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Abstract:
Candida albicans is an opportunistic fungal pathogen affecting increasing numbers of
immunocompromised, at-risk patients. Efforts toward understanding C. albicans are focused on
significant clinical questions concerning diagnosis, pathogenesis, and epidemiology of candidiasis, and
also, developmental components and control of C. albicans morphogenesis. Molecular genetic studies
hold promise for providing insight into this complex polymorphic organism.

The fungal cell wall acts as a barrier to extraction of high quality DNA for molecular analysis. In C.
albicans studies reported here, Ribi Cell fractionation, autolysis, and spheroplast DNA extraction
methods were equivalent at producing high molecular weight fragments that were susceptible to
enzymatic manipulation. The distribution of MspI-digested (ClCGG) C. albicans DNA contained
unexpectedly large molecular weight fragments. Some MspI fragments larger than 4 kbp appeared
repetitive by fluorescent staining intensity, but were not ribosomal or mitochondrial in origin.

Attempts to clone repetitive fragments led to the identification of a C. albicans and C. stellatoidea
species-specific MspI/HpaII DNA fragment (Cutler, J.E., P.M. Glee, and H.L. Horn. 1988. J. Clin.
Microbiol. 26:1720-1724). The 3.87 kbp C. albicans fragment did not hybridize to DNA from other
Candida species including C. krusei, C. tropicalis. C. kefyr. C. parapsilosis. C. guilliermondii. or C.
lusitaniae. Southern blot hybridization was extended to S. cerevisiae. N. crassa, Torulopsis.
Gaeumanomvces gramminis. Aspergillus, Mucor, Histoplasma. Sepedoniurn, Chrysosporium.
Coccidioides, Cryptococcus, Blastomyces. T richomonas vaginalis, and to human and mouse DNA.
The C. albicans specific fragment did not hybridize to any of these DNAs and may be useful as a DNA
diagnostic probe. The C. albicans species-specific fragment indicated the following: 1 - 2 copies per
haploid genome in DNA dot blots; 4 different MspI band patterns for 50 C. albicans isolates; no
methylation changes at fragment-terminal CCGG sites during yeast to mycelial transition; partial
sequence data revealed A-T rich regions; and positive hybridization to Northern blots of yeast and
mycelial form RNA indicated transcribed sequences.

Two other MspI/HpaII C. albicans DNA pieces were partially characterized by sequencing and both
indicated positive hybridization to Northern blots of C. albicans RNA. One fragment showed potential
for strain differentiation and multi-chromosomal hybridization. 
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B2 -  RNA is o la t io n  b u ffe r  2
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CaS -  C. a lb ic a n s  ribosomal DNA probe used fo r  RFLP
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M -  2nd la rg e s t MseI p iece  from pHpaCaT (p a r t  C. a lb ican s  and c a rt  
PBR322)

MCID -  microcomputer imaging device  

MCS -  m u lt ip le  c lo n ing  s it e

mLee medium -  m odified  Lee medium (d e fin ed  medium). Lee medium 
conta ins  various  amino ac id s , s a l ts ,  g lucose, and b io t in  (1 ) .  
M odified. Lee medium conta ins sucrose instead  o f g lucose, s a lts ,  
and b io t in ,  but no amino acids (2 ) .

MOI -  m u l t ip l ic i t y  o f  in fe c t io n

mRNA -  messenger r ib o n u c le ic  acid

mtDB -  m itochondria l DNAse b u ffe r

mtDNA -  m itochondria l DNA
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OFAGE -  o r th o g o n a l-f ie ld  a lte rn a t in g  gel e le c tro p h o re s is  

OLS -  osmotic ly s is  s o lu tio n  

o/n  -  o vern ig h t

p B lu e s c r ip t l l  SK (+ o r - )  -  S tratagene phagemid c lo n ing  vec to rs  code fo r  
a m p ic il l in  re s is ta n c e , have a ColEI o r ig in  o f re p lic a t io n  and the  
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constructed  w ith  both o r ie n ta t io n s  o f p o ly lin k e r  (SK and KS) and 
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pBR322 -  c lo n ing  vec to r c a rry in g  a m p ic i l l in  and te t r a c y l in e  res is tance  
genes

pBSMsp-M22 -  p B lu e s c r ip t l l  S K (-) plus rearranged M fragm ent from pHpaCa? 

pBSMsp-S9 -  p B lu e s c r ip t l l  S K (-) plus small MspI  pBR322 p iece
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pBSPst+12 -  p B lu e s c r ip t l l  SK(+) w ith  1 .2  kbp P stI  p iece from pHpaCa? 

pBSPst+18 -  p B lu e s c r ip t l l  SK(+) w ith  la rg e  P stI  p iece from pHpaCaT 

PFGE -  p u ls e d -f ie ld  gel e le c tro p h o re s is

pHpaCa? -  pBR322 vec to r w ith  HpaI I  fragm ents from C. a lb ic a n s  9938

pMCL-4 -  p B lu e s c r ip t l l  S K (-) plus la rg e s t C la I  x L subfragment

pMCS-1 -  p B lu e s c r ip t l l  S K (-) plus sm alles t C la I  x L subfragment

rDNA -  ribosomal r ib o n u c le ic  acid  gene

RFLP -  r e s t r ic t io n  fragm ent length  polymorphism

RP -  M l3 reverse  prim er

RT -  room tem perature (21 -  24° C)

S -  3r(i la rg e s t MspI  p iece from pHpaCa? (p a r t  C. a lb ic a n s , p a rt pBR322)

SBB -  s lo t  b lo t  b u ffe r

SCE -  s o rb ito l/s o d iu m  c itra te /E D T A

SD -  standard d e v ia tio n

SEVAG -  ch lo ro form :iso -am yl a lcohol (2 4 :1 )

SINE -  sh o rt in te rsp ersed  r e p e t it iv e  sequence

SSC -  sodium ch lo ride /so d ium  c i t r a t e

ssDNA -  s in g le -s tra n d e d  DNA

SSPE -  sodium ch lo ride /so d ium  phosphate/EDTA

Sugelpot -  DNA sample loading dye mix co n ta in in g  sucrose

TAE -  T ris /a c e ta te /E D T A  e le c tro p h o re s is  b u ffe r

TAFE -  tran sverse  a lte rn a t in g  f i e ld  e le c tro p h o re s is

TBE -  T ris /b o ra te /E D T A  e le c tro p h o re s is  b u ffe r

VCS-M13 -  S tra tagene  h e lp er phage fo r  p B lu escrip t phage rescue

X -g a l -  5 -b ro m o -4 -ch lo r o - 3 - ino!y 1 -B -D -g a lactoside

X L I-B lu e  2 -  S tra tagene  E scherich ia  c o l i host fo r  p B lu e s c r ip t l l  SK(±)



YPD -  1% yeast e x t ra c t ,  2% peptone, 2% dextrose medium 

❖ I -  do u b le t L fragm ent RFLP p a tte rn  (4 .1 6  and 3 .90  kbp) 

❖ I I  -  s in g le t  L fragm ent RFLP p a tte rn  (4 .1 9  kbp)

❖ I I I  -  s in g le t  L fragment RFLP p a tte rn  (3 .8 7  kbp)

❖ IV -  s in g le t  L fragm ent RFLP p a tte rn  (3 .5 8  kbp)



ABSTRACT

Candida a lb ican s  is  an o p p o rtu n is tic  fungal pathogen a ffe c t in g  
in c reas in g  numbers o f immunocompromised, a t - r is k  p a tie n ts . E ffo r ts  toward 
understanding C. a lb ican s  are  focused on s ig n if ic a n t  c l in ic a l  questions  
concerning d iag n o s is , pathogenesis, and epidem iology o f  c a n d id ia s is , and 
a ls o , developmental components and c o n tro l o f  C. a lb ican s  morphogenesis. 
M o lecu lar g en etic  s tu d ies  hold promise fo r  p ro v id in g  in s ig h t in to  th is  
complex polymorphic organism.

The fungal c e l l  w a ll acts  as a b a r r ie r  to  e x tra c tio n  o f  high q u a lity  
DNA fo r  m olecular a n a ly s is . In  C. a lb ican s  s tu d ies  reported  here, R ib i 
C e ll f r a c t io n a t io n ,  a u to ly s is , and spherop last DNA e x tra c tio n  methods were 
e q u iv a le n t a t  producing high m olecular w eight fragm ents th a t  . were 
s u s c e p tib le  to  enzym atic m an ip u la tion . The d is t r ib u t io n  o f  M sp l-d iaested  
(CiCGG) C. a lb ican s  DNA contained, unexpectedly la rg e  m olecular weight 
fragm ents. Some MspI  fragm ents la rg e r  than 4 kbp appeared r e p e t it iv e  by 
f lu o re s c e n t s ta in in g  in te n s ity ,  but were not ribosomal o r m itochondria l in  
o r ig in .

Attem pts to  clone r e p e t it iv e  fragm ents led to  th e  id e n t i f ic a t io n  o f  
a C. a lb ic a n s  and C. s te lla to id e a  s p ec ie s^ s p e c ific  M s o l/H p a ll DNA fragment 
(C u t le r ,  J .E . ,  P.M. G lee, and H .L. Horn. 1988. J . C lin .  M ic ro b io l. 
2 6 :1 7 2 0 -1 7 2 4 ). The 3 .87  kbp C. a lb ican s  fragm ent d id  not h y b rid ize  to  DNA 
from o th e r Candida species in c lu d in g  C. k ru s e i, C. t r o o ic a l is . C. k e fv r . 
C. p a ra p s ilo s is . C. o u il l ie r m o n d ii , o r C. lu s ita n ia e . Southern b lo t  
h y b r id iz a tio n  was extended to  S. c e re v is ia e . N. crassa, T o ru lo o s is . 
Gaeumanomyces gramminis. A s p e rg illu s . Mucor, H istop lasm a. Sepedoniurn. 
Chrysospori urn, C o cc id io id es . Cryptococcus. Blastomyces. Trichomonas 
v a g in a l is , and to  human and mouse DNA. The C. a lb ican s  s p e c if ic  fragment 
d id  not h y b rid ize  to  any .o f  these DNAs and may be usefu l as a DNA 
d ia g n o s tic  probe. The C. a lb ican s  s p e c ie s -s p e c if ic  fragm ent in d ica ted  the  
fo llo w in g : 1 -  2 copies per haplo id  genome in  DNA dot b lo ts ; 4 d i f fe r e n t  
MspI  band p a tte rn s  fo r  50 C. a lb ican s  is o la te s ;  no methyl a tio n  changes a t  
frag m en t-te rm in a l CCGG s ite s  during yeast to  m yce lia l t r a n s it io n ;  p a r t ia l  
sequence data  revealed A-T r ic h  reg ions; and p o s it iv e  h y b r id iz a tio n  to  
Northern b lo ts  o f yeast and m yce lia l form RNA in d ic a te d  tran scrib ed  
sequences.

Two o th e r Mspl / Hpal l  C. a lb ican s  DNA pieces were p a r t ia l ly  
c h a ra c te rize d  by sequencing and both in d ic a te d  p o s it iv e  h y b r id iz a tio n  to  
N orthern b lo ts  o f C. a lb ican s  RNA. One fragm ent showed p o te n tia l fo r  
s tr a in  d i f fe r e n t ia t io n  and multi-chromosomal h y b r id iz a t io n .



INTRODUCTION

C lin ic a l S ig n if ic a n c e  o f Candida a lb ican s

Candida a lb ican s  u s u a lly  l iv e s  as a commensal microorganism on 

mammalian mucosal su rfaces , but can produce s ig n if ic a n t  and l i f e -  

th rea ten in g ' human d isease. Among normal f lo r a  yeas ts , C. a lb icans  is  

regarded as having the  g re a te s t pathogenic p o te n tia l ( 3 ) .  A lte ra tio n s  

o f immune fu n c tio n  or changes in  host physiology and re s id e n t f lo r a  

can predispose in d iv id u a ls  to  o p p o rtu n is tic  in fe c t io n s . S p e c if ic a l ly ,  

th e  use o f immuno-sUppressive th e ra p e u tic  trea tm en t o f  cancer and 

g r a f t  re je c t io n , prolonged broad-spectrum a n tim ic ro b ia l ad m in is tra ­

t io n ,  and in h e r ite d  or acquired immune d e f ic ie n c ie s , are  c o n tr ib u tin g  

to  in c reas in g  numbers o f a t - r is k  p a tie n ts  ( 3 ) .  Candidal in fe c t io n s ,  

termed c a n d id ia s is  or cand idos is , can in vo lve  cutaneous and mucosal 

s u rfaces , subcutaneous t is s u e , o r undergo hematogenous spread to  

develop les io n s  in  m u lt ip le  organs ( 4 ) .  C and id ias is  advanced from an 

8^ to  a 4t*1 p lace ranking among nosocomial in fe c tio n s  between 1984 and 

1988, w ith  occurrence o f dissem inated disease prolonging  

h o s p ita liz a t io n  by an average o f 30 days (5 ) .

M e d ic a lly  Im portant Candida Species

Demonstrated c l in ic a l  s ig n if ic a n c e  e x is ts  fo r  a sm all number o f 

th e  n e a rly  200 Candida species which were taxonom ica lly  grouped as 

lac k in g  known sexual s ta te s  and growing p r im a r ily  as u n ic e l lu la r
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yeasts ( 6 ) .  Of th e  pathogenic species, C. a lb ican s  is o la te s  are  most 

fre q u e n tly  th e  cause o f in fe c t io n , fo llo w ed  by C. t r o o ic a l is . C. 

pa r a p s i lo s is , C. k ru s e i, C. s te l la to id e a . C. g u il l ie r m o n d ii . C. 

Tusi t a n ia e , and C. k e fy r  (C. p s e u d o tro o ic a lis l ( 7 ,8 ) .  Some o f these 

species now.have a known sexual s ta te  (C. g u il l ie r m o n d ii . C. k e fy r , C. 

k ru s e i, and C. T u s ita n ia e ) but name changes have been d e fe rred  because 

c l in ic a l  is o la te s  are  u s u a lly  the  asexual stage (6 ) .

In  a d d itio n  to  t r a d it io n a l  carbon source a s s im ila tio n  and 

fe rm en ta tio n  p r o f i le s  to  d is tin g u is h  between Candida sp ec ies , C. 

a lb ic a n s  and C. s te lla to id e a  e x h ib it  dim orphic ( te c h n ic a lly  

polym orphic) growth as yeast forms, tru e  hyphae, pseudohyphae, and 

chlamydospores ( 9 ) .  W ith th e  exception o f very  ra re  C. t r o o ic a l is  

is o la te s  making germ tubes and chlamydospores, a l l  non-C. a lb icans  

species make only pseudohyphae which d is p la y  s p e c ie s -d is t in c t iv e  

morphology a lso  usefu l fo r  d i f fe r e n t ia t io n  ( 8 ) .  Because th e  carbon 

a s s im ila t io n  p r o f i le s  and colony morphologies o f C. a lb ic a n s  e x h ib it  

v a r ia t io n  (described l a t e r ) ,  the  ra re  occurrence o f germ inating  C. 

t r o o ic a l is  is o la te s  may be due to  in accu ra te  id e n t i f ic a t io n  (8 ) .

The s p e c if ic  s ta tu s  o f th e  C. s te lla to id e a  species has been 

debated because the  is o la te s  demonstrate few d iffe re n c e s  from C. 

a lb ic a n s . One view incorporates  C. s te lla to id e a  is o la te s  because they  

have 90% DNA homology to  C. a lb ic a n s , are  ab le  to  produce hyphae and 

chlamydospores, and have ju s t  the c la s s ic a l d is t in c t io n  o f negative  

sucrose a s s im ila tio n  ( 8 ) .  Two subtypes o f C. s te l la to id e a  is o la te s  

have been d efin ed  which d i f f e r  in  v iru le n c e  and chromosomal karyotype  

(1 0 ,1 1 ) and are described in  a p p ro p ria te  sections below. The

2
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c h a ra c te r is t ic s  o f Type I  C. s te l la to id e a  s tra in s  are  viewed by some 

(1 1 ) as s u f f ic ie n t  to  keep separate  species s ta tu s . Use o f the C. 

s te l la to id e a  name in  th is  work, r e f le c ts  the fa c t  th a t  is o la te s  had 

been c h a ra c te rize d  as Type I  o r Type I I  and was not intended to  

support separate  s p e d  a tio n  fo r  C. a lb ican s  and C. s te l la to id e a .

In v e s t ig a t iv e  e f fo r ts  toward understanding the host-pathogen  

in te ra c t io n s , epidem iology, and basic  b io logy o f Candida species, 

p r im a r ily  C. a lb ic a n s , have increased in  response to  th e  cu rren t 

burden o f c a n d id ia s is  cases. Not only do s ig n if ic a n t  c l in ic a l  

questions e x is t  concerning c o lo n iz a tio n  versus disease o f mucosal 

s u rfaces , pathogenic v iru le n c e  c h a ra c te r is t ic s , d iagnosis  o f deep- 

seated d isease, and epidem iology o f nosocomial in fe c t io n s , but a lso , 

developmental components and co n tro l o f  C. a lb ican s  morphogenesis 

remain undefined (8 ,1 2 ) .

The p r in c ip a l focus fo r  th is  d is s e r ta t io n  d u a lly  includes  

assessment o f  DNA e x tra c tio n  procedures s u ita b le  fo r  C. a lb ican s  

genomic a n a ly s is  and c h a ra c te r iz a tio n  o f a C. a lb ican s  DNA fragment 

w ith  in d ic a te d  s p e c ie s -s p e c if ic  h y b r id iz a tio n . Because a d d itio n a l 

to p ic s  are  included in  th is  d is s e r ta t io n  ( e g . , methyl a tio n  and 

r e p e t i t iv e  DNA) th e  in tro d u c tio n  w i l l  conta in  broad-based in form ation  

concerning C. a lb ic a n s . A fte r  d e s c rip tio n s  o f host-pathogen  

in te r a c t io n , c l in ic a l  c o n s id e ra tio n s , and morphogenesis, the  balance  

o f th e  in tro d u c tio n  w i l l  cover p e r tin e n t fe a tu re s  o f C. a lb ican s  

m olecu lar b io lo g y  as background fo r  experim ental goals and design, and 

DNA analyses presented in  the  fo llo w in g  sec tio n s .
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Host-Pathogen In te ra c tio n s

The in te ra c t io n  between C. a lb ican s  c e l ls  and host immunity has 

been reviewed from the  p ersp ective  o f host predisposing fa c to rs  to  

c a n d id ia s is  (8 ,1 3 -1 9 )  and th e  v iru le n c e  and v a r ia b i l i t y  ch ara c te r­

is t ic s  o f C. a lb ic a n s  (3 ,8 ,2 0 -2 4 ) .  The fo llo w in g  statem ents are not 

in c lu s iv e  o f a l l  in te ra c t io n  phenomena, but provide a general 

d e s c rip tio n  o f prim ary fe a tu re s  o f the  host-pathogen re la t io n s h ip .

Host Immunity

Under normal circum stances, host c e l l  mediated immune responses 

and macrophages provide prim ary p ro te c tio n  ag a in s t o p p o rtu n is tic  

fungal pathogens. D efects o r suppression o f T - lymphocytes, phagocytic  

c e l ls  (2 5 ,2 6 ) ,  o r lymphokine production (2 7 ,2 8 ) have been id e n t if ie d  

as pred isposing fa c to rs , a llo w in g  v ir u le n t  invasion  o f host tissu es  by 

C. a lb ican s  [review ed in  ( 8 ,1 9 ) ] .  Although i t  has been shown th a t  

in d iv id u a ls  co lon ized  w ith  Candida species produce a n tib o d ies  

recognizing  Candida a n tig en s , any p ro te c tiv e  e f fe c t  remains uncertain  

because d e fec ts  in  antibody production are ra re ly  assoc iated  w ith  

cases o f c a n d id ia s is  [review ed in  (1 5 ,1 6 ) ] .

In v e s tig a tio n  o f chronic  mucocutaneous c an d id ia s is  has in d ica ted  

vario u s  p a tte rn s  o f underly ing  T -c e ll  d e fe c ts , ranging from n early  

complete T -c e l l  unresponsiveness to  d i f fe r e n t  com binations o f 

responses fo r  m itogens, an tig en s , and Candida antigens [review ed in  

( 1 6 ) ] .  Such v a r ia t io n  in  host immune c e l l  fu n c tio n  has a ls o  been 

shown to  re s u lt  from immunomodulatory components o f C. a lb ican s  c e ll

w a ll mannan. Bulk p rep ara tio n s  o f Candida mannans co n ta in  a m ixture
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o f components, some th a t  in c ite  normal a n tig e n ic  responses and others  

th a t  are  n o n -an tig en ic  and prompt suppression o f responses to  non- 

candidal an tigens (2 0 ) .

P h ys io lo g ica l co ncentra tions  o f 6-endorphin and prostag land in  E2 

(PGE2) s tim u la te  germ tube form ation  in  C. a lb ican s  and may be involved  

in  re c u rre n t v a g in i t is  (2 9 ,3 0 ) .  Women w ith  re c u rre n t in fe c tio n s  have 

depressed c e ll-m e d ia te d  responses to  Candida antigens (3 1 ) ,  have PGE2 

in  vag in a l f lu id  (3 2 ) ,  and may have a d d itio n a l neuroendocrine s ig n a ls  

which s tim u la te  C. a lb ican s  morphogenesis (3 0 ) .

In d iv id u a ls  w ith  the  h ig h est r is k  o f dissem inated c an d id ia s is  have 

d e fe c t iv e  polymorphonuclear leukocyte (PMN) fu n c tio n  such as 

neutropenia  (1 2 ,1 9 ) .  N e u tro p h ils  o f f e r  the g re a te s t candidacidal 

a c t iv i t y  among phagocytic c e l ls  (2 8 ,3 3 ,3 4 ) .  In  a d d itio n  to  ia tro g e n ic  

fa c to rs  such as surgery, immunosuppressive drugs, o r a n t ib a c te r ia l  

trea tm en t mentioned b e fo re , o th e r fa c to rs  th a t  can predispose the host 

to  c a n d id ia s is  are  d iabetes  m e llitu s  (3 5 -3 7 ) ,  adrenal o r th y ro id  

hormonal d iso rd ers  (3 8 ) ,  congen ita l diseases such as c y s tic  f ib r o s is ,  

o r d ie t-a s s o c ia te d  fa c to rs  such as high carbohydrate in ta k e  and 

v itam in  d e fic ie n c ie s  [review ed in  ( 8 ) ] .

C. a lb ican s  V iru le n c e  Factors

Among th e  c e l lu la r  c h a ra c te r is t ic s  c o n tr ib u tin g  to  proposed 

pathogenic mechanisms o f C. a lb ican s  are  e x t r a c e llu la r  enzyme 

p roduction , c e l l  w all a t t r ib u te s  such as adherence and a n tig e n ic  

v a r ia b i l i t y ,  and possib ly  morphogenesis (2 1 -2 3 ) .
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Enzymes. E x t r a c e llu la r  p ro te inases  and phospholipases made by C. 

a lb ican s  are  expected to  a id  invasion  o f host t is s u e , but most have 

not been c h a ra c te rize d  in  a d e f in i te  v iru le n c e  ro le  [review ed in  

( 2 3 ) ] .  A secreted  a s p a rty l p ro te in ase  has shown jn  v iv o  im p lic a tio n s  

o f c o n fe rr in g  g re a te r  v iru le n c e  fo r  enzyme p o s it iv e  Candida is o la te s  

(3 9 -4 7 );  but evidence e lim in a tin g  e ith e r  in t e r - is o la t e  d iffe re n c e s  

such as growth ra te  o r p ossib le  m u lt ip le - h it  mutagenesis les ions in  

p ro te in a s e -n e g a tiv e  mutants has not been provided [discussed in  (2 1 ) ] .  

Recent c lo n in g  o f the s in g le  Candida s ec re to ry  a s p a rty l pro te inase  

(CAP) gene by independent groups (4 8 ,4 9 ) w i l l  f a c i l i t a t e  d is ru p tio n  

mutagenesis o f  the  CAP gene and v iru le n c e  comparisons in  mice o f CAP- 

d e f ic ie n t  mutants to  p a ren ta l w ild  typ e . Comparison o f th e  f i r s t  few 

N -term in a l amino acids [ f u l l  sequence only  provided in  one report 

(4 8 ) ]  in d ic a te s  conservation  a t  11 o f 15 residues fo r  th e  CAP gene 

cloned from two C. a lb ican s  is o la te s . A th ir d  C. a lb ic a n s  asp arty l 

p ro te in ase  gene, PRA1, has been reported  (5 0 ) which was 85% 

homologous to  an in te rn a l p ro te in ase  o f Saccharomvces c e re v is ia e . was 

s ig n if ic a n t ly  d i f fe r e n t  from th e  o th e r CAP gene rep o rts  (4 8 ,4 9 ) ,  and 

probably doesn’ t  code fo r  a secreted  enzyme from Candida.

C e ll W all F eatu res . Physical in te ra c t io n  between host c e lls  and 

C. a lb ic a n s  invo lves  com plexity  not only o f d i f fe r e n t  host tissu e  

su rfaces ( e g . , e p i th e l ia l  mucosal su rfaces , spleen, k id ney , and lu n g ), 

but a lso  th e  v a r ia b le  c e l l  w a ll surface  o f Candida. Recent reviews 

(8 ,2 2 ,5 1 )  cover in  depth the  vario u s  components o f th e  Candida m u lt i-  

reg io n a l w a ll u lt ra s tru c tu re :  G-glucans, mannans, m annoproteins, and

small amounts o f c h i t in .  Factors in c lu d in g  growth c o n d itio n s , growth
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stag e, and morphogenic shape (yeas t or hyphal form ) are  known to  

e f fe c t  both th e  number o f lay e rs  and r e la t iv e  composition o f  la y e r  

components (5 1 ,5 2 ) .

D iffe re n c e s  in  the mannoprotein components, e s p e c ia lly  the  

mannosyl s id e  chains th a t  are  the  prim ary a n tig e n ic  m olecules o f C. 

a lb ic a n s , account fo r  th e  two serotypes A and B (5 3 ) .  Numerous 

rep o rts  in d ic a te  th a t  o th e r surface  antigens may vary  in  concentration  

or a c c e s s ib i l i ty  on yeast versus hyphal surfaces or.betw een d i f fe r e n t  

is o la te s , growth stage, o r n u tr ie n t  sources (2 ,5 4 -6 3 ) .  Such a n tig e n ic  

v a r ia b i l i t y  may c o n tr ib u te  to  v iru le n c e  by evading s p e c if ic  immune 

re co g n itio n  from the  host; and as mentioned above, th e  mannans o f  

Candida are  capable o f immunomodulatory e f fe c ts  (2 0 ) .

The c e l l  w a ll surface  o f C. a lb ican s  a lso  conta ins s p e c if ic  

re c e p to r- lig a n d  molecules th a t  may c o n tr ib u te  to  v iru le n c e . Binding  

p ro te in s  f o r  complement components and e x t r a c e llu la r  m a trix  p ro te in s  

( la m in in , f ib ro n e c t in ,  and co llag en s) have been id e n t i f ie d  and may a id  

adherence o f  Candida c e l ls  to  host t is s u e  surfaces or ta rg e t  organs 

during  hematogenous.spread [review ed in  (2 1 ,2 2 ,6 4 ,6 5 ) ] .  C. a lb icans  

a lso  e x h ib its  general hydrophobic and h y d ro p h ilic  c e l l  surface  

d iffe re n c e s  which are in flu en ced  by growth tem perature and growth 

stage (6 6 ,6 7 ) .  C e ll surface  hydrophobicity  may promote attachm ent o f  

Candida c e l ls  to  human tis s u e s  and a id  pathogenesis (6 6 ,6 8 -7 1 ) .  The 

presence o r a c c e s s ib i l i ty  o f  s p e c if ic  adhesins, such as one o f the  

complement b ind ing p ro te in s  (5 8 ) ,  o r general hydrophobic molecules 

(7 2 ) d i f f e r  between yeast and hyphal form c e l l  w a lls .
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Morphogenesis. The a b i l i t y  o f  C. a lb ican s  to  grow d im o rp h ica lly  

has g e n e ra lly  been accepted as a v iru le n c e  t r a i t  because th e  presence 

o f both yeast and hyphae ( t ru e  hyphae and pseudohyphae) in  in fe c tio n  

les io n s  has been considered a hallm ark disease in d ic a to r  ( 3 ,8 ) .  O ther 

than the  c e l l  w a ll associated  a n tig e n ic , re ce p to r, and hydrophobic 

d iffe re n c e s  between yeast and hyphal forms o f C. a lb ic a n s  mentioned 

above, l i t t l e  experim ental data  supports th e  ac tu a l morphogenic shape 

change as a v iru le n c e  c h a ra c te r is t ic .

Once engulfed by a phagocytic c e l l ,  yeast forms may be capable o f  

germ ination  and i t  has been suggested th a t  they may escape 

phagocytosis by outgrowth o f the  hyphal fila m e n t (7 3 -7 5 ) .  However, 

n eu tro p h il competence in  k i l l in g  hyphal elements w ith o u t engulfment 

has been shown (2 8 ,3 3 ,3 4 ) .  Any increased in vas ive  p o te n t ia l o f hyphal 

elem ents a p a rt from th e  involvem ent o f e x t r a c e llu la r  enzymes has not 

been d e fin e d , whereas yeast form invasiveness in to  k e ra tin iz e d  skin  

and in te s t in a l  e p ith e liu m  has been demonstrated and c o rre la te s  w ith  

CAP enzyme production in  C. a lb ican s  is o la te s  (4 6 ,7 6 -7 9 ) .

Demonstration th a t  hyphal elements confer v iru le n c e  advantages over 

yeast forms remains te n ta t iv e .

C lin ic a l  Aspects o f C and id ias is

Diagnosis

T ra d it io n a l blood c u ltu re  id e n t i f ic a t io n  o f C. a lb ic a n s  as the  

cau sa tive  agent o f  dissem inated disease remains p ro b lem atic  (8 ,8 0 ) .  

N egative blood c u ltu re s  fo r  p a tie n ts  w ith  exten s ive  dissem inated  

disease are  common, as are  p o s it iv e  blood c u ltu re s  re s u lt in g  from
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t r a n s ie n t  candidemia (caused by in fe c t io n  o f in travenous c a th e te rs ) or  

ju s t  contam ination from co lonized  body s ite s .  D is t in c t io n s  between 

c o lo n iz a tio n  and disease by C. a lb ican s  are p erp lex in g  because 

s u rv e illa n c e  c u ltu re  recovery o f yeast c e l ls  from p e rip h e ra l body 

s ite s  (u r in e , s to o l,  o r re s p ira to ry  s e c re tio n s ) has very  low 

p re d ic t iv e  va lue  fo r  in vas ive  in fe c t io n  (8 1 ) .  C urrent ly s is -  

c e n tr ifu g a t io n  blood samples, sometimes taken d a ily  from a t - r is k  

p a tie n ts , may re q u ire  severa l days fo r  Candida outgrowth to  e s ta b lis h  

a p o s it iv e  c u ltu re  (8 0 ,8 2 ) .

Because o f th e  in s e n s i t iv i ty ,  n o n -s p e c if ic ity , and tim e -  

commitments o f blood and s u rv e illa n c e  c u ltu r in g  fo r  th e  diagnosis o f  

dissem inated c a n d id ia s is , various  a lte rn a t iv e s  are  being te s te d  fo r  a 

fa s te r ,  more accu ra te , and c o s t -e f fe c t iv e  s p e c if ic  t e s t .  Two main 

approaches designed to  d e te c t c irc u la t in g  Candida an tigens  or o ther  

fungal m etabo lic  products have shown promise, but p ro sp ective  c l in ic a l  

te s ts  o f  d e te c tio n  assays in d ic a te  v a r ia b le  u t i l i t y  fo r  diagnosing  

dissem inated disease (8 1 ,8 3 -8 5 ) .  A recent m u lt i-c e n te r  re p o rt (86) 

te s t in g  an immunoassay d e te c tio n  o f c irc u la t in g  Candida enolase [a 48 

k ilo d a lto n  (kd ) immunodominant an tig en ] (8 7 -8 9 ) in d ic a te d  an 85% 

s e n s i t iv i t y  fo r  deep t is s u e  in fe c t io n  and 64% fo r  fungemia when . 

m u ltip le  sampling was done. These re s u lts  appear encouraging th a t the  

enolase assay may a id  d e te c tio n  when combined w ith  blood c u ltu re s  

an d /o r o th e r s e ro lo g ic  te s ts  (8 0 ).

A p p lic a tio n  o f DNA probe technology to  the g e n e ra lly  d i f f i c u l t  

diagnosis  o f dissem inated fungal in fe c tio n s , has not been as productive  

when compared to  o th e r m icro b ia l in fe c t io n s  or h e re d ita ry  d isorders

9
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(9 0 -9 3 ) .  The development o f  DNA probes fo r  Histoolasma caosulatum  

(9 4 ) ,  B lastomyces d e r m a t it id is . and C occid io ides im m itis  have been 

suggested but d e ta ils  have not been published because o f commercial 

p u rs u its  (9 0 ) .  Some o f the  DNA fragm ents cloned from C. a lb ican s  have 

been used to  d is tin g u is h  between is o la te s  o f Candida species  

(4 9 ,9 5 -9 8 ) and are  described in  the  epidem iology sec tio n  below. The 

s p e c ie s -s p e c if ic  DNA fragm ent reported  in  th is  in v e s tig a tio n  (99) 

e x h ib its  h y b r id iz a tio n  on ly  to  C. a lb ican s  DNA which may in d ic a te  

p ossib le  use as a d iag n o stic  probe. F u rth e r comment regarding th is  

p o in t w i l l  be included in  the  d iscussion .

A n tifu n g a l Therapy

C u rre n tly , physicians w i l l  i n i t i a t e  a n tifu n g a l trea tm en t when 

h ig h -r is k  p a tie n ts  develop fe v e r  o f  unknown o r ig in  and are  

unresponsive to  a n t ib a c te r ia l  trea tm en t (8 ,8 0 ) .  Disseminated  

c a n d id ia s is  in fre q u e n tly  presents w ith  fe v e r , rash , o r sk in  les io n s , 

and u s u a lly  doesn’ t  demonstrate c h a ra c te r is t ic  symptoms o f in fe c t io n .  

T h e re fo re , e m p irica l drug trea tm en t r e f le c ts  the  need fo r  aggressive  

therapy  o f suspected fungal in fe c tio n s  when p o s it iv e  d iagnosis may be 

too la te :  on ly  14-33% o f p a tie n ts  have an antemortem diagnosis  o f  

dissem inated Candida in fe c tio n s  (8 1 ) .

Am photericin B has remained the  most e f fe c t iv e  drug fo r  

dissem inated c an d id ia s is  and o th e r dissem inated fungal in fe c tio n s  

since the  1950’ s (8 0 ,1 0 0 ,1 0 1 ). As a polyene compound b ind ing to  

s te r o ls ,  a narrow th e ra p e u tic  index re s u lts  from am photeric in  B 

bind ing  more t ig h t ly  to  yeast membrane e rg o s te ro l than to  mammalian 

s te ro ls  (1 0 2 ) .  The b ind ing event has been speculated to  d is ru p t
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plasma membrane potassium ion g ra d ie n ts , which are  coupled to  n u tr ie n t  

tra n s p o rt ( e g . , polyene trea tm en t o f  Saccharomvces induces K+ loss from  

th e  c e l ls  and in h ib its  m altose t r a n s p o r t ) , and d is ru p t a p ro to n - 

tra n s lo c a tin g  adenosine triphosphatase  found in  the  plasma membranes 

o f Sc h izosaccharomyces, Saccharomvces. C. tro p ic a l is  and Neurosoora 

(1 0 2 ) . The hypothesized g ra d ien t d is ru p tio n s  suggest a mechanism fo r  

th e  broad range s id e -e f fe c ts  and t o x ic i t y  seen in  p a tie n ts  rece iv in g  

am photeric in  B (1 0 2 ) . These s id e -e f fe c ts  inc lude serio u s  nephro­

t o x ic i t y  (experienced by over 80% o f p a tie n ts  re ce iv in g  th e  d ru g ), 

anemia, an ap h ylax is , g en era lized  p a in , c h i l l s ,  and fe v e r  (1 0 2 ).  

N y s ta tin , a lso  a polyene, can be used fo r  mucocutaneous in fe c t io n s ,  

but is  too to x ic  fo r  p aren tern a l a d m in is tra tio n  (1 0 2 ,1 0 3 ).

A f lu o r in a te d  p y rim id in e , 5 -flu o ro c y to s in e  (f lu c y to s in e  or 5FC), 

can be used alone or in  combination w ith  am photeric in  B fo r  

dissem inated Candida in fe c tio n s  (1 0 0 ). Transported in to  c e l ls ,  the  

compound becomes m etabolized to  5 - f I uorodeoxyurid ine monophosphate 

(dUMP), gets incorporated  in to  RNA, and d is ru p ts  p ro te in  synthesis  

(1 0 2 ,1 0 4 ,1 0 5 ). Use o f 5FC has been lim ite d  because C. a lb ican s  

is o la te s  fre q u e n tly  e x h ib it  res is tan ce  (1 0 0 ,1 0 6 ,1 0 7 ). S u b s titu ted  

azo le  a n tifu n g a ls  such as m iconazole, itra c o n a z o le , and flu co n azo le  

are  e f fe c t iv e  ag a in s t mucocutaneous c a n d id ia s is  (1 0 8 ) . The azole  

compounds in te r a c t  w ith  cytochrome P-450 isozymes and l i k e ly  in h ib it  

erg o s te ro l b iosynthes is  in  Candida [review ed in  (1 0 2 ) ] .

Epidemiology

In v e s t ig a t in g  c o lo n iz a tio n  versus d isease, nosocomial outbreaks o f  

c a n d id ia s is , is o la te  source fo r  re c u rre n t v a g in i t is ,  and id e n tify in g
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d i f fe r e n t  v iru le n c e  c h a ra c te r is t ic s  among C. a lb ican s  is o la te s  are  

s ig n if ic a n t  ep idem io log ic  ta s ks . Vigorous e f fo r ts  toward provid ing  

g re a te r  is o la te  re s o lu tio n  than the  two serotypes o f C. a lb ican s  (53 ) 

have produced many ty p in g  methods in c lu d in g  e le c tro p h o re tic  a n a lys is  

o f DNA fo r  determ in ing  r e s t r ic t io n  length  polymorphisms (RFLPs) among 

s tra in s  (9 5 -9 7 ) .

B io typ ing  Schemes. Described b io typ in g  methods inc lude  

re s istogram  ty p in g  (re s is ta n c e  to  various chem icals) (1 0 9 ,1 1 0 ), 

morphotyping (v a r ia t io n  in  colony fr in g e  and surface  fe a tu re s ) (1 1 1 ), 

and yeast k i l l e r  ty p in g  (re s is ta n c e  to  to x in s  made by S. c e re v is ia e . 

U s t i la g o, Kluyveromvces. and P ich ia  species) (1 1 2 -1 1 4 ). S tra in  

d i f f e r e n t ia t io n  based on a s s im ila tio n  o f carbon sources and production  

o f e x t r a c e l lu la r  enzymes has been used e x te n s iv e ly  in  c l in ic a l  and 

research la b o ra to r ie s . One b io typ in g  scheme, developed by Odds and 

A bbott, uses a combination o f res i stogram and carbon a s s im ila tio n  

te s ts  (1 1 5 ,1 1 6 ) and has been used s in g ly  fo r  epidem iology o f Candida 

in fe c t io n s  o r in  combination w ith  DNA a n a ly s is  (1 1 7 ,1 1 8 ). A recent 

review  compared the  re p ro d u c ib il i ty ,  t y p a b i I i t y ,  and d is c rim in a to ry  

power (p r o b a b il ity  o f a method to  d is tin g u is h  between two randomly 

chosen is o la te s  from the  p o p u la tio n ) o f  th e  various  ty p in g  methods and 

in d ic a te d  s tro n g est support fo r  DNA a n a ly s is  over s in g u la r  use o f 

o th e r b io ty p in g  methods (1 1 9 ) .

DNA Typing Schemes. S tra in  d i f fe r e n t ia t io n  by C. a lb ic a n s  DNA 

RFLP p a tte rn s  has been done w ith  e le c t rophoresed EcoRI (GlAATTC) or 

Hinf I  (GlANTC) d igested  DNA, th a t was s ta in ed  w ith  eth id ium  bromide

12
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(E tB r) to  show banding p a tte rn s  (9 6 ,1 1 8 ,1 2 0 ,1 2 1 ). The b r ig h te s t EcoRI 

and H in f I  bands were id e n t i f ie d  as ribosomal DNA (rDNA) fragm ents th a t  

could be used to  d i f f e r e n t ia t e  between m e d ic a lly  im portant Candida 

sp ec ies , S. c e re v is ia e . and Schizosaccharomvces pombe. e ith e r  by E tB r- 

s ta in ed  RFLPs o r Southern b lo t h y b r id iz a tio n  to  a C. a lb ican s  rDNA 

probe (Ca5 probe) (9 7 ) .  Two C. s te lla to id e a  is o la te s  included in  the  

study were d is t in c t  from th e  C. a lb ican s  rDNA h y b r id iz a tio n  p a tte rn s  

(9 7 ) .  M ito ch o n d ria l DNA (mtDNA) probes from C. a lb ican s  showed HaeI I I  

fragm ent polymorphisms, but these probes generate top few p a tte rn s  fo r  

ep id em io lo g ica l use (1 1 9 ,1 2 2 ).

Many o f  the cloned fragm ents o f (n o n -rDNA and non-mtDNA) 

r e p e t i t iv e  DNA have been used as h y b r id iz a tio n  probes to  d is tin g u is h  

jgandida species and C. a lb ican s  s tra in s . M id d le -re p e t it iv e  sequence 

Ca3 (ap p ro x im ate ly  10 copies per c e l l )  provided s ta b le  p a tte rn s  o f 

h y b r id iz a tio n  fo r  each s t r a in  o f C. a lb ic a n s , d if fe r e n t ia te d  between 

s tr a in s , d id  not c ro s s -h y b rid ize  w ith  Saccharomvces DNA (1 2 3 ) , and did  

c ro s s -h y b rid iz e  w ith  C. t ro p ic a l is  (9 8 ,1 2 4 ) .  M id -rep eat fragm ent Ca7 

e x h ib ite d  in s t a b i l i t y  fo r  in d iv id u a l s t r a in  ty p in g  (123) and has since  

shown h y b r id iz a tio n  p a tte rn s  s im ila r  to  S. c e re v is ia e  te lom eres; but 

Ca7 does not c ro s s -h y b rid ize  to  Saccharomvces. C. k ru s e i. o r C. 

g la b ra ta  DNA (9 8 ) .  H y b rid iz a tio n  o f CaS to  s tra in s  is o la te d  from 

cases o f v a g in it is  in d ic a te d  th a t m u lt ip le  C. a lb ican s  is o la te s  may be 

present during  in fe c t io n  and th a t d i f fe r e n t  is o la te s  may be p a rt o f  

normal f lo r a  from vario u s  body s ite s  (1 2 5 ) . Another m id -rep eat 

fragm ent 27A e x h ib ite d  homology to  CaS and d is tin g u ish e d  between C. 

a lb ic a n s  s t r a in s , but produced a low ra te  o f  polymorphisms w ith in  the
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te s te d  s tra in s  (1 2 6 ,1 2 7 ). Fragment 27A was described as sp ec ies- 

s p e c if ic  w ith  no c ro s s -h y b r id iz a tio n  to  C. t r o p ic a l is  o r C. 

ga r a p s ilo s is , but no o th e r Candida species were screened (1 2 6 ).

Two gene sequences have been used fo r  typ in g  Candida species. 

A ctin  gene h y b r id iz a tio n  p a tte rn s  d if fe r e n t ia te d  between Candida 

spec ies, except C. a lb ican s  and C. s te l la to id e a . and in d ica te d  

conservation  o f EcgRI and S a il  r e s t r ic t io n  s ite s  f la n k in g  th e  a c tin  

gene fo r  a l l  C. a lb ican s  is o la te s  te s te d  (9 5 ) .  The s ec re to ry  CAP gene 

c ro ss -h y b rid ized  w ith  C. t r o p ic a l is  and C. parapsi lo s is  genomic DNA 

under lo w -s trin g en cy  Southern b lo ts , but not under h ig h -s trin g e n cy  

wash c o n d itio n s  (4 9 ) .  O ther Candida species, C. k ru s e i. C. shehatae.

—■ 11 iermondi i , and C. I ip o ly t ic a . d id  not show h y b r id iz a tio n

s ig n a ls  when probed w ith  the  C. a lb ican s  CAP gene DNA (4 9 ) .

Caveats fo r  C. a lb ican s  Epidem iology. The re p ro d u c ib il i ty  o f any 

ty p in g  method to  id e n t i fy  an is o la te  depends upon s t a b i l i t y  o f the  

te s te d  t r a i t s ,  but some C. a I b i cans is o la te s  d is p la y  h igh-frequency  

sw itch ing  systems th a t  a f fe c t  colony morphology and phenotypic  

c h a ra c te r is t ic s  (1 2 3 ,1 2 5 ,1 2 8 ). Three colony morphology sw itch ing  

systems, described below, have been stud ied  th a t  d is p la y  changes o f  

fe a tu re s  used in  .b io ty p in g .

When C. a lb ican s  c e l ls  are  p la ted  onto am ino-acid r ic h  agar, 

smooth colony forms predom inate, but w rin k le d , s ta r-sh ap ed , r in g , and 

o th e r i r r e g u la r  p r o f i le s  a r is e  spontaneously a t  a frequency o f 1 .4  x 

10'4 (1 2 8 ) . In ter-m orphology switches occurred in  h e r ita b le  and

re v e rs ib le  fash io n  fo r  some is o la te s , and th e  frequency o f sw itch ing  

away from smooth form was e le v a ted  by u l t r a v io le t  (UV) exposure
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(sw itch  frequency = 2 x 10'2, w ith  UV s u rv iv a l a t 90%) (1 2 8 ) .

Examining C. a lb ican s  colony morphology in  p la te s  o f  d ir e c t  c l in ic a l  

samples confirm ed d i f fe r e n t  morphologies from the  same is o la te  and 

confirm ed th a t  sw itch ing  occurred a t  s ite s  o f a c t iv e  in fe c t io n  (1 2 3 ).

Another colony sw itch ing  system in d ica te d  th a t 1.4% o f C. a lb icans  

c o lo n ie s , grown on Lee and Buckley medium which was designed to  induce 

yeast to  hyphal t r a n s it io n  ( I ) ,  spontaneously produced abnormal colony 

appearances (1 2 9 ) . Tw o-th irds  o f the  colony morphologies were s ta b le  

but th e  re s t switched ra p id ly  in to  m ixture  colony phenotypes.

A nalys is  o f  the  mutant colony chromosomal karyotypes obta ined by 

o r th o g o n a l- f ie ld -a lte rn a t io n  gel e le c tro p h o re s is  (OFAGE) o r transverse  

f i e ld  (TAPE) gels and Southern b lo ts  o f chromosomes probed w ith  

s p e c if ic  DNA m arkers, in d ica te d  th a t  s in g le  and m u lt ip le  chromosomal 

rearrangem ents had occurred (1 2 9 ).

W hite-opaque tra n s it io n s  o f some C. a lb ican s  is o la te s  occur a t  

freq u en cies  o f 1 x 10'2 to  I x 10'3 (1 1 9 ). Many c e l lu la r

c h a ra c te r is t ic s  were found to  sw itch h e r ita b ly  and re v e rs ib ly  along 

w ith  the  w hite-opaque colony sw itch . C. a lb ican s  in  th e  w h ite -fo rm  

phenotype d isp layed  normal ovoid c e ll  shape, produced smooth co lo n ies , 

and had o th e r c h a ra c te r is t ic s  shown by th e  m a jo r ity  o f  c l in ic a l  

is o la te s  (1 3 0 ,1 3 1 ). Opaque c e lls  were e longate  (tw ic e  th e  c e ll  

volum e), produced f l a t  opaque co lon ies  (s im ila r  to  some b a c te r ia l  

c o lo n ie s ), were more adherent to  buccal e p i th e l ia l  c e l ls  (1 3 2 ) , had 

p o re - l ik e  openings through th e  c e ll  w a ll (1 3 1 ) , d id  not form hyphae in  

normal pH -regu lated  induction  medium (described  below) but d id  when 

attached  to  p la s t ic  or buccal e p i th e l ia l  c e l ls  (1 3 3 ) , were more
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re s is ta n t  to  polyenes and 5FC- (1 3 4 ) , and were unable to  a s s im ila te  

fo u r carbohydrates when compared to  the  w h ite -fo rm  phenotypic c e lls  o f  

the  same is o la te  (1 2 5 ).

Low r e p ro d u c ib il i ty  o f  the  morphotyping and carbon a s s im ila tio n  

ty p in g  methods may be due to  the  h igh-frequency sw itch ing  phenomenon 

(1 1 9 ). A r e la t io n  between chromosomal karyotype rearrangements and 

DNA RFLP ty p in g  methods has not been determ ined. The use o f more than 

one ty p in g  scheme ( e g . , DNA ty p in g  and b io ty p in g ) was recommended fo r  

s tr a in  d i f f e r e n t ia t io n  and r e la t in g  s tra in s  to  phenotypic  

characteris tics  (1 1 8 ,1 1 9 ).

A te n ta t iv e  consensus view o f C. a lb ican s  population  s tru c tu re  

(v iru le n c e  d iffe re n c e s , is o la te  d is t r ib u t io n ,  and o th e r physio log ic  

param eters) in d ic a te s  th a t  most s tra in s  o f C. a lb ican s  c lu s te r  w ith in  

a range o f  p h ys io lo g ica l types which some review ers regard as possib ly  

p re fe rre d  phenotypes (1 3 5 -1 3 7 ).

Morphogenesis

In v e s t ig a t io n  o f fungal morphogenesis is  pursued fo r  two major 

reasons: fung i provide s im p ler eu karyo tic  models fo r  c e l l

d i f f e r e n t ia t io n  and gene re g u la tio n  than mammalian systems; and, many 

fungal pathogens o f man e x h ib it  dimorphism th a t  may r e la te  to  

v iru le n c e  [review ed in  (1 3 8 ) ] .  S. c e re v is ia e  and D ic tv o s te liu m  are  

two examples o f fungi th a t  been used to  reveal in fo rm atio n  on 

e u ka ry o tic  gene promoter s tru c tu re  and tra n s c r ip t io n a l reg u la to rs  

(1 3 9 -1 4 3 ), c e l lu la r  cytoske le ton  (1 4 4 ), s tre s s  (h ea t o r n u tr ie n t)  . .

responses (1 4 5 -1 4 8 ), tran s fo rm atio n  (1 4 9 -1 5 2 ), c e l l  cyc le  and

» \
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chromosomal re p lic a t io n  (1 5 3 -1 5 5 ), and c e l lu la r  d i f fe r e n t ia t io n  

re la te d  c y c lic  n u c leo tid e  changes (1 5 6 ).

Fungal pathogens o f man are  d iv id ed  in to  tru e  pathogens, those 

th a t  produce in fe c tio n s  in  normal hosts given a s u f f ic ie n t  in fe c t iv e  

dose, and o p p o rtu n is tic  pathogens th a t cause disease in  

immunocompromised in d iv id u a ls  ( 3 ) .  H istoolasm a. Blastomyces. 

C o cc id io id es , and P aracoccid io ides are dim orphic tru e  pathogens th a t  

undergo t r a n s it io n  from filam ento us  forms a t  25° C to  grow almost 

e x c lu s iv e ly  as yeast (b las to sp o res ) a t 37° C in  human tis s u e s . Common 

o p p o rtu n is tic  pathogens in c lu d e  A s p e rg illu s . Candida. Cryptococcus, 

Rhizopus, and Mucpr. Of the  o p p o rtu n is tic  fu n g i, Candida a lb ican s  and 

Mucor are  d im orphic, but on ly  C. a lb ican s  re g u la r ly  produces m ixtures  

o f b las to sp o res , pseudohyphae, and tru e  hyphae jn  v iv o .

Much o f  th e  l i t e r a t u r e  regarding fungal morphogenesis catalogues  

environm ental fa c to rs  which in h ib i t  o r s tim u la te  morphologic changes 

and notes c e l lu la r  changes o f w all s tru c tu re  and components, c y c lic  

n u c le o tid e s , pH, and enzyme a c t iv i t y .  Techniques fo r  DNA and RNA 

a n a ly s is  are  p rov id ing  a d d it io n a l to o ls  fo r  m onitoring  changes o f  

fungal gene expression which may be associated  w ith  dimorphism. 

N everth e less , h y p o th e tic a l models fo r  morphogenic re g u la tio n  which 

account fo r  environm ental s t im u li ,  in t r a c e l lu la r  changes, and 

d i f f e r e n t ia l  g en etic  expression , are g e n e ra lly  lack in g  fo r  fungal 

pathogens.



Morphogenesis in  O ther 
Fungal Pathogens

Morphogenesis in  Histoplasm a capsulatum . BTastomvces d e r m a t it id is .

P aracocc id io ides  b r a s iI ie n s is  has been suggested to  occur by 

analogous mechanisms because u lt r a s t r u c tu r a l  and biochem ical changes 

in  t h e i r  tem p era tu re -reg u la ted  dimorphism are  s im ila r  (1 3 8 ,1 5 7 ).  

E valu atio n  o f th e  m orphological changes has been done c h ie f ly  in  H. 

capsulatum. B io tin  and cys te in e  [supply ing  s u lfh y d ry l (-S H ) groups] 

are  two n u tr i t io n a l  fa c to rs  requ ired  by H. capsulatum fo r  growth and 

maintenance o f yeast forms (1 5 7 ). C y c lic  adenosine 3 ’ , 5 ’ -  

monophosphate (cAMP) le v e ls  increase f iv e - f o ld  when H. capsulatum  

yeast-fo rm s convert to  hyphae a t 25 ' C; and in  the  presence o f  

exogenous cAMP d e r iv a t iv e s , yeast forms a t  37° C w i l l  change to  hyphae 

(1 5 8 ) .

A na lys is  o f d i f f e r e n t ia l  gene expression p ossib ly  invo lved  in  H. 

capsulatum form t r a n s it io n  has in d ica ted  some d iffe re n c e s . Three a - 

tu b u lin  messenger RNAs (mRNAs) are  present in  m ycelia  but on ly  two are  

expressed in  yeast (1 5 9 ) . A lso, a y e a s t-p h a s e -s p e c if ic  gene, yps-3, 

was tra n s c rib e d  only in  v i r u le n t .H. capsulatum s tra in s  undergoing 

morphogenesis and not found in  an a v iru le n t  Downs s tr a in  s h ifte d  to  

37° C (9 4 ) .  Levels fo r  heat shock p ro te in  (HSP) hsp70 mRNA were lower 

fo r  the Downs s tra in  grown a t  37° C than fo r  v ir u le n t  is o la te s , which 

may suggest a possib le  basis  fo r  lowered therm oto lerance shown by the  

Downs is o la te  (1 5 7 ). The absence o f a Downs’ yps-3 t r a n s c r ip t  was 

probably not due to  hsp70 re g u la tio n , because a t 34° C hsp70 mRNA 

le v e ls  in  th e  Downs s tr a in  were s im ila r  to  v ir u le n t  s tra in s  w h ile  yps- 

3 remained s i le n t  (1 6 0 ).

18
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Mucor species produce f i lam ents, sporangiospores, a rth rospores , 

and zygospores l ik e  o th e r zygomycetes, but can a lso  make s p h e ric a l, 

m u ltip o la r  budding yeasts (1 6 1 ). Morphogenic t r a n s it io n  in  Mucor 

(hyphal to  y e a s t) is  regu lated  p r im a r ily  by oxygen atmosphere and the  

co n cen tra tio n  and type o f hexose present: fe rm en tab le  hexoses are

requ ired  fo r  growth as yeast forms; yeast forms predominate in  

anaerobic c o n d itio n s ; and, aerob ic  co n d itio n s  induce hyphal phase 

growth [review ed in  (1 3 8 ,1 6 2 )] .

A na lys is  o f mRNA from aerob ic  and anaerobic germ ination  o f Mucor 

sporangiospores in d ic a te s  th a t  stored  pools o f sporangiospore mRNA 

become ra p id ly  tra n s la te d  to  produce d i f fe r e n t  p ro te in  p a tte rn s , and 

th a t  no new RNA synthesis  occurs during germ ination f o r  a t  le a s t 20 

minutes in  Mucor racemosus (1 6 1 ,1 6 3 ). Mucor has m u lt ip le  a c t in ,  

tu b u lin , ras , E F -Ia  (e lo n g a tio n  f a c t o r ) , and MuR (p o s s ib ly  a 

transposon) genes th a t  have each shown fo rm -vary ing  tra n s c r ip t io n  

le v e ls  [review ed in  (1 6 1 ) ] .

Morphogenesis in  C. a lb ican s

In  v i t r o  methods fo r  promoting C. a lb ican s  yeast to  m yce lia l 

t r a n s it io n  in vo lve  changing n u tr ie n ts , pH, o r tem perature ( I ) .  So 

f a r ,  no s in g u la r  environm ental co n d itio n  has been id e n t i f ie d  th a t w i l l  

promote germ ination  fo r  a l l  C. a lb ican s  is o la te s  (8 ) .

True hyphae are  d is tin g u ish ed  from pseudohyphae by th e  absence o f  

c o n s tr ic tio n s  where th e  c y lin d r ic a l  hyphal element emerges from the  

mother yeast c e l l .  Germ tube evag in a tio n  s ite s  can be any place on 

th e  su rface  whereas buds (b la s to c o n id ia ) always form a t  p o la r  regions, 

d is ta l  to  th e  bud scar o f the  mother c e l l  ( 8 ,5 1 ) .  In c o rp o ra tio n  o f
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w all precursors occurs a t  the  hyphal ap ica l t i p  (1 6 4 ); and up u n t i l  

the f i r s t  sep ta l d iv is io n , the one o r,tw o  hyphal outgrowths per c e l l  

may be re fe rre d  to  as germ tubes. Hyphal length increases l in e a r ly  

w ith  tim e and not e x p o n e n tia lly  as in  o th e r filam entous fungi 

(1 3 3 ,1 6 5 -1 6 9 ). Hyphae can make la te r a l  hyphal branches (37° C in 

serum) or la te r a l  b lastospores as hyphal c u ltu re s  mature (40° C in 

peptone-conta in ing  medium) (8 ) .  Pseudohyphae are elongated  

b las tsp o res , c o n s tr ic te d  a t  mother c e l l  ju n c tio n s  and sep ta l 

connections, and are  a lso  ab le  to  make la te r a l  b lastospores (2 4 ).  

Pseudohyphal length  may appear l ik e  hyphae and.may cause mistaken 

m icroscopic in te rp re ta t io n  (except fo r  the  c o n s tr ic t io n s ) .

In d u ctio n  Methods. L ite ra tu re  regarding C. a lb ican s  dimorphism 

contains many re ferences o f in t e r - is o I a te  v a r ia t io n , c o n tra d ic to ry  

e ffe c ts  o f p u ta tiv e  germ ination inducers, and growth phase or c u ltu re ,  

carbohydrate h is to ry  d iffe re n c e s  th a t  a f fe c t  germ ination e ff ic ie n c y  

[review ed in  ( 6 ,8 ,2 4 ) ] .  S ta tin g  a few g en era lized  param eters, though, 

w i l l  in d ic a te  common lab o ra to ry  procedures fo r  induction  o f C. 

a lb ican s  hyphal growth.

Yeast form c e l ls  grown in  a defined  medium ( e g . , amino a c id s /s a lts  

medium) remain as budding yeast c e l ls  a t  low I  and high pH ( I  < 28° C, 

pH 6 .5 )  or high I  and low pH ( I  = 37° C, pH 4 -  4 .5 )  (2 4 ) .  I f  

b la s to c o n id ia  grown in  a defined  or complex medium ( e g . , g lucose/yeast 

e x tra c t/p e p to n e  medium) are  placed in  37° C serum or b u ffe r  con ta in ing  

s p e c if ic  inducers [ e g . , N -acety l-D -g lucosam ine (G lcNAc), L -p ro lin e , or 

glucose plus g lu tam ine] most c e l ls  w i l l  germ inate w ith in  3 - 4  hours 

o f in cu b atio n . Some is o la te s  re q u ire  a period o f s ta rv a tio n  (>20

20
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m inutes) in  o rd er to  germ inate in  the  presence o f s p e c if ic  inducers  

(1 7 0 )- 0 . a lb ican s  yeast c e l ls  grown a t  room tem perature in  defined

medium (RT = 21 -  24° C, pH 6 .5 )  w i l l  germ inate i f  te m p e ra tu re -s h ifte d  

in to  fre s h  medium a t 37° C, or c e l ls  grown a t  pH 4 .0  -  4 .5  (37° C) 

germ inate when p H -s h ifte d  to  pH 6 .5  (2 .5  -  5 mM glucose req u ired ) 

( 8 ,2 4 ) .  Of a l l  the  in d u ctio n  methods, hyphal fo rm ation  in  serum a t  

37° C provides th e  best consistency among is o la te s  o f C. a lb ican s  ( 8 ) .

. Non-germ inating mutants o f C. a lb ican s  have been described but 

g e n e ra lly  have not proven s ta b le  (1 7 1 -1 7 9 ). Some yeas t-fo rm  mutants 

have low germ ination revers io n  frequency o r w i l l  germ inate in  serum 

but not o th e r induction  methods; and hyphal-form  mutants appear most 

l ik e  pseudohyphae which a lso  make la te r a l  b lastospores [review ed in  

(8 ) ] .

Factors  A ffe c tin g  Dimorphism. In  a d d itio n  to  m etabo lic  h is to ry  

(carbohydrate  source) a f fe c t in g  germ ination , z in c  concentra tions  from  

1 PM to  3 pM promoted hyphal to  yeast t r a n s it io n ,  but above 9pM Zn2+ 

th e  o v e ra ll c e l l  growth was in h ib ite d  (1 7 9 -1 8 1 ). C. a lb ic a n s  a lso  

makes i t s  own germ ination in h ib i to r ,  morphogenic au to re g u la to ry  

substance (MARS), th a t  suppresses dimorphism when c e l l  concentrations  

exceed I x 106 c e lls /m l during induction  (1 8 2 -1 8 4 ). L -p ro lin e  analogs 

(eg . sarcosine  and L -a x e ti d i n e-2-carboxyI i c  a c id ) w i l l  suppress hyphal 

fo rm ation  (1 8 5 ); but N-acetylmannosamine, a N -ace ty I hexosamine l ik e  

GlcNAc, was ab le  to  induce the  uptake system fo r  GlcNAc and promote 

germ ination  o f C. a lb ican s  c e l ls  (1 7 0 ,1 8 6 ). Analyses o f  exogenous 

cAMP e f fe c ts  on germ ination and measures o f  in t r a c e l lu la r  cAMP le v e ls  

have produced c o n tra d ic to ry  re s u lts  (1 8 7 ,1 8 8 ). Growth o f C. a lb icans
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in  e le v a ted  CO2 promotes hyphal growth, s im ila r  to  o th e r dim orphic  

fung i [review ed in  ( 8 ) ] .

. Associated C e l lu la r  Events. In d u c tio n  by tem peratu re , n u tr ie n ts , 

o r pH have caused the  fo llo w in g  in t r a c e l lu la r  b io ch em ica l. changes: a)

C. a lb ic a n s  in te rn a l pH rose from 6 .8  to  8 .0  during the  f i r s t  30 

minutes o f in d u ctio n  and decreased to  pH 7 .0  p r io r  to  germ tube 

emergence (1 7 4 ,1 8 9 ); b) calcium  ion channel b lockers and calm odulin  

in h ib ito rs  blocked hyphal production (1 9 0 -1 9 2 ); c) lo c a liz e d  a c tin  

granules a t  th e  bud o r hyphal c e l l  w a ll evag in a tio n  s i t e  remained 

confined to  the  a p ic a l t i p  o f  growing hyphae, but become dispersed  

along the  growing bud c e l l  w all (1 6 7 ,1 9 3 ); and d) c h i t in  synthetase  

a c t iv i t y  increased in  germ inating c e l ls  (1 6 4 ,1 9 4 ). The two modes o f 

c e l l  w all growth are  re fe rre d  to  as general (bud growth) o r ap ica l 

(hyphal growth) c e l l  w a ll synthesis  (1 6 7 ) .

Two dim ensional e le c tro p h o re tic  a n a ly s is  o f yeast and hyphal form  

p ro te in s  o f C. a lb ican s  have suggested more yeast-fo rm  s p e c if ic  

p ro te in s  or amounts o f p ro te in s  (rang ing  from 3 - 1 0  a d d it io n a l  

p ro te in s  depending on the  re p o rt) and no hyphal s p e c if ic  p ro te in s  

(1 9 5 -1 9 7 ). Opposing rep o rts  in d ica ted  g re a te r  hyphal form amounts o f  

1 to  5 p ro te in s  but no yeast s p e c if ic  ones (1 9 8 ,1 9 9 ). T o ta l numbers 

o f resolved p ro te in s  v a rie d  between 200 to  400 in  th e  vario u s  2 - 

dim ensional p a tte rn s  ( 8 ) .  Some o f the  c e l lu la r  fo rm -associated  

p ro te in  d iffe re n c e s  have been recognized and included w ith  C. a lb icans  

s tre s s  responses (see below ).

E ukaryo tic  and p ro k a ry o tic  c e l ls  placed a t e le v a ted  tem peratures  

(5  -  15° C above c u ltu r in g  tem perature) o r in  n u tr ie n t o r  chemical
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s tre ss  respond by producing s tress  p ro te in s  which are  e ith e r  new or 

more abundant than unstressed c e l ls .  Because th e  germ ination  

in d u ctio n  methods fo r  C. a lb icans a lso  evoke s tre ss  responses, 

e v a lu a tio n  o f  th e  ro le  o f  heat shock p ro te in  (HSP) responses to  

morphogenic processes has been considered [review ed in  (2 0 0 ) ] .  

Comparison o f tem perature induced p ro te in s  produced by C. a lb icans  

g e rm in a tio n -d e f ic ie n t mutants and normal hyphal c e l ls  in d ica te d  no 

m ajor d iffe re n c e s  in  nine HSPs produced a t  37° C (18 , 26, 34 , 54, 72, 

76, 85 and 98 Kda HSPs) (2 0 1 ) . N u tr it io n a l s tre ss  p ro te in s  produced 

by germ inating  and g erm in a tio n - d e f ic ie n t  c e l ls  were s im ila r  in the  

p resen ce .o f s p e c if ic  inducers GlcNAc and L -p rp lin e , as were most o ther  

s tre s s  responses fo r  co n d itio n s  te s te d  (2 0 0 ). No d e f in i te  ro le  fo r  

germ ination  re g u la tio n  has been observed fo r  HSPs and re la te d  stress  

p ro te in s .

DNA and RNA s yn th es is . DNA and RNA synthesis  during yeast to  

m yce lia l t r a n s it io n  has been s tu d ied , but th e  d i f fe r e n t  c u ltu re  

c o n d itio n s , is o la te s , and assay methods probably account fo r  the  

d iv e rs e  re s u lts . Two o f th e  fo llo w in g  in v e s tig a tio n s  recorded  

in creas in g  RNA and DNA during  normal hyphal in d u c tio n , whereas others  

reported  hyphal growth w ith o u t corresponding RNA increases o r hyphal 

growth even in  th e  presence o f s p e c if ic  RNA and p ro te in  synthesis  

in h ib ito r s .

Dabrowa, e t  a l . (2 0 2 ) ,.  inocu la ted  t is s u e  c u ltu re  medium (25° or 

37° C) w ith  s ta t io n a ry  phase yeast and analyzed yeast and hyphal 

growth by h o u rly  measuring dry w eight, DNA content (by d iphenyl amine 

a n a ly s is  (2 0 3 ) ) ,  RNA amounts (o rc in o l m ethod), and p ro te in  content
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(Lowry p ro te in  d e te rm in a tio n  (2 0 4 ) ) .  Yeast c e l l  growth (25° C) 

e x h ib ite d  no measurable changes a t  1 and 2 hours; but a t  3 hours the  

RNA had doubled (2x ) and dry w eight and p ro te in  increased (each 

1 •2 2 x ) , but no increase in  DNA conten t. At 4 hours, the  yeast DNA, 

dry w e ig h t, and p ro te in  content was double (2 x ) the  inoculum le v e ls ,  

and th e  RNA continued to  increase (3 .2 x ) .  C. a lb ican s  grown a t 37° 

in d ic a te d  change a t  1 hour, but a t  the  2 hour sam pling, 50% o f the  

c e l ls  were germ inating and d isp layed double RNA content (2 x ) ,  

increased p ro te in  (1 .5 x ) ,  increased dry w eight (1 .2 x ) ,  but no increase  

in  DNA amounts. At 3 hours w ith  95% germ ination , a l l  measured values  

had increased compared to  the  i n i t i a l  inoculum le v e ls :  RNA (4 x ) ,  DNA 

( 1 . 5 x ) , dry w eight ( 2 x ) , and p ro te in  (3 x ) .  No fu r th e r  increase in dry  

w eight o r RNA amounts were recorded a t  4 hours, but DNA (2 .2 x )  and 

p ro te in s  ( 3 . 1x) increased.

Wain, e t  a l . (205) tracked  DNA and RNA synthesis  from s in g le t  

yeast c e l ls  (sucrose g ra d ien t prepared) in o cu la ted  in to  defined  medium 

fo r  yeast form growth (5% glucose plus yeast n itro g en  base, 37° C) or 

in to  serum fo r  hyphal form c e l ls  (37° C ). Samples taken every 10 

minutes fo r  6 hours in d ica te d  th a t  DNA synthesis  occurred in  stepwise  

■fashion (w ith  lags o f approxim ately 30 m inutes) a t  the  same ra te  and 

same tim e fo r  yeast and hyphal growing c e l ls .  The RNA content 

increased im m ediately in  both c e ll  forms (no i n i t i a l  lag  period l ik e  

DNA), and th e  RNA in  2 hour-hyphal forms had increased (2 .5  -  3x) when 

DNA had doubled (>95% g e rm in a tio n ). DNA amounts were assessed by the  

diphenylam ine re ac tio n  and RNA amounts c a lc u la te d  from UV absorbance 

d a ta .
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In  z in c -d e f ic ie n t  medium, hyphae grew d e sp ite  decreased RNA 

syn th es is  (RNA a n a ly s is  by phosphorous c o lo r im e tr ic  measurements) 

(1 8 1 ) .  5FC tre a te d  C. a lb ican s  c e l ls ,  which have in h ib ite d  RNA and

p ro te in  s yn th es is , made hyphal fila m e n ts  th a t  were 80% o f co n tro l 

len g th  hyphae (1 0 5 ). A lso , fo r  c e l ls  germinated in  b u ffe re d  medium 

co n ta in in g  GlcNAc, the  ra te  o f  p ro te in  syn thesis  increased w ith in  30 -  

60 m inutes o f induction  and then ra p id ly  decreased during  4 hours o f  

normal hyphal growth (2 0 6 ) . Decreased a v a i la b i l i t y  o f e x te rn a l amino 

acids  during  the  GlcNAc induction  caused the  rap id  decrease in  p ro te in  

synthes is  a f t e r  1 hour, but no changes in  p ro te in  s y n th e tic  ra tes  were 

observed when c e l ls  were tem perature induced in  Lee medium (2 0 6 ).

These various  trea tm en ts  to  in h ib i t  RNA synthesis  during  

germ ination  suggest th a t  RNA synthesis  is  not requ ired  fo r  hyphal 

production  in  C. a lb ican s  [review ed in  ( 8 ) ] .  Because th e  RNA 

q u a n t if ic a t io n s , mentioned above, were done from bulk and not ju s t  

mRNA le v e ls ,  the  measured decreases o r in h ib ite d  RNA syn th es is  may 

r e f le c t  ribosomal RNA changes th a t could mask the  small presence o f  

o th e r gene mRNAs. I t  would be in fo rm a tive  to  in v e s tig a te  RNA changes 

in  normal germ inating c e l ls  to  id e n t i fy  biased production o f rRNA or 

mRNA percentages.

C ontrol o f Morphogenesis. S u b s tan tia l support fo r  an 

e n v iro n m en ta lly  regu lated  mechanism o f C. a lb ican s  dimorphism has 

developed e s s e n t ia l ly  because few proposed gen etic  re g u la to rs  o f c e l l  

w a ll morphogenesis have been observed. Because hyphal growth may be 

in i t i a t e d  in  m u lti-p a th  fa s h io n , the  syn thes is  and o rg a n iza tio n  o f 

c e l l  w a ll components may be a l lo s t e r ic a l ly  c o n tro lle d  and d ire c te d
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w ith o u t new gene expression. Such environm ental modeling has been 

done e x te n s iv e ly  to  e xp la in  biochem ical d i f fe r e n t ia t io n  o f  

Dic t y o s te l ium, to  r e f le c t  the complex in te ra c tio n  o f s tru c tu re s  and 

m etabo lic  processes during  dimorphism. K in e tic  tra c k in g  o f  

m e ta b o lites  and a lte re d  enzyme a c t iv i t ie s  have allow ed in v e s tig a to rs  

to  id e n t i fy  100 ra te  l im it in g  s u b s tra te s , in h ib ito r s ,  e f fe c to rs ,  and 

40 in terdependent enzyme reac tio n s  necessary fo r  D ic tvo s te liu m  

aggregation  [review ed in  (2 0 7 -2 0 9 )] . Dimorphism in  C. a lb ic a n s , a t  

le a s t  fo r  i n i t i a l  germ ination changes, may not depend on gene 

t ra n s c r ip t io n  but may occur through biochem ical events c o n tro llin g  

c e l l  w a ll genesis (1 6 7 ,1 9 7 ,2 1 0 ).

O ther d ata  supporting environm ental co n tro l has been discussed in  

above sec tio n s : p au city  o f  phase s p e c if ic  p ro te in s  fo r  norm ally

germ inating  is o la te s  or m orphological mutants; hyphal. extension  

(a p ic a l c e l l  w a ll syn th es is ) d esp ite  RNA o r p ro te in  synthesis  

in h ib it io n ;  and, g re a te r hyphal a c t iv i t y  o f  c h i t in  synthetase which is  

a l lo s t e r ic a l ly  a c tiv a te d  by GlcNAc [reviewed, in  ( 8 ,2 1 0 ) ] .  Various  

second-messenger pathways are  l ik e ly  involved because o f  Ca2+- .  

calm odulin  a c t iv i t y  or in t r a c e l lu la r  pH changes (mentioned above) and 

because o f v a r ia b le  e ffe c ts  o f germ ination inducers on d i f fe r e n t  

is o la te s . So f a r  w ith  DNA/RNA a n a ly s is  ju s t  beginning, a s ix - fo ld  

increase in  a c t in  expression fo r  germ inating c e l ls  has been the only  

in d ic a tio n  o f possib le  g en etic  component to  morphogenic re g u la tio n  

( 211).

C ytoskeleton  in te ra c tio n  w ith  c e l l  w a ll synthesis  probably occurs 

through a c t in  fila m e n ts  and not m icrotubules in  yeasts (1 2 2 ,1 4 4 ,2 1 0 ).
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C o ld -s e n s it iv e  B -tu b u lin  mutants o f S. c e re v is ia e  c a rr ie d  out normal 

p o la rize d  growth and d id  not accumulate s ec re to ry  v e s ic le s  when placed  

a t  r e s t r ic t iv e  tem peratures; but a c t in  mutants e x h ib ite d  aberran t 

c h it in  d e p o s it io n , accumulated v e s ic le s , g re a te r  osmotic s e n s it iv i t y ,  

and eventual c e l l  death during  the budding p o rtio n  o f th e  c e l l  cycle  

(2 1 0 ,2 1 2 -2 1 4 ). V e s ic le  t r a f f i c  along a c t in  fila m e n ts  occurred in a 

u n id ire c tio n a l fash ion ( in t e r io r  to  p e r ip h e ry ), whereas m icro tu b u le - 

mediated v e s ic le s  may have b id ire c t io n a l movement, depending on the  

associated  tra n s p o rt p ro te in s  (2 1 2 ,2 1 5 ). Because bud and hyphal 

emergence s ite s  are  s p a t ia l ly  d i f fe r e n t  fo r  C. a lb ic a n s , th e  a c tin  

granule lo c a l iz a t io n  must be d ire c te d  e a r ly  in  morphogenesis 

(2 1 0 ,2 1 6 ). C h a ra c te r iz a tio n  o f a c tin -b in d in g  p ro te in s  in  S. 

c e re v is ia e  have suggested d i f f e r e n t ia l  a sso c ia tio n  o f th e  p ro te in s  to  

a c t in  th a t  may account fo r  general or ap ica l w a ll growth and some o f 

the  a ss o c ia tio n s  may be reg u lated  by ATP (2 1 2 ).

A p p lic a tio n  o f s u b tra c tiv e  mRNA h y b r id iz a tio n  techniques to  

compare m orphogenesis-associated changes in  gene expression have been 

used fo r  H. capsulatum (1 6 0 ) , but te s ts  w ith  C. a lb ican s  have not been 

rep o rted . O ther possib le  re g u la to ry  c o n tr ib u to rs  such as mRNA 

s t a b i l i t y  or tra n s la t io n  ra te s  have not been in v e s tig a te d , but may 

c o n tr ib u te  to  changes observed in  th e  C. a lb ican s  2-D p ro te in  an a lys is  

(as mentioned above).

M olecu lar B iology

27

Genome C h a ra c te r is tic s

Because o f  the  v a r ia b i l i t y  in  morphology, c e l l  s u rfa c e , and o ther  

C. a lb ic a n s  p h ys io lo g ic  t r a i t s ,  in v e s tig a tio n  o f p o ssib le  genomic
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re g u la to ry  components has been searched. Over th e  la s t  10 years, 

a p p lic a tio n  o f genetic  and m olecular g en etic  techniques has furn ished  

a l im ite d  foundation  fo r  understanding the  C. a lb ican s  genome and ■ 

provided s p e c if ic  to o ls  to  in v e s tig a te  p ossib le  g en etic  components o f  

v a r ia b i l i t y .

D ip lo id  Genome. E s tab lis h in g  the  d ip lo id  nature  o f C. a lb icans  

is o la te s  was hampered by the  asexual s ta te  and corresponding lack o f  

normal sexual crosses used in  c la s s ic a l g en etics . Parasexual genetic  

a n a ly s is  by mutant generation  and s e le c t io n , complementation by 

p ro to p la s t fu s io n  (2 1 7 ) , and observation  o f recom bination events, 

provided e a r ly  in d ic a tio n s  o f d ip lo id y  [re c e n t ly  reviewed (2 1 8 ,2 1 9 )] .  

Development o f  a tra n s fo rm atio n  system fo r  C. a lb ican s  supplied  

fu r th e r  evidence through d is ru p tio n  mutagenesis th a t  some genes were 

present in  two copies (see below) (2 2 0 ,2 2 1 ).

Mutagenesis o f C. a lb ican s  by UV exposure, n itro u s  a c id , or 

n itro so g u an id in e  re su lte d  in  high frequency is o la t io n  o f auxotrophs 

from some s tra in s . For example, when is o la te s  were m utagenized, 

n e a rly  20% produced auxotrophs a t a frequency o f >0.01 per su rv iv o r, 

but o th e r is o la te s  y ie ld e d  few er auxotrophs (<0.001 per s u rv iv o r)  

(2 2 2 ) . S tra in s  showing high frequency m utations a lso  e x h ib ite d  bias  

fo r  p a r t ic u la r  les ions  such as m eth ion ine, ly s in e , adenine, s e rin e , 

le u c in e , h is t id in e ,  a rg in in e , or is o le u c in e  -  v a lin e  auxotrophy  

(2 2 3 -2 2 7 ). The biased auxotrophic spectrum phenomenon has been 

re fe rre d  to  as "auxotypes" o f 0. a lb ican s  (218 .2221 .

The occurrence o f high auxotrophic frequencies  from some C. 

a lb ic a n s  is o la te s  suggested recessive a l le le s  present in  a n a tu ra lly
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heterozygous s ta te  (2 2 3 ). P o lyethy lene g lyco l fu s io n  o f auxotrophs 

was used e x te n s iv e ly  to  in te r p r e t  a l l e l e  complementation groups and 

lin ka g e  re la tio n s h ip s  [ (2 2 8 ,2 2 9 ) ,  reviewed in  (2 1 9 ) ] .  Seven linkage  

groups were determ ined, some co n ta in in g  recessive le th a l and 

tem perature s e n s it iv e  lo c i (2 3 0 ,2 3 1 ). Resistance to  5FC was a lso  

in d ica te d  as n a tu ra lly  heterozygous, as 30% o f c l in ic a l  is o la te s  

showed s l ig h t  re s is ta n c e , 6% were h ig h ly  re s is ta n t  (p robab ly  

homozygous), and the  re s t were su scep tib le  to  5FC in h ib it io n  

(1 0 6 ,2 2 2 ,2 3 2 ).

Transform ation  System. The f i r s t  id e n t i f ic a t io n  o f a C.. a lb icans  

gene sequence was the cloned or o t i d i n e -5 ’ -phosphate decarboxylase gene 

(URA3 gene) fu n c tio n in g  to  complement S. c e re v is ia e  ura3 and 

E sch erich ia  c o li  pyrF mutants (2 3 3 ). An ADE2 gene was next 

c h a ra c te rize d  by in te g ra t iv e  tran s fo rm atio n  o f a C. a lb ican s  adenine 

auxotroph (2 2 0 ).

A d d itio n a l support fo r  a d ip lo id  genome s ta tu s  came from  

d is ru p tio n  mutagenesis experim ents th a t  were combined w ith  UV-induced 

recom bination (2 2 1 ). The ADE2 gene o f C, a lb ican s  was in s e rte d  in to  

the  cloned URA3 gene, and th e  plasmid co n stru ct used to  transform  a C. 

a lb ican s  ade2 m utant. In te g ra t io n  o f th e  plasmid a t  one res id en t URA3 

gene was confirm ed by Southern b lo t .  The adenine transform ants  were 

subsequently exposed to  UV l ig h t  and th e  re s u lt in g  U ra - mutants had 

lo s t th e  second URA3 re s id e n t a l l e le  through recom bination events 

(221).

Various autonomously re p lic a t in g  sequences (ARS) from Candida have 

been fu n c t io n a lly  id e n t i f ie d  as improving tran s fo rm atio n  freq u en cies ,

29
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generated m u ltip le  plasmid copies per c e l l ,  and were unstable in the  

absence o f marker s e le c tio n  (2 3 4 ,2 3 5 ). One c h arac te rized  ARS 

sequence, CARSI, promoted form ation  o f m u ltim eric  plasmids (2 3 4 ); 

whereas two o th er sequences, CaARSi and CaARS2, have homologous 

s tru c tu re  and sequence to  S. c e re v is ia e  ARS regions near SS rDNA 

(2 3 5 ).

C. a lb ican s  is o la te s  e x h ib it  high n a tu ra l res is tan ce  to  benomyl, 

m ethotrexate , G418, and hygromycin B, so o th e r markers are being 

sought fo r  dominant s e le c tio n  o f transform ants (1 2 7 ,1 5 2 ,2 3 6 ,2 3 7 ).

N uclear and M itochondria l DNA. The r e la t iv e  percent G + C 

n u c leo tid e  content in  C. a lb ican s  DNA has been reported as 32.8% fo r  

n u clear and 38.2% fo r  m itochondria l DNA (mtDNA) as determined by 

a n a ly t ic a l cesium c h lo r id e  (CsCl) g ra d ien t a n a lys is  (2 3 8 ). E ight 

reported estim ates  o f C. a lb ican s  DNA content c lu s te r  between 37 -  40 

femptograms ( fg )  per c e l l ,  in d ic a tin g  approxim ately 36 to  39 megabase 

p a irs  (mbp) o f  DNA in the  genome [review ed in  (1 2 7 ,2 3 9 )] .

Ribosomal DNA (rDNA) repeats o f C. a lb ican s  have an approximate 

length o f 12 kbp (9 7 ) and are  present a t 40 -  80 copies per c e l l  (0 .4 8  

to  0 .96  mbp rDNA), estim ated  roughly from tandem length  in ta c t  rDNA, 

electrophoresed on pulsed f i e ld  gels  (1 2 7 ) . Subcloned fragments from 

th e  C. a lb ican s  18S and 25S rDNA gene regions have been used to  d r a f t  

r e s t r ic t io n  maps o f C. g la b ra ta . C. t r o o ic a l is . and C. g u l l lie rm o n d ii 

rDNA u n its  and fo r  d is tin g u is h in g  between Candida species (discussed  

above) (9 7 ) .  The rDNA repeat number fo r  the  9.1 kbp u n it  o f N. crassa  

v a rie s  in  w iId -ty p e  s tra in s  from 185 (74-0R23-1A , Oak R idge-derived )
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to  225' (AR33) (2 4 0 ,2 4 1 ). Saccharomvces has approxim ately 100 copies  

o f 9 kbp rDNA repeat per haplo id  genome (2 4 2 ).

Using p u r if ie d  m itochondria, W il ls ,  e t a l . ,  have estim ated mtDNA 

s iz e  a t 40 k ilo b ase  p a ir  (kbp) by EcoRI and PvuI (CGATiCG) r e s t r ic t io n  

d ig es ts  length  and from e le c tro n  micrographs o f p la tinum -pa llad ium  

shadowed n u c le ic  acids (in c lu d in g  <j>X174 phage DNA as in te rn a l standard  

c ir c le s )  which a lso  in d ica te d  c ir c u la r  molecules o f C. a lb ican s  mtDNA 

(2 3 8 ,2 4 3 ). The s ix  EcoRI mtDNA fragm ents have been subcloned fo r  

m itochondria l gene mapping experim ents, fo r  RFLP d i f fe r e n t ia t io n  o f C. 

a lb ican s  is o la te s  (mentioned above in  the  epidem iology s e c t io n ) , and 

fo r  e s tim a tin g  approxim ately 30 mtDNA copies present per c e l l  (30 x 41 

kbp -  1 ,230 kbp mtDNA) (1 2 7 ,2 3 8 ,2 4 4 ,2 4 5 ).

There are  th re e  general c lasses o f fungal m itochondrial genes: 

components o f m itochondria l p ro te in  synthesis  (rRNAs, tRNAs, and 

u s u a lly  one fungal ribosomal subunit p ro te in  such as var1 in  S. 

c e re v is ia e ) : components o f ATP synthetase complexes l ik e  cytochrome

oxidase and cytochrome b; and, sequences co n ta in in g  unassigned reading  

frames th a t  c o n s t itu te  most o f th e  spec ies-asso cia ted  m itochondrial 

genome d iffe re n c e s  [review ed in  (2 4 6 ,2 4 7 )] .  In  S. c e re v is ia e  two 

unassigned reading frames occur in  cytochrome b in tro n s  and code fo r  

RNA s p lic in g  maturases (2 4 6 ) . Incidences o f genes (ATPase subunits, 

cytochrome oxidase, and rDNA genes) or A-T r ic h  DNA sequences shared 

by n uc lear and m itochondria l genomes have been id e n t i f ie d  fo r  

Saccharomvces. Neurosoora. Podosoora, Locusta. and S trongvlocentro tus  

(sea u rc h in ) (2 4 6 ,2 4 8 -2 5 1 ),
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DNA Com plexity . Riggsby e t a l . , analyzed C. a lb ican s  DNA k in e t ic  

com plexity  by c a lc u la t in g  reasso c ia tio n  ra tes  in  the  C01 method o f 

B r it te n  and Kohne (2 5 2 ,2 5 3 ). W ho le -ce ll DNA samples were sheared 

(average s iz e  300 b p ), heat d is s o c ia te d , allowed to  reasso cia te  fo r  

vary ing  lengths o f tim e , and double-stranded DNA (dsDNA) 

concentrations were analyzed by hydroxyl a p a t ite  chromatography, SI 

nuclease d ig e s tio n , and o p tic a l hypochrom icity (decrease in  UV 

absorption occuring as dsDNA forms from annealing s in g le  s tra n d s ).

C. a lb ican s  DNA expressed two component reasso c ia tio n  k in e tic s  

w ith  13 -  15% r e p e t it iv e  and 85% s in g le  copy sequences (2 5 2 ). Further  

a n a ly s is  o f ju s t  the r e p e t it iv e  DNA fra c t io n  in d ica ted  approxim ately  

13% was a. fa s t  re asso c ia tio n  component and 71% was a slow component by 

comparison o f observed reasso c ia tio n  constants (2 3 8 ). Riggsby, e t  

a l . ,  c a lc u la te d  the  r e ite r a t io n  frequency per haplo id  genome to  be 17 

copies o f 74 .8  kbp slow components and 280 copies o f 1 .3  kbp fa s t  

components (2 3 8 ).

These C. a lb ican s  values are s im ila r  to  S. c e re v is ia e  (3 .2  x 107 

bp genome, 13% r e p e t i t iv e ,  and 87% s in g le  copy), Neurospora (2 .7  x 107 

bp genome, 10% r e p e t i t iv e ,  90% s in g le -c o p y ), and o th e r lower 

eukaryotes except A s o e rg iIlu s  n idu lans (2 .6  x 107 bp genome, 2 - 3 %  

r e p e t i t iv e ,  and 97 -  98% unique sequences) fo r  DNA com plexity  and the  

amount o f r e p e t it iv e  sequences per genome (1 2 7 ,2 5 2 ,2 5 4 -2 5 6 ). The 

slim e mold D ic tvo s te liu m  discoideum has approxim ately 30% re p e t it iv e  

DNA s im ila r  to  the  le v e l o f r e p e t it iv e  sequences in  mammalian genomes 

(2 5 3 ,2 5 7 ,2 5 8 ). P la n t genomes are considerab ly  more r e p e t i t iv e ,  w ith
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values o f  50% common; a notab le  exception being A rabidoosis  which has 

only  a 7 x 107 bp genome and. l i t t l e  r e p e t it iv e  DNA (2 5 9 ).

Riggsby, e t  a l . ,  d id  not determ ine the  o rg a n iza tio n  p a tte rn  o f C. 

a lb ican s  r e p e t i t iv e  fragm ents which has been done fo r  o th e r organisms 

to  in d ic a te  asso c ia tio n s  to  s in g le -co p y  sequences and speculate  

fu n c tio n  fo r  r e p e t it iv e  DNA (2 6 0 ,2 6 1 ). For example, tandem 

arrangement o f rDNA genes or s a t e l l i t e  DNA sequences, which are  

m u ltip le  copies o f sim ple d iverg en t rep ea ts , would suggest lim ite d  

in te ra c t io n  w ith  s in g le -co p y  sequences (2 5 8 ,2 6 1 ,2 6 2 ). Dispersed  

r e p e t i t iv e  sequences such as mammalian sh o rt in te rsp ersed  (SINEs are  

<500 bp, IO5 rep ea ts ) or long in te rsp ersed  (LINES are  >5 kbp, 104 

rep ea ts ) elements are  tra n s crib e d  in  some cases (2 6 3 -2 6 5 ) and a ra t  

LINE elem ent fu nctioned  to  promote chloramphenicol a c e ty ltra n s fe ra s e  

gene expression in  a r a t  c e l l  l in e  (2 6 6 ) . The ra t  LINE element 

promoter region contained 22 CpG d in u c le o tid e s  and lo s t  promoter 

fu n c tio n  when.only 5 s ite s  were m odified  by methyl a tio n  o f  the  . 

cyto s in e  residues (2 6 6 ). In  g e n e ra l, though, s p e c if ic  fu n c tio n s  fo r  

th e  dispersed r e p e t it iv e  DNA sequences remain s p e c u la tiv e  and may not 

e x is t  (2 6 7 ) . (More on CpG methyl a tio n  included in  Appendix A .)

Karyotype o f C. a lb ic a n s . Soon a f t e r  separa tion  o f  S. c e re v is ia e  

chromosomal DNA by pulsed f i e ld  gel e le c tro p h o re s is  (PFGE) and OFAGE 

(2 6 8 ,2 6 9 ), C. a lb ican s  became a "n ex t-s tep " organism to  te s t  

e le c tro p h o re tic  param eters fo r  sep ara tin g  la rg e r  DNA m olecules. PFGE 

in d ic a te d  5 - 6  poorly  resolved C. a lb ican s  chromosomes (2 7 0 ) .

Vol I ra th  and Davis (271) introduced contour-clamped homogeneous 

e le c t r ic  f i e ld  (CHEF) gels  capable o f 6 -  7 band re s o lu tio n , showing
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th a t the  sm alles t Candida chromosomes (about 1 .2  mbp) are the s iz e  o f  

the la rg e s t S. c e re v is ia e  ones, and th a t  the  la rg e s t Candida 

chromosomes (approxim ate ly  5 mbp) approach S. pombe chromosomal s ize s .

D if fe r e n t  is o la te s  o f C. a lb ican s  e x h ib ite d  v a r ia t io n  in  separated  

chromosomal band s izes  (E tB r s ta in in g  and chromosomal s p e c if ic  

probing) and the p a tte rn s  appeared d i f fe r e n t  from o th er m ed ica lly  

im portant Candida species (2 7 2 -2 7 4 ). Two a d d itio n a l le v e ls  o f 

v a r ia b i l i t y  fo r  C. a lb ican s  chromosomal c o n fig u ra tio n  have been noted. 

Southern b lo ts  o f C. a lb ican s  chromosomes probed w ith  ADE2, HIS3, or 

URA3 genes in d ica te d  s ig n a ls  from resolved bands th a t  suggests s ize  

d iffe re n c e s  in  homologous chromosomes (2 7 2 ,2 7 3 ). And, as was 

described above, th e  karyotype fo r  some C. a lb ican s  is o la te s  

undergoing sw itch ing  colony morphology can e x h ib it  d i f fe r in g  

chromosomal m ig ra tio n  (1 2 9 ) . C lin ic a l  is o la te s  d is p la y in g  normal 

colony morphology a lso  showed s im ila r  m ig ra tio n  d iffe re n c e s ; fo r  

example, gene probes fo r  the  la rg e s t chromosomes showed d i f fe r in g  s ize  

and r e la t iv e  p o s itio n  fo r  various C. a lb ican s  is o la te s  (1 2 7 ,2 7 3 ). In  

s p ite  o f v a r ia t io n s , karyotype in v e s tig a to rs  have agreed th a t  most C. 

a lb ican s  is o la te s  have 8 chromosomes w ith  the best re s o lu tio n  

occurring  on TAPE gels (9 8 ,1 2 7 ,2 3 6 ,2 7 5 ) or OFAGE and FIGE (2 7 6 ).

C. s te lla to id e a  is o la te s  d isp layed  the  same range o f DNA content 

per c e l l  as C. a lb ican s  (277) and those examined fo r  chromosomal 

karyotype d is tr ib u te d  in to  two groups: Type I  -  e x h ib ite d  chromosomal

polymorphisms w ith  9 -  11 separated bands which included some sm alle r  

chromosomes than seen among C. a lb ican s  is o la te s ; and, Type I I  -  

d isp layed  8 bands l ik e  the  m a jo r ity  o f C. a lb ican s  (1 0 ,1 1 ) .  Type I
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is o la te s  had lower v iru le n c e , produced p ro te in ase  a t  low pH, and had 

slow growth ra te s  on eyeI ohexim ide-bromcresoI green agar; whereas, 

type I I  is o la te s  e x h ib ite d  normal v iru le n c e  (s im ila r  to  low v iru le n c e  

C. a l bicans is o la te s ) ,  no p ro te in ase  a t  low pH, g re a te r  res is tan ce  to  

low UV ir r a d ia t io n ,  and normal growth ra te s  on the  in d ic a to r  medium 

( 10).

Cloned Genes. Most o f  the genes cloned from C. a lb ican s  have 

been id e n t i f ie d  e ith e r  by complementation o f S. c e re v is ia e  mutants or 

by S. c e re v is ia e  gene probes o f C. a lb ican s  genomic o r complementary 

DNA (cDNA) l ib r a r ie s .  Screening w ith  a heterologous system, though, 

has been unsuccessful fo r  s e le c tin g  some C. a lb ican s  genes, in d ic a tin g  

obstacles  s im ila r  to  ones encountered by using S. c e re v is ia e  fo r  

A s p e rg illu s  and Neurospora gene id e n t i f ic a t io n  (2 7 8 ) . Recent reviews, 

have l is t e d  th e  35 -  40 C. a lb ican s  genes fo r  b io s y n th e tic  enzymes, 

c e l l  membrane o r c e l l  w all synthesis  enzymes, s tru c tu ra l o r c e l l  cyc le  

genes, carbohydrate u t i l i z a t io n  and protease genes (1 2 2 ,1 2 7 ,2 3 6 ).

L im ited  in fo rm atio n  regarding C. a lb ican s  gene s tru c tu re  comes 

from on ly  a few sequenced genes. P re lim in ary  e v a lu a tio n  in d ica te s  

s im i la r i t y  to  RNA polymerase I I  type re g u la to ry  elem ents o f 

Saccharomvces promoter regions (2 3 6 ). E ight o f  11 Candida genes have 

conserved TATA boxes ( Hogness box = TATAAA consensus sequence) 

upstream o f th e  ATG tra n s c r ip t io n  s ta r t ,  codon (4 8 ,2 3 6 ) .  TATA s ite s  

are recognized by T F IID , a eu karyo tic  p ro te in  s im ila r  in  fu n c tio n  to  

p ro k a ry o tic  sigma tra n s c r ip t io n  fa c to rs  which in te r a c t  w ith  RNA 

polymerase I I  (2 7 9 ) . The genes w ith o u t consensus TATA boxes may have 

d iverse  sequences fu n c tio n in g  as t ra n s la t io n a l a c t iv a to rs  such as
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those shown in  S. c e re v is ia e  and may occur over a g re a te r  sequence 

range (40 -  120 bp upstream) (1 3 9 ,2 8 0 ). U n like  mammalian promoters 

u s u a lly  d is p la y in g  a s in g le  s i t e  fo r  tra n s c r ip t io n  i n i t i a t io n  th a t is  

25 -  30 bp from a TATA box, some S. c e re v is ia e  promoters show m u ltip le  

i n i t i a t io n  s ite s  fo r  a s in g le  gene when m u lt ip le  TATA elements are  

present ( e g . , cytochrome c gene tra n s c r ip t io n  occurs a t  +1, +10, +16, 

+25, +34, and +43 w ith  4 upstream TATA sequences) (1 3 9 ,2 8 1 ).

S. c e re v is ia e  RNA polymerase I I  promoters have two o th e r main 

fu n c tio n a l elem ents besides TATA sequences. Upstream a c t iv a t in g  

sequences (UASs) are  u s u a lly  10 -  30 bp long, may be a t  v a r ia b le  

d istan ces from the  mRNA in i t i a t io n  s i t e ,  and co n s is t o f  d i f fe r e n t  DNA 

sequences depending on the  gene (1 3 9 ). UAS elements are  analogous to  

the enhancer elements o f mammalian promoters such as th e  CCAAT box and 

GC box (th e  l a t t e r  GGGCGG sequences are  bound by the  sequence-sp ec ific  

t ra n s c r ip t io n  fa c to r ,  S p l) (1 3 9 ,2 8 2 ). I n i t i a t o r  e lem ents, the  th ir d  

type o f yeast promoter elem ents, are found near th e  ac tu a l mRNA s ta r t  

s it e  and they  are  a prim ary determ inant o f  where t ra n s c r ip t io n  begins 

(1 3 9 ). The spacing between in i t i a t o r  elements and TATA boxes in  yeast 

promoters e x h ib its  g re a te r  f l e x i b i l i t y  than mammalian promoters (1 3 9 ).

No analyses o f C. a lb ican s  5 ’ promoter regions have included  

id e n t i f ic a t io n  o f  UAS o r in i t i a t o r  elements [review ed in  (2 3 6 ) ] .  The 

C. a lb ican s  a c t in  and 6 -tu b u lin  genes have in tro n s  w ith  conserved 

branch and 3 ' s p lic in g  s ig n a ls  fo r  mRNA processing analogous to  S. 

c e re v is ia e  (9 5 ,2 8 3 ) .  Some C. a lb ican s  genes express codon b ias (42 to  

49 codons o f p o ss ib le  61) l ik e  c o n s t itu t iv e ly  expressed genes o f
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S. c e re v is ia e  (PRA1, TEFI, TEF2, TUB2), whereas o th e r genes do not 

(.ERGI6, CDC10) (2 3 6 ).

mRNA T ra n s la t io n . R ecently , an mRNA-dependent c e l l  fre e  

t ra n s la t io n  system was reported  by C o lth u rs t, e t  a l . , which provides  

another m olecu lar to o l fo r  a n a ly s is  o f Candida tra n s c r ip ts  (2 8 4 ).  

T h e ir  re s u lts  in d ica te d  th a t  C. a lb icans  ly s a te s , prepared from glass  

bead d is ru p ted  c e l ls ,  e x h ib ite d  t ra n s la t io n a l c h a ra c te r is t ic s  s im ila r  

to  Saccharomyces ly s a te  systems. T ra n s la tio n  o f po ly (U ) tem plates by 

Candida ly s a te s  was e f f i c ie n t l y  done in  a te m p la te - and Mg^-dependent 

manner, and tra n s la t io n  events e x h ib ite d  s t r i c t  requirem ent fo r  ATP. 

M icrococcal nuclease tre a te d  lysa tes  ( f re e  o f endogenous mRNA 

tem p la tes ) were capable o f tra n s la t in g  exogenously supp lied  homologous 

and hetero logous (S. c e re v is ia e ) tem plates . E lectrophoresed p ro te in s , 

produced by th e  C. a lb ican s  c e l l  f re e  ly s a te s , in d ica te d  th a t  la rg e  

p ro te in s  (above 100 kDa) were synthesized .

A n t ib io t ic s  known to  in h ib i t  s p e c if ic  steps o f t ra n s la t io n  

e lo n g atio n  in  Saccharomvces lys a te s  a lso  in h ib ite d  the Candida 

systems: te t r a c y c lin e  and fu s id ic  acid  th a t  ta rg e t  aminoacyl-tRNA

bind ing  to  ribosome subunits ; puromycin ta rg e ts  p ep tide  bond 

fo rm atio n ; and emetine and d ip h th e ria  to x in  (b u t not cyclohexim ide) 

ta rg e t  ribosomal tra n s lo c a tio n . Candida ly s a te  re s is ta n ce  to  

cyclohexim ide in h ib it io n  c o rre la te s  w ith  the  observed cyclohexim ide  

to le ra n c e  o f Candida is o la te s  (8 ) .

The C. a lb ican s  c e l l  f re e  tra n s la t io n  system a lso  e x h ib ite d  the  

same tem perature  s e n s i t iv i t y  as Saccharomvces lys a te s  and would not 

t r a n s la te  exogenous n a tu ra l mRNAs above 20 -  2 3 °C, though po ly(U )
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tem plates  were tra n s la te d  e f f i c ie n t ly  a t  30° C or 37° C in  both yeast 

systems (2 8 4 ,2 8 5 ). The tem perature in h ib it io n  o f S. c e re v is ia e  

ly s a te s  has been shown to  be re v e rs ib le  and probably not due to  a 

te m p e ra tu re -a c tiv a te d  nuclease because 5 -  10 minute incubation  o f  

e x tra c ts  a t  37° C, fo llo w ed  by tra n s fe r  back to  23° C, a llow s 75% 

recovery o f  p ro te in  syn thes is  ra te  (2 8 5 ). The tem perature  

s e n s i t iv i t y  and above mentioned s t r i c t  requirem ent fo r  ATP are  two 

c h a ra c te r is t ic s  o f the  yeast systems which d i f f e r  from o th e r  

e u k a ry o tic  c e l l  fre e  t ra n s la t io n a l system (1 2 0 ,2 8 4 ,2 8 6 ).

In v e s tig a tio n  Background and Goals

A t th e  onset o f th is  p ro je c t, very  l i t t l e  in fo rm atio n  was 

a v a ila b le  on the  m olecu lar b io logy o f C. a lb ic a n s . In  a d d itio n  to  

some o f  th e  parasexual fu s io n  and auxotrophic  lin kag e  in fo rm a tio n , 

only  th e  DNA k in e t ic  com plexity  study (252 ) and p u r if ic a t io n  o f  

m ito ch o n d ria l DNA had been done (2 3 8 ). As was mentioned e a r l i e r ,  one 

goal f o r  th e  fo llo w in g  experim ents included e v a lu a tio n  o f DNA 

e x tra c t io n  procedures f o r  prov id ing  high q u a lity  DNA from C. a lb icans  

c e l ls  fo r  m olecular g e n e tic  o r RFLP a n a ly s is  w ith  enzymes fo r  RFLP 

a n a ly s is  and o th e r DNA m anipulations such as co n stru ctio n  o f genomic 

l ib r a r ie s .

DNA E x tra c tio n

Methods fo r  e x tra c tin g  high q u a lity  fungal DNA in v o lv e  enzymatic 

o r mechanical breakage o f the  fungal c e l l  w a ll .  For S. c e re v is ia e . 

c e l l  w a ll d ig e s tio n  has been done w ith  various  enzymes: I y t i case,

g lusu lases  (which may co n ta in  DNAse a c t iv i t y ) ,  h e !i case from H e lix
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jjpm atia , c h it in a s e , and Zymolyase from A rth ro b ac te r [review ed in  

(2 8 7 ,2 8 8 ) ] .  DNA is o la t io n  u s u a lly  invo lved osmotic ly s is  o f  the  

sp h ero p las ts , p ro te in ase  tre a tm en t, and organic e x tra c tio n  o f the  

p re p a ra tio n ; and estim ates  o f Saccharomvces DNA fragm ent s izes  a f te r  

spherop last e x tra c tio n  were 10 -  20 kbp (2 8 ,2 8 9 ) .

O bservation o f the  d i f f e r e n t ia l  s u s c e p t ib i l i ty  o f  vario u s  yeast 

genera to  d i f fe r e n t  enzymes and trea tm en t co n d itio n s  has been ample 

(2 8 ,2 9 0 - 2 9 2 ). C. a lb ican s  was s im ila r  in  th a t  p re trea tm en t o f c e l ls  

w ith  d i t h io t h r e i t o l  and p ro te in ase  was necessary before  he!lease  

(g lu cu ro n id ase ) and c h it in a s e  d ig e s tio n  e f f i c ie n t ly  produced 

spherop lasts  from a l l  phases o f growth and yeast and m yce lia l forms 

(2 9 0 ,2 9 3 ). Spheroplasts prepared w ith  the  p re treatm ent were used fo r  

m ito ch o n d ria l p u r i f ic a t io n  and whole c e l l  DNA e x tra c t io n , but no 

estim ates  o f e x trac te d  fragm ent s ize s  were given (2 3 8 ) . Zymolyase, 

which conta ins  glucanases, mannanases, some p ro te in ase  a c t iv i t y ,  but 

no DNAse or RNAse a c t iv i t y ,  had been used fo r  removal o f  C. a lb icans  

c e l l  w a lls  in  p ro to p la s t fu s io n  experim ents, and a lso  to  s e le c t iv e ly  

remove c e l l  w all components fo r  s tru c tu ra l a n a ly s is  (2 ,2 9 4 ) .

Mechanical re lease  o f  fungal n u c le ic  acids has been done by 

vario u s  techn iques. V o rtex in g  w ith  g lass beads o f sm all diam eter 

( e g . , 0 .4 5  mm) has produced sheared, low m olecular w eight DNA 

fragm ents which may be used fo r  k in e t ic  s tu d ies  or RNA samples 

(2 6 0 ,2 6 1 ,2 9 5 ,2 9 6 ). Passage o f c e l ls  through h ig h -p ressu re  (French 

Pressure C e l l)  apparatus provided high m olecular w eight DNA from 

Neurosoora (2 4 0 ) . An a u to ly s is  method, th a t  in vo lves  V ortexing  a 

ly o p h t l ized fungal biomass w ith  4 mm glass beads and subsequent

I
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in cu b atio n  in  ly s is  b u ffe r  (c o n ta in in g  T r ito n  X-100 and p ro te in ase ) 

has a ls o  provided high m olecular w eight DNA from Neurosoora (2 4 1 ).

Comparison o f DNA E x tra c tio n  Methods. Comparison o f various  DNA 

e x tra c tio n  methods fo r  C. a lb ican s  was in i t ia t e d  as a re s u lt  o f two 

i n i t i a l  observa tio n s . E lectrophoresed r e s t r ic t io n  d ig e s ts  o f C- 

a lb ic a n s  DNA, whether from a s ix -b ase  (238) or fo u r-b ase  reco g n itio n  

enzyme, produced b r ig h t ly  s ta in in g  EtBr bands suggesting r e p e t it iv e  

DNA sequences ( (2 9 7 ) ,  and unpublished observations o f J . C u tle r  and P. 

R u s s e ll) .  C u tle r  and R u s s e ll’ s work w ith  rDNA h y b r id iz a tio n  to  

Candida DNA in d ica te d  th a t  only some o f the  p u ta tiv e  r e p e t it iv e  

sequences could be a t t r ib u te d  to  rDNA repeats  and th a t  comparison o f  

d i f f e r e n t  is o la te s  by th e  d ig e s t band p a tte rn s  may be p o ss ib le .

. In  a d d it io n , the  MspI  (ClCGG) d igested  C- a lb ican s  DNA e x h ib ite d  

high m olecu lar w eight fragm ents which were not seen in  s im ila r ly  

d ig ested  Saccharomvces o r Neurosoora DNA samples. C- a lb ican s  and 

Saccharomvces have roughly the  same amount o f DNA per hap lo id  genome 

and s im ila r  k in e t ic  com plexity  (2 5 6 ), but th e  d is t r ib u t io n  o f MspI  

fragm ents d if fe r e d  in  a way suggesting longer A-T r ic h  segments or 

methyl a t io n  p ro te c tio n  o f possib le  CCGG s ite s  in  C. a lb ic a n s .

F u rth e r RFLP a n a ly s is  o f such in t r a - s t r a in  banding p a tte rn s  would 

re q u ire  q u a l ity  DNA p rep ara tio n s  (h igh  m olecular w eight fragments and 

s u s c e p t ib i l i t y  to  r e s t r ic t io n  enzyme d ig e s tio n ) from m u lt ip le  is o la te s  

o f C. a lb ic a n s . In  t h e i r  i n i t i a l  s tu d ie s , C u tle r  and R ussell app lied  

th e  French Pressure C e ll and a u to ly s is  e x tra c tio n  methods from  

Neurospora to  prepare th e  Candida DNA samples. A comparison o f DNA 

e x tra c t io n  methods was in i t ia t e d  and included a n a ly s is  o f C. a lb ican s
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c e l l  s u s c e p t ib i l i t y  to  Zymolyase c e l l  w a ll d ig e s tio n  and the  q u a lity  

o f DNA e x tra c te d  from spheroplasted c e l ls .  Zymolyase was chosen 

because o f th e  absence o f DNAse and RNAse a c t iv i t y  in  commercial 

p re p a ra tio n s . R esults  o f  comparing DNA q u a lity  from the  various  

e x tra c tio n  methods has been p rev io u s ly  published (298) and are  

included in  th e  fo llo w in g  sections w ith  exception o f th e  a u to ly s is  

method. P o s t-p u b lic a tio n , th e  s u i t a b i l i t y  o f Zymolyase d ig estio n  

upon hyphal form C. a lb ican s  fo r  subsequent DNA e x tra c tio n  was tes ted  

and th e  re s u lts  are included here.

C h a ra c te r iz a tio n  o f a C. a lb ican s  
S p e c ie s -S p e c if ic  DNA Fragment

The second goal o f th is  in v e s tig a tio n  was to  fu r th e r  c h a ra c te rize  

a cloned Hpal l - d ig e s t  C. a lb ican s  fragm ent which had been provided by 

J. C u tle r  and H. Horn. The fragm ent appeared to  be o f s im ila r  s ize  to  

b rig h t MspI  o r H p a II bands suggesting th a t th e  fragm ent may be 

r e p e t i t iv e .  When the  fragm ent was ra d io la b e le d  and used to  probe 

d ig es ts  o f vario u s  C. a lb ican s  is o la te s  d i f fe r e n t  s ized  s ig n a ls  were 

observed. A lso , p re lim in a ry  screening o f DNA from some o th e r Candida 

species, o th e r fu n g i, and mammalian DNA in d ica te d  th a t  th e  C. a lb ican s  

fragm ent d id  not h y b rid ize  w ith  o th e r species and may be a candidate  

fo r  a d ia g n o s tic  probe. The above observations o f fragm ent 

c h a ra c te r is t ic s  were p re v io u s ly  published and included a te n ta t iv e  

r e s t r ic t io n  map (9 9 ) .

The s p e c if ic  goals fo r  examining the  p u ta tiv e  s p e c ie s -s p e c if ic  

fragm ent included th e  fo llo w in g : extended survey o f  DNA h y b r id iz a tio n

to  in c lu d e  o th e r m ed ica lly  im portant fu n g i; develop a r e s t r ic t io n  map

41
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o f th e  fragm ent and determ ine the  copy number per c e l l ;  survey various  

C. a lb ic a n s  is o la te s  fo r  in t r a -s t r a in  RFLP p a tte rn s ; in v e s tig a te  

p ossib le  m eth y la tio n  changes a t the  te rm in a l CCGG s ite s  o f the  

fragm ent; determ ine nuclear o r m itochondria l o r ig in  o f  th e  fragm ent; 

examine RNA e x tra c ts  to  in d ic a te  i f  th e  fragm ent o r p o rtio n s  o f the  

fragm ent were tra n s crib e d  in  yeast form o r hyphal form c e l ls ;  and, to  

o b ta in  sequence in fo rm atio n  fo r  the  p u ta tiv e  s p e c ie s -s p e c if ic  

fragm ent.
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MATERIALS AND METHODS:

M a te r ia ls

Organisms and C u ltu re  Conditions

Candida a lb ican s  s tra in s  m aintained in  our la b o ra to ry  stock  

c o lle c t io n  are  c l in ic a l  is o la te s . S tra in s  B23578, Sh27, and H12 were 

obtained from D. Stevens (Santa C lara  V a lle y  Medical C enter, Palo A lto ,  

CA). C. p a ra p s ilo s is  is o la te s  were g i f t s  from M.G. R in a ld i (Audie 

Murphy Memorial Veterans H o s p ita l, San Antonio , TX ). C. a lb ican s  ATCC 

32354 and C. s t e l l a t o idea ATCC 36232 were from the American Type C u ltu re  

C o lle c tio n  (R o c k v ille , MD); w h ile  C. s te lla to id e a  ATCC 4252 and ATCC 

.4365 were g i f t s  from K .J . Kwon-Chung (N IH , Bethesda, MD). O ther Candida 

species and fungal is o la te s  were from the  Montana S ta te  U n iv e rs ity  stock  

c o lle c t io n .  Species id e n t i f ic a t io n  was reconfirm ed w ith  yeast 

id e n t i f ic a t io n  s t r ip s  (API 20C, A nalytab Products, P la in v ie w , NY).

Germ tubes were produced by a l l  C. a lb ican s  is o la te s  te s te d . Stock 

c u ltu re s  were m aintained on re fr ig e ra te d  s la n ts  o f Sabouraud-dextrose  

agar o r p o ta to  fla k e s  agar (2 9 9 ) , and -2 0 °  s t e r i le  d i s t i l l e d  H2O (d-H20 )  

stocks o r  -7 0 °  C g ly ce ro l stocks.

Y east-fo rm  C. a lb ican s  were grown in  GYEP broth (2% g lucose, 0.3% 

yeast e x t r a c t ,  1% peptone) a t  37° C o r m odified  Lee Medium (mLee: 0.5% 

NaCl, 0.5% (NH4) 2SO4, 0.02% MgS04-7H20 , 0.25% K2HPO4) ,  and 1.0% sucrose 

w ith  f i l t e r - s t e r i l i z e d  b io t in  added to  0 .0 4  mg/1 a t room tem perature (RT
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= 22 -  25° C) w ith  shaking (160 rpm) fo r  24-48 hours (h ) .  C ultures fo r  

tem perature  s h i f t  induction  o f m yce lia l c e l ls  were grown in  mLee fo r  

24 -  48 h ( 2 ) ,  c e n tr ifu g e d  and washed in  s t e r i l e  dH20 before  re­

in o cu la ted  a t  a c e l l  d e n s ity  o f  5 x 105 -  5 x IO5 c e l l  s/m l in to  fresh  

mLee c o n ta in in g  1% bovine serum albumin (BSA). Germ ination was 

m onitored m ic ro s c o p ica lly  up to  4 h a f t e r  in d u c tio n . Saccharomvces 

c e re v is ia e  c e l ls  were grown in  YPD broth  (1% yeast e x t r a c t ,  2% peptone, 

2% g lucose) a t  RT to  log-phase or s ta t io n a ry  phase fo r  DNA e x tra c tio n s .

E sch erich ia  c o l i s tra in s  used fo r  tran s fo rm atio n  were DHSa (F - ,  

endAI, hsdR17, supE44, th i-1 , recAI, gyrA86, re lA I, 080lac&M15), 

provided by Joan Henson (Montana S ta te  U n iv e rs ity )  and X H -B lu e  2 

( recA 1, lac -, endA1, gyrA96, th i, hsdR17, supE44, re I A l, [F ’ , proAB, 

la c fl, lac2&M15, TnW]) from S tratagene (3 0 0 ) . The X L I-B lu e  2 c e l ls  

were ro u t in e ly  grown in  the  presence o f te t r a c y c lin e  (1 2 .5  pg/m l) to  

re ta in  th e  F' plasm id. B a c te r ia l c e l ls  were prepared by th e  CaCl2 

method fo r  tran s fo rm atio n  (296) [p . 1 .8 2 -1 .8 4 ] .  Log phase c e lls  [OD540nm= 

0 .2 - 0 .4 ,  50 ml L u ria  broth  (LB) c u ltu re ] were incubated in  25 ml 0 .1  M 

CaCl2 fo r  25 min on ic e , p e lle te d  (3000xg, 15 m in ), and suspended in  5 x 

100ul 0 .1  M CaCl2 a liq u o ts . Competent c e l l  a liq u o ts  were incubated w ith  

the  a p p ro p ria te  DNA I h on ic e , heat shocked 1 min a t  42° C, d ilu te d  

in to  pre-warmed LB and grown fo r  2 h a t  37° before  p la t in g  on 

a p p ro p ria te  s o lid  media.

The C. a lb ican s  a c t in  gene plasmid (9 5 ) was a g i f t  from W. S tu a rt  

Riggsby (U n iv e rs ity  o f  Tennessee, K n o x v ille , TN), a plasm id carry in g  th e  

C. a lb ic a n s  ura3 gene was a g i f t  from Donald R. K irsch (Squibb In s t i t u t e  

fo r  M edical Research, P rin ce to n , NJ) ,  and a N. crassa rDNA conta in ing
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plasmid was a g i f t  from P eter J . Russell (Reed C o lle g e , OR)(2 2 1 ,2 3 3 ). 

Various fungal and protozoan DNA samples th a t  were g ra c io u s ly  donated 

fo r  h y b r id iz a tio n  surveys are  in d ica te d  in  Table 1.

Table 1. Donated fungal and protozoan DNA.

Organism Source

Gaeumanomvces gram inis
v a rs . g ram in is , t r i t i c i ,and avenae -  Joan Henson, Montana .State  

U n iv e rs ity
Neurospora crassa 74-0R -23-1A  -  P eter J . R u s s e ll, Reed College  
Cryptococcus neoformans H99 -  John R. P e r fe c t, Duke U n iv e rs ity  
C occid io ides im m itis  -  Gary T. Cole, U n iv e rs ity  o f  Texas 
Mucor racemosus 1216B -  John E. L in z , M ichigan S ta te  U n iv e rs ity  
A s p e rg iIlu s  fla v u s  H125 -  David M. G e ise r, U n iv e rs ity  o f  Georgia 
Trichomonas v a g in a lis  S-981 -  Don R ile y , U n iv e rs ity  o f  Washington 
Histoplasm a capsulatum G222B ATCC26034, Blastomyces d e rm a t it id is  CR, 

Sepedonium chrysospermum ATCC16084, Chrvsosoorium k e ra tin o o h iIum 
ATCC 14803 -  E liza b e th  J . Keath, Washington U n iv e rs ity  (94 )

Reagents, Enzymes, and C loning Vectors

Reagent grade l iq u id  organ ic  chem icals and o th e r chemical reagents  

were obta ined  from J .T . Baker Chemical Co. (P h il lip s b u rg , NJ) and Sigma 

Chemical Co. (S t.. Louis, MO), unless s p e c if ic a l ly  noted. Zymolyase 20T 

was purchased from M iles  S c ie n t i f ic  (N a p e rv il le ,  IL )  o r ICN B iom edicals, 

In c . ( I r v in e ,  CA). R adio isotopes, s c in t i l l a t io n  f l u i d ,  and GeneScreen 

Plus h y b r id iz a tio n  tra n s fe r  membrane were purchased from NEN Research 

Products (Boston, MA). T ransb lo t. T ra n s fe r Membrane (DEAE Ion Exchange 

Paper) was purchased from Bio-Rad (Richmond, CA), th e  Geneclean K it  

( s i l i c a  gel DNA-capture m a tr ix ) was from Bio 101, In c . ( L a J o lla , CA), 

and th e  DNA D ip s tic k  q u a n t if ic a t io n  k i t  was from In v itro g e n  (San Diego, 

CA). G enetic  technology grade NuSieve GTG, SeaKem GTG and SeaPlaque 

agaroses were obtained from FMC Bioproducts (Rockland, ME).
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DNA r e s t r ic t io n  endonucleases and m odifying enzymes (polym erases, 

phosphatase, and I i gases) were obtained from S tra tagene  ( L a J o lla , CA), 

United S ta te s  Biochemical Corp. (C leve lan d , OH), BRL L ife  Technologies  

(G a ith e rsb u rg , MD), Promega B iotec (Madison, W I), New England B iolabs  

(B e v e rly , MA), and Boehringer Mannheim Biochem icals ( In d ia n a p o lis , IN ) .  

Plasmid pBR322 was obtained from Promega B iotec and p B lu escrip t I I  SK 

( + / - ) ,  and VCS-M13 h e lp er phage were from S tra tag en e . DNA prim ers were 

purchased from S tra tag en e , Promega B io tec , and BRL L ife  Technologies. 

Sequenase 2 .0  sequencing k i t  and U ltra -P u re  sequencing reagents were 

obtained from United S ta tes  Biochemical C orporation .

O ther reagents , k i t s ,  and b u ffe rs  used are l is te d  c a te g o r ic a lly  by 

method in  Tab le  2:

Table 2. Reagent and b u ffe r  components.

Reagents and b u ffe rs  Components

A. Plasmid DNA is o la t io n  and p u r if ic a t io n

L u ria  broth  (LB) 10 g/1 try p to n e , 5 g/1 yeast
e x t ra c t ,  10 g/1 NaCl. Adjust to  
pH 7 .0 . P la te s : reduce to  1 g/1 
NaCl, pH to  7 .4 , add 2% agar.

50 mM TE b u ffe r  (pH 8 .0 )

3 M Potassium a ce ta te  (KAc)

RNAse stock

6.1 g/1 Trizm a base, 18 .4  g/1 
Disodium e th y le n e -d ia m in e -  
te t r a a c e t ic  acid  (Na2EDTA), pH 8 .0 .

For 100 ml: Add 2 9 .4  g KAc to  50 ml 
d-H20 and a d ju s t pH to  4 .8  w ith  
g la c ia l  a c e tic  ac id  and bring volume 
to  100 ml w ith  d-H20 .

10 mg/ml RNAse A in  d-H20 . B oil 15 
min to  d e a c tiv a te  DNAses. Cool 
slo w ly  and s to re  a t  -20°C.

10 mM T ris-phosphate  (pH 8 .0 ) ,  I  M 
NaCl, I mM Na2EDTA

Sephacryl S -1000 b u ffe r
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Table 2. Reagent and b u ffe r components, continued.

Reagents and b u ffe rs Components

DEAE Rinse b u ffe r 0 .1 M NaCl, 0 .1  mM Na,EDTA, 10 mM 
T r is  (pH 8 .0 )

DEAE E lu tio n  b u ffe r 1 M NaCl, 0.1 mM Na,EDTA, 10 mM T r is  
(pH 8 .0 )

X-GAL 5 -B ro m o -4 -c h lo ro -3 -in o ly l-(3 -D -  
g a lac to s id e  d isso lved  in  dim ethyl 
formamide (20 mg/ml) stored a t  
-20° C. Add 80 pg/ml LB agar or 40pl 
stock added to  LB p la te  surface  
before  p la t in g  c e l ls .

IPTG I sop ropyI - 1 -th io -G -D -g a la c to s ide  
d isso lved  in  st-d-HpO (0 .1M ) added 
to  LB agar a t 20 mM or 4 pi to  LB 
su rfa ce . S to re  stock a t  -20°C.

SuperBroth (SB) 35 g/1 Tryptone, 20 g/1 yeast 
e x tr a c t ,  5 g/1 N aC l, pH 7 .5 .

B. E lec tro p h o res is  b u ffe rs  and s o lu tio n s

10 x TAE 4 8 .4  g/1 Trizm a base, 16 ml/1 
g la c ia l a c e tic  a c id , 4 .1  g/1 anhyd. 
sodium a c e ta te , 3 .72  g/1 Na,EDTA. pH
7 .8 .

10 x TBE 118 g/1 Trizm a base, 55 g/1 b oric  
a c id , 6 .72  g/1 Na2EDTA, pH 8 .0 .

10 x MOPS b u ffe r  
(295 ) [p 4 .9]

1 .8  g 4-m orpholinepropanesu lfon ic  
acid  p lus 800 ml s t e r i l e  D ie th y l-  
pyrocarbonate tre a te d  (DEPC-Tx) 
d-HjO, a d ju s t pH to  7 .0 .  Add 16.6 ml 
3 M NaAc (DEPC-Tx), 20 .0  ml 0 .5  M 
EDTA pH 8 .0  (DEPC-Tx). Add DEPC-Tx 
w ater to  I I .  F i l t e r  s t e r i l i z e  and 
p ro te c t from l ig h t .  S tore  a t RT.

Ethidium  bromide (E tB r) 1 mg/ml EtBr stock s o lu tio n  in  w ater 
s o lu t io n d ilu ted  to  1 ug/ml fo r  
s ta in in g . S tore  a t  4°C.

Sample loading b u ffe r  
("S u g e lp o t")

60% (w /v ) Sucrose, 0.1% SDS, 5 mM 
Na2EDTA, 1% bromophenol blue and 
Xylene cyanol
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Table 2. Reagent and b u ffe r  components, continued. 

Reagents and b u ffe rs  Components

30% Acrylam ide stock 29g acry lam ide, 1g N ,N1-m eth y lene-
b isacry lam id e , add d-fyO to  100 mis. 
F i l t e r  (0 .4 5  pm) and s to re  a t 4°C.

3% Ammonium p e rs u lfa te  (APS) 0 .3g  APS/10 ml w ater. S tore  a t 4°C.

CHEF loading dye 0.6% Low-M agarose in  1 X TAE plus
(Contour-Clamped Homogeneous 0.25% bromophenol b lue  

E le c t r ic a l  F ie ld  = CHEF)

Formaldehyde sample 
loading b u ffe r

50% g ly c e ro l, 1 mM Na2EDTA pH 8 .0  
0.25% bromophenol b lu e , 0.25% xylene  
cyanol FF

C. French Pressure C e ll DNA is o la t io n

L i36EDTA (pH 8 .0 )

A - I b u ffe r  (pH 7 .5 )

High s a l t  b u ffe r  (HSB)

Low s a l t  b u ffe r  (LSB)

Wilcockson reagent 
(E th a n o lic  P erch lo ra te  

Reagent, EPR)
(301)

SEVAG

For 500 mis: Mix 3 5 .5  g fre e -a c id  
EDTA and 10 g LiOH in  400 ml d-HjO. 
Check pH and s lo w ly  add more 
LiOH u n t i l  pH 8 ,0  . Add d-H20 to  
500 m is, au to c lave , and s to re  a t RT.

1 M S o rb ito l,  0 .2 5  M L i36EDTA,
20% g ly c e ro l, 0.5% T r ito n  X -100

25 mM T ris -H C l pH 7 .4 ,  100 mM NaCl,
2 mM Na2EDTA

1 mM T ris -H C l pH 7 .4 ,  1 mM NaCl,
0 .1  mM Na2EDTA

For 500 mis: d is so lv e  122.44 g 
anhydrous sodium p e rch lo ra te  in  
53 .6  ml o f  pre-warmed, 60°C d-H^O. 
F i l t e r  s o lu tio n  through glass f ib e r  
f i l t e r  (Whatman GF/C) fo llow ed by 
381 ml o f  pre-warmed, 60°C 100% 
e th a n o l. S tore in  hood, lab e l as 
"WARNING: EXPLOSIVE", and handle
w ith  gloves and eye p ro te c tio n .

Chloroform : I so-amyl a lcohol (2 4 :1 )
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Table 2. Reagent and b u ffe r  components, continued. 

Reagents and b u ffe rs  Components

D. S pherop last genomic and m itochondria l DNA is o la t io n

A c tiv a t io n  s o lu tio n  (A cts ) 0 .1  M EDTA pH 9 .0 ,  0 .3  M 2-

D ig estio n  s o lu tio n  (D igS)

Genomic ly s is  s o lu tio n  (GLS) 

Osmotic ly s is  s o lu tio n  (OLS)

M ito ch o n d ria l DNAse b u ffe r  
(mtDB)

M ito ch o n d ria l wash b u ffe r  
(mtWB)

M ito ch o n d ria l g rad ien t  
b u ffe r  (mtGB)

O rg an e lle  ly s is  b u ffe r

E. CHEF chromosomal embedment 

Agarose mix

SCE

S o lu tio n  I

S o lu tio n  I I  

S o lu tio n  I I I

mercaptoethanol (2 -M E ). (Stock  
co ncentra tion  o f 2-ME is  14.3 M)
1 .0  M s o r b ito l ,  0 .1  M Na2EDTA pH 
7 .5 , and Zymolyase 20T a t  80 U/gram 
packed c e l ls .

0 .15  M NaCl, 0 .1  M Na2EDTA pH 8 .0 .

0 .25  M sucrose, I mM Na,EDTA, 5 mM 
T ris -H C l pH 7 .5

0 .3  M sucrose, 20 mM T ris -H C l 
pH 7 .5 , 5 mM MgCl,, 0.15% bovine 
serum albumin (BSA)

0 .3  M sucrose, 20 mM T ris -H C l 
pH 7 .5 ,  10 mM Na2EDTA, 0.15% BSA

0.1  mM M -2 -h yd ro x y e th y lp ip e raz in e -  
N’ -2 -e th a n e s u lfo n ic  a c id  (HEPES),
10 mM Na2EDTA pH 7 .0

10 mM T ris -H C l pH 8 .2 ,  10 mM 
Na2EDTA1 100 mM Nacl

1% SeaPlaque agarose in  0.125 M 
Na2EDTA pH 7 .5

1 M s o r b ito l ,  0 .1  M sodium c i t r a t e  
pH 5 .8 ,  0.01 M Na2EDTA

Mix: 10 mis SCE, 0 .5  ml 14.3 M
2-ME, and add 1 mg/gram c e lls  o f  
Zymolyase 20T

0 .45  M Na2EDTA pH 9 .0 ,  10 mM T r is -  
HCl (pH 8 .0 ) ,  7.5% (v /v )  2-ME

0 .45  M EDTA pH 9 .0 ,  10 mM T ris -H C l 
pH 8 .0 ,  0.1% S a rk o s y l, and 
1 mg/ml p ro te in ase  K
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Table 2. Reagent and b u ffe r components, continued.

Reagents and b u ffe rs Components

F. RNA is o la t io n  b u ffe rs

DEPC-Tx d-H20 0 .2  ml d ie th y lpyrocarbonate mixed 
w ith  100 ml d-HjO f o r  30 min. Al I 
RNA b u ffe rs  were prepared w ith  DEPC- 
Tx w ater and au toc laved .

E x tra c tio n  b u ffe r  1 (E B i) 6 M g u an id in e-H C l, 10 mM
d ith io th r e i to l  (D T T ), 0 .1  M T ris -H C l 
pH 6 .5 , 1% Sarkosyl

B u ffe r  2 (B2) 4 .5  M NaAc pH 5 .5

B u ffe r  3 (B3) 6 M guan id ine-H C l, 0 .1  M Tris -H C l 
pH 7 .0 ,  20 mM Naj EDTA, 10 mM DTT

B u ffe r  4 (B4) 0.01 M T ris -H C l pH 7 .4 ,  4 mM 
Naj EDTA, 2 mM DTT

5 .7  M CsCl D issolve 9 .59  g CsCl in  10 ml 0 .1  M 
Naj EDTA and DEPC-Tx. Autoclave and 
rep lace  vol lo s t w ith  s t e r i le  DEPC- 
Tx d-HgO.

G. Southern b lo t t ra n s fe r  and h y b r id iz a tio n  so lu tio n s

Denaturing NaOH-NaCl 0 .5  N NaOH,. 1 .5  M NaCl

N e u tra liz in g  T ris -N aC l Pre-m ix 0 .5  M T r is -H C l to  pH 7 .1 .
Add NaCl to  3 .0  M and ad ju st volume.

20 X SSC 3 M NaCl, 0 .3  M sodium c it r a t e

GeneScreen Plus p o s t-b lo t Immerse b lo t in  0 .4  N NaOH fo r  30 -
wash s o lu tio n s 60s. Rinse in  0 .2  M T ris -H C l pH 7 .5 ,  

2 X SSC fo r  5 -15 m in.

5 X SSPE 0 .1 5  M NaCl, 5 mM sodium phosphate 
pH 7 .5  (6 .9  g/1 sodium monobasic
phosphate + 7.1 g/1 sodium d ib a s ic  
phosphate), 1 mM Naj EDTA.

H. N ick t ra n s la t io n

10 X N ick t ra n s la t io n  
b u ffe r  (NTB) .

500 mM T r is -H c l pH 7 .5 ,  100 mM . 
MgSO4, 1 mM DTT, 500 pg/ml BSA
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Table 2. Reagent and b u ffe r components, continued.

Reagents and b u ffe rs Components

10 x dNTPs 5 mM s o lu tio n  o f  th re e  cold deoxy- 
n u c leo tid e  trip h o sp h ates  fo r  32P- 
dTTP la b e l:  5 mM dGTP, 5 mM dATP, 5 
mM dCTP in  0 .05  M T ris -H C l pH 7 .0 .  
S tore  a t  -20° C.

DNAse I  stock s o lu tio n 1 mg/ml DNAse I  (1300 K .U ./m l) in  
50% (v /v )  g ly c e ro l, 0 .5  x NTB, 
0.015% 2-ME. S tore  a t  -20° C.

DNAse working s o lu tio n 1 x 10'5 d i lu t io n  in  T x NTB, 0.06% 
2-ME. (Approx. 1 x 10*2 K .U ./m l)

H. Sequenase 2 .0  k i t  components

5 x Sequenase b u ffe r 200 mM T ris -H C l pH 7 .5 ,  100 mM 
MgCl2, 250 mM NaCL

Enzyme d i lu t io n  b u ffe r 10 mM T ris -H C l pH 7 .5 ,  5 mM DTT, 0 .5  
mg/ml BSA

Sequenase M odified  T7 20 mM potassium phosphate pH 7 .4 ,  
DNA Polymerase, I mM DTT, 0.1 mM 
Na2EDTA, 50% g ly c e ro l (13 ,000  U/m l)

5 x dGTP Labeling mix DeoxynucIeotid es , 7 .5  pM each: dGTP, 
dTTP, dCTP

5 x dITP Labeling mix Deoxynucleotides: 15 pM dITP, 7 .5  pM 
dCTP and dTTP

ddN Term ination  mixes 
(N = A, G, C, o r T)

80:8  pM r a t io  deoxyNTP: d ideoxyNTP, 
80 pM each o f th re e  o th e r deoxy- 
t r i phosphates in  50 mM NaCl

ddX Term ination  Mix 
(X= A,G ,C, or T)

1 60 :1 .6  yM r a t io  dITP:ddGTP or 160:8  
r a t io  o f  d IT P :d d A ,T ,o r CTP, 80 yM 
fo r  dITP rxns) each dATP, dCTP, 
and dTTP, and 50 mM NaCl

Stop s o lu tio n 95% formamide, 20 mM Na2EDTA, 0.05%  
bromophenol b lu e , and 0.05% xylene  
cyanol EF
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Table 2. Reagent and b u ffe r components, continued

Reagents and b u ffe rs Components

I .  Sequencing gel s o lu tio n s

40% Acrylam ide stock 380 g/1 acry lam ide, 20 g/1 b is -  
acrylam ide in  d-H20 . F i l t e r  through  
Whatmann 3MM, s to re  a t  4° C in  dark  
b o t t le .

6% Gel mix For 100 ml: 15 ml 40% acrylam ide
sto ck, 10 ml 10 x TBE, 50 g urea, 
and 35 ml d-H20 . Degass under 
vacuum.

10% Ammonium p e rs u lfa te (APS) 1 g APS in  10 ml d-H20 . Made weekly 
and stored  a t 4° C.

Methods

Plasmid P rep ara tio n

The c lo n in g  o f H p a II fragments from C. a lb ican s  by J . C u tle r  and H. 

Horn has been described (9 9 ) .  B r ie f ly ,  C. a lb ican s  9938 genomic DNA was 

digested  w ith  HpaI I , l ig a te d  to  C Ia I  d ig es ted , phosphatase tre a te d  

pBR322, and used to  transform  CaCI2-Competent aDH5 E., c o l i . Plasmid DNA 

was is o la te d  from a m p ic i l l in  re s is ta n t transform ants  and d igested  w ith  

MspI to  screen fo r  candidal in s e rts  on 1% TAE agarose g e ls . The plasmid 

w ith  th e  la rg e s t in s e r t  (by MspI  d ig e s tio n  c r i t e r io n )  was designated  

pHpaCa? and analyzed by th e  fo llo w in g  methods.

Plasmid Is o la t io n  and P u r i f ic a t io n . An a lk a lin e  ly s is  procedure 

(w ith  minimal NaOH exposure tim e) was used fo r  p re p ara tio n  o f b a c te r ia l  

plasmids (2 9 5 ,3 0 2 ,3 0 3 ). B a c te r ia l c u ltu re s  (1 I LB) were grown (12 -16  

h, 160 rpm, 37° C) w ith  ap p ro p ria te  a n t ib io t ic s  (a m p ic i l l in ,  50 p g /m l;
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an d /o r te t r a c y c l in e ,  12.5  |ug/ml) .  C e lls  were harvested (7 ,0 0 0  x g, 20 

min, 4° C ), washed in  100 ml 50 mM TE pH 8 .0 ,  suspended in  15 ml 20% 

(w /w) sucrose in  50 mM TE pH 8 .0 ,  and fro zen  a t -70° C f o r  a t  le a s t 1 h. 

Fresh lysozyme s o lu tio n  (3 ml TE plus 15 mg lysozyme) was mixed w ith  th e  

thawn c e l l  suspension and incubated on ice  fo r  45 min. Freshly  prepared  

1% SDS, 0 .2  N NaOH suspension (36 m l) was mixed in  and l e f t  on ice  10 

min before  reducing the  pH to  5 .5  by a d d itio n  o f 3 M potassium a ce ta te  

pH 4 .8  (ap p ro x im ate ly  12 m l). A f te r  40 min on ic e , th e  p re c ip ita te  

(p p t) was p e lle te d  (7 ,0 0 0  x g, 20 min, 4° C) and th e  supernatant f lu id  

poured through a Kimwipe to  tra p  any a d d it io n a l p p t. An equal volume o f  

RT isopropanol was mixed w ith  the f lu id  and the ppt p e lle te d  (7 ,000  x g, 

20 min) a f t e r  15-30 min a t RT. The o r ig in a l procedure was m odified  

a f t e r  the  isopropanol ppt to  inc lude EPR e x tra c t io n , RNAse and 

p ro te in ase  K tre a tm e n t, and SEVAG e x tra c tio n  as described in  yeast 

genomic is o la t io n  s e c tio n , below. I f  fu r th e r  p u r i f ic a t io n  was done, 

plasmids were chromatographed over a Sephacryl S1000 column according to  

s u p p lie r  recommendations. F ractio n s  were monitored fo r  absorbance a t  

OD260nr Pooled, p re c ip ita te d  (p p t) w ith  an equal volume o f  isopropanol 

and re -p p t in  ethanol (E tO H ).

E lec tro p h o re s is  o f DNA. Agarose gel e le c tro p h o re s is  (0 .6 -2 .0 %  w/v 

agarose in  1 x TAE b u ffe r )  was used to  te s t  p u r ity  and separate  fragm ent 

lengths o f prepared plasmid or genomic and m itochondria l DNA (described  

below ). Samples ( in ta c t  or d igested  w ith  r e s t r ic t io n  endonucleases 1-3  

h) were mixed w ith  HSB ( i f  sample volume was <10 pi t o t a l )  and 0 .5  

volume Sugelp o t, loaded in to  sample w e lls  and e le c t rophoresed a t 60 V 

fo r  10 min, then a t reduced vo ltag e  fo r  7 cm m in ig e ls  (1 h, 4-6  V/cm) or

53
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17-24 cm long gels (12 -20  h, 2 .5 -5  V /cm ). Lambda phage DNA (d igested  

w ith  Hi ndI I I )  and <j)X174 phage DNA ( HaeI I I  d ig es ted ) were ro u tin e ly  

included fo r  re ference  s iz e s . Gels were s ta in ed  > 15 min w ith  EtBr 

s ta in in g  s o lu tio n , destained in  w ater > 15 min, placed on a UV 

t ra n s il lu m in a to r  (U l t r a -V io le t  Products, I n c . , San G a b r ie l, CA), and 

photographed using a P o la ro id  MP-4 Land Camera (Cambridge, MA) w ith  

P o laro id  Type 57 f i lm  (ISO 3000, f= 8 , 3 sec) or Type 55 f i lm  (ISO 50, f  

= 4 .5 ,  50 sec) and a UV and orange f i l t e r  (Kodak 7728G15). Film  and 

negatives  (Type 55 f i lm )  were developed as recommended. F luorescent 

ru le rs  (D iv e r s if ie d  B io tech , Newton C entre , MA) were photographed on the  

gel fo r  measuring m ig ra tio n  and b lo t t in g  dimensions.

R e s tr ic t io n  fragments o f pHpaCa7 were s ized  on re g u la r  agarose ge ls  

(a b o v e ), 2-4% NuSieve agarose g e ls , and 3 .5  -  5% polyacrylam ide gels in  

TBE b u ffe r  [ (3 0 4 ) p .173 ]. 30% stock acrylam ide (1 1 .6  ml fo r  3.5%, 16.6

ml fo r  5% g e l)  was mixed w ith  2.1 ml 3% APS, 10 ml 10 x TBE, and

s u f f ic ie n t  d-H^O fo r  100 m l, degassed under vacuum, and 30 pi TEMED 

(N ,N ,N ’ ,N ’ ,-te tra m e th y le th y le n e d ia m in e ) added. The acry lam ide s o lu tio n  

was poured in to  16 x 20 cm v e r t ic a l  gel apparatus (BRL Model V16-2) and 

allow ed to  polym erize 60 min. A fte r  a 1 h, 200 V gel p re -ru n , sample

w e lls  were washed w ith  b u ffe r ,  the  samples loaded and separated a t 1 -  8

V/cm. Gels were EtBr s ta in ed  and photographed as described above.

P u r if ic a t io n  o f DNA Fragments. E le c tro p h o re tic  p u r if ic a t io n  o f DNA 

fragm ents was done by e ith e r  DEAE-paper ion exchange T ran sb lo t Membrane 

capture  o r Geneclean. For DEAE cap tu re , th e  e lectrophoresed  samples 

were EtBr s ta in e d , illu m in e d  b r ie f ly  w ith  long wave UV to  id e n t i fy  band 

lo c a tio n  and to  s lic e  the  gel ju s t  ahead o f the  band. A small la n e -
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w idth s t r ip  o f  DEAE ion exchange paper was in s e rte d  in to  the  s l i t  and 

th e  band e lectrophoresed  in to  the  paper (40 -60  V fo r  15-30 m in ). A f te r  

checking fo r  complete t r a n s fe r  by UV i l lu m in a t io n , th e  DNA-bound DEAE 

paper was washed th re e  tim es in  DEAE r in s e  b u ffe r  (100 -  500 p i,  

depending on paper volume) to  remove agarose and the DNA fragm ent was 

e lu te d  o f f  in  5 x 200 pi washes w ith  DEAE e lu t io n  b u ffe r .  Fragments 

were concentrated  by adding 2 .5  vol EtOH and ppt a t -20°C fo r  >30 min.

DNA samples p u r if ie d  w ith  Geneclean were tre a te d  as per k i t  

in s tru c t io n s . Regular agarose, NuSieye GTG, o r SeaKem GTG TAE-agarose 

gels  were loaded to  provide sep ara te , d u p lic a te  lanes fo r  s ta in in g  and 

sample recovery. Gel s lic e s  co n ta in in g  th e  fragm ent o f  in te re s t  were 

weighed and m elted a t 45-50° C in  the  presence o f 2 .5 -3  vol 6 M N a I. 

G lassm ilk  suspension (5 pi fo r  <5 pg DNA, plus 1 pi fo r  each 0 .5  pg 

above 5 pg) was added, incubated fo r  5 min on ice  o r RT and cen trifu g ed  

5-10 sec. The p e l le t  was washed 3 tim es w ith  -20° C NEW wash 

(N aC l/Tris /E D TA  b u ffered  EtOH) ,  suspended in  w ater o r TE b u ffe r ,  and 

placed a t  45-50° C f o r  3 min to  e lu te  the  DNA. Free G lassm ilk  was 

removed by c e n tr ifu g in g  5-10 sec and tra n s fe r in g  the  supernatant f lu id  

to  a fre s h  eppendorf tube . Samples p u r if ie d  by DEAE and Geneclean were 

u s u a lly  checked v is u a lly  on a m in igel p r io r  to  q u a n t if ic a t io n  by UV 

spectrophotom etry, OD260̂ g0ni8 readings.

C e l lu la r  DNA P repara tion

In s e r t  fragm ents o f pHpaCa? were ra d io la b e le d  fo r  h y b r id iz a tio n  

a g a in s t Southern b lo ts  o f  various Candida species, fu n g i, and o ther  

mammalian DNA samples. Three methods fo r  is o la t io n  o f high m olecular 

w eight DNA from various Candida species, Toru lops is  gla b r a ta , and S.
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cer e v is ia e  c e l ls  have been described (298) and inc lude m o d ific a tio n s  o f  

Neurospora crassa and S. c e re v is ia e  procedures (2 4 0 ,2 4 1 ,2 8 9 ,3 0 5 ,3 0 6 ). A 

b r ie f  d e s c rip tio n  o f two o f the  th re e  methods used in  th is  work fo llo w s .

French Pressure C e ll Method. The R ib i S o rv a lI C e ll F ra c tio n a to r  

was u t i l i z e d  instead o f a French pressure c e l l  fo r  la rg e  volume DNA 

e x tra c tio n s  ( l i t e r  s iz e  o r la r g e r ) .  M id -s ta tio n a ry  yeast phase or 

m yce lia l phase c u ltu re s  were washed in  s t e r i l e  d-H20 and suspended in  

3 vol A -I b u ffe r  p r io r  to  passage through a p re -c o o led R ib i F ra c tio n a to r  

chamber [fro ze n  o vern ig h t (o /n )  a t -20°C, then re fr ig e ra te d  2 h p r io r  to  

use] a t  3 5 ,0 00 -3 8 ,00 0  p s i. Im m ediately, powdered SDS to  a f in a l  

co n cen tra tio n  o f 1% (w /v ) and p ro te in ase  K (50 pg /m l) o r Pronase (Sigma 

protease Type V to  250 pg /m l) were mixed w ith  the c e l l  ly s a te .

In cu b atio n  o f the  ly s a te  a t  48° C fo r  2 h was fo llow ed  by I h ppt in  2 .5  

vol EtOH a t  -20° C. The sample was c e n trifu g e d  (6 ,0 0 0  x g, 10 m in ), 

supernatant f lu id  poured o f f ,  a i r  evaporated, and the  p e l le t  suspended 

in  HSB and re -c e n tr ifu g e d  to  remove c e l l  d eb ris  (1 2 ,0 0 0  x g, 10 m in ).

The supernatant f lu id  was ppt w ith  2 .5  vol EtOH a t -20° C fo r  I h or 

o /n . A f te r  p e lle t in g  (1 2 ,0 0 0  x g, 10 min) and suspension in  HSB, the  

p re p ara tio n  was ex trac te d  w ith  6 vol EPR, incubated on ic e  fo r  30 min, 

and c e n tr ifu g e d  (6 ,00 0  x g, 10 m in ). The p e l le t  was washed w ith  100% 

cold EtOH, allowed to  a i r  d ry , suspended in  LSB and incubated w ith  RNAse 

(Sigma Type 1A.S to  5-10 pg/ml sample) a t  37° C fo r  2 -3  h. The EPR 

e x tra c tio n  was repeated , th e  DNA p e l le t  d isso lved  in  LSB, and ex trac ted  

w ith  an equal volume o f SEVAG (vigorous shaking 5 min, c e n tr ifu g e d  3800 

x g f o r  15 m in ). SEVAG e x tra c tio n  was repeated u n t i l  th e  in te r fa c e  was 

v is ib ly  fre e  o f p p t. The aqueous DNA samples were ppt by adding 0.1
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voI 5 M L iC l and 2 .5  vol EtOH (-20° C, a t  le a s t 30 m in ), cen trifu g ed  

(1 2 ,000  x g, 20 min) and suspended in  LSB o r TE fo r  enzyme s tud ies  or 

HSB fo r  longer storage (4° C or -70° C ).

S pheroplast E x tra c tio n  Method. Yeast c e l ls  grown to  m id -log  phase 

in  GYEP o r s ta t io n a ry  phase in  mLee medium were tre a te d  as p rev io u s ly  

described to  produce spherop lasts  (3 0 5 ) . Harvested c e l ls  were washed in  

0.1 M Na2EDTA (pH 9 .0 )  and incubated w ith  Acts (2 m l/gram  c e l ls ,  where I 

9 o f packed,cel I wet w eight equals approx. 1 x 1010 c e l ls )  fo r  15 min 

before  suspension in  DigS (2 m l/g ) fo r  30 -  60 min. a t  37° C w ith  g en tle  

a g ita t io n .  The spherop lasts  were c e n tr ifu g e d  g e n tly  a t  2000 x g, 5 min 

and washed in  1 .0  M s o r b i to l , 0 .1 M EDTA pH 7 .5 . The c e l ls  were lysed  

in  GLS, SDS and p ro te in ase  K added as described above w ith  subsequent 

e x tra c tio n  s tep s. Spheroplast DNA e x tra c tio n  was a ls o  used fo r  C. 

a lb ican s  c u ltu re s  grown in the  presence o f demethyl a t ing agents 

(Appendix A) and ra d io a c tiv e  phosphoric acid  (Appendix B ).

M ito ch o n d ria l DNA Is o la t io n . A method fo r  o b ta in in g  n u c le a r-fre e  

m itochondria l C. a lb ican s  DNA (mtDNA) was used (2 3 8 ) . Spheroplasts o f  

log-phase c e l ls  were prepared and c e n tr ifu g e d  (2000g, 5 min) m ain ta in ing  

ic e -c o ld  c o n d itio n s . The c e l ls  were washed tw ice  in  0 .9  M s o rb ito l ,  0 .1  

M Na2EDTA pH 7 .5  p r io r  to  d i lu t io n  in  OLS. Several s tro k es  (3 -5 )  o f a 

Bounce homogenizer were used to  d is ru p t th e  c e lls  and th e  suspension was 

l e f t  on ic e  30 min p r io r  to  re -a d ju s tin g  the  pH to  7 .5  w ith  10 N NaOH. 

The suspension was c e n tr ifu g e d  (3000g, 5 m in ), the supernatant f lu id  

saved and combined w ith  supernatant f lu id  from a second homogenization 

o f th e  p e l le t  in  OLS. The supernatant f lu id  was c e n tr ifu g e d  tw ice
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(1 ,5 0 0 g , 10 min) to  remove heavy d e b ris . M itochondria  were p e lle te d  a t  

1 5 ,OOOg fo r  15 min, suspended in  mtDB w ith  DNAse I  (25 pg /m l) and 

incubated on ice  fo r  30 min. The m itochondria l suspension was d ilu te d  

th re e  fo ld  w ith  mtWB, p e lle te d  (1 2 ,0 0 0g , 30 min) and washed tw ice  in  

mtWB. M itochondria  were banded in  25-50% (w /v ) l in e a r  sucrose g rad ien ts  

in  mtGB (c e n tr ifu g e d  90 min a t 21,000 rpm, SW41T1 ro to r , OTD65B S o rva ll 

U ltr a c e n t r i fu g e ) .  Bands were removed and d ilu te d  w ith  one vol 25% (w /v )  

sucrose ( in  mtGB) and the  m itochondria p e lle te d  a t 35 ,000  rpm fo r  30 min 

(SW41Ti r o to r ) .  The sucrose g ra d ien t was repeated and o rg an e lles  lysed  

by suspending in  OLS w ith  2% sarkosyl fo r  30 min. on ic e . DNA is o la t io n  

procedures, beginning w ith  EPR e x tra c tio n  as described above, were used 

to  prepare the  f in a l  mtDNA. Appendix C describes methods tes ted  in  

attem pts to  is o la te  p u r if ie d  nuclear DNA from C. a lb ic a n s .

Mammalian DNA Is o la t io n . Human p e rip h e ra l leukocytes and mouse 

spleen lymphocytes were prepared as p re v io u s ly  described (9 9 ) .  B r ie f ly ,  

h e p arin ize d  human blood (normal whole blood obtained by venipuncture  

from G lee) was ad justed  to  3% dextran  (T250, Pharmacia I n c . , Piscataway, 

Nd) fo r  sed im entation  o f e ry th ro cy tes  and sep ara tio n  o f  a leukocyte  

enriched  f r a c t io n  (3 0 7 ) . The human lymphocytes were c e n tr ifu g e d  (1 ,50 0  

rpm IEC ta b le to p  c e n tr ifu g e , 30 min) and suspended in  10 mM T ris -H C l (pH 

8 .2 ) ,  10 mM NagEDTA, 100 mM NaCl. Lymphocytes from two a d u lt  male mice 

were obta ined  by washing out unattached c e l ls  from needle punctured (1 8 -  

gauge) spleens w ith  T r is -b u ffe re d  s a lin e , 10 mM Na2EDTA. Both leukocyte  

suspensions were incubated w ith  100 pg/ml p ro te in ase  K and 2% sarkosyl 

fo r  3 h a t  50° C before  t re a t in g  w ith  EPR and subsequent DNA e x tra c tio n  

s tep s , as above.
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Chromosomal P re p a ra tio n . The method o f C arle  and Olson was fo llow ed  

(269) to  prepare c e l ls  w ith  th e  exception th a t  I a te - lo g  c e l ls  C. 

a lb ic a n s  (GYEP) and S. c e re v is ia e  (YPD), o r mLee-grown yeast o r hyphal 

phase c u ltu re s  o f C. a lb ican s  were used. B r ie f ly ,  100 ml c u ltu re s  were 

washed tw ic e  in  50 mM Na2EDTA pH 7 .5  and c e l ls  suspended in  3 .25  ml o f  

the  same s o lu tio n . F ive ml o f  1% low -m elting  agarose (made in  0 .125 M 

EDTA pH 7 .5 )  was mixed w ith  3 .0  ml c e l l  suspension (approx. 2 -4  x 10̂  

c e l ls /m l)  and I ml S o lu tio n  I .  The m ixture  was poured in to  a 6 cm p e tr i  

dish and allow ed to  harden. The d ish was o v e r la id  w ith  5 ml S o lu tio n  I I  

and incubated o /n  a t 37° C in  a sealed p la s t ic  bag. The o verlay  

s o lu tio n  was replaced w ith  5 ml S o lu tio n  I I I ,  resealed  and set a t 50° C 

o /n . P la te s  were stored  a t  4° C w ith  a f in a l  replacem ent o verlay  o f 0 .5  

M Na2EDTA pH 9 .0 .

W e ll-s iz e d  s lic e s  from th e  embedment p la te s  were loaded in  the  1% 

agarose gel ( in  0 .5  x TBE b u ffe r )  and sealed w ith  CHEF loading dye. The 

gel was placed in to  the  e le c tro p h o re s is  chamber (Owl S c ie n t i f ic )  and 

pre -ic e d  0 .5  x TBE b u ffe r  was added. The DNAstar Plus Programmer 

(V ers ion  65, DNAstar, In c , Madison, WI) c o n tro lle d  th e  e le c tro p h o re tic  

param eters o f 48-80 h and 400 sec sw itch ing  tim e a t  a constant 100 

v o lts .  B u ffe r was c irc u la te d  (M a s te rfle x  C irc u la to r  by Cole Parmer 

In s tru m en t, C o .) and cooled to  6-10° C (P olyscience Corp. r e fr ig e ra t io n  

u n it ,  N ile s ,  I I ) .  F in a l e le c tro p h o re tic  b u ffe r  tem perature  ranged from  

10-14° C. Gels were s ta in ed  in  EtBr ( I  (ig /m l) 30 min and destained 1 h 

p r io r  to  photographing.
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H y b rid iz a tio n  A nalysis

Southern B lo ts  and R a d io la b e lin g . TAE agarose g e ls  were ro u tin e ly  

placed in  0 .25  N HCl fo r  15 min to  depurinate  the  DNA fragments (2 9 6 ),  

denatured in  0 .4  N NaOH -  0 .6  M NaCl fo r  30-45 min, rinsed  in  w ater, 

n e u tra liz e d  in  0 .5  M T r is  -  1 .5  M NaCl pH 7 .5  fo r  30 min, and c a p i l la r y  

b lo tte d  to  GeneScreen Plus nylon-based membrane. A f te r  4 -  24 h o f 

t r a n s fe r ,  the  b lo ts  were tre a te d  in  0 .4  N NaOH fo r  30 -  60 sec and 

rinsed in  an excess o f 0 .2  M T ris -H C l pH 7 .5 , 2 .x  SSC, and allowed to  

a i r  d ry .

P rep ara tio n  o f "P  lab eled  DNA was by the  n ick  t ra n s la t io n  method 

described by Rigby, e t . a l .  (308) w ith  m o d ific a tio n s  (240 ) as fo llo w s :

0 .5  |ig DNA was mixed w ith  10 pi 10 x NTB, 10 pi 10 x dNTPs, 1 pi 3% 2 -  

ME, 1 pi 1 M DTT, 10 pi DNAse working s o lu tio n , 2 pi DNA pol I ,  25 pi a -  

^P dTTP o r dCTP (3 ,00 0  Ci/mM), and s u f f ic ie n t  d -^O  to  t o t a l  100 p i.

The m ix tu re  was incubated a t  12-14° C fo r  2 h, ppt w ith  2 .5  vol cold  

EtOH, and s e t a t  -20° C (1 h or o /n ) or -70° C (15 -30  m in ). The lab eled  

DNA fragm ents were c en trifu g ed  (10 -15  min in  m icrofuge) and the  

supernatant f lu id  saved. The p e l le t  was c en trifu g e d  2 min w ith  50 pi 

fre s h  cold  70% EtOH (supernatant f lu id  combined w ith  th e  f i r s t ) ,  and 

a ir - d r ie d  before  suspension in  200 pi HSB. The r e la t iv e  % in co rp o ra tio n  

was determ ined by Cerenkov s c in t i l la t io n  counting o f 1 pi o f supernatant 

f lu id  (c o n ta in in g  unincorporated la b e l)  and 1 pi o f  resuspended probe 

[(p ro b e  cpm/(probe + sup cpms) x 100]. For some experim ents, la b e lin g  

o f DNA was done by Probe-eze (random hexanucleotide prim er k i t )  or the  

BRL N ick T ra n s la tio n  K it .  Al I methods produced probes w ith in  the  

s p e c if ic  a c t iv i t y  range o f 1 -  4 x IO8 cpm/pg DNA.
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Southern h y b r id iz a tio n  o f  the  nylon based membrane, Genescreen P lus, 

was according to  m anufacturer in s tru c tio n s  (NEN ca ta lo g  no. NEF-976) 

w ith  th e  fo llo w in g  m o d ific a tio n s . P re h y b rid iz a tio n  o f b lo ts  was c a rr ie d  

out in  5 x SSPE s o lu tio n  (1 m l/10  cm2 membrane) fo r  15 min -  2 h a t 65°

C p r io r  to  a d d itio n  o f  probe. Incubation  o f b lo ts  w ith  added probe (2  x 

107 cpm/bag) continued a t  65° C w ith  constant a g ita t io n  fo r  4 -30 h.

B lo ts  were washed 5 x 100 ml (5 min a t  65° C) in  2 x SSC, 1% SDS w ith  

a g ita t io n  and fo llo w ed  by a s tr in g e n t wash in  0 .1  x SSC, 0.1% SDS fo r  30 

min a t  48° C. P robe-hyb rid ized  membranes were placed on 3MM paper, 

lab e led  w ith  ra d io a c tiv e  in k , covered w ith  p la s t ic  wrap and sandwiched 

next to  Kodak X-Omat XAR-5 f i lm  fo r  RT exposure or w ith .a d d it io n  o f a 

calc ium -tungsta te -phosphor in te n s ify in g  screen (Cronex L ig h tn in g -P lu s , 

NEN Research Products, Dupont) a t -70° C fo r  enhanced band development. 

Autoradiograph f i lm  was processed using Kodak GBX developer and f ix e r .

Dot B lo ts . A c tin  gene and pHpaCa7 la rg e  piece in s e r ts  were 

Geneclean p u r if ie d  fo r  use in  dot b lo t  a n a ly s is . Genomic C. a lb icans  

DNA was pre -d ig es te d  w ith  EcoRI and SEVAG e x trac te d  before  use as ta rg e t  

DNA. Al I DNA samples fo r  use in  the  dot b lo t  screen ing , whether genomic, 

or p u r if ie d  fragm ents, were q u a n tif ie d  using UV spectrophotom etry a f te r  

is o la t io n  or d ig e s tio n  to  e s ta b lis h  stock s o lu tio n s  w ith  known 

c o n cen tra tio n s . The DNA samples were denatured in  0 .4  N NaOH, 10 mM 

EDTA by heatin g  to  100° C fo r  10 min, n e u tra liz e d  by a d d itio n  o f 1 vol 

cold 2 M ammonium a c e ta te , pH 7 .0 ,  and adding SBB to  make working stock  

s o lu tio n s  o f denatured ta rg e t  DNAs: I p g /p l and 10 p g /p l fo r  standard

curve DNA, and 0 .5  p g /p l genomic ta rg e t  DNA. Sheared salmon sperm DNA 

was denatured and added (0 .5  p g /w e ll) as a c a r r ie r  w ith  100 pi SBB per
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m ic r o t ite r  p la te  w e ll .  The denatured in s e r t  and denatured genomic DNA 

were added in  vary in g  amounts (added volumes d id  not exceed 30 p i)  to  

m ic r o t ite r  w e lls . P re-w etted  Genescreen Plus was assembled in  the  B io - 

Dot M ic r o f i l t r a t io n  apparatus (B io-R ad) w ith  g en tle  vacuum w h ile  

securing  th e  to p . Samples were added w ith o u t suction  and allowed to  s i t  

30 min before  g e n tle  suctio n  was a p p lie d . W ells were washed w ith  200 pi 

0 .4  N NaOH, b r ie f  vacuum a p p lie d , and th e  b lo t  tre a te d  as described  

above fo r  Southern b lo ts .

RNA E x tra c tio n  and Northern B lo ts . Yeast phase and m yce lia l phase 

to t a l  RNA was e x tra c te d  using a guanidine-H Cl protocol [ (2 9 5 ) p 4 .2 .1 -2 , 

(3 0 9 ) . C. a lb ican s  9938 and Ca 1 c e l ls  were grown in  GYEP and mLee ( fo r  

morphogenesis in d u c tio n ), harvested by c e n tr ifu g a t io n  o r vacuum 

f i l t r a t i o n  fo r  m ycelia  (1 .2  pm Type RA M iI l ip o r e  f i l t e r )  and suspended 

in  EB1. The R ib i F ra c tio n a to r  was washed e x te n s iv e ly  in  DEPC-Tx w ater 

and s t e r i l e  DEPC-Tx w ater p r io r  to  breaking the  yeast o r hyphae. Broken 

c e l l  samples were c en trifu g e d  (10 ,000  rpm, GSA, 10 m in ), p e l le ts  re­

e x tra c te d  w ith  EBI and c e n tr ifu g e d , and 0 .0 4  vol B2 added to  the  pooled 

supernatant f lu id s .  Ethanol (0 .7 5  v o l)  was added and th e  samples ppt 

o/n  a t  -20° C. A fte r  c e n tr ifu g in g  (4 ,1 0 0  x g, 1 h r, O0 C ), the  a i r -  

d rie d  p e l le ts  were suspended in  minimal vol B3 and drawn fo u r tim es  

through a 20 ga. needle before  la y e r in g  onto 1 -1 .5  ml o f  5 .7  M CsCl in  

s il ic o n iz e d ,  autoclaved SW50.1 p o lya llo m er tubes. Samples were 

c e n tr ifu g e d  22 h, 36,000  rpm a t 20° C to  p e l le t  the RNA through the CsCl 

la y e r . The p e l le t  was suspended in  B4 by heating  to  60° C fo r  10 min 

and v o rte x in g  b r ie f ly .  A p o rtio n  o f th e  yeast RNA was tw ic e
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chromatographed over o lig o (d T ) c e llu lo s e  [ (2 9 5 ) p .4 .5 .1 - 3 ]  fo r  

enrichm ent o f  the messenger RNA (mRNA) p o p u la tio n .

A lte r n a t iv e ly ,  to t a l  RNA was prepared by an a c id ic  phenol e x tra c tio n  

method [ (2 9 6 )  p .7 .1 0 -1 1 ] to  a llo w  is o la t io n  o f small RNAs (5S and tRNAs) 

th a t  may not sediment through the CsCl step g ra d ie n t. A p o rtio n  o f the  

9938 yeast RNA sample in  B3, above, was ppt in  2 .5  vol EtOH and 

suspended in  2 ml o f  10 mM EDTA pH 8 .0 ,  0.5% SDS plus 2 ml o f 0 .1  M 

sodium a c e ta te  pH 5 .2 ,  10 mM EDTA pH 8 .0  before  o rgan ic  e x tra c tio n  and 

tw ice  ppt in  EtOH.

Two a liq u o ts  o f 9938 yeast RNA, one from each e x tra c tio n  method 

(CsCl and a c id ic -p h e n o l) , were tre a te d  w ith  RQI-DNAse (Promega) as 

described [ (2 9 5 )  p 4 .1 .4 ] .  Spectrophotom etric readings a t  OD260nil were 

used to  q u a n tify  to t a l  RNA y ie ld s  and th e  DNA D ip s tic k  k i t  was used to  

estim ate  mRNA co n cen tra tio n . RNA samples were a l i quoted and stored as 

ethanol ppt a t  -70° C u n t i l  e le c tro p h o re s is  or dot b lo t  h y b r id iz a tio n .

Yeast and m yce lia l (CsCl prepared) RNA was e le c t rophoresed in  

formaldehyde agarose gels and c a p i l la r y  tra n s fe rre d  to  n itro c e llu lo s e  as 

described [ (2 9 5 )  p 4 .9 .1 , (296) p 7 .4 6 -4 8 ]. Agarose (2 .1  g + 152 ml 

w ater) a t  60° C was combined w ith  17.5 ml 10 x MOPS b u ffe r  and 5 .25  ml 

37% form aldehyde and allowed to  s o l id i f y  fo r  30-45 min a t  RT. Formamide 

was d e io n ized  w ith  BioRad AG 501-X8(D) (5  g resin /100m l formamide, 

s t ir r e d  1 h r , to  a f in a l  pH o f 7 .1 )  and stored  under n itro g en  a t -70° C. 

RNA in  w ater (0 .5 -2 0  pg in  maximum vol o f  11.25 p i )  was mixed w ith  10 pi 

10 x MOPS b u ffe r ,  8 .75  pi 37% form aldehyde, and 25 p i de ion ized  

formamide. Samples were heated 15 min a t  55° C, mixed w ith  10 pi o f  

form aldehyde loading b u ffe r ,  and e lectrophoresed a t 3 -4  V/cm in  an 18 cm
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gel fo r  4 h. Gels w ith  th re e -fo ld  h ig h er formaldehyde concentration  

(3.3% instead  o f 1.1% v /v  form aldehyde) were a lso  used in  6-8  h 

e le c tro p h o re tic  runs. D u p lica te  lanes were excised fo r  s ta in in g  or 

b lo t t in g  to  n it r o c e llu lo s e . Al I n it ro c e llu lo s e  b lo ts  were baked (80° C 

vacuum oven, 2 h) before  h y b r id iz a tio n  [(2 9 6 ) p 7 .5 2 ] . The b lo ts  were 

p reh yb rid ized  a t  42° C in  50% formamide, 5 x SSPE, 2 x Denhardt reagent, 

and 0.1% SDS fo r  1-2 h; then lab eled  probe (0 .1  pg o f > 2 x IO8 cpm/pg 

DNA) added f o r  h y b r id iz a tio n  (1 6 -2 4  h ). B lo ts  were washed 20 min in  RT 

IxSSC + 0.1% SDS fo llow ed  by 3 x 20 min, 65 -  68° C in  0.2xSSC + 0.1%

SDS before  autorad iography.

Various amounts o f to t a l  RNA (both CsCl and acid  phenol methods) and 

mRNA were prepared fo r  dot b lo t  a p p lic a tio n  [(2 9 6 ) p 7 .5 4 ] . RNA in  10 pi 

w ater was mixed w ith  20 pi formamide, 7pl 37% form aldehyde, and 2 pi 

20xSSC, heated 15 min a t  68° C, and placed on iced . N itro c e llu lo s e  was 

presoaked f o r  1 h in  20xSSC, placed in  the  0 .1  N NaOH pre-c leaned  B io - 

Dot m an ifo ld , and th e  w e lls  washed and r e f i l l e d  w ith  IOxSSC p r io r  to  

sample a p p lic a t io n . Samples were added, g e n tle  suctio n  a p p lie d , w e lls  

washed w ith  2 x 1 ml. 10xSSC, and su ctio n  continued fo r  5 min. The 

membrane was a ir - d r ie d ,  baked, p re h yb rid ize d , and h y b rid ize d  as 

described above except th a t  100 pg/ml denatured salmon sperm DNA was 

added to  th e  formamide h y b r id iz a tio n  s tep .

pHpaCaT Sequence A nalys is

64

Subcloning. The p B lu escrip t SK I I ( + )  phagemid and pHpaCaT were 

d igested  w ith  P stI  and e lectrophoresed to  check fo r  complete c u tt in g .  

Twenty pi o f  phagemid (2 pg) d ig e s t was mixed w ith  10 pi 1 M T r is  pH
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9 .0 ,  0 .5  Ml o f  5 M NaCl, and 70 m! d-H20 . C a lf  in te s t in a l  a lk a lin e  

phosphatase (C IP ) was added (0 .5  pi o f  20 U /p l s to ck) and the  s o lu tio n  

incubated a t  37° C fo r  30 min. A second a liq u o t o f  CIP was added and 

incubated fo r  30 min a t  50° C to  decrease vec to r background (3 0 2 ). 

Na2EDTA was added to  the v ec to r m ixture  to  5 mM and heated (75° C, 10 

m in ). P stI-C IP  tre a te d  phagemid and d igested  pHpaCa7 were e x trac ted  

w ith  an equal vol o f T r is -b u ffe re d  phenol: chloroform  (296 ) and 0 .1 vol 3 

M sodium a c e ta te  pH 7 .0  was added before  2 vo ls  EtOH to  ppt the  DNAs ( -  

70° C, >30 m in ). P e lle ts  were washed w ith  70% EtOH, d r ie d , and 

suspended in  d-H20 . A 1:1 r a t io  o f phagemid:pHpaCa7 (approx. 0 .2  pg DNA 

each) was I i gated in  10 pi o f 1 mM ATP, 1 x T4 l ig a t io n  b u ffe r  (50 mM 

T ris -H C l pH 7 .5 ,  7 mM MgCl2, 1 mM DTT) ,  1 .5  U T4 l ig a s e , fo r  4 -8  h a t  

14° C. H a lf  o f the  l ig a t io n  mix was used to  transform  E. c d li  X L I-B lue  

2 competent c e l ls  prepared by the  CaCl2 method (2 9 5 ) . X U -B lu e  c e lls  

were harvested from a 50 ml LB log phase c u ltu re  (OD55cnm 0 .4 ) ,  

c e n tr ifu g e d  (SS34, 10K, 10 min) and incubated on ic e  in  25 ml 0 .1  M 

CaCl2 fo r  25 min. P e lle te d  c e lls  (SS34, 5K, 15 min) were suspended in  

0 .5  ml 0 .1  M CaCl2 and 80 -  100 pi a liq u o ts  were incubated w ith  l ig a t io n  

m ixtures  fo r  I h on ice  before  being heat shocked (42° C, 2 m in ). The. 

tra n s fo rm atio n  mix was d ilu te d  in to  2 ml pre-warmed LB and incubated 2 h 

a t  37° C p r io r  to  p la t in g  on s e le c t iv e  LB (amp, t e t ,  X-GAL, and IPTG) 

p la te s . Plasmid DNA from w hite  b a c te r ia l co lon ies  was prepared and 

screened fo r  the  presence o f HpaCa7 P stI  in s e r ts . .

J . C u t le r ,  T . Kanbe, and L. LaTray subcloned agarose p u r if ie d  Msp I  

fragm ents o f pHpaCaT in to  th e  C la I s i t e  o f  p B lu escrip t I I  S K ( - ) . Some 

o f t h e i r  subclones were used fo r  sequencing in  th is  p ro je c t .



I /

Dideoxy Sequencing o f  P lasm ids. Sequencing o f pHpaCa? and 

p B lu e s c rip t subclones was done using Sequenase (V ersion  2 .0 )  and 

assoc iated  p ro to c o ls . Template plasm id DNA (2 -4  p g ), prepared w ith  

minimal NaOH ly s is ,  was denatured in  0 .2  N NaOH, 0 .2  M EDTA fo r  30 min 

a t  37° C, n e u tra liz e d  w ith  0 .1  vol 3 M sodium a ce ta te  (pH 4 .5  -  5 .5 ) ,  

and ppt w ith  4 vol cold EtOH fo r  15 min a t  -70° C o r longer a t -20° C. 

The c e n tr ifu g e d  p e l le t  was washed in  70% EtOH, d r ie d , suspended in  7pl 

w ater, mixed w ith  2 pi Reaction B u ffe r , 1 pi a p p ro p ria te  prim er (0 .5  

pm ol), heated to  65° C fo r  2 min, and allow ed to  g ra d u a lly  cool in  a . 

heat b lo ck . The annealed te m p la te -p rim e r reac tio n  was mixed w ith  Ip l  

0.1  M DTT, 2pl la b e lin g  n u c leo tid e  mix (dGTP or d ITP , u s u a lly  d ilu te d  

1:5 w ith  d-HgO), 0 . 5pl [a -^ S ] dATP, and 3 U Sequenase (2 p l o f  1:8 

d i lu t io n  in  Enzyme D ilu t io n  B u ffe r ) .  The la b e lin g  re a c tio n  was 

incubated 5 min a t  RT, 3 .5 p l tra n s fe rre d  to  4 prewarmed te rm in a tio n  

tubes (37° C) co n ta in in g  2 .5 p l o f G, A, T , o r C te rm in a tio n  m ix, and 

re tu rned  to  37° C fo r  5 min before adding 4pl o f Stop S o lu tio n . Two 

pBR322 prim ers [ EcoRI clockw ise (cw) p rim er, 5 ’ -GTATCACGAGGCCCTT-3’ ; and 

HindI I I  counterclockw ise (ccw) p rim er, 5 ’ -GCAATTTAACTGTGAT-3’ ] were used 

to  o b ta in  sequence in fo rm atio n  from pHpaCaT, and th e  M l3 forward (5 * -  

GTAAAACGACGGCCAGT-31) and reverse ( 5 ’ -AACAGCTATGACCATG -3 1) prim ers were 

used f o r  p B lu escrip t annealing . The dGTP o r dITP la b e lin g  mix was 

d ilu te d  1:10 fo r  o b ta in in g  sequence near prim ers ( e le c t rophoresed on 8% 

acry lam id e -u rea  g e ls ) and used u n d ilu te d  fo r  reading g re a te r  than 250 

n u c leo tid e s  from th e  prim er.

The s h o rte r g lass p la te  o f each sequencing set (BRL) was pre -tre a te d  

w ith  RAIN-X (310) to  reduce gel adherence. RAIN-X l iq u id  was app lied

6 6
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w ith  a dampened c lo th  (Kimwipe) in  c ir c u la r  m otion, allow ed to  dry to  a 

haze, and re a p p lie d . A fte r  complete d ry in g , the  haze was removed w ith  a 

w ater-m oistened c lo th  and the  p la te  washed w ith  dishsoap. The RAIN-X 

trea tm en t las te d  fo r  8 -  10 gel runs.

Both g lass  p la te s  o f  a set were prepared by handwashing in  Bon-Ami 

c le a n s e r, dishsoap, r in s in g  w ith  tap  and d is t i l l e d  w ater, and a f in a l  

70% EtOH r in s e . Standard 6% p o lyacry lam id e /u rea  mix was mixed w ith  1 ml 

10% APS and 10 -  20 pi TEMED and im m ediately poured in to  0 .4  mm spacer 

g e ls . A f te r  40 -  60 min p o lym eriz in g , gels  were p re - e lectrophoresed  

(1300-1600 V, 30 min, BRL Model S2 System) before  load ing  the  heated 

sequencing re ac tio n s  (75 -  80° C, 2 m in ). Sequencing gels  were run fo r  

2 .5  -  12 h (s h o rt o r long sequence in fo rm a tio n ) w ith  a I x TBE b u ffe r  

change fo r  ge ls  longer than 6 h. Sequencing gels were f ix e d  in  3 l i t e r s  

o f 5% methanol/5% a c e tic  acid  (15 -  30 m in ), tra n s fe rre d  to  Whatman 3MM 

paper and vacuum d ried  a t  80° C fo r  1 h ( BioRad Model 583 Gel D ry e r), 

and exposed 2 - 3  days w ith  Kodak X-OMAT AR f i lm .

VCS-M13 Rescue o f ssDNA Tem plates. Standard procedures fo r  phage 

a m p lif ic a t io n , t i t e r in g ,  and storage [(2 9 6 ) p 4 .21-23 ] were fo llow ed fo r  

VCS-MI3 (S tra ta g e n e ) h e lp er phage rescue o f p B lu escrip t I I  SK (± )  ssDNA 

tem plates  fo r  sequencing. B r ie f ly ,  phage was added to  a 10 ml LB 

c u ltu re  X L I-B lu e  E .c o li  (OD^QnilO .3) a t  a m u l t ip l ic i t y  o f  in fe c t io n  (MOI) 

o f 2 0 :1 , grown 30 min a t  37° C, kanamycin (25 pg/m l) added, and the  

c e l ls  incubated 8 h. The c u ltu re  was heated (65° C, 15 min) and c e ll  

d eb ris  p e lle te d . Phage was e ith e r  p o lyeth y len e  g lyco l (PEG) ppt from  

th e  supernatant f lu id  fo r  frozen  storage o r t i t e r e d  onto X L I-B lue  c e l ls .  

For rescue, a p B lu escrip t (±  subclone in s e r t )  h arb o rin g , X L I-B lue
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c u ltu re  was grown o /n  and in ocu la ted  in to  3 ml SuperBroth (SB) to  g ive  

an odBOOnT 0- 1 ■ VCS-M13 phage were added during log phase (a t  MOI-o f  

2 0 :1 ) and the  c u ltu re  incubated another 8 h. C e ll d eb ris  was p e lle te d  

(1 2 ,000  x g, 10 min) and 1 .2  ml supernatant f lu id  tra n s fe rre d  to  a 

m icrofuge tube . Phage was ppt w ith  300 pi o f  PEG s o lu tio n  (20% PEG, 3 .5  

M ammonium a c e ta te ) a t  RT fo r  15 min and c en trifu g ed  (12 ,0 0 0  x g, 20 

m in). The p e l le t  was suspended in  300 pi 10 mM TE (pH 8 .0 ) ,  an equal 

volume o f T r is -b u ffe re d  phenol/ch loroform  was added, and the  layers  

vortexed 1 min. E x tra c tio n  o f the  aqueous phase was repeated u n t i l  the  

in te r fa c e  was c le a r  and a f in a l  ch loroform  e x tra c tio n  was done. An 

equal vo l o f  7 .5  M ammonium ace ta te  (pH 7 .5 )  was added to  the  f in a l  

aqueous phase, and mixed w ith  2 vol EtOH to  ppt ssDNA on ice  fo r  15 min, 

and c e n tr ifu g e d  20 min. The p e l le t  was washed w ith  80% EtOH, d r ie d , and 

suspended in  20 pi 10 mM TE pH 8 .0 .  F ive pi (0 .8  -  1 .0  pg DNA) o f the  

f in a l  ssDNA suspension (from  3 ml SB c u ltu re )  was used as tem plate  DNA 

fo r  sequencing as described above.

Sequence A n a ly s is . Sequencing reac tio n s  (dGTP and d ITP) were 

e lectrophoresed  fo r  sh o rt and long gel runs from each p rim er-tem p la te  

com bination. The autoradiographs were read m anually and th e  data  

entered  in to  Asci I I  f i l e s  using th e  A lig n  program (V ers ion  1 .0 , 

S c ie n t i f ic  & Educational S oftw are, S ta te  L in e , PA). Data f i l e s  were 

compared to  determ ine th e  overlap  o f separate  readings from long and 

sh o rt e le c tro p h o re s is  runs and to  in d ic a te  any base d iscrepancies  fo r  

d u p lic a te  e le c tro p h o re tic  runs o f the  same primed sequences. Film s were 

rechecked to  confirm  o r c o rre c t the  d iffe re n c e s  o r represent am big u ities  

by N’ s . Candida n u c leo tid e  in fo rm atio n  was used to  query GenBank f i l e s
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by FastA sequence s im i la r i t y  search (311 ) and was analyzed fo r  the  

presence o f open reading frames by P ro ty lz e  p re d ic to r  program (Version  

3 .0 ,  S c ie n t i f ic  and & Educational S o ftw are , S ta te  L in e , PA).
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RESULTS

DNA E x trac tio n  from Candida a lb ican s

Is o la t io n  o f high q u a lity  fungal DNA req u ires  mechanical or 

biochem ical d is ru p tio n  o f the  c e ll  w a ll w ith  lim ite d  shearing o f the  

n u c le ic  ac id s . Two methods, R ib i C e ll f ra c t io n a t io n  and spheroplast 

e x tra c tio n  (re p o rte d  in  re ference  (2 9 8 ) ) ,  were found to  have d i f fe r e n t  

experim ental advantages though were e q u iv a le n t a t p ro v id in g  q u a lity  DNA 

from C. a l b ican s . The a u to ly s is  DNA e x tra c tio n  method (298) was not 

used h e re ,

E xtracted  DNA Q u a lity

DNA e x tra c te d  from C. a lb ican s  is o la te s  using e ith e r  R ib i C e ll 

f ra c t io n a t io n  or the  spherop last method was o f high m olecular weight and 

re a d ily  cleaved by r e s t r ic t io n  enzymes. Uncut and d igested  DNA samples 

from s ix  s tra in s  are  shown in  F igure 1. For both methods, the  uncut 

sample lanes in  panel A and C in d ic a te  th a t  most Candida fragments were 

la rg e r  than the 23.1 kbp DNA standard fragm ent from Lambda phage cut 

w ith  H in d I I I  ( la n e  1 in  panel A and B, lanes 3 and 10 in  panel C ). 

E lec tro p h o res is  o f  the  uncut samples on 0 .5  or 0.7% agarose g e ls , 

co n ta in in g  a Lambda DNA x S a il  standard in  which 32 .7  kbp is  the  la rg e s t  

marker p iece , d isp layed  s ize s  la rg e r  than 30 kbp (d a ta  not shown).

The d igested  DNA sample lanes in  F igure I have EcoRI ( GIAATTC, panel

C) and MspI  (C lCGG, panel B) bands which extend in to  th e  range o f 23
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kbp, but are g e n e ra lly  s h o rte r than the  uncut samples. Fragment 

p a tte rn s  were not a lte re d  by in creas in g  enzyme amounts o r prolonging the  

in cu b atio n , in d ic a tin g  th a t  the  d ig ests  were complete (d a ta  not shown). 

DNA samples, prepared by e ith e r  method from various Candida is o la te s , 

were c o n s is te n tly  su scep tib le  to  enzym atic c leavage. Though the o v e ra ll  

q u a n tity  o f DNA was not o f prim ary in te r e s t ,  under the  cond itions  

described in  the  methods, approxim ately 2 pg DNA was obtained from I x 

107 c e l ls .

F igure 1. DNA e x trac ted  from C. a lb ic a n s . Genomic DNA from s ix  
d i f fe r e n t  is o la te s  were e x trac te d  by two methods. Samples were 
electrophoresed  in 1% TAE agarose g e ls , EtBr s ta in e d , and photographed. 
Panel A and B: R ib i C e ll f ra c t io n a t io n  method. Lane 1 -  Lambda DNA x 
HindI I I  standards; lane 2 to  7 -  la b e ls  o f uncut DNAs in  panel A 
correspond to  the  same M sgl-d igested  samples in  panel B. Arrowhead 
marked EtBr in tense bands are  described in  the  te x t .  Panel C: 
Spheroplast ly s is  method. The two lanes fo r  each is o la te  represent 
uncut ( l e f t )  and EcoRI d igested  DNA ( r ig h t ) .  Lanes lab e led  Lambda are  
DNA marker lanes co n ta in in g  fragm ents produced by HindI I I  d ig estio n  
(2 3 .1 3 , 9 .4 2 , 6 .6 8 , 4 .3 7 , 2 .3 2 , and 2 .03  k ilo b ase  p a ir  [k b p ]) .
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The r e s t r ic t io n  p a tte rn s  o f various  is o la te s  were g e n e ra lly  s im ila r  

fo r  any p a r t ic u la r  enzyme, but some s p e c if ic  band d iffe re n c e s  were 

observed. For example, in  th e  MspI  d ig ests  o f F igure 1, panel B, an 

in tense band a t 5 .4  kbp (GEL program estim ate  (3 0 7 ))  was seen in  is o la te  

Sh27 DNA (la n e  4 , arrow head), compared w ith  bands a t  5 .6  and 5 .3  kbp fo r  

9938 ( la n e  5, arrowheads). For a l l  C. a lb ican s  DNA samples te s te d , MsoI  

d ig e s tio n  produced a th re e  band group a t approxim ately 4 .2 ,  3 .6 , and 3 .4  

kbp (arrow s in  lane 1, GEL program e s tim a te s ). The s ta in in g  in te n s it ie s  

o f th a t  group and la rg e r  bands in d ic a te  th a t  the fragm ents may be 

r e p e t i t iv e .  The p u ta tiv e  repeated sequences are not from Candida rDNA 

repeat u n its  because s im ila r  MsoI  b lo ts  probed w ith  ra d io la b e le d  N. 

c.rassa rDNA showed h y b r id iz a tio n  s izes  no la rg e r  than 1 .5  kbp (J .

C u tle r , unpublished d a ta , GEL program e s tim a te s ). The number o f MsoI  

fragm ents in  the  h igher m olecular w eight ranges suggests long A-T r ic h  

regions devoid o f unmethylated CCGG s ite s  or CCGG s ite s  w ith  the f i r s t  

cyto s in e  m odified  by m ethyla t i on in  C. a lb ican s  genomic DNA. MsoI  w i l l  

not d ig e s t mCCGG s ite s  (3 1 2 ). (Appendix B includes estim ates  o f MsoI  

fragm ent s iz e  d is t r ib u t io n . )

Comparison o f E x tra c tio n  Methods

Experim ental a p p lic a tio n  o f the two e x tra c tio n  methods displayed  

im portant d if fe re n c e s . The e f f ic ie n c y  o f spherop last production w ith  

Zymolyase 2OT v a rie d  w ith  growth phase, c e l l  morphology, and c u ltu re  

medium te s te d . Two o f f iv e  is o la te s  o f Candida grown in  GYEP showed

72
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decreased spherop last fo rm ation  w ith  e n try  in to  s ta tio n a ry  phase (F ig u re  

2 ) .  Is o la te  B311 showed the  la rg e s t reduction  in percent spheroplasts  

formed, from >95% to  <50% going from K le t t  400 to  500 growth ( ie .  

s ta tio n a ry  phase). Some s tra in s  d isp layed  an o v e ra ll lower 

s u s c e p t ib i l i ty  to  Zymolyase d ig e s tio n . For example, on ly  80% 

sp h ero p lastin g  e f f ic ie n c y  was obtained w ith  s tra in  9938 grown in GYEP 

even fo r  log-phase ( K le t t  400) c e l ls .  (Appendix D shows the  

re la t io n s h ip  fo r  K le t t  values to  C. a lb ican s  c e ll  d e n s ity . )

+-B311

o-Ca-1
■-Sh27

•0-623578

-*-9938

I

Figure 2. E ff ic ie n c y  o f spherop last induction  in  GYEP. The e ff ic ie n c y  
o f spherop last induction  was assayed by d i lu t in g  IOpl o f the  c e ll  
suspension in to  1 ml o f 1% (w /v ) SDS. The in ta c t  c e l ls  were enumerated 
and compared w ith  c o n tro l d ilu t io n s  made before the a d d itio n  of 
Zymolyase 20T. Results o f f iv e  s tra in s  o f C. a lb ican s  sampled a f te r  
60 min o f enzyme exposure are expressed as a percentage o f the to ta l  
p o pu la tion  su ccess fu lly  spherop lasted . B23578 ( □ ) ,  Sh27 ( ■ ) ,  Cai ( O ) , 
9938 ( A ) ,  and B311 ( # )  grow th-curve analyses revealed th a t  by K le t t  
values o f 500 or g re a te r , each s tra in  had entered e a r ly  to  mid­
s ta t io n a ry  phase.
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This  decreased s u s c e p t ib i l i ty  to  spheropla s tin g  w ith  age has a lso  

been observed by o th ers  who have used c e l l  w a ll d ig e s t iv e  enzymes such 

as h e lic a s e  and g lusu lase  (from H e!ix  pomatia (2 8 7 )) to  induce C. 

a l bicans spherop!asts (2 9 0 ,2 9 3 ). P ra c tic a l a p p lic a tio n  o f the  

spherop!ast method fo r  c e l ls  grown in  GYEP is  lim ite d  by the  number o f  

c u ltu re  s tra in s  th a t  can monitored and harvested during  log-phase fo r  

processing. Though each c u ltu re  begins a t K le t t  100, d iffe re n c e s  in  

growth ra te s  o f in d iv id u a l s tra in s  com plicate co o rd in atio n  o f subsequent 

sp h ero p las tin g  steps. A lte rn a te ly ,  each c u ltu re  may be harvested in  log  

phase and c e l ls  placed in  ice  or fro zen  u n t i l  a l l  s tra in s  are  ready to  

sp h ero p !ast. DNA e x tra c te d  from iced c u ltu re s  (2 -3  h) was id e n tic a l in  

q u a lity  to  the samples in  panel C, F igure  1 (da ta  not shown).

In  c o n tra s t, yeast c u ltu re s  (s tra in s  9938, B311, and CaiOS), grown . 

to  s ta t io n a ry  phase (48 h c u ltu re ) in  mLee medium, spherop!asted a t 95 -  

100% e f f ic ie n c y  (d a ta  not shown). Thus, many yeast DNA samples could be 

prepared a t  one tim e from growth in  mLee medium.

The spherop!ast DNA method does not work w ell fo r  C. a lb icans c e lls  

germ inated in  mLee medium. Three d i f fe r e n t  is o la te s  were germinated 2 -  

3 hours in  mLee te m p e ra tu re -s h ift  in d u ctio n  (s tra in s  C a l, Ca105, and 

CaOs produced tru e  germ tubes) and incubated w ith  Zymolyase 20T. 

M icroscopic exam ination a f t e r  60 minutes o f d ig e s tio n  revealed  extens ive  

c e l l  ly s is  w ith  on ly  the  ungerminated p o rtio n  o f the  o r ig in a l population  

s ta b le  as spherop!asts (d a ta  not shown). Zymolyase 20T contains (3 -1 ,3 - 

glucanase, pro tease, and mannanase. The d i f fe r in g  s u s c e p t ib i l i ty  o f  

Candida is o la te s  w ith  respect to  growth phase, form , and c u ltu re  media
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suggests osmotic o r c e l l  w all s tru c tu ra l/c h e m ic a l changes re le v an t to  

the  enzym atic a c t iv i t ie s  o f Zymolyase.

The R ib i C e ll f r a c t io n a t io n  method ap p lied  to  m y ce lia l or 

pseudohyphal form c e l ls  produced high q u a lity  DNA (F ig u re  17 ). With an 

a v a ila b le  R ib i f r a c t io n a to r ,  th is  method is  p re fe rre d  (compared to  the  

expense o f Zymolyase) fo r  processing la rg e  volume samples in  any phase 

o f growth; but not fo r  processing many samples s im ultaneously  due to  

r in s in g  and cold tem perature requirem ents fo r  the breakage chamber.

A nalys is  o f Candida a lb ican s  S p e c if ic  DNA

Plasmid pHpaCa7 was generated by C u tle r  and Horn (99 ) during  

attem pts to  clone th e  in tense t r i p l e t  bands described in  F igure 1 which 

re su lte d  from MspI (o r  H fiaH ) d ig ests  o f Candida genomic DNA. L ig a tio n  

o f H p a II fra g m e n ts .in to  the  C la I  s i t e  o f pBR322 does not regenerate a 

C la I or M sp l/H p a ll reco g n itio n  sequence, e lim in a tin g  recovery o f the  

cloned fragm ent by e ith e r  enzyme. In  pBR322, th e  c lo s e s t MsdI  s ite s  

f la n k in g  the  C la I  in s e r t io n  p o in t are 438 bp 5 ’ , and 136 bp on the  3 ’ 

s id e . In  t h e i r  experim ent, Msol-d in e s te d  plasmids were screened fo r  C. 

a lb ican s  in s e r t  s ize s .o n  1% TAE agarose, F igure 3. The la rg e s t in s e r t  

observed was in  pHpaCaT (la n e  7 , a rro w ), which by GEL program estim ate  

(307) was 3 .58  ± 0 .1 0  kbp fo r  th is  g e l. Th is  in s e r t  was DEAE p u r if ie d  

and used fo r  the i n i t i a l  h y b r id iz a tio n  surveys and r e s t r ic t io n  mapping 

described below and reported  in  re fe ren ce  (9 9 ) .  A ll  o f  th e  Southern 

b lo ts  done in  th is  work were processed under high s trin g en cy  wash 

c o n d itio n s  (h igh  tem peratu re , low s a l t )  (2 9 5 ).
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Figure  3 . MspI d ig ests  o f recombinant c lones. Lanes 1-3 and 5-8 are  
mini prep plasmid DNAs d igested  w ith  MspI and separated in  1% TAE 
agarose. Lane 4 -  Lambda HindI I I  m arker, Lane 7 -  pHpaCa7 w ith  an arrow  
marking the  la rg e s t in s e r t  p iece .

The in s e r t  was ra d io la b e le d  and used to  probe Southern b lo ts  o f 

seven Candida species, Gaeumanomvces g ram in is . Neurosoora crassa . and 

human and mouse DNA. F igure 4 and 5 show the  EtBr s ta in ed  gels and 

corresponding autoradiograph images o f probe h y b r id iz a t io n . The only  

h y b r id iz a tio n  observed in  F igure 4 in  lanes 2 , 3, 4, and 6 (panel B) 

were fo r  C. a lb icans  is o la te s . F igure 5 e x h ib its  s ig n a ls  fo r  C. 

s te l la to id e a  ATCC 36232 in  lane 1 and fo r  C. a lb ican s  in  lane 5 (panel 

B ). No bands appeared in  o th e r fungal DNA lanes or in human or mouse

DNA.
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Figure 4. Gel and Southern b lo t o f various fu n g i. Panel A- EtBr 
sta in ed  DNA fragm ent p a tte rn s  o f M sfil-d igested  fungal DNA. Lane I -  
Lambda x H jndI I I  m arker, lanes 2, 3, 4 , and 6 conta in  DNA from C. 
R i c a n s  02, 2 3 ,6 3 , and 13, re s p e c tiv e ly . Lanes 5 and 8 -  C. t r o o ic a l is  
lane 7 -  C. g u il l ie r m o n d ii ,  lanes 9 and 10- G. g ram in is vars . gram inis  
and ayenae, re s p e c tiv e ly , and lane 11- N. c rassa . Panel B: Autoradio­
graph o f Southern b lo t probed w ith  the la rg e s t pHpaCa7 in s e r t  p iece .

Lane: 1 2 3 4 5 Lano I 2 3 4 7 8 9 IO•> T* w —• e-%
23.1-
9.4- , 
6 .7 ^

<i

■ f t

i
i  ; :

Figure 5. Gel and Southern b lo t o f Candida species? human, and mouse 
DNA. Panel A: EtBr s ta in ed  gel o f M sp l-d igested  Candida and mammalian 
DNA samples. Lanes 1 -  5 conta in  C. s te lla to id e a  ATCC 36232, C. 
lu s ita n ia e , C. kr u s e i, C. p a ra p s ilo s is . and C. a lb ic a n s , re s p e c tiv e ly  
Lane 7 -  MspI cut mouse DNA, lane 8 -  MspI cut human DNA, lane 9 -  uncut 
mouse, and lane 10 -  uncut human DNA. Panel B: Autoradiogram o f
Southern b lo t  probed w ith  labeled  pHpaCa7 in s e r t  p iece .
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The h y b r id iz a tio n  bands seen fo r  the C. a lb ican s  and C. s te lla to id e a  

samples in  Figure 4 and 5 were not due to  pBR322 sequences contained in  

the lab eled  probe. S im ila r  Candida genomic b lo ts  probed w ith  

ra d io la b e le d  pBR322 in d ica te d  no c ro s s -h y b rid iz a tio n  (d a ta  not shown).

The p u r if ie d  in s e r t  p iece was incubated w ith  24 re s t r ic t io n  enzymes 

(known to  cut Candida genomic DNA), but on ly  seven enzymes cut the  

in s e r t .  Fragments produced by s in g le  and double d ig ests  were s ized on 1 

-  4% agarose and 3 .5  -  5% polyacrylam ide gels (d a ta  not shown).

Assuming th a t M sgl-d igested  plasmid in s e r t  piece had the pBR322 fla n k s  

a ttach ed , the r e s t r ic t io n  enzyme in fo rm ation  was combined w ith  known 

enzyme s ite s  o f attached pBR322 fla n ks  fo r  a r e s t r ic t io n  map ( F ig .6 ) .

4 444 31

017 023

E* M

4 4
76 J I

036 I

Figure 6. R e s tr ic tio n  enzyme map o f the pHpaCaT in s e r t  p iece. The 
fungal DNA H paII fragment was cloned in to  the C la I s i t e  o f pBR322 and 
then re tr ie v e d  from pHpaCaT by MspI d ig e s tio n  leav ing  pBR322 sequences 
associated  w ith  the candidal DNA fragm ent. C. a lb ican s  DNA sequences 
are denoted by the th ic k  l in e  and pBR322 sequences by th e  th in  l in e .  
A b b rev ia tio n s : M -  M spI, H -  HaeI I I . E -  EcoR I . E* -  EcoRI s ta r  s i t e ,
P -  P s tI . C -  C J a I, numbers re fe r  to  k ilo b ase  p a irs  o f DNA. M u ltip le  
fragm ents from A lu I , T a p I, and H in d i  d ig e s tio n  were a lso  present but 
t h e i r  lo c a tio n s  were not mapped (9 9 ).
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The Candida DNA p o rtio n  o f the  above fragm ent was estim ated a t 2 .9  

kbp by s u b tra c tin g  th e  f la n k in g  574 bp o f pBR322. But, the  s izes  o f  

h y b r id iz a tio n  bands in  M spl-d igested  genomic C. a lb ican s  (F ig u re  4 and 

5). was 3 .8  to  4 .2  kbp. In v e s tig a tio n  o f th is  apparent s iz e  d iffe re n c e  

led  to  f in d in g  a d d it io n a l C. a lb ican s  DNA pieces in  the  in s e r t  region o f  

pHpaCa7, as described below.

M o d ified  R e s tr ic t io n  Map o f pHpaCa7

Mspl-d ig e s te d  plasmid pHpaCa7 y ie ld e d  th re e  fragm ents la rg e r  than  

s im ila r ly  d igested  pBR322 (F ig u re  7, lanes 5 and 6 ) .  The th ree  pieces  

were designated " I"  fo r  la rg e , "M" fo r  medium, and "S" fo r  the  sm alles t 

piece and are lab e led  w ith  le t te r s  in  F igure 7. H y b rid iz a tio n  o f the I ,  

M, and S fragm ents to  lab e led  vec to r (F ig u re  7) id e n t i f ie d  which 

fragm ents conta in  the  5 ’ and 3 ’ f la n k in g  pieces o f th e  v e c to r. The 

pBR322 probe h yb rid ized  to  the  M and S p ieces in  lanes 1 and 3 o f the  

autorad iograph in  panel B. T o ta l pHpaCaT cut w ith  MspI . b lo tte d  and 

probed w ith  pBR322, gave id e n tic a l M and S band s ig n a ls  (d a ta  not 

shown). These data in d ica te d  th a t  the  vec to r 5 ’ 438 bp and 3 ’ 136 bp 

ends are  attached to  th e  M and S fragm ent (b u t not s p e c if ic a l ly  to  which 

one) and not attached to  th e  L fragm ent. No h y b r id iz a tio n  o f pBR322 to  

the  L p iece  in d ica te d  th a t  the L fragm ent was an in te rn a l in s e r t  p iece  

and co n s is ts  o f on ly  C. a lb ican s  DNA. GEL program (307) estim ates  

obtained from various  measurements o f the  th re e  la rg e s t MsoI  fragments  

o f pHpaCa7 are l is te d  in  Table 3. The M and S fragm ent s ize s  l is te d  in  

Table 3 are  from s iz in g  th e  combination pBR322-C. a lb ican s  fragm ents.
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L - 3.80 t  0.18 kbp 
M- 1.59 t  0.04 " 
S- 0.79 + 0.06 ”

2 .3.
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Figure 7. Comparative MspI d igests  o f pHpaCaT and pBR322.
Panel A: MspI  cut samples were e lectrophoresed in 2% TAE agarose. 
Lane 1 -  Lambda HindI I I  marker; Lane 2 -  pBR322 x HhaI :
Lane 3 -  pHpaCa? x H h a I; Lane 5 -  pBR322 x MspI; Lane 6 -  
pHpaCa? x MspI; Lane 7 -  <j>X174 x H a e I I I  marker; and Lane 4 -  
DEAE p u r i f ie d  L fragment from pHpaCa7 x MspI . Lane 6 displayed  
3 bands la rg e r  than lane 5 (denoted L, M, and S ).
Panel B: EtBr s ta ined  1% TAE m inigel o f  Geneclean p u r i f ie d  L,
M, and S fragments. Lane 1 -  M; Lane 2 -  L; and Lane 3 -  S fragment. 
Panel C: M in igel b lo t  was probed w ith  labeled pBR322 and shows 
h y b r id iz a t io n  s ig n a ls  fo r  only M and S lanes.

Revision of the r e s t r ic t io n  map o f  pHpaCa7, Figure 6 (9 9 ) ,  was 

necessary to  r e f l e c t  the presence o f  the M and S fragments in the clone.  

R e s tr ic t io n  data f o r  C Ia I . P s t I , and HaeI I I  (but not EcpRI) d igest ion  of  

the L fragment was re -eva luated  w ithout incorpora ting  the pBR322 f la n k  

in fo rm a tio n . P s t I  d igest ion  o f whole pHpaCa7 gave two pieces, 1 .8  kbp 

and 8 .0  kbp. The s izes  ind ica ted  pHpaCaT in s e r t  o r ie n ta t io n  such th a t  

the S piece was 5 ’ o f  L, and th a t  the P stI  s i t e  w ith in  L was c lo ses t to
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the P s t I  s i t e  in pBR322 (a t  bp 3613, data not shown). HhaI  d igested  

pHpaCa? ( e g . , lane 3, Figure 7) was compared w ith  a MsoI  + HhaI  double 

cut. The L fragment was not d igested by HhaI  but the  M fragment y ie ld ed  

piece lengths compatible w ith  a 3 ' end p o s it io n  f o r  the M fragment.

Table 3. pHpaCa? In s e r t  Fragment Length Estimates

Fragment Gel Number1 SD2 SC3 Length4

Large (L ) P132bk3 0.03  0 .12 3.81
P134bk3 0 .03  0 .13  3 .80
P67bk7 0 .02  0 .06  3.57
P70bk7 0 .02  0 .1 4  4.01

Sample Mean = 3 .80  ± 0 .18

Medium (M) P66bk7 0 .06  0 .16  1.60 .
P72bk7 0 .0 4  0.11 1.55
P115bk4-2% 0.01 0 .04  1.62

Sample Mean = 1.59 ± 0 .04

Small (S) P115bk4-2% 0.01 0 .0 4  0 .83
P66bk7 0 .0 4  0 .16  0 .73
P67bk7 0.07  0 .26  0 .74

Sample Mean = 0 .77  ± 0 .06

Gel Number in d ica te s  the  page and research book f o r  re ference purposes.
fSD = Standard d e v ia t io n  o f  fragment le n g th s . fo r  each g e l.
SC = Standard d e v ia t io n  o f  the  C [ I ]  ( th e  le a s t  squares estim ate )  

in d ic a te s  how w ell  the data fo r  standard gel markers f i t  the  
re c ip ro c a l m o b i l i ty  a lgorithm  used in the GEL program.

Sample means were determined w ith  a s t a t i s t i c a l  c a lc u la to r  
using Sfh1 f o r  SB.

4Length estim ates  expressed in  k ilobase  p a irs  (k b p ) .

F igure 8 in d ica te s  a modified r e s t r ic t io n  map o f  pHpaCa? w ith the  5 ’ 

to  3 ’ arrangement o f  S, L, and M, re s p e c t iv e ly .  The possib le  presence 

o f  a d d it io n a l  MspI  fragments sm alle r  than 150 bp (see Figure 7) in the  

pHpaCa? in s e r t  region was not pursued by r e s t r ic t io n  enzyme or la b e l in g  

a n a ly s is .  T h ere fo re , the  map remains t e n t a t iv e .  Using the  average s iz e  

values f o r  th e  fragments (Table  3) and the  known s iz e  o f  vector pieces  

a ttach ed , the  S fragment would have 483 bp o f  pBR322 and M has 136 bp.
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Figure 8. M odified r e s t r ic t io n  map o f  the pHpaCa? in s e r t .  S ites  are  
diagrammed w ith  the 5 ’ (E coR I-s id e) and 3 ’ ( H i n d l l l - s id e )  f la n k in g  
regions o f  pBR322. The presence o f a d d it io n a l  small MspI pieces remains 
p o ss ib le ,  as mentioned in the t e x t .  Approximately 0 .3  kbp o f S and 1.45  
kbp o f  M are C. a lb icans  bases.

Genomic RFLP Analysis  o f  
I  Fragment

Labeled L fragment was used to  probe b lo ts  o f  MspI  digested  

genomic DNA o f 50 is o la te s  o f C. a lb icans  and th ree  o f  C. s t e l l a t o id e a . 

Four p a tte rn s  o f  bands, designated ♦ !  through + IV ,  were observed as 

shown by 10 example is o la te s  in Figure 9. The 50 DNA samples included  

is o la te s  from serogroups A (18) and B (20 ) (313) w ith  no apparent 

c o r r e la t io n  o f  serotype and h y b r id iz a t io n  p a tte rn  (P a tte rn  + I  -  6 A, 15 

B, 3 unknown; +11 -  2 A, 2 B, 1 unknown; + I I I  -  6 A, 4 B, 1 unknown; and 

♦ IV  -  4 A, 3 unknown). Serotype in form ation  was not a v a i la b le  fo r  the  

re s t  o f  the C. a lb icans  s tra in s .  A doublet band p a t te rn ,  + I ,  was 

predominant (25 o f the 50 is o la te s )  and th ree  s in g le t  band patterns  were 

less frequent:  + I I ,  la rg e  s ize  s in g le t  ( 6 /5 0 ) ;  + I I I ,  medium s ize

s in g le t  (1 2 /5 0 ) ;  and + IV ,  small s ize  s in g le t  ( 7 /5 0 ) .  C. a lb icans 9938

(DNA source fo r  pHpaCa7 in s e r t ) ,  e x h ib ite d  p a tte rn  + I I I  (F igure  9, lane
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8 ) .  The C. s te l la to id e a  DNA p a tte rn s  (lanes 9-11: 41 , 411 , and 4 I I I )  

were the same as C. a lb icans  s ig n a ls .  Table 4 l i s t s  the GEL program 

estim ates o f band lengths. Two s in g le t  s ize s ,  411 and 4 I I I ,  co rre la ted  

in s ize  w ith  the two bands o f  p a tte rn  41 .

Figure 9. RFLP pa tte rns  o f  L h y b r id iz a t io n .  Panel A: EtBr stained 1% 
TAE g e l .  Lanes 1, 12 -  Lambda x HindI I I  marker; Lanes 2-8 are MspI- 
digested C. a lb icans Ca1, B31I (ATCC 32354), 298, Ca6, 105, CaJ, and 
9938 DNA1 re s p e c t iv e ly .  Lanes 9, 10 and 11 are C. s t e l Ia to id ea  is o la te s  
ATCC 4252 (Type I ) ,  ATCC 4365 (Type I I ) ,  and ATCC 36232, re sp e c t ive ly .  
(Type I  -  I I  C. s te l la to id e a  r e fe r  to  t h e i r  karyotype, biochemical 
p r o f i l e ,  and v iru le n c e  c h a r a c te r is t ic s  (1 0 ,2 7 7 ) ) .  Panel B: Southern 
b lo t  probed w ith  labeled L in d ica te s  h y b r id iz a t io n  bands fo r  the doublet  
p a tte rn  41 in lanes 2, 6, and 9; p a tte rn  411 in lanes 4, 7, and 10; 
p a tte rn  4 I I I  in lanes 3, 8, and 11; and p a tte rn  4 IV in lane 5.
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Table 4. L Fragment RFLP S ize  Estimates

Gel Number* SD2 CO

Band P atte rn  Lenaths4
4 [ 411 4 I I I 4 IV

P140bk4 0.01 0.01 4.19 3.90 4 .19 3.86 3 .54
4 .13 3 .90 4 .13 3 .84 3.59
4.13 3 .84 3.79 3.56

P139bk4 0.02 0 .05 4.11 3.86 4 .2 4 3.89 3.48
4.18 3.92

P15>0bk4 0.01 0 .03 4.26 3.99 4 .23  ' 3 .96 3.60
4.16 3 .90 4 .16 3 .74

P a tte rn  Sample Means 41 4.16 ± 0 .05 and 3 .90  ± 0.05
411 ■ 4 .19 ± 0 .05

❖  I l l 3 .87 ± 0 .06
4 IV 3.58 ± 0 .08

Gel Number in d ica te s  the  page and research book f o r  reference purposes, 
SD = Standard d e v ia t io n  o f  fragment lengths f o r  each g e l .
SC = Standard d e v ia t io n  o f  the  C [ I ]  ( th e  le a s t  squares es tim ate )  

in d ic a te s  f i t  f o r  the  rec ip roca l m o b i l i ty  model (GEL program). 
Length estim ates  are  expressed in kbp; m u lt ip le  values obtained from 

measurements o f  separate  lanes.

4

Sample means were determined w ith  a s t a t i s t i c a l  c a lc u la to r  ( s . ,  fo r  SD), 
P atte rn  sample s izes  in d ic a te  the number o f  measurements taken per g e l.

Extended H y b r id iz a t io n  Survey o f  
the  L Fragment

Primary screening o f  Candida species DNA, d igested w ith  a four-base  

c u t t e r , in d ica ted  th a t  on ly  C. a lb icans  and C. s t e I l a t o idea genomic DNA 

reacted w ith  the  L fragment probe (9 9 ) .  To insure th a t  small molecular  

weight Ms e I  fragments were not missed in  the  a n a ly s is ,  s ix -base  c u tte rs  

XhoI  (CiTCGAG) and EcoRI were chosen to  execute fewer genomic cuts and 

generate la rg e r  average fragments than Msp I .  Any p o te n t ia l  ta rg e t  

sequences from o th er samples would be less l i k e l y  e lectrophoresed o f f  

the  gel and not b lo t te d .  Xho l-d igested  Candida. S. c e r e v is ia e . and N. 

crassa DNAs were b lo t te d  and probed w ith  L (F ig u re  10).  The probe 

h yb r id ized  only  to  C. a lb icans  DNA ( la n e  2, panel B ) .
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Figure 10. Gel and Southern b lo t  o f  d igested Candida species probed 
w ith  the I  fragment. Panel A: Xho l-d igested  DMAs were separated in 1%
TAE agarose gels and b lo t te d .  Lane 1 -  Lambda H in d I I I  marker, Lane 2 -  
C. a lb icans  9938, Lanes 3 - C . lu s i t a n ia e . Lanes 4 & 5 are blank, Lane 
6 -  C. k r u s e i , Lane 7 -  C. t r o p ic a l  is  1, Lane 8 -  C. pseud otrop ica lis  2 
(C. k e f y r ) , Lane 9 -  C. g u i I l i e r m o n d i i . Lanes 10 and 11 -  C. 
p a rap s i Io s is  9 and 11, Lanes 12 and 13 -  Torulopsis  g la b ra ta  1 and 2, 
Lane 14 -  S. c e r e v is ia e . Lane 15 -  N. crassa AR33. Panel 8: 
Autoradiograph exposed fo r  72 h a t  -7 0 r C\ The only s ignal was C. 
a lb icans  9938 DNA in lane 2 (a rro w ).

EcoR I-d ig es ted  DNA from other m ed ica lly  important fungi (Table 1) 

were b lo t te d  and probed w ith  the labeled L fragment (F ig u re  11). Of the  

DNA samples received as g i f t s ,  the A. f I  a v is  DNA was not susceptib le  to  

enzymatic cleavage even a f t e r  SEVAG e x t ra c t io n  and EtOH p r e c ip i ta t io n .  

The sample was subsequently sheared m echanically  to  provide fo r  

e le c tro p h o re t ic  separation  o f  fragments as seen in panel A ( lane  7,
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Figure 11). Again, the only h y b r id iz a t io n  was to  C. a lb icans 9938 DNA 

( la n e  10) which appears to  be a p a r t ia l  EcoRI d ig e s t .  The DNA samples 

in lanes 5 and 6 were loaded w ith  0 .8  pg and 1 pg each; o ther L-probed 

b lo ts  w ith  tw ice th a t  amount remained negative (d a ta  not shown).
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Figure 11. Gel and Southern b lo t  o f  o th er m ed ica lly  important fungal DNA 
probed w ith  L fragment. Panel A: Genomic DNA from various fungi were
digested  w ith  EcoRI (except A s p e rg iI lu s  f Ia v is  which was sheared) and 
run on 1% TAE agarose and b lo tte d  to  Genescreen Plus. Lane 1 -  Lambda 
H i n d I I I  marker, Lane 2 - Histoplasma capsulatum G222B ATCC 26034, Lane 3 -  
BIastomyces d e rm a t i t id is  CR, Lane 4 - Sepedonium chrysosoermum ATCC 16084, 
Lane 5 -  Chrysosporium k e ra t in o p h i Ium ATCC 14803, Lane 6 - Cryptococcus 
nepformans H99, Lane 7 -  A s p e rg iI lu s  f l a v i s  H125, Lane 8 -  Mucor 
racemosus 1216B, Lane 9 - Coccidioides Jmmrtis, Lane 10 -  C. a lb icans  
9938. Panel B: H y b r id iza t io n  s ig nals  fo r  L are present only fo r  C. 
a lb icans  9938 in lane 10. Also, Trichomonas v a g in a l is , was negative fo r  
L h y b r id iz a t io n  (data  not shown). The spots in the upper l e f t  side o f  
the b lo t  are a r t i f a c t  and not seen in d u p l ic a te  b lo ts  o f  H. capsulatum.
B. d e r m a t i t id is , and S. chrysosoermum DNAs probed w ith  labeled L 
fragment (da ta  not shown).



H y b r id iz a t io n  Patterns  Due 
to  M and S Fragments

M and S M ixture  Probe. During the  Southern b lo t  survey o f  DNA 

samples from various Candida species and o th er fungi (as in  Figures 10 

and 1 1 ) ,  probing done w ith  lab e led , whole pHpaCa? revealed h y b r id iz a t io n  

to  C. lu s i t a n ia e , C. k r u s e i . C. o a ra o s i lo s is . C. t r o p ic a l  i s . C. 

p s e u d o tro p ic a l is , C. g u i11ie rm o n d ii . T. g la b r a t a , 'S .  c e r e v is ia e , N. 

crassa, Histoolasma, Blastomyces. Sepedoniurn. Crvpfococcus.

C o cc id io id es , Mucor, and A s p e rg i l lu s . DNA (d a ta  not shown, T. v a g in a l is  

lanes were in c o n c lu s iv e ) . Human and mouse DNA samples were not included  

f o r  probing w ith  whole pHpaCa?.

To in v e s t ig a te  the  d i f fe re n c e  between L fragment and whole pHpaCa? 

h y b r id iz a t io n ,  Southern b lo ts  were probed w ith  a m ixture  o f  Geneclean 

p u r i f i e d ,  labeled  M and S fragments. Figures 12 and 13 show the M plus  

S h y b r id iz a t io n  o f  Candida species and o th e r  fu n g i . In  f ig u r e  12, the  

panel B autogradiograph shows h y b r id iz a t io n  o f  the  M + S probe mixture  

to  high m olecular weight XhoI  fragments f o r  C. a lb icans  ( la n e  2 ) ,  C. 

p a rap s i lo s is  (lanes  8 and 9 ) ,  and T. g la b ra ta  ( lanes  10 and 1.1). The 

actua l s iz e  o f  the  h y b r id iz a t io n  p o s i t iv e  XhoI  fragments are uncertain  

because the  EtBr s ta in in g  pa tte rns  suggest incomplete c u t t in g  fo r  lanes 

2, 8 , and 9. C. lu s i ta n ia e  had a s in g le  band ( la n e  3 ) ,  and C. 

t r o p i c a l i s , C. p s e u d o tro p ic a l is . C. g u i11iermondii . S. c e r e v is ia e . and 

N. crassa (lanes  5 - 7 ,  12, and 13, re s p e c t iv e ly )  had two or more bands 

which h ybrid ized  to  the  m ixture  probe.

The M + S probe m ixture  e xh ib ite d  h y b r id iz a t io n  to  two Lambda 

HindI I I  marker fragments (F igure  13, lane 1 ) ,  m u lt ip le  bands in  HL
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capsulatum, B. dermatI t i d i s . and S. chrysosoermum (F igure  13, lanes 2 -  

4 ) ,  and fewer bands fo r  C. k e ra t in o p h iI  urn. C. neoformans. M. racemosus. 

and C. Im m itis  (lanes  5, 6, 8, and 9, r e s p e c t iv e ly ) . The A. f Ia v is  

s ignal in lane 7 appeared d isperse due to  sheared DNA. Loading of DNA 

samples was uneven across the lanes in Figure 13, th e re fo re ,  a d d it io n a l  

bands in lanes 5 - 1 0  might be detected i f  more DNA were added. The 

weakest bands are marked w ith  arrows to  in d ic a te  the po s it io n  seen on 

the o r ig in a l  autoradiograph.

Figure 12. H y b r id iz a t io n  patterns  o f  fungal DNA probed w ith  labeled M 
plus S fragments. Genomic DNAs were X h o l-d ig es ted , separated on 1% TAE 
g e ls , b lo t te d ,  and probed w ith  a m ixture  o f  labeled  M and S fragments. 
Panel A: Lane 1 -  Lambda HindI I I  marker; Lane 2 -  C. a lb icans  9938; Lane 
3 -  C. Iu s i t a n ia e : Lane 4 -  C. k r u s e i : Lane 5 -  C. t r o p ic a l  i s : Lane 6 -  
C. p seu d o tro p ica li s . Lane 7 -  C. g u i I l i e r m o n d i i : Lanes 8 and 9 -  C. 
p a r a p s i lo s is : Lanes 10 and 11 -  T . g la b r a ta : Lane 12 -  S. c e r e v is ia e : 
Lane 13 -  N. crassa; and Lane 14 -  uncut pBR322. Panel B:
Autoradiograph o f  b lo t  shows M and S probe h y b r id iz a t io n  to  a l l  DNA 
lanes. An arrow marks the weak band p o s it io n  in lane 4.
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Figure 13. DNA h y b r id iz a t io n  pa tte rn s  o f  a d d it io n a l  m edica lly  important 
fungi probed w ith  M plus S fragments. Fungal DNAs were EcoRI digested  
and separated in 1% TAE agarose. Panel A: Lane I -  Lambda HindI I I  
m arker, Lane 2 -  H. capsulatum . Lane 3 -  B. d e r m a t i t id is . Lane 4 -  S. 
chrysospermum. Lane 5 -  C. ke ra tin o p h ilu m . Lane 6 -  C. neoformans. Lane 
7 -  A. f Ia v is  (s h e a re d ) , Lane 8 -  M. racemosus. Lane 9 -  C. im m it is .
Lane 10 -  £ .  a lb icans  9938, Lane 11 -pBR322, and Lane 12 -  pHpaCa7 
digested  w ith  MspI. Panel B: The Southern b lo t  probed w ith  M and S 
m ixture  was exposed fo r  d i f f e r e n t  tim es. Autoradiograph image o f lanes 
I -  9 was exposed 48 h, lane 10 -  24 h, and lanes 12 and 13 were 20 min. 
M and S hybrid ized  to  a l l  sample lanes, the weak s ig n a ls  in lanes 5, 6, 
8, and 9 are marked by arrows. The s ignal in lane 7 appears as a smear 
because o f  shearing the A. f l a v i s  DNA. Two o f the Lambda marker bands 
in lane 1 hybrid ized  w ith  the m ixture probe.

Separate Probing w ith  M and S Fragments. Results  o f  h y b r id iz a t io n  

by the  S fragment or M fragment alone to  the Candida species,

T o ru lo p s is . Saccharomyces. Neurosoora, human, and mouse DNA are included
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in  F igure 14. C. k rusei had one s ignal band (lan e  3 ) ,  the  sheared human 

and mouse DNAs were both p o s it iv e  (lanes  10 and 11 ) ,  and the o ther DNAs 

had a t  le a s t  3 bands o f  h y b r id iz a t io n .  The M probe hybrid ized  to  C. 

k r u s e i , C. g u i I Tiermondii . C. p a ra o s l lo s is . S. c e r e v is ia e . and N. crassa  

DNAs. The autoradiograph M s ignal image in lane 12 d id  not photograph 

w ell and is  marked by an arrow.

H y b r id iz a t io n  o f  the  o th e r  m ed ica lly  important fungi (H. caosulatum. 

B. d e r m a t i t id is .  S. chrysospermum. C. k e ra t in o o h iTurn. C. neoformans. A. 

f l a v i s ,  M. racemosus, and C. im m it is ) was a lso  done using the  separate  

probes, but in s u f f ic ie n t  DNA remaining in some donated samples prevented  

completing the separate  M or S in v e s t ig a t io n .  The S probe cross 

h yb r id ized  w ith  H. capsulatum. B. d e r m a t i t id is . and S. chrysospermum. 

but th e  M probe d id  not (d a ta  not shown). No M or S probe s ig n a ls  were 

observed f o r  Chrysosporium. Cryptococcus. A s p e rg i l lu s . Mucor. or 

Coccid io ides lanes th a t  contained 0 .8  -  1 .5  pg DNA each (data  not 

shown), even though a l l  were p o s it iv e  w ith  the  combined M plus S probe 

when more DNA was b lo t te d  (F igure  13, lanes 5 - 9  w ith  > 2pg per lan e ) .

Because the M and S fragments conta in  sequences from pBR322, 

d u p l ic a te  Southern b lo ts  o f  the  various Candida species, o th er fu n g i,  

human and mouse DNA were probed labeled  pBR322. pBR322 DNA did not 

c ro s s -h y b r id iz e  w ith  C. a lb icans  o r o th er Candida DNAs, but did  

h y b r id iz e  to  two lambda marker bands (2 3 .1 3  and 4 .37  kbp) and a band.in  

Chrysosporium a t  3 .62  ± 0 . 0 3  kbp (GEL program est im a te , data not shown) 

which was observed f o r  the  M + S probe (F ig u re  13, lanes 1 and 5 ) .



Figure 14. Gel and Southern blot o f various species surveyed with M or S probe. XhoI digested DNAs were set up in duplicate on 
1% TA E  agarose, electrophoresed, and blotted to Genescreen Plus. Panel A: Photograph o f right half (left half had identical 
loading). Gel Lanes I - 12 for each half: Lane I - Lambda H indIII marker, Lane 2 - G  lusitaniae, Lane 3 - G  krusei. Lane 4 - G  
pseudotropicalis, Lane 5 - G  guilliermondii, Lane 6 -G  parapsilosis. Lane 7 - T. glabrata. Lane 8 - S. cerevisiae. Lane 9 - N. crassa, 
Lane 10 - human (sheared), Lane 11 - mouse (sheared), Lane 12 - G  albicans 9938, and Lane 13 - Mspl-digested pHpa€a7. Panel 
B: Autoradiograph o f blot probed with S fragment showing all lanes positive. Panel C: Autoradiograph of M probed blot 
indicating hybridization to lanes 3, 5, 6, 8, and 9 (arrow). The 9938 hybridization signal was weak and is also marked with an arrow 
in lane 12. The pHpa€a7 lane o f panel B and C were cut o ff and exposed for a shorter time than the rest o f the blot.
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RFLP A na lys is  w ith  
the  S fragment

XhoI-d ig e s t  C. a lb icans  9938 probed w ith  the S fragment (F igure  14, 

panel B, lane 12) e x h ib ite d  more than 7 s ignal bands. To determine i f .  

the  S fragment would e x h ib i t  RFLPs among various is o la te s  o f  C. 

a lb ic a n s . Southern b lo ts  o f  MspI  d igested DNAs were prepared. DNA 

samples were electrophoresed in groups according to  L probe patterns  41 

through 4 IV  (F igure  15): p a tte rn  41 is o la te s  are in lanes 2 -4 ; 411 in

lanes 5 -8 ;  4 I I I  in lanes 9-11; and 4 IV  in lanes 12-14. DNA in lanes 15- 

20 were not grouped. Panel B o f  Figure 15 shows th a t  the  S probe 

h yb rid ized  to  5 bands in lane 2 (arrowheads) and '10 bands in lane 13 

(arrowheads) fo r  d i f f e r e n t  Mspl -d ia e s te d  DNA samples.

In  each o f  the L p a tte rn  groups, d i f f e r e n t  S probe p r o f i le s  were 

observed: 41 -  lanes 2, 3, 4, and 18 a l l  d i f f e r ;  411 -  lanes 6 and 7

are s im i la r  but d i f f e r e n t  than lanes 5, 8, and 19; 4 I I I  -  a l l  lanes (9 -  

11, 15) d i f f e r ;  and 4 IV  -  a l l  lanes d i f f e r  (12 -  14, 2 0 ) .  Also, 

i s o la te s  from d i f f e r e n t  L group p a tte rn s  d isplayed the  same S p r o f i l e .  

For example, the fo l lo w in g  lanes appeared s im i la r  in  Figure 15: lanes 2 

and 10 (4 1 ,4 1 1 1 ) ,  lanes 3 and 5 (4 1 ,4 1 1 ) ,  and lane 4 and .6,7 (4 1 ,4 1 1 ) .

Panel A (F igure  15) e x h ib i ts  a number o f  MsoI  fragments la rg e r  than 

2 kbp as mentioned f o r  Figure 1. The group o f  th ree  intense bands 

s im i la r  f o r  a l l  0. a lb icans  is o la te s  is  marked w ith  arrowheads between 

lanes I and 2 (F igure  15, panel A ). The autoradiograph (panel B) 

in d ic a te s  S s ig n a ls  a t  approximately 4 .2  kbp (top arrowhead, lane 2) fo r  

some is o la te s ,  but are  absent in  lanes 9 -  12, 14, 15, 17, and 20. 

T h e re fo re ,  the S fragment may c o n tr ib u te ,  but is  not s o le ly  responsible  

f o r ,  th e  observed EtBr in te n s i t y  o f  the  4 .2  kbp band.
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Figure 15. RFLP o f the S fragment to  M spl-digested C. a lb icans DNA 
samples. Panel A: EtBr sta ined 1% TAE gel o f  MspI cut DMAs. Lanes 1 
and 21 are Lambda HindI I I  marker fragments. L Pattern  41: lane 2 -  Ca 
220, lane 3 -  Ca253, lane 4 -  Ca295; L P atte rn  411: lane 5 -  Ca23, lane  
6 -  Ca298, lane 7 -  CaJ, lane 8 -  Ca325; L Pattern  4 I I I :  lane 9 -  Ca207, 
lane 10 -  Ca220, lane 11 -  228; and L P atte rn  4 IV: lane 12 -  Ca 202, 
lane 13 -  Ca213, lane 14 -  Ca313. Other lanes: lane 15 -  CaOs (L p a tte rn  
4 H I ) ,  lane 16 -  Ca1 (DNA sample lo s t ,  w ell  b ro k e ) , lane 17 -  Ca 9938 (L 
p a tte rn  4 I I I )  and lanes 18 -  20 are C. s t e l la t o id e a  ATCC 4252 (4 1 ) ,  ATCC 
4365 (4 1 1 ) ,  and ATCC 36232 (4 IV ) .
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To determine i f  the C. a lb icans  and C. s t e l Ia to id e a  s p e c if ic  DNA 

fragment L was cloned from nuclear or mtDNA, b lo ts  o f  C. a lb icans  

genomic and mtDNA 1 were probed w ith  labeled L fragment (F igure  16). 

Nuclear o r ig in  o f  L was in d ica te d  by the absence o f a mtDNA signal and a 

p o s it iv e  s ignal fo r  t o t a l  DNA. A dd itiona l bands are v is ib le  in lower

molecular weight MspI s izes  ( la n e  1 < 3 .6  kbp) and appear s im i la r  to  S 

fragment s ig n a ls  in Figure 15. This L fragment probe was prepared from 

a p a r t ia l  MspI d ig est o f  pHpaCa?, p r io r  to  knowing th a t  the M and S 

fragments were present in pHpaCaT. H y b r id iz a t io n  o f  the M or S fragment 

to  p u r i f ie d  mtDNA were not done, but CHEF b lo ts  o f  Candida chromosomes

in d ica te s  M and S fragments present in the nucleus ( F i g . 19, panels B ,D).

B

23.13.

9.42-

6 .6 8 -

4.37.

2.32-
2.03-

EcoRI 
I 2 3

Mspl 
I 2

__ Mbol
3 I 2

I

i •
*

* I
Figure 16. Gel and Southern h y b r id iz a t io n  o f  the L fragment to  to t a l  and 
mtDNA. Panel A: Ca1 t o t a l  and mtDNA samples were digested w ith EcoRI. 
MspI . or MbpI and separated in  1% TAE agarose and b lo t te d .  The f i r s t  
th ree  lanes contain undigested p rep ara tio n s , fo llow ed by lambda HindI I I  
marker DNA, and lanes fo r  the  enzyme digested samples. Lane I -  to t a l  
DNA, Lane 2 -  mtDNA, and Lane 3 -  "heavy" mtDNA as described in Appendix 
C. Panel B: Autoradiograph o f  b lo t  showing h y b r id iz a t io n  only in the
lanes conta in ing  to t a l  DNA ( la n e  1 o f g ro u p ).
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L H y b r id iz a t io n  During Morphogenesis

The isoschizomers, MspI  and H p a I I , are commonly used to  d etect 5 -  

methyI cytos ine  (5mC or mC) changes in  eu karyo tic  DNA. MsoI  cleaves CCGG 

or CmCGG, but does not cut mCCGG sequences ~{2478}~. HoaII d igests  CCGG 

or mCCGG but not CmCGG. Because 5mC changes in  5 ’ promoter regions are  

associated  w ith  some instances o f  gene re g u la t io n  and developmental 

changes (3 1 4 ) ,  and because the  L fragment may A-T r ic h  s im i la r  to  yeast 

promoter regions (3 1 5 ,3 1 6 ) ,  the  genomic L s iz e  was analyzed by Southern 

b lo t  f o r  possib le  5mC changes in  yeast versus m ycelia l DNA.■

C. a lb icans  9938 was germinated by the mLee medium tem perature-  

s h i f t  induction  method on th re e  separate occasions. The f i r s t  9938 

c u l tu re  (January 1989) produced t ru e  germ tubes and was used fo r  DNA 

e x t ra c ts  shown in  Figure 17. The second and t h i r d  c u ltu res  (A p r i l  1990 

and May 1991) y ie ld ed  p r im a r i ly  pseudohyphal c e l ls  (>80% by microscopic  

exam ination) and were used f o r  RNA e x t ra c t io n  (F igure  2 1 ) .  To check fo r  

m ethyla t i on changes during morphogenesis, DNA from 9938 yeast and 

f i lam entous  forms were d igested w ith  MsoI  or H oa II and probed w ith  

lab e led  L fragment (F igure  17).  No L s ignal s h i f t  was observed (panel 

B) which suggests two c h a r a c te r is t ic s  o f  the  genomic L fragment.

F i r s t ,  the o r ig in a l  9938 L fragment was from a HoaI I  d ig es t o f  

genomic DNA, th e re fo re  the  cytosines o f  the  te rm inal CCGG s i te s  would 

e i t h e r  be unmethylated or only the  f i r s t  could be SmC to  a llow  HoaI I  

d ig e s t io n .  Comparing lanes 1, 2, 4, and 5 in panel B o f  Figure 17, the  

L fragment was the  same s iz e  regardless o f  MsoI  or HoaI I  d igest ion  o f  

genomic DNA in d ic a t in g  th a t  both enzymes acted a t  the. same s i t e  which 

would only  occur when the CCGG sequences a t  the ends o f  the genomic L
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fragment do not conta in  5mC residues. Also, because the genomic s ize  o f  

the L fragment does not vary in the  yeast versus m ycelia l lanes of  

Figure 17 (lanes  I ,  2, 4, 5 versus 3 and 6) the te rm inal CCGG s ite s  

remain unmethylated during morphogenesis. When yeast and mycelial c e l l  

DNA from th ree  o th er is o la te s  (C a l ,  CaOs, and Ca105) were s im i la r ly  

compared, L h y b r id iz a t io n  s izes  remained constant (da ta  not shown). M 

and S probing o f  yeast and m yce lia l DNA b lo ts  was not done. (See 

Appendix A fo r  growth o f C. a lb icans  in demethylating agents .)

Figure 17. Gel and Southern b lo t  o f  yeast and m yce lia l form DNA probed 
w ith  L fragment. DNA samples d igested w ith  MspI (Lanes 1 -3 ) or HpaII 
(Lanes 4 -6 )  were e lectrophoresed on 1% TAE agarose and b lo t te d .  Panel A: 
Lanes 1 , 4 -  9938 yeast form (GYEP); Lanes 2, 5 -  9938 yeast form 
(mLee); Lanes 3, 6 -  9938 m yce lia l form Lane 7 -  DEAE p u r i f ie d  L 
fragment; and Lambda HindI I I  marker in Lane 8. Panel B: Autoradiograph  
o f L probed b lo t  shows no s ize  change fo r  the genomic L fragment during  
germ ination.



Chromosomal H y b r id iz a t io n  o f  L.
M, and S Fragments

CHEF E lec tro p h o re s is . E le c tro p h o re t ic  parameters developed by 

Andreas Luder (personal communication regarding the  same CHEF apparatus)  

f o r  C. a lb icans  were 48 h, 100 V, and 400 s pulses in 1% (0 .5  x TBE) 

agarose. When the run time was lengthened to  60 h, b e t te r  separation  

occurred f o r  bands in  the  la rg e  chromosomal reg ion. Replacement o f  

c i r c u i t r y  c o n t r o l l in g  the  a l t e r n a t in g  e le c tro p h o re t ic  pulses (CGA/F 

"outs ide" switch box, M.J.Research, Watertown, MA) required a run time  

extension to  80 h. f o r  s im i la r  m igratio n  o f  the  fo u r  sm alle r  chromosomes 

but the  re so lu t io n  o f  the  la rg e r  chromosomes was less than w ith  the  

previous 60 h t im e.

The cu rren t estim ate  o f  chromosome number f o r  most is o la te s  o f C. 

a lb icans  is  e ig h t  (d i f fe re n c e s  described in the in t ro d u c t io n ) ,  numbered 

from la rg e s t  to  sm alles t as R and 1 -  7, re s p e c t iv e ly  (2 7 5 ) .  The CHEF 

re s u lts  described here do not inc lude s t ra in s  published to  have 8 

chromosomes and were done p r io r  to  the  p u b l ic a t io n  o f  TAFE or CHEF run 

parameters f o r  8 chromosome separa tion  (9 8 ,2 7 5 ) .  S. c e re v is ia e  

chromosomes were included in  p re l im in a ry  gels f o r  s iz e  references fo r  

the  sm alles t Candida chromosomes (d a ta  not shown) and K arla  Dugan 

prepared CHEF gels conta in ing  both C. a lb icans  and S. pombe DNA th a t  

provided s ize  references fo r  the la rg e r  Candida chromosomes (personal 

communication).

Assignment o f  p u ta t iv e  chromosomal i d e n t i f i c a t io n  numbers (lane  6, 

Figure 18) was done by comparing the  reported m igratio n  o f  Candida, S. 

pombe. and S. c e re v is ia e  chromosomes under s im i la r  OFAGE and CHEF

97
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con d it io n s  (1 0 ,1 1 ,3 1 7 )  to  the chromosomes from a l l  th re e  fungi separated  

by t h is  CHEF apparatus.

Labeled rDNA from N. crassa hybrid ized  to  the la rg e s t  band o f  C. 

a lb ican s  9938 on Southern b lo ts  from gels  s im i la r  to  those shown in 

Figures 18 and 19 (d a ta  not shown). Though o ther chromosome s p e c if ic  

DNA probes were not used, the rDNA-containing chromosome (R) has shown 

v a r ia b le  m igration  p o s it io n  r e la t i v e  to  only chromosomes 1 and 2 among 

C. a lb ican s  is o la te s  (2 7 5 ) .  The sm alles t C. a lb icans  chromosomes (4 ,  5, 

6, and 7) are w ell  separated (80 h, 100V, 400 s s w itc h ) ,  chromosome 3 

e x h ib i ts  less sep ara tio n , and the  la rg e s t  chromosomes (R, I ,  and 2, 

assuming 8 t o t a l ) ,  remain unresolved under these CHEF c o n d i t io n s . : Other 

in v e s t ig a to rs  have shown th a t  ramp switch m o d if ica t io n s  resolved more 

than s ix  to  seven chromosomal bands and produced s e p a ra t io n .o f  the  

chromosome conta in ing  rDNA and the o th e r  two large  chromosomes from C. 

a lb ic a n s , but the  parameters were not tes ted  fo r  these is o la te s  

( 9 8 ,2 7 5 ) .

Other e le c tro p h o re t ic  parameters were tes ted  (s t r a in s  9938, CaA, 

and Ca1) fo r  b e t te r  separation  o f  the  la rg e  chromosomes: a . )  180V, 18

h, 120 sec switch fo llow ed by 100 V, 25 h, 300 sec switch time (Beth 

Hazen, personal communication) produced g re a te r  movement o f  the large  

bands, but not re so lu t io n  o f  chromosomes R, 1 , 2 ,  and 3; b . )  100 V, 45

h, w ith  a l in e a r  pulse ramp o f 400-800 sec produced g re a te r  movement o f  

chromosome 3 but not R, I ,  and 2; and c . )  100 V, 54 h, 400 s switch  

fo llow ed  by 80 V, 24 h, 1200 sec switch tim e e x h ib ite d  a smear fo r  

chromosomes R, 1, and 2 (da ta  not shown f o r  the  parameters a, b, or c ) .
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CHEF gels con ta in ing  DNA from yeast and m yce lia l forms o f  C. 

a lb icans  is o la te s  9938, Ca1, and CaiOS d id  not in d ic a te  karyotypic  

changes associated w ith  the yeast or m ycelia l form o f  growth (data  not 

shown). Also, no in d iv id u a l  karyotype changes were observed fo r  s t ra in s  

9938 and Cai (from r e f r ig e r a te d  subcu ltures) te s te d  5 times a t  

approxim ately  6 month in te r v a ls  over a 3 year period (da ta  not shown).

L 1 M, and S Chromosomal H y b r id iz a t io n . Chromosomal DNA from yeast 

forms o f  C. a lb icans  s t ra in s  C a l,  9938, and CaA (5 7 ) ,  were tes ted  fo r  L 

fragment h y b r id iz a t io n .  . The a c t in  gene (95 ) which h ybrid izes  to  

chromosome 1 (275) was included f o r  comparison as a s in g le  copy gene 

c o n tro l .  The a c t in  probe in panel B o f  Figure 18 hybrid ized  to  the  

unresolved chromosome group (R, 1, and 2 ) .  The L probe hybrid ized  to  

chromosomes 3 and 7 (panel C, Figure 18).  H y b r id iz a t io n  o f  CHEF Southern 

b lo ts  w ith  labeled  M and S probes are  shown in Figure 19. The M probe 

h yb rid ized  to  the  unresolved la rg e  chromosomes (panel B ) . S fragment 

h y b r id iz a t io n  in panel D in d ica te s  s ig n a ls  from a l l  EtBr sta ined bands 

on the  g e l : chromosomes 3 through 7, and the  unresolved large

chromosomal group R, 1, and 2.

These h y b r id iz a t io n  re s u lts  suggest a minimal estim ate  o f genomic 

copy number f o r  the  L, M, and S fragment. The L probe hybrid ized  to  2 

chromosomes in d ic a t in g  a t  le a s t  2 copies per haplo id  genome. Because 

the  M probe annealed to  the unresolved la rg e  group o f  3 chromosomes, the  

lowest copy number could be 1 -  3 copies per haplo id  genome. The S probe 

h yb rid ized  to  f i v e  separated chromosomes and to  th e  la rg e  group, 

suggesting a t  le a s t  s ix  copies per haplo id  genome.
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and LFigure 18. CHEF Gel and Southern b lo t  probed w ith "a c t  in gene 

fragment probes. Panel A: C. a lb icans  DNA samples were electrophoresed  
in 1% (O.SxTBE) agarose gel fo r  80 h, 400 s switch t im e , s ta ined ,  
d iv id ed  in h a lf ,a n d  b lo t te d  to  Genescreen Plus membranes. Lanes 1,4  -  
9938, Lanes 2 ,5  -  CaA; Lanes 3, 6 -  Ca1. M igra tion  o f  9938 chromosomes 
4, 5, 6, and 7 (lanes  I and 4) appear slower than the same chromosomes 
o f  Ca1 and CaA. Panel B and C: Autoradiograph o f  gel halves. The two
b lo ts  were probed w ith  L fragment probe (Panel B) or act in (Panel C).

F igure 19. Chromosomal h y b r id iz a t io n  o f  M and S fragments. Samples 
were electrophoresed in 1% (O.SxTBE) agarose fo r  60h, 100V, 400s (panel 
A) or 80 h, 100 V, 400 s (panel C) switch tim e. Panels A and C: Lanes 
1,4  -  C a l ; Lanes 2 ,5  -  CaA; Lane 3 -  Ca 9938. Panel B: Autoradiograph o f  
M probed lanes 1-3 shows h y b r id iz a t io n  to  unresolved chromosomes R, 1, 
and 2. Panel D: Autoradiograph o f S probed lanes 4 and 5. The S probe 
h ybrid ized  to  in d iv id u a l  chromosomes 3 - 7  and the group (R, 1, and 2 ) .
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Dot B lo t Analys is  o f  L 
Fragment Copy Number

The DNA content o f  C. a lb icans  is  approxim ately  40 f g / c e l l  as 

reported values range from 35 .5  -  41 .9  f g / c e l l  [reviewed in (2 3 9 ) ] .  For 

convenience, 40 f g / c e l l  was used to  c a lc u la te  the  weight o f  1 x 107 

d ip lo id  genomes as equal to  0 .4  pg DNA (o r  0 .2  pg DNA fo r  Ix IO 1 haploid  

genomes). The fo l lo w in g  formula was used to  convert the basepair  

lengths o f  the  L fragment (3 ,790  bp) and a c t in  gene (2 ,100  bp) in to  

approximate weights per copy: grams = (bp len g th ) x (308 d a l to n s /n t )  x 

(2 n t /b p )  x (1 .6 5  x 10'2* g / d a l t o n ) .  [The average d a l to n /n t  value was 

obtained from an O ligo  Technical Card (G enetic  Designs, I n c . ) ] .  The L 

fragment equals 3 .85  x 10~18 g/copy and a c t in  equals 2 .13 x 10"18 g/copy. 

M u lt ip ly in g  by 1 x 107 gives a s in g le  copy correspondence estimated fo r  

0 .2  pg ta r g e t  DNA (per 1 x 107 haplo id  genomes) a t  21 .3  pg a c t in  gene 

and 38 .5  pg L fragment.

DNA dot b lo ts  were prepared w ith  increasing  picogram amounts o f  

a c t in  o r  L fragment DNA app lied  to  separate Genescreen Plus membranes 

f o r  standard curves o f s ignal in te n s i t y .  Each b lo t  contained EcbR I-  

digested  C. a lb icans  9938 DNA in  microgram amounts fo r  ta r g e t  DNA 

s ig n a ls .  The b lo ts  were probed w ith  labeled  a c t in  or L fragment DNA 

(F ig u re  2 0 ) .  The autoradiograph b lo t  images were scanned using a 

Microcomputer Imaging Device (MCID Version 2 .6 ,  Imaging Research I n c . , 

Brock U n iv e rs i ty ,  S t .  C atharines , O n ta r io ,  Canada) c a l ib ra te d  to  

standard o p t ic a l  dens ity  (OD) u n its  (s c a le  provided by m anufacturer). A 

l in e a r  regression p lo t  o f  each standard curve appears in Figure 20 

(S igm aplot Version 4 .1 ,  Jandel S c i e n t i f i c ) . OD values fo r  ta rg e t  DNA 

spots are  l i s t e d  in the box.
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Figure 20. Dot b lo t  h y b r id iz a t io n  o f  L fragment. Panel A: 
Autoradiographs o f  L and A ctin  dot b lo ts .  The L fragment (Row 2) and 
A ctin  DNA (Row 4) were applied  in 0 -  280 picograms fo r  standard curves, 
and EcoR!-d ig e s te d  9938 ta rg e t  DNAs (0 .1  -  1 .4  micrograms) are in Rows 1 
and 3. Panel B: L inear regression graph o f MCID OD values p lo tted
against standard DNA q u a n t i t ie s  o f 0 -  120 picograms th a t  had OD values  
on sca le . Target DNA OD values are l i s t e d  in the box. Two sample 
in te rc e p t  l in e s ,  labeled  a -  d, were drawn to  c o r re la te  the ta rg e t  DNA 
in te n s i t ie s  w ith  each standard curve. For a c t in :  dotted l in e  a -  0.2pg  
*  20pg, dotted l in e  b -  0.4pg *  86pg; For L: dotted l in e  c -  0.3pg % 
33pg, dotted  l in e  d -  0.5pg a 90pg.
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Two OD values from each s e t  o f  t a r g e t  DNA in Figure R15 were drawn 

as graph in te rc e p t  l in e s  to  in d ic a te  correspondence between ta rg e t  dot 

in te n s i t y  and standard curve va lues. For the  two a c t in  dotted l in e s  a 

and b, l in e  a has a s in g le  copy (per  haplo id  genome) correspondence o f  

0 .2  pg ta r g e t  to  20 pg standard DNA which is  very close to  the estimated  

s in g le  copy 0 .2  pg to  21.3  pg standard DNA. Line b has double copy 

values o f  0 .4  pg to  86 pg (o r  0 .2  pg to  42 pg). The estimated s in g le  

copy va lue  f o r  L was 0 .2  pg t a r g e t  to  38.5  pg standard. Line c has a 

0 .3  pg to  33 pg in te rc e p t ,  o r 0 .2  pg to  22 pg in d ic a t in g  a 0.57. L copy 

correspondence ( 2 2 /3 8 .5 ) .  Line d, a t  0 .5  pg to  90 pg (o r  0 .2  pg to  36 

pg), has a 0 .94  L copy per haplo id  genome c o r r e la t io n .

CHEF h y b r id iz a t io n  data  and dot b lo t  re s u lts  in d ic a te  th a t  the L 

fragment has a s im i la r ,  low copy number l i k e  the  a c t in  gene. Two 

chromosomes (3 and 7) hybrid ized  w ith  the  L probe, w h ile  the  in te rc e p t  

l in e s  c and d in d ic a te  s in g le  copy (o r  les s ) per haplo id  genome. These 

r e s u l ts  suggest I -  2 copies o f  L per haplo id  genome.

C. a lb icans  1 (doub le t L p a tte rn  ❖ ! ) ,  was a lso  used as a ta rg e t  

DNA f o r  th e .d o t  b lo t  assay, but a cons is ten t s ignal s treng th  d i f fe re n c e  

from 9938 DNA ( ❖ I I I  s in g le t  L p a t te rn )  was not obvious (d a ta  not shown). 

Dot b lo t  copy number an a lys is  was not done f o r  M and S fragments.

Northern H y b r id iz a t io n  Analysis  
o f the  L, M, and S Fragments

RNA samples from yeas t, and pseudohyphal (C. a lb icans  9938) or  

m yce lia l forms (C. a lb icans  1) were examined to  determine i f  the  cloned 

candidal fragments conta in  sequences which are tra n s c r ib e d .  In  

p a r t i c u la r ,  the species s p e c i f ic  h y b r id iz a t io n  o f  L and the  widespread

103
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h y b r id iz a t io n  o f  the  S fragment provoke cons idera tion  o f  possible DNA 

fu n c t io n ,  but from opposite  p erspectives . The S fragment ind ica tes  

broad species DNA conservation w h ile  the  L fragment shows species  

maintenance o f  a unique DNA sequence.

Formaldehyde Agarose RNA G els . Formaldehyde agarose gels were 

prepared and samples arranged to  provide separate RNA lanes fo r  EtBr 

s ta in in g  or n i t r o c e l lu lo s e  b lo t t in g .  Northern b lo ts ,  from a low- 

concentra tion  formaldehyde gel (methods s ec t io n )  were probed w ith  

lab e led  a c t in  or L fragment DNA (F ig .  21, panel B and C, re s p e c t iv e ly ) .  

Lanes contained 10 pg t o t a l  RNA (CsCl method), but because the  25S and 

17S rRNA bands a re n ’ t  v is i b l e ,  these samples may have been degraded.

RNA samples prepared by a c id ic  phenol e x t ra c t io n  e x h ib i t  bands which may 

be rRNA bands (F igure  22, panel A, lane 2 arrow s). Northern b lo ts  

probed w ith  labeled  rDNA were not done to  confirm rDNA band id e n t i t i e s .

Probing w ith  the L fragment re su lte d  in  weak s ig n a ls  f o r  yeast,  

m y c e l ia l ,  and pseudohyphal t o t a l  RNA samples (F igure  21, panel B, lanes 

4 - 7  a rro w ). The p o s i t iv e  h y b r id iz a t io n  re s u lts  in d ic a te  th a t  L 

fragment sequences are  tra n s c r ib e d .  Weak s ignal s tren g th  may re s u lt  

from low lev e l expression o f  L sequences o r ,  possib ly , th a t  not a l l  o f  

the  coding region was included in the  pHpaCa7 clone. DNAse tre a te d  9938 

RNA samples (methods sec t io n )  were b lo t te d  and probed w ith  the  L and 

a lso  e x h ib ite d  weak s ig n a ls  a t  about 0 .9  kb, in  a formaldehyde gel th a t  

included an RNA ladder (GEL program es t im a te , data not shown).

Panel C o f  Figure 21 shows th a t  the  a c t in  probe produced weak s ignals  

f o r  yeast phase RNA (lanes  8 and 1 0 ) ,  a strong s ignal f o r  9938 

pseudohyphal RNA ( la n e  9 ) ,  and a moderate s ignal f o r  Ca1 m ycelia l RNA
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( la n e  11 ) .  Because t o t a l  RNA amounts per lane were the same, the strong  

h y b r id iz a t io n  s ignal fo r  9938 pseudohyphal RNA suggested higher le v e ls  

o f a c t in  expression than in C. a lb icans  1 m ycelia l c e l ls  (F igure  21, 

panel C, lane 9 versus 11).  The f u l l  sequence o f the s in g le ,  C. 

a lb icans  a c t in  gene has been published (318) and a c t in  mRNA le v e ls  have 

in d ica ted  a s ix - f o ld  increase during the form ation o f  tru e  germ tubes 

from yeast forms (2 1 1 ) .  I t  is  uncerta in  whether an actual d i f fe re n c e  

e x is ts  between pseudohyphal a c t in  expression and m yce lia l forms, or i f  

t h is  observation was p e c u l ia r  to  is o la te  9938, but the s ignal  

d if fe re n c e s  were a lso  observed in Northern dot b lo ts  (F igure  24).

Figure 21. Gel and Northern h y b r id iz a t io n  o f  the L fragment and Actin  
to  C. a lb icans  RNA. RNA samples (CsCl method) e le c t rophoresed in  1.2 % 
formaldehyde agarose gel were in separate  lanes fo r  s ta in in g  (Panel A) 
or n i t r o c e l lu lo s e  b lo t t in g  (Panel B and C). Panel A: EtBr sta ined g e l . 
Lane I -  Lambda HindI I I  DNA, Lane 2 -  Ca 9938 yeast form, Lane 3 -  Ca I 
yeast form. RNA samples in Panel B and C: lanes 4 ,8  -  9938 yeast form; 
lanes 5 ,9  -  9938 pseudohyphal form; lanes 6 ,10  -  Ca I yeast form; lanes 
7,11 -  Ca I m ycelia l form. Panel B b lo t  was probed w ith  L DNA and panel 
C w ith  a c t in  gene DNA. Panel B arrow in d ic a te s  L h y b r id iz a t io n  s ig n a l .
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H y b r id iz a t io n  o f  RNA samples to  labeled M and S fragments are shown 

in panel B o f  Figure 22. The S fragment probe o f  t o t a l  RNA y ie lded two 

large  bands (8 .4 8  and 6 .14  kb, lanes 4, 5 ) .  Labeled M fragment probing  

produced a d isperse s ignal sm alle r  than the 1.35 kb RNA marker (F ig .  22, 

panel B, lane 6 ) .  DNAse t re a te d  t o t a l  RNA samples a lso  gave p o s it ive  

h y b r id iz a t io n  s ig n a ls  w ith  both the M and S probes (F igure  24).
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Figure 22. Gel and Northern h y b r id iz a t io n  o f M and S fragment to  C. 
a lb icans  RNA. Yeast form t o t a l  RNA samples (20 pg from CsCl method 
except fo r  lane 3) were electrophoresed in 1.2% formaldehyde agarose gel 
and EtBr s ta ined  or b lo t te d  to  n i t r o c e l lu lo s e .  Panel A: Gel stained  
w ith  EtBr: Lane 1 -  RNA s ize  marker (BRL), Lane 2 -  9938, Lane 3 -  9938 
( 18pg, phenol method). Panel B: Autoradiograph o f  Northern b lo ts  
h ybrid ized  w ith  the S (lanes  4 and 5) or the M probe ( la n e  6 ) .  Lane 4 -  
9938; Lane 5 -  C a i ; Lane 6 -  9938. S s ignal s izes  in lanes 4 and 5 are  
8.48  and 6 .14  kb (GEL program e s t im a te s ) .
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RNA Dot B lo ts . N i t r o c e l lu lo s e  b lo ts  were prepared w ith  samples 

from 9938 and Cai to t a l  RNA (as above), and 9938 mRNA enriched samples 

c o l le c te d  from o l ig o - (d T )  columns. Dot b lo ts  were probed w ith a c t in ,  L , 

M, or S fragments (F igures  23, 2 4 ) .  MCID analyzed s ignal d e n s it ie s  from 

RNA spots are l i s t e d  to  in d ic a te  the s ignal s treng ths . The a c t in  and L 

probes were hybrid ized  to  t o t a l  RNA, mRNA samples, and 60 pg spots o f  

the L and a c t in  DNA to  serve as n o n -s p e c if ic  co n tro ls  fo r  the opposite  

probe (F igure  2 3 ) .  P o s it iv e  L h y b r id iz a t io n  s ig n a ls  to  the 50ng mRNA 

spot, the 5 -  20 pg 9938 t o t a l  RNA spots, and the 60 pg L DNA spot were 

observed, but n o n -s p e c if ic  h y b r id iz a t io n  o f the L fragment to  the 60 pg 

a c t in  DNA spot was not seen (Panel A ). The a c t in  probe hybrid ized  to  

mRNA (25 and 50 ng), t o t a l  9938 RNA spots (5 -  20 pg) and to  a c t in  DNA 

(Panel B ) . No n o n -s p e c if ic  h y b r id iz a t io n  to  heterologous DNA occurred

(Panel B, 60 pg L DNA s p o t) .
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Figure 23. Northern dot b lo ts  probed w ith  the L fragment and a c t in .  
Panel A and B: Sample dots were app lied  in the same order fo r  both 
panels. From l e f t  to  r ig h t  in Row 1: Yeast form 9938 RNA in 0, 5, 10, 
and 20 pg amounts, <j>, 60 pg L DNA, and 60 pg a c t in  in s e r t  DNA. Row 2: 
<j>, and mRNA enriched samples dotted in 25 and 50 ng amounts (q u a n t i f ie d  
by DNA D ip s t ic k  K i t ) . Panel C: OD values from scanning panel A and B 
autoradiographs. 1 MCID system was c a l ib ra te d  to  standard OD u n its .
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Another s e r ie s  o f  dot b lo ts  in c lud ing  DNAse t re a te d  RNA samples 

which were from CsCl (9938Y-Tx) and acid ic -pheno l e x t ra c t io n  (Comp-Tx) 

methods (methods s e c t io n ) , t o t a l  RNA samples, and negative  control tRNA 

dots were probed w ith  a c t in ,  L, M, and S DNA fragments (F igure  2 4 ) .  The 

MCID OD values fo r  the 20 pg tRNA and 60 pg ura3 DNA dots fo r  each probe 

are not above the "blank" OD values in d ic a t in g  th a t  the probes do not 

n o n -s p e c i f ic a l ly  bind to  the  sample p o s it io n s . RNA samples in the  la s t  

two rows are from independent c u ltu re s  and d i f f e r e n t  from the CsCl RNA 

samples included in Figure 23.

A l l  fo u r  probes produced s ig n a ls  w ith  the  DNAse t re a te d  RNA 

samples (from e i t h e r  the CsCl or phenol method) seen in the  9938Y-Tx 

rows in Figure 24. The M and S probes produced weak s ig n a ls  w ith  the  

5|ig 9938Y-Tx sample. CsCl method RNA samples (bottom 3 rows, Figure 24) 

were p o s i t iv e  f o r  a c t in  and L ( l i k e  Figure 23) and the M and S probes 

were a lso  p o s i t iv e .

Again, the a c t in  probe produced a s tronger s ignal w ith  the  

pseudohyphal RNA sample than the yeast sample fo r  9938 as noted fo r  

Figure 21. Though the dot b lo ts  were i n i t i a t e d  to  in v e s t ig a te  

q u a l i t a t iv e  RNA expression f o r  the  I ,  M and S fragment, the S probe 

in d ic a te s  a s tronger s ignal f o r  Ca1 yeast and 9938 pseudohypae than fo r  

9938 yeast form. For both a c t in  and S expression, the d if fe re n c e  may be 

associated w ith  ju s t  the  9938 is o la te  and fu r t h e r  q u a n t i ta t io n  o f  RNA 

le v e ls  in  yeast,  pseudohyphae, and mycelia  o f  various is o la te s  would be 

necessary to  e s ta b l is h  actua l d i f fe re n c e  and s ig n if ic a n c e  o f  the data .

The formaldehyde gel and dot b lo t  Northern h y b r id iz a t io n  data  

in d ic a te  th a t  sequences from L, M, and S are expressed a t  the RNA l e v e l .
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The probes bound s p e c i f i c a l l y  and d id not c ro s s -h y b r id ize  w ith  

heterologous RNA or DNA spots. The L and a c t in  probe hybrid ized  w ith  

mRNA samples, DNAse t re a te d  RNA, and CsCl method RNA from two separate  

RNA e x t ra c t io n s .  The S and M fragment probes h ybrid ized  to  DNAse 

t re a te d  RNA and t o t a l  RNA samples. The presence o f  open reading frames 

found in  the  p a r t ia l  sequence in form ation  fo r  L, S, and M fragments  

(presented below) support the Northern b lo t  re s u lts .
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Figure 24. Northern dot b lo ts  probed w ith  L , M, S, and a c t in .  Tota l  
and DNAse-treated (Y-Tx la b e l )  yeast RNA samples were applied  in the  
same order fo r  each b lo t  as fo l lo w s: blank (Opg) or background; 20pg
tRNA; 60 pg ura3 gene DNA; 60 pg each DNA (L , M, and S in s e r t  DNA and 
a c t in  gene DNA);  5pg 9938Y-Tx; 10pg 9938Y-Tx fo r  L b lo t  only or not 
determined (ND) fo r  the M, S, and a c t in ;  14pg CompY-Tx (9938 RNA by 
phenol method); 20pg Cai Y (yeas t form, CsCl) ;  20pg 9938 Y (yeast form, 
CsCl) ;  20pg 9938 Ps (pseudohyphal form, CsCl) .  MCID OD values fo r  a l l  
fo u r  b lo ts  were obtained in the same scan w ith  the system c a l ib ra te d  to  
standard OD u n its .  A l l  s t r ip s  were exposed fo r  48 h, -7 0 °  C, w ith  
in te n s ify in g  screen to  the same f i lm  p iece. The blank dot scan 
in d ic a te s  the background value fo r  each s t r i p .  A l l  Candida RNA ta rg e t  
spots f o r  each probe are p o s it iv e  in d ic a t in g  th a t  I ,  M, and S sequences 
are expressed.
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Subcloning o f  oHpaCa? Fragments

Plasmid mini prep DNA samples o f  the  X U -B lu e  (E. c o l i l 

transform ants  were d igested w ith  P s tI  and s ized on 1.5% TAE agarose to  

i d e n t i f y  pHpaCa? in s e r t  pieces in p B luescrip t I I  vectors  (F igure  2 5 ) .  

Compared to  P s t l-d ig e s te d  vec tor  only  ( la n e  9 ) ,  plasmids in lanes 2, 3, 

and 5 contained an in s e r t  o f  approxim ately 1 .8  kbp (a r ro w ) , the expected 

s iz e  o f  the  small P s t I  piece o f  pHpaCa? (F igure  8 ) .  Lanes 7 and 8 

showed a la rg e  in s e r t  o f  7 .5  -  8 kbp (arrow, GEL program estim ates)  

corresponding to  the o ther P s tI  piece o f  pHpaCa7. Plasmids from lane 5 

(pBSPst+12) and lane 7 (pBSPst+18) were se lected  f o r  sequencing.

Lanes 10 -  13 o f Figure 25 conta in  MspI  d igested plasmids generated 

by J. C u t le r ,  I .  Kanbe, and L. LaTray when MspI  fragments o f  pHpaCa? 

were subcloned. Lanes 10 -  13 in d ica ted  possib le  in s e r ts  o f  the 1.6  kbp 

M fragment (lanes  10, 12, and 13) and the 0 .8  kbp S fragment (lane  11).  

The plasmids pBSMsp-S9 ( la n e  11) and pBSMsp-M22 ( la n e  12) were included  

in  sequencing reac tions .

Figure 25. pB luescrip t I I  S K (+ / - )  Subclones o f  pHpaCaT. Vector and 
recombinant plasmid miniprep samples were d igested w ith  P s t I  (lanes 2 -  
9, vec to r  was pB luescrip t I I  SK+) or MspI ( lanes  10 -  14, vector was 
pB lu escrip t I I  SK-) and separated on 1.5% TAE agarose. Lanes 1 and 15 
conta in  Lambda HindI I I  marker DNA, lanes 9 and 14 are vec tor  only  
c o n tro ls .  Arrows next to  lane 5 and 7 in d ic a te  the  small and large  P s t I  
pieces from pHpaCa?. Lanes 11 and 12 were a lso  included in  sequencing 
re ac t io n s .
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None o f  the MspI  subclones in d ica ted  an in s e r t  as large  as the 3 .8  

kbp L fragment, so J . C u t le r  and L. LaTray s ize  selected  the e n t i r e  L 

fragment, d igested i t  w ith  C Ia I  (see Figure 8 ) ,  and subcloned the  

re s u l t in g  2 .2  kbp and 1 .6  kbp pieces in to  pB luescrip t I I  SK ( - ) .  Two 

plasmids, pMCL-4 and pMCS-1, were id e n t i f i e d  w ith  in s e r ts  o f  appropriate  

s ize  and were included in sequencing. During subcloning, they observed 

a low frequency o f  white  transform ants th a t  prompted a mini prep 

inspection  o f  "background" blue co lon ies . C la I  d ig es t io n  o f miniprep  

samples in d ica ted  th a t  some o f the fu n c t io n a l  6 -g a lactosidase colonies  

contained plasmid in s e r ts  o f  2 .2  and 0 .8  kbp in  s iz e .  Sequence 

in form ation  showed th a t  the  2 .2  kbp C la l/M sp I L fragment was 11 gated in  

the opposite o r ie n ta t io n  as the  2 .2  kbp in s e r t  in pMCL-4 (from a white  

c o lo n y ) , and the  0 .8  kbp in s e r t  sequence was rearranged pB luescrip t  

vector (d a ta  not shown).

Dideoxv Sequencing

Portions o f  the C. a lb icans  L, M, and S fragment sequences were 

obtained and are reported in  Figures 26 -  34. Short and long gel run 

in form ation  was compared by the  A lign  program to  obta in  the  longest 

continuous sequence fo r  each segment. In  the event o f  nucleotide  

d if fe re n c e s ,  the  autoradiographs were reinspected to  confirm or 

represent am bigu it ies  by N’ s. In  each f ig u r e ,  vec to r  bases read from 

the beginning o f  primed sequences are  shown in lower case l e t t e r s  

in d ic a t in g  the  confirmed l ig a t io n  s i t e  o f  pHpaCa? and the  various  

subclones. C. a lb icans  bases are shown in  upper case l e t t e r s  and are  

the only numbered bases (F igures  26 -  3 2 ) i Nucleotides reported here 

are from sequencing one strand and are  sub jec t to  confirm ation  by

^11
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complementary strand sequencing.

A P ro ty lz e  program (P ro ty lz e  P re d ic to r Version 3 .0 , S c ie n t i f ic  & 

Educational Softw are) which scans a l l  th re e  reading frames in  both 

strands was used to  id e n t i fy  open reading frames (ORFs) from the Candida 

sequences. The ORF regions are noted w ith  b o ld -face  s t a r t  codons ATG or 

CAT fo r  the complementary s tran d . ORF regions (>5 amino ac id s ) are  

l is te d  below each sequence in s id e  the  f ig u re s . The Candida n uc leo tide  

in fo rm atio n  was a lso  used to  query the  GenBank database by FastA 

sequence s im i la r i t y  search (311).. An a r b it r a r y  c r i t e r io n  o f >68% . 

homology over >45 n u c leo tid e  length  was chosen fo r  m entioning s p e c if ic  

cases o f GenBank homologies.

pHpaCa? Sequence. P a r t ia l  sequence in fo rm ation  fo r  the  S and M 

fragments was obtained d ir e c t ly  by sequencing denatured pHpaCa? w ith  

pBR322 prim ers: a clockw ise (cw) prim er from the  5 ’ EcoRI s ide (S

fragm ent) o f  the  in s e r t  and counterclockw ise (ccw) prim er from the 3 ’ 

HindI I I  s id e  (M fragm ent) (see F igure 8 ) .  Open reading frames (ORF’ s) 

lengths in  amino acids (a a ) are  noted w ith  th e  s ta r t  codon (ATG or CAT 

fo r  complementary s tran d ) in  b o ld -fac e  p r in t  and a (c )  in d ic a tin g  th a t  

th e  reading frame was on the complementary s trand . CAG repeats ( * * * )  

and RGYCAG ( — * * * )  are  marked.

The 330 Candida n u c leo tid es  o f the  0 .79  kbp S fragm ent (F ig u re  26) 

conta in  CAG tr in u c le o t id e s  ( * * *  m arking) which were repeated 22 tim es. 

T h irte e n  repeats were p a rt o f a hexanucle o tid e  repeat RGYCAG ( — * * *  

m arking) where R = A or G and Y = C or T w ith  G and C most common. Nine 

o f the  hexanucleotide repeats were tandem!y arranged. Three open 

reading frames (ORF’ s) longer than 5. amino acids (aa ) were in d ica ted  fo r
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the  p a r t ia l  S sequence. Table 5 conta ins the best FastA scores 

in d ic a tin g  th a t  th e  CAG repeat region (approx. .135 -  227 bp) produced 

the m a jo r ity  o f FastA matches.

agcttatcatCGGTTGCCAACGCTTGTACCATT C lC lAGTACCAACTTAC 40 
AT CCT GGGGACTGGT CT ACT GCCACCCTT GGCCAGAAAAT CT GGGCTGGC 90

-----* * *

GGGAACAAGGGCTGGGGCTGAGATCAAGCTTGGGCCAGAGCAGAGCCAGA 140---*** ***--- ***-

GCCAGAGCCAGAGCCAGAGCCAGAGCCAGAGCCAGGGTCAGGGCCAGGGC 190 
— * * * ----* * * ------ * * * ----- * * * ----- * * * ----- * * * ----- * * * - — * * *  *

AGACAGACCAGGGTCAGGGCCAGGGTCAATGGCTGACGTCCTAAGCTCAA 240 
* *  * * *  * * * ----- * * * ----- * * *

GGGAATGGCCAATCCAGAGCAGGTCTAAGCCAAGCCACAGTATGCTATCA 290 
* * *  * * *  * * *  * *

GT ACAAGT AGCGGCT AGT ACCTGCCACTT ACAGAGCT CAA 
*  * * *
ORFls: 22— >2 (c )  (7 aa)

217— >328 (37 aa)
243— >264 (7 aa)

"igure 26. N ucleo tide  sequence o f pHpaCa7 w ith  EcoRI cw prim er in to  
the  S fragm ent. Numbers re ference  th e  C. a lb ican s  n u c leo tid es .

Table 5. FastA search o f p a r t ia l  S fragm ent sequence.

S Region Percent
Homology

Basepair
O verlap

GenBank sequence

132-208 Ce)1 83.8 74 Rat ch o n d rp itin  s u lfa te  proteo­
glycan core p ro te in  mRNA

132-208 76.3 76 Maize opaque(0 2 ) mRNA, ze in  depo­
s it io n  re g u la tio n  (le u c in e  z ip p e r)

131-180 77.6 49 Hu. Sp-B pulmonary s u rfa c ta n t  
p ro te in
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Table 5. FastA search o f p a r t ia l S fragm ent sequence, continued.

131-198 76.1 67 Hu. c y c lin  B mRNA, 3 ’ end

118-198 71.3 80 Hu. ryanodine receptor mRNA 
(Ca+2 re lease  channel o f muscle)

27-178 ( C ) 68.9 61 Hu. e p is ia l in  (varB ) mRNA (mucin)

147-190 ( C ) 79.1 48 Hu. secre to ry  granule proteoglycan  
core gene, exon 3

134-208 70.1 74 Hu. P la te le t-d e r iv e d  growth fa c to r  
recep to r mRNA

125-218 72.3 83 Mouse hexamer repeat sequence (1 7 )

129-180 82 .4 51 Mouse Sp5 mRNA, period  repeat

129-188 76.3 59 Soinacea o leracea  Mbosomal 
p ro te in  L21 mRNA

135-199 76.6 64 Hu. HMG-I p ro te in  isoform mRNA

115-208 68.8 93 Plasmodium berohei circum - 
sp orozo ite  (CS) p ro te in  gene

139-247 (c ) 71.3 108 Mouse Ig  Kappa u n p roductive!y 
rearranged V

116-238 70.5 122 Mouse MHC Class I  H2(TLA)-Q a-2,3  
pseudogene tra n s p la n ta tio n  antigen

*(c ) In d ic a te s  th a t  the  numbered region o f homology was from the  
complementary strand

The M fragm ent sequence o f 540 n uc leo tides  (o f  1 .6  kbp t o t a l )  was 

63% A-T In  composition w ith  a GCGG s i t e  95 bp from th e  H g a tlo n  s ite  

(F ig u re  2 7 ). ' I f  c o rre c t, the  CCGG s i t e  should have been cut by MsoI  in  

Figure 3 to  g ive a fragm ent approxim ately 230 bp long (p a r t  pBR322 and 

p a rt C. a lb ican s  DNA) .  Then the  o th e r p o rtio n  o f th e  M fragment should 

not have h yb rid ized  w ith  the  pBR322 probe unless: a . )  th e  d ig e s t was

incom plete or the  CCGG s i t e  a t bp 95 was p ro tec ted , o r b . )  pBR322 

sequences were present someplace e ls e  along the  fragm ent. The A lign
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program re s u lts  in d ica te d  th a t nu c leo tid es  from regions 1 -  95 o r 96 -  

540 in  F igure 27 d id  hot match any region o f pBR322 sequences when 

s p e c if ic a l ly  checked. Three separate  Southern b lo ts  o f  pHpaCaT MsoI  

fragm ents (F ig u re  7 plus two b lo ts  o f Msp I  d igested to t a l  pHpaCa7) 

probed w ith  lab e led  pBR322 resu lted  in  an M fragm ent s ig n a l, a ssertin g  

th a t  th e  f i r s t  p o s s ib i l i ty  would be u n lik e ly .  Evidence th a t  pBR322 

recombined w ith  M fragm ent regions during  p B lu escrip t subcloning was 

observed (presented la t e r  in  F igure 33 and 3 4 ), but recom bination in  the  

o r ig in a l M region o f pHpaCa7 was not in v e s tig a te d . As mentioned fo r  

Figure 7 , possib le  sm alle r fragments o f pHpaCa7 (<150 bp) d igested w ith  

Msp I  were not s tu d ied .

Compression o f bands accounted fo r  an unreadable region o f the  M 

fragm ent (represented  by N’ s in  F igure 27) which remained unresolved in  

a l l  ge ls  o f ccw HindI I I  primed reac tio n s  in c lu d in g  dITP re ac tio n s . Nine 

ORF’ s longer than 11 amino acids are  l is te d  fo r  th e  p a r t ia l  M sequence 

(F ig u re  2 7 ). Region 31-171 (complementary strand " (c )"  ) was 74% 

homologous to  rDNA genes and fla n k in g  regions o f S. c e re v is ia e  and S. 

carlsb erg en s is  according to  FastA s im i la r i t y  search (3 1 1 ) . Region 208- 

253 (c )  was 73.3% s im ila r  to  S. c e re v is ia e  MIP1 gene fo r  a.mtDNA 

polymerase c a t a ly t ic  subunit; and region 57-109 (c ) was 80.8% homologous 

to  Mucor racemosus 25s rDNA reg ion .

pHpaCa? Subclone Sequences. p B lu escrip t subclones, annealed w ith  the  

T7 forw ard prim er (FP) or the  M13 reverse prim er (RP) fo r  the vector  

m u ltip le  c lo n in g  s i t e  (MCS), provided n u c leo tid e  in fo rm atio n  fo r  

p o rtio n s  o f th e  in te rn a l regions o f the  pHpaCa7 in s e r t .  Subclone 

pBSPst+12 contained approxim ately  800 bp a t  the 5 ’ end o f the  L fragm ent
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and a l l  o f the S . fragment ( 5 ’ P s tl p iece , F igure 8 map). RP sequencing 

o f pBSPst+12 confirmed r e s t r ic t io n  d ig e s t in d ic a tio n s  th a t  the  pBR322 

end was lig a te d  to  the SacI  s ide o f the  MCS (d a ta  not shown). F igure 28 

conta ins  FP n u c leo tid e  in fo rm atio n  from the  Candida end in  pBSPst+12. 

Again, p B lu escrip t bases are shown in  lower case le t t e r s .  The 186 bp 

o f Candida DNA are  approxim ately 750 bp downstream o f the 5 ’ end o f th e  

L fragm ent. FastA search re s u lts  in d ica te d  only one 45 bp region (bp 

124-169) w ith  73% homology to  S. c e re v is ia e  mtDNA o x l3 and cytochrome 

lo c i .  Two ORF’ s are  in d ica te d  in  F igure 28.

aagcttatcgGAT CGCCAGAGGGCGGAAT GCT AGAACGT GGAGTTT GACC 40 
TCCAGCTCCGCTTCATTGAATAAGTAAAAAACTATAGAGGTAGTGGTATT 90 
TCACCGGTGATGGAAATCCACCAATGTATAATGACGACGCCATTGACTTT 140 
ATTCAGAATATACCTGGAATCAATGCAGTTAATTACCACATTTTGCATTG 190 
CCAACAGGTTAAGAATATTGAAGAATTCGGTATCTTTATCCAAAGATAAG 240 
TTTATATCGATATTAGGTGATGAGAATGGCAAGAAAGCATATATTTTTTG 290 
AATAGGAAAATTAAATAGCTGTGACAACGGAGAAGCAACGGCCTCACTAT 340 
TACTGCTGATTTATTGTGTGTCTATTTCGCTTCCACAGCCATCTTCTTGT 390 
TTNNNNNNNTTAGCTCAATAGTTATATATATGCACTATTCAGAGAGATAT 440 
AGTAGTATAGACTGAACGAATAACGTATCATGACATACTTTGTTCGTTAT 490 
TTATAT CT GAGCTT AGATT CTT CTT GAT ACAT GTCATT AT

ORF’ s : 110— >299 (63 aa) 124— >247 (41aa)
188— >74 (c )  (38aa) 133— >55 (c ) (26 aa) 
527— >470 (c )  (19aa) 471— >414 (c )  (19aa) 
470— >515 (15 aa) 280— >244 (12 aa)
260— >293 (11 aa)

F igure 27. N uc leo tide  sequence o f pHpaCa7 w ith  HindI I I  ccw prim er 
in to  th e  M fragm ent. Numbers re ference  C. a lb icans  n u c leo tid es .

Sequencing reac tio n s  w ith  denatured pBSPst+18 (FP o r RP) did no t 

produce readable n u c leo tid e  sequence possib ly  because o f th e  large  

plasmid s iz e  (approx im ate ly  11 kbp).
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attcctgcagGGATGTCAGCCTCGATAACGAAACAGAACGAGTAGTACAA 40
GCT GTT ATT ACAAGAAGT CAACCCATTTT GCTTT ATGCTTT ACTATTATC 90
TAGGTTT GGAAAAGTGTGAACTT AGTATACAGCCAATAACAGAATTAATA 140
AAAATACGATTCCTTATATTATGTAAGTACAAGGATACTCTCAG 184

ORF’ s: 75— >183 (36 aa)
3— >30 (10 aa)

F igure 28. N uc leo tide  sequence o f pBSPst+12 w ith  FR. Lower case 
le t t e r s  are  p B lu escrip t bases and numbers r e fe r  to  Candida 
n u c leo tid es .

Four MspI subclones o f pHpaCaT (J . C u tle r , I .  Kanbe, and L. LaTray) 

were included in  the  sequencing re a c tio n s . P a r t ia l  n u c leo tid e  

sequences from the two C la I  by L subclones (pMCL-4 and pMCS-1) are shown 

in  F igures 29 -  32 w ith  p B lu escrip t vec to r n uc leo tides  noted in  lower 

case. The in s e r t  o r ie n ta t io n s  o f th e  two L subclones were not 

determ ined w ith  regard to  pHpaCa? 5 ’ - - > 3 ’ d ire c tio n  (F ig u re  8 ) .  The 

dGTP reac tio n s  produced more readable sequence from both pMCL-4 and 

pMCS-1 plasm ids; dITP re s u lts  suggested Sequenase s t a l l  p o in ts  which the  

s u p p lie r  (USB) s ta te d  as possib le  fo r  sequences w ith  exceptional 

secondary s tru c tu re  (d a ta  not shown).

For the  2 .2  kbp in s e r t  in  pMCL-4, th e  la rg e r  C la I  L subfragment,

382 bp where obtained in  forward prim ing reac tio n s  (F ig u re  29) and 308 

bp by reverse prim ing (F ig u re  3 0 ). FastA search o f pMCL-4 FP and RP 

sequences in d ica te d  th a t  region 32 -  116 o f the  RP sequence was 72.6% 

homologous to  chicken p rostag land in  G/H synthase mRNA. F ive ORF regions  

were id e n t i f ie d  in  the  FP and RP sequences o f pMCL-4.
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gacggtatcgGGGCTAGTACTCTGGCCCACTCTACAAGAGGCTCAAGGGT 40 
GTTGGGT AGCAGT CAATT GT AAT GGCT GTGCCAGGTT CACCACT GGCAAC 90 
ATGATT GGT CCT AGT GCCT AGCCCAGCTTT GAGGCCAAT ACAACTT CT GG 140 
CTAACCAACCAGAGTTTATGGCAGGCCAGCTTTCAATTTGGTCCCAAAAC 190 
TGGTTGAAATATTGCTGTCAACGATGTTCCTCGGCCAAAGTTAGGGCCGT 240 
TAAAAGGAACAGGACCAATATTGTTTCCGAAGCCAGTTCAAATTTCTTTG 290 
CTGTGTTGGTAACTTGACTTGTCTCGGATATACCAATGAAGGCAGAGATC 340 
AGACAGT CT AAAGT CGCT ACT GTT ACAGAT GCT GACT GGCAA

ORF’ s : 158— >305 (49 aa) 326— >383 (19 aa)
92— >35 (c )  (19 aa) 62— >92 (10 aa)

-Ig u re  29. N uc leo tide  sequence, o f pMCL-4 w ith  FR.

a a g c tta tc gATTTAT CATTT GCTTTAAAAATTGCCAATACT CCCTATTT 40 
TTCT GACGTTTT CAGTTT GATT GGCATT AT ATT ATTT CCT CGAAT ACTTT 90 
CAATTTTTAATAATTACAAATTTTTTAATTTGATTGTATTATCCTTCAAT 140 
AAAATGAT CT GGAACTT GGTT GGATT GAT CTTTTT CTTTTT CACATTGAT 190 
CAGTGGATTTTATTTCAGTTTTTAACCTAAGTATTAACCAAGCCAAGGTG 240 
AATATTTTGATATGGTCAAATATTTTGGATTCACTCCTCAGTATGGAATA 290 
T GGAAT ACACT GT GGAAT AC

ORF’ s : 144— >213 (23 aa)

F igure 30. N uc leo tide  sequence o f pMCL-4 w ith  RF.

Sequences from the  sm alle r C la I by L subclone, pMCS-1 

(approx im ate ly  1 .6  kbp in s e r t ) , are  shown in  Figures 31 and 32. In  FR 

sequencing 308 bp were read (F ig u re  31) and fo r  the  RF re ac tio n s , 235 bp 

were obtained in c lu d in g  an unresolved GC compression region (N ’ s in  

Figure 3 2 ). FastA search revealed fo u r small pMCS-1 RF regions o f  

homology: a . )  bp 182-230 are 72.9% homologous to  Thermoproteus tenax

v iru s  1, v i r a l  p ro te in  T ; b .)  bp 4 -49  (c )  show 73.3% homology to  an

A fric a n  Green Monkey o r ig in  o f re p lic a t io n ;  c . )  bp 9 -60 (c ) are 72.5% 

homologous to  bovine m itochondria l ATP synthase gamma subunit; and d . )  

bp 15-62 (c ) show 70.2% homology to  Human small r ib o n u c le o -p ro te in  

(snRP8). FastA search re s u lts  fo r  th e  pMCS-1 FP Candida sequence
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included no homologies w ith in  the  a r b it r a r y  bounds (>45 bp w ith  >68% 

homology). ■

gacggtatcgATTAAGAAAAT CAAGCAAAAAT CAATATAATT CCAAATTA 40 
T AGTT Cl CACAAATT GCCATT Cl AT ATT GT ACAATTTT GT AATT AATT CA 90 
ATATTAAAACTTAAATTAATAATCCAAAATAAAGTCCCAATTCCCATAGG 140 
GTTGCCCAAAGAT CAACAGAAAGT AAAAGAT CAGT AGCATT AT CAATTT G 190 
AAATTTATCACTATGGATTGATATTTTGGCACGGTGTTTGCCCGTTTAAT 240 
TATT AGTT AT AT GAT AT CT CTAATT GGT AT CT GT ACACAGT CAGCTT CAT 290 
TACCTTT CATCGT CAGT AT A

ORF’ s : 135— >1 (c )  (45 aa) 178— >106 (c )  (24 aa)
249— >309 (20 aa) 298— >240 (c )  (17 aa)
288— >243 (c )  (15aa) 58— >22 (c ) (12 aa)

-ig u re  31. N uc leo tide  sequence o f pMCS-1 w ith  FR.

aagcttatcgATATTAGGTGATGAGAATGGCAAGAAAGCATATAATTTTT 40 
TGAATAGGAAAATTAAATAGCTGTGACAAGGGAGAAGGAAGGGGCTCACT 90 
ATT ACT GCT GATTT ATT GT GT GT CT ATTT CGTTT CACAGCCAT CTT CTNN 140 
NNNNNNNGGTTGCTTTACGCATTGTTTGTTACCTTTAGGCTCAAATAGTT 190 
AATATATATGCACCTATTCAAGGAGAGATATAGTAGTATAGGACATGA

ORF’ s : 198— >237 (13 aa) 131 — >92 (c )  (13 aa)
160— >124 (c )  (12aa) 11— >41 (10 aa)
234— >204 (c )  (10aa) 28— >1 (c )  (9  aa)

F igure 32. N uc leo tide  sequence o f pMCS-1 primed w ith  RF.

Sequencing o f s in g le -s tra n d e d  tem plates from pMCL-4 and pMCS-1 d id  

confirm  FP sequence but d id  not provide longer n u c leo tid e  in form ation  

than th a t  d erived  from prim ing denatured plasmid tem plates (d a ta  not 

shown). One MspI  subclone, pBSMsp-S9 in  lane 11 o f F igure 21, 

contained a pBR322 vec to r fragment (n u c le o tid es  2350 -  2600) instead o f  

th e  S fragm ent (d a ta  not shown). Another p B lu escrip t subclone, pBSMSp- 

M22, contained rearrangements o f pBR322 and the M fragm ent (exp la ined  

below) re v e a lin g  a d d it io n a l C. a lb ican s  n uc leo tides  (F ig u res  33 and 3 4 ).
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The A lig n  program was used to  compare the FP and RP sequences to  pBR322, 

p B lu e s c rip t, and to  the  ccw primed sequence from o r ig in a l pHpaCa?

(F ig u re  2 8 ). In  Figures 33 and 34, p B lu escrip t nu c leo tid es  are in  

bold face  lower case, pBR322 in  lower case, and Candida bases are in  

uppercase le t t e r s .  A diagram (F ig u re  35) was prepared to  i l lu s t r a t e  the  

rearrangement o f  sequences fo r  re fe ren ce . The forward primed reac tio n s  

o f pBSMsp-M22 in d ica te d  th a t  the p B lu escrip t m u ltip le  c lo n ing  s ite  (MCS) 

f la n k  was attached  to  an in verted  piece o f the  Candida M region (15 -  95 

in  F igure 35) beginning w ith  the  CG o f the  CCGG s it e  from p o s itio n  95 in  

Figure 28. N ext, bases corresponding to  Candida region 14-1 (marked 

w ith  + ’ s ) through pBR322 bp 84 (F ig u re  35) were found in  th e  pBSMsp-M22 

subclone (F ig u re  3 3 ) . The Candida nu c leo tid es  which fo llow ed (numbered 

Ca1-Ca226 in  F igure 33) d id  not match any o f the M region in  Figure 28 

o r any pBR322 o r p B lu escrip t n u c leo tid es . On the  o th e r end o f the  

pBSMsp-M22 subclone, the  RP n u c leo tid e  in fo rm ation  (F ig u re  34) in d ica ted  

th a t  th e  pBR322 region 76 -  161 (F ig u re  35) was attached to  the  MCS 

f la n k  o f p B lu e s c rip t. Again, the  Candida n uc leo tides  which fo llow ed  

(F ig u re  34 numbered Ca1 -  Ca176) d id  not match any o f the  M region  

revealed  from pHpaCa7 by ccw HindI I I  prim ing (F ig u re  28) or vecto r  

sequences (pBR322 or p B lu e s c r ip t) . pBR322 bp 76 -  84 nucleotides  

(GGCACCGTG, A marking in  Figures 33 and 34) were d u p lica te d  during the  

rearrangement o f  th e  M fragm ent and appeared in  sequences o f FP and RP 

reac tio n s  o f pBSMsp-M22. ORF regions are  l is te d  fo r  these M fragment 

regions (F ig u res  33 and 3 4 ).
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ccggccccccctcgaggtcgacggtatcgGT GAAAT ACCACT ACCT CTAT 50 
(1 -2 9  p B lu e s c rip t) (30 -124  C. a lb ic a n s )

AGTTTTTTT ACTT ATT CAAT GAAGCGGACGT GGAGGT CAAACT CCACGTT 100 
C lAGCATTAAGCCCTCTGGCGATCcgataagctttaatgcggtagtttat 150 

++++++++++++++ (125-184  pBR322)
cacagttaaattgctaacgcagtcaggcaccgtgCTGAGAGATCCCCTCA 200 (C a l6)

TAATTTCCCCAAAACGTAACCATGTGTGAATAGATTTTGAGTAAGCAGGG 250 (Ca66) 
TTGCAGCCACGAGTGAGTCTTCCCTTGTTATTGTGTAGCCAGAATGCCGC 300 (Ca116) 
AAAACTTCCATGCCTAAGCGAACTGTTGAGAGTACGTTCGATTCTGACTG 350 (Ca166) 
TGTTAGCCTTGGAGTGCTTGTGCCAACCTATCTGAGATGCCGCCGCAAGC 400 (Ca216) 
ACATGTAGTT

ORF's: 127— >16 (c )  (37 aa) 126— >222 (32 aa)
39— >1 (c ) (13 aa) 220— >196 (c )  (8 aa)

110— >131 (7 aa) 203— >224 (7 aa)

F igure 33. N uc leo tide  sequence o f pBSMsp-M22 primed w ith  FR. C. 
a lb ican s  n u c leo tid es  are  upper case, p B lu escrip t bases are  boldface  
l e t t e r s ,  and pBR322 bases are  lower case le t t e r s .

gaactagtggatcccccgggctgcaggaattcgatatcaagcttatcggc 50 
ataaccaagaatatgcctacagcatccagggtgacggtgccgaggatgac 100 
gatgagcgcattgttagatttcatacacggtgccCTGATGAATCCCCTAA 150 (C a l6)

T GATTTTT AT CAAAAT CATT AAGTT AAGGT AGAT ACACAT CTT GT CAT AT 200 (Ca66) 
GATCAATGGTTTCGCCAAAATCAATAATCAGACAACAAATGTGCGAACTC 250 (Cal 16) 
GATATTTACACTCTCTTACCAATCTGCCCGATACACTTAACGACTCACAG 300 (Ca166) 
TACGTGGCTG

ORF's: 65— >176 (37 aa) 56— >2 (c )  (18 aa)
72— >177 (35 aa) 4— >46 (14 aa)

F igure 34. N uc leo tide  sequence o f pBSMsp-M22 primed w ith  RF. C. 
a lb ican s  nu c leo tid es  are  upper case, p B lu escrip t a re  bo ld face , and 
pBR322 bases are  lower case le t t e r s .



du p lic a ted
GGCACCGTG

CCGG Hlndlll

M fragment________________ f____

pBSMsp-M22
—

161-76

pBLuescript SK Il (-)

I ""................ "" .....................:

I • I

Candida albicans PBR322 (bp 2 5 -1 6 1 )

Figure 35. Rearranged M fragment in  pBSMsp-M22 subclone.
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DISCUSSION

The p r in c ip a l aims were to  e x tra c t  high q u a lity  DNA from C. a lb ican s  

and c h a ra c te r iz e  a DNA fragm ent w ith  in d ic a te d  s p e c ie s -s p e c if ic  

h y b r id iz a t io n . For the  f i r s t  research g o a l, mechanical and enzymatic - 

methods o f  DNA re lease  were ap p lied  to  c e l ls  grown under common 

c u ltu r in g  co n d itio n s . C. a lb ican s  DNA a n a ly s is  w ith  methyl a tio n  

s e n s it iv e  r e s t r ic t io n  enzymes suggested r e p e t i t iv e  sequences in  the  

genome. For the  second g o a l, the DNA fragm ent was c h ara c te rize d  w ith  

respect to  extended DNA survey, r e s t r ic t io n  mapping, copy number, RFLP 

p a tte rn s , yeast and m yce lia l forms, n uc lear o r mtDNA o r ig in ,  evidence o f  

t r a n s c r ip t io n , and p a r t ia l  sequencing. Amid p u rs u it o f  th e  second 

research g o a l, two o th e r cloned fragm ents were id e n t i f ie d  and p a r t ia l ly  

c h a ra c te r iz e d . D iscussion o f th e  p r in c ip a l and associated re s u lts  are  

presented below.

DNA E x tra c tio n  from C. a lb ican s

P o lys a cc h a rid e -p ro te in  polymers in  fungal c e l l  w a lls  present tough 

b a r r ie rs  fo r  th e  e x tra c tio n  o f DNA. Methods fo r  re le a s in g  DNA apply  

various  mechanical o r enzym atic to o ls  to  handle the  prob lem atic  c e ll  

w a ll .  Physical fo rces  chosen fo r  mechanical breakage o f c e l ls  must be 

enough to  rup ture  the  c e l l  w a l l , but not so much as to  cause excessive  

shearing o f  DNA m olecules. Enzymatic d ig e s tio n  o f c e l l  w a lls  has been 

done w ith  vario u s  enzymes o f assorted degrees o f p u r ity ,  but d i f fe r e n t



c e l l  w a ll com positions among fung i prevent d e fin in g  u n iversa l d ig e s tio n  

c o n d itio n s . During d ig e s tio n , the  re s u lt in g  fungal spherop lasts must be 

prevented from undergoing osmotic ly s is .  The co n cen tra tio n  and type o f  

sugar, a lcoho l o r inorgan ic  s a l t  used as an osmotic s t a b i l i z e r  must be 

determ ined fo r  each type o f fungus (2 8 7 ). D ealing  w ith  th e  c e l l  w a ll o f  

C. a lb ican s  presents these same d i f f i c u l t i e s  in  o b ta in in g  high q u a lity  

DNA samples s u ita b le  fo r  m olecular g en etic  a n a ly s is .

Three d i f f e r e n t  e x tra c tio n  methods were compared fo r  th e  cap ac ity  to  

y ie ld  high q u a l ity  DNA from C. a lb ican s  as judged by two c r i t e r ia :  

is o la t io n  o f high m olecular w eight fragm ents; and, s u s c e p t ib i l i ty  o f DNA 

samples to  d ig e s tio n  w ith  r e s t r ic t io n  enzymes. D is ru p tio n  o f the  c e ll  

w all by R ib i C e ll f r a c t io n a t io n , a u to ly s is , o r sp h ero p lastin g  was g e n tle  

enough to  p rov ide  subsequent DNA fragm ents which averaged over 30 kbp in  

s iz e  and could be d igested  by a l l  r e s t r ic t io n  endonucleases tes ted  

[F ig u re  1 and re ference  (2 9 8 ) ] .  DNA samples obtained by any o f the  

th re e  methods were s u ita b le  fo r  many kinds o f m olecular analyses, 

in c lu d in g  RFLP comparisons (F ig u res  1, 9, and 1 5 ), general c loning (9 9 ) ,  

and co n stru c tio n  o f genomic l ib r a r ie s  in  plasmid or phage vec to rs .

R ib i C e ll f r a c t io n a t io n , a u to ly s is , and spherop last DNA e x tra c tio n  

methods gave approxim ately th e  same y ie ld  o f  DNA a t  2pg per 1 x 107 

c e l ls ,  which represents  50% recovery based on th e  es tim ate  o f 40 fg  

D N A /dip lo id  c e l l  (2 3 9 ). The y ie ld  va lue  was g e n e ra lly  used to  determ ine  

c u ltu re  volumes necessary fo r  o b ta in in g  req u ired  amounts o f  DNA fo r  a 

p a r t ic u la r  a p p lic a tio n . M u lt ip le ,  s m a ll-s c a le  samples were more e a s ily  

processed by spherop last methods, whereas la rg e  volume e x tra c tio n s  w ith  

a minimum breakage volume o f 10 ml were done by R ib i C e ll f r a c t io n a t io n .
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The a u to ly s is  method could be used fo r  small and la rg e  e x tra c tio n s , but 

th e  e n t ir e  procedure takes longer (2 9 8 ) . O ther s p e c if ic  observations on 

these methods are  discussed below.

DNA E x tra c tio n  from Soheroola s ts

S pheroplast DNA e x tra c tio n  has been used fre q u e n tly  fo r  the  

p re p ara tio n  o f yeast DNA1 e s p e c ia lly  from Saccharomyces. but c e l l  w all 

com position d i f f e r s  among yeast genera and sp ec ies , and req u ires  

adjustm ent o f  enzymes or c u ltu re  age fo r  e f f i c ie n t  spherop last 

production (2 8 ,2 8 7 ,2 8 9 -2 9 2 ) . Previous Candida research in d ica te d  th a t:  

DNA can be obtained from C. a lb ican s  spherop lasts  which were produced by 

d ig e s tin g  whole c e l ls  w ith  a m ixture  o f h e !i case and c h it in a s e  a f te r  a 

p ro te in ase  p re -d ig e s tio n  step  (2 9 3 ); a low co n cen tra tio n  o f Zymolyase 

enzyme ( e g . , 0 .1 mg/ml o r 2 U n its /m l) was e f fe c t iv e  a t removing C. 

a lb ican s  w a ll components (5 2 ,3 1 9 ,3 2 0 );  and, a h igher co ncentra tion  o f  

Zymolyase (20 U per I x 10** c e l ls )  was used to  prepare log phase C. 

a lb ican s  c e l ls  (grown in  defined  media) fo r  spherop last fu s io n  

experim ents (1 6 3 ,2 2 4 ,3 2 1 ).

Zymolyase was chosen in  th is  work fo r  spherop last production because 

o f the  absence o f DNAse and RNAse a c t iv i t i e s .  Enzymatic a c t iv i t ie s  o f  

Zymolyase in c lu d e  6 -1 ,3-g lucanases ( 6 - 1 ,3 -g lu ca n  lam inaripentaohydro lase  

and 6 -1 ,3 -g lu c a n a s e ), p ro tease , mannanase, and minute amounts o f  

amylase, xy lanase, and phosphatase, but no 8 - 1 ,6-g lucanase a c t iv i t y  

(te c h n ic a l sheet fo r  Zymolyase 20T, ICN Im m unoB io log icals).

C. a lb ican s  s u s c e p t ib i l i ty  to  Zvmolvase. The s tu d ies  reported here  

in d ic a te  th a t  the  s u s c e p t ib i l i ty  o f  C. a lb ic a n s  c e l ls  to  spherop last
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fo rm ation  by Zymolyase 2OT (80 U/g c e l ls )  v a r ie s  w ith  growth phase and 

c u ltu re  medium. C. a lb ican s  yeast c e l ls  grown in  GYEP e x h ib ite d  

is o la te -a s s o c ia te d  d iffe re n c e s  and s ta t io n a ry  phase-associated reduction  

o f spherop last e f f ic ie n c y  w ith  Zymolyase (F ig u re  4 ) .  S ta tio n a ry  phase 

reductio n  in  spherop last e f f ic ie n c y  has been noted by o thers  (2 9 0 ,2 9 3 ).

Log phase and s ta t io n a ry  phase C. a lb ic a n s  yeast c e l ls  grown in  mLee 

medium were g e n e ra lly  more s u sc e p tib le  to  Zymolyase d ig e s tio n  than c e lls  

grown in  GYEP. For example, s t r a in  9938 y ie ld e d  75 -  85% spheroplasts  

from GYEP log and s ta t io n a ry  phase c e l ls  (F ig u re  2 ) ;  whereas from mLee, 

9938 y ie ld e d  g re a te r  than 95% spherop lasts  from a l l  growth phases. 

Is o la te  Ca1 (F ig u re  2 , 80% spherop lasts  from GYEP s ta t io n a ry  phase),

CaO, and Ca142, a l l  y ie ld e d  98 -  100% spherop lasts  from mLee s ta tio n a ry  

phase c e l ls .  These re s u lts  suggest d iffe re n c e s  fo r  mLee-grown verses 

GYEP-grown c e l l  w a ll s tru c tu re  re le v a n t to  th e  enzym atic a c t iv i t ie s  

present in  Zymolyase. I t  may be possib le  th a t  mLee-grown c e l ls  and lo g -  

phase c e l ls ,  in  g e n era l, have few er polymers th a t  are  re s is ta n t  to  

Zymolyase d ig e s tio n  (see below fo r  fu r th e r  d is cu s s io n ).

C e ll Wall V a r ia b i l i t y . The v a r ia b le  c h a ra c te r is t ic s  o f Candida c e ll  

w a ll s tru c tu re  have been e x te n s iv e ly  documented [(1 8 8 ,3 2 2 ,3 2 3 ) ,  and 

reviewed in  (8 ,2 2 ,2 4 ,5 1 ,6 3 ) ]  and are  l ik e ly  re la te d  to  th e  observed 

growth phase d iffe re n c e s  in  spherop lasting  e f f ic ie n c y . Growth 

c o n d itio n s , growth s tag e , and morphogenic form o f C. a lb ic a n s  c e lls  are  

fa c to rs  which in flu e n ce  th e  number and r e la t iv e  composition o f w all 

la y e rs  (5 1 ,5 2 ) .  Components o f C. a lb ican s  c e l l  w a ll [review ed in  (2 2 ) ]  

in c lu d e : mannans, th a t  make up 15 -  23% o f yeast c e l l  w a ll dry w eight;

8 - 1 ,3 -D -g lucans and 8 -1 ,6 -D -g lu can s  a t  47 -  60% o f c e l l  w a ll dry w eight;
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p ro te in s , th a t  account fo r  6 -  25%; l ip id s  fo r  1 -  7%; and c h it in  fo r

0 .6  -  9% o f c e l l  w a ll dry w eight [review ed in  ( 2 2 ) ] .  C h it in  polymers 

are  lin ke d  to  glucans in  the  in n er w a ll la y e rs , e x h ib it  h igher  

co n cen tra tio n s  in  yeast bud scars , and d is p la y  3 tim es more c h it in  in  

hyphal c e l l  w a lls  than yeast forms (5 1 ,1 6 4 ,2 9 4 ,3 2 2 ,3 2 4 ).

Mannoproteins are  d is tr ib u te d  throughout th e  lay e rs  o f the  c e ll  w a ll 

w ith  the g re a te s t co ncentra tion  a t  th e  s u rfa c e , where they  fu n c tio n  as 

prim ary a n tig e n ic  molecules o f C. a lb ican s  [review ed in  (2 2 ,5 1 ) ] .  The 

amount o f mannoprotein v a r ie s  w ith  growth medium and age o f  the c u ltu re ,  

and th e  mannoproteins are removed e a s ily  from c e l ls  (3 2 5 -3 2 7 ). 

Mannoprotein c o n tr ib u tio n  to  Zymolyase re s is ta n ce  would l ik e ly  be 

minimal because o f t h e i r  predominant surface  lo c a tio n  and easy 

e x tra c t io n , even though th e  mLee- versus GYEP- grown c e l ls  and various  

growth phases would have d i f fe r e n t  amounts o f  mannoprotein.

The B-glucan polymers, e s p e c ia lly  B - I ,3 -g lu ca n s , are  thought to  be 

p r im a r ily  responsib le  fo r  the  r ig id  c e l l  w a ll framework fo r  both C. 

a lb ican s  and S. c e re v is ia e  (2 8 ,3 2 8 ) . Regenerating spherop lasts  make B- 

1 ,3 -g lu can  polymers during i n i t i a l  reco n s tru c tio n  o f th e  w a ll (1 94 ,294 , 

3 2 9 ). Three types o f chem ically  e x tra c te d  glucan fra c t io n s  have been 

id e n t i f ie d  from th e  C. a lb ican s  c e l l  w a ll:  a lk a l i - s o lu b le  glucans

co n ta in in g  70% B -1 ,6 -g lucan (unbranched) which make up <10%.o f the to t a l  

c e l l  w a ll m a te r ia l ; a c id -s o lu b le , h ig h ly  branched glucans conta in ing  

67 -  77% 8 -1 ,6  lin ke d  residues; and an a l k a l i -  and a c id -in s o lu b le ,  

h ig h ly  branched complex w ith  30 -  40% B - I ,3 -g lu can  and 43 -  53% 8 -1 ,6 -  

glucan (2 4 ,5 1 ) .  Branch p o in t residues between 8 -1 ,3 -  and 8 -1 ,6-g lucans  

ranged between 5% and 13% fo r  the  vario u s  glucan fra c t io n s  (2 4 ) .
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The r e la t iv e  amounts o f 8 -1 ,3 -  and 8 -1 ,6 -g lu can s  in  C. a lb icans  

yeast c e l ls  grown in  two d i f fe r e n t  complex media are  known to  vary  

(3 2 2 ) , but no s tu d ies  have been reported  which examined the  c e ll  w all 

glucan components fo r  d e fined  verses complex media. The d if fe r e n t  

s u s c e p t ib i l i t y  th a t  Candida c e l ls  d isp layed  to  Zymolyase (8 -1 ,6 -  

glucanase d e f ic ie n t )  may be due to  th e  presence o f more branched 8 -1 ,6 -  

glucan polymers o r 8 -1 ,3 -  to  8 -1 ,6 -g lu c a n  branch p o in ts  c o n tr ib u tin g  to  

re s is ta n t  c e l l  w a ll s tru c tu re s .

Zymolyase Induced Hvohal L v s is . In  experim ents reported  here, 

Zymolyase 20T (80 U/g c e l ls )  caused ly s is  o f  3 -  4 h germinated c e l ls  in  

the  same osmotic co n d itio n s  used fo r  yeast form spherop lasts . Lysis o f  

th e  hyphal c e l ls  during Zymolyase incubation  p ro h ib ite d  DNA e x tra c tio n  

w ith  the  normal spherop last procedure. Hyphal c e l l  w a lls  have th in n e r  

u ltra s t ru c tu re  than yeast w a lls  as evidenced b y .tran sm iss io n  e le c tro n  

micrographs (3 2 3 ,3 3 0 ), but they  have l i t t l e  d if fe re n c e  in  the  o v e ra ll 

p ro p o rtio n  o f glucan and mannan compared to  yeast c e l l  w a lls  (3 2 2 ). 

S tr ik in g ly  d i f fe r e n t  8 -1 ,3 -  to  6 -1 ,6 -g lu c a n  proportions  were observed 

fo r  the in s o lu b le  glucan f ra c t io n  in  germ-tube form ing c e l ls ,  which had 

67% 13-1,3 -g lu can  and only  14% 8 -1 ,6 -g lu c a n , compared to  30 -  40% 8 -1 ,3 -  

glucan and 43-53% 8 -1 ,6 -g lu c a n  in  yeast and hyphal form w a lls  (3 2 8 ,3 3 1 ). 

The 3 -  4 h germinated c e l ls  in  these s tu d ies  would be considered germ- 

tube form ing c e l ls ,  p r io r  to  hyphal s e p ta tio n . O ther in v e s tig a to rs  have 

obtained spherop lasts  from 4 -  24 h Candida hyphae (grown in  Lee medium) 

by using h e !lease  and c h itin a s e  (293) o r 8 -1 ,3 -g lu can ase , protease, and 

c h it in a s e , and they in d ica te d  th a t  a d d itio n  o f c h it in a s e  was c ru c ia l fo r  

producing spherop lasts  from hyphae (2 9 4 ,3 3 2 ). Zymolyase plus c h itin a s e
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was not te s te d  in  th is  work, nor were o th e r osmotic co n d itions  to  

promote th e  s t a b i l i t y  o f  C. a lb ican s  hyphae. The basis fo r  hyphal- 

spherop last ly s is  under these co n d itio n s  was not determ ined, but may be 

associated  w ith  th e  h igher percentage o f 6 -1 ,3 -g lu c a n  and c h it in  in 

th in n e r  hyphal c e l l  w a lls  o f  3 -4  h germ inating  c e l ls  (1 8 8 ,2 9 4 ,3 2 2 ).

Lysis o f th e  hyphal c e l ls  may have been the  re s u lt  o f biased  

Zymolyase d ig e s tio n  o f the  mother ce l1 /h yp h a l c e l l  s tru c tu re s  in  

com bination w ith  possib le  tu rg o r fo rces  o f cytoplasm ic movement during  

hyphal fo rm atio n . Models fo r  germ ination events have suggested th a t  the  

cytoplasm o f a C. a lb ican s  c e l l  m igrates in to  and forward w ith  the  

extending hyphal t i p  and re s u lts  in  a h ig h ly  vacuolated mother yeast 

c e l l  (1 6 9 ) . Scanning e le c tro n  microscopy o f germinated c e l ls  in d ica te s  

th a t  mother c e l l  w a lls  e x h ib it  in d en ta tio n s  p o ss ib ly  due to  the  

vac u o la tio n  and in t r a c e l lu la r  cytoplasm ic movement (5 9 ) .

M inor m o d ific a tio n  o f th e  DNA e x tra c tio n  procedure fo r  C. a lb icans  

hyphae may be possib le  to  circum vent th e  spherop last ly s is  problem. The 

fo llo w in g  two observations support th a t  p o s s ib i l i t y .  F i r s t ,  chromosomal 

DNA from Candida hyphal form c e l ls  was prepared w ith o u t th e  removal o f  

Zymolyase from the embedded agarose-Candida m ixtu re  and in d ica te d  no 

reductio n  o f chromosomal DNA q u a l ity .  T h is  suggests th a t  th e  presence 

o f Zymolyase d id  not in h ib i t  p rep ara tio n  o f high q u a lity  chromosomal 

DNA, and was l ik e ly  d igested  by p ro te in ase  K in  the  procedure (F igures  

18 and 1 9 ). Second, DNA from yeast spherop lasts  was o c cas io n a lly  

e x tra c te d  by adding ly s is  b u ffe r  d i r e c t ly  to  p e lle te d  and unwashed 

sp h ero p las ts , w ith o u t n o tic e a b le  reduction  o f  DNA q u a lity  (some DNA 

samples included in  Figures 9 and 1 4 ). N orm ally , spherop lasts  were
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washed tw ice  in  the  s o r b ito l-EDTA s o lu tio n  before  ly s is  and DNA 

e x tra c t io n . These observations suggest th a t  DNA e x tra c tio n  o f the  

Zym olyase-Iysed hyphal incubation  m ixture  may be possib le  by o m ittin g  

th e  spherop last wash s tep s, and proceeding d ir e c t ly  to  pro te inase  

in cu b atio n  and subsequent steps.

C onsiderations fo r  Candida RFLP a n a ly s is . F acto rs , such as c e ll  

w all s u s c e p t ib i l i t y  to  enzym atic d ig e s tio n  and osmotic s t a b i l i t y ,  a f fe c t  

DNA recovery by spherop last e x tra c tio n  and are  c r i t i c a l  considera tions  

fo r  c l in ic a l  a p p lic a tio n  o f C. a lb ican s  RFLP ty p in g . In  alm ost a l l  

Candida RFLP m olecular s tu d ies  published s in ce , 1987, Zymolyase d ig e s tio n , 

o f c e l ls  grown in  a complex medium (o /n  in  YPD, 37° C) has been used fo r  

spherop last p rep ara tio n  under s o rb ito l osmotic co n d itio n s  s im ila r  to  

th is  work (9 6 ,9 7 ,1 1 7 ,1 1 8 ,1 2 0 ,1 2 1 ,1 2 4 ,3 3 3 ). Though DNA e x tra c tio n  

problems would not be expected fo r  the  predom inantly  yeast form  C. 

a lb ic a n s  c e l ls ,  th e  length  o f th e  o vern ig h t incubation  (n o t s p e c if ie d )  

may perm it la te  log or s ta t io n a ry  phase to  be reached. The reduction o f 

spherop last e f f ic ie n c y , e s p e c ia lly  by s ta t io n a ry  phase complex media 

c u ltu re s , may p o te n t ia l ly  be s im ila r  to  th e  C. a lb ican s  B311 50% drop 

shown in  F igure  2.

T h is  work a lso  in d ic a te s  th a t  germ inated c e l ls ,  which may be present 

in  above described 37° C c u ltu re s , may in a d v e rte n tly  be lysed and the  

DNA lo s t  during  the  usual c e n tr ifu g a t io n  and spherop last wash steps.

The s t a b i l i t y  o f  o th e r C. a lb ican s  polymorphic forms during  Zymolyase 

DNA e x tra c tio n  has not been addressed. C. a lb ican s  pseudohyphal forms 

were not te s te d  fo r  s t a b i l i t y  during these s tu d ies  and none o f the  

re p o rts  d escrib in g  spherop last DNA e x tra c tio n  o f C. a lb ican s  switch
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phenotypes ( e g . , w hite-opaque) have mentioned spherop last s t a b i l i t y ,  

Zymolyase d ig e s tio n  e f f ic ie n c y ,  o r DNA recovery (1 2 3 ,1 2 5 ).

RFLP a n a ly s is  o f Candida DNA, e ith e r  by E tB r-s ta in e d  DNA fragments 

o r Southern b lo t  h y b r id iz a tio n , req u ires  high q u a lity  DNA and s u f f ic ie n t  

sample loaded per lane to  provide the  banding p a tte rn s . Most stud ies  

have not s p e c if ie d  the  amount o f  DNA per lane when EtBr-DNA banding or  

probe h y b r id iz a tio n  p a tte rn s  were analyzed (9 5 -9 8 ,1 1 7 ,1 1 8 ,1 2 1 ,1 2 6 ) .

Only a few s tu d ies  have id e n t i f ie d  amounts: 10 pg DNA per lane fo r

H in f I  EtBr p a tte rn s  (1 2 0 ); and 2 .7  pg DNA fo r  Ca3 m id -rep eat probe and 4 

Mg fo r  the  a c t in  gene probe o f Southern b lo ts  (4 9 ,1 2 4 ) .  Because RFLP 

DNA typ in g  o f C. a lb ican s  is o la te s  has received widespread support and 

in te r e s t ,  c la r i f ic a t io n  o f expected DNA recovery from spherop lasts and 

amounts requ ired  fo r  acceptab le  banding p a tte rn s  would be b e n e fic ia l fo r  

c l in ic a l  a p p lic a tio n . I f  50% DNA recovery is  common f o r  spheroplast 

e x tra c tio n  (w ith  95 -  100% s p h ero p la s ts ), then is o la te s  w ith  low 

spherop last e f f ic ie n c y  or w ith  a p o rtio n  o f germinated c e l ls  may present 

DNA recovery problems fo r  small sca le  C. a lb ican s  c u ltu re s  used in  

c l in ic a l  RFLP a n a ly s is .

R ib i C e ll F ra c tio n a tio n  
and A u to lv s is  DNA E x tra c tio n

In  a d d itio n  to  sp h ero p las tin g , mechanical breakage by R ib i C ell 

f ra c t io n a t io n  and the  a u to ly s is  method are  c e l l  w a ll breaking procedures 

th a t  can be used to  o b ta in  high q u a lity  DNA from C. a lb ican s  (F ig u re  1 

and (2 9 8 ) ) .  The mechanical breakage methods circumvented co n sid era tio n  

o f c u ltu re  medium, growth form , growth s tag e , and i s o la te -a s s o c iated  

v a r ia b le  s u s c e p t ib i l i t y ,  mentioned above. These two methods have been
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used fo r  p reparing  DNA from Neurosoora hyphae (2 4 0 ,2 4 1 ) and were 

m odified  fo r  e x tra c tin g  DNA from C. a lb ican s  (9 9 ) .  The S o rv a ll R ibi 

C e ll apparatus is  s im ila r  to  a French Pressure C e ll except th a t g re a te r  

pressure (35 ,0 0 0  p s i)  obtained by the  R ib i apparatus enables breakage o f  

unfrozen c e l ls .  R ib i C e ll f r a c t io n a t io n  was used ro u tin e ly  on a l l  forms 

o f C. a lb ican s  c e l ls ,  and was e s p e c ia lly  a p p lic a b le  to  pseudohyphal and 

hyphal form c u ltu re s  (F ig u re  17 and 2 1 ).

As C. a lb ican s  c e l ls  pass through th e  m ic ro -o r if ic e  o f th e  R ib i 

re lease  v a lv e , they are subjected  on ly  b r ie f ly  to  shear fo rces  and 

emerge w ith  few cracks (1 -  2) in  the  c e l l  w all o f most c e l ls  (J .

C u t le r ,  unpublished EM o b s e rv a tio n s ). Shear fo rc e s , experienced by the  

DNA m olecules, are  m inim ized when the  c e l l  w a lls  are  broken w ith  the  

R ib i f r a c t io n a to r .  By th is  method, re lease  o f C. a lb ican s  in t r a c e l lu la r  

contents  occurs ra p id ly  and more g e n tly  than by small g lass bead (0 .2 5  -  

0 .4 5  mm) hom ogenization, where samples are  subjected t o .m u lt ip le - h i t  

phenomena ( e g . , 5 min) which re s u lt  in  heavy c e l l  w a ll fragm entation  

(2 8 4 ,3 3 4 -3 3 7 ). Large glass beads (4  mm) are used in  th e  a u to ly s is  

method, in  order to  l im i t  m u lt ip le -h its  and su b jec t th e  DNA to  less  

shear fo rc e  than w ith  small beads.

For general re lease  o f C. a lb ican s  in t r a c e l lu la r  components, 

mechanical breakage (by R ib i C e ll f r a c t io n a t io n )  a l le v ia te s  the  

enzym atic d ig e s tio n  period  which may pose problems in  experim ents  

designed to  tra c k  tra n s ie n t  in t r a c e l lu la r  events . C. a lb ican s  

in t r a c e l lu la r  s tru c tu re s  remain in ta c t  fo r  ^ 30 min during  any enzymatic 

d ig e s tio n . The Candida c e l ls  would l ik e ly  be s im ila r  to  m e ta b o lic a lly  

a c t iv e  S. c e re v is ia e  spherop lasts , which syn thesize  RNA and p ro te in  a t
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n e a rly  the  same ra te  and DNA a t  h a l f  th e  ra te  o f  s im i la r ly  incubated  

w h o le -c e lls  (3 3 8 ) . In  a d d it io n , most c e l l  w a ll enzyme prepara tions  are  

crude ( e g . , h e !le a s e , Zymolyase, and g lu su lase ) and may in troduce  

exogenous p ro te in ase  o r o th e r undes irab le  enzyme a c t iv i t ie s  in to  the  

system.

C. a lb ican s  Msd I  A na lys is

Msp I  Fragment D is tr ib u t io n

MspI  r e s t r ic t io n  d ig es ts  o f high q u a lity  C. a lb ican s  DNA samples 

produced m olecu lar w eight fragm ents la rg e r  than expected fo r  a 4 -base 

c u tte r  (see Appendix B fo r  a n a ly s is  and th e o re t ic a l c o n s id e ra tio n s ).

Some o f the  la rg e  m olecular w eight fragments appeared r e p e t it iv e  as 

suggested by EtBr s ta in in g  in te n s ity ,  such as th e  3 - 4  kbp t r i p l e t  

bands and la rg e r  bands described in  Figures 1 and 15. M itochondria l DNA 

and rDNA sequences have been suggested to  c o n tr ib u te  almost a l l  o f the  

r e p e t it iv e  DNA components in  C. a lb ican s  (1 2 7 ,2 3 6 ), but the  fo llo w in g  

e v a lu a tio n  suggests d i f f e r e n t ly .

R e p e tit iv e  DNA Estim ates

Using estim ates  reported  in  a review o f Candida genetics  (127)

(a c tu a l data  u n p u b lished), the  c a lc u la te d  amount o f  r e p e t it iv e  DNA 

co n trib u te d  by 40 -  80 copies o f the  12 kbp rDNA repeat and 30 copies o f  

40 kbp mtDNA per c e l l  would approxim ate 2 ,160  kbp. The cloned mid­

repeat fragm ents 27A and 24A (12 kbp t o t a l ,  10 copies per c e l l )  (1 2 6 ), 

Ca3 (about 9 .3  kbp, 20 copies per c e l l )  (1 2 3 ) ,  and Ca7 (about 370 bp, 30 

copies per c e l l )  (98 ) would account fo r  about 317 kbp t o t a l . Riggsby e t  

a l .  found th a t  13% o f th e  36 -  39 mbp C. a lb ic a n s  genome (range o f 37 -
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40 fg /d ip lo id  c e l l )  was r e p e t it iv e  (2 3 9 ,2 5 2 ), which in d ic a te s  4 ,680 -  

5 ,070  kbp o f to ta l  r e p e t i t iv e  sequences are  p resen t. These rough 

c a lc u la t io n s  in d ic a te  th a t  h a l f  th e  r e p e t i t iv e  C. a lb ican s  DNA sequences 

are  unaccounted fo r  by mtDNA, rDNA, and cloned repeats .

P u r if ie d  m itochondria l DNA from th re e  is o la te s  o f  C. a lb ican s  (C a i, 

Ca105, and 9938) y ie ld e d  MspI  fragm ents which were sm alle r than 4 kbp 

(mtDNA from Cal shown in  F igure  16, panel A, lane 2 o f  Ms p I  d igested  

DNAs, GEL program estim ates  (3 0 7 » .  The mtDNA x MsoI  fragments were 

s im ila r  in  s iz e  to  th e  t r i p l e t  bands o f  t o t a l  DNA d ig es ts  (F ig u re  I and 

1 5 ). T h e re fo re , th e  la rg e r  p u ta tiv e  MspI  repeats in  to t a l  DNA o f the  

same is o la te s  could not be accounted fo r  by mtDNA fragm ents (F ig u re  9, 

panel A, lane 2 -  Ca1, lane 6 -  Ca105, lane 8 -  9938 ). The s iz e  o f rDNA 

in  MspI  d ig ests  o f to t a l  C. a lb ican s  DNA was < 1 .5  kbp (J . C u tle r , 

unpublished o b s erv a tio n s ). These observations regarding Msol-d in e s te d  

mtDNA and rDNA in d ic a te  th a t  th e  p u ta tiv e  MsoI  repeats la rg e r  than 4 kbp 

in  C. a lb ican s  DNA would be non-rDNA and non-mtDNA sequences, and may 

c o n tr ib u te  some o f the  unaccounted r e p e t i t iv e  sequences o f Candida DNA.

Genomic M eth v la tio n

Several d i f fe r e n t  methods are  used fo r  d e te c tin g  5-m ethyl cytosine  

(5mC) bases: methyl a tio n  s e n s it iv e  isoschizom er r e s t r ic t io n  enzymes

( e g . , Ms p I  and H oa II d i f f e r e n t i a l l y  d e te c t 5mC in  CCGG s ite s )  (3 3 9 -3 4 1 );  

tw o-dim ensional paper chromatography to  d e te c t ^ C -Ia b e lle d  5mC in  

e x tra c ts  o f  c e l ls  incubated w ith  [m e th y l-1*C]S-adenosyl m ethionine, 

which donates the  methyl group to  SmC (3 4 2 ,3 4 3 ); l iq u id  or gas 

chromatography d e te c tio n  o f  5mC from DNA samples (3 4 1 ,3 4 4 -3 4 6 ); and, 

exact p o s itio n s  o f 5mC bases may be determ ined by sequencing or
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l ig a tio n -m e d ia te d  polymerase chain re a c tio n  (PCR) [ (3 4 7 ) ,  and reviewed 

in  (3 4 4 ) ] .  5mC u s u a lly  occurs in  CpG d in u c le o tid e s , which are  

associated  w ith  re g u la to ry  sequences in  some genes [review ed in  

(3 4 8 ,3 4 9 ) ] .

C. a lb ican s  DNA a n a ly s is  by gas chromatography-mass spectrom etry  

(GC-MS) has showed low le v e ls  o f  genomic 5mC, but tw ic e  as much in  yeast 

form (0 .11  mol% 5mC) DNA as m yce lia l (0 .0 4 5  mol%) DNA (346) (discussed  

in  Appendix A ). The la rg e  range o f Ms p I  fragm ents and prominent C. 

a lb ic a n s  banding p a tte rn s  in d ica te d  th a t  methyl a tio n  changes, possib ly  

invo lved  w ith  morphogenic events , may be assessed by a p p ro p ria te ly  

digested  E tB r-s ta in e d  DNA samples.

In  these s tu d ie s , the  isoschizom ers Ms p I  and HpaI I  d id  not in d ic a te  

any E tB r-s ta in e d  DNA band d iffe re n c e s  fo r  yeast form DNA compared to  

m y ce lia l form DNA ( e g . , F igure 1 7 ). Though not a l l  CpG changes would 

occur in  CCGG s ite s ,  the  technique may have questionab le  s e n s it iv ity  fo r  

low le v e l 5mC changes, e s p e c ia lly  i f  th e  CpG m o d ific a tio n s  were 

associated  w ith  unique, ra th e r  than r e p e t i t iv e ,  DNA sequences. Other 

fungal DNAs have shown s ig n if ic a n t  MsoI  verses HoaI I  DNA band 

d iffe re n c e s  fo r  vario u s  developmental forms ( e g . , Phvsarum and 

Neurosoora) . but they  a lso  e x h ib it  la rg e r  percentages o f genomic 5mC 

(0 .5  -  7%) (3 4 1 ,3 4 3 ,3 4 5 ,3 5 0 ,3 5 1 ). D e tectio n  o f s p e c if ic  m ethylation  

changes in  C. a lb ican s  DNA w i l l  l i k e ly  re q u ire  the a d d it io n a l  

s e n s i t iv i t y  provided by s p e c if ic  probe h y b r id iz a tio n  techniques or 

l ig a tio n -m e d ia te d  PCR (3 4 7 ).

For the  fo llo w in g  reasons, demethyl a tio n  events in  C. a lb icans  DNA 

could not be responsib le  fo r  a c t iv a t io n  o f p u ta tiv e  morphogenesis genes
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during  the  i n i t i a l  events o f  a yeast to  hyphal t r a n s it io n .  No enzymes 

have been id e n t i f ie d  which w i l l  dem ethylate 5mC residues; th e re fo re , DNA 

re p lic a t io n  provides the  on ly  known way o f  e s ta b lis h in g  DNA strands  

w ith o u t m ethylated bases (3 5 2 ,3 5 3 ). DNA m eth y ltran s ferases  use the  

paren t strand  methyl a tio n  p a tte rn  to  d ir e c t  methyl group a d d itio n  onto  

newly synthesized  strands in  a process c a lle d  maintenance m ethyla tion  

(3 5 2 ,3 5 3 ). The absence o f  maintenance m ethylase a c t iv i t y  re s u lts  in  

unm ethylated sequences. DNA r e p lic a t io n  in  germ inating C. a lb icans  

c e l ls  occurs ju s t  p r io r  to  th e  f i r s t  sep ta l d iv is io n  w ith in  the hyphae 

(205 ) in d ic a tin g  th a t  any p ossib le  dem ethyla t i on-associated  gene 

a c t iv a t io n  would fo llo w  germ ination  in d u c tio n . GC-MS measurements o f  

5mC in  20 h hyphal c u ltu re s  (346) would in d ic a te  th a t  DNA re p lic a tio n  

w ith o u t f u l l  maintenance m ethylase a c t iv i t y  was o c cu rrin g , and may 

suggest th a t  demethyl a t i o n -asso c iated gene a c t iv i t y  accompanies la t e r  

hyphal growth.

De novo m ethyla t i on, th e  process o f adding methyl groups to  

p re v io u s ly  unmethylated sequences, occurs a t  promoter region CpG s ite s  

and corresponds to  s ile n c in g  o f some genes during e u ka ry o tic  development 

(3 4 9 ,3 5 4 ,3 5 5 ). De novo m ethylase a c t iv i t y  does have th e  p o te n tia l o f  

s ile n c in g  p o ss ib le  C. a lb ican s  yeast-phase s p e c if ic  genes w ith in  the  

tim e frame o f germ ination induction  events . But, methyl group a d d itio n  

during  th e  t r a n s it io n  from yeast form to  hyphal form , does not f i t  the  

in d ic a te d  general reduction  o f 5mC content in  C. a lb ican s  hyphal form  

DNA (3 4 6 ) .
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pHpaCa7 A nalys is

Plasmid E va luation

Plasmid pHpaCa7 was generated by C u tle r  and Horn (9 9 ) during  

attem pts to  clone r e p e t it iv e  MsoI  fragm ents from C. a lb ic a n s . Based 

upon th e  length  o f th e  genomic fragm ent to  which the  cloned in s e r t  

probed (F ig u re  4 ) ,  i t  was reasoned th a t  th e  s iz e  o f  th e  in s e r t  was 

approxim ately  3 .6  -  3 .8  kbp. Confusion developed over th e  actual s iz e  

o f C. a lb ican s  DNA in  pHpaCa7 because the  in s e r t ,  supposedly removed 

in ta c t  along w ith  f la n k in g  pBR322 sequences in  MsoI  d ig e s ts , gave a s iz e  

estim a te  o f  on ly  2 .9  kbp o f C. a lb ican s  DNA (F ig u re  3 ) (9 9 ) .

Various reasons were considered to  e x p la in  the  discrepancy between 

the  apparent s iz e  o f the  cloned in s e r t  (2 .9  kbp), and the  genomic 

fragm ent to  which i t  probed (3 .6  -  3 .8  k b p ). D e le tio n  o f an in s e r t  

region may have occurred through recom bination w ith  pBR322 sequences, as 

has documented fo r  A-T r ic h  sequences cloned in to  pBR322 (3 5 6 ). The C.. 

a lb ican s  genomic fragm ent may have contained m ethylated in te rn a l CCGG 

s ite s  th a t  became unm ethylated in  the p ro k a ry o tic  host and, thus, 

s u sc e p tib le  to  MsoI  d ig e s tio n .

None o f th e  p o stu la ted  reasons were t r u e , as a 2% agarose gel o f 

pHpaCa7 x MsoI  and subsequent Southern b lo ts  (F ig u re  7) in d ica ted  th a t  

two a d d it io n a l Candida fragm ents (M and S) were present in  pHpaCa7, and 

th a t  the  la rg e s t in s e r t  p iece  (L ) d id  not have attached pBR322 f la n k in g  

sequences. The a d d it io n a l in s e r t  pieces were inconspicuous in  the  

i n i t i a l  1% agarose gel o f  m in iprep  DNAs (F ig u re  3 ) .

F u rth e r estim ates  from m u lt ip le  ge ls  in d ic a te d  th a t  th e  cloned L 

fragm ent s iz e  (3 .8 0  ± 0 .180  kbp, Table 3) was in  good agreement to
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genomic copy estim ates  in  p a tte rn  ❖ I I I  is o la te s  l ik e  C. a lb ican s  9938 

(3 .8 7  ± 0 .06  kbp, Table 4 ) .  R e tro sp ective  a n a ly s is  o f  e a r ly  s ize  

estim ates  fo r  th e  L fragm ent revealed  h igher standard d e v ia tio n  in  the  

GEL program re s u lts . F igure  3 and s im ila r  gels  ranged from 200 -  500 bp 

fo r  standard d e v ia tio n  va lues . A d i f fe r e n t  e le c tro p h o re s is  u n it w ith  

th in n e r  w e lls  was u t i l i z e d  fo r  th e  estim ates  included in  Table 3 and 4 

and produced narrower standard d e v ia tio n s  fo r  in d iv id u a l gels  by a 

fa c to r  o f 10 (range 0.01 -  0 .07  kbp, Table  3 and 4 ) .

Genomic Arrangement o f L, M, and S Fragments

C onstruction  o f th e  pHpaCa7 plasm id, by random c lo n in g  o f C. 

a lb ic a n s  HoaI I  DNA fragm ents in to  pBR322, was done w ith  th e  expectation  

th a t  r e p e t it iv e  sequences would be more l ik e ly  represented in  re s u lta n t  

recombinant plasm ids. H y b rid iz a tio n  d ata  fo r  the C. a lb ican s  L, M, and 

S fragm ents o f pHpaCa7 suggested some in fo rm atio n  concerning the genomic 

arrangement and r e la t iv e  re p e tit iv e n e s s  o f th e  fragm ents.

The M fragm ent does not appear to  be c o ll  in e a r w ith  th e  L fragment 

in  C. a lb ican s  genomic DNA. Evidence a g a in s t col l in e a r i t y  was in d ica ted  

by chromosomal h y b r id iz a tio n  and EcoR I-d igested  DNA b lo ts . The L 

fragm ent h y b rid ize d  to  chromosome 3, but M h yb rid ized  to  the  la rg e r  

chromosomal group which probably conta ins  th e  R, 1, and 2 C. a lb icans  

chromosomes (F ig u re  18, L probe in  panel B, and F igure  19, M probe in  

panel B, lane 1 ) .  A lso , EcoR I-d ig e s te d  9938 genomic b lo ts  in d ica ted  

d i f fe r e n t  s ig n a l s izes  fo r  L h y b r id iz a tio n  as compared to  the  M 

fragm ent: th e  L probe h yb rid ized  to  bands a t  4 .5 ,  4 .0 ,  and 1 .4  kbp; and 

th e  M fragm ent produced s ig n a ls  a t 1 2 .5 , 6 .5 ,  and 3 .3  kbp (d a ta  not 

shown).

i
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These observations o f L and M h y b r id iz a tio n  p a tte rn s  suggest th a t  

two separate  HjpaII fragm ents were I i gated to  th e  same pBR322 molecule 

during th e  o r ig in a l c lo n in g . T h e o re t ic a lly ,  l ig a t io n  o f DNA molecules 

occurs in  a b im o lecu lar fa s h io n , which favo rs  concatemer form ation when 

higher co n cen tra tio n s  o f com patib le te rm in i are  present (2 9 6 ). The type  

o f l ig a t io n  product ( e g . , eyeI i zed monomers, monomeric plasmid:one  

fo re ig n  DNA p iece , o r concatemers) depends upon the  concentration  and 

len g th  o f molecules in  th e  re a c tio n . The co n cen tra tio n  o f random-sized 

HoaI I  fragm ents in  the l ig a t io n  reac tio n  was not defined  by C u tle r  and 

Horn (9 9 ) ,  so e va lu a tio n  o f in te rm o le c u la r events remains s p e c u la tiv e . 

The co n cen tra tio n  o f re a c tin g  HoaI I  and pBR322 m olecules was probably  

high enough to  increase concatemer form ation  by a v a ila b le  cohesive 

te r m in i .

The genomic arrangement o f  S w ith  regard to  L could not be 

determ ined from present d a ta . The S fragm ent was in d ica te d  to  be more 

r e p e t i t iv e  than th e  L fragm ent as shown from chromosomal h y b r id iz a tio n  

(F ig u re  19, panel D compared to  F igure 18, panel B) and from MspI  . 

fragm ent h y b r id iz a tio n  (F ig u re  1 5 ). Some s ig n a l bands from MsoI  

fragm ents (F ig u re  15) were o f a p p ro p ria te  length  (4 .2  -  4 .3  kbp) fo r  an 

L plus S ( Candida p o rtio n  o n ly ) fragm ent. Genomic l ib r a r y  screening by 

J. C u tle r  and R. L i t t l e  L ig h t in d ica te d  th a t  clones homologous to  th e  S 

fragm ent were re a d ily  id e n t i f ie d  (unpublished d a ta ) , and th a t  h igher 

p u r ity  L-fragm ent probes (p o s s ib ly  now from the  L fragm ent subclones 

pMCL-4 and pMCS-1) would be requ ired  to  id e n t i fy  a l ib r a r y  copy o f th e  L 

fragm ent. An independent L fragm ent copy w ith  in ta c t  fla n k in g  sequences 

would be needed to  determ ine i f  an S homologous sequence was c o ll in e a r .

139
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O ther uses fo r  independent copies o f the  L fragm ent would include  

expression a n a ly s is  and in v e s tig a tio n  o f  th e  fo u r RFLP p a tte rn s  

e x h ib ite d  by C. a lb ican s  is o la te s  (F ig u re  9 ) .  I f  th e  weak Northern b lo t  

s ig n a l re s u lte d  from the  pHpaCa? L fragm ent c o n ta in in g  on ly  a p ortion  o f  

gene coding sequences (F ig u re  2 1 ) , then another L copy (w ith  a d d itio n a l 

f la n k in g  DNA) would f a c i l i t a t e  gene a n a ly s is .

C h a ra c te r iz a tio n  o f the M and S Fragments 

M Fragment C h a ra c te r is tic s

Survey o f E ukaryotic  DMAs. The second la rg e s t MspI  fragment (M 

fragm ent) contained in  pHpaCaT e x h ib ite d  homology to  DNA from C. k ru s e i. 

C. g u i I l ie r m o n d ii . C. p a ra p s ilo s is . S. c e re v is ia e , and N. crassa (F ig u re  

1 4 ), but not H istoplasm a, Blastomyces, o r Sepedonium DNA (d a ta  not 

shown). H y b rid iz a tio n  d ata  from o th er b lo tte d  DNAs ( A soero iH u s . 

Chrvsosporium. Cryptococcus. Mucor, and C o cc id io id es ) were inconclusive  

fo r  M homologous sequences, but a l l  in d ica te d  p o s it iv e  h y b r id iz a tio n  

w ith  th e  combined M plus S fragm ent probes (F ig u re  1 3 ).

PBR322 C o n trib u tio n  to  th e  M Fragment. H y b rid iz a tio n  data  

concerning pBR322 p o rtio n s  o f the  M fragm ent do not c o r re la te  w ith  

sequence in fo rm atio n  from th e  HindI I I  ccw prim er and may suggest th a t  

a d d itio n a l pBR322 sequences are  present somewhere e ls e  in  th e  M fragm ent 

besides th e  3 ’ end. R ad io labeled  pBR322 h yb rid ized  to  th e  M fragment 

(F ig u re  7 ) ,  but sequence d ata  in d ica te d  th a t  a CCGG s i t e  was located in  

C. a lb ican s  DNA approxim ately  95 bases ccw from th e  3 ’ in s e r t  s ite  in  

pHpaCa? (F ig u re  2 7 ) . The CCGG s i t e  found by sequencing suggests th a t
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MsfiI d ig e s tio n  o f pHpaCa? should cut o f f  95 bp o f C. a lb ican s  DNA plus  

th e  3 ’ pBR322 f la n k , and e lim in a te  h y b r id iz a tio n  o f lab e led  pBR322 DNA 

to  the  remainder o f  the  M fragm ent.

Sequencing in fo rm atio n  (F ig u re  7) fo r  th e  pHpaCa7 M fragm ent does 

not inc lude  approxim ately I kb o f th e  5 ’ M region (Tab le  3 ) .  I f  

complementary strand  sequencing confirm s th e  presence o f an in te rn a l  

CCGG s i t e ,  then o th e r pBR322 sequences w i l l  l i k e ly  be found in  the  

5 ’ region o f th e  M fragm ent. Two re p o rts , concerning d e le tio n s  and 

recom bination events when A-T r ic h  sequences were cloned in to  pBR322, 

suggest th a t  A-T r ic h  fragm ents have recombin a tio n a l p o te n tia l in pBR322 

(3 5 6 ,3 5 7 ). P a r t ia l  sequence in fo rm ation  from M in d ic a te s  some regions 

o f A-T r ic h  DNA: n u c leo tid e s  in  Figures 27 and 34 are 37% G+C; but the

M region in  F igure 33 is  47% G+C. Sequence data from the  M fragment 

subclone, pBSMsp-M22, supports the  p o te n tia l o f M sequences to  recombine 

w ith  pBR322 regions (F ig u re  27, and 33 -  3 5 ) . F u ll sequence in form ation  

fo r  the  M fragm ent w i l l  be necessary to  reso lve  th e  pBR322 h y b r id iz a tio n  

and CCGG s it e  d iscrepancy.

M Fragment Sequence and Expression. M u lt ip le  open reading frames 

were id e n t i f ie d  fo r  Candida DNA contained in  the  M fragm ent (F igures 27, 

33, and 3 4 ). The co incidence o f th re e  rDNA regions (S . c e re v is ia e , S. 

c a r ls b e rg e n s is . and Mucor sequences from GenBank) w ith  homology to  ORF 

188— >74 (c )  (F ig u re  2 7 ) ,  and M h y b r id iz a tio n  to  th e  la rg e  Candida 

chromosome group (F ig u re  19) suggest th a t  th e  M fragm ent may be from 

rDNA regions in  C. a lb ic a n s . H y b rid iz a tio n  s tren g th  o f th e  M fragment 

to  Candida genomic d ig e s ts , though, do not appear strong enough to
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suggest high copy number associated  w ith  rDNA sequences (F ig u re  14, 

panel C, lane 12 ).

The M fragm ent h yb rid ized  to  C. a lb ican s  9938, Ca1, and 9938-DNAse 

tre a te d  to t a l  RNA samples (F ig u re  22 and 24, Northern b lo ts )  in d ic a tin g  

th a t  M fragm ent sequences are  expressed in  C. a lb ic a n s . The signal 

s tren g th s  o f yeast form and pseudohyphal form RNA were s im ila r  (F igure  

24, M panel Ca1 Y and 9938 Y and Ps samples) and in d ica te d  th a t  M 

sequences are expressed in  both yeast forms and pseudohyphal forms.

S Fragment H y b rid iz a tio n

Survey o f E ukaryotic  DNAs. The th ir d  la rg e s t MspI  fragm ent (S 

fragm ent) in  pHpaCaT d isp layed  homology to  DNA from a l l  included Candida 

sp ec ies , T o ru lo o s is . Saccharomvces. Neurosoora. human, mouse, 

H istoplasm a. Blastomyces, and Seoedonium (F ig u re  14 and d ata  not shown), 

suggesting broad-based conservation  o f S homologous sequences. 

H y b rid iz a tio n  data  from o th e r b lo tte d  DNAs ( A s p e rg illu s . Chrysosporiurn. 

Cryptococcus. Mucor, and C o cc id io id es ) were inconclus ive  fo r  the  

presence o f S homologous sequences, but a l l  in d ica te d  p o s it iv e  

h y b r id iz a tio n  when more DNA was probed w ith  the  m ixtu re  M plus S probe 

(F ig u re  13 ).

S H y b rid iz a tio n  C h a ra c te r is t ic s . The S fragm ent, co n ta in in g  

approxim ately  0 .3 3  kbp o f  C. a lb ican s  DNA, appears more r e p e t it iv e  than  

e it h e r  th e  L o r the  M fragm ents, because i t  h yb rid ized  to  a l l  the CHEF- 

separated  chromosomal bands (F ig u re  19) and to  many MsoI  fragments from  

genomic DNA (F ig u re  1 5 ). Of th e  18 C. a lb ican s  is o la te s  surveyed, the  S 

probe produced 14 d i f fe r e n t  MsoI  band p a tte rn s  (F ig u re  19) suggesting
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p o ssib le  use in  typ in g  C. a lb ic a n s  is o la te s , i f  th e  S p a tte rn  o f each 

is o la te  proves s ta b le . The S h y b r id iz a tio n  to  6 o r more C. a lb icans  

chromosomes suggests a t  le a s t a m id d le -re p e t it iv e  c la s s if ic a t io n  (>  10 

copies per genome) fo r  the  S fragm ent. Southern b lo ts  o f o th e r fungi 

(F ig u re  14, and data  not shown) in d ic a te  th a t  homologous S sequences may 

be r e p e t it iv e  in  o th e r DNAs ( e g . , Neurospora. Seoedoniurn. T o ru lo o s is . C. 

Iu s ita n ia e . C. p a ra p s ilo s is , and C. g u iI l ie r m o n d ii) .

O ther r e p e t i t iv e  C. a lb ican s  fragm ents w ith  m u lti-b an d  chromosomal 

h y b r id iz a tio n  are  Ca3, 27A, 24A, and the  te lo m e ric  sequence Ca? 

(9 6 ,9 8 ,1 2 6 ) .  By comparison o f cross-species  h y b r id iz a t io n , the  S 

fragm ent appears d is t in c t  from these o th e r Candida m id -re p e t it iv e  

sequences: Ca3 does not h y b rid iz e  to  S. c e re v is ia e  (9 8 ) ;  27A in d ica ted

no s ig n a ls  from C. t r o o ic a l is  and C. p a rap s ilo s is  (1 2 6 ); 24A was weakly  

p o s it iv e  to  C. tro p ic a l is  (no o th e r d e ta i ls  a v a ila b le )  (1 2 6 );  and Ca? 

gave no s ig n a ls  fo r  S. c e re v is ia e . C. t r o o ic a l is , C. k ru s e i, and C. 

gla b ra ta  (9 8 ) .  The S fragm ent h yb rid ized  to  a l l  o f  th e  above species.

S Fragment Expression. N orthern b lo ts  o f  C. a lb ican s  RNA e xh ib ite d  

two s p e c if ic  s ig n a l s izes  o f 8 .48  and 6 .14  kbp fo r  S homologous 

t ra n s c r ip ts  (F ig u re  2 2 ). W ith the  in d ica te d  r e p e t it iv e  nature  o f S 

homologous fragm ents in  Candida DNA, the  p o s s ib i l i ty  e x is ts  th a t the  two 

t ra n s c r ip ts  may conta in  d i f fe r e n t  copies o f the  S fragm ent ra th e r than  

the  one contained in  pHpaCa?. The two la rg e  tra n s c r ip ts  may be from  

separate  coding reg ions, o r th e  s m a lle r RNA may p o ss ib ly  represent a 

processed vers io n  o f th e  la rg e r .

The s ig n a l s tren g th  fo r  20 pg Ca1 yeast form RNA and 20 pg 9938 

pseudohyphal form RNA were s im ila r  in  Northern dot b lo ts , but comparison
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o f e q u iv a le n t amounts o f Cal an d .9938 yeast form RNA in d ica te d  about 

f iv e - f o ld  g re a te r  expression in  Ca1 than 9938 c e l ls  (F ig u re  2 4 ). 

Id e n t i f ic a t io n  o f the t ra n s c r ip ts  invo lved  and e v a lu a tio n  o f expression  

le v e ls  would be necessary to  determ ine th e  s ig n if ic a n c e  o f lower le v e ls  

o f homologous S tra n s c r ip ts  in  9938 yeast forms.

S Sequence In fo rm a tio n . Sequence in fo rm atio n  was obtained fo r  340 

bases o f  C. a lb ican s  DNA and represents  th e  approxim ate length  fo r  the  

Candida p o rtio n  o f S fragm ent (Tab le  3 and F igure 8 ) .  A pparen tly , the  

MspI  s i t e  between the S and L fragm ents would be located  very  near the  

end o f a v a ila b le  sequence in fo rm a tio n .

The S fragm ent was 61% G+C r ic h , p r im a r ily  because o f  the  CAG repeat 

region (F ig u re  2 6 ). Though th e  CAG repeat region was not in d ica ted  to  

be in  an open reading frame (F ig u re  2 6 ) , many tra n s c rib e d  sequences on 

f i l e  a t  GenBank were homologous to  th a t  region o f th e  S fragm ent (Tab le  

5 ) .  I f  the  CAG repeat region o f th e  S fragm ent were tra n s crib e d  and 

t ra n s la te d , the  RGYCAG (R = A o r G, Y = C or T) tandem repeat could code 

fo r  amino acids in  a l l  th re e  reading fram es: s erin e  o r g ly c in e  and 

glutam ine fo r  RGYCAG; v a lin e  or a la n in e  and a rg in in e  fo r  GYCAGR; and, 

s erin e  o r p ro lin e  and g lu tam ic acid  o r g ly c in e  fo r  YCAGRG. The f i r s t  

reading frame option  would re s u lt  in  a g lu ta m in e -r ic h  reg io n , which may 

be s im ila r  to  th e  described g lu ta m in e -r ic h  a c t iv a t io n  domains o f 

t ra n s c r ip t io n  fa c to r  Sp1, products o f homeobox genes, tra n s crib e d  

r e p e t i t iv e  elements in  D rosophila  (opa re p e a ts ), and an E im eria ta n e lla  

antigen  gene (2 8 2 ,3 5 8 -3 6 0 ). Regardless o f whether o r not th e  CAG region  

is  tra n s c rib e d  in  C. a lb ic a n s , the  apparent s im i la r i t y  o f  th e  CAG 

r e p e t i t iv e  region to  o th e r conserved m o tifs  probably accounts fo r
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f in d in g  S homologous sequences in  many o f th e  e u ka ry o tic  DNAs screened 

in  th is  work.

C h a ra c te r is tic s  o f th e  L Fragment

L H y b r id iz a tio n  to  C. a lb ican s  DNA

L fragm ent h y b r id iz a tio n  s izes  to  vario u s  M sol-d inested  C. a lb icans  

DNAs were 3 .5 8 , 3 .8 7 , and 4 .1 9  kbp (T ab le  4 ) which were s im ila r  to  MspI  

t r i p l e t  band s ize s  (F ig u res  1, 9, and 15) and to  th e  la rg e r  mtDNA MsoI  

fragm ents (F ig u re  1 6 ). These i n i t i a l  re s u lts  suggested th a t  the  L 

fragm ent may be r e p e t it iv e  and possib ly  a mtDNA sequence. L fragment 

copy number, e s tab lis h ed  by dot b lo t  h y b r id iz a tio n  and chromosomal 

h y b r id iz a t io n , was 1 -  2 per haplo id  genome (F igures  18 and 2 0 ).

N uclear o r ig in  fo r  the L fragm ent was in d ica te d  by L probe h y b r id iz a tio n  

to  whole c e ll  DNA e x tra c ts  but not to  p u r if ie d  mtDNA (F ig u re  16). 

T h e re fo re , d esp ite  the  im p lic a tio n s  based on s iz e  s im i la r i t y ,  c lo ser  

exam ination in d ica te d  th a t  th e  L fragm ent was a unique nuclear sequence.

RFLP P a tte rn s . Four p a tte rn s  o f L h y b r id iz a tio n  to  Mspl-d in e s te d  C. 

a lb ic a n s  DNA were observed in  the  50 is o la te s  screened (F ig u re  9 ) ,  but 

o th e r RFLP s ize s  may be found in  a d d it io n a l C. a lb ican s  is o la te s . A 

c lu s te r in g  e f fe c t  in  RFLP frequency was observed in  th a t  approxim ately  

h a lf  o f  the  is o la te s  e x h ib ite d  the  doublet p a tte rn  ❖ ! as compared to  

p a tte rn s  ❖ I I ,  <>111, and ❖ IV . This tre n d  o f  C. a lb ican s  is o la te s  to  

e x h ib it  predom inantly s im ila r  RFLP p a tte rn s  or o th e r biotyped  

c h a ra c te r is t ic s  has been observed by o th ers  (1 1 7 ,1 1 9 ).

E va lu a tio n  o f p a tte rn  s ize s  revealed a n o tic e ab le  s iz e  c o rre la t io n  

between p a tte rn  ❖ ! doublet and th e  s in g le t  s ize s  o f  p a tte rn s  ❖ !! and



146

❖ I I I  (T ab le  4 ) ,  as i f  p a tte rn  ❖ ! was a combination o f  o th e r two 

p a tte rn s . Two L fragm ent s ize s  in  the  doub le t p a tte rn  may suggest th a t  

chromosomal homologs co nta in  a p a r t ic u la r  s ized  copy, whereas the  

s in g le t  p a tte rn s  may have th e  same L copies on both homologs. Because 

C. a lb ic a n s  is o la te s  are  asexu a l, in v e s tig a tio n  o f proposed homolog 

d iffe re n c e s  may be done by p ro to p la s t fu s io n  fo llow ed  by segregant 

h y b r id iz a tio n  a n a ly s is  (3 2 1 ,3 6 1 ). D is ru p tio n  mutagenesis would be an 

a lte r n a t iv e  approach, i f  a v a ila b le  C. a lb ican s  auxotrophs d isplayed the  

doublet L p a tte rn  (2 2 1 ) . Independent copies o f the L fragm ent from 

o th e r RFLP p a tte rn s  (o th e r  C. a lb ican s  9938 p a tte rn  ❖ I I I )  would be 

necessary to  determ ine sequence le v e l changes accounting fo r  the  200 -  

300 bp s iz e  d iffe re n c e s  between each band (T ab le  4 ) .  The p a tte rn  ❖ IV 

s in g le t  was not observed in  a doublet p a tte rn  fo r  is o la te s  screened, but 

may be found in  a doublet RFLP p a tte rn  by te s t in g  a d d it io n a l is o la te s .

C onsideration  o f methyl a tio n  d iffe re n c e s  to  e x p la in  th e  4 RFLP 

p a tte rn s  can only account fo r  bands la rg e r  than 3 .87  kbp band in  9938 

DNA. The L fragm ent copy from 9938 probably does not con ta in  an 

in te rn a l CCGG s i t e ,  o therw ise  i t  would be d igested  by MsoI  a f te r  

re p lic a t io n  in  a p ro k a ry o tic  host. Both te rm in a l CCGG s ite s  o f the L 

fragm ent are  unmethylated in  genomic 9938 DNA, because MspI -  and H o a II-  

digested  DNA produces th e  same s ized  h y b r id iz a tio n  s ig n a l (F ig u re  17 ). 

M e th y la tio n  o f a te rm in a l CCGG s i t e ( s )  o f  the  L fragm ent could account 

fo r  the  appearance o r presence o f the  la rg e r  4 .19  kbp s ig n a l in  some C. 

a lb ic a n s  is o la te s . But, th e  sm alle r 3 .58  kbp band s iz e  can not be 

exp la in ed  by a m eth y la tio n  d iffe re n c e ; th e  s im p lest proposed d iffe re n c e
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may be th a t  th e  small L copies are m issing about 300 bp compared to  L 

fragm ent copies in  9938 DNA.

L Fragment Expression and Sequence

Northern b lo t a n a ly s is  from formaldehyde agarose gels  (F ig u re  21, 

panel B ), to t a l  and mRNA-enriched sample dot b lo ts  (F ig u re  23, panel A ), 

and DNAse-treated to ta l  RNA samples (F ig u re  24) p rovide evidence th a t  L 

fragm ent sequences are  expressed in  yeas t, pseudohyhal, and m ycelia l 

forms. T ra n s c r ip t mapping w i l l  be necessary to  determ ine i f  a l l  coding 

regions a re  contained in  th e  L fragm ent. C. a lb ican s  genes appear to  

have unusual exon and in tro n  break c a p a c ity , even though the  s p lic in g  

s ig n a ls  fo r  RNA tra n s c r ip ts  are  normal (2 3 6 ) . R ecently  th e  calm odulin  

gene was found to  have a 222 bp in tro n  im m ediately a f t e r  the  Met s ta r t  

codon (3 6 2 ) . I f  an L fragm ent t r a n s c r ip t (s ) is  t ra n s la te d , i t  may 

provide a C. a lb ic a n s -s o e c if ic  an tigen  o r a ta rg e t  fo r  th e ra p eu tic  

advantage. Though unique DNA sequence does not guarantee a uniquely  

fu n c tio n in g  p ro te in , th e  p o s s ib i l i ty  e x is ts  fo r  a 3 .87  kbp region to  

provide a tra n s la te d  product.

P a r t ia l  sequence in fo rm atio n  obtained fo r  the  L fragm ent subclones 

pMCL-4 and pMCS-1 in d ica te d  A-T r ic h  DNA (35% G+C) s im ila r  to  C. 

a lb ican s  genomic va lu es , and only 6 o f  17 ORFs longer than 20 amino 

acids (F ig u res  29 -  3 2 ) . FastA searching o f GenBank f i l e s  in d ica ted  

l im ite d  regions o f homology considering  th e  number o f  possib le  ORF 

reg ions: the  80 bp region homologous to  chicken p ro stag lan d in  synthase

d id  not o verlap  the  one in d ica te d  ORF in  pMCL-4 RP sequence; and, one 

ORF o f pMCS-1 RP (28— >1 c ) was responsib le  fo r  4 sh o rt regions ( a l l  

< 51 bp) from GenBank sequences. The FastA search included a l l
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databases co n ta in in g  n e a rly  58,000  sequences on f i l e  a t  GenBank 

(September 1991) in c lu d in g  b a c te r ia l ,  p la n t ,  o rg a n e lle , in v e rte b ra te ,  

mammalian, s tru c tu ra l RNA, and v i r a l  sequences.

C onsideration  o f S p e c ie s -S p e c if ic  T r a its

Throughout th is  work, L fragm ent h y b r id iz a tio n  was p o s it iv e  only to  

is o la te s  o f  C. a lb ican s  and C. s t e l la to id e a . Twenty o th e r eukaryo tic  

DMAs from d iverse  genera were a l l  n e g a tive , in c lu d in g  s ix  o th er Candida 

species and o th er m e d ic a lly  im portant fung i (F igures  10 and 11 ). As a 

re s u lt  o f  these screen ings, th e  3 .87  kbp L fragment from C. a lb icans  

9938 appears to  have re s t r ic te d  h y b r id iz a tio n  and represents  the most 

e x te n s iv e ly  te s te d  s p e c ie s -s p e c if ic  fragm ent o f C. a lb ic a n s .

Comparison to  o th e r S p e c ie s -S p e c ific  Fragments. The term species- 

s p e c if ic ,  w ith  regard to  Candida fragm ents, is  used to  in d ic a te  two 

d i f fe r e n t  meanings. The f i r s t  sense, o r type 1, conveys "species­

d is tin g u is h in g "  o r " s tra in -d is t in g u is h in g "  c a p a c ity , s ig n ify in g  th a t  

fragm ents h y b rid ize  to  more than one Candida species and are  capable o f  

d is tin g u is h in g  between species o r is o la te s  o f C. a lb ic a n s  on the basis  

o f unique RFLPs. The second usage, or type 2 , denotes re s tr ic te d  

h y b r id iz a tio n  o f th a t  fragm ent to  on ly  C. a lb ican s  DNA and is ,  thus, 

"species r e s t r ic t iv e " .  The L fragm ent, described h ere , f a l l s  in to  the  

species r e s t r ic t iv e  type o f s p e c ie s -s p e c if ic  sequences. Table 6 l is t s  

fragm ents which are  c u rre n t ly  id e n t i f ie d  as s p e c ie s -s p e c if ic  and 

describes  t h e i r  p a r t ic u la r  c h a ra c te r is t ic s  fo r  comparison.
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Table 6. C. a lb ican s  s p e c ie s -s p e c if ic  fragm ents.

Sequence Typea Reference Organisms Screened*1

Ca3 1 (1 2 3 ,3 65 ) + C. albicans
[m id -re p e a t] (9 8 ,1 2 4 ) + C. tropical is

+ C. s te lla to idea

CaS 1 (9 T ,9 8 ) ' + C. albicans, + C. ste llato idea
[rDNA] + C. tropica I is, + C. gui 11 iermondi i

+ C. parapsilosis, +C. glabrataz
+ S. cerevisiae

CaTd 2 (9 8 ,1 2 5 ) + C. albicans, + C. s te llato idea
[te lo m e ric ] (123) - C. tropical is, -  C. krusei

- C. glabrata0, -  S. cerevisia
— Tetrahymena

ACTI 1 (95 ) + C. albicans, +C. ste llato idea
[a c t in  gene] + C. g u i11iermondii , + C. krusei

+ C. tropicaI is, +C.parapsiIos is
+ C. kefyr, +T. glabratet

CAP 2 (49 ) + C. albicans, -  C. tropical is
[a s p a rty l - C. parapsi losis, -  C. krusei
p ro te in ase ] - C. gui11iermondi i ,  -C.shehatae

- C. l ip o ly t ica ,  -  C. u t i l  is
— S. cerevisiae

2TA 1 & 2 (1 2 6 ,3 6 3 ) + C. albicans, -  C. tropical is
— C. parapsi losis

L 2 (9 9 ) + C. albicans, + C. stellato idea
This  work - C. tropical is, -  C. Iusitaniae

- C. gui I l e i rmondii, -C. krusei
- C. parapsi losis, -  C. kefyr
- S. cerevisiae, -  T. glabrata0
-■ N. crassa, -  Histoplasma
- Blastomyces, -  Sepedonium
- Chrysosporiurn, -  Cryptococcus
- Coccidioides, -  Mucor
- Aspergillus, -  Trichomonas
- Gaeumanomyces
— human DNA, -  mouse DNA

a Type re fe rs  to  e ith e r :  1 = s t r a in  or s p e c ie s -d is tin g u is h in g
2 = species r e s t r ic t iv e

b Organisms screened: + in d ic a te s  p o s it iv e  c ro s s -h y b rid iz a tio n
-  in d ic a te s  n eg ative  c ro s s -h y b r id iz a tio n  

a C. gla b ra ta  and. T . g la b ra ta , c o n tro v e rs ia l d es ig n atio n  (8 )
" CaT was not described as s p e c ie s -s p e c if ic  by i t s  in v e s tig a to rs , but 

does q u a lify  by negative  h y b r id iz a tio n  p a tte rn  to  o th e r  organisms.
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Ca5, ACT1, 27A and e s p e c ia lly  Ca3 sequences have had su b s tan tia l 

impact upon DNA typ in g  o f Candida species and s tra in s . Epidem io logists  

fre q u e n tly  use DNA ty p in g  in  con junction  w ith  o th e r b io ty p in g  methods to  

assess questions such as th e  personal c a rr ia g e  o f C. a lb ican s  s tra in s  

and tra c k in g  nosocomial outbreaks (9 6 ,9 7 ,1 1 7 -1 1 9 ,1 2 1 ,1 2 3 -1 2 6 ,3 6 3 -3 6 5 ).

Type 2 s p e c ie s -s p e c if ic  fragm ents 27A, CAP, and Ca7 have provided  

va lu ab le  in fo rm atio n  concerning C. a lb ican s  genetics  and b io logy. 27A 

was the  f i r s t  cloned m id -re p e t it iv e  element Which had high mutation  

ra te s  l ik e  transposed!e elements (1 2 6 ,3 6 3 ). The te lo m e ric  sequence Ca7 

has provided in s ig h t in to  fe a tu re s  o f th e  C. a lb ican s  v a r ia b le  te lo m eric  

o rg a n iza tio n  and may provide a to o l fo r  in v e s tig a tin g  th e  v a r ia b le  

karyotypes o f C. a lb ican s  and C. s te I l a t o idea (9 8 ) .  The cloned CAP gene 

may a id  d e f in i t io n  o f the  s p e c if ic  ro le  o f  a sp a rty l p ro te in ase  in  the  

pathogenesis o f Candida species (4 9 ) .

DNA D iagnostic  Probe. An undeveloped p o te n tia l fo r  type 2 sp ec ies- 

s p e c if ic  fragm ents in vo lves  use as DNA d ia g n o s tic  probes fo r  rapid  

d e te c tio n  o f C. a lb ican s  in  c l in ic a l  samples. D iagnosis o f dissem inated  

c an d id ia s is  is  prob lem atic  a t  various  le v e ls  (described in  the  

in tro d u c tio n ) , in c lu d in g  the  tim e req u ired  fo r  p o s it iv e  blood c u ltu re  

re s u lts . Development o f  a DNA to o l fo r  q u icker p o s it iv e  id e n t i f ic a t io n  . 

may prove u s e fu l, e s p e c ia lly  in  p a tie n ts  a t - r is k  fo r  o p p o rtu n is tic  

in fe c t io n . A C. a lb ican s  DNA probe would not n e c e s s a rily  d is tin g u is h  

between a contam inated specimen and d isease-asso c ia ted  presence, but 

id e n t i f ic a t io n  through DNA h y b r id iz a tio n  would not depend upon outgrowth  

o f the c e l ls  in  th e  specimen. The c u l t u r a b i I i t y  o f  C. a lb ican s  from
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p o s t-a n tifu n g a l tre a te d  in d iv id u a ls  may be e s p e c ia lly  low as seen in  

p a tie n ts  w ith  chronic dissem inated c a n d id ia s is  (3 6 6 -3 6 8 ).

H y b r id iz a tio n  s p e c i f ic i t y  to  th e  ta rg e t  organism o r th e  cap ac ity  to  

produce f in g e r p r in t  RFLP p a tte rn s  are  prim ary q u a lif ic a t io n s  fo r  the  

co n s id e ra tio n  o f any cand idate  DNA probe sequence (9 2 ,9 3 ,3 6 9 ,3 7 0 ) .  

R e p e tit iv e  DNA sequences are  favored fo r  s p e c if ic  h y b r id iz a tio n  use, but 

a m p lif ic a t io n  o f ta rg e t  sequences ( e g . , PCR) or s ig n a ls  from  

p ro b e :ta rg e t complexes a llo w  s in g le  copy sequences to  be usefu l as 

d ia g n o s tic  probes (3 7 1 ,3 7 2 ). Type 2 s p e c ie s -s p e c if ic  DNA sequences 

would f a c i l i t a t e  a p o s it iv e /n e g a tiv e  s ig n a l assay and e lim in a te  

e le c tro p h o re s is  requ ired  in  C. a lb ican s  RFLP p a tte rn s  from type I 

s p e c ie s -s p e c if ic  sequences.

27A, CAP, Ca7, and th e  L fragm ent have shown s p e c ie s -s p e c if ic  

h y b r id iz a tio n  ag ain s t th e  vario u s  DNAs noted in  Table 6. S o il e t  a l . ,  

and Sadhu e t  a l , have not. used th e  term C. a lb ican s  "s p e c ie s -s p e c if ic "  

fo r  te lo m e ric  Ca7, but h y b r id iz a tio n  o f th e  fragment was re s tr ic te d  to  

C. a lb ican s  and C. s te l la to id e a . The f iv e  o th e r DNAs which were 

neg ative  fo r  Ca7 h y b r id iz a tio n  (9 8 ,1 2 5 ) represent a longer survey l i s t  

(o n ly  two o th e r Candida sp ec ies) than reported  fo r  27A, which was 

s p e c if ic a l ly  c a lle d  "s p e c ie s -s p e c if ic "  (1 2 6 ,3 6 3 ). The reported  range o f 

organisms probed w ith  Ca7, 27A, and CAP is  more lim ite d  than L fragment 

described in  th is  work.

C l in ic a l  samples, such as ly s is -c e n tr ifu g e d  blood c u ltu re s , conta in  

a m u ltitu d e  o f human DNA, c e l l  d e b ris , and possib le  o th e r microorganisms 

besides C. a lb ican s  ( e g . , b a c te r ia l pathogens or contam inants, o ther  

fu n g i, and v iru s e s ) . I t  was not th e  in te n t  o f th is  work to  e lim in a te
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a l l  p o ssib le  c ro s s -h y b rid iz in g  DNAs1 but to  in v e s tig a te  th e  nature o f L 

fragm ent h y b r id iz a tio n  to  o th e r probable fung i and to  eu ka ry o tic  DNA 

th a t  m ight be present in  c l in ic a l  samples. Though th e  v i r a l  and 

p ro k a ry o tic  DNAs would re q u ire  te s t in g  before  development o f  d iag n o stic  

a p p lic a t io n , strong in d ic a tio n s  from these s tud ies  support C. a lb icans  

s p e c ie s -s p e c if ic  s ta tu s  fo r  th e  L fragm ent among e u ka ry o tic  DNAs.

Conclusions

1) R ib i C e ll f r a c t io n a t io n ,  a u to ly s is , and spherop last DNA e x tra c tio n  

methods (298 ) were e q u iv a le n t a t p ro v id in g  high q u a lity  DNA from C. 

a lb ic a n s . The mechanical breakage methods e lim in a te d  co n sid era tio n  o f  

c u ltu re  medium, growth form , growth s tag e, and i s o la te -a s s o c iated  

d iffe re n c e s  in  c e l l  w a ll s u s c e p t ib i l i ty  to  Zymolyase d ig e s tio n .

M u lt ip le ,  s m a ll-s c a le  samples were more e a s ily  processed by spheroplast 

methods, whereas la rg e  volume e x tra c tio n s  were ro u tin e ly  done by R ib i 

C e ll f ra c t io n a t io n . M o d ific a tio n  o f th e  Zymolyase d ig e s tio n  and 

spherop last e x tra c tio n  method would be necessary to  e x tra c t  DNA from C. 

a lb ican s  hyphal forms.

2 ) MspI  and HpaI I  r e s t r ic t io n  d ig es ts  o f high q u a lity  C. a lb icans DNA 

samples produced m olecu lar w eight fragm ents la rg e r  than expected fo r  4 -  

base c u tte rs . The la rg e  m olecular w eight Mspl / Hpal l  fragm ents are 

probably A-T r ic h  and devoid o f unm ethylated CCGG s it e s .  E tB r-s ta in ed  

in te n s ity  o f  some bands suggests th a t  r e p e t it iv e  sequences la rg e r than 4 

kbp may be present which are  not rDNA o r mtDNA sequences.

3 ) The extended h y b r id iz a tio n  survey, included in  th is  work, supports 

the  C. a lb ican s  and C. s te lla to id e a  s p e c ie s -s p e c if ic  s ta tu s  fo r  the  L
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fragm ent from pHpaCa? (9 9 ) .  The fragm ent shows p o te n tia l use as a 

d ia g n o s tic  probe because i t  d id  not h y b rid iz e  to  o th e r Candida species, 

o th e r m e d ic a lly  im portant fu n g i, o r mammalian DNAs. The L fragm ent, a t  

I -  2 copies per genome, e x h ib ite d  A-T r ic h  n u c leo tid e  sequence w ith  ORF 

reg io ns, in d ic a te d  no m eth y la tio n  changes a t  frag m en t-te rm in a l CCGG 

s ite s  during  yeast to  m yce lia l t r a n s it io n ,  and d isp layed p o s it iv e  

h y b r id iz a tio n  to  yeast and m yce lia l form RNA e x tra c ts  from C. a lb ic a n s .

4 ) Two a d d it io n a l C. a lb ican s  DNA fragm ents, M and S which were 

unexpectedly present in  pHpaCa?, caused confusion regard ing  the  s iz e  o f , 

th e  L fragm ent and th e  i n i t i a l  r e s t r ic t io n  map (9 9 ) .  T h e .M and S 

fragm ents were p a r t ia l l y  c h ara c te rize d  by sequencing and both in d ica ted  

p o s it iv e  h y b r id iz a tio n  to  Northern b lo ts  o f C. a lb ican s  RNA. The S 

fragm ent c ro ss -h y b rid ized  w ith  many o th e r eu ka ry o tic  DNAs and may be 

usefu l in  C. a lb ican s  s t r a in  d i f fe r e n t ia t io n .
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GROWTH OF C. a lb ican s  9938 IN DEMETHYLATING COMPOUNDS
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GROWTH OF C. a lb ican s  IN DEMETHYLATING COMPOUNDS 

E ukaryotic  M eth v la tio n  and Cytosine Analogs

Two compounds, 5 ’ -a z a c y tid in e  (5AC) and 5 ’ -a z a -2 ’ -d eo xycytid in e  

(SAdC), can be incorporated  in to  re p lic a t in g  DNA as nucleoside analogs 

th a t  in h ib i t  eu karyo tic  m eth y la tio n  o f cytosine  residues in to  5 - 

m ethycytosine (5mC) (3 7 3 -3 7 6 ). The e x te n t o f demethyl a tio n  u su a lly  

exceeds th a t  o f in c o rp o ra tio n  alone and may be due to  in h ib it io n  o f  

m eth y ltran s fe rase  enzyme a c t iv i t y  by d ir e c t  binding o f th e  analogs 

(3 1 4 ,3 7 7 ). DNA m ethylt r a n s fe rases perform maintenance m eth y la tio n , th a t  

occurs in  a sem i-conservative  fash ion  upon newly synthesized DNA strands  

in  r e p lic a t io n , and de novo m eth y la tio n  th a t  e s tab lis h es  new m ethyla tion  

p a tte rn s  on p rev io u s ly  unmethylated sequences (3 7 4 ,3 7 8 -3 8 0 ).

5AC and SAdC have been used to  in v e s tig a te  dem ethylation o f CpG 

s ite s  upstream o f developm entalIy  regu lated  genes (3 1 4 ,3 7 4 ). V e rteb ra te  

CpG d in u c le o tid e s  occur a t 1 /5  o f the expected random frequency in  DNA, 

and sometimes occur in  c lu s te rs , or "CpG is la n d s " , in  promoter region o f  

genes [review ed in  (3 4 8 ,3 4 9 )] .  The asso c ia tio n  o f a c t iv e ly  tran scrib ed  

areas o f v e rte b ra te  genomes and unmethylated CpG is lan d s  has been 

e s tab lis h ed ; b u t, m eth y la tio n  as a means o f gene re g u la tio n  in  a l l  

eukaryotes has not been demonstrated (3 4 4 ,3 5 3 ,3 7 4 ,3 8 1 -3 8 3 ). In h ib it io n  

may occur through 5mC-binding p ro te in s  in te r fe r in g  w ith  tra n s c r ip t io n  

fa c to r  b ind ing events (3 8 4 ).
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Fungi appear to  be a heterogeneous group regarding the  incidence  

and amount o f genomic 5mC content: A s p e ro iIlu s  nidulans and S.

c e re v is ia e  (<0.01 mol% 5mC) have undetectab le  le v e ls  o f genomic 5mC; 

Phymatotrichum omnivorum (p la n t pathogen, 0 .78  -  2.27% o f to ta l  

c y to s in e ); Phycomyces blakesleeanus (0 .5  -  2.9% o f to t a l  c y to s in e );  

Physarum polyceohalum (s lim e  mold, 4 -  7% o f to ta l  c y to s in e ); Mucor 

ro u x ii (de tec ted  by isoschizomers MspI  and H oa II d ig e s t io n );  and N. 

crassa (0 .2 4  -  0 .40  mol%) (3 4 2 -3 4 4 ,3 5 0 ,3 8 5 -3 9 0 ). (5mC content values  

are expressed e ith e r  as moles percent o f  to ta l  bases (mol%) or as the  

percentage o f cytosines th a t  are  m e th y la te d .) Al I o f  the  fungi w ith  

measurable le v e ls  o f 5mC l is te d  above, have le v e ls  which d i f f e r  

according to  developmental stage. L im ited  in fo rm ation  on 5mC content in  

C. a lb ic a n s , described below, suggests th a t  measurable 5mC le v e ls  are  

present and may change during  morphogenesis.

M e th v la tio n  and C. a lb icans

A l i t e r a t u r e  rep o rt by PancaTdi e t  a l . ,  in d ica ted  th a t  5AC 

trea tm en t o f C. a lb ican s  promotes germ ination (3 9 1 ). C e lls  exposed to  

10 mM 5AC fo r  24 h (27° C in  Sabouraud dextrose b ro th ) , s tarved  o /n  in  

c i t r a t e  b u ffe r  (27° C ), and placed in  fre s h  medium w ith  20% c a l f  serum 

(37° C) germinated fa s te r  (85% a t I h, n e arly  100% a t 2 h) and d isp layed  

more uniform  germ tube lengths than un treated  c o n tro ls  (13% germinated 

a t I h, 36% a t 2 h, and 90% a t 5 h ). 5AC grown yeast c e l ls  d id  not 

d i f f e r  m ic ro s c o p ica lly  from untreated  yeast c e l ls .  Concentrations o f  

0.1 mM and I mM 5AC d id  not induce the germ ination ra te  e f fe c t  seen a t  

10 mM. The germ ination s tu d ies  were done in  t r ip l i c a t e  on th ree
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occasions, but only one C. a lb ican s  is o la te  was included (3 9 1 ). No 

reason was given fo r  the high concentrations o f 5AC (0 .1  -  10 mM) which 

co n tra s t markedly w ith  I -  100 nM 5AC used in mammalian c e ll  treatm ents  

(392) o r 6 -  48 |iM 5AC exposure fo r  Neurospora (3 9 3 ).

In d u ctio n  o f C. a lb ican s  hyphae can be in fluenced  by various  

fa c to rs  in c lu d in g  the  m etabo lic  h is to ry  o f the  c u ltu re  ( e g . , growth 

phase and carbohydrate source) [review ed in  ( 8 ) ] .  S ta tio n a ry  phase 

c e lls  germ inate more re a d ily  than log-phase C. a lb ican s  c e lls  which 

o ften  re q u ire  incubation  under s ta rv a tio n  cond itions  in  order to  

germ inate ( 8 ) .  No observations regarding growth ra tes  o f C. a lb ican s  in  

5AC, as compared to  un treated  c o n tro ls , were given by Pancaldi e t a l . ,  

but they d id  s ta te  th a t  s ta rve d , 5AC-grown c e lls  had yeast c e ll  growth 

ra tes  s im ila r  to  un treated  co n tro ls  when c e lls  were in o cu la ted  in to  

fre s h  Sabouraud dextrose broth  w ith o u t serum.

In  t h e i r  experim ents the  o /n  s ta rv a tio n  in  27° C c i t r a t e  b u ffe r  

would presumably e q u a lize  any d iffe re n c e s  in  growth phase fo r  the 5AC 

tre a te d  and un treated  c u ltu re s , but an im portant c o n tro l to  support th a t  

presumption was m issing. A log-phase versus s ta tio n a ry  phase contro l 

fo r  both 5AC tre a te d  and un treated  c e l ls  should have been run to  

determ ine i f  c i t r a t e  b u ffe r  s ta rv a tio n  equalized  the germ ination ra te s . 

The c ap ac ity  o f 5AC tre a te d  and u n treated  c e lls  to  produce s im ila r  yeast 

form growth ra te s  would not n e ce s sa rily  e s ta b lis h  th a t  a l l  v a ria b le s  

during germ ination in d u ctio n  were the same except 5AC trea tm en t.

Though t h e i r  work p ro v o ca tiv e ly  suggests th a t  demethyl a tio n  speeds 

up germ ination , th e  p o s s ib i l i ty  e x is ts  th a t  5AC tre a te d  c e l ls  may have 

been in  a growth phase ( e g . , s ta t io n a ry  phase) more conducive to
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germ ination than un treated  c e l ls  ra th e r  than the  assumed demethyl a tio n  

e ffe c ts  o f 5AC. Suggestions by the  in v e s tig a to rs  th a t  demethyl a t io n . 

events promote rap id  germ ination and environm ental fa c to rs , th a t induce 

dim orphic t r a n s it io n  in  C. a lb ic a n s , may t r ig g e r  DNA dem ethylation  

remain s p ec u la tive  because o f co n sid era tio n s  and co n tro ls  not addressed 

by t h e i r  experim ents.

Despite the  above experim ental l im ita t io n s ,  another group o f 

in v e s tig a to rs  reported th a t  yeast form C. a lb ican s  conta ins roughly two­

fo ld  h igher 5-m ethyl cytos ine  than m yce lia l form DNA as determined by gas 

chromatography -  mass spectrophotom etry (GC-MS) (3 4 6 ). Russell e t a l . 

used th re e  is o la te s  o f C. a lb ican s  th a t  were grown in  a defined  medium 

w ith  e ith e r  6 .25  mM ammonium n i t r a t e  fo r  yeast form growth or 100 mM 

ammonium n i t r a te  and 4 7 .5  mM a rg in in e  to  induce m yce lia l forms. DNA was 

e x tra c te d  from 20 h low or high n i t r a t e  c u ltu re s  fo r  a n a ly s is  o f 5mC 

content.

Under the  high n i t r a te  co n d itio n s , the  is o la te s  e x h ib ite d  various  

percentages o f m yce lia l growth: C. a lb ican s  9938 produced only 44%

m yce lia l forms (exc lu d in g  pseudohyphae) w ith  0 .053  mol% 5mC content 

compared to  0.11 mol% in  yeast c u ltu re s ; is o la te  Sh8 produced 73% 

m yce lia l forms a t  0 .045  mol% 5mC compared to  0.11 mol% in  yeast 

c u ltu re s ; and is o la te  B311 produced 81% m ycelia  a t 0 .047  mol% 5mC 

whereas yeast c u ltu re s  were 6 .097 mol% 5mC. Because th e  evaluated  

m yce lia l c u ltu re s  were a t  le a s t 19% yeast and /or pseudohyphae, the  

in v e s tig a to rs  noted th a t  the  actu a l mol% o f 5mC in  C. a lb ican s  m yce lia l 

c u ltu re s  may be less than in d ica te d  (3 4 6 ) . Predom inantly pseudohyphal 

c u ltu re s  were not analyzed to  provide a comparison o f 5mC content in
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pseudohyphal versus yeast or m yce lia l form cu ltures^ The polymorphic 

nature o f C. a lb ican s  presents a s ig n if ic a n t  l im ita t io n  to  ob ta in in g  

100% m yce lia l o r pseudohyphal c u ltu re s  as la te r a l  b lastospores may be 

produced by both forms (8 ) .

Another p ra c t ic a l l im ita t io n  fo r  5mC a n a lys is  e x is ts  in  the  

requirem ent o f s u f f ic ie n t  c e l l  d iv is io n  or DNA re p lic a t io n  to  e s ta b lis h  

d iffe re n c e s  in  m e th y la tio n . No demethylase a c t iv i t ie s  have been 

id e n t i f ie d ,  in d ic a tin g  th a t  sequences which are m ethylated must go 

through two rounds o f DNA re p lic a t io n  w ith o u t maintenance m ethyla tion  in  

order to  e s ta b lis h  a demethylated DNA region (3 1 4 ,3 4 4 ,3 7 3 ,3 7 4 ,3 9 4 ). For 

C. a lb ic a n s , s u f f ic ie n t  c u ltu re  development fo r  tru e  m ycelia  w ithout 

fo rm ation  o f la te r a l  b lastospores may not occur in  the  germ ination  

method used by Russell e t  a l . ,  but may be possib le  in  18 -  27 h Lee 

medium m yce lia l c u ltu re s  (1 )  or in  GlcNAc induced C. a lb ican s  (2 4 ,3 9 5 ) .

The 0.11 mol% fo r  C. a lb ican s  yeast found by Russell e t  a l . ,  

represents  a 1 0 -fo ld  g re a te r  amount o f 5mC content than the s im ila r  

sized  Saccharomvces genome and suggests the p o te n tia l fo r  s ig n if ic a n t ly  

m ethylated sequences. The d iffe re n c e  in  5mC content between yeast 

c u ltu re s  and m yce lia l c u ltu re s  and the  above 5AC s tu d ies  suggest th a t  

demethyl a tio n  may be involved w ith  morphogenesis changes in  C. a lb ic a n s , 

but cause and e f fe c t  re la tio n s h ip s  have not been e s ta b lis h e d .

C u ltu rin g  C. a lb ican s  9938 
in  5AC and SAdC

The number o f la rg e  MsoI  and HoaIT fragments from genomic C. 

a lb ican s  DNA suggests these fragm ents are  A-T r ic h  and e ith e r  have no 

CCGG s ite s  or have p ro tected  s ite s ;  the T a tte r  may in d ic a te  the presence
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o f 5mC. To in v e s tig a te  i f  SAC or SAdC trea tm ent would modify the  

appearance o f' high m olecular weight MsoI  and H o a II E tB r-b r ig h t bands, 

yeast form c e l ls  o f is o la te  9938 were grown in the presence o f each 

compound. Flasks co n ta in in g  fresh  SO ml mLee were in o cu la ted  w ith  1.16  

x 10̂  ce 11 s/m I from an o /n  9938 mLee c u ltu re  (23° C ). F i l t e r  s t e r i l iz e d  

SAC or SAdC was added to  g ive 6 pM and 24 pM concentrations (393) and 

f o i l  wrapped fla s k s  were incubated a t RT fo r  growth o f yeast form c e lls  

(160 rpm ). A t 21 h, media co n ta in in g  24pM o f SAC and SAdC c e l ls  were 

spiked w ith  an a d d itio n a l 24 pM o f each compound. (C e lls  cu ltu red  in  

SAC and SAdC were not examined fo r  germ ination e f f ic ie n c y . )

C u ltu re  d e n s it ie s  were determ ined up to  48 h, then c e lls  were 

harvested and DNA e x trac te d  by the  spherop last method. Growth curve 

p lo ts  o f c o n tro l versus SAC or SAdC c u ltu re s  are  in  F igure 36. E rro r  

bars represent the  standard d e v ia tio n  o f two counts per f la s k  a t each 

sampling tim e . In  g e n e ra l, SAC and SAdC tre a te d  C. a lb ican s  9938 c e lls  

grew fa s te r  than the un treated  co n tro l c u ltu re  (F ig . 3 6 ). R e p e titio n  o f  

these experim ents w ith  o th e r C. a lb ican s  is o la te s  and re p lic a te  fla s k s  

would be necessary to  e s ta b lis h  a growth ra te  d if fe re n c e .

DNA A nalys is

DNA samples were d igested  w ith  MspI  or HpaI I  and electrophoresed in  

1% TAE agarose (panel A, F igure 3 7 ). The HpaH d ig e s t (la n e  3) o f 9938 

co n tro l DNA revealed a 5 .37  kbp band (arrow , GEL program es tim ate , SD o f 

gel = ±0 .04  kbp) th a t  was not seen in  the  MspI lane (la n e  2) o f the  same 

sample. The band was th e  f i r s t  MsoI  versus HoaI I  m eth y la tio n  d iffe re n c e  

observed fo r  th e  9938 s tra in  (DNA e x tra c t  March 1990) though J . C u tle r  

and la t e r ,  H. Horn, te s te d  9938 DNA fo r  such d iffe re n c e s  (approx. 1984 -
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1987). C. a lb ican s  9938 was obtained as a c l in ic a l  is o la te  in 1970 (J . 

C u t le r ) and has since been in  lab o ra to ry  su b cu ltu re . Though the 9938 

c e l ls  c u ltu re d  in  5AC and SAdC a lso  showed the  5 .37  kbp H pa II band 

(lan es  7 , 9, 11, and 1 3 ), the co n tro l DNA in d ic a te s  th a t the 5 .37 kbp 

band m eth y la tio n  change was u n re la ted  to  c u ltu r in g  w ith  5AC or 5AdC.

Growth of C a n d id a  a lb ic a n s  9 9 3 8  in 5AC and  SAdC

I e + 0 0 8

E I e + 0 0 7

I e + 0 0 6 0  Control Culture
•  6 uM 5AC ....... ....

1 24 uM SAC .........
□ 24 uM SAC spiked

V  6 uM SAdC ----------
A  24 uM SAdC _____
▲ 24 uM SAdC spiked

I e + 0 0 5

Time (in hours)
Figure 36. Growth o f C. a lb ican s  9938 in  5AC and 5AdC. C e ll counts o f 
mLee 9938 c u ltu re s , tre a te d  w ith  0 , 6 , or 24 pH 5AC or SAdC (RT) were 
taken during  48 h growth before DNA e x tra c tio n  o f the  c e l ls .  The 
abscissa la b e ls  denote I x 10* to  1 x 10° c e l l  s/ml counts.

The EtBr s ta in ed  gel e x h ib ite d  o v e ra ll fa s te r  m ig ra tio n  fo r  HpaI I  

b rig h t band fragm ents (lan es  7 , 9 , 11, and 13) o f  24 pH 5AC and SAdC 

samples compared to  MspI  d ig ests  (la n es  6 , 8 , 10, and 1 2 ). The s h i f t  

can be seen best fo r  th e  4 .72  kbp MspI b r ig h t band (la n e  6 arrow) which
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GEL program estim ates  o f lane 6 and 7 in d ic a te  a 100 bp m ig ratio n  s h i f t  

(same g e l, SD = ± 0 .0 4  kbp). DNA from th e  6 pM SAdC c u ltu re  was lo s t  

during processing, and on th is  g e l, th e  6 pM SAC loading in  lanes 4 and 

5 was too  l ig h t  to  see band p a tte rn s . U ntreated c o n tro l DNA in d ica ted  a 

less  pronounced m ig ra tio n  s h i f t  fo r  HoaI I  bands (la n e  3 compared to  lane  

2, MspI l . The same s h if ts  were observed in  two a d d it io n a l gels  w ith  

independent d ig e s ts  o f a l l  th e  DNA samples (d a ta  not shown). The reason 

fo r  the  observed o v e ra ll s h i f t  was not in v e s tig a te d .

The gel in  Figure 37 was b lo tte d  and probed w ith  the  L fragment 

(F ig u re  37, panel B ). The L probe h yb rid ized  w ith  one MsoI  fragment in  

c o n tro l 9938 DNA (la n e  2) and two bands w ith  HpaI!-d ig e s te d  contro l DNA 

(la n e  3 , arrows) in d ic a tin g  th a t  one te rm in a l CCGG s i t e  o f the  L 

fragm ent contained a HoaI I  re s is ta n t  CmCGG s it e .  Th is  was the  only  

occasion (1 o f  5 d i f fe r e n t  9938 DNA e x tra c ts )  when th e  L probe p a tte rn  

o f 9938 was d i f fe r e n t  fo r  MsoI  versus HoaI I  d ig e s ts , again in d ic a tin g  

m eth y la tio n  d iffe re n c e s  fo r  th is  c u ltu re  (e g .,  F igure 17 e x h ib its  one 

band fo r  both enzymes.) The la rg e r  HoaI I  band corresponds to  the upper 

band s iz e  fo r  p a tte rn  411 (T ab le  4 ) suggesting th a t  m eth y la tio n  may 

in flu e n c e  the  L fragm ent RFLP p a tte rn s  observed among C. a lb icans  and C. 

s t e l la t o idea is o la te s . L probe h y b r id iz a tio n  to  th e  5AC and SAdC DNA 

samples d igested  w ith  MsoI  (lan es  4 , 6, 8 , 10, and 12) o r H oa II (lan es  

5, 7 , 9 , 11, and 13) show th e  same number bands (w ith  th e  above 

described m ig ra tio n  s h i f t )  as c o n tro l DNA lanes cut w ith  each enzyme.
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Figure 37. Gel and Southern b lo t o f 5AC and SAdC C. albicans DNA 
samples. Panel A: EtBr-stained 1% TAE agarose gel containing untreated, 
SAC, or SAdC cu ltu red 9938 DNAs digested w ith MspI (even lanes) or HpaI I  
(odd lanes). Lane I -  Lambda HindI I I  marker; lane 2 (M) and 3 (H) -  
untreated C. albicans DNA; lane 4 (M) and 5 (H) -  6 pM SAC: lane 6 (M) 
and 7 (H) -  24 pM SAC; lane 8 (M) and 9 (H) -  24 pM spiked SAC; lane 10 
(M) and 11 (H) -  24 pM SAdC; and lane 12 (M) and 13 (H) -  24 pM spiked 
SAdC. Band arrows are described in the te x t. Panel B: B lot was probed 
w ith  labeled L fragment. 9938 displayed two HpaII bands and one MspI 
band, which denotes a m ethylation d iffe rence  fo r the L fragment not seen 
in e a r l ie r  cu ltu res o f 9938 mentioned in the te x t.

These resu lts  suggest tha t the HpaI I  res is tan t CmCGG s ite  remained 

methylated despite cu ltu rin g  in the presence of SAC and SAdC. S im ila r 

fa i lu re  o f SAC or SAdC to  promote complete genomic demethylation has 

been observed in SAC subcultured mouse c e ll lines  which maintain a low 

level o f p e rs is te n tly  methylated cytosine residues (392). The M and S 

fragments were not used to  probe the SAC or SAdC DNA samples.
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These two observed d iffe re n c e s  in  m ethyla tio n  (5 .3 7  kbp H paII band 

and th e  L HpaI I  doublet p a tte rn ) in d ic a te  c irc u m s ta n tia l support fo r  the  

measurable le v e ls  o f  yeast 5mC found by Russell e t  a l . ,  but an a lys is  o f  

th e  r e s t r ic t io n  p a tte rn s  (F ig u re  37) do not provide 5AC- or SAdC- 

associated  d iffe re n c e s  fo r  MspI  verses HpaI I  d ig ests  to  confirm  th a t  

analogs were incorporated  in to  C. a lb ican s  DMA.
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MOLECULAR WEIGHT DISTRIBUTION OF Msfil FRAGMENTS
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MOLECULAR WEIGHT DISTRIBUTION OF MSfiI FRAGMENTS

- The expected frequency o f a r e s t r ic t io n  endonuclease w ith  a 4 base ' 

reco g n itio n  sequence would be 1 s i t e  per 256 n u c leo tid es  (1 /4 4) assuming 

random base sequence. For MsoI  (CCGG) s ite s  in  the  32.8% G+C genome o f  

C. a lb ican s  (2 3 8 ), the  expected frequency would be 1 /1 ,3 8 4  bases (th e  

p ro b a b ility  o f encountering a G or C equals 0 .1 6 4 , 0 .164  = 1 /6 .1 0 , and 

6 .1 0 4 = 1 ,384) (3 9 6 ). Ms p I  produces many Candida fragm ents la rg e r  than  

expected (see F igure 1, 15, and 3 8 ). Two methods were used to  assess 

the r e la t iv e  p ro p o rtio n  o f high m olecular w eight Msp I  fragments as 

separated by gel e le c tro p h o re s is . Gel photographic negatives (P o la ro id , 

Type 55) from 1 and 1.5% agarose were analyzed by th e  MCID image 

a n a lyze r to  compare fragments from two four-base  c u tte rs , MsoI  and MboI  

(GiATC w ith  expected frequency o f 1 /329 bases). R adio labeled genomic C. 

a lb ican s  9938 DNA was d igested  w ith  EcoRI or Msp I . e lectrophoresed in  

0 .8  and 1.4% agarose, and fragm ent d is tr ib u t io n s  obtained by Cerenkov 

counting lane s lic e s .

MCID Negative Scan .

The MCID system was c a lib ra te d  to  standard o p tic a l d en s ity  (GD) 

u n its  and using a gel scan su b ro u tin e , a ladder sampling window was 

defined  fo r  lane dimensions observed on th e  m onitor screen (eg. 480 

p ix e ls  h igh , 10 p ix e ls  w ide, and a 3 p ix e l increment step h e ig h t). For 

each sample lan e , the  program computed an average OD value  fo r  each step
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(from  th e  30 p ix e ls  in  th e  10 x 3 p ix e l s tep s iz e )  and recorded 140 -  

160 steps per lan e. The 3 p ix e l step  h e ig h t provided adequate 

re s o lu tio n  o f in d iv id u a l genomic b r ig h t bands as shown in  Figure 38 

(e g .,  MboI bands near 3 kbp long in  lanes 8 ,9 ,  and 10 to  the  dotted  l in e  

tra c es  between steps 35 -  4 0 ) .

N egatives scanned fo r  Ms p I  and MboI  d is tr ib u t io n s  included Figure  

15 (R esu lts  s ec tio n , 1% TAE agarose g e l)  and a 1.5% TAE agarose gel 

shown here in  F igure 38. An MCID Asci I I  f i l e  o f F igure 38 OD values  

was im ported in to  Sigm aplot and graphed by expressing the OD step values  

as a percent o f the  to t a l  OD u n its  per lane ( to  m inim ize v a r ia t io n s  in  

lo a d in g ). The in d iv id u a l lane tra c es  are  shown in  F igure 38 w ith  s o lid  

l in e s  rep resen tin g  MspI  d ig ested  DNA (la n es  3, 4, and 5) o r dotted lin e s  

fo r  Mboi  cuts  (lan es  8 , 9 , and 1 0 ). Lanes 2 and 7 were not included in  

the  graph because th e  DNA appeared sheared in  comparison to  o th er 9938 x 

MspI  DNA samples (eg . F igure  I and 1 5 ). The Lambda phage DNA x HindI I I  

standard lane was a lso  scanned, the  p lo t used to  mark the  standard  

p o s itio n s  ( x ’ s in  th e  top  marker box), and then the Lambda tra c e  was 

removed f o r  graph c la r i t y .

The p r o f i le  o f DNA fragm ents fo r  the  th re e  is o la te s  were s im ila r  in  

Figure 38, e s p e c ia lly  fo r  CaOs and Ca105 (la b e le d  w ith  c ir c le s ) .  The 

Ca1 tra c e s  (la b e le d  by arrow s) e x h ib ite d  s h if ts  toward sm alle r fragments 

which may represent some shearing  o f the  sample. MboI  d igested  the  

Candida genome more fre q u e n tly  than MsoI  and produced the  highest 

percent OD values in  s ize s  s m a lle r than 2 kbp. The MsoI  d ig es tio n  

p r o f i le  in d ic a te s  the  o p p o s ite , th a t  fragm ents la rg e r  than 2 kbp 

produced th e  h ig h est percent OD values fo r  in d iv id u a l steps (F ig . 3 8 ).
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Figure 38. Gel and M CID  negative scan o f G  albicans D N A  fragments. Panel A. 1.5% TAE gel with MspI digests (lanes 2-5) 
and M boI digests (lanes 7-10). Lane I - Lambda H indII I  marker; Lanes 2,7 - 9938; Lanes 3, 8 - Cal; Lane 4, 9 - CaOs; Lanes 5, 
10 - Ca 105; and Lane 6 - L  fragment o f pHpaCa7. Panel B. OD values were graphed to indicate the relative percent o f total 
OD for Msgl (solid lines, lanes 3-5) and MboI digests (dotted lines, lanes 8-10) for each step (3 pixel height). D N A marker 
(labeled in kbp) positions relative to step number are indicated in the horizontal box. Arrows label Cal traces and circles mark 
CaOs and Ca 105.
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The OD step values from the negative  o f F igure 15 were expressed as 

a percent o f to t a l  OD per lane ( l i k e  above) and the mean accumulated 

percent per step fo r  16 Candida is o la te s  was graphed as a d is tr ib u t io n  

p r o f i le  fo r  MseI fragm ents (F ig u re  3 9 ). Lambda HindI I I  marker scan was 

graphed as a dotted  l in e .  Lanes 5 and 20 were om itted  from the scan 

because o f apparent degradation . The standard d e v ia tio n  (SD) in  F igure  

39 was fo r  in d iv id u a l step percent OD's and not the  standard d e v ia tio n  

o f accumulated percent va lues . An e r ro r  bar can on ly  be seen fo r  step  

104 (SD = ±1%) because a l l  o th e r SD’ s were less than 0.5% The data  

in d ic a te s  about 48% o f th e  to t a l  OD per lane was above 2 kbp and

approxim ately  23% o f the  to ta l  was 4 .4  kbp or la rg e r .

MCID Scon Distribution of Candida a lb icans MspI Fragments

9.46.8

Distance in steps (3 pixels/step)
Figure 39. MCID mean d is t r ib u t io n  o f C. a lb ican s  MsoI  fragm ents.
F igure 15 gel neg ative  was scanned by MCID c a lib ra te d  to  standard OD 
u n its  w ith  a gel window length o f 156 steps per lane (3 p ix e l h e ig h t, 10 
p ix e ls  w id e ). Step OD values were expressed as a percent o f to ta l  OD per 
lan e , the  mean (16 lan es) step values were graphed in  cum ulative manner 
w ith  SD values from in d iv id u a l steps (e r r o r  bar only seen fo r  la rg e s t SD 
value [1%] a t s tep 104 ). About 23% o f the t o t a l  were fragments > 4 .4kbp.
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R adio labeled  DNA D is tr ib u t io n

C. a lb ican s  9938 n u c le ic  acids were lab eled  w ith  32P-H3PO4 in  v ivo  

using th e  low phosphorus V o g e l’ s Minimal Medium-N (VMM-N) o f  M etzenberg, 

e t  a l . (2 4 1 ) . The I mM phosphate medium proved s u f f ic ie n t  fo r  N. crassa  

growth w ith o u t overload ing  th e  c e l l  w ith  reserve polyphosphates. Per 

l i t e r  VMM-N conta ins  125g Na3C i t r a t e -2 ^ 0 , 6.94g KH3PO4 anhydrous, 100g 

NH4NO3 anhydrous, 10g MgSO4-TH3O, Sg CaCl3-2H30 , and 5 ml Trace Element 

S o lu tio n  (TE S ). The TES contained (p e r 100 m l) Sg c i t r i c  a c id -H3O, Sg 

ZnSO4-TH3O, Ig  Fe(NH4) 3(SO4) 3-SH3O, 0 .25g  CuSO4-SH3O, O.OSg MnSO4-H3O, O.OSg 

H3BO4 anhydrous, and O.OSg NaMoO4-2H30 . The VMM-N and TES stock  

s o lu tio n s  were stored  a t RT w ith  I -  2 ml chloroform  (p e r 100 m l). 

D ilu te d  VMM-N was autoclaved and cooled , brought to  2% glucose or 

sucrose ( s t e r i l i z e d  s e p a ra te ly ) , and 0 .0 4  mg/1 b io t in .

C. a lb ican s  9938 c e l ls  were grown o /n  in  GYEP, washed tw ice  in  

s t e r i l e  d-H30 , and in o cu la ted  a t  8 .7  x IO4 c e lls /m l in  100ml VMM-N plus  

glucose, b io t in ,  and O.SmCi 32P-H3PO4 (NEN catalogue NEX-054, 2 .0  mCi/ml 

in  0 .02  N HCl) .  C u ltu res  were ro ta te d  (160 rpm) a t  37°C fo r  15 h, 

harvested in  log phase (2 .6 7  x 10T c e l ls /m l ) ,  and DNA e x trac te d  by the  

spherop last method. The f in a l  DNA p e l le t  was suspended in  400 pi TE 

b u ffe r  and a 1 pi Cerenkov count o f  32P emissions was 124,000 cpm/min 

(approx im ate ly  8 .27  x 105 cpm/pg DNA). Th is  s p e c if ic  a c t iv i t y  was a t  

le a s t  one log lower than a s im ila r  la b e lin g  experim ent by J . C u tle r  

using a h ig h er s p e c if ic  a c t iv i t y  32P-H3PO4 no longer a v a ila b le  from ICN.
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DNA samples (0 .5  and 1.Opg) were d igested  w ith  Msp I  o r EcoRI, 

e le c t rophoresed in  0.8% o r 1.4% TAE agarose g e ls , lanes were cut in to  

approxim ately  70 x 2mm s lic e s  (The M ick le  G e l-S lic e r ,  Brinkmann 

Instrum ents, W estbury, N .Y . ) ,  and placed in to  s c in t i l l a t io n  v ia ls  fo r  

Cerenkov counting . S lic e  counts were expressed as a percentage o f to t a l  

counts per lane and the  mean from fo u r lanes o f MsoI  or EcoRI d igests  

(two lanes each o f  0 .5  and 1 .0  pg DNA w ith  each enzyme) was determ ined.

The means were graphed as accumulated percent o f to t a l  counts (w ith  

SD o f in d iv id u a l v ia l  counts) compared to  d is tan ce m igrated (F ig u re  4 0 ) .  

Lambda HindI I I  and <j>X174 HaeI I I  DNA marker bands were measured from 

sta in ed  lanes o f each gel and p o s itio n s  were marked on th e  top (1.4%  

agarose) and bottom (0.8% agarose) h o riz o n ta l bar, seen in  Figure 40.

L i t t l e  d if fe re n c e  was observed fo r  th e  o v e ra ll d is t r ib u t io n  o f 

EcoRI (boxes) versus MsoI  ( c i r c le s )  as th e  cum ulative percentage o f MsoI  

counts stayed w ith in  5 percentage p o in ts  o f EcoRI fragm ents. The MsoI  

mean d is t r ib u t io n  o f ra d io la b e le d  fragm ents > 4 .4  kbp was 27% fo r  both 

0 .8  and 1.4% agarose (F ig u re  40) compared to  23% fo r  th e  MCID scanned 

gel n egatives  (F ig u re  3 9 ). The 2 .0  kbp markers correspond to  42 -  39% 

fo r  ra d io la b e le d  DNA d igested  w ith  MsoI  (F ig u re  40) and to  46% o f the  

cum ulative  OD (F ig u re  3 9 ). Both o f  these d is p a ra te  methods o f a n a lys is  

in d ica te d  th a t  a s ig n if ic a n t  number o f MsoI  fragments from C. a lb icans  

have e le c tro p h o re tic  s ize s  la rg e r  than expected.
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Distribution of C a n d id a  a lb ic a n s  M s p l and E coR I DNA Fragments in Agarose

23.1 9.4 6.7 2.3 2.0 1.1 0.9
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Open — 0 8%
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Distance from  Origin (in m m )
Figure 40. D istribution o f MspI and EcoR I 32P-DNA fragments. 0.8 and 1.4% TAE  agarose gels were electrophoresed to 
separate four lanes o f MspI or EcoRI digested C. albicans 9938 D N A  70x2mm slices for each lane were counted, expressed as 
percent o f total cpm/lane, and the cumulative mean for each enzyme (Msj)I - circles, EcoRI - boxes) graphed as open symbols 
(0.8% gel) or filled symbols (1.4% gel). Lambda H indIII  and <J>X174 HaeIII marker lanes were EtBr stained from each gel and 
the migration distance was measured and marked on the graph.
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NUCLEAR DNA ISOLATION METHODS

E ffo r ts  to  o b ta in  p u r if ie d  nuclear DNA from C. a lb ican s  have so 

f a r  been unsuccessfu l. The only l i t e r a t u r e  rep o rt describes attem pts  

using standard CsCl: EtBr g ra d ien t c e n tr ifu g a t io n  (s e p ara tin g  DNA based 

on G+C% d iffe re n c e s  and c ir c u la r  versus l in e a r  form) and d i f f e r e n t ia l  

c e n tr ifu g a t io n  fo r  sep ara tin g  in ta c t  o rg an e lles  (2 3 8 ). They reported  

G+C values fo r  p u r if ie d  mtDNA (38.2% G+C) and enriched (b u t impure) 

n uclear DNA (32.8% G+C) but were unable to  is o la te  separate  bands from  

th e  CsCl g ra d ie n ts . In ta c t  m itochondria were p u r if ie d  by d i f f e r e n t ia l  

c e n tr ifu g a t io n  but pure nuclear fra c t io n s  were not ob ta ined . 

M itochondria l DNA (mtDNA) has been used as an RFLP b io typ in g  to o l to  

probe E coR I-d igests  o f C. a lb ican s  is o la te s  (245) because mtDNA u su a lly  

y ie ld s  s ix  EcoRI fragm ents th a t  can be d is tin g u ish ed  from background 

nuclear DNA contam ination .

In  a d d itio n  to  using th e  W il ls ,  e t  a ! . (2 3 8 ), protocol fo r  crude 

nuclear p re p a ra tio n , I  te s te d  two o th er procedures fo r  DNA or o rg a n e lle  

f ra c t io n a t io n  (successfu l fo r  S. c e re v is ia e . S. c a rls b e rg e n s is . and 

Kluvveromyces f r a o i l i s ) and tracked  succinate  dehydrogenase a c t iv i t y  to  

in d ic a te  contam ination by fu n c tio n a l m itochondria (3 9 7 ).

CsClzBisbenzim ide G radients

Spheroplasts o f C. a lb ican s  B311 and S. c e re v is ia e  ATCC 9896 were 

prepared as described in  th e  methods s e c tio n , and processed as described
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by Hudspeth, e t  a l .  (3 0 5 ) ,  w ith  a few m o d if ic a t io n s . Spheroplasts (1 0 -  

20 g) were suspended in 20 ml ic e -c o ld  breakage b u f fe r  (0 .9  M s o r b i t o l , 

10 mM NajEDIA, 0.1 M T r is -H C l pH 7 .5 ,  0.1% BSA) and hand-ag ita ted  w ith  

100 g s t e r i l e ,  0 .5  mm glass beads f o r  2-3  min. The combined supernatant  

f lu id s  from i n i t i a l  decanting and 5 x 50 ml bead washes were cen tr ifuged  

1500 x g, 10 min, to  p e l le t  nuclei and c e l l  deb r is .  The p e l le t  was 

t re a te d  as nucle i enriched and the supernatant processed as 

m itochondria l r ich  f ra c t io n s .

DNA e x t ra c t io n  o f  the  nuclear p e l le t  was done e i t h e r  by the  

o rg a n e lle  ly s is  procedure or French Pressure C e ll  method (post-breakage  

steps s ta r t in g  w ith  suspension in  A-1 b u f fe r  fo llow ed by d e p ro te in iz in g  

and RNAse t re a tm e n t) .  M itochondria  were p e l le te d  (15 ,000  x g, 15 min) 

out o f  the supernatant f l u i d ,  suspended in 100 ml breakage b u ffe r  (minus 

the  BSA), and recen tr ifu g ed  a t  20,000 x g, 20 min. The mitochondria  

were lysed in  7 .5  ml o f  10 mM T ris -H C l pH 8 .2 ,  10 mM Na2EDTA, 100 mM 

NaCl, plus 2% sarkosyl f o r  2 h. The ly s a te  was EtOH ppt, RNAse t re a te d ,  

and EPR and SEVAG ex trac ted  to  remove p ro te in s .

E xtrac ts  o f  the  nuclear and m itochondria l f ra c t io n s  were suspended 

in  10 mM T ris -H C l pH 7 .5 ,  20 mM NaCl, 1 mM Na2EDTA; CsCl was added to  a 

d en s ity  o f  1.693 g/ml (ad justed  using a re frac to m ete r)  and bisbenzimide  

to  100 pg/ml ( Hoechst 33258, A ld r ic h  Chemical C o ., Milwaukee, WI). 

Samples were cen tr ifu g ed  in a S o rva ll  v e r t ic a l  ro to r  (TV865B) fo r  20 h 

a t  20° C and bands i l lu m in a te d  w ith  long UV.

Only one band was observed in each o f  the C. a lb icans  grad ient  

tubes in d ic a t in g  th a t  p r e fe r e n t ia l  binding o f bisbenzimide to  A-T r ich  

regions was unable to  provide s u f f i c i e n t  enhancement to  separate mtDNA
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and nuclear DNA (data  not shown). DNA from each tube when digested  

with  EcoRI and Msp I  in d ica ted  cross contamination (da ta  not shown).

F ic o l l  D i f f e r e n t i a l  C e n tr i fu g a t io n  ^

A method by W intersberger, e t  a l . (398) invo lv ing  d i f f e r e n t i a l  

c e n t r i fu g a t io n  in f i c o l l ,  fo llow ed by discontinuous f i c o l l  g rad ien t step  

(2 8 ,3 9 9 )  was tes ted  on C. a lb icans  1 s t r a in .  Spheroplasts were 

osm o tica lly  lysed in 18% (w /v ) f i c o l l  in  0 .02  M KH2POlt pH 6 .8 ,  0 .5  mM 

MgCl2, Dounce homogenized and cen tr ifu g ed  tw ice  a t  3 ,000 x g, 5 min, to  

remove unbroken spherop lasts . The supernatant f l u i d  was cen tr ifuged  a t  

30,000 x g, 20 min, to  p e l le t  nucle i (m itochondria  and vacuoles should 

f l o a t  to  the top ( 3 9 8 ) ) .  The re s u lt in g  p e l le t  was suspended in  the above 

f i c o l l  s o lu t io n  and cen tr ifu g ed  again . The second p e l le t  was suspended 

(1 g p e l l e t /  10 ml) in  the  18% f i c o l l  s o lu t io n  and layered onto 30%

(w /v ) f i c o l l  in  0 .02  M KH2POt pH 6 .5  and cen tr ifu g ed  100,000 x g, 45 min 

(SW41Ti , 2 8 .5K) to  p e l l e t  n u c le i .  Succinate dehydrogenase (SDH) te s t in g  

(400) f o r  the  presence o f  fu n c t io n a l  mitochondria was done on some o f  

the  f r a c t io n s .  The Lowry (F o l in -C io c a lte u )  p ro te in  assay (204 ,401) w ith  

BSA as a standard was used to  assess p ro te in  content o f  the  f ra c t io n s .  

Figure 41 includes a flow  chart  o f  f r a c t io n  c o l le c t io n  and the  SDH 

a c t i v i t y  f o r  te s te d  f r a c t io n s .

DNA e x trac ted  from the  various g rad ien t f ra c t io n s  (by o rganelle  

ly s is  or c e l l u l a r  DNA e x t ra c t io n  methods) were electrophoresed (F igure  

4 2 ) .  The samples in  Figure 42 in d ic a te  extensive  shearing o f  nuclear  

DNA in many f r a c t io n s  ( lanes  1, 7, 10, 14, 22, 28, 31 and 3 5 ) .  Even 

though only a few samples were su ccess fu lly  digested by EcoRI, the
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presence o f  large  amounts o f  sheared DNA suggests th a t  n e ith e r  the  

buffered  f I c o l l  or sucrose ly s is  procedures o sm otica lly  p ro tec t nuclei  

o f C. a lb ican s . The SDH a c t i v i t y  in some p e l le ts  in d ica tes  th a t  some 

mitochondria p a r t i t i o n  a t  higher density  than expected. In fa c t ,  the  

MtD o rg an e lles  when layered onto the 30% (w /v ) f i c o l l  step gradient  

p e l le te d  to  the bottom (data  not shown).

Spheroplasts

Nuclei Mitochondria
Osmotic Lysis Dounce Break 

I InbutferedSucrose-Tris(OLS) 

W r centrifuge 3,000xg 5 min

Osmotic Lysis Dounce Break 
in buffered 18% Ficoll >

suspend In
18% Rcoll

sup: Mt A

pellet: Mt B

Suspend In OLS 

divide in halftop: Nuc D

sup: Nuc C
Pellet DNAse treat 

wash and layer 
onto sucrose 
gradients

(S D H -0 .7 4 7 )
Suspendln 

18% buffered FIcol 
MtBZ

(S D H -2 .9 7 8 )

top: Nuc CS

sup: Nuc CZ

band:MtC
(S D H -8 .7 8 2 )

S D H  ic tM ty  expressed as 
rntcromotea/mg protetn/mtn k v

pellet MtD 
(S D H  -  7.010)

Figure 41. Flow chart  o f  g rad ien t f ra c t io n s
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Figure 42. DNA is o la te d  from grad ien t f r a c t io n s .  C. a lb icans  1 s t r a in  
was grown in  YEPL (con ta ins  la c t i c  a c id )  or GYEP and DNA from various  
c e l l  f r a c t io n s  (diagrammed in Figure 41) was RNAse and prote inase K 
t r e a te d .  The DNA samples were loaded in p a irs  fo r  e lec tro p h o res is  on 1% 
TAE agarose g e ls , the f i r s t  lane contained undigested DNA and the second 
lane o f  each p a ir  was EcoRI d igested . DNA in lanes 1-8 were from YEPL 
c u ltu re s  and the re s t  o f  the lanes are from GYEP log phase c u ltu re s .
Top G e l: Lanes 1 and 2 -  MtC; Lanes 3 and 4 -  MtD; Lanes 5 and 6 -  MtB 
p e l le te d  through 30% F ic o l I ,  Lane 7 and 8 -  MtB in te r fa c e  from 18/30% 
step g ra d ie n t;  Lane 9 -  Lambda H in d I I I  marker; Lanes 10 and 11 -  NucCI; 
Lanes 12 and 13 -  NucC2; Lanes 14 and 15 -  NucC3; Lanes 16 and 17- NucA.
Bottom Gel: Lanes 18 and 19 -  OLS whole c e l l  homogenate; Lanes 20 and 21
-  MtA; Lanes 22 and 23 -  MtB1; Lanes 24 and 25 -  MtB2; Lanes 26 and 27 -  
MtC (sample was re -p p t  and the mtDNA digested  f in e  on la t e r  g e ls ) ;  Lanes 
28 and 29 -  MtD; Lane 30 -  Lambda H in d I I I  marker, Lanes 31 and 32 -
NucB; Lanes 33 and 34 -  NucC; and Lanes 35 and 36 -  NucD.
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Fractions  NucB1 NucCS1 NucD1 MtB1 and MtD contained sheared nuclear  

DNA th a t  would be im p rac tica l  f o r  r e s t r i c t io n  polymorphism comparisons. 

SDH a c t i v i t y  was not assessed f o r  NucCS o r  NucD1 but the  o th er f ra c t io n s  

conta in ing  nuclear DNA were contaminated w ith  fu n c t io n a l  mitochondria.

Though the  fundamental methods f o r  o b ta in ing  yeast nuc le i have 

ex is ted  f o r  t h i r t y  years [reviewed in ( 2 8 ) ] ,  subsequent work suggests  

s ig n i f ic a n t  m o d if ic a t io n  when app lied  to  d i f f e r e n t  yeasts (3 9 8 ,3 9 9 ) .  C. 

a lb icans  appears to  be no exception as is o la t io n  o f  in t a c t  nuclei is  

complicated by "heavy” m itochondria . Other methods, such as Percoll  

( 8 2 ) ,  Dextran (3 9 9 ) ,  o r adjustment o f  ca t io n  co n centra tion , may provide  

the necessary nuclear s t a b i l i t y  to  o b ta in  m orphologica lly  in ta c t  nuclei  

f o r  high m olecular weight nuc lear DNA from C. a lb ic a n s .

180
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CULTURE DENSITY VERSUS KLETT VALUES

Cell Density vs K le tt Values
for C andida albicans

Klett Values

Figure 43. C u ltu re  d en s ity  versus K le t t  values. A C. a lb icans  B311 
s ta t io n a ry  phase c u l tu re  was d i lu te d  and 5 ml samples ( in  13 x 100 mm 
t e s t  tubes) were placed in  a c a l ib ra te d  Klett-Summerson p h o to e le c tr ic  
c o lo r im e te r  ( K le t t  Mfg. C o . , I n c . , New York) f i t t e d  w ith  a No. 66 
f i l t e r .  C e ll  dens ity  per ml o f  sample was determined w ith  a Spencer 
B r ig h t - l in e  improved Neubauer hemocytometer (American O p tica l S c ie n t i f i c  
Instrum ent D iv is io n ,  B u f fa lo ,  NY) and p lo t te d  against K le t t  absorbance 
values by using Sigmaplot (F igure  4 3 ) .  C e ll  density  d iv is io n s  on the y 
ax is  represent the value m u l t ip l ie d  by 1 x 10° c e l l s /  ml.

The l in e a r  regression l in e  represents  the  approximate c o r re la t io n  
between K le t t  absorbance and c u ltu re  d e n s ity .  K le t t  data  has l im ite d  
p o te n t ia l  to  r e f l e c t  ac tua l c e l l  number because d i f f e r e n t  is o la te s  o f  
C. a lb ican s  may vary in  c e l l  s iz e .  T h e re fo re ,  the graph was intended 
f o r  approximate estim ates  and only used during th is  work f o r  estim ating  
general growth o f  c u l tu re s .
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