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Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y

O P E N  A C C E S S

E DI T E D  B Y

L y s a n g el a  R o n alt e  Al v e s,

O s w al d o  Cr u z F o u n d ati o n,  Br a zil

R E VI E W E D  B Y

Ar m a n d o  P é r e z  T orr e s,

N ati o n al  A ut o n o m o u s  U ni v er sit y  of  M e xi c o,

M e xi c o

F a bi o S eiti Y a m a d a Y o s hi k a w a,

C hi b a  U ni v er sit y, J a p a n

S h ar o n d e T ol e d o  M arti n s,

F e d er al  U ni v er sit y  of  P ar a n á ,  Br a zil

* C O R R E S P O N D E N C E

Fl á vi o  Vi eir a L o ur e s

l o ur e s @ u nif e s p. br

R E C EI V E D 2 8 J ul y 2 0 2 3

A C C E P T E D 1 1 S e pt e m b er 2 0 2 3

P U B LI S H E D 0 5  O ct o b er 2 0 2 3

CI T A TI O N

B or g e s  B M, R a m o s  R B C, Pr eit e  N W,

K a mi n s ki  V d L, Al v e s d e  C a str o  P,

C a m a c h o  M, M a xi m o  M F, Fill T P,

C ali c h  V L G, Tr a y n or  A M,

S ari k a y a - B a yr a m  Ö, D o yl e S, B a yr a m  Ö,

d e  C a m p o s  C B L, Z el a ni s  A, G ol d m a n  G H

a n d L o ur e s F V ( 2 0 2 3) Tr a n s cri pti o n al

pr o fi li n g  of a f u n g al gr a n ul o m a r e v e al s a

l o w  m et a b oli c a cti vit y  of P ar a c o c ci di oi d e s

br a sili e n si s y e a st s a n d a n a cti v el y

r e g ul at e d h o st i m m u n e r e s p o n s e.

Fr o nt.  C ell. I nf e ct.  Mi cr o bi ol. 1 3: 1 2 6 8 9 5 9.

d oi: 1 0. 3 3 8 9/f ci m b. 2 0 2 3. 1 2 6 8 9 5 9

C O P Y RI G H T

© 2 0 2 3  B or g e s,  R a m o s, Pr eit e, K a mi n s ki,

Al v e s d e  C a str o,  C a m a c h o,  M a xi m o, Fill,

C ali c h, Tr a y n or, S ari k a y a - B a yr a m,  D o yl e,

B a yr a m, d e  C a m p o s, Z el a ni s,  G ol d m a n a n d

L o ur e s. T hi s i s a n  o p e n - a c c e s s arti cl e

di stri b ut e d u n d er t h e t er m s  of t h e Cr e ati v e

C o m m o n s  Attri b uti o n Li c e n s e ( C C  B Y). T h e

u s e, di stri b uti o n  or r e pr o d u cti o n i n  ot h er

f or u m s i s p er mitt e d, pr o vi d e d t h e  ori gi n al

a ut h or( s) a n d t h e c o p yri g ht  o w n er( s) ar e

cr e dit e d a n d t h at t h e  ori gi n al p u bli c ati o n i n

t hi s j o ur n al i s cit e d, i n a c c or d a n c e  wit h

a c c e pt e d a c a d e mi c pr a cti c e.  N o u s e,

di stri b uti o n  or r e pr o d u cti o n i s p er mitt e d

w hi c h d o e s n ot c o m pl y  wit h t h e s e t er m s.

T Y P E Ori gi n al  R e s e ar c h

P U B LI S H E D 0 5  O ct o b er 2 0 2 3

D OI 1 0. 3 3 8 9/f ci m b. 2 0 2 3. 1 2 6 8 9 5 9
Tr a n s cri pti o n al  pr o fi li n g  of a
f u n g al gr a n ul o m a r e v e al s a l o w
m et a b oli c a cti vit y  of
P ar a c o c ci di oi d e s  br a sili e n si s
y e a st s a n d a n a cti v el y r e g ul at e d
h o st i m m u n e r e s p o n s e

Br u n o  M o nt a n ari B or g e s 1 ,  R af a el  B ert o n  C orr ei a R a m o s 1 ,

N y c ol a s  Willi a n Pr eit e 1 ,  V al éri a  d e Li m a K a mi n s ki 1 ,

P atr ı́ci a Al v e s  d e  C a str o 2 ,  M a urı́ci o C a m a c h o 1 ,

M ari n a F err eir a M a xi m o 3 ,  T ai ci a  P a c h e c o Fill 3 ,

V er a L ú ci a  G ar ci a C ali c h 4 ,  Ai m e e  M. Tr a y n or 5 ,

Ö zl e m S ari k a y a - B a yr a m 5 , S e a n D o yl e 5 ,  Ö z g ür B a yr a m 5 ,

Cl a u di a  B ar b o s a L a d eir a d e  C a m p o s 1 ,  A n dr é Z el a ni s 1 ,

G u st a v o  H. G ol d m a n 2 a n d Fl á vi o  Vi eir a L o ur e s 1*

1 I n stit ut e  of S ci e n c e a n d T e c h n ol o g y (I C T), F e d er al  U ni v er sit y  of S ã o  P a ul o ( U NI F E S P),

S ã o J o s é d o s  C a m p o s, S P,  Br a zil, 2 F a c ult y  of  P h ar m a c e uti c al S ci e n c e  of  Ri b eir ã o  Pr et o ( F C F R P),

U ni v er sit y  of S ã o  P a ul o ( U S P),  Ri b eir ã o  Pr et o, S P,  Br a zil, 3 I n stit ut e  of  C h e mi str y,  U ni v er si d a d e E st a d u al

d e  C a m pi n a s,  C a m pi n a s, S P,  Br a zil, 4 D e p art m e nt  of I m m u n ol o g y, I n stit ut e  of  Bi o m e di c al S ci e n c e s,

U ni v er sit y  of S ã o  P a ul o ( U S P), S ã o  P a ul o,  Br a zil, 5 D e p art m e nt  of  Bi ol o g y,  M a y n o ot h  U ni v er sit y,

M a y n o ot h,  C o u nt y  Kil d ar e, Ir el a n d
Gr a n ul o m a s ar e i m p ort a nt i m m u n ol o gi c al str u ct ur e s i n t h e h o st d ef e n s e a g ai n st

t h e f u n g u s P a r a c o c ci di oi d e s  b r a sili e n si s , t h e  m ai n  eti ol o gi c a g e nt  of

P ar a c o c ci di oi d o m y c o si s ( P C M), a gr a n ul o m at o u s s y st e mi c  m y c o si s e n d e mi c i n

L ati n  A m eri c a.  W e h a v e p erf or m e d tr a n s cri pti o n al a n d pr ot e o mi c st u di e s  of

y e a st s pr e s e nt i n t h e p ul m o n ar y gr a n ul o m a s  of  P C M ai mi n g t o i d e ntif y r el e v a nt

g e n e s a n d pr ot ei n s t h at a ct u n d er str e s si n g c o n diti o n s.  C 5 7 B L/ 6  mi c e  w er e

i nf e ct e d  wit h 1 x 1 06 y e a st s a n d aft er  8 - a n d 1 2 - w e e k s  of i nf e cti o n, gr a n ul o m at o u s

l e si o n s  w er e  o bt ai n e d f or e xtr a cti o n  of f u n g al a n d  m uri n e  R N A s a n d f u n g al

pr ot ei n s.  D u al tr a n s cri pti o n al pr o fi li n g  w a s d o n e c o m p ari n g l u n g c ell s a n d P.

br a sili e n si s y e a st s fr o m gr a n ul o m a s  wit h u ni nf e ct e d l u n g c ell s a n d t h e  ori gi n al

y e a st s u s p e n si o n u s e d i n t h e i nf e cti o n, r e s p e cti v el y.  M o u s e tr a n s cri pt s i n di c at e d

a l u n g  m alf u n cti o n,  wit h l o w e x pr e s si o n  of g e n e s r el at e d t o  m u s cl e c o ntr a cti o n

a n d  or g a ni z ati o n. I n a d diti o n, a n i n cr e a s e d e x pr e s si o n  of tr a n s cri pt s r el at e d t o

t h e a cti vit y  of n e utr o p hil s, e o si n o p hil s,  m a cr o p h a g e s, l y m p h o c yt e s a s  w ell a s a n

el e v at e d e x pr e s si o n  of I L - 1 b , T N F -a , I F N -g , I L - 1 7 tr a n s cri pt s  w er e  o b s er v e d. T h e

i n cr e a s e d e x pr e s si o n  of tr a n s cri pt s f or  C T L A - 4,  P D - 1 a n d ar gi n a s e - 1, pr o vi d e d

e vi d e n c e  of i m m u n e r e g ul at or y  m e c h a ni s m s  wit hi n t h e gr a n ul o m at o u s l e si o n s.

Al s o,  o ur r e s ult s i n di c at e ir o n a s a k e y el e m e nt f or t h e gr a n ul o m a t o f u n cti o n,

w h er e a hi g h n u m b er  of tr a n s cri pt s r el at e d t o f u n g al si d er o p h or e s f or ir o n u pt a k e

w a s  o b s er v e d, a  m e c h a ni s m  of f u n g al vir ul e n c e n ot pr e vi o u sl y d e s cri b e d i n
fr o nti er si n. or g0 1
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Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y
gr a n ul o m a s. F urt h er m or e, tr a n s cri pt o mi c s a n d pr ot e o mi c s a n al y z e s i n di c at e d a

l o w f u n g al a cti vit y  wit hi n t h e gr a n ul o m a, a s d e m o n str at e d b y t h e d e cr e a s e d

e x pr e s si o n  of g e n e s a n d pr ot ei n s r el at e d t o e n er g y  m et a b oli s m a n d c ell c y cl e.
K E Y W O R D S

p ar a c o c ci di oi d o m y c o si s,  gr a n ul o m a, tr a n s cri pt o mi c,  pr ot e o mi c, f u n g al i nf e cti o n
I ntr o d u cti o n

P ar a c oc ci di oi d o m y c osis ( P C M) is a s yst e mic  m y c osis c h ar a ct eri z e d

b y gr a n ul o m at o us l esi o ns c a us e d b y t he t h er mi c all y di m or p hi c f u n g us

P ar ac occi di oi des br asilie nsis , P. l utzii a n d t h e r ec e ntl y d es cri be d P.

restre pie nsis, P. ve ne z uele nsis, a n d P. a meric a n a . P C M is restrict e d t o

L ati n  A meri c a c o u ntri es a n d h as a hi g h i nci d e n ce i n Br a zil,  V e n ez u el a,

a n d  C ol o m bi a ( M o nte ne gr o a n d Fr a nc o, 1 9 9 4 ; T urissi ni et al., 2 0 1 7 ). I n

Br a zil, P C M r a n g es fr o m 3, 3 6 0 t o 5, 6 0 0 c as es y e arl y, a n d r e pr es e nts t he

ei g ht h c a us e of d e at h a m o n g i nf e cti o us a n d p ar asiti c dis e as es.  T he

i nf e cti o n o c c urs aft er t h e i n h al ati o n of  m y c eli a fr a g m e nts or c o ni di a

t h at r e m ai ns as a l o c ali z e d b e ni g n l esi o n or e v ol v e as a n o v ert dis e as e.

T h e dis e as e  m ai nl y aff ects r ur al  w or ks a n d c a n pr o gr ess fr o m a pri m ar y

l esi o n or r e a cti v ati o n of a l at e nt p ul m o n ar y f o c us (M c E w e n et al., 1 9 8 7 ;

C o uti n h o et al., 2 0 1 5 ; d e  Oli v eir a et al., 2 0 1 6 ; M arti n e z, 2 0 1 7 ).

Gr a n ul o m as ar e i m p ort a nt i m m u n ol o gi c al str u ct ur es i n t h e

h ost d ef e ns e a g ai nst P. br asili e nsis (M o nt e n e gr o a n d Fr a n c o,

1 9 9 4 ).  T h e i nt er a cti o n  wit h t h e h ost tiss u e i niti all y tri g g ers a

c o n g esti v e- e x u d ati v e i n fl a m m at or y r e a cti o n  wit h a pr e d o mi n a nt

i nfl u x of n e utr o p hils. Pr o gr essi v el y, t h es e c ells ar e r e pl a c e d b y

m a cr o p h a g es,  w hi c h ar e arr a n g e d i n n o d ul es a n d  m ulti n u cl e at e d

gi a nt c ells,  m a n y of  w hi c h c o nt ai n f u n gi ( M o nt e n e gr o a n d Fr a n c o,

1 9 9 4 ).  Wit h t h e e v ol uti o n of t h e pr o c ess, e pit h eli oi d c ells ar e f o u n d

a n d, c o n c o mit a ntl y, l y m p h o pl as m a c yti c h al o f or ms.  T h e pr es e n c e

of a c e ntr al ar e a of s u p p ur ati o n is a c o m m o n fi n di n g as  w ell as

i nfl a m m at or y e x u d at e ri c h i n l y m p h o c yt es, pl as m a c ells, a n d

e o si n o p hil s p e r m e ati n g o r s u r r o u n di n g t h e g r a n ul o m at o u s

l esi o ns. Fi br osis of v ar yi n g i nt e nsit y is us u all y f o u n d ar o u n d t h e

gr a n ul o m a or ar e as of n e cr osis,  w hi c h ar e gr a d u all y r e pl a c e d b y

fi br o us s c ar tiss u e ( S a n- Bl as, 1 9 9 2 ; E g e n et al., 2 0 0 8 ).

Gr a n ul o m a f or m ati o n d e p e n ds o n t h e g e n eti cs of t h e h ost a n d

t h e vir ul e n c e f a ct ors of t h e f u n g us (S a n- Bl as, 1 9 9 2 ; C ali c h a n d

K as hi n o, 1 9 9 8 ; B o c c a et al., 2 0 1 3 ). St u di es  wit h gr a n ul o m as fr o m

t u b er c ul osis s h o w e d a r e d u c e d r e pli c ati o n of M yc o b a ct eri u m

t u b erc ul osis, a n d t h e i n d u c e d e x pr essi o n of g e n es r el at e d t o l o w

p H, o x y g e n d e pl eti o n, ir o n li mit ati o n, nitr os ati v e str ess, a n d

n utri e nt st ar v ati o n, r e v e ali n g n e w str ess- a d a pti v e g e n es ( Ti m m

et al., 2 0 0 3 ; T al a at et al., 2 0 0 7 ; G art o n et al., 2 0 0 8 ). I n t h e c o nt e xt

of P C M, a c h a n g e of e n vir o n m e nt ass o ci at e d  wit h i nf e cti o n r e q uir es

a n a d a pt ati o n of t h e f u n g al p at h o g e n ai mi n g t o s ur vi v e fr o m t h e

h ost i m m u n e r es p o ns e.  T his a d a pt ati o n pr o c ess i n v ol v es c h a n g es i n

t h e p att er n of g e n e e x pr essi o n,  m ai nl y of g e n es r el at e d t o vir ul e n c e
0 2
a n d p at h o g e ni cit y ( S a n- Bl as, 1 9 9 2 ; B o c c a et al., 2 0 1 3 ).  H o w e v er,

t h er e is n o i nf or m ati o n a b o ut  w hi c h p at h w a ys ar e  m o d ul at e d i n t h e

h ost a n d i n t h e f u n g us aft er t h e d e v el o p m e nt of gr a n ul o m at o us

p ul m o n a r y l e si o n s. I n c o nt r a st,  p r e vi o u s P. b r a sili e n si s

t r a n s c ri pt o mi c s a n d p r ot e o mi c s st u di e s r e v e al e d p ot e nti al

vir ul e n c e f a ct ors  w h e n y e asts  w er e r e c o v er e d fr o m h e p ati c l esi o ns

of  mi c e ( C ost a et al., 2 0 0 7 ). I n t h es e st u di es, a hi g h d e gr e e of

vir ul e n c e  w as c orr el at e d  wit h a n i n cr e as e i n t h e e x pr essi o n of g e n es

i n v ol v e d i n t h e gl y o x yl at e c y cl e, nitr o g e n  m et a b olis m, a n d li pi d

bi os y nt h esis ( C ost a et al., 2 0 0 7 ). I n a n ot h er i n vi v o ass a y, aft er 6

h o urs of i nf e cti o n, y e asts h a d i n cr e as e d g e n e a n d pr ot ei n e x pr essi o n

f or b - o xi d ati o n, gl y o x yl at e c y cl e, p e nt os e- p h os p h at e p at h w a y, a n d

o xi d ati v e str ess d ef e ns e ( L a c er d a Pi g oss o et al., 2 0 1 7 ).

H er e, a tr a ns cri pt o mi c a p pr o a c h  w as p erf or m e d b y usi n g a

d u al - R N A s e q a s s a y f r o m  R N A e xt r a ct e d f r o m p ul m o n a r y

gr a n ul o m at o us l esi o ns of  mi c e 8- a n d 1 2- w e e ks p ost-i nf e cti o n

wit h P. br asili e nsis .  W e als o c arr y o ut pr ot e o mi c a n al ysis of y e asts

is ol at e d fr o m t h es e l esi o ns a n d fr o m y e asts t h at  w er e c ulti v at e d aft er

r e c o v er y fr o m l esi o ns.  O ur d at a s u g g est e d a n a cti v e a n d r e g ul at e d

h ost i m m u n e i n n at e r es p o ns e,  wit h el e v at e d e x pr essi o n of g e n es

t h at  w er e n ot pr e vi o usl y d es cri b e d i n P C M, s u c h as Pt x 3, L c n 2,

Cl e c 4 a 2,  w h e n c o m p a r e d  wit h h e alt h y, u ni nf e ct e d l u n g s.

F u rt h e r m o r e, o u r d at a i n di c at e d p r o mi n e nt  T h 1 a n d  T h 1 7

r es p o ns es ti g htl y r e g ul at e d b y c h e c k p oi nt i n hi biti o n  m ol e c ul es.

A d diti o n all y, t h er e is a n i n di c ati o n t h at ir o n is a  m aj or pl a y er i n

t h e c hr o ni c  m uri n e P C M gr a n ul o m a,  w h er e t h e r e pr essi o n of t h e

f u n g us e n er g y  m et a b olis m o c c u rs al o n g  wit h a n i n cr e as e i n

si d e r o p h o r e s y nt h e si s f o r i r o n u pt a k e, r e v e ali n g vi r ul e n c e

m e c h a nis ms t h at h a v e n e v er b e e n d es cri b e d i n f u n g al gr a n ul o m as.
M at eri al s a n d  m et h o d s

Et hi c s st at e m e nt

All t h e e x p eri m e nts  w er e p erf or m e d i n stri ct a c c or d a n c e  wit h

t h e Br a zili a n F e d er al L a w 1 1, 7 9 4 est a blis hi n g pr o c e d ur es f or t h e

s ci e ntifi c us e of a ni m als, a n d t h e St at e L a w est a blis hi n g t h e  A ni m al

Pr ot e cti o n  C o d e of t h e St at e of S ã o P a ul o.  All eff orts  w er e  m a d e t o

mi ni mi z e a ni m al s uff eri n g.  T h e pr o c e d ur es  w er e a p pr o v e d b y t h e

Et hi cs  C o m mitt e e o n  A ni m al E x p eri m e nts of t h e F e d er al  U ni v ersit y

of S ã o P a ul o ( N° 9 5 9 6 2 7 0 9 1 9).
fr o nti er si n. or g
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A ni m al s

8 t o 1 2  w e e ks ol d  m al e  C 5 7 B L/ 6  mi c e o bt ai n e d fr o m t h e  C e nt er

f or t h e  D e v el o p m e nt of E x p eri m e nt al  M o d els f or Bi ol o g y a n d

M e di ci n e ( C E D E M E- U NI F E S P) a n d br e d as s p e ci fi c p at h o g e n-

fr e e  mi c e i n t h e a ni m al f a cilit y of t h e I nstit ut e of S ci e n c e a n d

T e c h n ol o g y at  U NI F E S P  w er e us e d t hr o u g h o ut t his st u d y.
P ar a c o c ci di oi d e s  br a sili e n si s

T h e vir ul e nt str ai n P b 1 8 of t h e f u n g us P. br asili e nsis w as us e d

a n d  m ai nt ai n e d b y  w e e kl y s u b- c ulti v ati o n i n a s e mi-s oli d  m e di u m

of F a v a  N ett o ( N ett o, 1 9 5 5 ) at 3 7° C.  T h e f u n g us  w as c oll e ct e d a n d

w as h e d  wit h p h os p h at e- b uff er e d s ali n e ( P B S, p H 7. 4).  T h e n u m b er

of y e asts  w as e v al u at e d usi n g a h e m o c yt o m et er a n d t h eir vi a bilit y

w as d et er mi n e d usi n g t h e J a n us- Gr e e n vit al d y e.  All pr o c e d ur es

w er e p erf or m e d  wit h f u n g al s us p e nsi o n  wit h vi a bilit y gr e at er

t h a n 9 5 %.
I nf e cti o n  of  mi c e

G r o u p s of  C 5 7 B L/ 6  W T  mi c e  w e r e a n e st h eti z e d  wit h

i nt r a p e rit o n e al (i p.) i nj e cti o n of k et a mi n e ( 9 0  m g/ k g) a n d

x yl a zi n e ( 1 0  m g/ k g) a n d s u bj e ct e d t o i ntr atr a c h e al (I T.) i nf e cti o n

as pr e vi o usl y d es cri b e d ( C a n o et al., 1 9 9 5 ). Bri efl y, aft er a n est h esi a

t h e a ni m als  w er e i nf e ct e d  wit h 1 x 1 06 y e asts of P. br asili e nsis

c o nt ai n e d i n 5 0 m L of P B S b y s ur gi c al (I T.) i n o c ul ati o n, all o wi n g t h e

dir e ct dis p e ns e of t h e y e asts i nt o t h e l u n gs.  Aft er t h e i nf e cti o n t h e

e x p eri m e nts  w er e p erf or m e d as s h o w e d i n Fi g ur e 1 .
Hi st ol o gi c al a n al y si s a n d c ol o n y -f or mi n g
u nit a s s a y s

T o a n al y z e t h e hist o p at h ol o g y of t h e i nf e ct e d l u n gs, gr o u ps of 3-

4 a ni m als  wit h t w o, si x, ei g ht a n d t w el v e  w e e ks of i nf e cti o n  w er e

e ut h a ni z e d  wit h x yl a zi n e ( 3 0  m g/ k g) a n d k et a mi n e ( 1 8 0  m g/ k g) a n d

t h e r e m o v e d l u n gs  w er e st or e d i n 1 0 % f or m al d e h y d e at 4 ° C.

S e cti o ns of 5 µ m  w er e st ai n e d  wit h  H e m at o x yli n- E osi n ( H & E) f or

a n al ysis of l esi o ns a n d st ai n e d  wit h  Gr o c ott f or f u n g al e v al u ati o n.

T h e a n at o m y of t h e l esi o n  w a s a n al y z e d a c c o r di n g t o si z e,

m or p h ol o g y, a n d pr es e n c e of f u n gi.  T h e  m e as ur e m e nt of t h e ar e a

of t h e l esi o ns  w as p erf or m e d usi n g t h e L ei c a  D M 7 5 0  mi cr os c o p e

a n d t h e L ei c a  A p pli c ati o n S uit e  V 4. 8 s oft w ar e, t h us all o wi n g t h e

o bs er v ati o n of t h e est a blis h m e nt of t h e gr a n ul o m a t hr o u g h ti m e.  T o

e v al u at e t h e f u n g al l o a d a c ol o n y-f or mi n g u nit ( C F U) ass a y  w as

p erf or m e d. Bri e fl y, t h e gr a n ul o m at o us l esi o ns  w er e s e p ar at e d fr o m

t h e a p p ar e ntl y h e alt h y r e gi o ns  wit h t h e h el p of a s c al p el, a n d t h e

ti s s u e  w a s  m a c e r at e d  wit h a  D o u c e r.  T h e n, t h e c ell s  w e r e

c e ntrif u g e d at 1, 2 0 0 x g f or 1 0  mi n ut es a n d t h e s u p er n at a nt  w as

dis c ar d e d.  T h e p ell et  w as r es us p e n d e d i n 1  m L b ef or e c ulti v ati o n of

t h e y e asts i n B HI.  T h e c ol o ni es  w er e c o u nt e d d ail y.
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 0 3
Gr a n ul o m at o u s l e si o n s e xtr a cti o n a n d
y e a st r e c o v er y

Aft er ei g ht a n d t w el v e  w e e ks of i nf e cti o n, 3 i n d e p e n d e nt gr o u ps

wit h 2- 4 a ni m als  w er e e ut h a ni z e d, t h e l u n gs  w er e r e m o v e d, a n d t h e

gr a n ul o m at o us l esi o ns  w er e s e p ar at e d fr o m t h e a p p ar e ntl y h e alt h y

l u n g r e gi o ns  wit h t h e h el p of a s c al p el. F or t h e tr a ns cri pt o mi cs

a n al ysis t h e e ntir e gr a n ul o m as w er e fr o z e n b ef or e t h e R N A

e xtr a cti o n. F or t h e pr ot e o mi c a n al y z es of y e asts pr es e nt i n t h e

g r a n ul o m a s, t h e l e si o n s  w e r e e n z y m ati c all y di g e st e d  wit h

c oll a g e n as e ( 2  m g/ m L) f or 4 0  mi n ut es at 3 7° C, as pr e vi o usl y

d es cri b e d ( Li n d ell et al., 2 0 0 6 ).  T h e di g est e d tiss u e  w as g e ntl y

m a c er at e d  wit h a  D o u c er a n d t h e n c e ntrif u g e d at 1, 2 0 0 x g f or 1 0

mi n ut es.  T h e s u p er n at a nt  w as dis c ar d e d, a n d t h e p ell et r es us p e n d e d

i n 2  m L of distill e d  w at er.  T h e n 1  m L of t his s us p e nsi o n  w as

dis p e ns e d i n t w o diff er e nt P etri dis h es, a n d t h e v ol u m e c o m pl et e d

wit h 4  m L of distill e d  w at er.  T h e dis h es  w er e i n c u b at e d at 3 7 ° C f or

1 h t o l ys e t h e  m o us e c ells.  T h e s us p e nsi o n  w as t h e n c e ntrif u g e d

( 1, 2 0 0 x g, 1 0  mi n ut es) a n d t h e s u p er n at a nt dis c ar d e d, r e m ai ni n g

o nl y f u n gi c ells i n t h e t u b e.  T o e v al u at e t h e vir ul e n c e a n d t h e

pr ot ei ns e x pr ess e d b y y e asts r e c o v er e d fr o m gr a n ul o m as, t h es e

l esi o ns  w er e  m a c er at e d  wit h a  D o u c er, c e ntrif u g e d ( 1, 2 0 0 x g, 1 0

mi n ut es) a n d t h e n p ell et r es us p e n d e d i n P h os p h at e- b uff er e d s ali n e

( P B S).  T h e r e c o v er e d y e asts  w er e c ulti v at e d i n B HI f or 5 d a ys b ef or e

c ulti v ati o n i n F a v a  N ett o  m e di u m f or 7 d a ys (r e c o v er e d y e ast).  T h e

c ulti v ati o n of t h e y e asts i n B HI b ef or e c ulti v ati o n i n F a v a  N ett o

m e di u m is n e c ess ar y b e c a us e t h er e is gr o wt h f a ct or i n t h e B HI

c o m p ositi o n,  w hi c h is ess e nti al f or f u n g al gr o wt h aft er r e c o v er y

fr o m t h e l esi o ns.
M ort alit y r at e

T o e v al u at e t h e vir ul e n c e of c ulti v at e d y e asts r e c o v er e d fr o m

gr a n ul o m as ( e x p eri m e nt al gr o u p) i n c o m p aris o n t o t h e y e asts us e d

i n t h e ori gi n al i n o c ul ati o n ( c o ntr ol gr o u p), a gr o u p of si x  C 5 7 B L/ 6

W T  mi c e I T. i nf e ct e d  wit h t h e r e c o v er e d f u n g us a n d a n ot h er gr o u p

of 6  mi c e  w as i nf e ct e d  wit h t h e c o ntr ol f u n g us.  D e at hs  w er e

r e c or d e d d ail y.  T h e L o g-r a n k t est ( M a nt el- C o x)  w as us e d f or t h e

s ur vi v al c ur v e.
T ot al  R N A e xtr a cti o n

Fr o z e n gr a n ul o m at o us l esi o ns  w er e fi rst  m a c er at e d  wit h t h e

h el p of a p estl e a n d p ot.  T o pr o c e e d  wit h t ot al  R N A e xtr ati o n,

T RI z ol L S ( T h er m o S ci e nti fi c)  w as us e d a c c or di n g t o t h e pr ot o c ol

d es cri b e d b y Pis u et al., 2 0 2 0 . F or t h e c o ntr ol l u n g  w as us e d

u ni nf e ct e d h e alt h y l u n gs,  w hil e f or t h e c o ntr ol y e asts  w as us e d

t h e ori gi n al y e ast s us p e nsi o n us e d i n t h e i nf e cti o n.  T h e c o ntr ol l u n g

a n d c o ntr ol f u n g us  w er e  m e c h a ni c al l ys e d  wit h p estl e a n d p ot a n d

zir c o ni u m b e a ds, r es p e cti v el y, f oll o w e d b y  R N A e xtr a cti o n  wit h

T RI z ol L S ( T h er m o S ci e nti fi c) a c c or di n g t o t h e  m a n uf a ct ur er ’s

pr ot o c ol.  Aft er  R N A e xtr a cti o n, t h e  D N A  w as di g est e d  wit h
fr o nti er si n. or g
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R n as e-fr e e  D n as e ( R Q 1  R n as e- Fr e e  D n as e, Pr o m e g a  C or p or ati o n)

i n t h e pr es e n c e of t h e ri b o n u cl e as e i n hi bit or  R n asi n® ( Pr o m e g a

C or p or ati o n).  T h e p uri fi c ati o n  w as d o n e  wit h t h e a d diti o n of 1

v ol u m e of p h e n ol: c hl or of or m ( 1: 1), f oll o w e d b y 1 0 0 % et h a n ol: 3 M

s o di u m a c et at e ( 1 0: 1)  R N A pr e ci pit ati o n.  R N A i nt e grit y  w as

v eri fi e d  wit h a 2 1 0 0 Bi o a n al y z er ( A gil e nt) a n d  R N A 6 0 0 0  N a n o

Kit ( A gil e nt).
c D N A  pr e p ar ati o n, s e q u e n ci n g,
a n d ali g n m e nt

First, r R N A  w as d e pl et e d usi n g t h e  Ri b o Mi n us ™ E u k ar y ot e  Kit

f o r  R N A- S e q ( T h e r m o S ci e ntifi c).  T h e n, c D N A li b r a r y  w a s

s y nt h esi z e d u si n g t h e  N E B N e xt ® Ultr a II  Dir e cti o n al  R N A

Li br ar y Pr e p  Kit f or Ill u mi n a ® ( N e w E n gl a n d Bi o L a bs) a n d t h e

N E B N e xt  M ulti pl e x oli g os  E 7 3 3 5 a n d  E 7 5 0 0 ( N e w  E n gl a n d

Bi o L a b s ).  T h e c D N A li b r a r y  w a s s e q u e n c e d i n t h e  N G S

e q ui p m e nt Br a zili a n Bi or e n e w a bl es  N ati o n al L a b or at or y ( L N B R),
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 0 4
p art of t h e Br a zili a n  C e ntr e f or  R es e ar c h i n E n er g y a n d  M at eri als

( C N P E M), a pri v at e n o n- pr ofi t or g a ni z ati o n u n d er t h e s u p er visi o n

of t h e Br a zili a n  Mi nistr y f or S ci e n c e,  T e c h n ol o g y, a n d I n n o v ati o ns

( M C TI).  B e c a us e t h er e is g e n eti c  m at eri al fr o m t w o diff er e nt

or g a nis ms i n t h e s a m pl e, t h es e r e a ds r ef er t o t w o diff er e nt

g e n o m es.  T h er ef or e,  w e c h os e t o ali g n a g ai nst a c hi m eri c g e n o m e

of P. br asili e nsis ( R efs e q a c c essi o n n u m b er  G C F _ 0 0 0 1 5 0 7 3 5. 1) a n d

M us  m usc ul us ( R efs e q a c c essi o n n u m b er  G C F _ 0 0 0 0 0 1 6 3 5. 2 7).

B o wti e 2  w as us e d i n t h e d ef a ult c o n fi g ur ati o n f or p air e d r e a ds,

b ut as it o nl y r et ur ns t h e b est p airi n g b y d ef a ult, t h e o ut p ut  m o d e

w as c h a n g e d t o r e p ort t h e b est 5 ali g n m e nts.
Y e a st  pr ot ei n e xtr a cti o n a n d
tr y p si n  di g e sti o n

Pr ot ei ns fr o m t he y e asts  w er e e xtr a ct e d usi n g t h e  Y e ast B ust er

Pr ot ei n E xtr a cti o n  R e a g e nt ( M er c k Milli p or e) a c c or di n g t o t h e

m a n uf a ct ur er ’s s p e cifi c ati o ns. B e n z o n as e  N u cl e as e ( M er c k Milli p or e),
FI G U R E 1

S c h e m ati c fi g ur e  of t h e e x p eri m e nt s.
fr o nti er si n. or g
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pr ot e as e i n hi bit ors ( Pr ot e as e I n hi bit or  C o c kt ail, Si g m a  Al dric h) a n d

p h os p h at as e i n hi bit ors ( P h o S T O P, Si g m a  Al dri c h)  w er e als o a d d e d t o

t h e b uff er. I n-s ol uti o n tr y psi n di g esti o n  w as p erf or m e d a c c or di n g t o

Kl eif el d et al., 2 0 1 1 wit h  m o di fi c ati o ns ( Kl eif el d et al., 2 0 1 1 ). Bri efl y, a

s ol uti o n of 6  M g u a ni di n e h y dr o c hl ori d e ( G u H Cl)  w as a d d e d t o a

s a m pl e of 1 0 0 m g of pr ot ei n fr o m e a c h c ell l ys at e t o a fi n al

c o n ce ntr ati o n of 3  M  G u H Cl, f oll o w e d b y t h e a d diti o n of 5  m M

dit hi ot hr eit ol ( D T T) ( fi n al c o n ce ntr ati o n).  T h e  mi xt ur e  w as i n c u b at e d

at 3 7° C f or 1 h. I o d o a c et a mi d e (I A A)  w as t h e n a d d e d t o a fi n al

c o n ce ntr ati o n of 1 5  m M a n d t h e s a m pl es  w er e i n c u b at e d f or 3 0  mi n at

r o o m t e m p er at ur e, i n t he d ar k.  T o q u e n c h t h e e x c ess of I A A,  D T T  w as

a d d e d t o a fi n al c o n c e ntr ati o n of 1 5  m M f oll o w e d b y t h e i n c u b ati o n of

s a m pl es f or 2 0  mi n at r o o m t e m p er at ur e.  Cl e a n- u p of s a m pl es  w as

p erf or m e d b y t h e a d diti o n of i c e- c ol d a c et o n e ( 8 v ol u m es) a n d

m et h a n ol ( 1 v ol u m e), f oll o w e d b y t h e i n c u b ati o n of s a m pl es f or 3 h

at - 8 0°  C.  Aft er c e ntrif u g ati o n at 1 4, 0 0 0 x g f or 1 0  mi n, pr ot ei n p ell ets

w er e  w as h e d t wi c e  wit h o n e v ol u m e of i c e c ol d  m et h a n ol a n d t h e n

r es ol u bili z e d  wit h  N a O H s ol uti o n (fi n al c o n c e ntr ati o n of 1 0  m M),

f oll o w e d b y t h e a d diti o n of  H E P E S b uff er (fi n al c o n c e ntr ati o n of 5 0

m M), p H 7. 5, t o a fi n al v ol u m e of 1 0 0 m L.  Tr y psi n ( Pr ot e o mi cs gr a d e;

Si g m a,  U S A)  w as a d d e d at 1: 1 0 0 r ati o ( e n z y m e/s u bstr at e) a n d pr ot ei n

s a m pl es  w er e i n c u b at e d at 3 7° C f or 1 8 h.

Tr y pti c p e pti d es  w er e d es alt e d usi n g  C- 1 8 c artri d g es S P E

E xtr a cti o n dis ks ( 3 M E m p or e T M), r es us p e n d e d i n 5 0 m L of 0. 1 %

f or mi c a ci d, q u a ntifi e d  wit h Pi er c e ™ Q u a ntit ati v e  C ol ori m etri c

P e pti d e  Ass a y ( T h er m o S ci e nti fi c) a n d st or e d at - 8 0°  C.
L C - M S / M S a n d  pr ot ei n i d e nti fi c ati o n

L C- M S/ M S  w as  m a d e usi n g t h e  T h er m o Fis h er  Q- E x a cti v e

m ass s p e ctr o m et er c o u pl e d t o a  Di o n e x  R S L C n a n o. L C gr a di e nts

r a n fr o m 4 % t o 3 5 % B o v er 2 h, a n d d at a  w er e c oll e ct e d usi n g a

T o p 1 5  m et h o d f or  M S/ M S s c a ns ( O' K e eff e et al., 2 0 1 4 ; D ol a n et al.,

2 0 1 7 ).  M a s s s p e ct r o m et ri c ( R AW) d at a  w e r e a n al y z e d  wit h

M a x Q u a nt s oft w ar e ( v ersi o n 2. 0. 3. 0).  A F als e  Dis c o v er y  R at e

( F D R) of 1 %  w as r e q uir e d f or b ot h pr ot ei n a n d p e pti d e-t o-

s p e ctr u m  m at c h i d e ntifi c ati o ns.  R a w d at a  w er e s e ar c h e d a g ai nst a

t ar g et d at a b as e r est ri ct e d t o t h e t a x o n o m y ‘P ar a c o c ci di oi d es

br asili e nsis ’ ( U ni Pr ot/ Pr ot e o m es -  U P 0 0 0 0 0 1 6 2 8; 8, 3 9 9 e ntri es).

T his d at a b as e  w as als o c o m bi n e d  wit h t h e s e q u e n c es of 2 4 5

c o m m o n c o nt a mi n a nt s a n d c o n c at e n at e d  wit h t h e r e v e r s e d

v ersi o ns of all s e q u e n c es. E n z y m e s p e ci fi cit y  w as s et t o tr y psi n

a n d  u p t o t w o  mi s s e d cl e a v a g e s  w e r e all o w e d; c y st ei n e

c ar b a mi d o m et h yl ati o n  w as s el e ct e d as fi x e d  m o di fi c ati o n  w h er e as

m et hi o ni n e o xi d ati o n, gl ut a mi n e/ as p ar a gi n e d e a mi d ati o n a n d

p r ot ei n  N -t e r mi n al a c et yl ati o n  w e r e s el e ct e d a s v a ri a bl e

m o di fi c ati o ns. P e pti d e i d e nti fi c ati o n  w as b as e d o n a s e ar c h  wit h

a n i niti al  m ass d e vi ati o n of t h e pr e c urs or i o n of 4. 5 p p m a n d t h e

fr a g m e nt  m ass t ol er a n c e  w as s et t o 2 0 p p m. L a b el-fr e e q u a ntit ati o n

w as p erf or m e d usi n g t h e  M a x L F Q al g orit h m ( C o x a n d  M a n n, 2 0 0 8 ;

C o x et al., 2 0 1 4 )  wit h t h e ‘r e- q u a ntif y’ f u n cti o n of  M a x Q u a nt

s oft w ar e e n a bl e d.  As is o bs er v e d fr o m c o m pl e x pr ot e o m es s u c h as

t h os e of v ert e br at es, p e pti d es c a n b e s h ar e d b et w e e n h o m ol o g o us

pr ot ei ns or s pli c e v ari a nts, l e a di n g t o “ pr ot ei n gr o u ps ” . F or e a c h
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 0 5
pr ot ei n gr o u p i n t h e  M a x Q u a nt ’s ‘pr ot ei n Gr o u ps.t xt ’ fi l e, t h e fi rst

pr ot ei n e ntr y  w as s el e ct e d as r e pr es e nt ati v e.
Diff er e nti all y e x pr e s s e d g e n e s a n d
pr ot ei n s a n al y si s

Tr a ns cri pt o mi c d at a  w er e n or m ali z e d b y l o g 2 a n d  Z-s c or e. F or

pr ot e o mi cs d at a, all t h e pr ot ei n i nt e nsit y v al u es  w er e l o g 2-

tr a nsf or m e d a n d q u a ntil e- n or m ali z e d usi n g t h e ‘pr e pr o c ess C or e ’

li br ar y i n  R s cri pti n g a n d st atisti c al e n vir o n m e nt (I h a k a a n d

G e ntl e m a n, 1 9 9 6 ; B olst a d et al., 2 0 0 3 ). St atisti c al a n al ys es  w er e

p erf or m e d usi n g t h e ‘li m m a’ p a c k a g e i n  R/ Bi o c o n d u ct or, usi n g

e B a y es f or gr a n ul o m a d at a a n d tr e at f or t h e r e c o v er e d y e ast

(G e ntl e m a n et al., 2 0 0 4 ; S m yt h, 2 0 0 4 ; Rit c hi e et al., 2 0 1 5 ).

Diff er e nti all y e x pr ess e d g e n es ( D E G) a n d pr ot ei ns a n al y z e d b y

e B a y es  w er e d eli mit e d b y a n a dj ust e d p- v al u e < 0, 0 5 a n d a c ut off

of |f ol d c h a n g e| > 1,  w h er e t h e p- v al u es  w er e a dj ust e d f or  m ulti pl e

t esti n g  wit h t h e B e nj a mi ni- H o c h b er g  m et h o d.  T h e d at a a n al y z e d b y

tr e at d o n’t n e e d a d eli mit ati o n, as s p e cifi e d i n t h e li m m a p a c k a g e

us er ’s g ui d e.  C orr el ati o ns b et w e e n r e pli c at es  w er e als o c al c ul at e d i n

R, usi n g P e ars o n c orr el ati o n c o ef fi ci e nt.  G e n es a n d pr ot ei ns t h at

w er e diff er e nti all y e x pr ess e d i n b ot h i nf e cti o n gr o u ps i n c o m p aris o n

t o t h e c o ntr ol gr o u p  w er e r e a n al y z e d b y p o oli n g t h e e x pr essi o n

v al u es f or 8 a n d 1 2  w e e ks, g e n er ati n g a n e w l o g ( F ol d c h a n g e) a n d

a dj ust e d  P- v al u e f or t h e dis e as e f or b ot h e x p eri m e nt al ti m e

p oi nts ( dis e as e).
F u n cti o n al a n al y si s

F or f u n cti o n pr e di cti o n,  K y ot o E n c y cl o p e di a of  G e n es a n d

G e n o m es ( K E G G) a n d  G e n e  O nt ol o g y ( G O) a n n ot ati o ns  w er e

t a k e n, as  w ell as e nri c h m e nt a n al y z es (As h b ur n er et al., 2 0 0 0 ;

K a n e hi s a a n d  G ot o, 2 0 0 0 ; K a n e hi s a, 2 0 1 9 ; G e n e  O nt ol o g y

C o ns orti u m, 2 0 2 1 ; K a n e his a et al., 2 0 2 3 ).  T h e P. br asili e nsis G e n e

O nt h ol o g y f u n cti o ns  w er e t a k e n fr o m F u n gi D B.  G e n e  O nt h ol o g y

e nri c h m e nt  w as p erf or m e d b y E nri c hr f or M us  m usc ul us , usi n g

d ef a ult s etti n gs ( C h e n et al., 2 0 1 3 ; K ul es h o v et al., 2 0 1 6 ; Xi e et al.,

2 0 2 1 ).  T h e P. b r asili e nsis m et a b oli c p at h w a y  w a s o bt ai n e d

fr o m  K E G G.
St ai ni n g  of  n e utr al li pi d s i n y e a st

F u n gi o bt ai n e d fr o m 8  w e e ks gr a n ul o m at o us l esi o ns, f u n gi

r e c o v er e d fr o m gr a n ul o m as a n d c o ntr ol f u n gi  w er e st ai n e d  wit h

Oil  R e d  O ( M er c k  Milli p or e) usi n g t h e  m a n uf a ct ur er ’s pr ot o c ol

wit h  mi n or  m o di fi c ati o ns. Bri e fl y, a 0. 5 % s ol uti o n of  Oil  R e d  O i n

is o pr o p a n ol  w as dil ut e d i n  w at er at a 3: 2 r ati o a n d i n c u b at e d at

r o o m t e m p er at ur e ( ~ 2 5° C) f or 1 h o ur.  Aft er t h at, t h e dil ut e d

s ol uti o n  w as fi lt er e d usi n g a 0. 2 2 m m fi lt er.  T h e c ells, pr e vi o usl y

fi x e d i n 1 0 % p a r af o r m al d e h y d e,  w e r e c e nt rif u g e d a n d t h e

s u p er n at a nt dis c ar d e d; t h e n, t h e fi lt er e d  Oil  R e d  O s ol uti o n  w as

a d d e d i n s uffi ci e nt q u a ntit y t o c o v er t h e f u n gi. St ai ni n g t o o k pl a c e

f or 2 h o urs at r o o m t e m p er at ur e. S u bs e q u e ntl y, t h e c ells  w er e
fr o nti er si n. or g
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w as h e d t wi c e  wit h ultr a p ur e  w at er a n d t h e n r es us p e n d e d i n P B S f or

a n al ysis o n a  mi cr os c o p e sli d e.  T h e p h ot os  w er e t a k e n usi n g t h e

L ei c a  D M 7 5 0  mi cr os c o p e a n d t h e L ei c a  A p pli c ati o n S uit e  V 4. 8

s oft w ar e, t h us all o wi n g t h e o bs er v ati o n of st ai n e d n e utr al li pi ds

i nsi d e t h e c ells.
S e c o n d ar y  m et a b olit e s e xtr a cti o n
a n d a n al y si s

L u n g gr a n ul o m a, c o ntr ol l u n g, c o ntr ol y e asts a n d r e c o v er e d

y e asts  w er e fr o z e n, a n d 1 0 0  m g of fr o z e n  m at eri al  w as  m a c er at e d

wit h t h e h el p of a p estl e a n d p ot.  T h e s e c o n d ar y  m et a b olit es

e xtr a cti o n  w as p erf or m e d  wit h 1  m L of  m et h a n ol ( 1 0 0 %;  H P L C

gr a d e), f oll o w e d b y s o ni c ati o n b at h f or 4 0  mi n ut es. F or s a m pl e

pr e p ar ati o n, 5 0 0 L of e a c h s a m pl e e xtr a ct  w er e fi lt er e d i n a 0. 2 2 m m

P T F E a n d dil ut e d t o 1  m L v ol u m e  wit h  H P L C- gr a d e  m et h a n ol. L C-

H R M S/ M S a n al ysis  w er e p erf or m e d i n p ositi v e i o ni z ati o n  m o d e i n

a  T h er m o S ci e nti fi c  Q E x a cti v e  H y bri d  Q u a dr u p ol e- Or bitr a p  M ass

S p e ctr o m et er,  wit h m/ z r a n g e of 1 0 0– 1 5 0 0, c a pill ar y v olt a g e at 3. 5

k V, s o ur c e t e m p er at ur e at 3 0 0° C a n d S-l e ns 5 0  V.  T h e st ati o n ar y

p h as e  w as a  T h er m o S ci e nti fi c  A c c u c or e  C 1 8 2. 6 m m ( 2. 1  m m x

1 0 0  m m) c ol u m n.  M o bil e p h as e c o m p ositi o n  w as a gr a di e nt of

f or mi c a ci d ( A) a n d a c et o nitril e ( B). El u e nt pr ofi l e ( A/ B  %): 9 5/ 5 f or

5  mi n ut es, u p t o 6 0/ 4 0  wit hi n 5  mi n ut es, u p t o 5 5/ 4 5  wit hi n 2

mi n ut es, u p t o 2/ 9 8 f or 6  mi n ut es,  m ai nt a ni n g 2/ 9 8 f or 2  mi n ut es,

d o w n t o 9 5/ 5  wit hi n 2  mi n ut es,  m ai nt a ni n g 9 5/ 5 f or 2  mi n ut es.

T ot al r u n ti m e  w as 2 4  mi n ut es f or e a c h s a m pl e r u n a n d fl o w r at e

w as 4 0 0 µ L/ mi n. I nj e cti o n v ol u m e  w as 5 m L.  M S s p e ctr a  w er e

a c q uir e d  wit h m/ z r a n g es fr o m 1 0 0 t o 1 5 0 0,  wit h 7 0 0 0 0  m ass

r es ol uti o n at 2 0 0  D a.  M S 2 s p e ctr a  w er e a c q uir e d i n d at a- d e p e n d e nt

a c q uisiti o n ( D D A)  m o d e.  N or m ali z e d c ollisi o n e n er g y  w as a p pli e d

st e p wis e ( 2 0, 3 0 a n d 4 0), a n d t h e 5  m ost i nt e ns e pr e c urs ors p er c y cl e

w er e fr a g m e nt e d  wit h 1 7 5 0 0 r es ol uti o ns at 2 0 0  D a. S p e ctr a d at a

w er e pr o c ess e d  wit h  X c ali b ur s oft w ar e ( v ersi o n 3. 0. 6 3) d e v el o p e d

b y  T h er m o Fis h er S ci e nti fi c.  C o m p o u n d F erri cr o ci n  w as a n n ot at e d

b as e d o n its e x a ct  m ass a n d  M S/ M S fr a g m e nt ati o n p att er n.
R T - q P C R

T he t ot al  R N A e xtr a ct e d fr o m gr a n ul o m as  w as s u bj ect e d t o r e v ers e

t r a n s c ri pt a s e u si n g I m P r o m-II ( P r o m e g a) a c c o r di n g t o t h e

m a n uf a ct ur er ’s i nstr ucti o ns.  T h e s y nt h esi z e d c D N A  w as us e d f or

r e al-ti m e P C R a n al ysis usi n g th e S Y B R gr e e n P C R  m ast er  mi x kit

( A p pli e d Bi os yst e ms) o n t h e  A BI 7 5 0 0 F ast r e al-ti m e P C R s yst e m

( A p pli e d Bi os yst e ms, F ost er  Cit y,  C A,  U S A). F or t h e M.  m usc ul us ,

Us p 9 x  w as us e d as n or m ali z er,  w hil e f or t h e P. br asilie nsis , p yr u v ate

d e c ar b o x yl as e ( P A D G _ 0 0 7 1 4)  w as e m pl o y e d.  T he g e nes a n d pri m ers

us e d f or  R N A-s e q v ali d ati o n ar e list e d i n S u p pl e m e nt ar y  T a bl e 1 .
St ati sti c al a n al y si s

F or st atisti c al a n al ys es, t h e  m e a n ± st a n d ar d d e vi ati o n/st a n d ar d

err or  w as c o m p ar e d. F or c o m p aris o n b et w e e n t w o gr o u ps, a n
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 0 6
u n p air e d St u d e nt ’s t-t est  w as p erf or m e d,  w hil e f or  m ulti pl e

a n al ys es, a o n e- w a y  A N O V A  w a s c o n d u ct e d  wit h  B o nf err o ni

c orr e cti o n.  T h e l e v el of si g ni fi c a n c e  w as s et at p < 0. 0 5.  T h e L o g-

r a n k t est ( M a nt el- C o x)  w as e m pl o y e d f or s ur vi v al c ur v e a n al ysis,

f or c o m p aris o n b et w e e n t w o gr o u ps.
R e s ult s

T h e gr a n ul o m a i s  w ell - e st a bli s h e d aft er  8
w e e k s  of i nf e cti o n

C 5 7 B L/ 6  mi c e  w er e i nf e ct e d  wit h 1 x 1 0 6 P. br asili e nsis y e asts vi a

I T. r o ut e.  Hist ol o gi c al s e cti o ns of t w o, si x, ei g ht a n d, t w el v e  w e e ks of

i nf e cti o n i n di c at e d t h at ei g ht a n d t w el v e  w e e ks of i nf e cti o n ar e t h e

m ost a d e q u at e ti m e p oi nts t o o bt ai n c hr o ni c gr a n ul o m at o us l esi o ns

c o nsi d eri n g t h e l esi o ns or g a ni z ati o n a n d l u n g ar e a o c c u pi e d

(Fi g ur es 2 A , B ).

T o e v al u at e t h e f u n g al l o a d a  C F U ass a y  w as p erf or m e d  wit h t h e

gr a n ul o m at o us l esi o ns a n d t h e a p p ar e ntl y h e alt h y l u n g tiss u e.  As it

c a n b e s e e n, a p pr o xi m at el y 9 0 % of t h e y e asts pr es e nt i n t h e l u n g ar e

wit hi n t h e gr a n ul o m at o us l esi o ns,  w h er e as 1 0 % ar e pr es e nt i n t h e

a p p ar e ntl y h e alt h y l u n g tiss u es ( S u p pl e m e nt ar y Fi g ur e 1 ).  T h us, all

r es ults fr o m t h e gr a n ul o m at o us l esi o ns c o m pris e 9 0 % of y e asts

pr es e nt i n t h e l u n gs.
M uri n e tr a n s cri pti o n al  pr o fi li n g  of
p ul m o n ar y gr a n ul o m at o u s l e si o n s r e v e al s
n e w  pl a y er s i n  P C M  h o st i m m u n e r e s p o n s e

A n al ysis of h osts ’ l u n g tr a ns cri pti o n al pr ofi l e c o m p ari n g 8-

w e e ks i nf e ct e d l u n gs t o n o n-i nf e ct e d l u n gs s h o w 5 6 3 tr a ns cri pts

u pr e g ul at e d a n d 1 3 1  wit h d o w nr e g ul at e d,  w hil e l u n gs fr o m 1 2-

w e e ks i nf e cti o n dis pl a y 5 0 9 u p- a n d 1 3 6 d o w nr e g ul at e d g e n es

(Fi g ur es 3 A – C ). F u n cti o n al a n al ysis of t h e h ost ’s tr a ns cri pts

w h os e a b u n d a n c e i n cr e as e d d uri n g P. br asili e nsis i nf e cti o n usi n g

K E G G,  G O a n d P a nt h er d at a b as es i d e nti fi e d tr a ns cri pts e n c o n di g

P att er n  R e c o g niti o n  R e c e pt ors ( P R Rs) a n d ot h er r e c e pt ors t h at ar e

r el at e d t o a nti g e n pr es e nt ati o n, s u c h as  C D 6 8, Pt x 3 ( P e ntr a xi n-

r el at e d pr ot ei n P T X 3),  Cl e c 4 a 2 ( C-t y p e l e cti n d o m ai n f a mil y 4

m e m b er  A 2),  Cl e c 4 d ( C-t y p e l e cti n d o m ai n f a mil y 4  m e m b er  D),

Cl e c 4 n ( C-t y p e l e cti n d o m ai n f a mil y 4  m e m b er  N),  Cl e c 7 a ( C-t y p e

l e cti n d o m ai n f a mil y 7  m e m b er  A),  T L R 1 3 (t oll-li k e r e c e pt or 1 3),

T L R 2 (t oll-li k e r e c e pt or 2), a n d  H 2- M 2 g e n e ( Hist o c o m p ati bilit y 2,

M r e gi o n l o c us 2) ( Fi g ur e 3 D ; T a bl e 1 ). Li k e wis e, tr a ns cri pts of

s o m e c yt o ki n e s s u c h a s I L- 1 a , I L- 1b , T N F a n d I F N-g a n d

c h e m o ki n e s ( C X C L 2,  C X C L 9,  C X C L 5,  C C L 8,  C C L 7,  C C L 9,

C C L 2 0,  C X C L 1,  C C 2 0,  C X C L 1 0,  C C L 6,  C C L 4 a n d  C X C L 1 3)

w er e als o i n cr e as e d i n gr a n ul o m at o us h ost c ells.  T h e a b u n d a n c e

of tr a ns cri pts r el at e d t o c ell a cti v ati o n a n d c h e m ot a xis f u n cti o ns

( w hi c h ar e n ot c h e m o ki n es)  w er e als o f o u n d i n t h e dis e as e, s u c h as

C d 1 7 7 a n d  Tr e m 1 (tri g g eri n g r e c e pt or e x pr ess e d o n  m y el oi d c ells

1),  Tr e m 3 (tri g g eri n g r e c e pt or e x pr ess e d o n  m y el oi d c ells 3) a n d

G pr 1 5 ( G pr ot ei n- c o u pl e d r e c e p t or 1 5).  Tr a ns cri pts f or pr o-

i nfl a m m at or y pr ot ei ns  w er e als o i d e nti fi e d as  m or e a b u n d a nt i n
fr o nti er si n. or g
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i nf e ct e d l u n gs, s u c h as  N os 2 ( nitri c- o xi d e s y nt h as e),  G b p 2 b

( G u a n yl at e- bi n di n g pr ot ei n 2 b),  C d 3 0 0l d ( C M R F 3 5-li k e  m ol e c ul e

5),  Cf b,  C 1 q b,  C 3 ar 1, a n d  C 1 q c.  Tr a ns cri pts f or i m m u n e r e g ul at or y

pr ot ei ns, s u c h as  Ar g 1 ( ar gi n as e- 1), Il 1r n (I L- 1 r e c e pt or a nt a g o nist),

C T L A 4 ( c yt ot o xi c  T-l y m p h o c yt e- ass o ci at e d pr ot ei n 4) a n d, P d c d 1

( pr o gr a m m e d c ell d e at h pr ot ei n 1), as  w ell as g e n es r el at e d t o tiss u e

r e p air ( m atri x  m et all o pr ot ei n as e- 1 2 ( M m p 1 2) a n d c oll a g e n as e 3

( M m p 1 3)  w er e als o f o u n d i n hi g h er l e v els  w h e n c o m p ar e d t o

tr a ns cri pts i n n aï v e l u n g c o ntr ol.  A d diti o n all y, a hi g h n u m b er of

tr a ns cri pts r el at e d t o a nti b o d y c h ai ns  w er e als o i d e ntifi e d as  m or e

e x pr ess e d i n t h e f u n g al gr a n ul o m a.  T a k e n t o g et h er, t h es e d at a p oi nt

t o a pr o mi n e nt a n d hi g hl y r e g ul at e d  T h 1 r es p o ns e i n a d diti o n t o t h e

pr o d u cti o n of a nti b o di es b y t h e h ost i m m u n e s yst e m.

Tr a ns cri pts t o I L- 1 7 a n d I L- 2 1  w er e f o u n d e x cl usi v el y i n

gr a n ul o m as fr o m i nf e ct e d a ni m als, as  w ell as s o m e tr a ns cri pts r el at e d

t o P R Rs (t h e  C-t y p e l e cti n d o m ai n f a mil y 6  me m b er  A a n d t h e C D 2 0 9

a nti g e n-li k e pr ot ei n E), s e v er al v ari a bl e p orti o ns of  T c ell r e c e pt ors,

m y el o p er o xi d as e a n d g e n es r el at e d t o t h e r e g ul ati o n of t h e i m m u n e

r es p o ns e a n d tiss u e r e p air ( M atri x  m et all o pr ot ei n as e- 1,  M atri x

m et all o pr ot ei n as e- 7) ( S u p pl e m e nt ar y Fi g ur e 2 ), i n di c ati n g a  T h 1 7

r es p o ns e i n t he gr a n ul o m a.  T o g et h er  wit h t h e e nri c h m e nt a n al ysis

w h er e a  T h 1 7-r el at e d r es p o ns e  w as p r es e nt i n hi g h er a b u n d a n c e i n t h e

l u n g gr a n ul o m a  w h e n c o m p ar e d t o u ninf e ct e d l u n gs, t h e tr a ns cri pts
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 0 7
pr o fi l e e x cl usi v el y f o un d i n o ur a n al ysis ( S u p pl e m e nt ar y  T a bl e 5 )

s u p p ort t h at t h e s us c e pti bilit y of t h e  mi c e li n a g e us e d i n t his  w or k

mi g ht b e a  T h 1 7 r es p o ns e.  N ot o nl y tr a ns cri pts f or i m m u n e r es p o ns e

pr ot ei ns  w er e u pr e g ul at e d  wit hi n t h e gr a n ul o m a, b ut als o tr a ns cri pts

f or e n z y m es r el at e d t o li pi d  m eta b olis m s u c h as Pl a 2 g 7 ( pl at el et-

acti v ati n g f a ct or a c et yl h y dr ol as e),  Gl a ( al p h a- g al a ct osi d as e) a n d Pl a 1 a

( p h os p h ati d yls eri n e s n- 1 a c yl h y dr ol as e), as  w ell as g e n es r el at e d t o

pr ot ei n r e g ul ati o n ( Ctss,  Cts k, Stlf a 2l 1, stf a 2, stf a 1,  Cst d c 6,  Cst a 2,  Cst b,

Ser pi n a 3 g, S er pi n a 3 h a n d S er pi n a 3f) a n d c ell c y cl e/ cell d e at h r e g ul ati o n

( B cl 2 a 1 b, B cl 2 a 1 c, B cl 2 a 1 d a n d B cl 2 a 1 a).

I n c o nt r a st, g e n e s i n v ol v e d i n  m u s cl e o r g a ni z ati o n a n d

c o ntr a cti o n, s u c h as  m y osi n a n d tr o p o ni n, n er v o us s yst e m, a cti o n

p ot e nti al a n d or g a n o g e n esis ( S h a n k 3, Sl c 7 a 1 0, Sl c 1 7 a 7,  K c n a 1,

K c n h 2 a n d S o x 1 1)  w er e d o w n-r e g ul at e d ( Fi g ur e 3 E ; T a bl e 1 ).  T h e

r e pr essi o n of t h es e g e n es  m a y b e r el at e d t o i m p air e d l u n g f u n cti o n

wit hi n t h e gr a n ul o m a si n c e i m m u n e c ells ar e e x p e ct e d t o b e l o c at e d

t h er e, a n d as s e e n fr o m Fi g ur e 2 A t h er e ar e l ess n or m al l u n g tiss u e

pr es e nt. I nt er esti n gl y, li pi d  m et a b olis m  w as als o i d e nti fi e d a m o n g

r e pr ess e d g e n es, as f or e x a m pl e, [ C y p 1 a 1 ( c yt o c hr o m e P 4 5 0 f a mil y

1 s u bf a mil y  A 1), Pli n 1 ( p erili pi n- 1),  T hrs p (t h yr oi d h or m o n e

r es p o nsi v e)].  C uri o usl y,  H e p ci di n ( H a m p), a g e n e r el at e d t o t h e

n e g ati v e r e g ul ati o n of ir o n a v ail a bilit y  w as als o d o w nr e g ul at e d i n

t h e gr a n ul o m at o us l esi o ns.
B

A

FI G U R E 2

E st a bli s h m e nt  of gr a n ul o m a.  Gr o u p s  of f o ur  C 5 7 B L/ 6  mi c e  w er e i nf e ct e d b y t h e I T. r o ut e  wit h 1  × 1 0 6 P.  br a sili e n si s y e a st s c o nt ai n e d i n 5 0  μ L  of

P B S.  Aft er t w o ( 2 W), si x ( 6 W), ei g ht ( 8 W) a n d t w el v e ( 1 2 W)  w e e k s  of i nf e cti o n, t h e a ni m al s  w er e e ut h a ni z e d a n d t h e l u n g s r e m o v e d,  w hi c h  w er e

st or e d i n 1 0 % f or m al d e h y d e at  4 ° C. S e cti o n s  of 5  μ m  w er e st ai n e d  wit h  H e m at o x yli n - E o si n ( H & E; pi n k) f or a n al y si s  of l e si o n s a n d st ai n e d  wit h

Gr o c ott ( gr e e n) f or f u n g al e v al u ati o n ( A). T h e a n at o m y  of t h e l e si o n  w a s a n al y z e d a c c or di n g t o si z e,  m or p h ol o g y a n d pr e s e n c e  of f u n gi. T h e i m a g e

a n d t h e l e si o n ar e a c al c ul ati o n  w er e t a k e n u si n g t h e L ei c a  D M 7 5 0  mi cr o s c o p e a n d t h e L ei c a  A p pli c ati o n S uit e  V 4. 8 s oft w ar e. St ati sti c al a n al y si s  w a s

p erf or m e d u si n g  o n e - w a y  A N O V A.  B ar s r e pr e s e nt  m e a n s  ± st a n d ar d err or  of l e si o n ar e a ( μ m²)  of gr o u p s  of t hr e e  mi c e ( B) * * p < 0. 0 1.
fr o nti er si n. or g
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B

C

D

E

A

FI G U R E 3

M uri n e tr a n s cri pti o n al pr o fi li n g  of p ul m o n ar y gr a n ul o m at o u s l e si o n s r e v e al s n e w pl a y er s i n  P C M h o st i m m u n e r e s p o n s e.  Gr a n ul o m at o u s l e si o n s

w er e e xtr a ct e d fr o m t w o t o f o ur  mi c e fr o m t hr e e i n d e p e n d e nt i nf e cti o n s at ei g ht  w e e k s ( 8 W) a n d t w el v e  w e e k s ( 1 2 W) aft er b ei n g i nf e ct e d  wit h 1 x

1 0 6 P.  br a sili e n si s y e a st s. T h e n, e xtr a cti o n  of t ot al  R N A, r e m o v al  of r R N A, a n d a s s e m bl y  of c D N A li br ari e s  w er e p erf or m e d. T h e s a m pl e s  w er e

s e q u e n c e d a n d t h e fr a g m e nt s ali g n e d  wit h t h e r ef er e n c e g e n o m e f or M.  m u s c ul u s u si n g b o wti e 2. T h e F e at ur e C o u nt s s oft w ar e  w a s u s e d t o c o u nt

t h e a m o u nt  of e a c h i d e ntifi e d g e n e,  w hi c h  w er e n or m ali z e d. T h e n, a diff er e nti all y e x pr e s s e d g e n e s a n al y si s  w a s  m a d e u si n g li m m a a n d a f u n cti o n al

a n al y si s  w a s c arri e d  o ut. T o ill u str at e t h e diff er e nti all y e x pr e s s e d g e n e s, a v ol c a n o pl ot  of t h e  8 - w e e k s i nf e cti o n ( 8 W) gr o u p i n r el ati o n t o t h e

u ni nf e ct e d c o ntr ol ( A) a n d a v ol c a n o pl ot  of t h e 1 2 - w e e k s i nf e cti o n gr o u p ( 1 2 W) i n r el ati o n t o t h e u ni nf e ct e d c o ntr ol ( B) w er e  m a d e.  A d diti o n all y, a

h e at m a p  w a s cr e at e d  wit h s el e ct e d g e n e s ( C). T h e g e n e s i n r e d r e pr e s e nt a hi g h er e x pr e s si o n a n d t h e gr e e n  o n e s a l o w er e x pr e s si o n f or a gi v e n

s a m pl e. T h e f u n cti o n s  of t h e u pr e g ul at e d g e n e s ( D) a n d d o w nr e g ul at e d g e n e s ( E) w er e t a k e n u si n g  G O,  K E G G a n d  P a nt h er.
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y fr o nti er si n. or g0 8

https://doi.org/10.3389/fcimb.2023.1268959
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


B or g e s et al. 1 0. 3 3 8 9 /f ci m b. 2 0 2 3. 1 2 6 8 9 5 9
T A B L E 1  Diff er e nti al e x pr e s si o n  of  mi c e  g e n e s.

A c e s si o n
n u m b er  Pr ot ei n

E x pr e s si o n
st at u s

L o g ( F ol d
C h a n g e)

A dj u st e d
p - v al u e

U P s

P R R s a n d  ot h er r e c e pt or s

Cl e c 4 n C-t y p e l e cti n d o m ai n f a mil y 6  m e m b er  A U P( D) 2, 0 7 8 3 3 3 3, 7 8 E- 0 5

Cl e c 7 a C-t y p e l e cti n d o m ai n f a mil y 7  m e m b er  A U P( D) 2, 0 2 0 8 1 4 3, 0 1 E- 0 5

Tlr 2 t oll-li k e r e c e pt or 2 U P( D) 1, 9 6 0 2 6 3 2, 9 2 E- 0 5

Tlr 1 3 t oll-li k e r e c e pt or 1 3 U P( D) 1, 9 0 3 1 4 7 3, 0 3 E- 0 5

Cl e c 4 d C-t y p e l e cti n d o m ai n f a mil y 4  m e m b er  D U P( D) 1, 8 6 8 4 7 3 0, 0 0 0 1 0 4

Pt x 3 P e ntr a xi n-r el at e d pr ot ei n P T X 3 U P( D) 1, 8 5 1 3 7 4 2, 5 5 E- 0 5

Cl e c 4 e C-t y p e l e cti n d o m ai n f a mil y 4  m e m b er E U P( D) 1, 7 1 5 2 1 5 5, 8 8 E- 0 5

C d 6 8 C D 6 8 a nti g e n U P( D) 1, 3 3 8 4 9 3 0, 0 0 1 3 3 2

C ell a d h e si o n, a cti v ati o n a n d  diff er e nti ati o n

G pr 1 5 G pr ot ei n- c o u pl e d r e c e pt or 1 5 U P( D) 2, 0 8 6 6 3 8 3, 1 9 E- 0 5

Tr e m 3 Tri g g eri n g r e c e pt or e x pr ess e d o n  m y el oi d c ells 3 U P( D) 1, 6 1 1 5 2 9 8, 3 3 E- 0 6

Tr e m 1 tri g g eri n g r e c e pt or e x pr ess e d o n  m y el oi d c ells 1 U P( D) 1, 4 0 8 7 0 4 0, 0 0 2 7 7 1

C d 1 7 7 C D 1 7 7 a nti g e n U P( D) 1, 2 0 2 6 9 9 0, 0 0 0 1 9 4

Pr o -i n fl a m m at or y a n d c o m pl e m e nt s y st e m

N os 2 nitri c- o xi d e s y nt h as e, i n d u ci bl e [ E C: 1. 1 4. 1 3. 3 9] U P( D) 2, 0 3 3 6 1 4 3, 0 1 E- 0 5

C 1 q a C o m pl e m e nt  C 1 q s u b c o m p o n e nt s u b u nit  A U P( D) 2, 0 2 5 7 5 6 1, 6 4 E- 0 5

Cf b c o m pl e m e nt f a ct or B [ E C: 3. 4. 2 1. 4 7] U P( D) 1, 9 3 5 4 8 6 2, 7 7 E- 0 5

C y b b N A D P H o xi d as e 2 [ E C: 1.-.-.-] U P( D) 1, 7 7 5 4 5 2 6, 7 3 E- 0 5

C 1 q c c o m pl e m e nt  C 1 q s u b c o m p o n e nt s u b u nit  C U P( D) 1, 7 2 9 5 5 5 0, 0 0 0 1 7 4

C 3 ar 1 C 3 a a n a p h yl at o xi n c h e m ot a cti c r e c e pt or U P( D) 1, 6 1 5 3 7 1 8, 4 7 E- 0 5

C 1 q b c o m pl e m e nt  C 1 q s u b c o m p o n e nt s u b u nit B U P( D) 1, 3 4 6 7 3 1 0, 0 0 0 1 3 8

C d 3 0 0l d C M R F 3 5-li k e  m ol e c ul e 5 U P( 8) 1, 0 4 9 0 2 7 7, 7 3 E- 0 7

C yt o ki n e s a n d c h e m o ki n e s

C x cl 9 C- X- C  m otif c h e m o ki n e 9 U P( D) 2, 2 7 4 1 1, 4 5 E- 0 5

C cl 2 0 C- C  m otif c h e m o ki n e 2 0 U P( D) 2, 1 0 3 3 7 4 4, 4 2 E- 0 5

C x cl 1 C- X- C  m otif c h e m o ki n e 1/ 2/ 3 U P( D) 2, 0 7 3 2 1 6 0, 0 0 0 4 2 1

C cl 7 C- C  m otif c h e m o ki n e 7 U P( D) 2, 0 5 7 4 4 7 2, 1 9 E- 0 5

C x cl 1 0 C- X- C  m otif c h e m o ki n e 1 0 U P( D) 2, 0 1 1 5 4 4 8, 1 4 E- 0 5

C x cl 1 3 C- X- C  m otif c h e m o ki n e 1 3 U P( D) 1, 9 5 1 0 5 1, 2 7 E- 0 5

T nf t u m or n e cr osis f a ct or s u p erf a mil y,  m e m b er 2 U P( D) 1, 9 3 0 5 3 6 1, 2 3 E- 0 5

Il 1 b i nt erl e u ki n 1 b et a U P( D) 1, 8 9 5 7 3 2 7, 8 6 E- 0 5

C cl 8 C- C  m otif c h e m o ki n e 8 U P( D) 1, 8 8 6 3 6 2 2, 8 5 E- 0 5

Il 1 a i nt erl e u ki n 1 al p h a U P( D) 1, 8 5 0 9 0 9 7, 7 8 E- 0 6

C x cl 2 C- X- C  m otif c h e m o ki n e 1/ 2/ 3 U P( D) 1, 2 0 8 5 7 3 0, 0 0 0 4 6 1

C cl 6 C- C  m otif c h e m o ki n e 6 U P( D) 1, 1 6 1 4 8 4 1, 3 9 E- 0 5

C x cl 5 C- X- C  m otif c h e m o ki n e 5/ 6 U P( D) 1, 1 1 4 3 5 9 2, 2 E- 0 5

( C o nti n u e d)
F
r o nti er s i n C ell ul ar 
a n d I nf e cti o n  Mi cr o bi ol o g y 0 9
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T A B L E 1  C o nti n u e d

A c e s si o n
n u m b er  Pr ot ei n

E x pr e s si o n
st at u s

L o g ( F ol d
C h a n g e)

A dj u st e d
p - v al u e

If n g i nt erf er o n g a m m a U P( 8) 1, 1 0 5 2 7 2 0, 0 0 1 0 6 2

C cl 4 C- C  m otif c h e m o ki n e 4 U P( D) 1, 1 0 3 5 1 7 3, 9 2 E- 0 5

C cl 9 C- C  m otif c h e m o ki n e 9 U P( D) 1, 0 7 0 7 7 5 0, 0 0 2 9 1 1

A nti g e n  pr o c e s si n g a n d  pr e s e nt ati o n

H 2- M 2 Hist o c o m p ati bilit y 2,  M r e gi o n l o c us 2 U P( D) 1, 9 6 4 5 5 7 3, 0 4 E- 0 5

A nti b o d y

I g h v 1- 5 6 I m m u n o gl o b uli n h e a v y v ari a bl e 1- 5 6 U P( D) 2, 4 1 7 0 7 3 2, 5 4 E- 0 5

I g h a I m m u n o gl o b uli n h e a v y c o nst a nt al p h a U P( D) 2, 2 3 3 2 7 1 2, 4 4 E- 0 5

I g h v 1- 2 2 I m m u n o gl o b uli n h e a v y v ari a bl e 1- 2 2 U P( D) 2, 0 0 7 5 7 3 1, 2 4 E- 0 5

I g h v 1- 2 1- 1 I m m u n o gl o b uli n h e a v y v ari a bl e 1- 2 1- 1 U P( D) 2, 0 0 2 2 9 2 5, 2 8 E- 0 5

R e g ul ati o n a n d ti s s u e r e p air

P d c d 1 pr o gr a m m e d c ell d e at h pr ot ei n 1 U P( D) 2, 0 7 3 9 4 9 4, 7 5 E- 0 5

Ar g 1 Ar gi n as e- 1 U P( D) 2, 0 5 9 9 4 2 4, 7 3 E- 0 5

M m p 1 2 m atri x  m et all o pr ot ei n as e- 1 2 ( m a cr o p h a g e el ast as e) [ E C: 3. 4. 2 4. 6 5] U P( D) 1, 5 4 8 9 1 2 8, 8 E- 0 5

M m p 1 3 C oll a g e n as e 3 U P( D) 1, 5 2 2 5 5 6 2, 1 2 E- 0 5

Ctl a 4 c yt ot o xi c  T-l y m p h o c yt e- ass o ci at e d pr ot ei n 4 U P( D) 1, 3 6 8 5 7 8 0, 0 0 0 1 6 5

Il 1r n i nt erl e u ki n 1 r e c e pt or a nt a g o nist U P( D) 1, 2 4 4 3 4 6 0, 0 0 0 4 0 9

G e n e / pr ot ei n r e g ul ati o n

S er pi n a 3f S eri n e pr ot e as e i n hi bit or  A 3 F U P( D) 2, 0 6 1 1 8 7, 2 6 E- 0 5

Cst b c yst ati n- A/ B U P( D) 1, 8 3 0 2 4 6 1, 4 4 E- 0 5

Cst d c 4 C yst ati n d o m ai n- c o nt ai ni n g 4 U P( D) 1, 7 9 1 5 2 2 2, 8 1 E- 0 5

S er pi n a 3 g S eri n e pr ot e as e i n hi bit or  A 3 G U P( D) 1, 6 9 5 6 1 1 0, 0 0 1 2 3 1

Ctss c at h e psi n S [ E C: 3. 4. 2 2. 2 7] U P( D) 1, 5 2 0 3 5 1 3, 5 1 E- 0 5

Stf a 2l 1 st efi n  A 2 li k e 1 U P( D) 1, 3 9 0 7 6 8 0, 0 0 0 2 8 2

Stf a 2 c yst ati n- A/ B U P( D) 1, 2 0 5 5 0 5 4, 0 8 E- 0 5

Cst a 2 c yst ati n- A/ B U P( D) 1, 0 8 8 4 7 7 0, 0 0 0 2 7

S er pi n a 3 h S eri n e pr ot e as e i n hi bit or  A 3 H U P( D) 1, 0 8 2 1 2 5 0, 0 0 0 4 5 3

Cts k c at h e psi n  K [ E C: 3. 4. 2 2. 3 8] U P( D) 1, 0 6 4 5 5 6 3, 0 6 E- 0 5

E n er g y a n d li pi d  m et a b oli s m

Gl a Gr o wt h f a ct or i n d e p e n d e nt pr ot ei n 1 U P( D) 1, 3 0 3 3 6 7 0, 0 0 1 1 3 9

Pl a 1 a p h os p h ati d yls eri n e s n- 1 a c yl h y dr ol as e [ E C: 3. 1. 1. 1 1 1] U P( D) 1, 2 8 5 1 5 7 1, 1 3 E- 0 5

Pl a 2 g 7 pl at el et- a cti v ati n g f a ct or a c et yl h y dr ol as e [ E C: 3. 1. 1. 4 7] U P( D) 2, 1 6 7 6 5 9 0, 0 0 0 3 4 3

C ell c y cl e

B cl 2 a 1 d h e m at o p oi eti c B cl- 2-r el at e d pr ot ei n  A 1 U P( D) 1, 9 4 6 5 5 9 1, 9 9 E- 0 5

B cl 2 a 1 c h e m at o p oi eti c B cl- 2-r el at e d pr ot ei n  A 1 U P( D) 1, 8 7 8 7 9 5 2, 2 9 E- 0 5

B cl 2 a 1 a h e m at o p oi eti c B cl- 2-r el at e d pr ot ei n  A 1 U P( D) 1, 8 0 6 4 9 7 1, 6 E- 0 5

B cl 2 a 1 b h e m at o p oi eti c B cl- 2-r el at e d pr ot ei n  A 1 U P( D) 1, 7 2 2 7 2 1 0, 0 0 0 3

( C o nti n u e d)
F
r o nti er s i n C ell ul ar 
a n d I nf e cti o n  Mi cr o bi ol o g y 1 0
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T A B L E 1  C o nti n u e d

A c e s si o n
n u m b er  Pr ot ei n

E x pr e s si o n
st at u s

L o g ( F ol d
C h a n g e)

A dj u st e d
p - v al u e

Ir o n r et e nti o n

L c n 2 li p o c ali n 2 U P( D) 1, 2 9 4 7 6 6 0, 0 0 0 2 6 3

D O W N s

M u s cl e c o ntr a cti o n a n d  or g a ni z ati o n

T n n c 1 tr o p o ni n  C, sl o w s k el et al a n d c ar di a c  m us cl es D O W N( D) - 1, 7 7 0 1 6 0, 0 0 0 1 3 8

M y h 4 M y osi n- 4 D O W N( 8) - 1, 7 1 8 9 0, 0 0 2 2 9 7

M y h 1 3 m y osi n h e a v y c h ai n 1/ 2/ 3/ 4/ 8/ 1 3/ 7 B/ 1 5 D O W N( 8) - 1, 6 1 2 3 2 0, 0 0 1 4 3

T n nt 2 tr o p o ni n  T, c ar di a c  m us cl e D O W N( D) - 1, 4 5 8 2 6 0, 0 1 1 9 7 9

T n ni 3 tr o p o ni n I, c ar di a c  m us cl e D O W N( D) - 1, 2 2 0 6 9 0, 0 0 3 7 8 6

M y h 3 M y osi n- 3 D O W N( 8) - 1, 1 8 0 0 1 0, 0 0 7 4 5 9

M y h 6 m y osi n h e a v y c h ai n 6/ 7 D O W N( D) - 1, 1 7 5 4 2 0, 0 0 0 5 2 9

M yl 1 M y osi n li g ht c h ai n 1/ 3, s k el et al  m us cl e is of or m D O W N( 8) - 1, 1 2 7 0 4 0, 0 0 6 0 8 1

N er v o u s s y st e m

K c n a 1 p ot assi u m v olt a g e- g at e d c h a n n el S h a k er-r el at e d s u bf a mil y  A  m e m b er 1 D O W N( D) - 1, 4 3 2 5 4 0, 0 0 5 2 4 6

Sl c 1 7 a 7

M F S tr a ns p ort er,  A C S f a mil y, s ol ut e c arri er f a mil y 1 7 (s o di u m- d e p e n d e nt i n or g a ni c

p h os p h at e c otr a ns p ort er),  m e m b er 6/ 7/ 8 D O W N( 8) - 1, 3 2 1 6 8 0, 0 0 0 5 1 1

K c n h 2 p ot assi u m v olt a g e- g at e d c h a n n el E a g-r el at e d s u bf a mil y  H  m e m b er 2  D O W N( D) - 1, 3 1 7 3 0, 0 1 3 4 6 3

S h a n k 3 S H 3 a n d  m ulti pl e a n k yri n r e p e at d o m ai ns pr ot ei n  D O W N( D) - 1, 2 5 1 9 5 0, 0 0 5 2 6 2

Sl c 7 a 1 0 s ol ut e c arri er f a mil y 7 ( D/ L-t y p e a mi n o a ci d tr a ns p ort er),  m e m b er 1 0  D O W N( D) - 1, 1 3 5 4 7 0, 0 0 3 4 5

Or g a n o g e n e si s

B m p 6 b o n e  m or p h o g e n eti c pr ot ei n 6 D O W N( D) - 1, 4 2 4 1 0, 0 0 8 6 0 4

S o x 1 1 tr a ns cri pti o n f a ct or S O X 1 1/ 1 2 ( S O X gr o u p  C) D O W N( D) - 1, 1 3 5 5 8 0, 0 0 2 8 7 8

Li pi d  m et a b oli s m

C y p 1 a 1 c yt o c hr o m e P 4 5 0 f a mil y 1 s u bf a mil y  A 1 [ E C: 1. 1 4. 1 4. 1] D O W N( D) - 1, 2 3 0 1 7 0, 0 0 1 4 0 7

T hrs p t h yr oi d h or m o n e r es p o nsi v e D O W N( D) - 1, 1 4 8 0 2 0, 0 0 1 8 5 8

Pli n 1 p erili pi n- 1 D O W N( D) - 1, 1 3 3 3 1 0, 0 0 1 4 4

E n er g y  m et a b oli s m

C o x 8 b c yt o c hr o m e c o xi d as e s u b u nit 8 D O W N( D) - 1, 3 8 6 7 0, 0 0 4 5 5 3

C o x 7 a 1 c yt o c hr o m e c o xi d as e s u b u nit 7 a D O W N( 1 2) - 1, 1 2 5 6 1 0, 0 0 8 1 0 7

Pr o -i n fl a m m at or y

Cf d c o m pl e m e nt f a ct or  D [ E C: 3. 4. 2 1. 4 6] D O W N( D) - 1, 0 4 9 9 6 0, 0 0 1 5 6 2

Ir o n r et e nti o n

H a m p h e p ci di n D O W N( D) - 1, 5 0 3 9 9 0, 0 0 2 5 6 3
F
r o nti er s i n C ell ul ar 
a n d I nf e cti o n  Mi cr o bi ol o g y 1 1
Gr a n ul o m at o us l esi o ns  w er e e xtr a ct e d fr o m t w o t o f o ur  mi c e fr o m t hr e e i n d e p e n d e nt i nf e cti o ns at ei g ht  w e e ks a n d t w el v e  w e e ks aft er b ei n g i nf e ct e d  wit h 1 x 1 0 6 P. br asili e nsis y e asts.  T h e n,

e xtr a cti o n of t ot al  R N A, r e m o v al of r R N A, a n d ass e m bl y of c D N A li br ari es  w er e p erf or m e d.  T h e s a m pl es  w er e s e q u e n c e d a n d t h e fr a g m e nts ali g n e d  wit h t h e r ef er e n c e g e n o m e f or  M.  m us c ul us

usi n g b o wti e 2.  T h e F e at ur e C o u nts s oft w ar e  w as us e d t o c o u nt t h e a m o u nt of e a c h i d e nti fi e d g e n e,  w hi c h  w er e n or m ali z e d.  T h e n, a diff er e nti all y e x pr ess e d g e n e  w as  m a d e usi n g t h e li m m a a n d a

f u n cti o n al a n al ysis  w as c arri e d o ut usi n g  G O,  K E G G a n d P a nt h er.  T h e  T a bl e s h o ws t h e diff er e nti all y e x pr ess e d g e n es  wit h t h e v al u es of L o g ( F ol d c h a n g e) a n d a dj ust e d p- v al u e.  T h e e x pr essi o n

st at us c ol u m n r e pr es e nts t h e u pr e g ul at e d or d o w nr e g ul at e d g e n es f or t h e ei g ht- w e e k i nf e cti o n gr o u p ( 8), t h e t w el v e- w e e k i nf e cti o n gr o u p ( 1 2), a n d t h e g e n es t h at  w er e diff er e nti all y e x pr ess e d i n

b ot h i nf e cti o n gr o u ps  w er e c o m bi n e d a n d r e a n al y z e d, r es ulti n g i n a n e x pr essi o n st at us d esi g n ati o n f or t h e dis e as e ( D).
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Tr a n s cri pti o n al  pr o fi li n g  of gr a n ul o m at o u s
P ar a c o c ci di oi d e s  br a sili e n si s y e a st s
s h o w s tr a n s cri pt s a s s o ci at e d  wit h
si d er o p h or e s  bi o s y nt h e si s a n d
d o w nr e g ul ati o n  of  m et a b oli s m
a n d c ell c y cl e a s s o ci at e d g e n e s

A n al ysis of gr a n ul o m a y e asts  D E Gs c o m p ari n g 8- a n d 1 2- w e e ks

i nf e ct e d l u n gs t o c o ntr ol y e asts s h o w 3 7 u p- a n d 1 3 9 d o w nr e g ul at e d

g e n es a n d 2 8 u p- a n d 1 5 7 d o w nr e g ul at e d g e n es, r es p e cti v el y

(Fi g ur es 4 A – C ).  T his l ar g e n u m b er of r e pr ess e d g e n es  w h e n

c o m p a r e d t o i n d u c e d g e n e s  m a y i n di c at e a p o s si bl e f u n g al

m et a b olis m r e pr essi o n  wit hi n t h e gr a n ul o m a. F u n cti o n al a n al ysis

of t h e c orr es p o n di n g g e n e pr o d u cts  w as als o c arri e d o ut b y usi n g

t h e  K E G G,  G O a n d F u n gi D B d at a b as es.  A l ar g e n u m b er of t h e

tr a ns cri pts a u g m e nt e d i n t h e f u n g us  wit hi n t h e gr a n ul o m a ar e

r el at e d t o t h e s y nt h esis a n d tr a ns p ort of si d er o p h or es, s u c h as:

si d A ( L- or nit hi n e- N 5- o x y g e n as e; P A D G _ 0 0 0 9 7), si dI ( A c yl- C o A

li g a s e;  P A D G _ 0 0 0 9 9), si d F ( H y d r o x y o r nit hi n e t r a n s a c yl a s e;

P A D G _ 0 0 1 0 0), f us ari ni n  C s y nt h as e (si d D; P A D G _ 0 0 1 0 2), a n d

O X R 1 o xi d or e d u ct as e ( P A D G _ 0 0 1 0 4) ( Fi g u r e 4 D ; T a bl e 2 ).

Si d er o p h or es ar e  m ol e c ul es r es p o nsi bl e f or t h e c a pt ur e a n d

st or a g e of ir o n, b ei n g c o nsi d er e d a n i m p ort a nt vir ul e n c e f a ct or i n

s e v er al p at h o g e ns (S c hr ettl et al., 2 0 0 7 ; Bl at z er et al., 2 0 1 1 ; Sil v a

et al., 2 0 2 0 ).

I n a d diti o n, g e n es t h at h a v e alr e a d y b e e n d es cri b e d as vir ul e n c e

f a ct ors s u c h as s u p er o xi d e dis m ut as e ( P A D G _ 0 2 8 4 2), al c o h ol

d e h y dr o g e n as e ( P A D G _ 0 4 7 0 1) (t w o n o n-ir o n e n z y m es t h at als o

m a n a g e a nti o xi d a nt d ef e ns es) a n d p ol ys a c c h ari d e s y nt h as e  C ps 1

( P A D G _ 0 4 2 7 4)  w e r e al s o f o u n d as u p r e g ul at e d. S u p e r o xi d e

dis m ut as e  w as i d e nti fi e d as u pr e g ul at e d i n b ot h 8- a n d 1 2- w e e ks

i nf e cti o n gr o u ps.  Tr a ns cri pts  w hi c h pr o d u cts ar e r el at e d t o a mi n o

a ci d  m et a b olis m s u c h as a mi n o a ci d p er m e as e ( P A D G _ 0 7 4 4 0),  O-

a c et yl h o m os eri n e/ O- a c et yls eri n e s ulf h y dr yl as e ( P A D G _ 0 8 4 0 6) a n d

ar o m ati c- L- a mi n o- a ci d/ L-tr y pt o p h a n d e c ar b o x yl as e ( P A D G _ 0 0 2 1 5)

w er e i n d u c e d i n b ot h i nf e cti o n gr o u ps,  w hil e 4- a mi n o b ut yr at e

a mi n otr a nsf er as e/( S)- 3- a mi n o- 2 - m et h yl pr o pi o n at e tr a ns a mi n as e

( P A D G _ 0 2 2 1 4)  w as i n d u c e d o nl y i n t h e 8- w e e ks i nf e cti o n gr o u p.

Tr a ns cri pts f or g e n e a n d pr ot ei n e x pr essi o n/ d e gr a d ati o n r e g ul at ors

ar e t h e  m ost d o w nr e g ul ate d i n t h e tr a ns cri pt o me of t h e f u n g us  wit hi n

t h e gr a n ul o m a, i n a d diti o n t o tr a ns cri pts r el at e d t o t h e c o ntr ol of c ell

c y cl e, e n er g y  m et a b olis m a n d vir ul e n c e f a ct ors ( Fi g ur e 4 E ; T a bl e 2 ).

A m o n g t h e r e pr ess e d g e nes, w e i d e nti fi e d t he tr a ns cri pti o n f a ct ors

( T Fs)  C 6 fi n g er d o m ai n  T F ns c R ( P A D G _ 0 6 4 1 3),  G A T A- bi n di n g

pr ot ei n ( P A D G _ 0 5 4 9 7), Z n ( 2)- C 6 f u n g al-t y p e d o m ai n- c o nt ai ni n g

pr ot ei n ( P A D G _ 0 4 3 1 4),  C 6  T F ( Ctf 1 B) ( P A D G _ 0 0 4 1 1) a n d Z n ( 2)-

C 6 f u n g al-t y p e d o m ai n- c o nt ai ni n g pr ot ei n ( P A D G _ 0 4 8 8 9). I n

a d diti o n t o t h e r e pr ess e d  T Fs, t h er e ar e als o t w o g e nes r el at e d t o

D N A r e p air t h at ar e d o w nr e g ul ate d, t h e  D N A r e p air pr ot ei n S wi 5/ S a e 3

( P A D G _ 0 2 1 9 5) a n d t h e str u ct ur e-s p e cifi c e n d o n u cl e as e s u b u nit S L X 4

( P A D G _ 0 4 4 2 9). F urt h er m or e, tr a ns cri pts  w hi c h pr o d u cts ar e r el at e d t o

e n er g y  m et a b olis m  w er e als o r e pr e ss e d i n t h e gr a n ul o m at o us y e asts,

s u c h as gl u c a n 1, 3- b et a- gl u c osi d as e ( P A D G _ 0 7 6 1 5), h e x o ki n as e

( P A D G _ 0 0 3 9 3), a c yl- C o A d e h y dr o g e n as e ( P A D G _ 0 3 6 0 2) a n d
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 1 2
a c o nit at e h y d r at a s e ( P A D G _ 1 1 8 4 4).  W e al s o i d e nti fi e d t h e

d o w nr e g ul ati o n of g e n es r el at e d t o o xi d ati v e p h os p h or yl ati o n, s u c h

as c yt o c hr o m e b 5 ( P A D G _ 0 5 2 9 0) a n d  N A D H d e h y dr o g e n as e

( u bi q ui n o n e) 1 al p h a s u b c o mpl e x s u b u nit 2 ( P A D G _ 0 4 6 9 9).

F urt h er m or e, s o m e g e n es r el at e d t o f u n g al vir ul e n c e  w er e als o

f o u n d at l o w er e x pr essi o n l e v els  w h e n c o m p ar e d t o t h e c o ntr ol

f u n g us, s u c h as f u n g al nitri c o xi d e r e d u ct as e ( P A D G _ 0 5 6 6 0), al c o h ol

d e h y dr o g e n as e ( P A D G _ 0 1 7 1 6 a n d P A D G _ 0 1 9 8 7), s u p er o xi d e

di s m ut a s e ( P A D G _ 0 1 9 5 4) a n d si d L ( N 5- h y d r o x y o r nit hi n e

ac et yltr a nsf er as e ( P A D G _ 0 7 8 4 9).
Pr ot e o m e  of t h e P ar a c o c ci di oi d e s
br a sili e n si s pr e s e nt i n t h e gr a n ul o m a
i n di c at e l o w  pr ot ei n  pr o d u cti o n, l o w
pr ot ei n t ur n o v er a n d r e pr o gr a mi n g  of t h e
pri m ar y  m et a b oli s m

W e i d e nti fi e d 1 5 7 a n d 9 7 pr ot ei ns aft er 8- a n d 1 2- w e e ks of

i nf e cti o n, r es p e cti v el y, a n d 1 1 9 9 i n t h e c o ntr ol gr o u p.  W h e n

c o m p ari n g t h e y e asts pr es e nt i n t h e gr a n ul o m at o us l esi o ns at 8-

w e e ks of i nf e cti o n  wit h t h e c o ntr ol gr o u p, 1 u pr e g ul at e d pr ot ei n a n d

1 2 4 d o w nr e g ul at e d pr ot ei ns  w er e i d e nti fi e d,  w hil e t h e c o m p aris o n

of t h e 1 2- w e e ks i nf e cti o n gr o u p  wit h t h e c o ntr ol gr o u p s h o w e d a

t ot al of 2  m o r e a b u n d a nt a n d 7 4 l e s s a b u n d a nt p r ot ei n s

(Fi g ur es 5 A – C ).

I n cr e as e d a b u n d a n c e  w as o bs er v e d i n o nl y t hr e e pr ot ei ns,

gl y c er ol- 3- p h os p h at e d e h y dr o g e n as e ( C 1 G 2 K 1),  w hi c h is r el at e d

t o li pi d  m et a b olis m; r e pli c ati o n f a ct or  C s u b u nit 3 ( C 1 G 5 E 7),

i n v ol v e d i n  D N A r e pli c ati o n,  D N A r e p air a n d r e g ul ati o n of c ell

c y cl e p r o g r e s si o n i n y e a st; a n d  G T P - bi n di n g p r ot ei n y pt 5

( C 1 G 7 8 5), i n v ol v e d i n v esi cl es tr a ns p ort (Fi g ur e 5 D ; T a bl e 3 ).

T h e si x diff er e nt pr ot ei ns r el at e d t o si d er o p h or e bi os y nt h esis a n d

t r a n s p o rt (T a bl e 2 )  w hi c h t r a n s c ri pt s h a v e a c c u m ul at e d i n

g r a n ul o m at o u s y e a st s, h a v e n ot b e e n i d e nti fi e d a m o n g t h e

pr ot ei ns r e v e al e d b y t h e pr ot e o m e, n or a n y ot h er ir o n- c a pt ur e

pr ot ei n h a v e b e e n i d e nti fi e d a m o n g t h e a c c u m ul at e d pr ot ei ns.

I nst e a d, y e ast c ells s h ar pl y d o w n r e g ul at e t w o k e y ir o n-

d e p e n d e nt e n z y m e s r e q ui r e d f o r e n e r g y  p r o d u cti o n b y

mit o c h o n d ri a a n d f o r a nti o xi d a nt d ef e n c e, r e s p e cti v el y, t h e

C yt o c hr o m e b- c 1 c o m pl e x s u b u nit 2 ( C 1 G M 0 3), d e cr e as e d b y

4, 1 1-f ol d; a n d c yt o c hr o m e c p er o xi d as e [ E C: 1. 1 1. 1. 5], d e cr e as e d

b y 3, 1 0 0 3 5 f ol d; t h at  will b e f urt h er dis c uss e d i n t his  w or k.

Al o n g  wit h t h es e ir o n- d e p e n d e nt e nz y m es, a l ar g e n u m ber of

r e d u c e d a b u n d a n c e pr ot ei ns  w er e f o u n d ( Fi g ur e 5 E ; T a bl e 3 ),  w hi c h

m ai nl y ar e r el at e d t o r e d o x p ot e nti al, e n er g y pr o d u cti o n, pr ot ei n/

a mi n o a ci d a n d li pi d  met a b olis m h a v e als o b e e n si g ni fi c a ntl y d o w n

r e g ul at e d i n t h e i m pris o n e d y e asts.  T h os e ar e S u p er o xi d e dis m ut as e

[ C u- Z n], t h at c o n v erts s u p er o xi d e r a di c als ( O 2-) i nt o  m ol e c ul ar

o x y g e n ( O 2) a n d h y dr o g e n p er o xi d e ( H 2 O 2),  w hi c h is f urt h er

c o n v ert e d t o  w at er ( H 2 O) b y c at al as e, a n e n z y m e t h at c o nt ai ns f o ur

ir o n- c o nt ai ni n g h e m e gr o u ps; t h e all osteri c e nz y me P yr u v at e ki n as e

( C 1 G 2 W 2), t h at pr o vi d e p yr u v ate t o b e c o n v erte d t o a c et yl- C o A i n

mit o c h o n dri a, t o gl u c o n e o g e n esis a n d t o a mi n o a ci d a n a b olis m;
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s u c ci n yl- C o A s y nt h et as e al p h a s u bu nit ( C 1 G 2 9 4),  w hi c h is p art of a n

e n z y m e t h at r e g ul at e s cit ri c a ci d c y cl e b y c o nt r olli n g t h e

i nt er c o n v ersi o n b et w ee n s u c ci n yl  C o A a n d s u c ci n at e a n d t h e  G T P/

A T P pr o d u cti o n at s u bstr at e l e v e l, a n d t o pr o vi d e pr e c urs ors f or

p or p h yri n a n d h e m e bi os y nt hesis ; e n o yl- C o A h y dr at as e ( C 1 G 2 P 3)

f or b et a- o xi d ati o n, t h at pr o vi d e a c etyl- C o A t o citri c a ci d c y cl e, b ut als o

i nt er m e di at es f or t he  m et a b olis m of li pi ds, c h ol est er ol a n d k et o n e b o d y;
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 1 3
a n d,  As p art at e a mi n otr a nsf er as e ( C 1 G 3 V 5), t h at c at al ys es t h e

i nt er c o n v ersi o n of as p art at e a n d a - k et o gl ut ar at e t o o x al o a c et at e a n d

gl ut a m at e, i m p ort a nt f or b ot h a mi n o a ci d s y nt h esis a n d f or pr o vi di n g

i nter m e di at es f or t he citric a ci d c y cl e/ e n er g y pr o d u cti o n; a n d e n z y m es

i n a mi n o a ci d  met a b olis m, s u c h as as p art at e a mi n otr a nsf er as e, 3-

o x o a ci d  C o A-tr a nsf er as e ( C 1 G B D 8) a n d 1 - p yrr oli n e- 5- c ar b o x yl at e

d e h y dr o g e n as e ( C 1 G B T 4). Pr ot ei n s y nt h esis, d e gr a d a ti o n a n d f ol di n g
B

C

D

E

A

FI G U R E  4

Tr a n s cri pt o m e  of gr a n ul o m at o u s y e a st s i n di c at e s u pr e g ul ati o n  of si d er o p h or e s bi o s y nt h e si s a n d d o w nr e g ul ati o n  of  m et a b oli s m a n d c ell c y cl e.

Gr a n ul o m at o u s l e si o n s  w er e e xtr a ct e d fr o m t w o t o f o ur  mi c e fr o m t hr e e i n d e p e n d e nt i nf e cti o n s at ei g ht  w e e k s ( 8 W ) a n d t w el v e  w e e k s ( 1 2 W) aft er b ei n g

i nf e ct e d  wit h 1 x 1 06 P . br a sili e n si s y e a st s. T h e n, e xtr a cti o n  of t ot al  R N A, r e m o v al  of r R N A, a n d a s s e m bl y  of c D N A li br ari e s  w er e p erf or m e d. T h e s a m pl e s

w er e s e q u e n c e d a n d t h e fr a g m e nt s ali g n e d  wit h t h e r ef er e n c e g e n o m e f or P. br a sili e n si s u si n g b o wti e 2. T h e F e at ur e C o u nt s s oft w ar e  w a s u s e d t o c o u nt t h e

a m o u nt  of e a c h i d e nti fi e d g e n e,  w hi c h  w er e n or m ali z e d. T h e n, a diff er e nti all y e x pr e s s e d g e n e s a n al y si s  w a s  m a d e u si n g li m m a a n d a f u n cti o n al a n al y si s  w a s

c arri e d  o ut. T o ill u str at e t h e diff er e nti all y e x pr e s s e d g e n e s, a v ol c a n o pl ot  of t h e 8 - w e e k s i nf e cti o n ( 8 W) gr o u p i n r el ati o n t o t h e c o ntr ol y e a st s ( A) a n d a

v ol c a n o pl ot  of t h e 1 2 - w e e k s i nf e cti o n gr o u p ( 1 2 W) i n r el ati o n t o t h e c o ntr ol y e a st s ( B) w er e m a d e. A d diti o n all y, a h e at m a p w a s cr e at e d wit h s el e ct e d g e n e s

( C). T h e g e n e s i n r e d r e pr e s e nt a hi g h er e x pr e s si o n a n d t h e gr e e n  o n e s a l o w er e x pr e s si o n f or a gi v e n s a m pl e. T h e f u n cti o n s  of t h e u pr e g ul at e d g e n e s

( D) a n d d o w nr e g ul at e d g e n e s ( E) w er e t a k e n u si n g  G O, K E G G a n d F u n gi D B.
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T A B L E 2  Diff er e nti al e x pr e s si o n  of y e a st s  g e n e s.

A c e s si o n
n u m b er  Pr ot ei n

E x pr e s si o n
st at u s

L o g ( F ol d
C h a n g e)

A dj u st e d  p -
v al u e

U P s

Si d er o p h or e s y nt h e si s a n d tr a n s p ort

P A D G _ 0 0 0 9 7 L- or nit hi n e  N 5- o x y g e n as e Si d A U P( D) 3, 5 9 4 6 6 4 2, 3 2 E- 0 8

P A D G _ 0 0 0 9 5  M F S si d er o c hr o m e ir o n tr a ns p ort er 1 U P( D) 3, 1 8 8 1 3 1 1, 1 2 E- 0 8

P A D G _ 0 0 1 0 0  H y dr o x y or nit hi n e tr a ns a c yl as e SI D F U P( D) 2, 3 5 4 1 5 5 3, 4 E- 0 6

P A D G _ 0 0 1 0 2 f us ari ni n e  C s y nt h as e U P( D) 2, 2 2 7 7 7 4 5, 2 6 E- 0 7

P A D G _ 0 0 1 0 4  O xi d or e d u ct as e  O X R 1 U P( D) 1, 9 5 7 0 3 3 4, 8 7 E- 0 5

P A D G _ 0 0 0 9 9  A c yl- C o A li g as e SI D 4 U P( D) 1, 4 0 6 2 6 9 8, 2 1 E- 0 5

Vir ul e n c e f a ct or s

P A D G _ 0 2 8 4 2 S u p er o xi d e dis m ut as e,  C u- Z n U P( D) 1, 4 2 4 8 2 5 3, 4 8 E- 0 5

P A D G _ 0 4 7 0 1 al c o h ol d e h y dr o g e n as e [ E C: 1. 1. 1.-] U P( 8) 1, 0 4 2 1 1 2 1, 7 5 E- 0 6

P A D G _ 0 4 2 7 4 p ol ys a c c h ari d e s y nt h as e  C ps 1 U P( 8) 1, 0 2 7 8 6 5 0, 0 0 1 1 0 3

A mi n o a ci d  m et a b oli s

P A D G _ 0 7 4 4 0  A mi n o a ci d p er m e as e U P( D) 1, 8 1 2 2 4 2 8, 6 4 E- 0 7

P A D G _ 0 8 4 0 6  O- a c et yl h o m os eri n e/ O- a c et yls eri n e s ulf h y dr yl as e [ E C: 2. 5. 1. 4 9 2. 5. 1. 4 7]  U P( D) 1, 6 3 7 2 9 7 0, 0 0 0 8 7 3

P A D G _ 0 0 2 1 5 ar o m ati c- L- a mi n o- a ci d/ L-tr y pt o p h a n d e c ar b o x yl as e [ E C: 4. 1. 1. 2 8 4. 1. 1. 1 0 5]  U P( D) 1, 5 1 4 6 1 8 0, 0 0 0 4 1 9

P A D G _ 0 2 2 1 4

4- a mi n o b ut yr at e a mi n otr a nsf er as e/( S)- 3- a mi n o- 2- m et h yl pr o pi o n at e

tr a ns a mi n as e [ E C: 2. 6. 1. 1 9 2. 6. 1. 2 2] U P( 8) 1, 1 4 0 8 0 1 4, 1 2 E- 0 6

Ot h er  m et a b oli s m s

P A D G _ 0 6 1 9 6 Fl a vi n o xi d or e d u ct as e h x n T U P( D) 1, 9 8 7 2 7 4, 7 3 E- 0 6

P A D G _ 0 3 0 8 5  M a n n os e- P- d oli c h ol utili z ati o n d ef e ct 1 pr ot ei n h o m ol o g U P( 1 2) 1, 0 7 6 1 0 1 0, 0 0 0 2 4 4

P A D G _ 0 5 4 3 3 p yri d o x a mi n e 5 ’- p h os p h at e o xi d as e [ E C: 1. 4. 3. 5] U P( 8) 1, 0 3 2 0 3 3 5, 7 E- 0 5

D O W N s

G e n e / pr ot ei n r e g ul ati o n

P A D G _ 0 4 3 1 4  Z n( 2)- C 6 f u n g al-t y p e d o m ai n- c o nt ai ni n g pr ot ei n D O W N( 8) - 1, 2 4 2 8 1 4, 1 3 E- 0 5

P A D G _ 0 4 8 8 9  Z n( 2)- C 6 f u n g al-t y p e d o m ai n- c o nt ai ni n g pr ot ei n D O W N( D) - 1, 2 3 1 6 6 0, 0 0 2 8 1 3

P A D G _ 0 5 4 9 7  G A T A- bi n di n g pr ot ei n, ot h er e u k ar y ot e D O W N( D) - 1, 2 2 5 3 8 0, 0 0 2 1 2 7

P A D G _ 0 2 1 9 5  D N A r e p air pr ot ei n S wi 5/ S a e 3 D O W N( 8) - 1, 2 1 7 9 4 0, 0 0 1 3 4

P A D G _ 0 4 4 2 9 Str u ct ur e-s p e ci fi c e n d o n u cl e as e s u b u nit S L X 4 D O W N( 8) - 1, 1 4 8 1 7 0, 0 0 0 9 9

P A D G _ 0 0 4 1 1  C 6 tr a ns cri pti o n f a ct or ( Ctf 1 B) D O W N( D) - 1, 0 5 1 9 5 0, 0 0 5 5 5

P A D G _ 0 6 4 1 3  C 6 fi n g er d o m ai n tr a ns cri pti o n f a ct or ns c R D O W N( 8) - 1, 0 0 9 7 5 0, 0 0 8 0 2 6

E n er g y  m et a b oli s m

P A D G _ 1 1 8 4 4 a c o nit at e h y dr at as e D O W N( D) - 1, 5 2 0 7 2 0, 0 1 0 4 2

P A D G _ 0 0 3 9 3 h e x o ki n as e [ E C: 2. 7. 1. 1] D O W N( 1 2) - 1, 3 8 8 7 9 0, 0 0 0 1 3 4

P A D G _ 0 3 6 0 2 a c yl- C o A d e h y dr o g e n as e D O W N( D) - 1, 3 2 0 8 5 0, 0 0 0 6 9 7

P A D G _ 0 5 2 9 0  C yt o c hr o m e b 5 h e m e- bi n di n g d o m ai n- c o nt ai ni n g pr ot ei n D O W N( D) - 1, 0 7 4 5 3 0, 0 0 5 4 8 3

C ell c yl c e

P A D G _ 0 3 0 2 2 P L K/ P L K 1 pr ot ei n ki n as e D O W N( D) - 1, 2 5 4 4 6 0, 0 0 2 2 0 7

( C o nti n u e d)
F
r o nti er s i n C ell ul ar a
 n d I nf e cti o n  Mi cr o bi ol o g y 1 4
 fr o nti er si n. or g
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h a v e als o b e e n s h ar pl y aff e ct e d i n gr a n ul o m at o us y e asts as s e e n b y t he

d o w n r e g ul ati o n of t w o diff er e nt p e pti d as es, t he  C ar b o x y p e pti d as e  Y

h o m ol o g  A ( E C 3. 4. 1 6. 5) a n d t h e  V a c u ol ar a mi n o p e pti d as e I; t he

m ol e c ul ar c h a p er o n e  D N A K ( C 1 G 0 P 0); t h e 4 0 S ri b os o m al pr ot ei n S 1 4

( C 1 G 0 E 5); a n d t h e pr e- m R N A-s pli ci n g h eli c as e B R R 2 ( C 1 G 5 P 0).

Fi n all y, pr ot ei ns i n v ol v e d i n v esi cl e tr a ns p ort, s u c h as c o at o m er

s u b u nit al p h a ( C 1 G A F 5), i m p orti n s u b u nit al p h a- 6/ 7 ( C 1 F Z 8 8) a n d

p h os p h ati d yli n osit ol tr a nsf er pr ot ei n S F H 5 ( C 1 GJ S 2) h a v e als o b e e n

d e cr e as e i n a b u n d a n c e.

W e h y p ot h esi z e t h at t h e f u n gi i nsi d e t h e gr a n ul o m as a v oi d

e n er g y l oss b y l o w eri n g pr ot ei n s y nt h esis, si n c e t h es e ar e o n e of t h e

m ost c o ns u mi n g e n er g y pr o c ess es i n a c ell.  At t h e s a m e ti m e t h er e is

a d e cr e as e of pr ot ei n d e gr a d ati o n i n a n att e m pt t o t u n e t h e pr ot ei n

c o nt e nt t o a d a pt t h e g e n er al  m et a b olis m t o t h e c o nstr ai nt of t h e

gr a n ul o m at o us e n vir o n m e nt.

W e s h o ul d k e e p i n  mi n d t h at alt h o u g h gr a n ul o m at o us y e asts

h a v e l o w er e d t h eir pr ot ei n c o nt e nt i n g e n er al,  wit h 1 0 3 7 pr ot ei ns

t h at h a v e n ot b e e n d et e ct e d ( eit h er b e c a us e t h e y  w er e n ot pr es e nt or

w er e b el o w t h e d et e cti o n t hr es h ol d of t h e pr ot e o m e a n al ysis), t h e

p r ot ei n t h at h a v e b e e n d et e ct e d  w e r e t h o s e t h at t h e y e a st

m ai nt ai n e d b e c a us e s o m e h o w t h e y ar e i m p ort a nt t o c o p e  wit h t h e

c o nstr ai nt d uri n g t h e h ost- p ar asit e i nt er a cti o n, ar e r e q uir e d t o r esist

t o/ m o d ul at e of i m m u n e r es p o ns e, t o k e e p y e ast vi a bilit y a n d

c o m p et e n c e f or pr olif er ati o n a n d diss e mi n ati o n  wit hi n h ost.

T h es e ass u m pti o ns  m a k e t h e pr ot ei ns i d e nti fi e d i n t his  w or k as

pr o misi n g t ar g et f or dr u g d esi g n a n d s cr e e ni n g f or i n hi bit ors.

A d diti o n all y, t h e a bs e nt pr ot ei ns i n t h e i nf ecti o n gr o u ps w er e als o

r el ate d t o g e ne/ pr otei n r e g ul ati on, a mi n o a ci d  m et a b olis m, e n er g y

m et a b olis m, a n d c ell c y cl e a n d tr a ns p ort ( Fi g ur e 5 F ),  w hi c h s u p p ort a

r e pr o gr a m mi n g of t h es e bi o c h e mi c al pr o c ess es b y t he i m pris o n e d

y e asts, i n dic ati n g a p ossi bl e f u n g al l o w a cti vit y  wit hi n t h e gr a n ul o m a,

b ut  wit h t h eir vir ul e n c e pr es er v e d, as s h o w n i n t h e n e xt s essi o n.
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 1 5
Pr ot e o m e  of P ar a c o c ci di oi d e s  br a sili e n si s
y e a st s r e c o v er e d fr o m t h e gr a n ul o m a
i n di c at e s a n e n h a n c e d  m et a b oli s m
c o n c o mit a nt  wit h t h e e x pr e s si o n  of
vir ul e n c e f a ct or s aft er c ulti v ati o n

T he a n al ysis of diff er e nti all y e x pr ess e d pr ot ei ns s h o ws t h at t her e is

a l ar g e n u m b er of u pr e g ul at e d pr o t ei ns.  W h e n y e asts fr o m 8- w e e k

gr a n ul o m at o us l esi o ns  w er e c ult i v at e d a n d c o m p ar e d  wit h c o ntr ol

y e asts, 3 8 2 pr ot ei ns  w er e f o u n d t o b e i n d u c e d a n d o nl y 1 r e pr ess e d.

Si mil arl y,  w h e n c o m p ari n g t h e f u n g al pr ot ei ns fr o m gr a n ul o m at o us

l esi o ns at 1 2  w e e ks of i nfe cti o n, 3 1 9 pr ot ei ns w er e f o u n d t o be m or e

a b u n d a nt ( S u p pl e m e nt ar y Fi g ur es 3 A – C ).

O p p osi n g t o  w h at  w as o bs er v e d f or  R N As e q a n d t h e pr ot e o m e

of t h e y e asts pr es e nt i n t h e l esi o ns, a gr e at er n u m b er of diff er e nti all y

a b u n d a nt pr ot ei ns  w er e o bs er v e d i n t h e p ost-i nf e cti o n gr o u ps  w h e n

c o m p a r e d t o c o nt r ol g r o u p.  T h o s e a b u n d a nt p r ot ei n s h a v e

f u n cti o ns r el at e d t o g e n e/ pr ot ei n r e g ul ati o n, e n er g y  m et a b olis m,

li pi d a n d a mi n o a ci d  m et a b olis m (S u p pl e m e nt ar y Fi g ur e 3 D ;

S u p pl e m e nt ar y  T a bl e 1 1 ).

T o b ett er ill ustr at e t h e y e ast  m et a b olis m pr es e nt i n t h e

gr a n ul o m a  w h e n c o m p ar e d t o t h e r e c o v er e d y e asts ( c ulti v at e d i n

F a v a  N ett o  m e di u m), t h e Fi g ur e 6 A s h o ws t h e  K E G G  m et a b oli c

p at h w a y of t h e P. br asili e nsis i n a tr a ns cri pti o n al l e v el,  w hil e

Fi g ur e 6 B s h o ws t h e  m et a b oli c p at h w a y at a pr ot e o mi c l e v el.  T his

d at a i n di c at es t h at t h er e is a r e pr essi o n of t h e  m et a b olis m, es p e ci all y

t h e e n er g y  m et a b olis m, b ot h at tr a ns cri pti o n al a n d pr ot e o mi c l e v els

i n gr a n ul o m at o us y e asts. I nst e a d,  w h e n  w e a n al y z e t h e  m et a b oli c

p at h w a y of t h e r e c o v er e d y e asts ( Fi g ur e 7 )  w e c a n s e e t h at t h e

m et a b olis m t h at  w as o n c e r e pr ess e d it is n o w i n d u c e d, e vi d e n c e d b y

t h e u pr e g ul ati o n of li pi d, n u cl e oti d e, e n er g y, c ar b o h y dr at e, a n d

a mi n o a ci d  m et a b olis ms aft er y e ast c ulti v ati o n.
T A B L E 2  C o nti n u e d

A c e s si o n
n u m b er  Pr ot ei n

E x pr e s si o n
st at u s

L o g ( F ol d
C h a n g e)

A dj u st e d  p -
v al u e

P A D G _ 1 1 7 0 9 s eri n e/t hr e o ni n e- pr ot ei n ki n as e  T T K/ M P S 1 [ E C: 2. 7. 1 2. 1] D O W N( D) - 1, 2 3 4 7 9 5, 5 4 E- 0 5

Vir ul e n c e f a ct or s

P A D G _ 0 1 9 5 4 s u p er o xi d e dis m ut as e, F e- M n f a mil y [ E C: 1. 1 5. 1. 1] D O W N( D) - 2, 5 5 1 5 2 5, 8 5 E- 0 6

P A D G _ 0 5 6 6 0 F u n g al nitri c o xi d e r e d u ct as e D O W N( D) - 1, 3 8 2 8 7 0, 0 0 7 1 5 7

P A D G _ 0 1 7 1 6 al c o h ol d e h y dr o g e n as e zi n c- bi n di n g D O W N( D) - 1, 3 5 7 2 5 0, 0 0 0 5 7 4

Ot h er  m et a b oli s m s

P A D G _ 0 2 3 8 4 p or p h o bili n o g e n s y nt h as e [ E C: 4. 2. 1. 2 4] D O W N( D) - 1, 3 8 4 6 7 0, 0 0 0 9 8 1

P A D G _ 0 7 8 4 9  N 5- h y dr o x y or nit hi n e a c et yltr a nsf er as e [ E C: 2. 3. 1.-] D O W N( 1 2) - 1, 1 2 1 6 2 0, 0 0 5 0 8 1

P A D G _ 0 4 4 3 2 al p h a- a m yl as e [ E C: 3. 2. 1. 1] D O W N( D) - 1, 0 6 1 2 7 0, 0 0 2 9 2 1
Gr a n ul o m at o us l esi o ns  w er e e xtr a ct e d fr o m t w o t o f o ur  mi c e fr o m t hr e e i n d e p e n d e nt i nf e cti o ns at ei g ht  w e e ks a n d t w el v e  w e e ks aft er b ei n g i nf e ct e d  wit h 1 x 1 0 6 P. br asili e nsis y e asts.  T h e n,

e xtr a cti o n of t ot al  R N A, r e m o v al of r R N A, a n d ass e m bl y of c D N A li br ari es  w er e p erf or m e d.  T h e s a m pl es  w er e s e q u e n c e d a n d t h e fr a g m e nts ali g n e d  wit h t h e r ef er e n c e g e n o m e f or P. br asili e nsis

usi n g b o wti e 2.  T h e F e at ur e C o u nts s oft w ar e  w as us e d t o c o u nt t h e a m o u nt of e a c h i d e nti fi e d g e n e,  w hi c h  w er e n or m ali z e d.  T h e n, a diff er e nti all y e x pr ess e d g e n e  w as  m a d e usi n g t h e li m m a a n d a

f u n cti o n al a n al ysis  w as c arri e d o ut usi n g  G O,  K E G G a n d F u n gi D B.  T h e  T a bl e s h o ws t h e diff er e nti all y e x pr ess e d g e n es  wit h t h e v al u es of L o g ( F ol d c h a n g e) a n d a dj ust e d p- v al u e.  T h e e x pr essi o n

st at us c ol u m n r e pr es e nts t h e u pr e g ul at e d or d o w nr e g ul at e d g e n es f or t h e ei g ht- w e e k i nf e cti o n gr o u p ( 8), t h e t w el v e- w e e k i nf e cti o n gr o u p ( 1 2), a n d t h e g e n es t h at  w er e diff er e nti all y e x pr ess e d i n

b ot h i nf e cti o n gr o u ps  w er e c o m bi n e d a n d r e a n al y z e d, r es ulti n g i n a n e x pr essi o n st at us d esi g n ati o n f or t h e dis e as e ( D).
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R T - q P C R a n al y si s v ali d at e s  h o st - p at h o g e n
tr a n s cri pt o mi c s

R T - q P C R a n al y si s  w a s p e rf o r m e d t o v ali d at e t h e d u al-

R N As e q r es ults f or b ot h  m o us e ( S u p pl e m e nt ar y Fi g ur e 4 ) a n d

P. br asili e nsis g e n es ( S u p pl e m e nt ar y Fi g ur e 5 ). F or t h e h ost

v ali d ati o n, w e us e d C x cl 9, T nf, G b p 2 b, P d c d 1, T n n c 1, L c n 2, a n d

H a m p. F o r t h e p at h o g e n v ali d ati o n,  w e u s e d  P A D G _ 0 0 1 0 4
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y
 1 6
( O xi d o r e d u ct a s e  O X R 1 ),  P A D G _ 0 0 0 9 7 ( L - o r nit hi n e  N 5 -

o x y g e n as e Si d A) a n d  P A D G _ 0 0 0 9 9 ( A c yl- C o A li g as e SI D 4),

P A D G _ 0 5 6 6 0 (f u n g al nitri c o xi d e r e d u ct as e), a n d P A D G _ 0 1 9 5 4

( s u p e r o xi d e di s m ut a s e, F e - M n f a mil y).  B ot h d at a s et s  w e r e

v ali d at e d b y  R T- q P C R d at a, s u p p o rti n g t h e fi n di n g s i n t h e

R N As e q  wit h a P e ars o n st atisti c al c orr el ati o n b et w e e n 0. 8 9 8 1

a n d 0. 9 6 7 9 f or t h e  mi c e d at as et a n d b et w e e n 0. 8 9 0 6 a n d 0. 9 0 6

f or t h e P. br asili e nsis d at as et.
B

C

D

E

F

A

FI G U R E 5

P.  br a sili e n si s pr ot ei n s pr e s e nt i n t h e gr a n ul o m a i n di c at e l o w pr ot ei n pr o d u cti o n a n d a  m et a b oli c r e pr e s si o n.  Gr a n ul o m at o u s l e si o n s  w er e e xtr a ct e d

fr o m t w o t o f o ur  mi c e fr o m t hr e e i n d e p e n d e nt i nf e cti o n s at ei g ht  w e e k s ( 8 W) a n d t w el v e  w e e k s ( 1 2 W) aft er b ei n g i nf e ct e d  wit h 1 x 1 0 6 P.  br a sili e n si s

y e a st s.  Aft er l y si n g t h e a ni m al c ell s, t h e f u n g al pr ot ei n s  w er e e xtr a ct e d a n d di g e st e d  wit h tr y p si n a n d r e s ol u bili z e d i n  0. 1 % f or mi c a ci d.  P e pti d e s  w er e

a n al y z e d b y L C - M S/ M S a n d pr ot ei n s i d e nti fi e d b y  M a x Q u a nt s oft w ar e.  Pr ot ei n s c o nt ai ni n g  m or e t h a n t w o u ni q u e p e pti d e s h a d t h eir i nt e n sit y

n or m ali z e d b y l o g 2 f oll o w e d b y q u a ntil e n or m ali z ati o n  wit hi n e a c h e x p eri m e nt al r e p e at. T h e n, a diff er e nti all y a b u n d a nt pr ot ei n s a n al y si s  w a s  m a d e

u si n g li m m a a n d a f u n cti o n al a n al y si s  w a s c arri e d  o ut. T o ill u str at e t h e diff er e nti all y a b u n d a nt pr ot ei n s, a v ol c a n o pl ot  of t h e  8 - w e e k s i nf e cti o n ( 8 W)

gr o u p i n r el ati o n t o t h e c o ntr ol y e a st s ( A) a n d a v ol c a n o pl ot  of t h e 1 2 - w e e k s i nf e cti o n gr o u p ( 1 2 W) i n r el ati o n t o t h e c o ntr ol y e a st s ( B) w er e  m a d e.

A d diti o n all y, a h e at m a p  w a s cr e at e d  wit h s el e ct e d pr ot ei n s ( C). T h e pr ot ei n s i n r e d r e pr e s e nt a hi g h er a b u n d a n c e a n d t h e gr e e n  o n e s a l o w er

a b u n d a n c e f or a gi v e n s a m pl e. T h e f u n cti o n s  of t h e u pr e g ul at e d pr ot ei n s ( D), d o w nr e g ul at e d pr ot ei n s ( E) a n d t h e pr ot ei n s a b s e nt i n t h e i nf e cti o n ( F)

w er e t a k e n u si n g  G O,  K E G G a n d F u n gi D B.
fr o nti er si n. or g
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T A B L E 3  Diff er e nti al a b u n d a n c e  of y e a st s  pr ot ei n s.

A c e s si o n
n u m b er  Pr ot ei n

E x pr e s si o n
st at u s

L o g ( F ol d
C h a n g e)

A dj u st e d  p -
v al u e

U P s

Li pi d  m et a b oli s m

C 1 G 2 K 1 Gl y c er ol- 3- p h os p h at e d e h y dr o g e n as e U P( 1 2) 1, 9 2 4 3 7 7 0, 0 2 2 1 2

C ell c y cl e

C 1 G 5 E 7 R e pli c ati o n f a ct or  C s u b u nit 3 U P( 8) 4, 4 7 4 3 3 3 0, 0 1 8 5 3 1

Tr a n s p ort

C 1 G 7 8 5 G T P- bi n di n g pr ot ei n y pt 5 U P( 1 2) 1, 8 6 4 7 1 2 0, 0 3 0 9 9 2

D O W N s

G e n e / pr ot ei n r e g ul ati o n

C 1 G 0 E 5 4 0 S ri b os o m al pr ot ei n S 1 4 D O W N( 8) - 5, 7 6 0 9 5 0, 0 0 1 9 5 7

C 1 G 5 P 0 pr e- m R N A-s pli ci n g h eli c as e B R R 2 [ E C: 3. 6. 4. 1 3] D O W N( D) - 4, 6 4 7 7 7 2, 3 9 E- 0 5

C 1 G 0 P 0 m ol e c ul ar c h a p er o n e  D n a K D O W N( 1 2) - 2, 4 2 9 6 4 0, 0 2 6 1 0 3

E n er g y  m et a b oli s m

C 1 G 2 9 4

s u c ci n yl- C o A s y nt h et as e al p h a s u b u nit [ E C: 6. 2. 1. 4

6. 2. 1. 5] D O W N( D) - 3, 2 9 5 7 2 0, 0 0 3 6 0 5

C 1 G 2 P 3 e n o yl- C o A h y dr at as e [ E C: 4. 2. 1. 1 7] D O W N( D) - 4, 3 7 8 4 9 2, 8 2 E- 0 5

C 1 G 2 W 2 P yr u v at e ki n as e ( E C 2. 7. 1. 4 0) D O W N( D) - 5, 3 2 3 6 7 0, 0 0 0 9 2

C 1 G M 0 3 C yt o c hr o m e b- c 1 c o m pl e x s u b u nit 2 D O W N( D) - 4, 1 0 8 3 2 0, 0 0 0 1 3 5

Tr a n s p ort

C 1 F Z 8 8 i m p orti n s u b u nit al p h a- 6/ 7 D O W N( 8) - 4, 3 6 1 9 2 0, 0 0 3 2 7 2

C 1 G A F 5 C o at o m er s u b u nit al p h a D O W N( 8) - 2, 6 0 0 0 8 0, 0 0 1 7 5 6

C 1 GJ S 2

P h os p h ati d yli n osit ol tr a nsf er pr ot ei n S F H 5 ( PI T P

S F H 5) D O W N( D) - 7, 2 1 7 6 9 1, 5 2 E- 0 5

A mi n o a ci d  m et a b oli s m

C 1 G 3 V 5 As p art at e a mi n otr a nsf er as e ( E C 2. 6. 1. 1) D O W N( 1 2) - 5, 0 5 1 9 3 7, 6 E- 0 5

C 1 G B D 8 3- o x o a ci d  C o A-tr a nsf er as e [ E C: 2. 8. 3. 5] D O W N( 8) - 6, 3 9 2 3 5 5, 7 6 E- 0 5

C 1 G B T 4 1- p yrr oli n e- 5- c ar b o x yl at e d e h y dr o g e n as e [ E C: 1. 2. 1. 8 8]  D O W N( 8) - 6, 0 7 1 6 4 0, 0 0 0 2 5

Vir ul e n c e f a ct or

C 1 G K T 9 T hi or e d o xi n d o m ai n- c o nt ai ni n g pr ot ei n D O W N( 8) - 6, 4 8 4 1 3 3, 2 1 E- 0 5

C 1 G 7 K 8 c yt o c hr o m e c p er o xi d as e [ E C: 1. 1 1. 1. 5] D O W N( D) - 3, 1 0 0 3 5 0, 0 0 0 2 7 2

C 1 GJI 2 S u p er o xi d e dis m ut as e [ C u- Z n] D O W N( D) - 3, 5 6 5 1 0, 0 0 0 7 1

Ot h er  m et a b oli s m s

C 1 G G 7 7 C ar b o x y p e pti d as e  Y h o m ol o g  A ( E C 3. 4. 1 6. 5) D O W N( D) - 2, 9 2 6 6 5 0, 0 0 8 2 2

C 1 GJ M 4 V a c u ol ar a mi n o p e pti d as e I D O W N( D) - 4, 3 2 2 9 6 0, 0 0 0 8 2 5
F
r o nti er s i n C ell ul ar a n d I nf
 e cti o n  Mi cr o bi ol o g y 1 7
Gr a n ul o m at o us l esi o ns  w er e e xtr a ct e d fr o m t w o t o f o ur  mi c e fr o m t hr e e i n d e p e n d e nt i nf e cti o ns at ei g ht  w e e ks a n d t w el v e  w e e ks aft er b ei n g i nf e ct e d  wit h 1 x 1 0 6 P. br asili e nsis y e asts.  Aft er l ysi n g

t h e a ni m al c ells, t h e f u n g al pr ot ei ns  w er e e xtr a ct e d a n d di g est e d  wit h tr y psi n a n d r es ol u bili z e d i n 0. 1 % f or mi c a ci d. P e pti d es  w er e a n al y z e d b y L C- M S/ M S a n d pr ot ei ns i d e nti fi e d b y  M a x Q u a nt

s oft w ar e. Pr ot ei ns c o nt ai ni n g  m or e t h a n t w o u ni q u e p e pti d es h a d t h eir i nt e nsit y n or m ali z e d b y l o g 2, t h e n q u a ntil e n or m ali z e d  wit hi n e a c h e x p eri m e nt al r e p e at.  T h e li m m a p a c k a g e  w as us e d f or

diff er e nti all y a b u n d a nt pr ot ei ns a n al ysis a n d  G O,  K E G G a n d F u n gi D B  w er e us e d f or f u n cti o n al a n al ysis.  T h e  T a bl e s h o ws t h e diff er e nti all y a b u n d a nt pr ot ei ns  wit h t h e v al u es of L o g ( F ol d c h a n g e)

a n d a dj ust e d p- v al u e.  T h e e x pr essi o n st at us c ol u m n r e pr es e nts t h e u pr e g ul at e d or d o w nr e g ul at e d pr ot ei ns f or t h e ei g ht- w e e k i nf e cti o n gr o u p ( 8), t h e t w el v e- w e e k i nf e cti o n gr o u p ( 1 2), a n d t h e

pr ot ei ns t h at  w er e diff er e nti all y e x pr ess e d i n b ot h i nf e cti o n gr o u ps  w er e c o m bi n e d a n d r e a n al y z e d, r es ulti n g i n a n e x pr essi o n st at us d esi g n ati o n f or t h e dis e as e ( D).
fr o nti er si n. or g
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P ar a c o c ci di oi d e s  br a sili e n si s y e a st s  pr e s e nt
i n t h e gr a n ul o m at o u s l e si o n s  pr o d u c e s
l o w er l e v el s  of i ntr a c ell ul ar si d er o p h or e
f erri cr o ci n a n d  h a s l o w li pi d c o nt e nt.

T o v erif y t h e e x pr essi o n of si d er o p h or es b y P. br asili e nsis , L C-

H R M S/ M S a n al ys es  w er e p erf or m e d  wit h t h e gr a n ul o m a f u n g us

e xtr a cts, c o ntr ol f u n g us a n d r e c o v er e d f u n g us.  T h e si d er o p h or e

F erri cr o ci n ( m/ z 7 1 8. 3 3 7 0)  w as a n n ot at e d b as e d o n its e x a ct  m ass

a n d  M S/ M S fr a g m e nt ati o n p att er n t y pi c al of t his si d er o p h or e cl ass.

F erri cr o ci n l e v els  w er e l o w er i n t h e y e asts pr es e nt i n t h e gr a n ul o m a

a n d t h e r e c o v er e d o n es  w h e n c o m p ar e d t o t h e c o ntr ol y e asts

(Fi g ur e 8 ).  T his r es ult c orr o b or at es t h e  R N As e q d at a c o nsi d eri n g

a l o w er e x pr essi o n of Si d L o bs er v e d i n t h e gr a n ul o m a y e asts

(Fi g ur e 4 E ; T a bl e 2 ).
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 1 8
F urt h er m or e, a  Oil R e d  O li pi d st ai ni n g  w as p erf or m e d ai mi n g t o

e v al u at e t h e n e utr al li pi d c o nt e nt i n t h e t hr e e y e asts gr o u ps ( c o ntr ol,

r e c o v er e d a n d pr es e nt i n t h e l esi o ns).  Oil  R e d  O d y e bi n ds t o n e utr al

li pi ds, as t h os e f o u n d i n li pi d dr o pl ets, b ut n ot t o p h os p h oli pi ds i n

m e m br a n es, r e v e ali n g t h e a m o u nt a n d si z e of li pi d dr o pl ets b y st ai ni n g

t h e m  wit h a r e d c ol o ur.  As s h o w e d i n t h e Fi g ur e 8 B , t h e li pi d dr o pl ets

i n t h e i nfe cti o n y e asts ar e l ess a b u n d a nt  w h e n c o m p ar e d t o c o ntr ol

y e asts, s u p p orti n g b ot h t h e tr a ns cri pt a n d pr ot e o mi c d at a,  w h er e g e n es

a n d pr ot ei ns r el ate d t o b et a- o xi d ati o n  w er e si g ni fi c a ntl y l ess a b u n d a nt

i n t h e f u n g us i nsi d e t h e gr a n ul o m a. B ec a us e li pi d dr o pl ets ar e i n gr e at er

n u m ber a n d si ze i n t h e r e c o v er e d a n d c ult ur e d y e asts c o m p ar e d t o t h e

y e asts pr es e nt i n t h e l esi o ns, o ur r es ults i n di c at e 1) n e utr al li pi d st o c ks

d e cr e as e d uri n g i nf e cti o n a n d 2) t h at li pi d bi os y nt h esis is r es u m e d b y

s u bs e q u e nt c ulti v ati o n of y e ast is ol at e d fr o m t h e l esi o ns i n

ri c h  m e di u m.
B

A

FI G U R E  6

Y e a st  m et a b oli s m i n tr a n s cri pti o n al a n d pr ot e o mi c l e v el s s h o w a r e pr e s s e d  m et a b oli s m  wit hi n t h e gr a n ul o m a.  Gr a n ul o m at o u s l e si o n s  w er e e xtr a ct e d

fr o m t w o t o f o ur  mi c e fr o m t hr e e i n d e p e n d e nt i nf e cti o n s at ei g ht  w e e k s a n d t w el v e  w e e k s aft er b ei n g i nf e ct e d  wit h 1 x 1 0 6 P.  br a sili e n si s y e a st s.

Aft er e xtr a cti n g t ot al  R N A a n d pr ot ei n s, ali g n m e nt a n d pr ot ei n i d e nti fi c ati o n  w er e c arri e d  o ut, r e s p e cti v el y. T h e li m m a s oft w ar e  w a s u s e d t o e v al u at e

diff er e nti all y a b u n d a nt g e n e s a n d pr ot ei n s, a n d t h e n t h e  m et a b oli c  m a p  of P. br a sili e n si s o bt ai n e d fr o m  K E G G  w a s u s e d t o e v al u at e t h e i n d u cti o n

a n d r e pr e s si o n  of  m et a b oli s m. ( A) M et a b oli c  m a p at t h e tr a n s cri pti o n al l e v el. ( B) M et a b oli c  m a p at pr ot ei n l e v el.  G e n e s a n d pr ot ei n s  m ar k e d i n bl u e

ar e d o w nr e g ul at e d, t h o s e  m ar k e d i n r e d ar e u pr e g ul at e d, t h o s e  m ar k e d i n gr a y ar e n ot at st ati sti c all y diff er e nt l e v el s,  w hil e t h o s e  m ar k e d i n gr e e n

w er e n ot i d e nti fi e d i n t h e s a m pl e s.
fr o nti er si n. or g
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Y e a st s i s ol at e d fr o m gr a n ul o m a s
ar e  m or e vir ul e nt t h a n t h o s e  of
n o n - gr a n ul o m a y e a st s

Ai mi n g t o c o m p ar e t h e vir ul e n c e of t h e y e asts o bt ai n e d fr o m

t h e gr a n ul o m a aft er 8  w e e ks of i nf e cti o n  wit h t h e n o n- gr a n ul o m a

y e asts ( c o ntr ol y e asts, i. e, y e asts us e d f or  mi c e i nf e cti o n), a

hist o p at h ol o g y a n al ysis of t h e l u n g  w as  m a d e.  T h e  mi c e i nf e ct e d

wit h t h e y e asts is ol at e d fr o m gr a n ul o m at o us l esi o ns h a d a l ess

c o m p a ct gr a n ul o m a  wit h a l ar g er l esi o n ar e a  w h e n c o m p ar e d t o t h e

gr a n ul o m as si z e f or m e d i n  mi c e i nf e ct e d  wit h t h e c o ntr ol y e asts

(Fi g ur es 9 A , B ). F urt h er m or e, a s ur vi v al a n al ysis of i nf e ct e d  C 5 7 B L/

6  wil d-t y p e ( W T)  mi c e  w as p erf or m e d.  All  mi c e i nf e ct e d  wit h

gr a n ul o m at o us l esi o n- y e asts di e d  wit hi n 7 9 d a ys; i n c o ntr ast,  mi c e

i nf e ct e d  wit h c o ntr ol y e asts st art t o di e o n d a y 9 1 a n d 1 0 0 d a ys aft er

i nf e cti o n o nl y t w o  mi c e  w er e d e a d (Fi g ur e 9 C ).  T h es e r es ults

d e m o nstr at e t h at y e asts r e c o v er e d fr o m gr a n ul o m at o us l esi o ns ar e

m or e vir ul e nt t h a n t h e n o n- gr a n ul o m a c o ntr ol y e asts.  T o e v al u at e

t h e f u n g al l o a d a  C F U ass a y  w as p erf or m e d  wit h l u n gs, li v er, a n d

s pl e e n of  mi c e.  As it c a n b e s e e n i n t h e Fi g ur e 9 D , t h e  mi c e i nf e ct e d

wit h t h e r e c o v er e d y e ast h a d a hi g h er f u n g al l o a d i n t h e l u n gs a n d

li v er  w h e n c o m p ar e d t o a ni m als i nf e ct e d  wit h c o ntr ol y e asts,

s h o wi n g t h at t h e y e a st s f r o m g r a n ul o m at o u s l e si o n s c a n

diss e mi n at e  m or e e asil y t h a n c o ntr ol y e asts.
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 1 9
Di s c u s si o n

T h e gr a n ul o m a is a h ost d ef e ns e  m e c h a nis m t h at ai ms t o

c o nt ai n t h e p at h o g e n a n d p r e v e nt t h e s p r e a d of i nf e cti o n.

H o w e v er, at t h e s a m e ti m e t h at t h e gr a n ul o m a k e e ps t h e i nf e cti o n

u n d er c o ntr ol, all o ws t h e p at h o g e n t o s ur vi v e i nsi d e, si n c e it d o es

n ot eli mi n at e it c o m pl et el y ( R u bi n, 2 0 0 9 ; H a ms et al., 2 0 1 3 ).

T h e f u n cti o n al a n al ysis of t h e  D E Gs of t h e i nf e ct e d h ost tiss u e

i n di c at es t h e e x pr essi o n of g e n es ass o ci at e d  wit h i n n at e a n d

a d a pti v e i m m u nit y.  T o o ur k n o wl e d g e, it is t h e fi rst ti m e t h at

b ot h P R Rs  Cl e c 4 d a n d  Cl e c 4 a 2  w er e o bs er v e d i n c hr o ni c P C M,

alt h o u g h  D e cti n- 3 ( Cl e c 4 d) e x pr essi o n  w as d e m o nstr at e d i n vitr o i n

h u m a n pl as m a c yt oi d d e n driti c c ells ( p D Cs),  w h er e it h as b e e n

ass o ci at e d t o t y p e I I F N a n d I L- 1 b s e cr eti o n (Pr eit e et al., 2 0 1 8 ).

B esi d es,  D e cti n- 3 h as b e e n d es cri b e d t o i niti at e a h ost d ef e ns e

a g ai nst C a n di d a al bic a ns a n d Cr y pt oc occ us ss p (Z h u et al., 2 0 1 3 ;

H u a n g et al., 2 0 1 8 ).  Cl e c 4 a 2 b el o n gs t o t h e  D e cti n- 2 f a mil y, a n d it is

als o n a m e d  D C i m m u n or e c e pt or ( D CI R) ( B at es et al., 1 9 9 9 ;

L a m b ert et al., 2 0 0 8 ; K ers c h er et al., 2 0 1 3 ; Bl o e m et al., 2 0 1 4 ;

N a g a e et al., 2 0 1 6 ) I n t u b er c ul osis,  D CI R  w as r e p ort e d t o b e

pr ot e cti v e b y  m o d ul ati n g t h e i m m u n e r es p o ns e t hr o u g h I L- 1 2

e x pr essi o n a n d  T h 1 e x p a nsi o n ( Tr o e g el er et al., 2 0 1 7 ).  T h e

e x pr essi o n of P e ntr a xi n 3 ( Pt x 3), a P R R r el at e d g e n e sti m ul at e d

b y t u m or n e cr osis f a ct or a n d i nt erl e u ki n- 1 b et a,  w hi c h r e m ai ns

u n d er e x pl oit e d i n P C M, h as alr e a d y b e e n r e p ort e d t o b e i n v ol v e d

i n t h e P. br asili e nsis o ps o ni z ati o n b y  m a cr o p h a g es ( Di ni z et al.,

2 0 0 4 ).  A d diti o n all y,  D e cti n- 1 ( Cl e c 7 a) a n d  T L R 2 i m p ort a nt P R Rs

i n P C M a n d ot h ers  m y c osis  w er e als o o bs er v e d  wit h a tr a ns cri pt

e x pr essi o n i n t h e gr a n ul o m a.  T h es e r e c e pt ors pl a y a n i m p ort a nt

r ol e i n t h e i m m u n e r es p o ns e of h u m a n a n d  m uri n e p h a g o c yti c c ells

w h e n e x p os e d t o P. br asili e nsis i nf e cti o n (Br o w n, 2 0 0 6 ; B o n fi m et

al., 2 0 0 9 ; L o ur es et al., 2 0 0 9 ; L o ur es et al., 2 0 1 4 ; F eri otti et al., 2 0 1 5 ;

C ali c h et al., 2 0 1 9 ; d e  Q u a gli a E Sil v a et al., 2 0 1 9 ; Li et al., 2 0 1 9 ;

R o dri g u e z- E c h e v erri et al., 2 0 2 1 ).

T h e tr a ns cri pts t o c h e m o ki n es  C cl 3 ( MI P- 1 a ), a n d  C cl 7

( M C P 3), t h at h a v e n e v er b e e n d es cri b e d i n a P C M c o nt e xt,  w er e

als o e x pr ess e d i n t h e gr a n ul o m a.  T h os e c h e m o ki n es ar e r es p o nsi bl e

f or r e cr uiti n g  m o n o c yt es, n e utr o p hils,  D Cs, a n d e osi n o p hils,  w hi c h

r efl e cts t h e pr es e n c e of t h es e c ells  wit hi n t h e l esi o ns ( L ust er, 1 9 9 8 ).

I n f a ct,  C cl 3 a n d  C cl 7  w er e ass o ci at e d t o a  mil d er Cr y pt oc occ us

n e of or m a ns a n d Hist o pl as m a c a pst ul at u m i nf e cti o n, si n c e t h e y

p r o m ot e a p r ot e cti v e p r o fi l e b y i n hi biti n g a  T h 2 r e s p o n s e

(H uff n a gl e et al., 1 9 9 7 ; Ols z e ws ki et al., 2 0 0 0 ; S z y m c z a k a n d

D e e p e, 2 0 0 9 ; Qi u et al., 2 0 1 2 ).  A d diti o n all y, t h e e x pr essi o n of

C cl 3 a n d  C cl 4 ( MI P- 1 b ), a c h e m o ki n e r es p o nsi bl e f or  m o n o c yt es,

n e utr o p hils,  D Cs, a n d e osi n o p hils  mi gr ati o n h as alr e a d y b e e n

r el at e d t o n e utr o p hil a c c u m ul ati o n i n t h e l u n gs i n As p er gill us

f u mi g at us,  C. n e of or m a ns,  H. ca ps ul at u m a n d P. br asili e nsis

i nf e cti o n, i n di c ati n g a n i m p ort a nt n e utr o p hil p arti ci p ati o n i n t h e

gr a n ul o m a ( H uff n a gl e et al., 1 9 9 7 ; M e hr a d et al., 2 0 0 0 ; Ols z e ws ki

et al., 2 0 0 0 ; S o ut o et al., 2 0 0 3 ; Kr o et z a n d  D e e p e, 2 0 1 0 ; P u ert a- Ari as

et al., 2 0 1 6 ). Si n c e  C cl 3,  C cl 4, a n d  C cl 7 attr a ct e osi n o p hils, t h es e c ell

p o p ul ati o ns ar e als o e x p e ct e d i n t h e gr a n ul o m at o u s l esi o ns.

Alt h o u g h e osi n o p hils ar e c o m m o n i n t h e a c ut e P C M f or m, t h e y
FI G U R E 7

F u n g al  m et a b oli s m  of r e c o v er e d y e a st s s h o w s a r e c o v er e d a n d

e n h a n c e d  m et a b oli s m aft er c ulti v ati o n.  Gr a n ul o m at o u s l e si o n s  w er e

e xtr a ct e d fr o m t w o t o f o ur  mi c e fr o m t hr e e i n d e p e n d e nt i nf e cti o n s

at ei g ht  w e e k s a n d t w el v e  w e e k s aft er b ei n g i nf e ct e d  wit h 1 x 1 0 6 P.

br a sili e n si s y e a st s.  Aft er r e c o v eri n g t h e f u n gi pr e s e nt i n t h e

gr a n ul o m at o u s l e si o n s, c ulti v ati o n  w a s c arri e d  o ut i n F a v a  N ett o

c ult ur e  m e di u m f or 1 4 d a y s. T h e n, e xtr a cti o n  of f u n g al pr ot ei n s  w a s

p erf or m e d,  w hi c h  w er e di g e st e d  wit h tr y p si n a n d r e s ol u bili z e d i n

0. 1 % f or mi c a ci d.  P e pti d e s  w er e a n al y z e d b y L C - M S/ M S a n d pr ot ei n s

i d e ntifi e d b y  M a x Q u a nt s oft w ar e.  Pr ot ei n s c o nt ai ni n g  m or e t h a n t w o

u ni q u e p e pti d e s h a d t h eir i nt e n sit y n or m ali z e d b y l o g 2, t h e n q u a ntil e

n or m ali z e d  wit hi n e a c h e x p eri m e nt al r e p e at. T h e li m m a s oft w ar e

w a s u s e d t o e v al u at e diff er e nti all y a b u n d a nt pr ot ei n s, a n d t h e n u s e

t h e  m et a b oli c  m a p  of P. br a sili e n si s o bt ai n e d fr o m  K E G G t o e v al u at e

t h e i n d u cti o n a n d r e pr e s si o n  of  m et a b oli s m a s a  w h ol e.  Pr ot ei n s

m ar k e d i n bl u e ar e d o w nr e g ul at e d, t h o s e  m ar k e d i n r e d ar e

u pr e g ul at e d, t h o s e  m ar k e d i n gr a y ar e n ot at st ati sti c all y diff er e nt

l e v el s,  w hil e t h o s e  m ar k e d i n gr e e n  w er e n ot i d e ntifi e d i n t h e

s a m pl e s.
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h a v e alr e a d y b e e n i d e nti fi e d i n t h e l esi o ns b y t h e pr es e n c e of t h e

e osi n o p hil gr a n ul e  m aj or b asi c pr ot ei n, b ut t h eir f u n cti o n i n t h e

c hr o ni c f or m of P C M r e m ai n u n cl e ar ( W a g n er et al., 1 9 9 8 ; Br a g a

et al., 2 0 1 7 ).

T h e pr es e n c e of If n g,  T nf,  T nfrsf 9, a n d  N os 2 tr a ns cri pts (i N O S)

c orr o b or at es  wit h t h e f a ct t h at  m a cr o p h a g es a n d a  T h 1 r es p o ns e

pl a y a n ess e nti al r ol e i n t h e gr a n ul o m a f u n cti o n.  T N F- a is

r es p o nsi bl e f or  m a cr o p h a g es a c c u m ul ati o n a n d diff er e nti ati o n i n

e pit h eli oi d c ells, r es ulti n g i n a  w ell- or g a ni z e d gr a n ul o m a ( Ki n dl er

et al., 1 9 8 9 ; Fi g u eir e d o et al., 1 9 9 3 ).  T h er ef or e, t h e e x pr essi o n of

T N F- a c a n e x pl ai n  w h y t h e gr a n ul o m as  w er e still ti g ht i n o ur

hist ol o g y a n al ysis. F urt h er m or e, I F N- g c a n a cti v at e i nf e ct e d
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 2 0
m a cr o p h a g es t o pr o d u c e  T N F- a a n d i N O S, l e a di n g t o a r e d u c e d

P. br asili e nsis r e pli c ati o n (Br u m m er et al., 1 9 8 8 ; G o n z al e z et al.,

2 0 0 0 ),  w hi c h  m a y e x pl ai n  w h y y e asts tr a ns cri pts a n d pr ot ei ns

r el at e d t o c ell c y cl e ar e i n a l o w er l e v el i nsi d e t h e gr a n ul o m a

w h e n c o m p ar e d t o c o ntr ol f u n gi.

C o n c o mit a nt t o t h e p r e s e n c e of  m a c r o p h a g e s a n d  T h 1

l y m p h o c yt es, t h er e is a n i n di c ati o n t h at n e utr o p hils a n d  T h 1 7

l y m p h o c yt e s al s o pl a y a n i m p o rt a nt r ol e i n t h e g r a n ul o m a

a cti vit y.  T h e  T h 1 7 r es p o ns e, alt h o u g h d es cri b e d as a cr u ci al  T c ell

s u bs et i n gr a n ul o m a f or m ati o n, it h as n e v er b e e n d es cri b e d i nsi d e a

c hr o ni c P C M gr a n ul o m at o us l esi o n ( Trist ã o et al., 2 0 1 7 ).  H o w e v er,

I L- 1 7 e x pr essi n g c ells  w er e f o u n d i n t h e s ki n a n d  m u c os al l esi o ns of
B

A
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Y e a st s  pr e s e nt i n t h e gr a n ul o m a pr o d u c e s l o w l e v el s  of i ntr a c ell ul ar si d er o p h or e f erri cr o ci n a n d h a s l o w li pi d a v ail a bilit y. F or t h e f erri cr o ci n l e v el s

a n al y si s ( A) a q u a dr u pli c at e  of l u n g gr a n ul o m a, c o ntr ol l u n g, c o ntr ol y e a st s a n d r e c o v er e d y e a st s  w er e fr o z e n, a n d 1 0 0  m g  of fr o z e n  m at eri al  w a s

m a c er at e d  wit h t h e h el p  of a p e stl e a n d p ot. T h e s e c o n d ar y  m et a b olit e s e xtr a cti o n  w a s p erf or m e d  wit h 1  m L  of  m et h a n ol ( 1 0 0 %;  H P L C gr a d e),

f oll o w e d b y s o ni c ati o n b at h f or  4 0  mi n ut e s. F or s a m pl e pr e p ar ati o n, 5 0 0 m L  of e a c h s a m pl e e xtr a ct  w er e fi lt er e d i n a  0. 2 2 m m  P T F E a n d dil ut e d t o 1

m L v ol u m e  wit h  H P L C - gr a d e  m et h a n ol. T h e n L C - H R M S/ M S a n al y si s  w er e p erf or m e d a n d d at a  w er e pr o c e s s e d  wit h X c ali b ur s oft w ar e ( v er si o n

3. 0. 6 3). St ati sti c al a n al y si s  w a s p erf or m e d u si n g  o n e - w a y  A N O V A.  B ar s r e pr e s e nt  m e a n s  ± st a n d ar d err or  of t h e f e at ur e ar e a  of gr o u p s  of  4 t o 5

s a m pl e s ( * p < 0. 0 5; * * p <  0. 0 1). F or li pi d a v ail a bilit y a n al y si s ( B) c o ntr ol y e a st s, gr a n ul o m a y e a st s a n d r e c o v er e d y e a st s  w er e st ai n e d  wit h fi lt er e d  Oil

R e d  O f or 2 h o ur s at r o o m t e m p er at ur e. S u b s e q u e ntl y, t h e c ell s  w er e  w a s h e d t wi c e  wit h ultr a p ur e  w at er a n d t h e n r e s u s p e n d e d i n  P B S f or a n al y si s

o n a  mi cr o s c o p e sli d e. T h e p h ot o s  w er e t a k e n u si n g t h e L ei c a  D M 7 5 0  mi cr o s c o p e a n d t h e L ei c a  A p pli c ati o n S uit e  V 4. 8 s oft w ar e, t h u s all o wi n g t h e

o b s er v ati o n  of st ai n e d n e utr al li pi d s i n si d e t h e c ell s.
fr o nti er si n. or g
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p ati e nts ( P a gli ari et al., 2 0 1 1 ) b esi d es a pr ot e cti v e r ol e of  T h 1 7 c ells

t h at h as b e e n d es cri b e d b y o ur gr o u p (G al di n o et al., 2 0 1 8 ; Pr eit e

et al., 2 0 2 3 ).  T h e d e pl eti o n of  m y el oi d- d eri v e d s u p pr ess or c ells

( M D S Cs) as  w ell as  Tr e g c ells l e a ds t o r o b ust  T h 1/ T h 1 7 l y m p h o c yt e

r es p o ns es ass o ci at e d t o a r e gr essi v e dis e as e  wit h r e d u c e d f u n g al
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 2 1
b ur d e n, l u n g p at h ol o g y a n d  m ort alit y r ati os i n  mi c e ( G al di n o et al.,

2 0 1 8 ; Pr eit e et al., 2 0 2 3 ).

As r e p ort e d t o s e v er al dis e as e, c o ntr olli n g t h e i m m u n e r es p o ns e

is cr u ci al, ai mi n g f or a h o m e ost asis of t h e i nfl a m m at or y r es p o ns e, as

a n e x a g g er at e d i m m u n e r e a cti o n c a n r es ult i n h ost d a m a g e a n d a n
B

C

D

A
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R e c o v er e d y e a st s i n d u c e s l o o s er gr a n ul o m a s, i s  m or e vir ul e nt a n d di s s e mi n at e  m or e t h a n c o ntr ol y e a st s.  Gr o u p s  of f o ur  C 5 7 B L/ 6  mi c e  w er e

i nf e ct e d b y i.t. r o ut e  wit h 1  × 1 06 c o ntr ol P.  br a sili e n si s y e a st s  or r e c o v er e d y e a st s c o nt ai n e d i n 5 0  μ L  of  P B S.  Aft er ei g ht a n d  w e e k s  of i nf e cti o n, t h e

a ni m al s  w er e e ut h a ni z e d a n d t h e l u n g s r e m o v e d,  w hi c h  w er e st or e d i n 1 0 % f or m al d e h y d e at  4 ° C. S e cti o n s  of 5  μ m  w er e st ai n e d  wit h  H e m at o x yli n -

E o si n ( H & E; pi n k) f or a n al y si s  of l e si o n s a n d st ai n e d  wit h  Gr o c ott ( gr e e n) f or f u n g al e v al u ati o n ( A). T h e a n at o m y  of t h e l e si o n  w a s a n al y z e d a c c or di n g

t o si z e,  m or p h ol o g y, a n d pr e s e n c e  of f u n g al c ell s. T h e i m a g e a n d t h e l e si o n ar e a c al c ul ati o n  w er e t a k e n u si n g t h e L ei c a  D M 7 5 0  mi cr o s c o p e a n d t h e

L ei c a  A p pli c ati o n S uit e  V 4. 8 s oft w ar e. St ati sti c al a n al y si s  w a s p erf or m e d u si n g  o n e - w a y  A N O V A.  B ar s r e pr e s e nt  m e a n s  ± st a n d ar d err or  of l e si o n ar e a

( μ m²)  of gr o u p s  of t hr e e  mi c e ( B). F or t h e s ur vi v al a n al y si s ( C) gr o u p s  of si x  C 5 7 Bl/ 6  W T  mi c e  w er e i nf e ct e d vi a i.t.  wit h 1 x 1 0 6 y e a st s e xtr a ct e d fr o m

gr a n ul o m at o u s l e si o n s  or c o ntr ol y e a st s t o v erif y t h e vir ul e n c e  of fr e s hl y e xtr a ct e d gr a n ul o m a y e a st s.  D e at h s  w er e r e c or d e d d ail y. T h e s ur vi v al c ur v e

u s e d t h e L o g -r a n k t e st ( M a nt el - C o x) t o c o m p ar e t h e t w o gr o u p s. F or t h e  C F U a s s a y ( D) gr o u p s  of t hr e e t o f o ur  C 5 7 B L/ 6  mi c e  w er e i nf e ct e d b y t h e

i.t. r o ut e  wit h 1  × 1 06 P.  br a sili e n si s y e a st s c o nt ai n e d i n 5 0  μ L  of  P B S.  Aft er ei g ht  w e e k s  of i nf e cti o n, t h e l u n g s, li v er, a n d s pl e e n  w er e r e m o v e d a n d

m a c er at e d.  Aft er t h at, t h e s a m pl e s  w er e c e ntrif u g e d t o  o bt ai n t h e f u n g u s a n d i n o c ul at e d i n pl at e s c o nt ai ni n g  B HI  m e di u m f or s u b s e q u e nt c o u nti n g

of  C F U.  B ar s r e pr e s e nt  m e a n s  ± st a n d ar d d e vi ati o n  of l o g 1 0  or t ot al y e a st n u m b er.  V al u e s  w er e c o n si d er e d si g ni fi c a nt  w h e n * * p <  0. 0 1; * * * p < 0. 0 0 1;

* * * * p < 0. 0 0 0 1.
fr o nti er si n. or g
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i n hi bit e d i m m u n e r es p o ns e as  w ell (M ar q u es et al., 2 0 1 6 ).  T h e

e x pr essi o n of  Ar gi n as e- 1 a n d c oll a g e n as e 3 ( M m p 1 3) i n di c at es a

w ell-r e g ul at e d i m m u n e r es p o ns e  wit h tiss u e r e p air a cti v ati o n a n d

t h e p arti ci p ati o n of  M 2 p ol ari z e d  m a cr o p h a g es  w hi c h ar e r el at e d t o

a n a nti-i n fl a m m at or y pr o fi l e (El ki n gt o n et al., 2 0 0 5 ; Y u n n a et al.,

2 0 2 0 ).  M 2  m a cr o p h a g es h a v e alr e a d y b e e n li n k e d t o a l ess s e v er e

P C M, si n c e a  M 2 pr o fi l e  w as f o u n d i n t h e i m m u n or e g ul at or y

m e c h a nis m d e v el o p e d b y r esist a nt  mi c e ( F eri otti et al., 2 0 1 3 ).

M m p 1 3  w as d es cri b e d t o cl e a v e s o m e c h e m o ki n es, s u c h as  C cl 2

a n d  C cl 7, l e a di n g t o a n e g ati v e c o ntr ol of c h e m ot a xis a n d i n hi biti n g

t h e fi br osis f or m ati o n i n t h e P C M gr a n ul o m a ( Ar a n g o et al., 2 0 1 7 ;

Gi a n n a n d r e a a n d  P a r k s, 2 0 1 4 ).  P d c d 1 ( P D- 1) a n d  C T L A 4

i n d u cti o n i n t h e gr a n ul o m a  m a y s u g g est t h at t h es e i m m u n e

c h e c k p oi nt i n hi biti o n  m ol e c ul es pl a y a r ol e i n t h e l y m p h o c yt e ’s

h o m e ost asis, c o ntr olli n g t h e  T h 1/ T h 1 7 r es p o ns es ( S a ns o m, 2 0 0 0 ;

K eir et al., 2 0 0 8 ). I n f a ct, t h os e t w o r e c e pt ors h a v e b e e n e x pl or e d as

a dr u g t ar g et i n s o m e r es pir at or y i nf e cti o ns ( H a m as hi m a et al.,

2 0 2 0 ). I n a  m u ri n e  m o d el of C. n e of o r m a ns i nf e cti o n, t h e

a d mi nistr ati o n of a nti P D- 1 a n d a nti  C T L A- 4 a nti b o di es r es ult e d

i n a b ett er s ur vi v al of t h e  mi c e (M c G a h a a n d  M ur p h y, 2 0 0 0 ;

R o uss e y et al., 2 0 1 7 ).

Alt h o u g h t h e h ost d e v el o ps a hi g hl y a cti v e a n d r e g ul at e d

i m m u n e r es p o ns e i nsi d e t h e gr a n ul o m a, a n i m p air e d f u n cti o n of

t h e l u n g  w as h er e d et e ct e d, si n c e tr a ns cri pts r el at e d t o t h e n or m al

f u n cti o n of l u n g  w er e f o u n d i n l o w er l e v els  wit hi n t h e l esi o ns  w h e n

c o m p ar e d t o n aï v e c o ntr ol l u n g, as r e v e al e d b y t h e e nri c h m e nt

a n al ysis of t h e d o w nr e g ul at e d g e n es.  T h e l o w a b u n d a n c e of t h es e

g e n es c a n als o b e e x pl ai n e d b e c a us e t h e gr a n ul o m a is  m ostl y

c o m p os e d of i m m u n e a n d y e ast c ells, s o t h er e ar e l ess h e alt h y

l u n g a n d c o n s e q u e ntl y, l e s s t r a n s c ri pt s.  H o w e v e r, si n c e t h e

i m m u n ol o gi c al str u ct ur e is o c c u p yi n g al m ost t h e  w h ol e l u n g, it is

s af e t o ass u m e a n i m p air e d l u n g f u n cti o n. I n f a ct, i n c hr o ni c

o bstr u cti v e p ul m o n ar y dis e as es, t h e e x p r essi o n of  m y osi n is

i m p air e d, d u e t o t h e s h ort e ni n g of t h e t el o m er e (T h e  ri a ult et al.,

2 0 1 2 ; T h e  ri a ult et al., 2 0 1 4; P o mi ès et al., 2 0 1 5 ).

T o o ur k n o wl e d g e, t his is t h e fi rst ti m e a tr a ns cri pti o n al st u d y

h as b e e n c o n d u ct e d  wit hi n t h e  m uri n e gr a n ul o m a i n P C M. F or t his

r e as o n,  w e pr es e nt e d s e v er al g e n es a n d  m e c h a nis ms t h at c a n b e

e x pl or e d i n t h e f ut ur e.  T h e pr es e n c e of tr a ns cri pts  wit hi n t h e l esi o ns

d o es n ot g u ar a nt e e t h at t h es e r es p o ns es ar e a cti v e, as p ost-

t r a n sl ati o n al  m o difi c ati o n s a n d r e g ul at o r y  m e c h a ni s m s c a n

hi n d e r t h e t r a n sl ati o n of t h e s e t r a n s c ri pt s i nt o p r ot ei n s.

T h er ef or e, t h e r es ults pr es e n t e d s o f ar s er v e t o g ui d e f ut ur e

st u di es o n t h e i m m u n ol o g y of P C M.

T h e f u n cti o n al a n al ysis of t h e diff er e nti all y e x pr ess e d g e n es

of t h e f u n g us s h o ws a n u pr e g ul ati o n of g e n es r el at e d t o t h e

s y nt h esis a n d tr a ns p ort of t h e si d er o p h or es f us ari ni n e  C a n d

tri a c et ylf us ari ni n e  C.  T his c a n b e c o nsi d er e d a v er y i nt er esti n g

d at a, c o nsi d eri n g t h at it h as alr e a d y b e e n d es cri b e d t h at a gr e at er

s u p pl y of ir o n t o t h e f u n g us is r el at e d t o its hi g h er vir ul e n c e

(P ar e nt e et al., 2 0 1 1 ; Sil v a et al., 2 0 2 0 ).  T h e u pr e g ul ati o n of t h es e

g e n es r el at e d t o e xtr a c ell ul ar si d er o p h or es  m a y i n di c at e a l a c k of

ir o n  wit hi n t h e gr a n ul o m a (Ti m m et al., 2 0 0 3 ; Hilt y et al., 2 0 1 1 ;

H a as, 2 0 1 4 ). I n f a ct, pr e vi o us st u di es h a v e s h o w n t h at P. br asili e nsis

c ulti v at e d i n ir o n d e fi ci e nt  m e di u m e x pr ess e d tr a ns cri pts r el at e d t o

e xtr a c ell ul ar si d er o p h or es ( P ar e nt e et al., 2 0 1 1 ).  T h e si d L a n al o g u e
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 2 2
( N 5- h y dr o x y or nit hi n e a c et yltr a nsf er as e ( P A D G _ 0 7 8 4 9)  w as f o u n d

d o w nr e g ul at e d i n t h e i nf e cti o n.  T his g e n e is p art of t h e s y nt h esis

p at h w a y of t h e i nt r a c ell ul a r s i d e r o p h o r e s f e r ri c r o ci n a n d

h y d r o x yf e r ri c r o ci n, r es p o n si bl e f o r i ntr a c ell ul a r st o r a g e a n d

distri b uti o n of ir o n ( S c hr ettl et al., 2 0 0 7 ; Bl at z er et al., 2 0 1 1 ).  T his

r e pr essi o n of Si d L  m a y i n di c at e t h at t h er e is n o ir o n a v ail a bl e f or

st or a g e b y t h e f u n g us  wit hi n t h e gr a n ul o m a ( Mi et h k e a n d  M ar a hi el,

2 0 0 7 ; S c hr ettl et al., 2 0 0 7 ). I nt er esti n gl y, t h e p h e n o m e n o n of

i n cr e as e d s y nt h esis of si d er o p h or es f or ir o n u pt a k e a n d r e pr essi o n

of s y nt h esis of si d er o p h or es f or  m ai nt e n a n c e  wit hi n t h e gr a n ul o m a

w as pr e vi o usl y d es cri b e d f or M. t u b erc ul osis Ti m m et al., 2 0 0 3 ).

H o w e v er, t h e e x pr essi o n of si d er o p h or es b y P. br asili e nsis pr es e nt i n

t h e g r a n ul o m a  h a v e  n e v e r b e e n d e s c ri b e d i n  P C M.  T h e

i d e ntifi c ati o n of f erri cr o ci n b y L C- H R M S/ M S i n l o w er l e v els

wit hi n t h e g r a n ul o m a st r e n gt h e n t h e f a ct t h e r e i s a n i r o n

d e fi ci e n c y b y t h e p at h o g e n i nsi d e t h e i m m u n ol o gi c al str u ct ur e

(H a as, 2 0 1 4 ).

A n ot h er f a ct t h at i n di c at es t h er e is a n ir o n d e fi ci e n c y  wit hi n t h e

gr a n ul o m a, is t h at t h e h ost i n d u c es t h e e x pr essi o n of Li p o c ali n 2

( L c n 2), a pr ot ei n t h at bi n ds t o si d er o p h or es c h el at e d t o ir o n,

h el pi n g t h e d ef e ns e a g ai nst si d er o p h or es e x pr essi n g p at h o g e ns,

a cti n g as a n ir o n s e q u estr at or a n d as a b a ct eri ost ati c a g e nt ( G o et z

et al., 2 0 0 2 ; H ol m es et al., 2 0 0 5 ). Li p o c ali n 2 h as als o b e e n d es cri b e d

as a n i m p ort a nt pl a y er i n t h e t u b er c ul osis gr a n ul o m a f or m ati o n.

L c n K O  mi c e i nf e ct e d  wit h M. t u b e r c ul osis h a d i n c r e a s e d

gr a n ul o m at o us i n fl a m m ati o n  w h e n c o m p ar e d t o  W T i nf e ct e d

mi c e, b e c a us e L c n 2 h as t h e a bilit y t o i n d u c e n e utr o p hil  mi gr ati o n

a n d l y m p h o c yt es r e g ul ati o n ( G u gl a ni et al., 2 0 1 2 ).  Hi g h l e v els of

L c n 2 tr a ns cri pts  w er e als o r e p ort e d i n C. n e of or m a ns a n d A.

f u mi g at us i nf e cti o n (G ess n er et al., 2 0 1 2 ; W o z ni a k et al., 2 0 1 4 ).

I n hi biti n g t h e f u n g al i ntr a c ell ul ar ir o n is cr u ci al f or h ost s ur vi v al.

Pr e vi o us r e p orts i n  w hi c h t h e a ut h ors us e d c hl or o q ui n e t o r estri ct

i ntr a c ell ul ar ir o n i n P. br asili e nsis y e asts,  w as r e p ort e d a l o w er

f u n g al l o a d i nsi d e h u m a n a n d  m o us e  m o n o c yt es  w h e n c o m p ar e d t o

c ells t h at di d n ot r e c ei v e c hl or o q ui n e tr e at m e nt ( Di as- M eli ci o et al.,

2 0 0 6 ).  T h es e r es ults, al o n g  wit h o ur d at a, i n di c at e t h at ir o n is cr u ci al

f or f u n g al s ur vi v al a n d r e pli c ati o n i n t h e h ost.

T h e r e pr ess e d e x pr essi o n of  H a m p c a n i n di c at e t h at t h er e is a

l a c k of i r o n e v e n f o r h o st, b e c a u s e t hi s h o r m o n e bi n d s t o

f err o p orti n, l e a di n g t o its i nt er n ali z ati o n a n d d e gr a d ati o n, c a usi n g

a n i n hi biti o n of ir o n ef fl u x (N e m et h et al., 2 0 0 4 ; N e m et h a n d  G a n z,

2 0 2 1 ). B e c a us e t his h or m o n e c a us e h ost c ell t o tr a p t h e ir o n i nsi d e

a n d ir o n is a  m aj or pl a y er i n t h e c o urs e of s e v er al dis e as es, a n

u pr e g ul ati o n  w as o bs er v e d i n  m a n y i nf e cti o ns, s u c h as t h os e c a us e d

b y M. t u b erc ul osis , Vi bri o v ul ni fi c us, A. f u mi g at us a n d F us ari u m

o x ys p or u m (L e al et al., 2 0 1 3 ; Ar e z es et al., 2 0 1 5 ; H arri n gt o n- K a n dt

et al., 2 0 1 8 ).  T h er ef or e, t h e r e pr ess e d e x pr essi o n of h e p ci di n i n a

c hr o ni c P C M c o nt e xt,  m a y i n di c at e t h at t h er e is a n ir o n d e fi ci e n c y

f or b ot h t h e h ost a n d t h e p at h o g e n, r e v e ali n g ir o n t o b e a cr u ci al

el e m e nt f or t h e gr a n ul o m a f u n cti o n. I n f a ct,  A r e c e nt  w or k s h o w e d

t h at p ati e nts  wit h c hr o ni c P C M d e v el o p e d a n e mi a d u e t o ir o n

d e fi ci e n c y a n d d u e t o i n fl a m m ati o n pr o c ess ( d e Brit o et al., 2 0 2 3 ).

A n i n d u cti o n of s o m e g e n es t h at h a v e b e e n d es cri b e d as P.

br asili e nsis vir ul e n c e f a ct ors i n ot h er c o nt e xts  w er e als o f o u n d.

S u p er o xi d e dis m ut as e  C u- Z n ( P A D G _ 0 2 8 4 2) h as b e e n d es cri b e d t o

h el p a g ai nst t h e o xi d ati v e str ess c a us e d b y t h e s y nt h esis of r e a cti v e
fr o nti er si n. or g
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o x y g e n s p e ci es b y t h e h ost. Li k e wis e, al c o h ol d e h y dr o g e n as e

( P A D G _ 0 4 7 0 1) s y nt h esis h as b e e n r e p ort e d t o h el p a g ai nst t h e

i n cr e as e i n p yr u v at e r el e as e d b y a mi n o a ci d d e gr a d ati o n (C astil h o

et al., 2 0 1 4 ; C a m a c h o a n d  Ni ñ o- V e g a, 2 0 1 7 ).  A n ot h er tr a ns cri pt

t h at is a p ossi bl e vir ul e n c e f a ct or is  C P S 1 ( p ol ys a c c h ari d e s y nt h as e;

P A D G _ 0 4 2 7 4),  w hi c h h as b e e n d es cri b e d i n C. n e of or m a ns a n d

c o ntri b ut es t o t h e p at h ol o g y, si n c e it is ass o ci at e d  wit h t h e ri gi dit y

of t h e c ell  w all ( C h a n g et al., 2 0 0 6 ).  T h es e tr a ns cri pts r el at e d t o

vir ul e n c e f a ct ors t h at  w er e f o u n d u pr e g ul at e d d o n ot us e ir o n as a

c of a ct or,  w hil e s o m e d es cri b e d i n l o w er tr a ns cri pti o n al a n d

p r ot e o mi c l e v el s u s e i r o n a s a c of a ct o r, st r e n gt h e ni n g t h e

h y p ot h esis of ir o n d e fi ci e n c y i n t h e gr a n ul o m a.

T h e a n al y z es of r e pr ess e d g e n es a n d pr ot ei ns b y t h e y e asts

i nsi d e t h e gr a n ul o m at o us l esi o ns r e v e al e d a l ar g e n u m b er r el at e d t o

tr a ns cri pti o n al f a ct ors.  T h e r e d u c e d e x pr essi o n of t h es e g e n es a n d

pr ot ei ns f a v ors t h e i d e a t h at t h e f u n g us is r e pr essi n g a g o o d p art of

its g e n e e x pr essi o n  wit hi n t h e gr a n ul o m a,  w hi c h c a n e x pl ai n t h e l o w

pr ot ei n i d e nti fi c ati o n i n t h e l esi o ns y e asts  w h e n c o m p ar e d t o t h e

c o ntr ol gr o u p. It is i m p ort a nt t o e m p h asi z e t h at t h es e tr a ns cri pts

t h at h a v e b e e n  m o d ul at e d t o i n cr e as e or d e cr e as e i n a b u n d a n c e  m a y

n ot b e dir e ctl y i n v ol v e d i n t h e  m ai nt e n a n c e of t h e l o w  m et a b oli c

a cti vit y st at e of t h e f u n g us or i n c o pi n g  wit h t h e h ost-i m p os e d

c o nstr ai ns b e c a us e t h eir pr ot ei n pr o d u cts  w er e n ot i d e nti fi e d i n t h e

pr ot e o m e. I nst e a d, k e e pi n g t h es e tr a ns cri pts  m a y b e r el at e d t o t h e

f u n g us a bilit y t o r e c o v er fr o m t h e c o nstr ai n a n d t o pr e p ar e t h e m t o

r es u m e f ull  m et a b olis m o n c e fr e e.

T h e e n er g y pr o d u cti o n of t h e f u n g us  wit hi n t h e gr a n ul o m a is

als o r e pr ess e d si n c e t h er e ar e g e n es a n d pr ot ei ns r el at e d t o e n er g y

m et a b olis m d o w nr e g ul at e d, s u c h as t h os e r el at e d t o gl y c ol ysis, b et a

o xi d ati o n,  Kr e bs c y cl e, a n d o xi d ati v e p h os p h or yl ati o n, i n cl u di n g

C yt o c hr o m e b 5 h e m e- bi n di n g d o m ai n- c o nt ai ni n g pr ot ei n. Ir o n is

ess e nti al f or t h e s ur vi v al of t h e f u n g us, s o si d er o p h or es s y nt h esis is a

w a y t o cir c u m v e nt ir o n d e fi ci e n c y.  A n ot h er  w a y t o c o ntr ol ir o n

a v ail a bilit y is b y alt eri n g t h eir  m et a b olis m, li miti n g t h e s y nt h esis of

pr ot ei ns t h at us e ir o n as a c of a ct or, as is t h e c as e of s o m e pr ot ei ns

r el at e d t o o xi d ati v e p h os p h or yl ati o n a n d  Kr e bs c y cl e ( d o  A m ar al

et al., 2 0 1 9 ). I n pr e vi o us st u di es, P. br asili e nsis c ulti v at e d i n ir o n

d e fi ci e nt  m e di u m h a d als o r e pr ess e d pr ot ei ns r el at e d t o  Kr e bs

C y cl e, gl y o x yl at e c y cl e a n d o xi d ati v e p h os p h or yl ati o n ( P ar e nt e

et al., 2 0 1 1 ).  T hi s r e p o rt s u p p o rt s t h e h y p ot h e si s of i r o n

d e fi ci e n c y i nsi d e t h e gr a n ul o m a.

I n a d diti o n,  m ulti pl e  p r ot ei n s, i n cl u di n g t h e  P L K 1

( P A D G _ 0 3 0 2 2) a n d s eri n e/t hr e o ni n e- pr ot ei n g e n e  T T K/ M P S 1

ki n as e ( P A D G _ 1 1 7 0 9),  w hi c h ar e ess e nti al f or t h e c o nti n u ati o n of

mit o si s  w e r e al s o d et e ct e d i n l o w l e v el s.  A n ot h e r f a ct t h at

c orr o b or at es  wit h t h e r e pr essi o n of f u n g us r e pr o d u cti o n is t h at

e n er g y pr o d u cti o n a n d a mi n o a ci d  m et a b olis m ar e r e pr ess e d,  w hi c h

a r e e s s e nti al f o r r e p r o d u cti o n ( Z h u a n d  T h o m p s o n, 2 0 1 9 ).

A d diti o n all y, a li mit ati o n i n p at h o g e n gr o wt h  wit hi n t h e  m uri n e

l u n g a n d t h e g r a n ul o m a  w a s p r e vi o u sl y d e s c ri b e d f o r M.

t u b erc ul osis,  w hi c h e nt ers a l at e nt st at e aft er a l o n g p eri o d of

i nf e cti o n,  m ostl y i n  m or e r esist a nt  mi c e (W a y n e a n d S o h as k e y,

2 0 0 1 ; S hi et al., 2 0 0 3 ).  T h e l at e nt st at e i n M. t u b erc ul osis w as

ass o ci at e d t o h y p o xi a c o n diti o ns a n d n utri e nt st ar v ati o n,  w hi c h

l e a d t o a l o w e n er g y a n d li pi d pr o d u cti o n, c orr o b or ati n g  wit h o ur

fi n di n gs a n d i n di c ati n g a p ossi bl e n utri e nt st ar v ati o n b y t h e f u n g us
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 2 3
(B etts et al., 2 0 0 2 ).  Alt h o u g h t h er e is a r e pr essi o n of t h e f u n g us

r e p r o d u cti o n, t h e p at h o g e n i s still a bl e t o g r o w i n si d e t h e

gr a n ul o m a, as s e e n fr o m t h e hist ol o gi c al a n al ysis, r e v e ali n g a fi g ht

b et w e e n t h e p at h o g e n a n d h ost, i n  w hi c h t h e p at h o g e n s u c c e e ds.

I nt er esti n gl y, a l o w e x pr essi o n of 1 5 c ell c y cl e g e n es ass o ci at e d

wi t h f u n g al r e pr o d u cti o n  w er e h er e d et e ct e d.  T h er ef or e, o ur

fi n di n gs l e a d us t o s p e c ul at e t h at f u n gi ar e  wit h l o w  m et a b oli c

a cti vit y,  w h e n  m et a b olis m  m ust b e r e pr o gr a m m e d i n or d er t o fi t

y e a st c ell s t o s u c h a  m a c r o a n d  mi c r o - n ut ri e nt r e st ri cti v e

e n vi r o n m e nt.  W e e v e n  h y p ot h e si z e d t h at t h e f u n g u s i s

s u p pr essi n g t h e pr ot ei n pr o d u c ti o n t o s a v e e n er g y l oss, o nl y

e x pr essi n g pr ot ei ns t h at ar e ess e nti al f or s ur vi v al.  N e v ert h el ess,

t h e f u n g us s u c c e e ds i n i nf e cti o n: it diss e mi n at es  wit hi n t h e l u n g a n d

t o ot h er tiss u es/ or g a ns aft er 1 2  w e e ks of i nf e cti o n a n d e v e nt u all y kill

t h e h o st. I m p o rt a ntl y, t h e l o w a cti vit y st at e s h o ul d n ot b e

i nt er pr et e d as d or m a n c y, b ut as a d el a y of t his f u n g us t o r e a c h

wi d es pr e a d diss e mi n ati o n  w h e n c o m p ar e d t o its b e h a vi o ur i n a f ull y

s us c e pti bl e h ost, i n  w hi c h P C M c a us es d e at h  m u c h f ast er.  W e als o

s p e c ul at e t h at t h e  m et a b oli c fi t n ess  m a y f urt h er pr ot e ct y e asts

a g ai nst t h e h ost i m m u n e r es p o ns e, al b eit  w e c a n n ot r ul e o ut t h e

p ossi bilit y t h at h ost i m m u n e r es p o ns e als o c o ntri b ut e t o s h a p e y e ast

a d a pt ati o n  wit hi n gr a n ul o m as of s us c e pti bl e  mi c e.  T h e f a ct is t h at

t h e h ost- p at h o g e n r el ati o ns hi p s o m e h o w e n a bl es y e ast c ells t o

s u c c essf ull y r e c o v er fr o m t h e r estri cti v e c o n diti o n, a n d e v e n b urst,

t h eir vir ul e n c e o n c e r el e as e d fr o m t h e c o nstr ai ns i nfl i ct e d b y t h e

h ost, as s e e n fr o m t h e pr ot e o m e of t h e r e c o v er e d y e asts.  T his d at a

a gr e es  wit h pr e vi o us r e p orts  w h er e it  w as s h o w n t h at aft er s e v er al

a ni m al p ass a g es t h e a nti o xi d a nt r e p ert oir e of t h e r e c o v er e d P.

b r asil ei nsis - y e a st s h a d c h a n g e d i n c o m p a ri s o n  wit h c o nt r ol

a vir ul e nt y e asts ( C astil h o et al., 2 0 1 4 ; C astil h o et al., 2 0 1 8 ).

L o o ki n g fr o m t h e p ar asit e p ers p e cti v e, s ur vi v al  wit hi n gr a n ul o m as

b y P ar ac occi di oi d es s p. a n d M. t u b erc ul osis r e q uir e a d a pt ati o n t o

i r o n d efi ci e n c y,  n ut ri e nt st a r v ati o n, a n d h y p o xi a. I n st e a d,

a d a pt ati o n t o l o w p H a n d nitr os ati v e str ess r e p ort e d i n t h e

b a ct eri al gr a n ul o m a  m a y n ot b e r el e v a nt i n P C M gr a n ul o m a

(Ti m m et al., 2 0 0 3 ; T al a at et al., 2 0 0 7 ; G art o n et al., 2 0 0 8 ).

T h e r es ults o bt ai n e d fr o m t h e b asi c li pi ds st ai ni n g s u p p ort t h e

a n al y z es of t h e f u n g al tr a ns cri pt o mi cs a n d pr ot e o mi cs d at a t h at

s h o w a  wi d e r e pr o gr a m mi n g of t h e li pi d  m et a b olis m. B e c a us e a

r e d u cti o n i n a b u n d a n c e of g e n es a n d pr ot ei ns r el at e d t o b et a-

o xi d ati o n  wit hi n t h e gr a n ul o m a  w as s e e n a n d b e c a us e s o m e of

t h e e n z y m es c a n a ct eit h er  w a y t o c at a b olis m or a n a b olis m

d e p e n di n g o n c ar b o n s o ur c e a v ail a bilit y, t h e d e cr e as e of li pi d

dr o pl ets a b u n d a n c e i n y e ast i nsi d e t h e gr a n ul o m a cl e arl y s h o w

t h at t h e b asi c li pi d c at a b olis m r at es  w er e a ct u all y hi g h er t h a n li pi ds’

s y nt h esis r at e at t his sit e. I n d e e d, aft er 6 h o urs of i nf e cti o n t h er e is

a n i n cr e as e i n b et a- o xi d ati o n b y t h e y e asts, as  w ell as a n i n cr e as e i n

t h e gl y o x yl at e c y cl e, c a usi n g c o ns u m pti o n of t h e y e ast’s li pi d st o c k

(L a c er d a Pi g oss o et al., 2 0 1 7 ).

T a k e n t o g et h er o ur d at a d e m o nstr at e a n i m p ort a nt ir o n

d e fi ci e n c y f or b ot h t h e h ost a n d t h e p at h o g e n i nsi d e t h e f u n g al

gr a n ul o m a, c o n c o mit a nt  wit h t h e a cti vit y of g e n es r el at e d t o t h e

i n n at e a n d a d a pti v e i m m u nit y of h osts. F urt h er m or e, o ur d at a

i n di c at e t h at t h e f u n g us r e pr ess es its  m et a b olis m a n d pr olif er ati o n

i nsi d e t h e gr a n ul o m a, b ut still gr o w, a n d o n c e it is r e c o v er e d fr o m

t h e l esi o ns a n d i n vitr o c ulti v at e d a  m or e a cti v e  m et a b olis m is
fr o nti er si n. or g
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est a blis h e d c o n c o mit a nt  wit h a n el e v at e d e x pr essi o n of vir ul e n c e

m ol e c ul es. I n f a ct, t h e r e c o v er e d y e asts i n d u c e a l o os er gr a n ul o m a

wit h a l a r g er l esi o n a r e a  w h e n c o m p ar e d t o c o ntr ol y e asts,

c o n c o mit a nt  wit h a n u n c o ntr oll e d diss e mi n ati o n as o bs er v e d i n

t h e  C F U a n al ysis.  A d diti o n all y, t h e pr e m at ur e d e at h of a ni m als

i nf e ct e d  wit h y e a st s r e c o v e r e d f r o m g r a n ul o m at o u s l e si o n s

d e m o nstr at es t h e e n h a n c e d vir ul e nt pr o fi l e of t h e r e c o v er e d y e asts.
D at a a v ail a bilit y st at e m e nt

T h e d at as ets pr es e nt e d i n t his st u d y c a n b e f o u n d i n o nli n e

r e p osit ori es.  T h e n a m es of t h e r e p osit or y/r e p osit ori es a n d a c c essi o n

n u m b er(s) c a n b e f o u n d b el o w: htt ps:// w w w. n c bi. nl m. ni h. g o v /,

P RJ N A 9 4 5 8 6 2 htt p:// w w w. p r ot e o m e x c h a n g e. or g/ P X D 0 4 0 8 2 6

htt p:// w w w. pr ot e o m e x c h a n g e. or g/ , P X D 0 4 0 8 2 9.
Et hi c s st at e m e nt

T h e a ni m al st u d y  w as a p pr o v e d b y Et hi cs  C o m mitt e e o n

A ni m al E x p eri m e nts ( C E U A) of t h e F e d er al  U ni v ersit y of S ã o

P a ul o ( U NI F E S P),  N o. 9 5 9 6 2 7 0 9 1 9.  T h e st u d y  w as c o n d u ct e d i n

a c c or d a n c e  wit h t h e l o c al l e gisl ati o n a n d i nstit uti o n al r e q uir e m e nts.
A ut h or c o ntri b uti o n s

B B:  C o n c e pt u ali z ati o n,  D at a c u r ati o n, F o r m al  A n al y si s,

I n v esti g ati o n,  M et h o d ol o g y, Pr oj e ct a d mi nistr ati o n,  V ali d ati o n,

Vis u ali z ati o n,  Writi n g – o ri gi n al dr aft,  W riti n g – r e vi e w  &

e diti n g.  R R: I n v esti g ati o n,  M et h o d ol o g y,  Writi n g – r e vi e w  &

e diti n g,  D at a c u r ati o n, F o r m al  A n al y si s,  Vi s u ali z ati o n.  N P:

F o r m al  A n al y si s, I n v e sti g ati o n,  M et h o d ol o g y,  Vi s u ali z ati o n,

Writi n g – r e vi e w  & e diti n g.  V K: F or m al  A n al ysis, I n v esti g ati o n,

M et h o d ol o g y,  Vis u ali z ati o n,  Writi n g – r e vi e w  & e diti n g. P A:  D at a

c u r ati o n,  F o r m al  A n al y si s, I n v e sti g ati o n,  M et h o d ol o g y,

Vis u ali z ati o n,  Writi n g – r e vi e w  & e diti n g.  M C:  D at a c ur ati o n,

M et h o d ol o g y,  Writi n g – r e vi e w  & e diti n g, F or m al  A n al ysis.  M M:

F or m al  A n al ysis, I n v esti g ati o n,  Writi n g – r e vi e w  & e diti n g.  T F:

I n v esti g ati o n,  M et h o d ol o g y,  V ali d ati o n,  Writi n g – ori gi n al dr aft,

Writi n g – r e vi e w  & e diti n g.  V C:  C o n c e pt u ali z ati o n,  Vis u ali z ati o n,

Writi n g – ori gi n al dr aft,  Writi n g – r e vi e w  & e diti n g.  A T:  D at a

c ur ati o n,  M et h o d ol o g y,  Writi n g – r e vi e w  & e diti n g.  O S- B: F u n di n g

a c q uisiti o n,  Writi n g – r e vi e w  & e diti n g, F or m al  A n al ysis. S D:

F u n di n g a c q uisiti o n,  Writi n g – r e vi e w  & e diti n g.  Ö B: F u n di n g

a c q uisiti o n,  M et h o d ol o g y,  R es o ur c es,  Writi n g – r e vi e w  & e diti n g.

C C:  C o n c e pt u ali z ati o n, F or m al  A n al ysis, I n v esti g ati o n,  Writi n g –

ori gi n al dr aft,  Writi n g – r e vi e w  & e diti n g.  A Z:  D at a c ur ati o n,

I n v esti g ati o n,  M et h o d ol o g y,  Writi n g – r e vi e w  & e diti n g.  G G:

C o n c e pt u ali z ati o n, F or m al  A n al ysis, I n v esti g ati o n,  M et h o d ol o g y,

W riti n g – o ri gi n al d r aft,  W riti n g – r e vi e w  & e diti n g. F L:

C o n c e pt u ali z ati o n,  F u n di n g a c q ui siti o n, I n v e sti g ati o n,
Fr o nti er s i n C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y 2 4
M et h o d ol o g y, Pr oj e ct a d mi nistr ati o n,  R es o ur c es, S u p er visi o n,

Writi n g – ori gi n al dr aft,  Writi n g – r e vi e w  & e diti n g.
F u n di n g

W e t h a n k t h e F u n d a c ã̧ o d e  A m p ar o à P es q uis a d o Est a d o d e S ã o

P a ul o ( F A P E S P) gr a nt n u m b er 2 0 1 8- 1 4 7 6 2- 3 ( F L), 2 0 1 9/ 1 7 3 2 4- 0

( B B ), 2 0 2 1/ 0 4 9 7 7 - 5 ( G G ) a n d t h e  C o n s el h o  N a ci o n al d e

D es e n v ol vi m e nt o  Ci e nt ı fi c o e  T e c n ol o gi c o ( C N P q) gr a nt n u m b ers

3 0 1 0 5 8/ 2 0 1 9- 9 a n d 4 0 4 7 3 5/ 2 0 1 8- 5 ( G G), b ot h fr o m Br a zil, a n d t h e
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