ibed  and th u s  led m e t o  identify  o th e r

insertional m u t a n t s  t h a t  bound calcofluor white  poorly while still

exhibiting g roup  motility. Chapter  II descr ibes  th e  identification and 

characterizat ion of tho se  mutants .
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Toal e t  al., (81)  sequenced  th e  esg locus and found t h a t  it encodes  

t h e  El a  a n d  El p s u b u n i t s  o f  a b r a n c h e d - c h a i n  k e to  acid 

d e h y d ro g e n a s e  (BCKAD) which is involved in branched-chain amino 

acid metabolism. They show th a t  th e  esg - encoded  BCKAD is involved 

in th e  s y n t h e s i s  o f  long b ranched-cha in  f a t t y  acids, s ince esg 

m u ta n t s  show ed  reduced  levels of  this c la s s  of com pounds .  The 

s y n th e s i s  and funct ions  o f  t h e s e  b ranched-cha in  f a t t y  acids in 

M.xanthus a re  no t  well u nders tood  (18 ) .  C h a p te r  III desc r ibes  th e  

p h e n o ty p i c  and g e n e t ic  c h a r a c t e r i z a t io n  o f  one  o f  t h e  newly 

identified Cds m u tan ts  (SRI 71).  The resul ts  show t h a t  this m u ta n t  

is also d e f ic ie n t  in the  product ion  of long b ranched-chain  f a t t y  

acids. Som e of  the  possible roles of SRI 71 in branched-chain amino 

acid metabolism will be discussed.
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CHAPTER 2

Id e n t i f i c a t io n  and  C h a r a c t e r i z a t i o n  o f  M yxococcus xanthus  

M u ta n t s  D e f i c i e n t  in C a lc o f lu o r  W hite  Binding

A b s t r a c t

Calcofluor white is a f luorescen t  dye  t h a t  binds to  th e  extracellular 

polysaccharide in Myxococcus xanthus  and many o th e r  bacteria .  We 

observed th a t  an esg m u ta n t  show ed  less binding to  calcofluor white 

th an  wild-type cells. Unlike S-motil i ty  m u ta n t s  t h a t  sha re  th is  

phenotype, esg exh ib i ted  S-motil i ty . This led us t o  ident i fy  a 

collection of nine new t ransposon  insertion m utan ts ,  des igna ted  Cds 

(ca lcof luor  white  binding d e f ic ien t ,  ^ -m o t i le ) ,  which exh ib i ted  a 

p h e n o ty p e  similar t o  t h e  esg s t ra in .  The  Cds p h e n o ty p e  was  

relatively  comm on ( 0 .6 % )  a m o n g  th e  random  inser t ion m u ta n t s  

sc reened.  The Cds m u ta n t s  were  also found to  be defec t ive  in cell

cell agg lu t ina t ion  and d e v e lo p m e n ta l  a gg rega t io n .  Extracellular  

matrix fibrils com posed  of  roughly equal am ounts  of polysaccharide 

and protein  have been shown t o  be involved in agglutination, and 

electron microscopic examination showed t h a t  esg and the  o ther  Cds 

m u ta n t s  lack th e  wild-type level of fibrils. Analysis of  to ta l  M. 

xanthus c a rb o h y d ra te  d e m o n s t r a t e d  t h a t  po lysacchar ide  c o n t e n t  

increased  by a b o u t  50%  when wild-type cells e n t e r e d  s ta t io n a ry  

phase. This induction was reduced  or eliminated in all of the  Cds
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mutants.  The degree  of polysaccharide deficiency in t h e  Cds m utan ts  

corre lated  with th e  d e g ree  of loss o f  agglutination and dye binding 

as  well a s  with th e  s e v e r i t y  of t h e  d ev e lo p m e n ta l  ag g reg a t io n  

defect .  Preliminary g ene t ic  characterizat ion d e m o n s t r a t e d  t h a t  the 

t ransposon  insertion m u ta t io ns  in th ree  of th e  Cds m u ta n t s  (SR53, 

SR I71, and SR200) were loosely linked. The resu l ts  of this s tudy 

su gges t  t h a t  many genes  a re  involved in the  production of calcofluor 

white  binding po ly sacch ar id e  mater ia l  found in t h e  ex trace l lu lar  

matrix and t h a t  th e  polysaccharide  is fibrillar. T h e s e  resu l ts  are 

also c o n s is ten t  with the  findings of earlier s tud ies  which indicated 

t h a t  fibrils function to  join agglutinat ing cells and in th e  formation 

of multicellular fruiting a g g re g a te s .
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I n t r o d u c t i o n

The myxobacteria  display a wide range of social ad ap ta t io n s  during 

th e i r  life cyc le  ( 1 4 ) .  T h ese  social b e h av io rs ,  which include 

coordinated  m o v e m e n t s  and multicellular d eve lopm en t ,  a re  being 

intensively s tud ied  in t h e  gram-negat ive  soil bac te r ium  Myxococcus 

xanthus. M ul t ice l lu la r  behaviors in M. xanthus involve th o u san ds  of 

cells and are  d e p e n d e n t  on gliding motility and  cell-cell c o n ta c t  

m edia ted  interactions (32 ) .  The m ost  notable multicellular behavior 

and th e  defining charac ter is t ic  of  the  myxobacter ia  is fruiting body 

formation (deve lopm ent) .  Under conditions of high cell d ens i ty  and 

nutr ien t  depletion on a solid surface, vege ta t ive  cells m ove  toward 

d i s c r e te  foci and  fo rm  multicellular  m ounds  t h a t  d e v e lo p  into 

fruiting bodies (31) .  The  individual rod-shaped cells are conver ted  to  

spherical,  environmenta lly  r e s i s tan t  m yxospores  within t h e  fruiting 

body.  It is b e l iev ed  t h a t  M. xanthus r e q u i r e s  a t  l e a s t  five 

extracellular  signals (A, B, C, D and E signals) t o  coo rd ina te  this 

multicellular deve lopm en ta l  process  (14) .

Movement on a solid surface by M. xanthus is accomplished by gliding

(17) .  The mechanism of  gliding motility is not  unders tood.  However, 

gene t ic  analysis has shown th a t  gliding is controlled by tw o  dist inct  

multigene sy s te m s  known as A (for adventurous  gliding) and S (for

social gliding) (19) .  A+S+ cells glide individually and as  large cell
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m asses .  Cells with a m uta t ion  in the  A s y s te m  (A"S+ or  S-motile

cells) move primarily in g roups  and th ey  swarm very  well on low 

p e rc en ta g e  agar  su r face s  (30 ) .  S-motility requires t h a t  cells be in

close apposition ( 2 1 ) .  Cells with a mutation in the  S s y s t e m  (A+S"

or  A-motile cells) have lost  communal motility and glide primarily 

a s  individuals; t h e y  do not  swarm well on a low p e rc e n ta g e  agar  

surface.  S-motility m u tan ts  are  generally defect ive  in fruiting body 

formation (19 ,28 ) .

It is believed t h a t  ex tracellu lar  ap p en dages  m ed ia te  a variety  of  

cell-cell in te rac t ion s  in M. xanthus 0 4 ) .  Pili and fibrils are the two 

t y p e s  of extracellular ap p endages  th a t  have been  described.  Pili are 

p ro te in a c e o u s  s t r u c tu r e s ,  less  than l Onm in d ia m e te r ,  t h a t  are  

invariably found a t  cell poles . Pili have been  a s s o c i a t e d  with a

funct ional  S-motil i ty  s y s te m  since many A+S" m u ta n t s  have been

shown to  lack pili and a c lus te r  of S-motility genes  has been  shown 

to  encode  a type  IV pilus biosynthetic  sy s te m  ( 2 0 ,3 5 ) .  Fibrils, on 

t h e  o t h e r  hand, a r e  m ad e  of  equal  a m o u n t s  o f  p ro te in  and 

carbohydrate ,  and th e y  display a diameter  of roughly 1 5 -3 0  nm when 

viewed by scanning e lectron  microscopy (2 ,4 ,5) .  T hese  s t ruc tu re s  

are  peritrichously arranged  on th e  cell surface. Arnold and  Shimkets 

(1 )  were t h e  first t o  su g g e s t  t h a t  extracellular fibrils play a role in
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cell-cell cohesion  (agglutination) and d eve lopm en t .  This conclusion 

was  based  on exper im ents  with a simple agglutination t e s t  and the  

d y e  C ongo  red  which has  aff in i ty  f o r  b a c te r i a l  ex t race l lu la r  

polysaccharide.  Initially, they  were able t o  show t h a t  agglutination 

and  fruiting body  form at ion  were  inhibited in wild-type cells by 

Congo red. Several S-motility m utan ts  w ere  shown to  be defect ive  

in agglutination and to  bind Congo red poorly (2,8) .  Besides lacking 

pili, t h e s e  m u ta n t s  also failed to  produce fibrils on the  cell surface. 

One group of  S-motility mutants ,  with d e f e c t s  a t  th e  dsp locus, was 

t h e  m o s t  agglu t inat ion  defect ive;  but  t h e s e  m u ta n t s  reta ined pili 

( 2 ,9 ) .  C o n s i s te n t  with th e  hypo thes is  t h a t  fibrils are  im portan t  

m ed ia to rs  o f  agglutination and fruiting body  formation, Chang and 

Dworkin w ere  able  to  d e m o n s t r a t e  t h a t  t h e  addit ion of fibrils 

i s o l a t e d  f r o m  w i l d - ty p e  ce l ls  r e s t o r e s  a g g l u t i n a t i o n  a n d  

d e v e lo p m e n t  in th e  fibril deficient dsp m u tan t  (7).

The esg locus is essent ia l  for M. xanthus fruiting body formation but  

n o t  for  v e g e ta t iv e  growth (11).  Nevertheless ,  growing esg m u tan t  

cells  d i f fe r  phenotyp ica l ly  in a nu m b er  o f  w ay s  from wild-type 

cells.  It w a s  previously  r ep o r te d  t h a t  an esg m u ta n t  displays 

lowered tps  gene  expression during v ege ta t ive  growth (11),  lowered 

growth  yields in a chemically defined medium (3 4 ) ,  and much less 

yellow p ig m e n ta t io n  th a n  wild-type cells  in t h e  s a m e  def ined
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medium  (3 4 ) .  More recen t ly  we have  n o te d  a d is t inc t  colony 

m orphology  difference b e tw een  esg and  wild-type in th e  DK1622

(A+S+ motility) genetic  background (1 2 ) .  This colony morphology

difference  was no t  evident in the  DZFl (A+S") background. The esg

locus has  been shown to encode co m p o nen ts  of a branched-chain keto 

acid d e h y d r o g e n a s e  which is involved  in m e ta b o l i sm  of  th e  

branched-chain amino acids (BCAA) (34). In M. xanthus, this enzyme 

is in v o lv e d  in th e  p a th w a y  fo r  b r a n c h e d - c h a i n  f a t t y  acid 

b iosynthes is  from the  BCAA. The branched-chain f a t ty  acids (BCFA) 

play a s t ruc tura l  role in M. xanthus cells a s  com ponen ts  of  cellular 

phospholipid but  analysis of esg m u ta n t s  has  su g ges ted  t h a t  BCFA 

also p lay  a regu la to ry  role in a f a t t y  a c id -m e d ia te d  cell-cell 

com m unica t ion  sy s te m  (E-signaling) a n d / o r  as  c o m p o n e n ts  of a 

signal t ransduc t ion  sys tem  controlling g e n e  expression (13) .  While 

a t t e m p t in g  to  character ize  o th e r  d e f e c t s  in esg, we observed  th a t  

this m u t a n t  resembled S-motility m u ta n t s  in th a t  esg was deficient 

in agglut inat ion and showed reduced binding to  calcofluor white (a 

f l u o r e s c e n t  dye  which binds to  bac te r ia l  exopo lysacchar ide  in a 

manner  similar to  Congo red). However, t h e  esg st ra in exhibited S- 

motility. This phenotype was novel and, in this report,  we describe 

t h e  i so la t ion  and p ro per t ie s  of s eve ra l  addit ional  t r a n s p o s o n  

insertion m u ta n t s  t h a t  fail t o  bind wild- type  levels of calcofluor
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white  b u t  re ta in  S-motility. T h e s e  m u ta n t s  were  found to  lack 

fibrils. The propert ies of th e s e  m u ta n ts  suppor t  the  hypothesis  t h a t  

fibrils m e d i a t e  cell-cell a g g lu t in a t io n  ( c o h e s io n )  and  play an 

essent ia l  role in developmental  aggregat ion .
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M ater ia ls  and  m e t h o d s  

B a c t e r i a l  s t r a i n s  a n d  g r o w t h  c o n d i t i o n s .  M. xanthus w as  

grown in bu ffe red  cas i tone  medium (CTT) (18)  o r  c a s i to n e -y e a s t  

e x t rac t  medium (CYE) (6)  a t  30°C with vigorous shaking a t  250rpm. 

Escherichia coli strains were grown in L broth or on L agar  (L broth 

with 1 .5%  a g a r )  a t  37°C ( 2 9 ) .  Kanamycin  w a s  u se d  a t  a 

concentra t ion  o f  50pg/ml.  The wild-type M. xanthus strain used in 

this s tudy  was DKl 622 (19).  JD300 (esg-.iTnS) (34) and DK3468 (dsp-  

1680) (9)  are DK l622 derivatives. DZFl ( s g l A I ) ,  which is equivalent  

to DKl 01 (9), is a strain t h a t  agglut inates poorly and has a d e fe c t  in 

S -m o t i l i ty .

I so la t io n  o f  t r a n s p o s o n  in s e r t i o n  m u t a n t s ,  (a)  Transduct ion .  

OKI 6 2 2  was grown in CTT broth  to  5x 10 8  cells /ml and an aliquot 

was infec ted  with PI :Tn5-/ac  (24) for mutagenesis .  Since phage PI 

does n o t  replicate  in M. xanthus, kanamycin re s i s tan t  t r a n s d u c ta n t s  

resul t  from t h e  t ranspos i t ion  of  T n 5 - / a c  from t h e  viral to  th e  

bacter ia l  c h rom osom e .  A f te r  infection,  cells conta in ing  T n 5 - / a c  

inser t ions  w ere  identified by plating t h e  in fec ted  cells on CTT 

medium containing kanamycin .

(b) Electroporat ion.  DKl 622  cells were collected by centrifugation 

a t  8 0 0 0  X g for  10 minutes. The cells were  washed with cold water  

twice and 40pl  of  a co n cen tra ted  cell suspension (5X10^0 ce l ls /m l)
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were mixed with 0 .5 -1 .0  tjg of  pBR322:Tn5 DNA. The DNA was 

introduced into cells by electroporation ( 4 0 0 0 ,  25a/F, and 0.65KV) in 

a 0 .1 c m  c u v e t t e  a t  room  t e m p e r a t u r e  ( 2 2 ) .  T he  cells were 

immediately diluted into 1 ml of CTT broth and allowed to  grow a t  

30°C for  4  hr. The cells were then mixed with t o p  agar  and plated on 

CTT c o n ta in in g  kanamycin (SO pg/m l) .  A f t e r  18 hr, addit ional  

kanamycin was added in t o p  agar to  bring the  final concentrat ion to  

7 0 p g /m l .  The additional kanamycin helped t o  reduce  background 

growth of  cells which did not  conta in a Tn5  insert ion.  The plates  

were incuba ted  a t  30°C for  7 days  to  se le c t  kanamycin res is tan t  

colonies .

C a l c o f l u o r  w h i t e  b i n d in g  a n d  S - m o t i l i t y  a s s a y s .  T he  

t r a n s p o s o n  inser t ion  s t r a in s  were  grown to  a pprox im ate ly  5 x 1 0 8  

cells /ml in 5 ml of CTT broth and col lec ted  b y  cen tr ifuga t ion  a t  

BOOOxg for 10 min at  4°C. The cells were th en  washed  once in TM 

buffer (lOmM Tris pH7.6, ImM MgS0 4 ) and re su sp e n d ed  in TM to a 

ca lcu la ted  cell dens i ty  of 5x10^ cells /ml.  To t e s t  for  calcofluor 

white binding, a 10 pi portion of each cell su spens ion  was spo t ted  

on to  a CYE p la te  containing calcofluor white (SO pg /m l)  (9) . The 

cells w e re  in cu ba ted  for  6 days  a t  30°C and  dye  binding was 

qualitatively determined by observing th e  colonies under  a hand-held
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long wavelength  UV light source.

To t e s t  fo r  S-motility, 2 ij\ port ions of the  same cell suspensions in 

TM buffer  were applied to  CYE plates  containing 0 .3% agar (30) .  The 

cells w e re  incubated for 72  hr a t  30°C. Under t h e s e  conditions M. 

xanthus  s t ra in s  exhibiting S-motil i ty  (g roup  motil ity) are  able to  

glide on  th e  aga r  su r face  to  form large colonies . S-motil i ty  

m u tan ts ,  on the  o th e r  hand, grow to  form small colonies with the  

cells h eap e d  on top  of each other. Spots showing a d iam eter  of 1.5 

cm  (approximately 50% of the  wild-type ra te  of colony expansion) or 

g r e a t e r  w e re  scored  as exhibiting group motility and  th o se  sp o ts  

t h a t  had a d iameter  of  less than  0 .8  cm (approximately 20%  of  the  

wild-type ra te  of colony expansion) were scored  as  group motility 

m u tan ts .

A g g l u t i n a t i o n  a s s a y .  The agglutinat ion assay  was performed as 

h as  been  descr ibed previously (3 1 ) .  Cells were grown to  5x108 

cells/ml in CTT broth, collected by centrifugation a t  8 0 0 0  x g for 5 

min a t  4°C, washed with lOmM MOPS (pH 6 .8 )  and resuspended in 

MCM buffer (lOmM MOPS pH6.8, ImM CaClz, lOmM MgClz). The Aezs of 

t h e  cel l  s u s p e n s i o n  w a s  m e a s u r e d  in a B eck m an  DU-40 

s p e c t ro p h o to m e te r  over  a 2 hr time interval. These da ta  were  used 

to  calculate  the  relative agglutination value, a number  relating the  

r a t e  of agglutinat ion for each  o f  th e  the  Cds m utan t  strains to  the
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wild-type. The relative agglut inat ion values were  d e te r m in e d  by 

first  dividing the  Aezs of the  cell suspensions a t  the  end o f  th e  2 hr 

incubation by the  initial Aezs- The q u o t ien t  ob ta ined  fo r  DKl 622 

(wild-type) was then  divided by th e  quo t ien t  for each  m u ta n t  strain 

(9).

D e v e l o p m e n t  a s s a y .  Fruiting body formation by th e  Cds  m utan t  

st ra ins was analyzed in subm erged  culture by a modificat ion of  the 

m ethod  described previously (25) .  Cells were grown in CYE broth to 

5x108 cel ls /ml and harves ted  by centr ifugation.  The cell pellets 

were washed once with 10 mM MOPS buffer (pH 7.0) and resuspended 

a t  a concentra tion of  1 .25x109 cells/ml in MC7 buffer  ( lOmM MOPS, 

ImM CaClz, pH 7.0) .  The cell suspens ions  were su b je c te d  to  four 

two-fold serial dilutions and 0 .5  ml of each  dilution was placed  in 

th e  well o f  a 24-well t issue  culture  plate  and incuba ted  a t  30°C. 

Fruiting bodies were observed and photographed a f te r  96 hrs. 

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  T ransm iss ion  e le c t ro n  

m ic roscopy  (TEM) of  negatively  s ta in ed  sp ec im en s  was  used  to 

o b se rv e  pili and fibril material.  For th e  obse rva t ion  o f  pili, M. 

xanthus  cells were grown in CTT broth to  5x108 cells /ml,  co l lec ted  

by centr ifugation,  and suspended  a t  the  sam e  cell dens i ty  in 0.1 M 

Tris ( pH 7.6  ). One drop of the  cell suspension was p laced on a
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formvar coa ted  copper grid and th e  cells were allowed to  se t t le  on to  

the grid for 3 min. The drop was b lo t t e d  and the  cells were washed 

twice in a solution containing the  nega t ive  stain uranyl a c e ta te  (1%) 

and t h e  spreading ag en t  bacitracin (30fyg/ml) (20) .  This solution 

was b lo t ted  and the dried grid was o b se rv ed  in a JEOL 2 0 0 0  electron 

m icroscope.  The levels of piliation in t h e  m u ta n t  s t ra ins  w ere  

e s t im a te d  as has been descr ibed ( 2 0 ) .  For observat ion  of fibrils, 

cells were  su spended  in MCM agg lu t ina t ion  buffer  for a b o u t  1 hr 

(agglu t ina t ion  conditions) and s a m p le s  o f  th ese  cells were t a k e n  

from th e  cen te r  of the  cuvet te .  T h ese  cells were placed on the  TEM 

grid a n d  s ta ined  as descr ibed  a b o v e  be fo re  obse rva t ion  on t h e  

e lec t ron  microscope.

T o ta l  c a r b o h y d r a t e  a s sa y .  M .xanthus ceWs were grown to 4x108  

cell/ml in CYE broth, collected by centr ifugation and resuspended  a t  

2x109 c e l l s /m l  in f re sh  CYE. T h e s e  high cell d e n s i ty  cell 

s u s p e n s io n s  w ere  allowed to  g e n t l y  sh a k e  for  6 hr a t  30°C; 

condit ions under which there  is little g row th  of th e  M. xanthus cells. 

Under th e s e  conditions (high cell d e n s i ty  induction) production of  a 

high-molecular  weight  viscous p o ly sacch ar ide  is induced in wild- 

type  cells  j u s t  as it is when cells e n t e r  s ta t ionary  phase  during 

normal g row th  in liquid culture,  b u t  high cell d en s i ty  induct ion 

resul ts  in a more rapid induction of polysaccharide making it a more
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convenien t  m eth o d  for these  s tud ies  (2 3 ) .  Samples were  collected 

from th e  cell suspensions  a t  th e  beginning and end of  the  6 hr 

incubation;  sam ples  containing growing cells and s ta t io n a ry  phase  

cells, respect ive ly .  The cells were  w ash ed  in 0 .8 5 %  NaCI and t h e  

sa m p le  w as  s u s p e n d e d  in 2 ml of  w a te r .  T he  sa m p le s  w ere  

so n ic a te d  and aliquots were t a k e n  for  pro te in  and c a rb o h y d ra te  

analysis.  The  to ta l  protein c o n c e n t r a t i o n s  w ere  d e te rm in e d  a s  

equivalents  of bovine serum albumin by using th e  BCA Protein Assay 

Reagent  Kit (Pierce). The to ta l  c a rb o h y d ra te  co ncen tra t ions  were  

d e te rm in e d  as  glucose equ iva len ts  by t h e  an throne-su lfur ic  acid 

m ethod  (16) .  The total specific carbohydra te  c o n te n t  of cell lysates 

is r e p o r t e d  as  pg  c a r b o h y d r a t e  /  p g  p ro te in .  Most  of t h e  

carbohydra te  produced during the  induction was easily removed from 

so n ic a te d  ly s a te s  by low s p e e d  cen t r i fu g a t io n  and w as  e thano l  

p re c ip i t a b le ,  and  is t h e r e f o r e  likely t o  be  in t h e  form o f  

po lysacchar ide .

Cloning o f  C ds  loci. The M. xanthus DNA flanking three  of the  Cds 

t r a n s p o s o n  inser t ions  was c loned  in E.co li using th e  t r an sp o so n  

assoc ia ted  kanamycin resistance gene  as  a se lec tab le  marker. The 

Cds locus defined by the insertion (Q 53)  in strain SR53 was cloned 

as  a 14-kb HincHW f ragm ent  in th e  pGEM7Zf+ v e c to r  (Promega) to  

produce pSR53. The 14-kb insert  in pSR53 conta ined  a b o u t  1 1 -kb
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from T n 5 - / a c  and 3-kb of M. xanthus DNA flanking one side of the  

insertion. DNA from one  side of  the  insertion (Q 171)  in strain  

SRI 71 was cloned as  a 4 .1 -kb BanH\ f r a g m e n t  in t h e  pGEM3Zf+ 

v ec to r  (Promega) to  produce pSR171. This plasmid has 1 .1 -kb of M 

.xanthus DNA ad jacen t  to  Tn5. The DNA cloned from SR200 in the 

vector  pGEM7Zf+ was an 18-kb SamHl fragment.  The pSRZOO plasmid 

has about  15-kb of  M .xanthus DNA ad jacen t  to  T n5  inser t ion  Q200. 

M. xanthus DNA was prepared by the  method of Avery and Kaiser (3). 

Plasmid DNA isolation and t rans fo rm at ion  in E. coli was performed 

by s tandard techniques (29).  Restriction enzym es,  DNA Polymerase 1 

(Klenow fragment)  and T4 DNA ligase were all used as recom mended  

by the  manufacturer .  To prepare probes for Southern analysis, DNA 

fragm en ts  g e n e ra te d  by restriction enzym e digestion of  t h e  cloned 

DNAs were e lu ted  from agarose  gels using Qiagen’s gel ex trac t ion  

kit.  DNA f r a g m e n t s  w e r e  r a d io la b e l le d  w i th  [a-32p]dCTP 

(A m ersham ) b a se d  on th e  m e th o d  d e v e lo p e d  by Fe inberg  and 

Vogelstein  (1 5 ) .  The  p rocedure  for Sou the rn  blo t  hybridization 

analysis  of  DKl 6 2 2  DNA using th e  labeled Cds p robes  h a s  been 

described (29).  Hybond nylon filters (Amersham) were employed as 

th e  blotting membranes.  Membrane filters containing an M. xanthus 

library of cosmid-c loned chromosomal DNA, generously  provided by 

Dr. Ron Gill, were  sc reened  by hybridization with th e  Cds probes.
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Positive clones were  also t e s t e d  by Southern  analysis of  purified 

cosmid DNAs.
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Results

C alc o f lu o r  w h i t e  b ind ing  a n d  m o t i l i ty  by e s g  c e l l s .  Besides 

obvious developmental  de fec ts ,  esg m u ta n t s  d isplayed a wide range 

of phenotypic a l tera t ions during the  vegeta t ive  growth  phase  of the  

life cycle .  Perhaps t h e  m o s t  obvious a l t e ra t io n s  were  t h a t  esg 

m u ta n ts  showed less clumping than  wild-type cells during growth in 

complex media and th a t  th e  esg colony morphology differed from the  

wild- type .  T h e s e  a l t e r a t io n s  were  d e p e n d e n t  on t h e  g en e t ic  

background. The differences be tw een  wild-type and esg were  most

pronounced in t h e  DKl 6 2 2  background and w ere  a lmost

undetec table  in the  DZFl (A+S“ ) background. More specifically, we

observed  th a t  an esg m u ta n t  in the  DKl 622  background resembled 

th e  DZFl strain which is an S-motility m utant .  Previously, it was 

shown th a t  a major difference between the  DKl 6 2 2  and DZFl strains 

is t h a t  DZFl (like o th e r  S-motility m u tan ts )  lacks fibrils (9) .  Fibril 

de f ic ien t  M. xanthus m u tan ts  also are less cohesive than DKl 622  and 

bind less  ca lcof luor  w hi te ,  a f l u o r e s c e n t  d y e  which binds to  

ex trace l lu la r  po lysacchar ide .  Calcofluor white  is likely t o  bind 

primarily to  fibril po lysacchar ide  since Dana a n d  Sh im kets  were 

able to  d e m o n s t ra te  a s t rong correlation be tw een  th e  loss o f  fibrils 

and calcofluor white binding in M. xanthus m utan t  st ra ins (9). It has
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Figure 1. Calcofluor white binding by wild-type and Cds mutants .  M. 

xanthus strains were t e s t e d  for calcofluor white  binding by plating 

c o n cen tra ted  cell suspensions on CYE agar containing th e  f luorescent 

dye. The s tra ins  shown in this photograph are  DKl 6 2 2  (WT), JD 300  

(esg), SR200 (200) ,  SR242 (242) ,  and SR483 (483) .  Although the  

f luorescence exhibited by DKl 6 2 2  and SR483 appear  similar in the  

photograph ,  the  d ifference  was readily a p p a r e n t  by d irec t  visual 

examination of the  plate.
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Figure 2. S-m otility by wild-type, an S-m otility mutant and Cds mutant M. 

xanthus strains. S-m otility w as a ssayed  by plating con cen trated  cell 

suspensions on CYE containing 0.3% agar. S-motility is shown by the ability of 

m asses o f cells to  swarm laterally over the surface o f the agar. The strains 

shown in the photograph are DKl 6 2 2  (S-m otile) (A), DZFl (S-nonmotile) (B), 

SRI 71 (C), and SR483 (D).
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also been  d e m o n s t r a t e d  t h a t  Congo red, a n o th e r  dye which binds 

ex t ra ce l lu la r  polysacchar ide ,  binds t o  fibrils i so la ted  f rom  wild- 

t y p e  cells (4). Bacterial colonies which bind calcofluor white can be 

easily identified b e cau se  th ey  b eco m e  f luorescent  when illuminated 

with long-wave UV light. To de te rm ine  if an esg m u tan t  resembled 

S-motil i ty  m u ta n t s  and  failed to  bind calcofluor white, esg cells 

w e r e  s p o t t e d  on c a lco f luo r  w h i te  p l a t e s  and  e x a m in e d  fo r  

f luorescence.  The resul t  was t h a t  th e  esg cells bound the  dye  poorly 

com pared  to  wild-type cells (Figure 1) and in this respec t  resembled 

t h e  S-motili ty m u tan ts .  However, observa t ion  of esg cells a t  the  

e d g e s  of  colonies growing on agar  p la tes  indicated t h a t  t h e s e  cells 

r e t a in e d  t h e  ability t o  form swirls of  cells c h a ra c te r i s t i c  of  S- 

moti l ity  (g roup  motil ity) (d a ta  not  shown).  We also t e s t e d  the  

ability of t h e  esgi'JnS m utant  colonies to  spread on a low percentage  

a g a r  surface .  Shi and  Zusman (30)  have previously shown t h a t  S- 

motility m u ta n t  colonies do no t  spread  well on a 0 .3%  agar surface. 

esg cells were  able to  spread well on the  low agar  c o n te n t  surface 

a lthough th e  rate  of  expansion of  the  colony edge  was reduced to  

a b o u t  7 0 %  of the  parental  wild-type level (d a ta  no t  shown). In 

co n tra s t ,  t h e  rate  of  expansion of  an S-motility mutant ,  DZFl, was 

only abou t  15% of the  wild-type (Figure 2). The phenotype exhibited 

by esg, poor  calcofluor white binding with a relatively high level of
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AGGLUTINATION ASSAY

Strain Relative Agglutination^ Fluorescence^

DK1622(WT) 1.00 +++

JD300(esg) 0 .17 -

SRI 6 0 .22 +

SR53 0.15 -

SRI 71 0 .17 -

SR200 0.15 -

SR233 0 .16 -

SR234 0.26 ++

SR242 0.16 -

SR263 0 .22 +

SR483 0 .3 0 ++

Table 1. 3 Relative agglutination was determined by dividing the absorbance of the cell 
suspension after 2 hr of incubation at room temperature by its initial absorbance. The 
quotient obtained for DKl 622  (WT), was then divided by the quotient for each mutant 
strain, yielding the relative agglutination value for that strain.

^ The level o f calcofluor white dye binding was qualitatively a ssessed  with OKI 6 2 2  as  
the reference strain. (-) indicates no observable binding, (+) indicates slight binding 
and (++) indicates moderate binding.
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S-motility, has n o t  b e en  previously described and it was des igna ted  

Cds (calcofluor white binding defic ient , S-motile)  .

I so la t io n  o f  t r a n s p o s o n  i n s e r t i o n  C ds  m u t a n t s .  Since it is 

re la t ive ly  s im p le  t o  s c r e e n  M. xanthus  m u t a n t  c o lo n ie s  for  

calcofluor white  binding, this approach was em ployed  as  th e  first 

s t e p  in identifying addit ional  m u ta n t s  with t h e  Cds p h e n o ty p e .  

Wild-type DKl 6 2 2  cells were f irst  sub jec ted  to  random t ransposon  

insertion m u ta g en e s i s  using T n 5 o r T n 5 / a c .  The insertion m utan ts  

were then  sc reened  for  calcofluor white binding on plates. Out of a 

tota l  1 4 0 0  insertion m u ta n t  colonies, 12 strains were  ob ta ined  t h a t  

showed some deg ree  of  reduced  calcofluor white binding. Nine of 

those  12 m u ta n ts  exhibited high levels of S-motility (> 5 0 %  of the  

wild-type level) on 0 .3 %  agar  p la tes  and were there fo re  des igna ted  

Cds mutants .  The o th e r  th ree  m utan ts  were strongly defic ient  in S- 

motility (<20% of the  wild-type level) and resembled th e  S-motility 

m u tan ts  th a t  have been  described previously. The Cds s t ra ins  were 

relatively com m on  s ince  0 .6 %  of th e  to ta l  t r a n s p o s o n  insertion 

strain collection shared  the  phenotype.  Six of th e  Cds s t ra ins  have 

Tn5 insertions and th e  o th e r  th ree  s t ra ins  have T n 5 /a c  inser t ions  

(Table 1). Severa l  s t r a in s  did no t  bind d e t e c t a b l e  levels  of 

calcofluor white, how ever  th re e  st rains (SR I6, SR234 and SR483) 

did exhibit som e dye binding (Table 1). The level of dye binding by
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th ree  of  the  newly isolated Cds m utan ts  (SR200, SR242, and SR483) 

is shown in comparison with the  wild-type and esg  s trains in Figure 

1. All Cds m u ta n ts ,  including esg, could be distinguished from each  

o ther  based on colony pigmentation, tex tu re  and morphology. 

A g g l u t i n a t i o n  a s s a y s .  A previous s tu d y  has shown t h a t  loss of 

calcofluor w hi te  binding by m utan t  s t ra ins  is highly corre lated with 

reduced agglut inat ion (cohesiveness)  by M. xanthus cells (9 ) .  The 

agglutination a s sa y  was used to  quantify the  d eg ree  of cohesiveness 

in esg and th e  o ther  Cds mutants. This a ssay  m easu re s  the  decrease  

in the  optical densi ty  of  a cell suspension over t im e  (1 ,9 ,31) .  The

d e c r e a s e  in op t ica l  d e n s i ty  is due t o  th e  falling of  c lum ped

(cohesive) cells from suspension.  The relative agglutination of the

Cds m u ta n ts  with r e s p e c t  to the  wild-type strain is shown in Table 

1. esg and all t h e  o th e r  m utan ts  showed a reduction in t h e  rate  of 

agglut inat ion.  Fur thermore ,  t h e  relative agglu t ina t ion  value was 

roughly corre la ted  with t h e  degree of calcofluor white  binding in the  

m u ta n t  s t ra ins .  Strains t h a t  had a relative agglutination value of 

0 .17  or  less show ed  no fluorescence on the  calcofluor white plates. 

Those  s t ra ins  t h a t  had a relative agglu t inat ion  value of  0 .2 2  or 

g rea te r  exhibi ted  readily de tec tab le  levels of  f luorescence.  The loss 

of a g g lu t in a t io n  in a s so c ia t io n  with r e d u c e d  c a lco f luo r  white

binding su g g e s te d  tha t  the  mutants  may be defective in the
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ANALYSIS OF FIBRILS

STRAIN FIBRILS

DK1622(WT) ++

JD 300(esg) -

SRI 6 +

SR53 -

SRI 71 -

SR200 -

SR233 -

SR234 +

SR242 +

SR263 +

SR483 +

Table 2. Fibrils were observed  by t ransmission e lec t ron  microscopy 
(TEM). Cells were su spended  in agglutination buffer fo r  an hour  and 
samples were  collected from the  cen te r  of the  cuve t te  and p laced on 
formvar  c o a t e d  co p p e r  grids. The grids were then w ashed  tw ice  in 
t h e  negative  stain uranyl a c e t a t e  (1%). The presence  of fibrils was 
qua l i ta t ive ly  a s s e s s e d  with (-) indicating no observable  fibrils and 
(+)  indicating a reduced  a m o u n t  of fibril material with  r e s p e c t  to 
DKl 622.
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product ion  of  extracellular  matrix fibrils.

E x a m i n a t i o n  o f  C d s  m u t a n t s  f o r  f i b r i l s  a n d  pili. To 

de te rm ine  if reduced calcofluor white  binding and loss of  cohesion 

found in th e  m u ta n t s  co rre la ted  with a reduc t ion  of  extracellular 

fibrils, t h e  m u ta n t s  w ere  o b s e r v e d  with n e g a t iv e  s ta in ing  by 

t ransm iss ion  e lec t ron  microscopy  (TEM). esg and t h e  o th e r  Cds 

m u ta n t s  examined by TEM were all found to  have  reduced levels of 

fibril material.  D e tec tab le  levels o f  this  mater ia l  w ere  observed  

only in m u ta n t  s t ra ins  SRI 6, SR234,  SR242, SR263, and SR483 

(Table 2). Several of th e  Cds m u ta n t s  were also sub jec ted  to  high- 

resolution observation of t h e  cell su r face  by field emission scanning 

electron microscopy (FESEM). Many thanks  goes  to  Martin Dworkin a t  

th e  Universi ty  of Minnesota for  performing t h e  FESEM analysis. 

For th is  analysis, cells were  dep os i ted  on glass chips and  incubated 

under high cell densi ty  conditions previously shown to be favorable 

for fibril visualization (5) .  FESEM examination o f  esg and three other  

Cds m u ta n t s  (SRI 71, SR200, and SR233) indicated t h a t  they  lack 

f ib r i l s .

Kaiser fi rs t  observed  t h a t  many S-motili ty m u ta n t s  lack pili (2 0 )  

and th e r e  is increasing evidence t h a t  pili play an essentia l  role in S- 

motility (35) .  Since th e  Cds m utan ts  have been observed to  retain a 

significant  level of S-motility but, like S-motility m utan ts ,  to be
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PILIATION OF STRAINS

STRAIN % PIL|3

DK1622(WT) 54

JDSOO(esg) 44

SRI 6 48

SR53 40

SRI 71 42

SR200 42

SR233 48

SR234 52

SR242 56

SR263 40

SR483 52

Table 3. Cells were  grown in CTT medium, h a rv e s t e d  in mid-log 
phase, washed twice and resu sp e n d ed  in Tris (pH7.6) buffer . A drop 
o f  the  cell suspension was placed on a formvar c o a t e d  c o p p e r  grid 
and negatively sta ined with 1% uranyl a ce ta te .  The dr ied  grid was 
th en  observed for piliated cells in a JEOL 2 0 0 0  e lec tron  microscope.
^ The num ber  of cell ends  with pili was divided by t h e  to ta l  num ber

of  ends scored. The fraction obta ined  was expressed as  a pe rcen tage .
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SPECIFIC CARBOHYDRATE CONTENTS

STRAIN LP SP % WT INCREASE
( Carbohydrate /  jug Protein )

DK1622(WT) 0.14 0.21 100

JD300(esg) 0.11 0.13 36

SRI 6 0.10 0.12 40

SR53 0.09 0.09 0

SRI 71 0.10 0.11 20

SR200 0.10 0 .1 0 0

SR233 0.08 0 .08 0

SR234 0.15 0 .17 27

SR242 0.10 0.11 20

SR263 0.11 0 .12 18

SR483 0.12 0 .14 33

Table 4 . 2 The specific carbohydrate co n ten t w as determ ined  as ug 
carbohydrate /  ug of total cell protein (se e  Material and M ethods). The 
sam ples te sted  were from log phase cells (LP) or stationary phase cells (SP). 
The increase in stationary phase carbohydrate co n ten t is ex p ressed  as a 
percentage relative to the increase observed for DKl 6 2 2 . Note that m ost of 
the Cds m utants also had a lower specific carbohydrate content than wild-type 
cells during log phase growth.
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fibril deficient;  it was of in te r e s t  to  examine th e  Cds m u ta n t s  for  

pili. The  Cds m utan t  cells were  directly examined for  pili using TEM. 

As shown in Table 3, all of  t h e  Cds m u ta n t s  had a p e rc en ta g e  of  

piliated cell poles  which was similar to  the  wild-type. A majority 

of th e  wild-type and m utan t  cells had 4 -8  pili a t  one  of th e  two cell 

poles. The length of the  pili w as  som e t im es  difficult to  de te rm ine  

but  did not  s e e m  to differ b e tw een  wild-type and the  Cds m u tan ts  

(d a ta  n o t  show n) .  The p r e s e n c e  of  pili in t h e  Cds m u ta n t s  is 

c o n s i s te n t  with the  idea t h a t  t h e s e  s t ru c tu re s  are  required for S- 

m o ti l i ty .

I n d u c t io n  o f  p o l y s a c c h a r i d e .  We have noticed th a t  as  wild-type 

cells leave t h e  exponential  g rowth  p h a se  in a rich bro th  medium, 

the re  is a s t ro n g  induction o f  viscous extracellu lar  polysaccharide 

(23).  This extracellu lar  po lysacchar ide  ap pea rs  to  be a s so c ia ted  

with fibrils s ince  the  induced cells ag g lu t ina te  more rapidly th an  

the  uninduced cells (da ta  no t  shown). A tota l  c a rbohydra te  assay  

was performed to  t e s t  the  Cds m u tan ts  for  this response  (Table 4). 

In t h e  in d u c e d  wild- type  cel ls ,  t h e  rat io  o f  c e l l - a s s o c i a t e d  

carbohydra te  t o  total cellular protein increased by abou t  50% over 

the  v e g e ta t iv e  cell value. All of  the  Cds m u tan ts ,  including esg, 

exh ib i ted  signif icantly  lower levels  o f  po lysacchar ide  induction.  

These values ranged from about  40%  of th e  wild-type (esg and SRI 6)
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WT SR483 SR263 SR200

Figure 3. Developmental aggregation by M. xanthus strains. M. xanthus strains 

were tested  for developmental aggregation in submerged culture using 24-well 

m icrotitre plates. The strains tested  w ere OKI 6 2 2  (WT); and Cds mutant 

strains SR483, SR263, and SR200. Developmental aggregation was examined  

at high cell density (HD) (1 .2 x 1 0 9  cells per ml) and low cell d en sity  (LD) 

(1.5x1 Q8 cell per ml). The dark aggregates of cells observed are spore-filled

fruiting bodies and lighter aggregates are incomplete with less height and fewer 

spores than normal M. xanthus fruiting bodies.
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Developmental Agoregation

STRAIN LD HD

DK1622(WT) + +

JD300(esg) - -

SRI 6 - +

SR53 - -

SRI 71 - -

SR200 - -

SR233 - -

SR234 - +

SR242 - +

SR263 - AFB

SR483 - +

Table 5. Fruiting body formation was t e s t e d  in su b m erged  culture 
under low cell densi ty  (LD) and high cell densi ty  (HD) conditions. (-) 
indicates  no aggregat ion ,  (+) ind ica tes  wild- type like fruiting body 
formation and AFB indicates abnormal fruiting body formation.
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t o  u n d e te c ta b le  levels of  induct ion (S R I71, SR200 a n d  SR233).  

Again, th e  d e g r e e  o f  p o ly sa cc h a r id e  induct ion  d e f i c ie n c y  w a s  

generally c o r re la ted  with t h e  d e g ree  o f  loss o f  agg lu t ina t ion  and 

calcofluor white binding. It should also be no ted  t h a t  t h e  ratio of 

ca rb o h y d ra te  to  p ro te in  in t h e  log phase  Cds m u t a n t  cells was  

generally lower th a n  th e  wild-type level and th e s e  v a lu e s  varied 

am ongs t  th e  m u tan ts  (Table 4). Presently, the  significance of th e s e  

resul ts  is unclear.

D e v e l o p m e n t a l  a g g r e g a t i o n  d e f e c t s ,  esg was previously shown 

to  be defect ive  in deve lopm enta l  aggregat ion (11 ) .  Since th e  o th e r  

Cds m utan ts  shared several of  the  phenotypes of esg, we de te rmined  

if t h ey  were also defect ive  in development .  Fruiting bo d y  formation 

was observed in sub -m erged  culture on a plastic surface  over  an 8- 

fold range in cell dens i ty  (1.2x1 Q9 to 1 . 5 x 1 0 8  cells p e r  ml). Wild- 

t y p e  cells had wel l-developed  fruiting bodies a t  all cell dens i t ie s  

t e s te d .  The size and th e  num ber  of fruiting bodies were less a t  low 

cell density  (Figure 3, WT, LD) than  a t  high densi ty  (Figure 3, WT, 

HD). All t h e  Cds m u t a n t s  were  d e fe c t iv e  in d e v e l o p m e n t a l  

aggregat ion  to  so m e  e x t e n t  (Table 5). The m u ta n t  s t r a in s  SR53, 

SRI 71, SR200 and SR233 failed to  form normal a g g r e g a t e s  a t  all 

cell d e n s i t i e s  t e s t e d  (SR 200 ,  Figure 3).  This p a t t e r n  was in 

co n tra s t  to t h a t  observed  for  SR483 which aggregated  normally a t
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A B

Figure 4. Transmission e lectron m icroscopy  (TEM) of  Cds m u ta n t  

SR200. SR200 cells were negatively s ta ined  and examined by TEM. 

Unusual polar  s t ru c tu re s  were o b se rv e d  primarily em ana t ing  from 

cell poles. These  s t ruc tures  a ssoc ia ted  with d i f feren t  cell poles are 

shown a t  low (A), intermediate  (B and C) and  high (D) magnification 

(5-fold range in magnification). B and C sho w  the  two poles of  the  

s a m e  cell. A subpolar region, which was  differential ly s ta ined  in 

th e s e  cells, should also be noted.
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high cell dens i ty  but fo rm ed  abnormally sh ap ed  a g g r e g a t e s  a t  low 

cell dens i ty  (Figure 3). An in te rmedia te  p h e n o ty p e  was  observed 

with SR263 in which abnormally-shaped a g g r e g a te s  w ere  observed  

a t  high cell densi ty  b u t  essential ly no aggregat ion  was s e e n  a t  low 

d en s i ty  (Figure 3). High cell dens i ty  s e e m e d  to  allow several  

m u ta n t s  to  a t  leas t  partial ly o ve rcom e  t h e  a g g re g a t io n  de fec t .  

T here  w a s  a s t r o n g  c o rre la t ion  b e tw e e n  t h e  d e g r e e  of th e  

deve lopm enta l  d e f e c t  and  the  d e g ree  of  loss in calcofluor white 

binding, cohesion and polysaccharide induction (Tables 1, 4, 5).

TEM a n a ly s i s  o f  S R 2 0 0 .  While using TEM to  examine SR200 for 

fibrils and  pili; unusual  s t r u c tu r e s  were  o b s e r v e d  which were 

assoc ia ted  with the  cell poles (Figure 4). These  s t ruc tu res ,  which 

were not  seen in the wild-type and in o ther  Cds m utan ts ,  appeared  to 

cons is t  of flexible chains of  a basic unit s t r u c tu r e  with a roughly 

spherical shape  (rings) and  a d iam eter  of 6 0 -7 0 nm .  This d iam ete r  

was much g r e a t e r  than  t h a t  of pili, a n o th e r  polar s t ru c tu re .  More 

th an  half  t h e  cells e x am in e d  on th e  grid s u r f a c e  had  th e s e  

remarkable s t ruc tures .  The number of th ese  chains varied from 1 to 

8 per cell pole. Most of t h e  SR200 cells had th e s e  chains emanating 

from only one  cell pole b u t  a few cells show ed  t h e s e  s t ru c tu re s  

extending from both poles. All the  cells t h a t  displayed th e s e  chains 

also exhibited a sub-polar region th a t  s ta ined in tensely  with uranyl
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a c e t a t e  (Figure 4).  In all the  cases ,  it a p p e a re d  t h a t  the  chains 

e m a n a t e d  f rom  an area very close to  t h e  sub-polar  s t ruc ture .  In 

som e  cells, b o th  pili and chains were  o b se rv ed  protruding from the  

sam e  pole ( d a t a  not  shown). It is in te res t ing  to  note  t h a t  FESEM 

examinat ion  did not  reveal t h e s e  chain-like s t ru c tu re s .  The SR200 

FESEM examinat ion  did show surface  g rooves  which may correspond 

in so m e  way with the  electron dense  sub-polar  s t ruc tu res  seen  using 

TEM.

G e n e t i c  a n a l y s i s .  The relative ease  with which new Cds m utan ts  

w e re  id e n t i f i e d  by ran d om  t r a n s p o s o n  in se r t ion  m u ta g e n e s i s  

s u g g e s t e d  t h a t  many g e n e s  a re  involved in fibril polysaccharide 

biosynthesis .  Also consis ten t  with this view were the  observations 

t h a t  all t en  o f  t h e  Cds m u ta n t s  could be d is t inguished a t  th e  

phenotypic  level and th a t  transduct ion analysis  showed th a t  none of 

the  m u ta t io n s  in the  newly isolated s t ra ins  were a t  the  esg locus. 

We have  initiated a more in dep th  genet ic  analysis of loci exhibiting 

t h e  m o s t  s e v e r e  Cds and d e v e l o p m e n t a l  p h e n o ty p e s .  Using 

t ransposon  marked DNA from m u ta n t  loci in SR53, SRI 71 and SR200; 

th e  w i ld - type  M. xanthus DNA copies  f rom  t h e s e  loci have been 

cloned in £  co li. The cloned DNAs were used  as probes for Southern 

analysis  of  M. xanthus chromosomal  DNA and to  sc reen  a cosmid 

library o f  M. xanthus chromosomal DNA. The th ree  insertions were
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n o t  t igh t ly  linked since each  p rob e  had a d is t inc t  Southern  blot 

hybridization pa t te rn  (da ta  not  shown). This analysis sugges ted  th a t  

e a c h  in se r t ion  w as  a t  l e a s t  1 0 -k b  from t h e  o t h e r  inser t ions .  

However,  two cosmid  c lones  were  identified which hybridized to  

bo th  t h e  SRI 71 and t h e  SR53 p ro b es ,  and  two o th e r  cosm ids  

hybridized with th e  SR53 and th e  SR200 probes .  Analysis of  the  

hybridizat ion resu l ts  was  c o n s i s t e n t  with t h e  map o rder  of Q53 

lying b e tw e e n  th e  flanking inse r t ions  Q171 and Q200.  Southern 

analysis  was  used to  de te rm ine  t h a t  one end  of the  chromosomal 

DNA in one  of the  cosmids was loca ted  close t o  the  0 17 1  insertion 

site. This cosmid also conta ined t h e  0 5 3  insertion si te but  did not  

contain  the  0 2 0 0  site. Apparently t h e  three  insertion si tes were too 

far  ap a r t  to  be cloned on a single cosmid. Since these  cosmids were 

e x p e c te d  to  conta in approximately 40 -k b  inserts  of M. xanthus DNA, 

our  resu l ts  su g g e s te d  t h a t  the  flanking insertions, 0171 and 0 2 0 0 ,  

m us t  be more than 40-kb apart.
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Discuss ion

The Cds t r a n s p o s o n  insertion m u t a n t s  were i so la ted  b a se d  on 

reduced ability to  bind calcofluor white, a f luorescent  dye known to  

bind a, 1-4 linkages in polysaccharides . Exopolysaccharide deficient  

m u ta n t s  of  Rhizobium m elilo ti have  been  isolated using a similar 

calcofluor white based  screening s t r a t e g y  (26).  The Cds m u tan ts  

re ta ined  a subs tan t ia l  level of  S-motili ty (group motil ity).  In an 

earlier s tu d y  (9),  reduced calcofluor white binding was shown to  be 

a ssoc ia ted  with m u ta n ts  de fec t ive  in S-motility bu t  the  isolation of 

th e  Cds m u tan ts  indicates t h a t  fibril deficient  m u tan ts  can exhibit a 

subs tan t ia l  level of S-motility. The first Cds m u ta n t  identified was 

an esg strain. The discovery of  this phenotype  in the  esg s tra in  led 

us to  sea rch  for  additional Cds m u ta n t s  in a collection of  random 

t ransposon  insertion strains. Mutants  with the  Cds p h e n o typ e  were 

relatively  com m on  with 0 .6%  (9 /  1 4 0 0 )  of th e  to ta l  insertion 

strains exhibiting this phenotype.  All the  m utan ts  were found to  be 

sub t ly  d i f f e ren t  from one a n o th e r  based  on the i r  ch a rac te r i s t i c s  

during growth and development,  and screening of this ra ther  modest  

collection of  insertion m u ta n ts  did not  resul t  in th e  isolation of 

addit ional  esg m u tan ts .  T hese  resu l ts  su g g e s t  t h a t  m any  genes  

contr ibute  to  the  production of th e  calcofluor white binding material 

in M. xanthus.
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Analysis o f  th e  Cds m u ta n t s  ind ica ted  t h a t  t h e r e  w as  a strong 

corre la t ion  b e tw e e n  th e  d e g re e  o f  reduc t ion  in calcof luor  white 

binding and  the  degree  of  reduct ion in agglutination (cohesiveness) ,  

p o lysacchar ide  induction, and d e v e lo p m e n ta l  a g g re g a t io n .  The 

s im ples t  model t o  explain th is  r e su l t  is t h a t  calcofluor white  is 

binding t o  extracellu lar  po lysacchar ide-conta in ing  s t r u c tu r e s  in M. 

xanthus called fibrils, t h a t  th e  fibrils a re  mediat ing  agglutination 

and playing an Im p or tan t  role in th e  fo rm at ion  of multicellular 

agg^'egates during development,  and th a t  th e  Cds m u ta n ts  produce 

reduced levels of fibrils. There appea rs  to  be an induction of  fibrils 

during t h e  en try  of  cells into s ta t io n a ry  phase.  Fibrils have  been 

shown to  cons is t  of  roughly equal  a m o un ts  of polysaccharide  and 

protein and  are known to  bind Congo red, a dye  t h a t  binds to 

polysaccharide in much th e  sam e way as calcofluor white. The Cds 

m u ta n ts  appea r  t o  display a range  in th e  degree  of  th e  d e f e c t  in 

fibril product ion and in t h e  a ssoc ia ted  phenotypes.  Fibrils could not 

be d e t e c t e d  on t h e  Cds m u ta n t s  using FESEM, a technique  t h a t  has 

previously  been  used  to  visualize  fibrils a s s o c i a t e d  with in tac t  

cells (5)  bu t  so m e  fibril material was  d e t e c t e d  in several  m u tan ts  

using TEM.

There is considerable  evidence t h a t  fibrils media te  th e  agglutination 

o f  M. xanthus cells. First, the  dye Congo red has been shown to  bind
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to  fibrils and also to  block agglutinat ion (1 ,4 ) .  Second, S-motility 

m u ta n t s  t h a t  lack d e te c t a b l e  fibrils are de f ic ien t  in agglu t inat ion  

(9). Third, the  addition of fibrils isolated from a wild-type strain  to  

dsp m u t a n t  ce l ls  which a re  un a b le  to  a g g lu t i n a t e ,  r e s t o r e s  

agglutination in t h e  m u ta n t  (7). Finally, mutat ion of  the  s tk  locus, 

which resul ts  in enhanced  fibril production,  also c a u se s  an increase 

in agglutination (9).  A s tk  muta t ion can also enhance  agglutination 

in several  S-motility m utan ts .  The Cds m u tan ts  were similar to  dsp 

and th e  o t h e r  S-moti l i ty  m u t a n t s  in t h a t  fibrils could  n o t  be 

d e t e c t e d  in th ese  strains and they  exhibited significant reduction in 

agglutination. The agglutination a ssay  is generally carried o u t  using 

log phase  cells bu t  fibrils have been  observed  only on agglu t inated  

cells (cells rem oved  from agglut inat ion buffer)  or  on cells which 

have been  removed from solid su r faces  a t  high cell densi ty  (2 ,4 ,5) .  

It may be significant t h a t  th e  to ta l  specific carbohydra te  c o n te n t  of 

a lm os t  all of  th e  Cds m u ta n t s  was  lower t h a n  in wild-type cells 

under  g row th  condit ions;  su g g e s t in g  t h a t  fibril mater ia l  m ay  be 

p resen t  in the  growing cells as well.

T here  is also e v idence  for  th e  role of fibrils in dev e lo p m e n ta l  

aggregation. The s t ro n g e s t  evidence comes again from the  addition 

of w i ld - type  fibrils to  t h e  fibril de f ic ien t  dsp m u tan t .  The dsp 

strain, like m os t  o th e r  S-motility m utan ts ,  fails t o  a g g r e g a t e  and
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form fruiting bodies. However, when fibrils were added  t o  t h e  dsp 

strain ,  t h e  ability t o  form multicellular a g g r e g a t e s  was  r e s to re d  

(7). The Cds m u ta n t s  were  found to  vary in the i r  developmenta l  

aggregat ion  capacity .  Those  m u ta n t s  with th e  s t r o n g e s t  calcofluor 

white binding and agglutination d e fe c t s  were the  m o s t  de fec t ive  in 

aggregation. This may indicate t h a t  the  m utan ts  with the  s t ro n ges t  

d e f e c t s  a re  th e  m o s t  d e f i c ie n t  in fibril p ro d u c t io n  b u t  more 

sensitive m ethods  need to  be developed for measuring fibril protein 

and polysaccharide to  conclusively address  this point.  Aggregat ion 

by t h e s e  m u ta n t s  was general ly  improved as cell d e n s i t y  was 

increased .

We have noted  t h a t  the  induction of polysaccharide production is a 

charac te r is t ic  of wild-type cells en te r ing  s ta t ion a ry  phase .  All of 

th e  Cds m u ta n t s  were  de fec t iv e  in this  response .  Although the  

induction of fibril production under  th e s e  condit ions has n o t  been 

r e p o r t e d ,  c e r t a i n  o b s e r v a t i o n s  s u g g e s t  t h a t  M. xa n th u s  

po lysacchar ide  induct ion  may be  re la te d  t o  fibril b io syn thes is .  

First, t h o s e  m u ta n t s  with th e  low es t  c a r b o h y d r a t e  t o  cel lular  

protein  ra t ios  and th e  lowest  levels o f  polysaccharide  induction 

w ere  genera l ly  t h e  m o s t  d e fe c t i v e  in f ib r i l - re la ted  fun c t io n s .  

Examples of  such m u ta n t s  are  SR53 and SR200.  In addit ion, 

agg lu t ina t ion  a s s a y s  with wild-type cells t ak e n  from s t a t i o n a r y
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p h a s e  c u l tu r e s  ( i n d u c e d  cel ls )  i n d ic a te d  t h a t  in d u ce d  cel ls  

a g g lu t in a te d  more  rapidly  than  log p h a se  cells ( 2 3 ) .  Finally, 

B ehm lander  and Dworkin (4)  n o te d  t h a t  high cell d e n s i ty  was  

required  for t h e  p ro d uc t ion  o f  fibrils on solid su r f a c e s .  The 

production of fibrils a s  M. xanthus cells leave th e  vege ta t ive  growth 

phase  of  the life cycle and en te r  the  developmental  phase  may be an 

i m p o r t a n t  e v e n t  in fac i l i ta t ing  t h e  fo rm a t io n  o f  mult ice l lu lar  

fruiting bodies.

The unusual chain-like s t ruc tu res  formed by Cds m u ta n t  SR200 are 

intriguing. These  s t r u c tu r e s  were produced  a t  the  cell poles and 

a pp ea red  to  arise f rom subpolar  regions t h a t  were  s trongly  s ta ined  

with uranyl ace ta te .  The chains of  a roughly spherical unit s t ruc ture  

were flexible and chains dissociated from cells could be seen  in the  

e lec t ron  microscope fields. The s t ru c tu re s  we have obse rved  are 

s o m e w h a t  similar in a p p pea ran ce  to  th e  s t ru c tu re s  re fer red  t o  as 

IPS e x t ru s io n s  by Dobson  e t  al. ( 1 0 ) ,  b u t  t h e  spher ica l  unit 

s t r u c tu r e s  are not  s e e n  and th e s e  a u th o r s  r e p o r t  t h a t  the  IPS 

ex trus ions  were o b se rv ed  in wild-type M. xanthus cells. The SR200 

polar s t ru c tu re s  do n o t  appea r  to  be re la ted  to  th e  f i lamentous  

s t r u c tu r e s  obse rved  by  Lunsdorf and  Reichenbach in t h e  gliding 

myxobacterium, Myxococcus fulvus (2 7 ) .  Further  analysis  will be 

required to  de te rm ine  if there  is any relationship b e tw e e n  t h e s e
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various s t r u c tu r e s .  SR 200  was one  of  th e  Cds m u t a n t s  m o s t  

s t rongly  d e fe c t iv e  in agglut inat ion,  po lysacchar ide  induct ion and 

developmenta l  aggregat ion .  We are in te res ted  in investigating the  

h ypo thes is  t h a t  SR200 has a fibril s e c re t io n  d e f e c t  which may 

r e s u l t  in t h e  a c c u m u l a t i o n  of s t r u c t u r e s  which  could  be 

in te rm edia tes  in the  fibril production process .  If this  is the  case , 

then  th e  unusual  polar s t ru c tu re s  obse rved  in SR200 may indicate 

t h a t  th e  fibril se c re t io n  machinery is localized to  th e  M. xanthus 

cell poles.

While e v i d e n c e  is a c c u m u la t in g  fo r  t h e  role  o f  fibrils in 

a g g lu t in a t io n  and d e v e lo p m e n ta l  a g g re g a t io n ,  t h e  re la t ionsh ip  

b e tw e e n  fibrils and S-motil i ty  is less clear. The f i r s t  group of 

fibril d e f i c i e n t  m u t a n t s  id en t i f ied  w e re  S -m o t i l i ty  m u ta n t s ,  

su gg es t ing  t h a t  fibrils might  function in S-motility. However, a 

group of m u tan ts  called fbd  were recently isolated which has argued 

aga ins t  such  a role (8 ) .  T h ese  m u ta n t s  w ere  i so la ted  in a dsp 

genetic background and the  fbd dsp m u ta n ts  fail to  make fibrils, but  

th e se  cells do exhibit group motility. The Cds m u ta n t s  were also 

found to  have d e fe c t s  in fibril product ion while retaining a s trong 

capaci ty  for S-motility. But, it should be poin ted  o u t  t h a t  despi te  

this general  charac ter is t ic  of the  Cds m utan ts ,  several  of  th em  were 

mildly impaired in the  r a te  of S-motility on low pe rc en t  ag a r  plates.
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Current  evidence s u g g e s t s  t h a t  if fibrils a re  involved in S-motility, 

t h e  role is a r a t h e r  sub t le  one.  Clearly t h e r e  is a conn ec t io n  

b e tw e e n  t h e  S -m ot i l i ty  g e n e s  and fibril p ro d u c t io n ,  b u t  th is  

connec tion  may be  indirect since several  o f  th e  S-motil ity  g e n e s  

have recently been shown to  be directly involved in th e  production of 

ty p e  IV pili (35) .  The Cds m u tan ts  were found to  produce  pili; a 

resu l t  t h a t  is c o n s i s t e n t  with the  s t ro ng  corre la t ion  b e tw ee n  S- 

motility and p resen c e  of t h e s e  extracellular s t ru c tu re s .

There  appea r  to  be many Cds genes  and t h e s e  g e n e s  seem  to  be 

r e q u i r e d  f o r  fibril  b io s y n th e s i s .  M, xanthus  f ib r i ls  h a v e  a 

po lysacchar ide  b a c k b o n e  with several  major  a s s o c i a t e d  p ro te ins  

(4 ,5) .  It is apparen t  t h a t  there  should be gen es  in M. xanthus for th e  

synthesis ,  export ,  and  assembly  of th e  fibril polysaccharide,  g e n e s  

fo r  t h e  f ib r i l - a s so c ia ted  p ro te in s ,  and  g e n e s  involved in fibril 

regulation. Recently, the  gene  for a fibril protein was identified by 

a reverse  g ene t ic s  approach (33) .  Genetic app roaches  will also be 

importan t  in unders tanding  fibril s t ruc tu re  and function.  Based on 

e p i s t a s i s  s t u d i e s  w i th  s tk  and S-moti l i ty  m u ta n t s ,  Dana and  

Shimkets s u g g e s te d  t h a t  the  S-motility g e n e s  fall into two c lasses  

with re spec t  t o  the ir  involvement in fibril production (9) .  The first 

class, including th e  dsp and sg l-3  7 7 9 loci, may encode  com ponen ts  

of t h e  fibrils; and t h e  second  class, including all of  th e  o th e r  S-
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motility loci analyzed, may encode  pro te ins  controlling th e  act ivity 

or e x p re ss io n  o f  th e  f irst  c lass  of  ge n es .  Preliminary g e n e t ic  

s tud ies  with t h e  Cds m utan ts  su g g e s t  t h a t  the re  may be two similar 

c la s s e s  of Cds genes.  Three of th e  Cds loci (SR53, SRI 71 and 

SR200) have b e en  cloned and it has been  possible to  show linkage 

b e t w e e n  t h e s e  loci by hybr id iza t ion  to  c o sm id  c lones .  The  

chromosomal region containing th e se  th re e  insertion s i tes  appeared  

to  be g re a te r  th an  40-kb  in size and t o  conta in  multiple Cds ge n es  

since each insertion strain had a distinctive Cds phenotype.  A more 

de ta i led  analysis  will be required to  d e te rm in e  th e  complexity  of 

this region and  if the  o the r  Cds insert ions are  found in the  sam e  

region.

In conclusion ,  th e  isolation of th e  Cds m u t a n t s  r e p r e s e n t s  an 

im p o r ta n t  s t e p  in th e  s tu d y  of M. xanthus  fibril s t r u c tu r e  and  

function.  The propert ies  of th e se  m u ta n t s  are c o n s is ten t  with th e  

idea t h a t  fibrils play an important  role in cell-cell interactions both  

during v e g e ta t iv e  growth  and during d ev e lo pm en t .  The approach 

d e sc r ib e d  in th i s  s tu d y  has identif ied  a n u m b e r  of new g e n e s  

involved in fibril production and addit ional  g e n e s  could surely be 

ident i f ied  in t h e  sam e  way. Ult imately, t h e  ident if icat ion and 

analysis of t h e  genes  involved in fibril p roduction will be  a major 

s t e p  in u n d e rs tan d in g  th e  role of t h e s e  com plex  and dynamic
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s t ru c tu re s  in M. xanthus biology.
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CHAPTER 3

A c d s  g e n e t i c  lo c u s  in M yxococcus xanthus  is involved  in 
b r a n c h e d  chain f a t t y  ac id  s y n t h e s i s

I. ABSTRACT

The cds m u ta n t s  of Myxococcus xanthus are S-motile  b u t  lack wild- 

t y p e  levels o f  fibrils and are to  varying d e g re e s  def ic ien t  in cell

cell ag g lu t in a t io n ,  e x t race l lu la r  p o ly sa cc h a r id e  p ro du c t ion  and  

deve lopm ent .  In an a t t e m p t  to  fur ther  charac ter ize  the  phenotypes ,  

we found t h a t  s t ra in  SRI 71 drastical ly  r edu ced  developm enta l ly  

r e g u la te d  tps  gene  express ion  similar to  esg. Tota l  f a t t y  acid 

analysis  revea led  t h a t  SRI 71 is defic ien t  in b ranched  chain f a t t y  

acids. Addition of isovaleric acid to growing cells rescued  fruiting 

body formation and increased sporulation and tps  gene expression by 

s e v e ra l  fold. SRI 71 differed from esg in p ig m e n ta t io n  and 

sporu la t ion .  Extracellular  c o m p le m e n ta t io n  w as  o b se rv e d  when  

SRI 71 was mixed with wild-type and th e  esg mutant .  A 6kbp DNA 

f r a g m e n t  c loned  f ro m  the  wild-type cosmid library was  able to  

partially c o m p lem e n t  genetically the  aggrega t ion  d e f e c t  in SRI 71. 

Restr ic tion analysis  revealed t h a t  th e  SRI 71 locus w as  d i f fe ren t  

from th e  esg locus. The  esg locus encodes the El a  and El p subunits  

of a b ran c h ed  chain ke to  acid d e h y d ro g e n a s e  involved in t h e  

product ion of  b ranched  chain f a t t y  acids. Our resul ts  s u g g e s t  t h a t
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the  SRI 71 locus appears  to e i ther  e n co d e  for additional com ponen ts  

of t h e  branched-chain keto acid dehydrogenase  o r  components  of a 

seco nd  e n zym e  involved in branched-chain f a t ty  acid synthesis .
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II. INTRODUCTION 

Myxococcus xanthus is a gliding, gram -negat ive ,  soil bacter ium t h a t  

is d is t inguished  from o th e r  p r o c a r y o te s  by t h e  ability to  fo rm  

multicellular fruiting bodies in the  deve lopm en ta l  phase  of  its life 

cycle. Fruiting body formation is init iated on a solid su r fa ce  by 

n u t r ie n t  dep le t ion  which t r iggers  m any  th o u s a n d s  o f  ro d -sh ap ed  

cells to  move to  aggregation c e n te r s  to  form macroscopic  mounds. 

The  mounds mature  into a fruiting body within which th e  rod shaped  

c e l l s  d i f f e r e n t i a t e  in to  d o r m a n t ,  e n v i r o n m e n t a l l y  r e s i s t a n t  

m y x osp o res  (1 4 ,  34) .  Cell-cell in te rac t ions  a re  essen t ia l  for  the  

developmental  process because  five groups o f  conditional m u ta n t s  

(Asg, Bsg, Csg, Dsg, and Esg) have  been  iso lated  t h a t  c a n n o t  

sporula te  alone, but can be rescued for sporulation when the  m u ta n t  

cells  are  mixed with wild-type cells or cel ls  t h a t  be long t o  a 

d if fe ren t  group (12, 14). This correction of a phenotypic  d e f e c t  is 

t e r m e d  extracellular  complem enta t ion  and d o e s  not  involve gene t ic  

exchange.  Each complementation group has been  shown to belong to  

d ist inct  genet ic  loci and is believed to  be deficient  in th e  production 

of a d if fe ren t  developmental  signal (12 ,  14, ). These extracellular  

signals are th ou g h t  to  regulate  the  sequential  expression of several  

s e t s  of developmental  genes.

The esg locus of M.xanthus is th o u g h t  to  control  the  production of
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one  o f  the  extracellular signals (E-signal) t h a t  m u s t  be t r an sm i t ted  

b e tw ee n  cells for th e  complet ion of d e v e lo p m e n t  (12) . Failure to  

p r o d u c e  th e  E-signal resu l ts  in r e d u c e d  e x p re s s io n  o f  many 

developmentally  regula ted  g enes  expressed  a f t e r  5h of deve lopm en t  

(12) .  Genetic complementa t ion  and sequence  analysis h a s  revealed 

t h a t  th e  esg locus e n co d e s  for  the  a  and p sub-units  of  the  El 

com ponen t  of Branched-Chain ke to  acid dehydrogenase  (BCKAD). This 

is a mult i -enzyme complex involved in branched-chain  amino acid 

m e t a b o l i s m  in m a n y  b a c t e r i a  a n d  v e r t e b r a t e s .  BCKAD 

d e c a r b o x y l a t e s  t h e  b r a n c h e d - c h a i n  k e t o  a c id s  f o r m e d  by 

t ransam ina t ion  of b ranched-cha in  Amino acids (Leucine, Isoleucine 

and valine) to  produce the  corresponding branched  chain f a t t y  acid 

CoA de r iva t ives .  T h e  s h o r t  b ran c h ed -c h a in  f a t t y  a c id s  are  

isovaleric acid (IVA), methylbu tyr ic  acid (MBA) and  isobutyric  acid 

(IBA) respectively. The  fa t ty  acid CoA derivatives serve a s  primers 

in the  production of long branched chain f a t ty  acids  which are then 

incorpora ted into m em brane  phospholipids (10, 2 1 ) .  The branched- 

chain f a t ty  acids are a b un d an t  in M.xanthus cells (21,  3 6 ) .  Several 

biochemical  e x p e r im e n t s  s u g g e s t  t h a t  esg is d e fe c t ive  in BCKAD 

activity.  First, esg m u ta n t s  have reduced levels of  branched-chain 

f a t t y  acids. Second, c rude  cell e x t r a c t  o f  an esg  m u ta n t  showed 

r e d u c e d  ac t iv i ty  of BCKAD e n zy m e .  Third, severa l  p h en o ty p ic
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d e fec ts  in esg including growth, pigmentat ion and deve lopm ent  could 

be re scu e d  w hen  th e  cells w ere  grown in t h e  p re s e n c e  of IVA. 

Finally, th e  p e rc e n t  distr ibut ion o f  long branched-chain  f a t t y  acids 

in esg were re s to red  to  Wild-type levels when IVA was exogenously 

added to  growing cells (36) .  It is believed th a t  t h e  branched chain 

f a t t y  ac ids  p r o d u c e d  during v e g e t a t i v e  g r o w th  are  so m e h o w  

modified and u sed  in th e  production of E-signal during fruiting body 

format ion .

While a t t e m p t i n g  to  c h a r a c t e r i z e  o th e r  d e f e c t s  in esg, th e  Cds 

phenotype  was observed in an esg m u ta n t  which led to  th e  isolation 

of nine d i f f e r e n t  t r a n s p o s o n  insert ion m u ta n t s  sharing the  Cds 

phenotype. The Cds m u ta n ts  were identified based  on their  inability 

to  bind calcofluor white  to  wild-type levels (35) .  Calcofluor white 

is one of the  d y es  t h a t  is known to  bind th e  polysaccharide material 

found in extracellu lar  matrix (8, 35).  The extracellu lar  matrix in 

M.xanthus is believed to  be organ ized  as  fibrils m ade  of roughly 

equal am ou n ts  o f  polysaccharide and protein (4, 5) . Cds m utan ts  

have been  shown to  be deficient  in extracellular polysaccharide and 

fibril production to  varying deg rees .  In addition, t h e s e  m utan ts  are 

d e fe c t iv e  in fibril m e d ia te d  fun c t ion s  like cell-cell agglut inat ion 

and th e  form at ion  of multicellular a g g re g a te s  during initial phases  

of development (1, 2, 4, 8, 14, 35) .  Although th e s e  phenotypes are
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known to  be sh a red  by S-motili ty (g roup)  m u ta n t s  (8) ,  t h e  Cds 

m u ta n ts  have been  shown to  exhibit group  motility (35) .  All of the  

Cds m u t a n t s  w e re  d i f f e r e n t  f rom o n e  a n o t h e r  b a s e d  on th e i r  

morphological charac te r is t ic s  during growth  and development .  Four 

Cds m u tan ts  analyzed to  d a te  have b een  shown to  m ap  to  dist inct  

genet ic  loci. In an a t t e m p t  to  fur ther  describe th e  propert ies of Cds 

m u ta n t s ,  it w a s  found t h a t  SRI 71 reduced  tps  gene  express ion  

significantly c o m p a re d  to  o th e r  Cds m u ta n t s  t e s t e d ,  tps  is a 

d e v e lo p m e n ta l ly  r e g u la te d  g e n e  which req u i re s  esg f o r  i ts  

e x p re s s io n  ( 1 2 ) .  Seve ra l  m o rp h o lo g ica l  a n d  d e v e l o p m e n t a l  

charac ter is t ics  o f  SRI 71 were  found t o  be very similar to  t h a t  of 

esg. So, SRI 71 was cho sen  for f u r th e r  phenotyp ic  and g e n e t ic  

analysis. The resul ts  indicate t h a t  th e  genet ic  d e fe c t  in SRI 71 is in 

a d i f f e ren t  g e n e t i c  locus than  esg and  t h a t  this  locus is also 

involved in the  synthesis  of branched-chain f a t ty  acids.
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III. MATERIALS AND METHODS 

B a c te r i a ,  p h a g e s  a n d  g r o w th  m ed ia .  M.xanthus s t r a in s  w ere  

grown vegeta t ive ly  in CYE or CTT broth  (18).  Solid media conta ined 

1 .5%  B acto -A gar  (Difco L abora to r ies ) .  B ac ter ia  were  routinely  

grown in a New Brunswick Series 25  incubation shaker a t  2 5 0  rpm

a n d  30°C .  Growth  was  m o n i t o r e d  in a K le t t - S u m m e r s o n

pho toe lec t r ic  color imeter  with a red filter. A1 medium w as  used as 

t h e  chemically defined broth for  the  growth ra te  experiments .  The 

broth  contained six amino acids (val, ile, leu, met ,  phe and Asn) up to  

lOC^g/ml, Sperm id ine(125ng /m l) ,  vi tamin B12(U ig /m l)  and various 

sa l t s  and buffers.  0 .5%  pyruvate  se rved  as a major carbon source 

a n d  cell g r o w th  w a s  primarily d e p e n d e n t  on p y r u v a t e .  T he  

p rep a ra t io n  of  cells fo r  g rowth  in A1 medium was followed as  

described previously (36) .  Myxophage Mx4 was utilized to  t ransduce  

cds  m u ta t io n s  into JD 1 0 ( tp s - /a c Z )  s t ra in  (7 ) .  Escherichia co li 

stra ins were grown in L broth or  on L agar  (L bro th  with 1.5% agar)  

a t  3 7 0 c  ( 2 7 ) .  Antibiotics w ere  su p p lem en ted ,  when appropr ia te ,  

w i th  k a n a m y c i n  ( 5 0 p g / m l ) ,  am p ic i l l in  (1 O O p g /m l )  a n d  

oxy te t racyc l ine  (15pg /m l) .

p - g a l a c t o s i d a s e  A s s a y s .  M.xanthus cells having tp s -la cZ  fusions 

were  grown vegeta t ive ly  in CYE broth, h a rv es ted  and w ashed  with 

TPM buffer  (lOmM Tris-HCI (pH7.6), ImM potassium phosphate,  8mM
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MgS0 4 ) and resuspended to a calculated cell densi ty  of 4 0  Klett units 

in CF broth.  The cells were  shaken a t  1 50  rpm a t  28°C. 10ml 

sam p les  were  collected a t  appropr ia te  t im es  by centr ifugation and 

t h e  pe lle ts  were  s to re d  f rozen  a t  -20°C  until all of th e  sa m p le s  

were  collected (11).  Cells developing on CF agar  were h a rves ted  in 

TPM buffer, w ashed  twice and  the  pe l le ts  w e re  similarly s t o r e d  

frozen. To determine  the  levels of p -ga lac to s idase  activity, th e  cell 

pe lle ts  were suspended  in 1 ml of Z-buffer (0.1 M sodium p h o sp ha te  

(pH 7.0), 0.01 M KCI, 0.001 M MgS0 4  and 0.05M p-mercaptoethanol)  and 

sonicated  for  2 min a t  30 -s bursts. The samples were spun down in 

a t a b l e - t o p  Beckm an  M ic rocen tr i fuge  for  2m in  and 0 .2 m l  of  

s u p e r n a t a n t  was  u se d  for  p - g a l a c to s id a s e  a s s a y  and fo r  t o t a l  

protein determination, p-galactosidase  act ivity was  m easured  using 

t h e  c h r o m o g e n i c  s u b s t r a t e  ONPG (o -n i t ro p h e n y l -p -D -  

g a la c to p y ran o s id e )  as  desc r ibed  previously ( 1 1 ) .  Tota l  p ro te in s  

w ere  e s t im a te d  as equivalents  of BSA by using th e  bicinchonic acid 

m ethod  (PIERCE).

T o t a l  c a r b o h y d r a t e  i n d u c t io n  by c a lc iu m .  M.xanthus cells w ere  

grown in CYE medium and ha rves ted  a t  mid-log phase. 4mM CaClz 

was then  added  to  one half of  th e  culture and incubated further  for  2 

hours .  Al iquots  f rom  b o th  t r e a t e d  and  u n t r e a t e d  cells w e re
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m easured  for to ta l  carbohydra te  c o n te n t .  Tota l  carbohydrates  were 

d e te rm in e d  as  g lucose  equ iva len ts  by th e  anthrone-sulfuric  acid 

m ethod  as described previously (17, 35) .

F a t t y  ac id  A n a ly s i s .  M.xanthus cells were grown on CTT a g a r  a t  

3Q0C. Whole cell f a t ty  acid analysis was performed by Microcheck, 

Inc., Northfield falls, Vermont.  The f a t t y  acids were e x t r a c te d  and 

th e  methyl e s t e r  derivatives were analyzed  by gas ch rom atography  

with  MIDI microb ia l  id e n t i f i c a t io n  s y s t e m  (MIDI,Inc. Newark ,  

Delaware).  The m e th o d s  for  ex t ra c t in g  f a t t y  acid methyl  e s t e r s  

have been described previously ( 28, 29 ,  33 ).

D e v e l o p m e n t a l  C o n d i t i o n s  a n d  S p o r e  c o u n t s .  V e g e ta t iv e ly  

growing M.xanthus cells in CTT b ro th  (with or  without IVA) w ere  

ha rves ted  in mid-log phase and the  pellet  was  washed once with TM 

buffer  (lOmM Tris HCI (pH 7.6),  lOmM MgS0 4 ) • The pellet was th en

resu sp en d ed  in TM buffer  t o  a ca lcu la ted  cell density  of 2 x 109 

cells /ml and 0.1 volume was pla ted  on CF aga r  as multiple sp o ts .  

The p la te s  were  incuba ted  a t  30°C for  96h  and the  s p o t s  w ere  

scraped into 10OpI of TM buffer  using a clean razor blade. The cell 

suspension was th en  sonicated  for 3 0 - s  twice t o  disperse the  sp o re s  

and also to  kill any viable veg e ta t iv e  cells. Serial dilutions of  t h e  

sample  were th en  made and p la ted  o n to  CTT agar and scored  for  

g r o w th  a f t e r  72  hours .  For e x t r a c e l l u l a r  c o m p l e m e n t a t i o n
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experiments, 2 x 1Q9 cel ls /ml of  Wild-type ceils were  mixed with 

the  same concentra t ion  of  m u ta n t  cells before the  sp o ts  were plated 

on CF agar. Fruiting bodies  were observed  and ph o to g rap h e d  a f te r  

four days.

S c a n n in g  A b s o r b a n c e  S p e c t r o s c o p y .  Cells w e re  grown to  log 

phase  in CTT medium. The cells were harvested  and the  pellet  was 

washed once with water ,  and son ica ted  for a tota l  of  60  se con d s  in 

1 5-s intervals followed by cooling to  break open th e  cell walls. The 

e x t r a c t  was th en  cen tr i fuged  a t  SOOOx g for 10 minutes  and the  

su p e rn a ta n t  was collected. Total  proteins of the  cell f ree  e x t ra c t  

was e s t im a te d  by the  bicinchonic acid method  (PIERCE). 5 5 0 p g  of 

protein in 1 ml was tak e n  in a c u v e t te  and the  absorbance  profile of 

t h e  e x t r a c t  w a s  m o n i t o r e d  u s in g  a B e c k m a n  DU -64  

Spec tropho tom ete r  a t  wavelengths  ranging between 30 0 -5 0 0 n m .  

Cloning  a n d  G e n e t i c  A n a ly s i s  o f  SRI 71 l o c u s .  A plasmid 

designated  pSR171 containing M. xanthus DNA flanking T n 5  in SRI71 

was c o n s t r u c t e d  in E.coli using Kanamycin as s e lec ta b le  marker. 

pSR171 was cloned as  a 4.1 kbp BamHI fragment  in pGEM3Zf+ vector  

(p rom eg a ) .  This p lasmid  c o n ta in e d  1.1 kbp of  M.xanthus DNA 

adjacent  to  Tn5. A 0.7kbp Xho\ f ragm ent  of M. xanthus DNA was then 

purified from 0 .5% a g a ro se  gel using Qiagen’s gel ex t rac t ion  kit. 

This f ragm ent  was radiolabelled with [a-32p]dCTP (Amersham) based
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on th e  m ethod developed by Feinberg and Vogelstein (15) .  The DNA 

probe  was t h e n  u se d  t o  hybridize a library o f  cosm id  clones 

conta ining wild- type  M.xanthus chromosomal DNA(27). A Southern 

analysis was th en  pe r fo rm ed  with Wild-type chromosomal DNA and 

DNA ex trac ted  from th e  cosmid 5A-G5 th a t  hybridized to  th e  probe 

(3, 27) .  A e.Okbp fiamHI-Sa/l f ragm en t  from th e  cosmid containing 

th e  m 71 region was  ligated into a BamHl-SaH d iges ted  pGEM3Zf+ 

v e c to r  to  c r e a t e  pSRl 72.  Restr iction analysis of  th is  plasmid 

revealed t h a t  th e  T n 5  insertion was located roughly abou t  I k b p  from 

th e  BarriHl s i te .  pSRl 7 4  was co n s t ru c ted  by inserting a 3.4kbp 

HlndlW f ragm en t  containing th e  gene  for Kanamycin resistance. The 

H/ndlll f r a g m e n t  w a s  o b ta in e d  f rom T n 5  in se r te d  into pBR322. 

Genet ic  c o m p le m e n ta t i o n  was perfo rm ed  with a rec ip ien t  strain 

(SRI 72)  conta ining Q171 insert ion with a modified form of Tn5 

cal led Tn5-7 32. The modified t ransposon  en codes  for  tetracycline 

res is tance  ins tead  of kanamycin (3). SRI 72 was c o n s t ru c ted  by in 

situ rep lacem en t  of T n 5  with T n5 -73 2 .  This was accomplished by 

infecting S R I 71 with P 1 :T n 5 -7 3 2  phage.  Two homologous c ross

overs  be tw een  th e  t ransposon  inverted repea ts  result  in replacement 

of Tn5-WT by T n 5 -1 3 2 . The phage genome and Tn5-WT are  lost. 

p S R 1 7 4  was  in t r o d u c e d  in to  SRI 72 by e le c t r o p o r a t i o n  (2 0 ) .  

Merodiploid s t ra ins  were  col lec ted  by plating the  t r a n s fo rm a n ts  on
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CTT a g a r  con ta in ing  kanamycin (SO^/g/ml) a n d  o x y te t rac y c l in e  

(15^yg/ml). The ability of pSRl 74 to  com plem ent  th e  developmental  

d e f e c t  w a s  t e s t e d  in a subm erged  cu l tu re  a s s a y  as  desc r ib ed  

previously (24) .  Photographs of fruiting bodies  were  taken  a f te r  

96h of incubation a t  SO^C.

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  M.xanthus s t r a in s  w ere  

grown t o  mid-log phase  in CTT broth, h a rv e s te d  by centr ifugation 

and c o n c e n t r a te d  to  2x109 cells/ml in lOmM Tris-HCI (pH7.6). The 

sam ples  were sp rayed  with an airbrush a t  2 0  psi into a 5A/m nylon 

mesh (Small Parts,  Inc., Miami Lakes, FL) t ran s fe r  b a sk e t  submerged 

in liquid p ropane  maintained a t  -1830C (1 6 ) .  Liquid nitrogen was 

used  t o  liquefy and maintain the  t e m p e r a tu re  of propane.  The air 

brush w as  equ ipped  with a needle valve t h a t  a d ju s te d  th e  orifice 

s ize ,  a n d  t h e  d r o p l e t  d i a m e t e r  s ize  o f  t h e  s a m p le s  w ere  

approximately  ad jus ted  be tw een  40-50pm . A fte r  freezing,  the  mesh 

b a s k e t  conta in ing  th e  f rozen  sample was drained  and t rans fe r red  

through anhydrous  a ce to n e  rinses thrice a t  -SS^C (16 ) .  The freeze 

su b s t i tu t e d  cells were  brought  to room te m p e r a tu re  gradually over  

lOh, rehydrated  and post-fixed with 2% OSO4 for 3h a t  20°C, rinsed

with w a te r  thrice and then  dehydra ted  in a g raded  ace to n e  series. 

The cel ls  were  t h e n  infi l t rated  in EmBed 8 1 2  resin (Electron
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Microscopy Sciences , Fort Washington, PA) and polymerized a t  65QC 

fo r  18h. The e m b e d d e d  samples  were c u t  with a diamond knife to 

obtain silver s e c t io n s  on a Reichert Ultracut u l tramicro tome and 5- 

8 sect ions were loaded on to  formvar co a ted  copper  grids. The grids 

were then  s ta ined  twice with sa tu ra ted  uranyl a c e t a t e  and Reynold’s 

lead a ce ta te .  The sect ions were viewed using a JEOL 2 0 0 0  electron 

microscope at  an accelerating voltage of lOOkV.
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IV. RESULTS

T n 5  in se r t io n  0 1 7 1  r e d u c e s  tp s  g e n e  e x p r e s s io n .  As par t  of 

a continuing s tudy  on characterizing Cds m utan t  phenotypes ,  several 

muta t ions  were in troduced into JD10, a wild type  st rain  containing 

tp s -la cZ  t r a n s l a t i o n a l  fu s io n  g e n e  i n t e g r a t e d  in to  M.xanthus 

chrom osome by homologous recombination (11, 12).  The e f fe c t s  of 

Cds m uta t ions  on t p s  expression were  monitored by measuring p- 

g a la c to s id a s e  a c t iv i ty  in cel ls  s u s p e n d e d  in liquid CF medium. 

Previous s tudies  have  shown t h a t  the  tps gene is highly expressed in 

shaker  culture  and  t h a t  the  highest  activity was recorded  a t  about  

2 0  hours of  deve lo p m en t  (11) .  Figure 1 shows t h a t  four of the  Cds 

m u ta n t s  t e s t e d  had  tps g e n e  expression ranging from abou t  40% 

(SR233 and SR53) t o  85% (SR200) of wild-type activity. Only about 

8%  of wild- type  tps  gene  act ivi ty  was  m ea su re d  in SRI 71.  A 

deta iled t ime c o u rse  exper im ent  on tps expression in SRI 71 was 

th en  undertaken (Figure 2). The peak activity of tps  gene  in Wild- 

ty p e  is seen  around 2 0  hours in both liquid culture and CF plates. In 

SRI 71, t h e r e  was  dramatica l ly  reduced tps  express ion  suggest ing  

t h a t  this locus is essent ia l  for  the  regulation of tps  gene  expression 

during deve lopm ent .  This dras t ic  reduction of tps  g e n e  expression 

by 01 7 1  insert ion w a s  comparable  to  t h a t  obse rved  with th e  esg 

m utan t  which had a b o u t  4% of  the  wild-type level of tps  gene
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Figure 1. Effect  of  Cds mutat ions on t p s  expression.  JDIO(WT) 
h a s  tp s -la c Z  fu s ion  in M.xanthus ch rom osom e.  J D 2 5 8 ( e s g )  
conta ins  0 2 5 8  insertion in JDIO. The five Cds m uta t ions  ( 0 5 3 ,  
0 1 7 1 ,  0 2 0 0 ,  0 2 3 3 ,  and 0 4 8 3 )  are t ransduced  into JDIO. Cells 
were  su spended  in liquid CF medium and incubated  a t  28°C  in 
sh a k e r  cu l tu re .  Sam ples  w ere  co l lec ted  a t  Oh and  2 0 h  of 
incubation and t p s  g e n e  expression was m easured  by assaying 
f o r  p -g a la c to s id ase  act ivi ty.
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E f f e c t  o f  n i  7 1  o n  t p s  e x p r e s s i o n  in  C F  l i q u id  m e d i u m
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Fig 2. Expression o f  tps-lacZ during development o f JDIO(WT) and SRI 7 1 . The D171  
insertion locus was transduced into JDIO by Mx4 transduction. Cells were grown in CF 
liquid medium as well as plated on developmental (CF) agar. Samples were collected at 
indicated tim e points and assayed for p-galactosidase specific activity.
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Fig 3. Growth of  SRI 71 in chemically defined  A1 medium. DK1622 
and DZFl w ere  used as wild-type s tra ins .  DKl 6 2 2  had an a p p aren t  
s lower  g r o w th  ra te  b e ca u se  of i ts  d u m p i n e s s  and i ts  ability to  
stick to  g la s s  surface. DZFl grew in a d isp e r sed  s t a te  in the liquid 
medium. C u l tu res  were incubated  a t  SQOC and  cell growth  was 
m o n i to red  a t  indicated t imes in a K le t t -S u m m erso n  pho toe lec t r ic  
co lo r im e te r  with a red filter.
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a c t iv i t y .  S eve ra l  SRI 71 p h e n o t y p i c  c h a r a c t e r i s t i c s  including 

agg lu t ina t ion ,  dye binding, p ig m en ta t ion  and a g g re g a t io n  d e f e c t s  

w ere  more similar to  esg than to  o th e r  Cds m utan ts  (35) .  Based on 

its r e l a te d n e s s  with esg, SRI 71 w as  chosen for fu r th e r  phenotypic  

and genotypic  analysis.

G r o w th  A n a ly s i s  in AI b r o t h .  Previous s tu d ie s  had indicated 

t h a t  th e  esg m u tan t  failed to  achieve  wild-type levels of g rowth  in 

AI medium (36) .  SRI 71 grew well in complex m edium  containing 

c a s i t o n e .  Fig. 3 show s t h e  g ro w th  ra te  of  th is  m u t a n t  in th e  

chemically defined AI medium. Pyruvate  se rves  as t h e  main source 

of carbon and energy in this medium. This medium also contains  the  

b ranched-cha in  amino acids which a re  essent ia l  for  t h e  growth  of 

M.xanthus (6, 36). OKI 6 22  and DZFl were used as wild-type strains 

b e c a u se  OKI 6 2 2  formed clumps within the  growth medium as  well 

as on th e  side-arm flask surface  making it difficult to  m ea su re  

turbidity of growth. A slow growth ra te  was thus  observed  until 50 

hours  fo r  DKl 622.  However, when to ta l  protein was  m easured ,  a 

s t e a d y  increase in growth was observed  (data  not  shown). The DZFl 

s t ra in  did n o t  clump in AI medium and showed s t e a d y  increasing 

growth till a bou t  110 Klett units. The  growth pa t te rn  of  SRI 71 was 

similar to  DZFl but  growth ceased  a t  a lower cell density .  There was 

no significant change in th e  pa t te rn  of  th e  protein levels com pared
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to  wild-type. It has been  shown earlier t h a t  esg grew only up to  70 

klet t  units  under similar conditions (36) .  The resu l ts  s u g g e s t  th a t  

SRI 71 may no t  be defec t ive  in growth related enzym at ic  activities. 

C a lc iu m  i n d u c e d  p o l y s a c c h a r i d e  p r o d u c t i o n .  It h a s  been  

previously shown t h a t  Cds m u ta n t s  were  d e fec t iv e  in extracellular  

po lysacchar ide  production (35) .  Previous s tu d ie s  ind ica ted  t h a t  

addition of  divalent  ions like calcium or s t ron t ium  t o  growing wild- 

ty p e  cells induces th e  product ion  of exopo lysacchar ide  a n d  t h a t  

calcium induced cells agg lu t ina te  more  effec t ive ly  th a n  uninduced 

cells. The s tudy  also showed th a t  SR53, a Cds m u ta n t  and severa l  

fibril d e f ic ie n t  m u ta n t s  did not  induce po ly sacch ar id e  s y n th e s i s  

w i th  c a l c iu m  unlike  esg s u g g e s t i n g  t h a t  c a lc iu m  in d u c e d  

polysaccharide is genetically separable (23). It has been  argued th a t  

polysaccharide induction is no t  only regulated by th e  en try  o f  cells 

into s ta t ionary  phase b u t  also independently by calcium (23) .  So, it 

was of in te res t  to see  if SRI 71 responded to  carbohydra te  induction 

by calcium. Table 1. shows th a t  both esg and SRI 71 were capable  of 

inducing polysaccharide to  wild-type levels when calcium was added  

to  growing cells in log phase .  The calcium induced cells show ed  

more clumping than uninduced cells. The result  shows t h a t  esg  and 

SRI 71 have  re ta ined  t h e  c a p a c i ty  to  m ake  e x o p o ly s a c c h a r id e  

material when t rea te d  with calcium. Furthermore, this
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Total Carbohydrate induction bv Calcium

STRAIN

UQ C a r b o h y d r a t e  / u q Pro te in

- CaCI? +CaCI? % INCREASE

WT 0.13 0.15 15

esg 0.12 0.14 17

SRI 71 0.12 0.14 17

Table 1. Cells were grown in CYE medium to  mid-log phase  and the  
cu l tu res  were divided in half. The  divided cu l tu re s  w e re  fu r th e r  
incubated  for 2h with or  without  CaCl2 . The sam ples  were  a ssay ed
for to ta l  carbohydrate  by anthrone-sulfuric acid method.

1 0 0



B r a n c h e d - C h a i n  F a t t v  a c i d a n a l y s i s

F a t tv  acid

% Fattv acids 

WT e s q SR 171

1 1 :0 ISO 0.2 -  — - ----

13:0  ISO 0.7 0.2 ----

14:0  ISO •  -  - 0.1 — -

15:0  ISO 45.1 16.9 22.4

16:0  ISO 1.1 5.9 2.0

17:0  ISO 6.3 4.1 2.8

14:0  ISO 30H 4.7 1.1 1.5

15:0  ISO 30H 1.7 0.6 1.2

1 7:0  ISO 30H 2.0 1.1 1.2

ISO 17:1 cdIOC 1.2 1.4 0.5

Tota l  BCFAa 63.0 3 1 .4 31.6

Table 2. P e rcen t  distribution of tota l  branched-chain  f a t ty  acids in 
wild-type and m u ta n t  cells grown in CTT broth. The values for wild- 
type and esg cells shown were repor ted  previously, a Total BCFA is 
the  ratio of  branched-chain fa t ty  acids t o  to ta l  f a t ty  acids.

1 0 1



exopolysaccharide material appeared to be  in the  form of fibrils.

SRI 71 is d e f i c i e n t  in b r a n c h e d - c h a i n  f a t t y  a c i d s .  The 

primary d e f e c t  in esg w as  found to  re su l t  in a reduct ion  of long 

b ranched  chain f a t t y  ac ids  (3 6 ) .  Since severa l  p h e n o ty p e s  are 

sha red  by SRI 71 and esg ,  it was of i n t e r e s t  t o  d e te rm in e  the  

branched-chain f a t t y  acid profile in SRI 71 .  Table 2 shows the  total 

cellular branched-chain f a t t y  acid profile for  SRI 71 and esg st rains 

in comparison  with t h e  wild-type. The to ta l  b ranched-cha in  fa t ty  

acids is reduced  in half in both esg and SRI 71 c o m p ared  to  wild- 

ty pe  levels. Except  for  iso-16:0, all the  o th e r  branched-chain  fa t ty  

acid spec ies  a re  reduced  in the  m u tan t  cells. The  results  indicate 

t h a t  like esg, SRI 71 is defect ive  in the production of  iso-1 5:0 (13- 

m e t h y l - t e t r a d e c a n o i c  ac id )  which is t h e  m o s t  a b u n d a n t  long 

b ran c h e d -c h a in  f a t t y  ac id  found  in M.xanthus. However,  some 

d i f f e r e n c e s  b e tw e e n  t h e  two m u ta n t  s t ra in s  w e re  n o te d .  For 

example, iso 16:0 ,  iso 1 7 :0  and the  modified branched-chain  fa t ty  

acid species,  iso 17:lm1 OC, were increased in esg w hereas  i s o l 5:0 

30H was reduced.  The significance of t h e s e  findings is no t  clear a t  

th e  p resen t  time.

C o r re c t io n  o f  p h e n o t y p i c  d e f e c t s  by IVA. In an earlier study, 

several of the  phenotypic d e fec ts  in the esg m u tan t  were corrected 

by growth of cells in media  containing th e  shor t  branched-chain
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WT esg SR171

-IVA

+IVA

Fig 4. E f fec t  o f  IVA on fruiting body  fo rm at ion .  Wild-type and 
m u ta n t  cells were  grown in CTT medium with and without  ImM IVA. 
Development  was initiated by spot t ing  cells on CF agar. Photographs 
were  t a k e n  a f t e r  four  days  of d e v e lo p m e n t .  Wild-type cells was 
proficient in making fruiting bodies and was n o t  a f fe c te d  by IVA. esg 
and SRI 71 did no t  make fruiting bodies w ithout  IVA.
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EFFECT OF IVA ON SPORULATION

No. OF SPORES

STRAIN - IVA + IVA FOLD STIMULATION

WT 1.3x108 7x1 QS 5.4

e sg 5x104 3.5x1 q8 7x1 ()3

SRI 71 1.5x104 3.3x108 2.2x104

Table 3. Wild-type and m u t a n t  cells grown in CTT medium were  
allowed to  develop  on CF a g a r  for  96h.  Spore filled fruitng bodies  
were  s c ra p e d  into TM buffer, son ica ted ,  and dilutions of cells were  
p la ted  o n to  CTT agar to  de te rm in e  th e  number of viable spores .  The 
m u t a n t  cells grown in th e  p r e s e n c e  of  IVA sporu la ted  t o  nearly  
w i ld - type  levels.
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Effect of IVA on tPS expression

S t r a in - IVA + IVA

Oh 25h Dev/Veg Oh 25h Dev/Veg

WT 32 5500 1 7 0 89 5415 61

esg 3 20 7 18 458 25

SRI 71 7 49 7 14 703 52

Table 4. Cells were  grown in CTT medium with or w ithout  IVA and 
allowed to  deve lop  on CF agar .  Samples  were  h a rv e s te d  a t  t h e  
beginning and 25h of deve lopm en t  and assayed  for p - g a l a c t o s i d a s e  
s p e c i f i c  a c t i v i t y .  A d d i t io n  o f  IVA s ig n i f i c a n t ly  i n c r e a s e d  
d ev e lo p m e n ta l  gene  exp ress ion  in t h e  m u ta n t s .  Dev /V eg  a re  t h e  
r a t i o s  of  p -g a la c to s id a s e  sp ec i f ic  a c t iv i t ie s  of d e v e lo p in g  t o  
v e g e ta t iv e  cells.
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f a t ty  acid, IVA (36) .  This result  could be explained by t h e  use of IVA 

to bypass the  esg muta tional  block and r e s to re  branched-chain fa t ty  

acid synthesis .  Since SRI 71 was defic ient  in th e  syn thes is  of  odd- 

numbered iso - fa t ty  acids (Table 2) which a re  known to  be derived 

from IVA, it was of  in te res t  to  see if IVA rescued  the  developmental 

p h e n o ty p e s  in t h e  m u ta n t .  The cells w e re  grown in CTT broth 

containing 1 mM IVA and th en  placed as  c o n c e n t r a te d  spo ts  on CF 

agar  t o  initiate  d e v e lo p m en t .  Fig. 4 sho w s  t h a t  th e  m u ta n t  cells 

were no t  able to  com ple te  aggregation and supplementa t ion  of IVA 

to  growing cells e n hanced  th e  fruiting body formation  in both esg 

and SRI 71.  Growth with IVA did not a f fec t  fruiting body  formation 

in the  wild-type st rain . Determination of  t h e  num ber  of spores  in 

t h o s e  d e v e l o p m e n t a l  c u l tu r e s  in d ic a te d  t h a t  IVA s t im u la te d  

sporulation by more than  four orders of magni tude  to  abou t  50% of 

wild-type levels in SRI 71 (Table 3). IVA increased  sporulation by 

about  five-fold in th e  wild-type. Rescue of  tps  express ion with IVA 

was then  t e s t e d  by measuring the  p -ga lac to s id ase  ac t iv i ty  on cells 

undergoing d e v e lo p m e n t  on CF agar p la tes  (Table  4).  The results 

show t h a t  t h e  wild-type cells were no t  a f f e c t e d  in developmental  

t p s  expression by IVA, but  the  Dev/Veg ratio was  reduced owing to a 

s l ight  i n c re a s e  in t p s  express ion  in t h e  v e g e t a t i v e  cells. IVA 

st imula ted  deve lopm en ta l  t p s  gene express ion  significantly in both
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t h e  m u tan ts .  However, the  increase in gene expression did n o t  reach 

wild-type levels. The significance of this  resul t  is n o t  c lear  a t  the 

p re s e n t  t ime.  A similar pa t tern  of tps gene  expression was observed 

in CF sh a k e r  cu ltures  (da ta  n o t  shown). In summary,  th e  results  

indicate  t h a t  addition of IVA to  vegeta t ive ly  growing cells rescues 

d e v e l o p m e n t a l  p h e n o ty p e s  su c h  as  f ru i t ing  bo d y  fo rm at ion ,  

sporu la t ion  and  tps gene  express ion .  It s u g g e s t s  t h a t  like esg, 

SRI 71 is likely to  be defec t ive  in one of  t h e  early s t e p s  in the  

pa thw ay  fo r  th e  synthesis  of branched-chain f a t t y  acids from the 

branched-chain amino acids (10, 36).

P i g m e n t a t i o n  D e f e c t .  Wild-type M.xanthus cel ls a re  in tense ly  

yellow in a p p e a ra n c e .  A no n -ca ro ten o id  p ig m e n t  which absorbs  

s trongly  a t  3 7 9 n m  is primarily responsible  for  this coloration (32). 

In an earlier s tudy,  it was repo r ted  t h a t  esg failed to  produce this 

p igm en t  when  grown in A1 medium (36) ,  a l though cells remained 

yellow when grown in CTT medium. SRI 71 was different  from esg 

and displayed very little pigmentation on developmental  agar  plates 

and appea red  pale yellow even when grown in CTT medium. Fig. 5 

show s a scanning spec t ropho tom etr ic  analysis of cell ex trac ts .  The 

wild-type cells exhibited a prominent  peak  c e n te re d  abou t  384nm. 

esg show ed  less than  half the  absorbance  of wild-type levels while 

the  peak is completely  absent  in SRI 71 m u tan t  extract .  The results
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indicate t h a t  SRI 71 and esg are  bo th  involved in th e  production of 

t h e  intracel lular pigment.  Furthermore ,  the  p igm enta t ion  d e f e c t  in 

t h e  two m u ta n t s  were distinguishable based  on the sever i ty  o f  the  

d e f e c t s  in different  growth media.

E x t r a c e l l u l a r  C o m p l e m e n t a t i o n  A n a l y s i s .  It has  been  shown 

previously t h a t  the sporulation d e fe c t  in esg could be substant ia l ly  

c o r re c te d  by extracellular co m p lem en ta t io n  when mixed with wild- 

ty p e  cells or o ther  signaling m utan ts  (12 ) .  It was of in te res t  t o  see  

if sporula tion could be rescued  when SRI 71 was mixed with wild- 

ty p e  or esg m u tan t  cells. Table 5 show s t h a t  SRI 71 is defec t ive  in 

sporulation and the number of spores  obtained is a t  l ea s t  seven fold 

less  than  esg. The resul t shows t h a t  in a mixture with wild-type 

cel ls ,  sp o ru la t io n  o f  SRI 71 was in c re a s e d  s u g g e s t i n g  t h a t  it 

re sponds  to  extracellular complementa t ion .  SRI 71 also responded to  

ex trace l lu la r  com plem en ta t ion  by esg, bu t  t h e  e f f e c t  was less  in 

magni tude .  In a reciprocal experiment ,  esg was able to  respond to  

ex trace l lu lar  com plem en ta t ion  by SRI 71 only to  a le s se r  e x te n t .  

Cells resul t ing from the  germ ina t ion  o f  SRI 71 s p o r e s  could be 

d i f fe ren t ia ted  from the  wild-type and esg m u ta n t  cells on the basis 

o f  t h e  t e t r a c y c l i n e  r e s i s t a n c e  m a r k e r  p r e s e n t  in SRI 7 1 .  

Extracellular com plem enta t ion  of d ev e lo p m e n ta l  d e f e c t s  has been  

used  to  define signaling m utan ts  (12, 14, 34). However, th e  increase
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in sporula tion s e e n  when SRI 71 is mixed with esg is no t  t o  the  

e x t e n t  of w ha t  is m easu re d  with wild-type cells. Nevertheless ,  the 

resul t  s u g g e s t s  t h a t  th e  ph en o ty p e s  are distinguishable in th e  two 

m utan ts .

Cloning  a n d  G e n e t i c  A n a ly s i s .  A cosmid clone was identified 

which conta ined  th e  wild-type copy of  the  chromosomal  DMA from 

the  Q171 region. Southern analysis revealed a common 6kbp BamH\- 

SaH f ragm ent  found in both  the  cosmid and genomic DMA, which was 

then  cloned in E.coli. Restriction analysis of this f r ag m e n t  revealed 

t h a t  it is d i f fe ren t  from t h e  esg locus (12, 36) .  The T n5  in esg is 

in se r ted  within a O.Skbp Xho\-Sma\ f r a g m e n t  w h e r e a s  0 1 7 1  is 

inserted within a 0 .4kbp  £coRI-Pst l  f ragment,  located roughly about  

I k b p  from th e  BairMl site. A H/ndlll site is found only in th e  esg 

locus whereas  a Kpn\ site is found only in th e  SRI 71 locus (Figure 

6). Genetic com plem enta t ion  was performed by introducing pSR174 

which c o n ta in e d  w i ld- type  DNA from t h e  0 1 7 1  region and a 

kanam ycin  r e s i s t a n c e  m arker .  The rec ip ien t  s t ra in  c o n ta in e d  a 

modified version of 0 1 7 1  encoding te t racycl ine  res is tance.  Several 

m e ro d ip lo id  s t r a i n s  c o n ta in i n g  k a n a m y c in  a nd  t e t r a c y c l i n e  

r e s i s t a n c e  m a r k e r s  w e r e  o b t a i n e d  b e c a u s e  o f  h o m o lo g o u s  

recombinat ion .  The morphological t r a i t s  of  merodiploids including 

pigmentation, tex tu re  and spreading ability on CTT agar  were like
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Absorption Spectrum of cell extracts

WT esg S R 1 7 1
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Fig . Cells were grown to mid-log phase In CTT medium. The cell extracts were prepared as described In Materials 
and Methods. Each extract sample contained 550pg/ml protein and the absorbance profile was taken using a 
Beckman DU-64 spectrophotometer. The wild-type had an absorption maxima at 3B4nm.



Sporulation o f  Strains 

STRAiN No. Of SPORES % WT SPORES

WT 1.3x108 100

esg  9x10'^ 0.07

SRI 71 1x104 0.01

EXTRACELLULAR COMPLEMENTATiON 

STRAIN No. Of SPORES FOLD INCREASE

WT+171 2.8x10^ 5.6x103

171+esQ 4x108 9

e s g + lZ i  1.7x10^ 340

Table  5. Extracellular c o m p le m e n ta t io n  of SRI 71 sporu la t ion  by 
mixing with wild-type and esg m u t a n t  cells. Wild-type and m u ta n t  
cells grown in CTT medium were allowed to develop on CF a g a r  for 
96h.  For extracellular  com plem enta t ion ,  the  input ratios of  t h e  two 
s t ra ins  was  1:1. Sporulating s t r a in s  being coun ted  in t h e  mixing 
e x p e r i m e n t s  a re  indicated by an underl ine.  Spore filled f ru i tng  
bodies were scraped into TM buffer, sonicated ,  and dilutions of  cells 
w ere  p la ted  on to  CTT agar  con ta in in g  appropr ia te  an t ib io t ics  to  
de termine t h e  number of viable spores .
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Genetic map of SRI 71 locus

M K B

Genetic map of esq locus

H B E

0 .5  kbp

Fig . Genetic maps of esg and SRI 71 loci. A partial res t r ic t ion  map 
of SRI 71 locus is compared  with e sg  locus. S, Sali; M, M/ui; K, Kpn\; 
X, Xhoi; P, PstI; B, BamHi; H, HinDiW; E, ECoRI. SRI 71 locus is about  
6 kbp and esg locus is ab o u t  5.5kbp. The approximate location of Tn5 
inse r ts  are  shown. The Tn5 inser t ion  is within O.Skbp Xhoi -Sali 
f r a g m e n t  in esg and 0 .4 k bp  Psti-ECoRI f r a g m e n t  in SRI 7 1 .  The 
Bam Hi-Sali f r a g m e n t  of  SRI 71 w a s  u s e d  f o r  g e n e t i c  
com plem en ta t ion .
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WT SR171
SR171

+
pSR174

. ï a ü l '

Fig 7. Fruiting body  formation  of Wild-type, SRI 71 and merodiploid 
(SRI 71 + pSR174) cells on CF agar. Cells were  grown vegetat ively  in 
CTT medium and allowed t o  develop in subm erged  culture.  Fruiting 
bodies were observed and photographed a f te r  four days .
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th e  wild-type s tra in  and th e  aggregat ion d e f e c t  s e e n  in SRI 71 was 

also r e scu ed  indicating gene t ic  c o m p lem e n ta t io n  h a d  tak e n  place 

(Figure 7).

E l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  o f  w i l d - t y p e  a n d  c d s  

m u t a n t  cel l  s u r f a c e s .  Cell surfaces of wild-type and  Cds m utan ts  

were  previously exam ined  by FESEM and  it  was fo u n d  t h a t  the  

m u ta n t s  w ere  d e f i c i e n t  in fibril p ro d u c t io n  ( 5 , 3 5 ) .  Cells were  

prepared for  FESEM by growing on p lates  t o  high cell density . The 

loss  of  fibrils w a s  c o r r e l a t e d  t o  a r e d u c e d  p r o d u c t i o n  of 

carbohydra te  in Cds m utan ts .  It was also no ted  t h a t  th e  ratio of 

c a rb o h y d ra te  to  p ro te in  in the  exponen t ia l ly  growing  wild-type 

cells was much higher than  Cds m u tan t  cells (35) .  In an a t t e m p t  to 

u n d e rs t a n d  the  s ign if icance  of th is  resu l t ,  lo g -p h a s e  cells were 

p r e p a r e d  fo r  t r a n s m i s s io n  e le c t ro n  m ic r o s c o p y  b y  u l t ra rap id  

freezing. It has b e e n  shown th a t  biological m ater ia ls  p repa red  by 

ultrarapid freezing  yield superior u l t ra s t ruc tu ra l  p rese rv a t io n  since 

cel lu lar  c o n s t i t u e n t s  a re  immobilized in v i t r e o u s  ice within 

mil l iseconds (2 2 ) .  Ultrarapid freezing  o f  cells  w a s  ach ieved  by 

spray-freezing  ( 1 6 , 2 2 ) .  High quality f reez ing  was o b s e r v e d  in 75- 

8 0 %  of cells  f ro m  each  sample .  F reez ing  d a m a g e  w as  easily 

recognized  as  e le c t ro n  t rans lucen t  p a t c h e s  within cells .  Figure 8 

shows t h a t  the  su r fa ce s  of wild-type cells w ere  c o a t e d  with fibril
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Fig 8. E lectron  microscopic  exam inat ion  o f  cell su r face  in 

wild-type and m u ta n t s .  Cells were p rep a red  for  t ransmiss ion 

e lec t ron  microscopy by spray-freezing techn ique  as  described 

in Materials and  Methods. Cross-sect ions of wild-type and Cds 

m u t a n t  cells (esg, SRI 71)  are  shown, dsp was  used  as a 

n e g a t iv e  co n tro l  fo r  fibril p roduct ion .  The wild- type  cells 

show cell a s s o c i a t e d  fibrillar material  w h e rea s  th e  m u ta n t s  

lack th e m .  The  fibrillar s t ru c tu re s  m ea su re d  a b o u t  lO nm  in 

d iam ete r  and 60-1 OOnm in length. The micrographs were taken 

from 1 2 0 ,0 0 0 X  images  fo rm ed a t  an accelera t ing  vo l tage  of 

10OkV.
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like s t ruc tu res .  These  s t r u c tu r e s  are  lOnm in diameter ,  60-1  OOnm 

in leng th  and are  peri t r ichously  arranged  on the  cell su r fa ce .  It 

a p p e a rs  t h a t  v ege ta t ive ly  growing wild-type cells have t h e  ability 

to  p roduce  fibril like s t r u c tu r e s  and the  clumping of cells o bse rved  

in shaker  cultures are  probably  media ted  by th e se  s t ru c tu re s .  The 

cell a s soc ia ted  fibrillar like material  was a b s e n t  in dsp and several 

Cds m u ta n t s  t e s t e d  (esg  and SRI 71 shown in Figure 8). Since the  

log-phase Cds m u ta n t  cells have reduced levels of ca rb o h y d ra te  to  

protein ratios compared  to  wild-type cells, t h e  results s u g g e s t  t h a t  

th e  fibrillar material is in p a r t  com posed  of carbohydrate .
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V. DISCUSSION

SRI 71 was originally identified as one  of the  ten  Cds m u ta n t s  (35).  

In an  ea r l ie r  s t u d y ,  t h e  Cds m u t a n t s  w e re  c h a r a c t e r i z e d  

p heno typ ica l ly  and  it w a s  found  t h a t  t h e y  w ere  d e f e c t i v e  in 

a g g lu t in a t io n ,  p o ly s a c c h a r id e  p ro d u c t io n ,  fibril s y n t h e s i s  and  

d e v e lo p m e n t  (35) .  The m u ta n t s  re ta ined  S-motility and th u s  were 

d i f f e r e n t  from S-motil i ty  m u t a n t s  which sh a red  seve ra l  o f  th e  

p h e n o t y p e s  with Cds m u t a n t s  ( 8 ,3 5 ) .  The Cds m u t a n t s  were  

dist inguished from one a n o th e r  b ased  on their subtle  morphological 

ch a re c te r i s t i c s  s e en  during v e g e ta t i v e  growth and d ev e lo p m e n t .  

However, SRI 71 had the  c lo ses t  morphological resem blance  to  esg 

when compared to  o ther  Cds mutants .

In this study,  SRI 71 was found to  be distinguishable from o th e r  Cds 

m u ta n t s  by its e f f e c t  on tps  gene  expression. The tps  gen e  is an 

exam p le  of  a deve lopm en ta l ly  r eg u la ted  gen e  which is normally 

ex pressed  a t  a very low level during vegeta t ive  growth and th e  first 

five hours  of  d ev e lo p m e n t  (11,  12 ). The tps g e n e  fails t o  be 

e x p re s sed  in group A, B and E signaling m u ta n ts  (12 ) .  The gene  

e n co d e s  for a myxospore a ssoc ia ted  protein and is highly expressed  

a f te r  5h of development  (19) .  Transducing Cds mutat ions into JD10 

which conta ins  th e  tp s -lacZ  fusion, resul ted  in m o d e ra te  t o  high 

levels of  tps  express ion e x c e p t  for  SRI 71 and esg, bo th  of which
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drastically reduced its activity. With this result,  it b ecam e  apparen t  

t h a t  SRI 71 was more closely re la ted  to  esg th an  any o t h e r  Cds 

m utan ts .

SRI 71 and  esg m u ta n ts  were  b o th  able to  induce polysaccharide 

syn thes is  when calcium was a d d ed  to  growing cells. However, both 

th e  m u ta n t s  were  defic ient  in polysaccharide and fibril production 

when grown in complex medium (3 5 ) .  Previous results  have indicated 

t h a t  fibril p roduct ion is reg u la te d  by Cds g e n e s  under  nu tr ien t  

limiting conditions (23,  35) .  The  p resen t  results  s u g g e s t  t h a t  both 

the  m u ta n t s  have retained the  capaci ty  to  produce fibrillar material 

when s t im u la ted  by calcium su g g e s t in g  t h a t  fibrils are  n o t  only 

induced in s ta t io n a ry  phase  cu l tu res ,  b u t  also in d ep e n d en t ly  by 

calcium. It should be no ted  t h a t  more direct  evidence is warranted  

t o  v a l i d a t e  t h e  f i b r i l l a r  n a t u r e  o f  c a l c i u m  i n d u c e d  

exopolysaccharide .

The  r e s u l t s  p r e s e n t e d  in t h i s  c h a p t e r  s t ro n g ly  s u g g e s t  th e  

involvement  of SRI 71 locus in branched-chain f a t t y  acid synthesis .  

This su g g e s t io n  s t e m s  from a c o m p a ra t ive  analysis  m a d e  of a 

number  of  phenotypic p roper t ies  be tw een  SRI 71 and esg. Table 2 

shows t h a t  the  to ta l  branched-chain fa t ty  acids are reduced  by half 

in both t h e  mutants .  The major  branched-chain f a t t y  acid found in 

M.xanthus is isol 5:0 and is deficient  in both the  mutants .  Most of  the
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branched-chain f a t t y  acids in M.xanthus are derived from IVA and a 

prev ious  s t u d y  had ind ica ted  t h a t  IVA w as  m o re  e f f e c t i v e  in 

correc t ing  esg pheno types  than MBA or IBA (36). When IVA is added 

t o  v e g e t a t i v e l y  growing cells,  t h e  d e v e lo p m e n ta l  p h e n o ty p e s  

including agg reg a t ion ,  sporula t ion  and tp s  ge ne  express ion  were 

found to  be co rrec ted  in both the  mutants .  It su g g e s t s  t h a t  in both 

t h e  m u tan ts ,  IVA is able to  bypass  th e  m uta t iona l  block in the  

branched-chain  amino acid metabolic  pa thway.  Exogenously added 

IVA is believed to  be taken up by the  m u tan t  cells and is converted 

to  the  f a t t y  acyl CoA derivative by a thiokinase (1 0 ) .  IVA-CoA is 

th en  used as a primer for  the  biosynthesis  of long branched-chain 

f a t t y  acids. The developmental  d e fe c t s  are no t  co r rec ted  when IVA 

is added to  cells undergoing development. This indicates t h a t  IVA is 

ut i l ized  by  v e g e t a t i v e  cells to  p ro d u ce  e s s e n t i a l  f a t t y  acid 

c o m p o n e n t ( s )  t h a t  a re  required  l a t e r  fo r  t h e  c o m p le t io n  of 

d e v e lo p m e n t .  T he  f a c t  t h a t  IVA could  r e s c u e  d e v e lo p m e n ta l  

phen o typ es  su g g e s t s  t h a t  the  mutation in SRI 71 is a t  t h e  level of 

esg e n c o d e d  BCKAD or  a t  t h e  deam ina t ion  s t e p .  BCKAD is a 

m ult ienzyme complex  which is com posed  of  four  p ro te ins  namely 

El a ,  El p, E2, and E3 (31, 37). The esg locus encodes  the  El a  and Elp 

subunits of BCKAD (36).  The E2 and E3 components  of  BCKAD have not 

y e t  been  identif ied  in M.xanthus. If t h e  d e f e c t  is in t h e  BCKAD
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enzyme, t h e n  it is likely t h a t  E2 or E3 c o m p o n e n ts  of BCKAD are 

involved since g ene t ic  analysis indicates t h a t  0 1 7 1  insertion is in a 

different  g e n e t ic  locus than  esg. Alternatively, t h e  d e fe c t  in SRI 71 

could be in a regula tory  gene t h a t  controls the  production of  BCKAD. 

Positive regula tors  of BCKAD have been identified and charac ter ized 

in E.coli and  Pseudomonas putida and m u ta t io n s  in t h o s e  g e n es  

reduce BCKAD activity (26) .

Analysis of g row th  p a t t e r n s  revealed t h a t  bo th  th e  m u ta n t s  grew 

like w i ld - type  in com p lex  media.  However,  in minimal def ined  

medium, bo th  th e  m u ta n t s  failed to  ach ieve  w i ld - type  levels of 

growth. The BCKAD deficiency in esg resu l ts  in poor  g rowth  while 

0 1 7 1  insert ion do es  n o t  seriously a f f e c t  g rowth .  This is probably 

because esg encoded  BCKAD is not  a f fec ted  in SRI 71. Previously, it 

was shown t h a t  the  esg  locus encoded for a BCKAD enzyme and th a t  

cell-free e x t r a c t s  of esg were deficient in BCKAD activity (36). esg 

had no act ivi ty with KMV or KIC as su b s t r a te s  while reduced activity 

was o b se rv e d  with KIV. However, when  c r u d e  ce l l -ex t rac ts  of 

SRI 71 was t e s t e d ,  t h e  BCKAD act ivity was fo u n d  to  be different  

from th e  e sg  p a t t e rn  (d a ta  not shown). SRI 71 show ed  wild-type like 

activity when t h e  t h r e e  branched-chain ke to  ac ids  (KIV, KMV and 

KIC) were  u s e d  as  individual s u b s t r a t e s  in t h e  e n z y m e  a ssa y  

suggest ing th e  two p h e n o ty p e s  are distinguishable.  The BCKAD is a
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multienzyme complex and has s t ruc tura l  and e n zy m a t ic  p ropert ies  

similar to  t h o s e  of  p y ru v a te  d eh yd ro g e n ase  a n d  a - k e t o g l u t a r a t e  

dehydrogenase (21). The BCKAD activity was no t  a f fec ted  in both the  

m u tan ts  when a -k e to g lu ta ra t e  or  pyruvate  were used  as sub s t ra te s .  

Many thanks go to  Yanglong Zhu for providing the  da ta  on the  enzyme 

assay.

SRI71 and esg are bo th  T n 5  insertional m u tan ts ,  ye t ,  t h e y  lowered 

but  did not eliminate branched-chain f a t t y  acids when grown in rich 

medium (Table 2). One possibility is t h a t  both t h e  m u tan ts  scavenged 

sho r t  branched-chain  f a t t y  acids from th e  com p lex  medium and 

bypassed  the  muta t ional  block to  produce long branched-chain fa t ty  

acids. An alternat ive  explanat ion is t h a t  there  is a second  pathway 

for making b r a n c h e d -c h a in  f a t t y  acids w h o se  c o m p o n e n t s  are  

e ncoded  by SRI 71 locus which funct ions co -opera t ive ly  with esg 

encoded  BCKAD. A dual purpose a -k e to  acid d e h y d ro g e n ase  complex 

which has b o t h  p y r u v a t e  and  b r a n c h e d - c h a in  d e h y d r o g e n a s e  

act ivities has been  isola ted  from Bacillus subtilis  (25). In addition, 

an exclusive BCKAD which is essentia l  for  branched-chain f a t t y  acid 

synthesis  has also been  isolated from B .subtilis  (3 0 ). Also, a second 

cluster  of g e n e s  encoding the  subunits of BCKAD complex has been 

cloned and ch a rac te r ize d  in Streptom yces averm itilis, a n o th e r  soil 

microorganism (9) .  In light of th e s e  findings, it will be interes t ing
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t o  s e e  if esg 'S R ^7^ ' d o u b le  m u t a n t  c o m p l e t e ly  e l im ina tes  

branched-chain f a t t y  acids.

One of t h e  major d i f fe ren ces  b e tw e e n  SRI 71 and esg was the i r  

levels of p ig m e n ta t io n ,  esg re ta ined  cer ta in  a m ou n t  o f  pigments 

com pared  t o  wild-type when grown in complex media while SRI 71 

w as  very  pale . An ear l ie r  s t u d y  h ad  in d ic a te d  t h a t  esg w a s  

complete ly  def ic ien t  in the  production of p igm en ts  when grown in 

minimal medium ( 3 6 ) .  Scanning abso rbance  profile of cell ex trac ts  

show th a t  SRI 71 is more  severe ly  a f fe c te d  in p igment  production 

than  esg. The results  su g g e s t  t h a t  bo th  esg and  SRI 71 are  involved 

in th e  p igment  production,  plausibly by feeding catabolic  products 

of b r a n c h e d -c h a in  amino  acid m e t a b o l i s m  t o  s y n t h e s i z e  t h e  

intracellular non-caro teno id  p igment .

The SRI 71 locus w a s  c lo ned  f ro m  a w i ld - ty p e  c o sm id  t h a t  

hybridized to  a probe made from DNA ad jacen t  to  a Tn5 insertion in 

th e  m utant .  Restric tion analysis show ed  t h a t  it was different  from 

th e  esg locus. Sequencing th e  locus will provide additional insights 

as to  how Q171 insertion brings abo u t  a reduction in branched-chain 

f a t t y  acid levels. An earlier s tudy  had indicated t h a t  developmental  

d e fe c t s  in esg could be correc ted  by extra-cellular  complementation 

when mixed with wild- type cells (1 2 ) .  The resu l ts  from this s tudy  

indicate  t h a t  deve lop m en ta l  d e f e c t s  in SRI 71 are  also co rrec ted
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when mixed with wild-type cells. In th is  regard, SRI 71 behaves  as a 

signaling m u ta n t  and sugges ts  t h a t  it is d e fe c t iv e  in th e  production 

of  an e ssen t ia l  signal required for  t h e  complet ion  of  deve lopm ent .  

Toal and Downard (1 0 )  have proposed th a t  branched-chain fa t ty  acids 

in a modified or  unmodified form m ay  c o n s t i t u t e  th e  E-signal. The 

resul ts  show  t h a t  SRI 71, like esg, is required for  the  production of  

branched-chain  f a t t y  acids (Table 2) .  Owing t o  its similarities with 

esg m u ta n t ,  SRI 71 appears to  contr ibute  to  t h e  production of f a t ty  

acid com pounds  during vegetat ive  growth which are  th en  used later  

on t o  p r o d u c e  t h e  E-signal during d e v e l o p m e n t .  However, t o  

c h a rac te r ize  SRI 71 as a new signaling m u t a n t  is p rem a tu re  since 

ex t ra ce l lu la r  c o m p le m e n ta t io n  with esg did n o t  yield wild-type 

levels of sporulation. It remains to  be seen  if SRI 71 can be rescued 

for  spo ru la t io n  and  o th e r  d e v e lo p m e n ta l  p h e n o t y p e s  by o th e r  

signaling m u ta n ts .

SRI 71 and  o th e r  Cds m utan ts  have been  sho w n  previously to  be 

defic ien t  in extracellular  polysaccharide  and fibril p roduct ion  (35).  

The log p h a s e  cells had lower levels of c a r b o h y d r a t e  t o  protein 

ra t ios  in t h e  m u ta n t s  compared to  wild-type cells (35 ) .  It was of  

in te res t  to  s e e  if this difference ref lec ted  a n y  observable  changes 

on  th e  cell su r fa ce .  The cells w e re  p r e p a r e d  fo r  t ran sm iss ion  

e l e c t r o n  m ic ro s c o p y  by sp ray  f reez in g ,  an  u l t ra rap id  freez ing
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t e c h n iq u e  t h a t  is u s e d  for  b e t t e r  p r e s e r v a t i o n  o f  biological 

s t r u c tu r e s  ( 2 2 ) .  The resul ts  show t h a t  in wild-type, bo th  cross-  

sec t ions  and full length cells, the  cell surface  is covered  with fibril 

like s t ru c tu re s  t h a t  w ere  8 -1 2nm  in d ia m e te r  and ranged be tween  

60-1 OOnm in length. The Cds m utan ts  t e s t e d  did not  produce any cell 

a ssoc ia ted  fibrillar material. Fibrils, m ad e  of roughly equal amounts  

of protein and  polysaccharide are  known to  be produced when wild- 

type  cells are plated on complex medium a t  a high cell densi ty  (4, 5 

). The  fibrils o bse rv ed  on p la tes  w ere  shown t o  have d iam ete rs  

ranging from lOnm to 60nm with the  m o s t  com m on d iam ete r  being 

3 0 n m  (5). Also, fibrils have been  observed  when wild-type cells are 

su sp en d ed  in agglutination buffer  conta in ing calcium (2). However, 

M.xanthus cells growing vegetat ively in liquid medium have no t  been 

d e sc r ib e d  t o  p rod u ce  any cell a s s o c i a t e d  fibril like material.  

Previous s tudies  have identified an ant igen  (FA-1) which is located 

exclusively on th e  extracellular fibrils (4 ) .  It will be  in teres t ing to  

s e e  if this fibril specif ic  m arker  can  be ident i f ied  by w e s te rn  

analysis or immunogold electron microscopy on th e  newly described 

s t ru c tu re .
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CHAPTER 4

The e s g  locus  of  M yxococcus xanthus  c o n s i s t s  o f  

t w o  c o m p l e m e n t a t i o n  g ro u p s

I. INTRODUCTION

T he  life cycle  of Myxococcus xanthus  includes t h e  fo rm at ion  of 

m ult ice l lu la r  s t r u c t u r e s  ca l led  f ru i t in g  bodies .  Frui t ing body  

formation is initiated on a solid su r face  when nutrients  are dep le ted  

and this p rocess  involves the  m o v e m e n t  of thousands  of  cells into 

m ounds  in which th e  individual cells d if ferent ia te  into myxospores. 

The synchronous differentiat ion of a large population of rod-shaped 

cel ls into spherical  sp o re s  require  t h a t  cells co m m u n ica te  (10 ) .  

Hagen e t  a l . ,(5)  have  iso la ted  four  g roups  (A-D) of condit ional  

m u ta n t s  t h a t  are de fec t ive  in sporulation. Each group can sporula te  

well when mixed with wild-type cells  or  cells t h a t  belong to  a 

d i f fe ren t  group. This type  of  phenotyp ic  rescue of a developmental  

d e f e c t  is te rm ed  extracellular  com plem enta t ion  and does  no t  involve 

g e n e t ic  exchange.  Each group  of m u ta n t s  behave  as  if t h e y  are 

d e f i c i e n t  in t h e  p r o d u c t io n  o f  an  e s s e n t i a l  s ignal  during 

development ,  bu t  are  able to  respond to  such a signal produced by 

wild-type cells or  cells belonging to  a different  group. An important  

fu n c t io n  of cell-cell signaling is t o  contro l  d e v e lo p m e n ta l  gen e
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expression (3, 10). tps  is a developmental ly  regulated gene  t h a t  is 

expressed  a t  a high level a f te r  5h of development (2, 3, 4). t p s  gene 

expression can be monitored by measuring p -g a lac to s idase  ac t iv i ty  

p roduced  from a tp s -la cZ  t rans la t iona l  fusion g ene  in te g ra te d  by 

hom ologous recombinat ion into th e  M.xanthus ch rom osom e  (3) .  A 

t r an sp o so n  insertion m u ta n t  ( JD 2 5 8 )  was identified t h a t  reduced  

d e v e lo p m en ta l  t p s  g e n e  express ion  (3) .  O ther  d e f e c t s  in JD 2 5 8  

included fruiting body formation and sporulation. The developmental  

d e fe c t s  could be co rrec ted  when  JD258 was mixed with wild-type 

and o th e r  signaling mutants .  The  0 2 5 8  insertion in JD 258 defined a 

fif th ex t race l lu la r  c o m p le m e n ta t io n  g roup  (groupE) of  signaling 

m u ta n t s  and its g e n e t ic  locus was  re fe r red  t o  as  esg. In th is  

chapter ,  the genet ic  analysis of  esg  locus is described.
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II. MATERIALS AND METHODS 

C u l tu re  c o n d i t i o n s  a n d  d e v e l o p m e n t .  Escherichia coli cu l tu res  

were grown in L b ro th  o r  L a g a r  (L broth  with 1.5% agar) .  When 

appropriate, kanamycin was used  a t  SOpg/ml. M.xanthus was grown 

in CYE medium. Developm ent  was  initiated by plating c o n ce n t ra te d  

suspens ions  o f  cells on CF agar .  X-gal was  u se d  a t  4 0 p g / m l  to  

a s se s s  p-galactosidase act ivity on CF agar.

DNA i s o l a t i o n  a n d  m a n i p u l a t i o n s .  E.coli p lasmid  DNA was 

isolated  and m an ipu la ted  by s tan dard  te c h n iq u e s  (7) .  Restr iction 

e n z y m e s  and T4 DNA ligase were  used  as  r e c o m m e n d e d  by th e  

su p p l ie r s  o f  t h e  e n z y m e s .  A g a rose  gel e l e c t r o p h o r e s i s  w as  

performed with 0 .7 %  a g a ro se  gels with Tr is -bora te  buffer .  E.coli 

t ransformations  were perfo rm ed  by s tandard  m e th o d s  (7) .  T n5  and 

T n 5 /a c  t ransposons  were  in troduced into plasmid pKS56 (8)  which 

con ta ins  the  esg locus by infecting th e  E.coli h o s t  MCI 0 0 0  with 

X.::Tn5 (4) or  P l : :T n 5 /a c  (6). Plasmids conta in ing  th e  t r a n s p o so n s  

were  isolated  and t h e  loca t ions  of t r a n s p o s o n  in se r t ions  were  

d e te r m in e d  by r e s t r i c t i o n  mapping  of  p lasm id  DNA from t h e  

individual t r a n s fo r m a n ts .

0 1 0 2  insertion was utilized t o  c o n s t ru c t  pSR3 which fac i l i ta ted  

th e  sequencing of DNA represen t ing  c o m p lem en ta t io n  group  1. A

l .Z k b p  SamHI-Xhol f r a g m e n t  w as  c loned  in pGEM7Zf+ v e c t o r
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(Promega). The SamHI si te is within the  Tn 5 /acZ  DNA and X/70I si te  is 

t o  the  left  of  0 2 5 8  insertion. A nes ted  s e t  of  unidirectional double 

s t r a n d ed  de le t ions  in pSR3 were  g e n e r a te d  using th e  Erase-a-Base 

s y s te m  from Promega corpora t ion .  Single s t r a n d e d  DNA was then  

g e n e r a t e d  from severa l  of t h o s e  de le t ions  and was utilized for 

sequ en c in g  by t h e  Sanger  d ideoxy m e th o d  (7) .  The sequenc ing  

reactions were manually performed by Doug Toal. Since pSR3 did not  

conta in  enough  DNA from c o m p lem en ta t io n  group  2, t h e  plasmid 

pKSSS conta in ing th e  ent i re  esg locus (S.Skbp) was sequ en ced  by 

Sandy Clifton with th e  use of B. Roe's a u tom ated  DNA sequencers . 

G e n e t i c  a n a l y s i s .  The  ab i l i t i e s  o f  t h e  v a r io u s  t r a n s p o s o n  

insertions isolated in pKS56 to  produce esg m uta t ions  were  t e s t e d  

by t ransducing th e  plasmids into the  wild-type M.xanthus st rain, 

DZFl (8). The developmental  pheno types  of  insertion m u tan t  strains 

were  determined by streaking on CF plates, p -g a la c to s id a se  act iv i ty  

f rom  th e  esg locus was d e te rm in e d  qua l i ta t ive ly  from s p o t s  of 

concen tra ted  cells on CF agar or CYE agar.
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III. RESULTS AND DISCUSSION 

A 5 .5 k b p  Psti  -EcoRI f r a g m e n t  con ta in in g  t h e  esg l o c u s  was 

subcloned from a 28kbp Xba\ f ragm ent  to produce pKS56 (3) .  Figure 1 

shows a partial res t r ic t ion  map o f  th e  esg locus along with the  

location of the  0 2 5 8  insertion in JD258. When pKS56 was introduced 

into J D 2 5 8 ,  g e n e t ic  c o m p le m e n ta t i o n  was o b s e r v e d  s in c e  the  

merodiploid s trains displayed a wild-type developmenta l  p heno type .  

To s tu d y  th e  esg locus in more detail,  severa l  T n 5  and  T n 5 /a c  

insertions were isolated in the  S.Skbp esg f ragm ent .  When plasmids 

conta in ing  th e s e  inser t ions  were in troduced into a s t ra in  with a 

modified version of 0 2 S 8  insertion encoding te t racycl ine  res is tance  

(1) , gene t ic  complem enta t ion  was observed  in all c a se s  e x c e p t  for 

m o o  inser t ion.  This s u g g e s t s  t h a t  th e  c o m p le m e n ta t io n  group 

defined by Q2S8  lies b e tw e e n  th e  c loses t  flanking insertions,  QS7 

and 0 S 8 ,  which are located about I .Skbp apart.  However, QS8,  0 1 0 0 ,  

0 1 0 2 , and  0 1 0 6  insert ions were able to  g e n e r a t e  m u ta n t  s t ra ins  

with an esg pheno type  when th e y  were in t roduced  into wildtype 

M.xanthus. Insertions 0 S 6 ,  0 S 7 ,  and 0 1 0 8  did not  g e n e ra te  th e  esg 

phenotype .  Since the  insertions 0 S 8 ,  0 1 0 2 ,  and 0 1 0 6  were capable 

of  g e n e r a t in g  esg m u ta n t s ,  b u t  w ere  also ab le  to  g e n e t ic a l ly  

c o m p l e m e n t  0 2 S 8 ,  it s u g g e s t s  t h a t  t h e r e  a re  a t  l e a s t  tw o  

complementa tion groups a t  the  esg locus. Thus, com plem enta t ion
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N X  X Sm S H

2 Vi Z r  À A À A  ÏZ2X
O 6 0 '^  056 057 0 2 5 ^ ~  058**“ _ ^  059

099 0100 0106 0108

Complement # 1

0102
0.5 kb

Complement # 2

Figure 1. Genet ic analysis  of esg locus. The esg locus defined 
by 0 2 5 8  insertion (solid black triangle)  is m ap p e d  within a 
S.Skbp Pst\ -EcoRI f rag m en t .  A partial res t r ic t ion  m ap  of  the  
locus is shown. P, Pst I; N, Nru\\ X, Xho I; Sm, Smal; S, Sal I; H, 
H/ndlll; E, EcoRI. L o c a t io n s  of  a d d i t io n a l  T n 5  ( s t r i p e d  
tr iangles)  and  Tn 5 / a c  inse r t ions  (open  t r i a n g le s )  a re  also 
shown. The arrows below th e  Tn 5 /a c  inser t ions  ind ica te  th e  
d i rec t ion  o f  t r a n s c r i p t i o n  f rom  e a c h  in se r t io n .  G e n e t ic  
c o m p le m e n ta t io n  s t u d i e s  iden t i f ied  tw o  c o m p l e m e n t a t i o n  
groups and the  boundar ies  of each  group is shown a s  black 
lines labelled ‘com plem en t  #  V and ‘com plem ent  #  2 ’.
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group 1 is b e tw ee n  Q 5 7  and 0 5 8  and com plem enta t ion  group 2 is 

be tween 0 1 0 0  and 0 1 0 8 .

The ex p re ss io n  of th e  esg locus was  in v e s t ig a te d  utilizing t h e  

T n 5 /a c  insertions t h a t  had been introduced into M.xanthus. In  5 lac  is 

a modif ied  t r a n s p o s a b le  e l e m e n t  t h a t  can  be utilized to  fo rm  

transcriptional  fusions with th e  /acZ gene  of E .co / /w h en  th ey  insert  

into a t ranscr ip tion  unit in the  appropr ia te  or ientat ion (6). Stra ins 

containing 0 9 9 ,  0 1 0 0 ,  and 0 1 0 6  insertions had iacZ o r ien ted  in a 

right t o  left  d irection while it was r ev e r se d  in 0 1 0 2  and 0 1 0 8  

inse r t ions .  T n 5 / a c  in se r t io n s  having r igh t  t o  le f t  o r i e n t a t i o n s  

( 0 1 0 0 ,  and 0 1 0 6 )  e x p re s s e d  low levels of  p -g a lac to s id ase  bo th  

during v e g e t a t i v e  grow th  and d e v e lo p m e n t  while insertion 0 1 0 2  

e x p re s s e d  high levels o f  ac t iv i ty  su g g e s t i n g  t h a t  esg locus is 

t ransc r ibed  f rom left  t o  right d irection as shown in f ig l .  0 1 0 8  

inser t ion  which a p p e a re d  to  res ide  o u t s i d e  t h e  esg locus a lso  

e x p r e s s e d  p - g a l a c to s id a s e  b o th  during v e g e t a t i v e  g ro w th  and  

d eve lopm en t .  But, the  level of  express ion  was significantly lower 

t h a n  0 1 0 2  s u g g e s t i n g  t h a t  0 1 0 8  lies with in  a d i f f e r e n t  

transcription unit.  0 9 9  insertion was loca ted  outs ide  the  esg locus, 

approximately  1.9 kbp from 0 2 5 8  and w as  or ien ted  from right to  

left. This inser t ion produced  significant levels of  p - g a l a c to s id a s e  

both during v eg e ta t iv e  growth and d e v e lo p m en t  suggest ing  t h a t  a
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th ird  t ran sc r ip t io n  uni t  is p r e s e n t  c lose  to  t h e  esg locus .  In 

conclusion, the  T n5 /ac  insertions isolated in the  esg locus has been 

very useful in studying th e  regulation of esg expression in response  

to  d i f fe ren t  media condit ions  bo th  during v e g e ta t iv e  g row th  and 

development.

0 1 0 2  insertion was used  to  subclone M.xanthus DNA from pKS56. A 

1 .2  k b p  X ho\-B anfil f r a g m e n t  c o n t a i n i n g  DNA f r o m  t h e  

c o m p l e m e n ta t i o n  g ro u p  1 reg ion  w as  c loned  a nd  u t i l ized  fo r  

sequencing. DNA sequencing analysis of th e  esg locus revealed  th e  

p resence  of two open reading f ram es  which encoded  for th e  a  and p 

s u b u n i t s  of  El c o m p o n e n t  o f  a b r a n c h e d - c h a i n  k e t o  acid 

dehydrogenase  (BCKAD) (11). The two open reading frames (0RF1 and 

0RF2) corresponded to  the  two complementation groups identified by 

gene t ic  analysis (fig 1). The direction of transcription from th e  esg 

locus  in fe r red  from r e s t r i c t i o n  ana lys is  of s e c o n d a r y  T n 5 /a c  

insertions was also confirmed f rom  th e  DNA sequence  analysis. The 

BCKAD is a multi-subunit enzy m e  complex which is s t ructurally  and 

g e n e t ic a l ly  r e l a t e d  in a w ide  v a r i e ty  o f  o rg an ism s  including 

v e r t e b r a t e s  and  b a c te r ia  ( 9 ) .  Purified BCKAD c o m p le x e s  from 

Pseudomonas putida, Pseudomonas aeruginosa, Bacillus subtilis, and 

several mammals are all found t o  be composed  of four polypeptides,  

El a ,  Elp ,  E2, and E3 (9) . The g e n e s  encoding the BCKAD complex in
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p.putida and B.subtilis a re  found t o  be c lus te red  in th e  s e q u en c e  

E la ,  E lp ,  E2, and E3. S econdary  T n 5  inser t ions  t o  t h e  r igh t  of 

complementa t ion  group 2 (figure 1 ) did not  yield t h e  esg phenotype 

sugges t ing  t h a t  a third co m p lem en ta t io n  group did n o t  exist .  This 

was  con f i rm ed  f rom  DNA s e q u e n c e  analysis  which s h o w e d  no 

evidence of  homology to  E2 or E3 subunits of  BCKAD dow ns tream  of 

0RF2 (unpublished observat ions) .  The absence  of  homology to  E2 or 

E3 com p o n e n ts  within the  esg locus may be unusual, but  d o e s  not  

su g g e s t  t h a t  th ese  c o m p o n e n ts  are no t  found in M.xanthus. Further  

analysis  will be required  t o  b e t t e r  u n d e rs tan d  t h e  role of  esg 

e n c o d e d  BCKAD in bo th  v e g e t a t i v e  growth  and d e v e l o p m e n t  of  

M.xanthus.
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