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Aims: T'n derermine the pattern ardl the grng'riq_: hasis of resistance to terhmafime, a :||'ug
extensively used for the treatment of fungal infections i humans,

Methods and Results: Four resistant murants from fepergrlios ailuluns isolated afrer
irradiation with ultravioler light were crossed with the master steain F (MSP)L Genenic analysis
revealed that a smgle gene, located on chromosome IV, 15 responable for resistance o
terlinafine and that the alleles responsible for this resistance in these mutanes are of a
coxdominant er dominane nature ar high rerbinafine concentrations, Furthermorne, the
interaction of this mutation with another one identified on chromeseme [T cuoses the double

murant to he highly resistane,

Conclusions: Peviodic susvetllance of antimyootie suscepribilivy would be an importani
measure in detecting the emenzence and spread of resisance. Muarion in 2 single gene could
be responsible for resistance to terbinafine and a genic interaction may be responsible for 2

higher level of antimyootic resistance,

Significance and Impact of the Study: The understanding of the mechansms that lead w
changes in the sensitivity of a fungus o a given antifungal agent i imporant bath in order
dehine strategies for the vse of such agent and to guide the development of new antifungal

HEETITE,

INTRODUCTION

Terbinofine as an antifungal drug is an effecrive and well
tlerated troatment of 2 wide range of supericial dermato-
phyte infections. This anvimycotic agent, be ng o the
allvlamine  groap, acis by blecking the bisonthesss ol
ergoateral, the major terol of fung, by mhbikioag the
emeyme squalens epondase; a complex nembrne-bound
emzyme system thar is not parm of the onochrome P-<430
superfamily (Kvder 19921 In tungi this vesults in ergosicrol
debiciency  of the cell wall and intesecllulae  squalenc
zocumulation. The latter may be the major mechanism
responsible for the or veres fungicidal setion of terbinatine
against most fungal pathogens (Perranyi er of. 1987, CGupea
and Shear 197

Carrespoadence fo: B Nabe AL Warsses- Bao, Spastamento de Deviwa,
Faaitade de Mirskiime e Sherrn Maetw, DP9 - Mo e, S
Mrazd fr-menl v S jwp, b

Une ol the major problems in wreatment of fungal
infecrons & the occurrence of strains peastant o antifungal
agents and developing an understanding the mochanizms of
resitaniy would be of gron pracrical in1|1||ru:1-.‘-.'. Resmuange
e teelinaliae m Condide albreaws can be medated h:\.
multndrog clftux ransporters coded by the (DR gene
{Canadida d:rlug resistance] L";ungh.rﬂ e al 1997y, However,
the terbinafinc-resistant mutants ol Nectrar Baesarivvrod, @
phyopathogenic fungus, contain ar least 10 mmes more
squalene than the wild-nipe amin, possibly sugeesting the
PRSI af a modified ‘~l.'|l.|=l'|l.'l'|l.‘ l.']'\.li\.i-.H-.-l. i these muatarts.
Thus, a reduced affinity of the sijualene epoxide for hoth the
substrate and  the fumgicide  could I."||1|J'il.'| tertsinatng
resistance in these mutns (Lasseron-De Falandre er ol
1t

In the present stdy we analvsed the genctie bans of
resistance im A widefens, o convenient maodel foe this
purpose, and described four murasions ar the ek locws of
this fungus conferring resistance o eehanafine. We also
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wlenthed another geme (b8} myvalved in this rerstance that
imcreased the level of werbinafine resistance. Furthermare,
we dhiscuss the effect of rerbinafine on micotic instabality and
cleistothecinm preduction in this fungus.

MATERIALS AND METHODS
Fungal strains

The followiang strms of 4 sifefaons were user: paka bl used
o select resistant mutanes; eAF paba BIZ pproofd moliZ, all
markers am dhe Imkage growp IV of A safefawe, and Master
Straim F(MSF)L which carties markers on all eight linkage
woups (ofEX, sudladEX, yAZ, gerd], paidl, prrodd,
e 1307, a3, mee BN and b B2, The mutant alledes used in
the present smwdy werer yAZ, vellow coniding feed 03, frdl
aml gal AT imability 1o grow on scetace, froectese and galocose
as sole corbon source, respoctively; el B30, mo B2, u B,
pabi Al paba 822 pprodd, e B2 and 283, gromih reguire-
menis for adening, inositol, ndootinic awid, p-aminobenesic,
Pa:mhlﬂwnruir, pl.'riu,lu::'c:'nq.'_ nbolyin angd I,hs,wulphaw_
respectively st fad E20, 0 suppressor of wd 205 and aerdf,
1 marker for resistance o acnflavine

Fungicide and media

Terbimaline  ((ERM-(0,6-Dimethyl-2-hepten-4-yn-vlj--
methyl-1-maphihabene methanamine) (CgyHze™) purchascd
from Sandox (Sandor 3.4, Braxil) was dissolved in
aimat by lsalfosde (P50 and addecd 10 the solid medaom
to solme and chamcenze the daraims. Minimal mediem
(VA and complee mediom (CM) were those deseribed
by Pomtecorye of ad (19331 The mcubatwn temperniune
was 37 L chroughaun

Isalation of mutants and dosage response

Spores fromn the pabdo A § struin were iresied with LY iighl,
{survingl rate of abowt %) (Coadres et of 1999 and
ineubated on CAM dishes m-liuim'ng the 1erbinafine u.lllim:u =
cotic at a concentration that mhibied growih (10=1.5 g
ml. ") Resistant eolonics were isokited an the Tth day af
incubation and charmcierized h} |11|.-.|-;J.|ring the diamerers al
colanes grown for 72 hom U dishes comaming several
terbinafine concentrtions. Relative toodcity was exprosed as
EI¥S0, e the concentraton reducing the colony  radial
wrowih h'.‘ a0t [Skartinez-Rossi oand Azevedo 1954
Andrade-Monteing o of. 1194,

Genegtic analysis

Crenenie analysis ol these musanis was thar wsually emplosed
Tor A, srdfredos {Pomtecorva ef al. 1933} Nluatanis were

assigned o their chromoseme by mimesic analysis and
dipbaids were constructed as described by Roper (19520
Crogacs berneen tvo resstant strams were perfonmed o
carry ouf the allclism test.

RESULTS

Four terbimafine-resistant colonies were randomly selecred
from the survivors of the pabe S strain afier mu:amir
treaiment [Terh?, TerbH, Terbd and Terb10)., The relative
terbinafine resistance of these roistant mutanis, espressed as
the terbanafine comcenteation that inhibiced 307 colny
growth, was abont BI-140 times higher than that of the
origingl purbad! sirain (Table 1}

Fach ressstamt strain was crossed with the MSEF sirain,
which iz sensirive o terhinafine. Tn all croses the resisant
and sensitive phenorvpes segregated ava 10 1 eatio, indicaing
inheritamee of o single gene mutation, The resistance
phentype sepregated aganst the pywad marker located on
chromassme 1%,

Crosses  between  the resistant segregants (Terby X
Terbl; Terb? X Terb® Terbd X Terbl0 amd Terbs X
Terb¥) showed allelism of the febd7, tehdS, ebd9 aud
teb AT mutatsons, since ascospores rom hyvhnd clesin
thecia produced only resistaar colonies. A leasn 250
meiotie segregants From <ach cross were analvsed. The
fohd pene was mapped aboae 230 wnics from the gy
pene, which is abe located  on chrommome [V of
A wididpss, Crosees between Terby and fedl paba 827
fyradd stramns, and Terbd amad inedld sirains revealed che
relotive position of gene jebd m the genome of A, seadulens
[|"'l5. ]]. The mef? mutation located om chromaosome TV
scgregated imdepondently of fabd gene. The doseresponse
curves for the Terh? mumane in the presenee of werbinafine

Table 1 Relative soxiciny (EDge) of sensative, resisam and hyvpers
rosistamt baipdoie] andd hetemovgras diphad strains of 4wl m
rerhinafine

Strmns Relevamt Uignotspe L%y dpE ml ":l
it A arhiA™ anl
MEF wh A" kB i
Terb? wb A7 1.4
Terbd B A LR
Terki# b 4T 0k
Fertallr web ATy 1.é
MEFA Terh? Wb A" b B b AT pehil 4
WSFA TerbR webA® sekBl A 1eb AR reh B 0k
WSFS T b A" ER B T Y feh aw
WISFS Terhlil PRI R Y O T 4
Segregaar | el AT gl i)
Segregaar 1 ek AT bk " e

*P'rubshle pensipes
Adiplord immns
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Figg. 1 Mappang of the bsoas conferrimg sorbinafine rossiance {fef 1] in
Popergifes nidulyos, The bocus vas mapped mesdecliy on chomesom:
IV 1\ relation o stker markers i the same diesnnsome

and the EISD values foe the heternevgous diploids when
comparcd 1w the hapleid parents (Fig. 2 and Table 1)
indicare that resistance e terbinafine represents 2 cochim-
inang characer, This patiemn s the same for the fehd [
mutatien hut the peb A8 ard peb A9 mutanons presentecd
mustly a dominant characier (Table 1),

Among the resistant segregants from crosscs between
each  resstant stmin and  MEF, 5F4 showed  higher
reststanee o terbematine than the four arginal isolates. Thes
obscryation raiscd the possibiliay of @ secomd mutation, not
linked to the fehd gene that may be responssble for
increxsmg the level of terbinafine reastance. In fact, thes
mulatin [n;u'nl.:l.] tek it} |1|:r|.:} was bocated on elromosome 11
hased on the mitote scgregatwn of echinafine resistance
with genetic markers locared on that chromosome. The
bevel of resistance 1o terhinafine of two of these hyper-
reststant sepregants (Scpregands 1 oamd 2} (about 3HE-380
tmnes higher than peba ! strain) s shown in Table 1. A
rpical result of the meiotic segregation from crosses
berween Terh? (amd other) strain and MSEF indscating that
tebB ogene B close 1o mrd gene, a mwrker located on
chrommosame 11, 5 shown in Table 2.

Digsenadar icm)
[
F

Tabie 2 hicsstic analysis of e rerbinafine-reasrang moms
{TerhT X ASF)

Semaibive Remistami
Restarant Hyv paer-resistan
aved’ aecrAl avrd” acrAl!
137 4 I ¥ )

Fusthermore, we ohserved thar a subinhibiory concen-
wration of terbinafine stimulared the producton of clesmm-
thecia i haploid strains resistant or sensitive o this
fungicide, Alsn, terbinafne induced sectored growth with
normal msrphology in hapbod or diploid strins cultsvared
wiy sedicd WL

DISCUSSION

In the present smdy we psolated  terbinafine-resistant
mutants of A widwlon 0 analvse the pattern and the
genetics haws of resstanee o terbenafine, We found 1l
four resistant mutants schected after UV treatment of the
pabeA!  steain showed mutation in the same  gene,
denaminatesd oA, The role of this gene in the wild nope
stram was ot determined  but all motants grew and
conidiated ax well as the wild tyvpe strain on compleee
medium. Terbinafine-resistant matante o Nectea bocng-
tocwer, mduced by UV light, olso resulted from mutation
m analy one gene, a nwsdified squalene epoxidase with a
redvced  affinity for terbinafine has been  suggested o

\ o
1
\
1 P | —
s
& Fig. 2 Doso-regpanse carves. lor the torbi-

ot o ralie-pesiseant smain Terb? |40, the hyper-

i " : i \ o resisrang sirains {segregans 1) (@), the diplod

a ] a 1 F g srains Teab 7/ MEF (), the paba AT simaim

Garcantaton of tarhinatng (g mi )

() amal the Master straim F{L) of fgpenaliv
midnlime
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caplain resistance m these mutants (Lasseron-De Faland e
e al. 1999, The majorinn of these resistant mutants wen:
i affected im their growth rae, sporulition or patho-
genwity  (Lasserom-lde  Falamdre o ol 1%9H) However,
mutants  that alier the expression of ERGY, a gene
enonling the squalene svnihase of Sacobarwmyces corerisiae,
show albered susceptibilitn 1o derbunafine (Kennedy and
Bard 2001 These mmtations altered transcriptonal regu-
latiom of the ERGY? gene alfecting flux through the
ergosteral  baossmthenic pathwav, The authors proposcd
that when the l_'\pn,*-i.-.'inn ol $.|,'||.|:'1k'l1|; c!_\.'mhau MeTCases
this m turn increases the flux through the pathwas by
increasng the intmcellular concentration of encvmes in the
mathwas. This would ceplain the decresed suscepiibality
o terbinafine and other antifungal compounds thar rarget
emdvmes in the erposicrd biosynthene pathway (Kenneds
and Bard W) Amother  possibiliny thar  should b
consadered w genes mvolved the transcriptional rego-
latiom o’ expresion of the gene that encodes the squalene
cpoiidase (Leber erood 2000 Mutation in these gees
should aler the suscepribiliny w perbimafine.

W also Tsund g second mutation (named reed 1), probably
carried by MSY, which, m combination with febd muta-
tioms, cases the double mtant 1o become highly resisiang 1
terhanating, Cluriously, % L 11-} stself 15 senstoive 1o igrbi-
rafing probebly becowse the sk A™ allele is epistatic to gene
teb {or an beast epistatic o the e allele). The rale of the
acr A7 muagation, located on chrormesome [ ol MSE, in this
hyper-resistance phenotvpe was rubed out boesuse some of
the terhinafine  hyper-resstans mesnic segregants were
T ot f'. Lo sensiive o acrillavne

This geme ineraction was not observad B dipboid strasins
their I.|I|IM.-—r|:s|p|:rr|m curves  in the
terbimaline were samibic 1o or belon the  dose—response
curves prescinted by the resistant strains. This sugpots
that the masarion carned by the bl gone has 3 recessive
character, In coneesst, all muiations in the whd gen:
shiwed 2 codominant or dominant character. It & known
that there B considerable sariation in the degree of
dominance depending o the motaiens, the annyeatic
andl the concentration tested. Here, the mudation and the
rede of exch gene seems to be the determinam factors i
the difference in the degree of dominance beaween the
teld amd b mutations, The nature of s mtcrsctsom
will be beter understood by molecalar analvss of oor
[LTTETHES

Frgosiernl s imvolved in chromesome distribrion durnmng
mitcsis and inhibitors of ergosterol biosynthesis such as
arsles may interfere with this pricess, causng chromosome
1 midubaes  (Bellicampi 19800, The
phenomenan of sectorization in several sty ab this
fungus in the presence of subinhibitory concentrations of
terbimafine sugecsts tha this angimy cote agent hos o similkie

‘|IIII’L1.' oI r.rl'

mlisjunction in
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——rmm —s.

clicet. In face, the sectonzation phenomenon scours much
MG |.'|Tn.'l:i.|.'|.'|:' i diplosd strams. Furthermore, the pires=
cnce of terbinafine stimulaed clestothecium formation in
terbinaline-sensitive and -resistant strains. This plenome-
non, whech oy be affecred by nurrtional and  other
chemical factors, could he a response o the cellular stress
vawsed by terlinafing and thus represent ancaher foem of
terlinatine resistance i thes fungus
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