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Abstract:
Gaeumannomyces graminis var. graminis is a filamentous soil ascomycete that synthesizes
1,8-dihydroxynapthalene (DHN) melanin as a secondary metabolite. We isolated two mutant strains
affected in the melanin biosynthetic pathway, using either chemical or UV mutagenesis. One of these
mutants, JH4300, was unable to synthesize DHN-melanin. Because it accumulated 2-hydroxyjuglone, a
melanin pathway shunt product, this mutant was most likely defective in the reductase that catalyzes
the conversion of 1,3,8-trihydroxynapthalene to vermelone, the penultimate reaction in DHN synthesis.
Genetic crosses with our wild-type strain indicated that this deficiency was the result of a single
mutation. Another slow-growing mutant, JH4301, constitutively synthesized DHN-melanin and
produced more mucilage surrounding the cell wall than our wild-type strain. Genetic crosses with our
wild-type strain suggested that the heavily melanized mutant had a single mutation responsible for its
phenotype.

The melanized wild-type and dark mutant strain JH4301 were more resistant to the lytic enzymes
chitanase and glucanase, and to UV damage than the unmelanized mutant. The heavily melanized
mutant JH4301 secreted fewer lytic enzymes, and tricyclazole inhibition of melanin restored its
secretory ability. Both mutants were unaltered in pathogenicity to rice compared to the wild-type strain,
but the wild-type was a better competitor in mixed rhizosphere communities of rice.

The light mutant JH4300 absorbed less copper than our wild-type as determined by
inductively-coupled plasma atomic emission spectroscopy analysis and silver staining, while the dark
mutant bound significantly more copper when grown with copper or when exposed to copper following
growth. The heavily melanized mutant was more sensitive to the toxic effects of copper than either the
wild-type or unmelanized strains. All three strains bound significant amounts of copper, lead, zinc and
iron from tailings material. Inoculation of range grass rhizospheres with the three strains did not affect
the uptake of copper, iron or zinc from tailings into plant tissue. However, melanized strains increased
the uptake of lead from tailings into shoot tissue. These results suggest that melanized G. graminis var.
graminis may have application in phytoremediation of lead-contaminated sites. 
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ABSTRACT

Gaeumannomyces graminis var. graminis is a  filam entous soil 
ascomycete th a t synthesizes 1,8-dihydroxynapthalene (DHN) m elanin 
as a  secondary metabolite. We isolated two m u tan t stra ins affected 
in the m elanin biosynthetic pathway, using either chemical or UV 
m utagenesis. One of these m utan ts, JH 4300, was unable to 
synthesize DHN-melanin. Because it accum ulated 2-hydroxyjuglone, 
a  m elanin pathw ay sh u n t product, th is m u tan t was m ost likely 
defective in the reductase th a t catalyzes the conversion of 1,3,8- 
trihydroxynapthalene to vermelone, the penultim ate reaction in DHN 
synthesis. Genetic crosses with our wild-type stra in  indicated th a t 
th is deficiency was the resu lt of a  single m utation. Another slow- 
growing m utan t, JH 4301, constitutively synthesized DHN-melanin 
and produced more mucilage surrounding the cell wall th an  our wild- 
type strain . Genetic crosses with our wild-type stra in  suggested th a t 
the heavily m elanized m utan t had  a  single m utation responsible for 
its phenotype.

The m elanized wild-type and dark  m utan t stra in  JH 4301 were 
more resistan t to the lytic enzymes chitanase and glucanase, and  to 
UV damage th an  the unm elanized m utant. The heavily melanized 
m u tan t JH 4301 secreted fewer lytic enzymes, and  tricyclazole 
inhibition of m elanin restored its secretory ability. Both m utan ts 
were unaltered  in pathogenicity to rice compared to the wild-type 
strain , b u t the wild-type was a  better competitor in mixed rhizosphere 
com m unities of rice.

The light m u tan t JH 4300 absorbed less copper th an  Our wild- 
type as determ ined by inductively-coupled p lasm a atomic emission 
spectroscopy analysis and  silver staining, while the dark  m utan t 
bound significantly more copper when grown with copper or when 
exposed to copper following growth. The heavily m elanized m utan t 
was more sensitive to the toxic effects of copper th an  either the wild- 
type or unm elanized strains. All three strains bound  significant 
am ounts of copper, lead, zinc and  iron from tailings material. 
Inoculation of range grass rhizospheres with the three stra ins did not 
affect the up take  of copper, iron or zinc from tailings into p lant 
tissue. However, melanized stra ins increased the up take  of lead from 
tailings into shoot tissue. These resu lts suggest th a t melanized G. 
graminis var. graminis may have application in phytorem ediation of 
lead-contam inated sites.
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CHAPTER I

INTRODUCTION

M elanins are  p igm ents synthesized  by m any  fungi as 

secondary  . m etabolites. These p igm ents are  n o t . required  for 

growth, b u t  have been  im plicated in  enhanced  survival in the  

environm ent (reviewed in ref. 4). M elanins are  heterogeneous 

polym ers of d ihydroxyphenylalanine (DOPA)i y-glutam inyl-4- 

hydroxybenzene (GHB), catechol, or d ihydroxynaphthalene (DHN) 

th a t  probably  con tribu te  to the  com petitive fitness of fungi by 

providing a  barrie r to environm ental s tresso rs. However, m elanin  

pro tection  ag a in st enzym atic degradation, UV light dam age and  

oxidizing agen ts have only been stud ied  w ith non-isogenic stra ins. 

M elanins have also been  im plicated in m etal b ind ing  in  solution, 

b u t  m ost em phasis  h a s  focused on synthetic  or ex tracted  L-DOPA 

m elanin . The focus of th is  review will be on the  role of m elanin  in 

saprophytic  com petition an d  m etal binding in the  rh izosphere, w ith 

reference to phytorem ediation  of m etalliferous sites.
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Com petition

In ecological term s, com petition is com prised of two types: 

exploitation an d  interference. Exploitation com petition is the  

depletion of resou rces by one organism  w ithout lim iting the  access 

of an o th e r organism , an d  in terference com petition includes 

m echan ism s to reduce  access to a  resource (35).

Exploitation Com petition

In general, resource  lim itation is the  p rim ary  competitive 

stra tegy  of exploitation. For exam ple, w ood-decom posing 

basidiom ycetes w ith high foraging tendencies exclude o ther wood- 

decaying fungi from  su b s tra te s  (28). Aspergillus fla vu s  

colonization an d  aflatoxin Bi form ation in barley g rain  are  affected * 

by com petition by o ther colonizing fungi (42), an d  n u trie n t 

com petition w ith Trichoderma harzianum  su p p re sses  Fusarium  wilt 

of m elon an d  cotton  (49). A ntagonism  of non-pathogenic  Fusarium  

oxysporum  ag a in st pathogenic F. oxysporum  is a ssoc ia ted  w ith the  

com petition for glucose (34).

Investigations of the  biological control of roo t d iseases u sing  

an tagon istic  m icroorganism s suggests th a t  the  in te rac tion  betw een 

the  pathogen  an d  the  an tag o n is t tak es place in  th e  rhizosphere
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(35). .Weakly pathogenic fungi w ith the  sam e rh izosphere  niche as 

stronger pa thogens can  offset pathogenicity. For example, 

Phialophora graminicola p ro tec ts ag a in st G. gram inis var. tritici, 

cause  of take-all in  w heat (13), an d  su b s tra te  com petition w ith 

Microdochium bolleyi reduces take-all lesions (29). In addition, 

com petition for th iam ine  by a  sterile red  fungus su p p re sses  take- 

all (54). A nother im portan t d e te rm in an t in  su b s tra te  

com petitiveness in  th e  rhizo sphere  is the  ability to utilize cellulose 

(I, 22). Lockwood (1992) suggested th a t  the  correlation  betw een 

rhizo sphere  com petence an d  cellulolytic activity is because  the  

m ucilage overlay of the  root surface is com posed of cellulosic 

p rim ary  cell w alls of epiderm al cells.

Infection site com petition by p lan t pathogenic fungi can  also 

be considered  a  type of su b s tra te  com petition. Rhizoctonia solani 

successfu lly  outcom petes Pythium  ultim um  in  th e  pea  (Pisum  

sativum) rhizo sphere  because  it is m ore aggressive a t  com peting for 

infection sites (62). B inucleate Rhizoctonia  spp. a n d  hypovirulent 

R. solani a re  effective in  biocontrol of R. solani by com peting for 

invasion sites (26). Suppression  of take-all an d  com m on root ro t 

by p lan t grow th prom oting fungi (PGPF) is due to com petitive root
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colonization of PGPF, w hich blocks sites available for infection by 

pa thogens (55).

Fungal p ro tein  secretion occurs exclusively a t  growing 

ap ices (60), an d  com petitive ability is enhanced  by efficient enzyme 

secretion  for su b s tra te  acquisition. M elanins interfere w ith 

secreted  enzym es, including cellu lases, by inh ib iting  enzyme 

activity (10, 56) an d  th u s  m ay con tribu te  to decreased  com petition 

for n u trien ts . However, because  hyphal tips a re  unm elanized, 

au to ch th o n o u s enzym es m ay no t be inactivated, while m elaninized 

fungal s tru c tu re s  m ay inactivate enzym es from o ther sources. 

This w ould allow m elanized fungi a  com petitive advantage in 

resource  acquisition , by lim iting access of fungal com petitiors to 

su b s tra te s  via enzym e inactivation.

Interference Com petition

According to Wicklow (1992), interference com petition is the  

re su lt of a  chem ical or physical in terac tion  betw een individuals 

before resource  use . This phenom enon, also called antib iosis, is 

m ediated  by specific or non-specific m etabolites, by lytic agents, 

enzym es, volatile com pounds or toxic su b s tan ces  (17).
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Soil m icroorganism s secrete lytic enzym es, su ch  as 

ch itan ase  an d  g lucanases, th a t  are  active again st fungi. Melanized 

fungi are  m ore re s is ta n t to lysis by these  enzym es (6, 31) and  

suggest th a t  m elan in  ac ts  a s  a  pro tection  ag a in st interference 

com petition. Viable resting  spores of the  obligate pathogen 

Synchytrium  endobioticum  p e rs is t in  soil for long periods (24), and  

res is tan ce  an d  pro tection  provided by m elanization of these  spores 

is im plicated in  th e ir longevity in  soil (25).

M elanin m ay also con tribu te  to com petitive interference. 

Oxidized m elan in  p recu rso rs  exhibit an tib iosis (23, 51) th a t  could 

potentially  inh ib it com peting fungi. The accum ulation  of DHN- 

m elan in  m etabolites flaviolin an d  2-hydroxyjuglone. resu lts  in 

su p p ress io n  of M agnaporthe grisea  sporu lation  (57).

In  sum m ary , it is evident th a t  m elan ins do n o t significantly 

enhance  exploitation com petition in  fungi. However, m elanins 

con tribu te  to in terference com petition by various m echanism s, 

includ ing  inactivation  of enzym es from  com peting fungi as well as 

by blocking lytic enzym es su ch  as ch itinase  an d  glucanases. 

M elanins an d  m elan in  p recu rso rs are  antibiotic to o th er organism s 

an d  probably  con tribu te  to in terference w ith o th er organism s in 

com petition for the  sam e s u b s tr a te s . , In addition, m elan ins non-
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specifically enhance  com petitive abilities by providing protection 

ag a in st environm ental s tre sso rs  su ch  a s  UV light (59). M elanins 

also b ind  m etals th a t  m ay provide a  toxic defense m echanism  

ag a in st o ther soil in h ab itan ts  (45).

M etal A ccum ulation in  Fungal B iom ass

A ccum ulation of heavy m etals by m icrobial b iom ass is a  well 

characterized  phenom enon, an d  h a s  received recen t a tten tion  as a  

m echan ism  for environm ental p ro tection  against m etal toxicity and  

in  the  recovery of heavy m etals (reviewed in ref. 58). While some 

m etals (Fe3+, Zn2+, C u2+ an d  Co2+) are  essential, a n  overabundance 

of these  elem ents leads to cell toxicity. M etals can  exhibit toxicity 

above m etal-specific th resho ld  concentra tions. Toxic effects 

include functional group blockage of m etabolically im portan t 

m olecules, d en a tu ra tio n  of enzym es, an d  d isrup tion  of m em brane 

in tegrity  (20). B ecause m etal ions frequently  fluc tuate  in the  

environm ent, m any  m icroorganism s have developed m echanism s 

to control m etal u p tak e  and  a t the  sam e time seq u es te r elem ents 

for fu tu re  u se . M icrobial m etal up take  an d  detoxification 

p rocesses include: u p tak e  of m etals into the  cell by active or

passive processes, bio sorption to cell assoc ia ted  m aterials,
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e n tra p m e n t in  ex tracellu lar capsu les, precipitation, activation of 

m etal-specific b inding  p ro teins an d  oxidation-reduction  reactions 

(19).

Heavy m etals en te r the  soil, environm ent a t  levels toxic to 

m icroorganism s th rough  m ining, an d  in d u stria l an d  agricu ltu ral 

d ischarges. High m etal levels exert a  selective p ressu re  on 

m icroorganism s th a t  n ecessita tes  expression of a  m etal 

detoxification m echan ism  to en su re  survival (19). T here is a  strong 

correlation  betw een C u2+, Cd2+ an d  Zn2+ in soil a n d  the  level of 

m etal to lerance in  soil m icrobial com m unities (14). Fungi are 

generally considered  to be less sensitive to m etal pollution th an  

bac teria  (15), an d  have been show n to be the  d o m inan t fraction of 

the  m icrobial com m unity  in  som e m etal con tam inated  soils (18).

M etal ions are  actively tran sp o rted  into fungal cells, where 

they  b ind  specific pro teins. The m etallo th ioneins (MT's) are  sm all 

cysteine-rich  polypeptides th a t b ind  essen tia l heavy m eta ls  such  as 

copper an d  zinc, an d  non-essen tia l m etals su ch  a s  m ercury  and  

cadm ium . M etallothionein expression  is induced  by the  sam e 

m etals th a t  b ind  to th a t  protein, thereby  providing a  m echan ism  of 

pro tection  ag a in st toxicity. O ther m etals are  tak en  u p  into fungal 

b iom ass by passive processes. Pb2+ u p tak e  into S. cerevisiae is
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energy-independent an d  the  re su lt of affecting the  perm eability  of 

y east cell m em branes to K+ an d  Mg2+ (58).

Fungal cell walls con ta in  polysaccharides active in 

b iosorption  of m etals. These polym ers include glycans and  

cellulose w ith hydroxyl groups a s  potential m etal b inding  sites, 

ch ito san  an d  ch itin  w ith m etal b inding  po ten tial a t  am ino and  

hydroxyl groups, an d  polyuronide w ith carboxyl an d  hydroxyl 

g roups (50). Negative surface charge on m icrobial cell walls caused  

by th e  d issociation  of chem ical groups, allow for cation  exchange 

or coordination  of m etal cations (7). M etals are  classified according 

to w hether they  preferentially  form com plexes w ith nonpolarizable 

ligands (hard) or polarizable (soft) ligands (41). C opper and  zinc 

are borderline h a rd /  soft m etal ions an d  adsorp tion  of these  ions 

to b iom ass is correlated  w ith com plexation to soft an ions (2). 

B iom ass con ta in s m any of the  softer binding sites su c h  a s  carboxyl 

an d  am ino groups th a t  are  involved in  m etal b inding, suggesting 

th a t  p ro tein  an d  carbohydrate  fractions of cell wall b ind  cations

(7) .

Fungal p igm ents su ch  as m elan in  bind  m eta ls  an d  serve as 

a  protective m echan ism  again st m etal toxicity. M elanins are  high 

m olecular w eight polym ers th a t  enhance  the  survival of fungi in
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adverse environm ental conditions, including  high concen tra tions of 

heavy m etals. M elanin expression  is induced in  som e fungi by 

Pb2+, Fe2+, Al3+, Hg2+ (Aureobasidium  pullulans, 21) an d  Cu2+ (G. 

gramirds var. g ra m in is ,ll;  A ureobasidium  pullulans, 21), suggesting 

th a t  th ese  p igm ents provide pro tection  ag a in st m etal toxicity. 

M elanins con ta in  negatively charged hydroxyl g roups th a t could 

potentially  b ind  cations, as well a s  am ino acid an d  carboxyl groups 

p resen t in  m acrom olecules trapped  in  the  m elan in  polym er (47). 

The s tru c tu re  an d  charac teristics of m elan ins are  sim ilar to w eak 

cation  exchangers, an d  m etal ions an d  m elan ins probably  in te rac t 

by ion exchange (9). M etals can  be desorbed from  m elanized 

fungal s tru c tu re s  by the  application of chelato rs or pH changes 

(36, 45) A ttraction  of m etal ions to m elanin  increases w ith 

increasing  valance, w hich is characteristic  of cation  exchange 

reactions. T hus, of the  divalent m etals Pb2+, C u2+, Ni2+, Co2+, and  

Mn2+, Pb2+ h a s  the  h ighest affinity for m elanin, followed by Cu2+ 

(32). M elanized fungal b iom ass abso rbs 2.5 to 4 -fold m ore Ni, Cu, 

Zn Cd an d  Pb an d  a t  higher ra te s  th a n  unm elan ized  cu ltu res  (50). 

Fungal m elan ins also show a  high absorptive capacity  for Fe3+ (48).
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E nvironm ental M etal C ontam ination

A nthropogenic deposition of heavy m etals h a s  dram atically  

increased  a s  a  re su lt of m ining, industria l an d  agricu ltu ral 

p ractices, an d  fossil fuel consum ption  (2). R eclam ation of m etal- 

im pacted  soils rem ains one of the  m ost difficult a reas of 

bio rem ediation. T echniques in  c u rre n t u se  are  generally based  on 

im m obilization by liming, or ex traction  of m etals by acid-leaching 

or electro-osm osis (4). Some of the  m ore sp ec tacu la r m ining- 

con tam inated  sites are  the  tailings ponds of A naconda, M ontana.

H istorical Overview of the  A naconda Tailings Ponds

Large scale copper m ining began  in  the  B u tte  m ining  d istric t 

du ring  the  early 1880's. Both m ining and  sm elting of the  B utte 

copper ores requ ired  a  dependable w ater source, an d  com panies 

typically located th e ir p rocessing  facilities n ear or ad jacen t to the  

Silver Bow Creek. These com panies deposited the  w aste  m aterial 

or tailings from  th e ir sm elters into ponds n e a r th e ir  p lan ts  or 

directly into Silver Bow Creek. Some of th is  m ateria l eventually 

w ashed  into the  C lark Fork River. The early sm elters did no t 

efficiently ex trac t copper or o ther m inerals from  the  ore and  

consequently  pilings contained  significant concen tra tions of m etal.
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In addition , early  sm elting operations sen t m ineral laden  fum es 

into th e  air. By the  early 1900's, sm elting opera tions were moved 

to A naconda (39).

In 1883, construction  began on a  sm elting facility 26 m iles 

w est of B u tte  on W arm  Springs C reek in  the  Deer Lodge Valley. 

W ithin two years, the  A naconda "Upper Works" w as expanded and  

doubled  the  daily ore capacity. In 1887, an  add itional sm elting 

facility (the "Lower Works") w as construc ted  so u th e a s t of the  first 

sm elter. Finally the  construction  of the  A naconda Reduction 

W orks so u th  of W arm  Springs Creek in 1902 resu lted  in the  

largest copper sm elter in  the  world (39).

The U pper an d  Lower W orks (collectively called the  "Old 

Works") a t  A naconda deposited w aste  into W arm  Springs Creek, a  

tr ib u ta ry  of the  C lark. Fork River, or into ponds ad jacen t to the  

creek. W ith the  construction  of the  A naconda R eduction W orks 

sm elter, the  com pany began construction  of a  system  of tailings 

ponds n o rth  an d  e a s t of the  sm elter, n ear the  C lark  Fork River. 

D uring the  early 1900's, po rtions of the  tailings pond w aste 

overflowed into th e  C lark Fork River (39).

The A naconda Copper C om pany bu ilt five tailings ponds to 

ca tch  th e  overflow in  1910. T hen in  1917, the  po n d s B I, B2, C l
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an d  C2 (O pportunity  Ponds), an d  W Sl an d  WS2 (Warm Springs 

Ponds) were constructed . A bout 75% to 80% of th e  tailings were 

settled  in  th e  B an d  C ponds, the  rem ainder into Silver Bow Creek 

an d  th e n  in to  the  W arm  Springs Ponds (39).

In 1956, construction  began on a  new  tailings pond th a t 

w ould cover the  entire  a rea  of the  A, B and  C ponds, by raising  

dikes a ro u n d  the  a rea  to 90 feet. The a rea  sp an n ed  4200 acres 

an d  h a d  the  capacity  to hold 400 million tons. The "New River 

Ponds" were com pleted a round  1957 (Fig. 1.1).

The A naconda tailings pond system  is p a rt of th e  largest U.S. 

E.P.A. S uperfund  in  the  U nited S ta tes, and  con ta in  significant 

levels of copper, arsen ic , lead an d  zinc. C u rren t efforts to reclaim  

the  tailings site include stabilization by revegetation following 

lim ing an d  organic m atte r addition, and  phytorem ediation  to 

ex trac t the  m etals (F. M unshow er, pers. comm.).

Phytorem ediation of M etaliferous Sites

Phytorem ediation is the  u se  of green p lan ts  to remove 

p o llu tan ts  from  the  environm ent or render them  harm less  (43). 

Aside from  the  relative inexpense of th is  app roach , from an  

aesthe tic  viewpoint, revegetation of these  sites is m ore desirable
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th a n  rem oval of con tam inated  soil for trea tm en t off-site. 

Phytorem ediation of soil can  be divided into two processes: 

phytoextraction , in w hich m etal-accum ulating  p lan ts  are  u sed  to 

tran sp o rt an d  concen tra te  m etals from soil into harvestab le  p lan t 

pa rts ; an d  phytostabilization, in w hich heavy m etal to le ran t p lan ts 

are  u sed  to reduce the  mobility of heavy m etals, thereby  reducing 

the  risk  of leaching into ground w ater (46).

ARM SP

WARM S 3 RINGS 
SETTLING PONDSR WORKS

P PE R  WORKS

Wl fWXtAldlXiWttW.

Figure 1.1. A naconda tailings pond system  (39).
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R ecent reviews have d iscussed  the  u se  of p lan ts  as a  

stra tegy  for th e  reclam ation  of soil environm ents con tam inated  

w ith toxic m eta ls  (43, 46). On heavy m etal-con tam inated  sites, the  

s ta tu s  of heavy m etal con ten t de term ines the  degree an d  n a tu re  of 

heavy m etal to lerance in p lan ts  (8); p lan ts  w ith  high lead 

to lerance, for exam ple, a re  found on sites w ith high lead content. 

M etal to le ran t p lan ts  employ th ree  stra teg ies for growth on 

m etalliferous soils. M etal excluders preven t m etal from  entering 

th e ir aeria l p a rts . N on-excluders accum ulate  m eta ls  in  above­

ground  t is s u e s . . M etal non-excluders can  be divided into two 

g roups term ed  ind icato rs an d  h y p eraccu m u la to rs . Metal 

concen tra tion  in  tis su es  of ind icator species reflect m etal levels in 

the  soil. H yperaccum ulators concen tra te  m etals in  aboveground 

tis su e s  (43). Species of m etal to le ran t p lan ts  include Agrostis 

stolonifera, A. tenuis, Festuca rubra (47), F. ovina (8) an d  Minuaria 

hirsuta  (41). Revegetation of m etalliferous soils w ith  non-to le ran t 

species requ ires the  control of m etal u p take  by p la n t roots. The 

m ajor factor governing the  availability of m etals to p lan ts  in soils is 

the  solubility an d  therm odynam ic activity of the  uncom plexed ion, 

since in  order for root u p tak e  to occur, a  soluble species m u st be 

p re sen t ad jacen t to the  root interface (12), Therefore,



15

ch arac te ris tic s  of the  root zone, or rh izosphere will determ ine p lan t 

m etal up take .

The R hizosphere an d  Metal Cycling

H iltner originally in troduced  the  concept of th e  rhizosphere 

a s  a  zone of enhanced  bacterial growth a ro u n d  roo ts of the  

Legum inoseae (27), Since then , the  term  "rhizosphere" h a s  been 

b roadened  to include the  environm ent inhab ited  by 

m icroorganism s a s  influenced by p lan t roots, th ro u g h  exudation  or 

leakage of su b s ta n c es  th a t  affect m icrobial activity. The release of 

organic com pounds by roots include exudates, w hich are low 

m olecular w eight su b s tan ces  th a t  leak  o u t of roots; secretions, 

w hose release is m ediated  by biological activity; an d  m ucilages, 

m ucigel an d  lysates. E xudates of range g rasses include carboxylic 

acids, carbohydrates, an d  am ino acids (30).

The m ost im p o rtan t feature  of the  rh izosphere  w ith respect 

to m etal cycling is th e  m odification of its  chem ical p roperties by 

the  root. Rhizosphere p rocesses m ediate changes in  pH, ionic 

streng th , an d  com position of the  soil solution. The soil solution pH 

in th e  rh izosphere  changes by ionic up take  followed by charge 

balance  correction in the  root. P rotons m u s t be excreted if excess 

cations are  absorbed , an d  hydroxyl or b icarbonate  ions m u st be
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excreted if excess anionic charge h a s  been tak en  up . The 

rh izosphere  pH of active roots m ost often increases a s  the  resu lt of 

anionic u p tak e  (53). This increase  could lead to en h an ced  m etal 

com plexation by solids su ch  a s  organic m atte r w ith carboxyl or 

hydroxyl g roups on th e ir surfaces. In addition, th e  release of 

organic com pounds in  the  rhizo sphere  can  influence mobility of 

m etals in  th e  soil solution. M etal com plexes th a t  abso rb  weakly to 

root su rfaces will have greater m obility and  less likely to be taken  

u p  by roots. M etal bioavailability will increase  if exudation 

includes com pounds th a t  form strongly absorbed  m etal complexes 

(53). However, only soluble m etal com plexes a re  absorbed  by 

roots. In  addition, p lan t roots are  em bedded in  a  m ucilaginous 

layer th a t  b inds trace  m etals Pb2+ an d  C u2+, an d  can  resu lt in a 

decrease  of Pb an d  C u tran sp o rt to roots (38) .

H ydrated, soluble cations ions are  considered to be the  m etal 

species absorbed  by p lan ts. To a  large extent, m eta l chelation by 

organic an d  inorganic soil com ponents controls the  m eta l solubility 

an d  availability to p lan ts  (33). Clay m inerals can  adso rb  heavy 

m etal cations, b u t the  influence of clays on to ta l absorption  

capacity  in  soil is negligible com pared to the  con tribu tion  of 

organic m a tte r  (37). M etals sorbed to clay m inerals su c h  as oxide
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su rfaces are  insoluble, while sorp tion  to organics re su lts  in  soluble 

com plexes. C helating agen ts su ch  a s  hum ic acid enhance  m etal 

solubility b u t inh ib it absorp tion  by p lan ts , an d  d issociation of 

these  m etal com plexes is a  prerequisite  for u p tak e  (33).

Fungal m elan ins con tribu te  to soil organic m a tte r  and  share  

m any  ch arac te ris tic s  w ith hum ic acids (5, 16). Fungi su ch  as G. 

gram inis var. gram inis p roduce m elan in  in response  to copper (11), 

an d  the  organic ligands provided by m elanin  probably  b ind  m etals 

a s  a  detoxification m echanism . In the  rh izosphere, m elanin  

p roduction  could provide sim ilar opportun ities for m etal chelation, 

thereby  increasing  com plex form ation an d  decreasing  m etal u p take  

by p lan ts . However, m elan ins have been im plicated in  mobilizing 

m etal ions from soil m inerals into biological system s (63) and  th u s  

increases in  p lan t up take . It is n o t know n w h a t role fungal 

m elanogenesis plays in  m etal availability for p lan t absorption .

H ypotheses

My first hypo thesis is th a t  wild-type m elanized G. graminis 

var. gram inis s tra in s  will be m ore saprophytically  com petitive th a n  

heavily- or non-m elanized s tra in s , an d  th u s  m ore pathogenic to 

rice in  m ixed rh izosphere com m unities. In s tu d ies  u sin g  non-
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isogenic s tra in s , m elan in  provides protection from  environm ental 

s tre ss  factors su ch  as lytic enzym es an d  UV light. Using isogenic 

s tra in s , m elanized fungi shou ld  be able to successfu lly  com pete 

w ith o th er rh izosphere  in h ab itan ts . However, m elan in  also 

inactiva tes enzym es necessary  for n u tr ie n t acquisition , so an  

overproduction of these  p igm ents will decrease th e  competitive 

ability for su b s tra te s .

My second hypothesis is th a t  m elanized G. gram inis var. 

gram inis s tra in s  will abso rb  m ore copper in  liquid m edium  

contain ing  CuSCk th a n  unm elan ized  stra in s . Previous w ork in  our 

laboratory  h a s  show n th a t  by trea ting  G. gram inis var. graminis 

w ith  tricyclazole, a n  inhib itor specific to DH N-m elanin synthesis, 

C u2+ abso rp tion  to b iom ass decreases (11). Isolation of G. graminis 

var. gram inis s tra in s  w ith m u ta tio n s in  the  DH N-m elanin pathw ay 

having e ither no m elanogenesis or over-expression of m elanin , will 

add  to o u r knowledge of the  re la tionsh ip  betw een m etal binding 

an d  m elanin.

My final hypothesis is th a t  m elanized G. gram inis var. 

gram inis s tra in s  will absorb  m etals from m ine tailings in  range 

g rass  rhizo spheres, resu lting  in  reduced  m etal concen tra tions in 

p lan t tissue . M elanins are  chem ically an d  s tru c tu ra lly  sim ilar to
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hum ic  acids found in  soils, an d  hum ic  acids provide ligands th a t 

b ind  heavy m etals. It follows th a t  m elanized fungi will b ind  heavy 

m etals in  a  sim ilar fashion, preventing m etal u p tak e  in to  p lan ts.
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CHAPTER 2

ISOLATION AND CHARACTERIZATION OF G aeum annom yces 
gram inis var. gram inis MELANIN MUTANTS

Introduction

Facultative fungal pa thogens are  those fungi able to cause 

d isease  an d  live saprophytically  in  the  absence of a  h o s t organism . 

These pa thogens com pete for n u tr ie n ts  w ith free-living decom poser 

popu lations. G arre tt (1970) listed  a ttr ib u te s  con tribu ting  to the 

su ccess  of fungi a s  com petitive saprophytes. They ,are: I) rap id  

germ ination  of propagules an d  rap id  hyphal grow th to reach  

su b s tra te s ; 2) enzym e p roduction  to utilize su b s tra te s ; 3) 

excretion of e ither bacteriostatic  or fungistatic  su b s tan ces  to 

reduce  grow th of com petitors; an d  4) to lerance to deleterious 

su b s ta n c es  p roduced  by o ther organism s.

G aeum annom yces gram inis var. gram inis is a  hom othallic 

filam entous ascom ycete th a t  colonizes root an d  crow n tissue  of 

m any  m em bers of the  Poaceae p lan t family an d  survives 

saprophytically  in  soil or p lan t litter. Some s tra in s  invade h o st 

v ascu la r tis su e  to cause  root d isease in rice a n d  ornam enta l
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tu rfg rasses  (32, 36). G. gram inis var. gram inis p roduces melanin, 

via th e  d ihydroxynaphthalene (DHN) pathw ay (Fig. 2.1) in  response 

to s tre ss  factors (7, 13). M elanin also accum ulates in  older hyphal 

cell wall an d  in sexual s tru c tu re s  (perithecia) an d  adhesive 

infection cells (hyphopodia). W ang and  C asadevall (1994) 

dem onstra ted  th a t  m elan in  serves a s  a  protective layer aga in st UV 

irrad iation , by adding  the  m elanin  p recu rso r L- 

dihydroxyphenylalanine (L-DOPA) to Cryptococcus neoformans 

cu ltu res . C u ltu res grown w ith L-DOPA were m ore re s is ta n t to UV 

light dam age th a n  control cu ltu res . At p resen t, sim ilar stud ies of 

DH N-m elanin pro tection  aga in st UV irradiation , e ither by using  

m elan in  p recu so r addition  or isogenic stra in s , have no t been 

published .

M elanin co n ten t of fungal hyphae positively correlates w ith 

en h an ced  res istance  to ch itinase  an d  g lucanase degradation  (25), 

an d  m elanized Rhizotonia solani s tra in s  are less sensitive to lysis 

th a n  unm elan ized  s tra in s  (23). In addition, w hen  m elanin- 

con tain ing  sp icules of Aspergillus phoencis  spores are  removed, 

they  are  m ore sensitive to lytic activity (4). While these  stud ies 

suggest a  correlation  betw een m elanization an d  lytic enzyme 

protection , experim ents u sing  isogenic s tra in s  a re  lacking. In
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sum m ary , m elan in  serves as a  protective layer ag a in st UV 

irrad ia tion  an d  lytic enzym es an d  m ay con tribu te  to competitive 

su ccess  in  a  m ixed m icrobial com m unity.

E x tracellu lar enzym es secreted  by G. gram inis a re  necessary  

for n u tr ie n t acquisition  and  im plicated in the  d isease  process (9). 

Infection requ ires penetra tion  of h o s t cells an d  involves the  

degradation  ‘ of cell wall com ponents by the  pathogen . Lytic 

enzym es secreted  a t  the  growing apex aid  in  cell wall 

decom position an d  su b seq u en t pathogenesis. Previous stud ies 

(Goins an d  H enson, subm itted) suggest th a t  sp o n tan eo u s m elanin 

m u ta n ts  of G. gram inis var. tritici p roduce less ex tracellu lar protein  

an d  a re  less pathogenic th a n  the  lightly p igm ented  wild-type 

stra in . In addition, m elanin  h a s  been  show n to provide s tru c tu ra l 

rigidity requ ired  to m ain ta in  tu rgo r p ressu re  of appressoria l 

infection s tru c tu re s  (20, 21). G. gram inis does n o t develop 

appresso ria , b u t  does produce m elanized adhesion  s tru c tu re s  

(hyphopodia) th a t  are  believed to serve a  sim ilar function as 

appressoria .

B ecause m elan ins are  heterogeneous an d  difficult to 

characterize  an d  quan tita te , in  th is  study  we isolated and  

characterized  G. gram inis var. gram inis m u ta n t s tra in s  affected in
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the  m elanin  pathw ay to determ ine the  effect of lack of m elanin or 

overm elanization in protection from environm ental s tre sso rs  and 

the  ability to p roduce disease in rice p lants.
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Figure 2.1. 1 ,8-dihydroxynaphthalene (DHN) m elanin 
pathw ay and  s h u n t p roducts produced by m u ta tio n s  in the 
pathw ay (modified from reference 2). T = site of tricyclazole 
inhibition. Genetic nom enclature  is from references 27 an d  34. 2- 
H J = 2 - hy droxyj ug lone; 1,3,8-THN = 1 ,3 ,8-trihydroxynaphthalene.

M aterials and  M ethods

S tra in s, m edia an d  growth conditions

O ur wild type G. gram inis var. graminis s tra in , JH 2033 , is a  

single ascospore  derivative of an  isolate collected by Dr. Craig 

R othrock from soybean (Glycine m ax  L.).
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Defined liquid m inim al m edium  contained  in  g per liter: 

sucrose , 3; K2HPO4, I; MgSCk, 0.05; KC1, 0.05; CaClg^ 0-1; FeCls, 

0 .0005; an d  trace  e lem ents [ZnSO^HgO, 0.0125; 

Fe(NH4)(SO4)2-SH2O, 0.0025; CuSO4- SH2O, 2 x 10-6; MnSO4 H2O, 

0 .0001; H3BO3, 0 .0001; NaMoO4-H2O, 0.0001; biotin, 0.001 and  

th iam ine, 0.001]. The stock trace  elem ent so lu tion  w as filter 

sterilized an d  d ilu ted  1:4000 in to  autoclaved m edium . Stock 

so lu tions of MgSO4, KCl and  CaCl2 were filter sterilized an d  dilu ted 

1:1000 into autoclaved m edium . Filter sterilized FeCl3 solution 

w as d ilu ted  1:200000 into autoclaved m edium . The pH w as 

ad ju s ted  to 5.5 w ith HCl for bo th  solid an d  liquid m edia before 

autoclaving. O ther m edia u sed  were potato  dextrose agar (PDA; 

Difco, Detroit, Michigan), potato  dextrose b ro th  (PDB; Difco, 

Detroit, Michigan) an d  L uria-B ertani (LB) w ith or w ithou t 1.0 % 

agar (Meer Corp., New Bergen, NJ ). C u ltu res were inocu lated  from 

LB ag ar into 200 ml liquid m edium  in  I liter flasks, an d  shaken  

(50 cycles m in -1) a t  25 C w ith a  12 h  photoperiod an d  3000 Lux.

H yphopodia were grown by inoculating  m ylar (14C 

th ickness, a  gift from DuPont, W ilmington, DB) m em branes th a t 

were e thanol-sterilized  an d  placed on 1% w ater agar.

M u tan t isolation

A five-day cu ltu re  of wild-type hyphae grown in  100 ml LB 

b ro th  w as harvested  by filtration th rough  a  W hatm an  # I filter and  

resu sp en d ed  in  75 ml p ro top last buffer (PBI- 0.2 M NaH2PO4 and
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0.6 M KC1, pH 5.8) w ith 0 .375 g each  of Novozyme 234 (InterSpex 

P roducts, Inc) an d  cellulase (Sigma C-8546). H yphae were shaken  

slowly for 1.5 h  a t  25 C, filtered th rough  g lass wool, and  

p ro top lasts  in  th e  filtrate were w ashed twice w ith PBI and  

resu sp en d ed  in  5 m l PBL

P ro top lasts were sub jected  to chem ical m u tagenesis  using  

4-n itroquinolene oxide (NQO) or UV light. Approxim ately IO8 

p ro top lasts  were incuba ted  for I h  a t room  tem p era tu re  in 5 ml 

PBI contain ing  I pg /m l NQO (3). NQO w as neu tra lized  by 

addition  of a n  equal volume of 5% sodium  th iosu lfa te  in  PBI, th en  

w ashed  twice w ith PBI and  resu sp en d ed  in 5 m l of PBL For UV 

m utagenesis, IO8 p ro top lasts in 5 ml PBI were exposed to 0.09 J  

per cm 2 in  a  Stratalinker®  UV C rosslinker, Model 1800 

(S tratagene, La Jo lla, CA).

T reated  p ro top lasts  were p lated  onto regenera tion  m edium  

(17) a n d  in cu b a ted  a t room  tem pera tu re  in the  d a rk  for 7 days, 

an d  regenera ted  p ro top lasts were transferred  to PDA with 1% 

sorbose. Sorbose inh ib its hyphal spreading  (16) so th a t more 

p ro top lasts  could be screened on a  90 m m 2 petri plate. M utan ts 

w ith p igm ent p roduction  different from our w ild-type s tra in  were 

tran sfe rred  to PDA an d  LB agar. Two m u ta n ts  were chosen  for 

fu rth e r characterization: JH 4300 , a  m u ta n t th a t  did  no t produce 

m elan in  on PDA an d  JH  4301, th a t  constitutively synthesized 

m elanin.
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S tra in  crosses

JH 2028 , a  b leom ycin-resistan t tran sfo rm an t of JH 2033  (28) 

w as inocu lated  w ith JH 4300  or JH 4301 onto sterile, m oist filter 

p ap er w ith a  layer of toothpicks onto w hich autoclaved rice leaves 

were placed. P lates were incuba ted  a t 25 C w ith a  12 h 

photoperiod a t  3000 Lux. Single, m atu re  perithecia  were squashed  

on slides u n d e r  g lass coverslips an d  sp read  onto LB agar. After 24 

h  germ inated  ascospores were tran sferred  to PDA p la tes to detect 

p igm entation  phenotypes. Ascospore derivatives were screened for 

PhleoR/ Phleos on LB agar+2.5 g /m l Bleomycin (a gift from  Bristol- 

Meyer, Evansville, IN).

E lectron m icroscopy

Nine day-old cu ltu res  grown in m inim al m edium  were 

collected for m icroscopy. Specim ens were p rocessed  for freeze 

su b s titu tio n  by freezing in liquid propane a t  -190 C to -193 C, 

su b s titu tin g  in  2% osm ium  tetroxide an d  0.05%  u ran y l acetate  in 

acetone, an d  em bedding betw een two m icroscope slides in Epon 

812-A raldite 6005 epoxy resin  (18, 19, 20). Cells were exam ined 

for freeze dam age by phase  c o n tra s t optics a t  IOOOx. U ndam aged 

cells were m oun ted  onto epoxy s tu b s, th in-sectioned

longitudinally, an d  sta ined  w ith u ran y l aceta te  a n d  lead citrate. 

Specim ens were exam ined w ith a  JeoL JE M  I OOCX transm ission  

m icroscope operated  a t 80 kV. At least 15-30 cell w alls and  one 

hyphal tip from  each  s tra in  were viewed.
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M elanin Q uan tita tion

M elanin concen tra tion  of the  th ree  s tra in s  were estim ated  by 

the  m ethod  of B u tler and  Lachance (1986). For p repara tion  of 

m elan in  for a  s ta n d a rd  curve, 10 p lugs of JH 2033  from  an  LB agar 

p late  were inocu lated  into 250 ml of LB broth . The cu ltu re  w as 

in cu b a ted  for 7 days a t  room  tem pera tu re  w ith shak ing  (150 rpm). 

H yphae were rem oved by filtration th rough  a  W hatm an  #1 filter 

an d  th e  su p e rn a te  acidified to 4 N HCl w ith concen tra ted  HCL 

After allowing precip itation  a t  4° C for 4 days, m elan in  w as 

recovered by centrifugation  a t  5000 x g  for 15 m inu tes. The pellet 

w as w ashed  3X w ith 0.1 N HCl followed by 5 w ashes w ith distilled 

w ater. The m elan in  w as lyophilized overnight to rem ove residual 

w ater an d  sto red  a t  -20 °C in the  dark . The s ta n d a rd  m elanin 

curve w as p repared  by weighing duplicate  250, 500 an d  1000 pg 

sam ples into 15 m l Corex® tubes. Three ml of Azure A (Sigma) 

so lu tion  were added  to each tube  an d  allowed to s ta n d  for 30 

m inu tes. Solutions were th en  filtered th rough  a  0 .45  pm syringe 

filter. Azure A solution w as p repared  from a  stock  so lu tion  of 0.1 g 

Azure A in  500 ml 0.2 N HCl th a t  w as diluted 1:30 in  0.2 N HC1. 

M elanin concen tra tion  w as determ ined by a  decrease in

abso rbance  a t  628 nm .
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M elanization of wild-type, JH 4300  an d  JH 4301  w as 

determ ined  a t  3, 4, 5, 6 an d  7 days following inocu lation  of 3 plugs 

into 60 m l LB b ro th  in  300 m l E rlenm eyer flasks. F lasks were 

sh ak en  a t  150 rpm  a t  room  tem pera tu re  in the  dark . At harvest, 

hyphae  were collected by filtration th rough  a  W hatm an  #1 filter 

an d  lyophilized overnight. Triplicate 2 mg sam ples of dried  hyphae 

were assayed  a s  described for the  s ta n d a rd  m elan in  curve.

Novozyme Digestion

A s ta n d a rd  N -acetylglucosam ine s ta n d a rd  curve w as

p repared  from  I mM N -acetylglucosam ine in 0 .033 M phosphate

buffer (pH 6.1). N -acetylglucosam ine w as detected  by the  m ethod

of Reissieg e t al. (1955). To tu b es  containing 500 pi of solution,*

100 pi of p o tassiu m  borate  (49.64 g H3BO3 per liter, pH 9.1) were 

added, th e n  h ea ted  in  a  boiling w ater b a th  for 3 m inu tes and  

cooled in  a  cold w ater ba th . T hree m is of

dim ethylam inobenzadehyde were added, the  co n ten ts  mixed, th en  

h ea ted  a t  37 °C for 20 m inu tes. After cooling in a  cold w ater bath , 

abso rbance  w as read  a t 544 and  585 nm .

D uplicate wild-type, JH 4300  an d  JH 4301 s tra in s  were grown 

for 7 days in  50 m l LB b ro th  w ith shaking  a t room  tem peratu re .
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H yphae were harvested  by filtration th rough  a  W hatm an  #1 filter, 

w ashed  2X w ith sterile p hospha te  buffer an d  tran sfe rred  to sterile 

250 m l E rlenm eyer flasks contain ing  50 mg Novozyme 234 in 50 

m l p h o sp h a te  buffer. F lasks were incubated  w ith shak ing  a t room 

tem p era tu re  an d  aliquots of the  su p ern a te  tak en  a t  I , 2 and  3 

ho u rs . S u p ern a tes  were analyzed for N -acetylglucosam ine as 

described  for the  s ta n d a rd  curve. C ontrols consisted  of hyphae 

w ithou t Novozyme 234.

UV protection

D urapore  type GV 0.22pm  47 m m  diam eter filters (Millipore 

ca t no. GVMP 047 00) were autoclaved, weighed an d  placed on 90 

m m  diam eter pe tri p la tes contain ing  LB agar. One plug of 

JH 2033 , JH 4300  or JH 4301 from LB agar w as inocu lated  onto the  

cen ter of the  filter an d  the  p la tes incubated  in the  d a rk  for 3 days 

a t  room  tem pera tu re . Lids were rem oved from p lates, placed in a 

UV S tra ta linker, th en  exposed to 200, 400 or 600 pJ. Plate lids 

were replaced, an d  incubated  for 3 days a t room  tem pera tu re  in 

the  dark . Following incubation , filters were rem oved, dried 

overnight on a  lyophilizer an d  th en  weighed.
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Enzym e Secretion

Polygalacturonase (PGU; EG 3.2.1.15) secretion  w as detected 

on solid m edium  contain ing  1% sodium  polypectate (Sigma) a t pH 

6.5 in  10 mM sodium  p h ospha te  buffer w ith 0.1%  y e as t extract, 

0.125%  each  of b iotin  and  th iam in , an d  2% Bacto agar. C learing 

a ro u n d  fungal colonies, indicating  enzyme secretion, w as detected 

by flooding p late  w ith 5 N HCl (40). Base m edium  for the  detection 

of a-cellu lose con tained  2.5% C zapek's Dox b ro th  (Difco), 0.125%  

each  of b iotin  an d  th iam in , 1% a-cellulose (Sigma) an d  2% Bacto 

agar. Hydrolysis w as detected by flooding p la tes w ith LugoPs 

iodine an d  m easu ring  the  cleared a rea  (I). Hydrolysis of skim  m ilk 

w as a sse ssed  on p la tes contain ing  2% skim  milk, an d  2% Bacto 

agar. C learing a ro u n d  colonies indicated  hydrolysis. Filter- 

sterilized tricyclazole from a  2.5 m g /m l 100 % EtOH stock w as 

added  a t  a  concen tra tion  of 16 pg /m l to cooled m edia.

Pathogenicity

H ulled rice seeds [Oryza sa tiva  Gulfport) were surface 

sterilized in  1% AgNOs for 7 m in an d  rinsed  2X in  sterile  deionized 

w ater. Sterile verm iculite in 10 cm  diam eter po ts w as inoculated 

w ith hyphal on p lugs from LB agar an d  seeds were p laced next to
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the  plugs. P lan ts  were grown for 28 days a t  25 °C w ith a  12 h 

photoperiod  a t  3000 Lux an d  a  w atering schedule of 100 ml sterile 

w ater every 5 days. At harvest, roo ts an d  shoots were separated , 

lyophilized overnight an d  weighed.

R esults

M utan t characteriza tion

M utan t s tra in  JH 4300 , isolated after trea tm e n t of wild-type 

p ro top lasts  w ith 4-nitroqU inolene, did no t p roduce th e  d a rk  green 

DH N-m elanin pigm ent th a t  is characteristic  of the  w ild-type stra in  

on m inim al, LB or potato  dextrose m edia. M u tan t JH 4300  w as 

orange on PDA as  the  re su lt of 2-hydroxyjuglone an d  flaviolin 

accum ulation , w hich are d a rk  orange an d  brown, respectively and  

confirm ed by th in  layer chrom atography (TLC, d a ta  n o t show n, ref. 

2). This re su lt suggested  th a t its  m elan in  pathw ay w as blocked a t 

the  red u c tase  step  th a t  converts 1 ,3 ,8 -trihydroxynaphthalene to 

verm elone (Fig. 2.1). Moreover, feeding experim ents w ith scytalone 

did n o t resto re  the  wild-type m elan in  phenotype (data  no t shown), 

a n  expected finding if the  pathw ay w as blocked dow nstream  of the  

scytalone b iosynthetic  step  (2).
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W hen we crossed  m u ta n t 4300 w ith the  w ild-type stra in , 

progeny displayed a  1:1 wild type: m u ta n t m elan in  phenotype 

(Table 2.1), an d  suggested th a t  th is  m u ta n t phenotype resu lted  

from a  single m u ta tion  affecting the  gene encoding

trihydroxynaph thalene  reductase , or the  THRl gene {Colletotrichum 

lagenarium  nom encla tu re, ref. 27). The bleom ycin resistance  

m ark e r did n o t segregate 1:1, a  re su lt consisten t w ith o ther stud ies 

of G. gram inis var. gram inis tran sfo rm an t c ro sses in w hich 

heterologous, transfo rm ed  sequences su ch  a s  th e  BLE  gene 

som etim es did n o t segregate in  a  1:1 fashion (28).

We iso lated  JH 4301 following trea tm en t of wild-type 

p ro top lasts  w ith UV light an d  it constitutively p roduced  a  dark  

green-black  p igm ent on m inim al, LB and  potato  dextrose media. 

H yphae of th is  s tra in  were m ore heavily pigm ented th a n  wild-type 

hyphae  an d  accum ulated  a  variety of m elanin  m etabolites in PDA 

contain ing  8 an d  30 pg /m l tricyclazole, a  specific DHN-melanin 

pathw ay inh ib ito r (Fig. 2.1, ref. 2). In addition to flaviolin and  2- 

hydroxyjuglone, JH 4301 accum ulated  3 ,4 ,8-trihydroxytetralone 

an d  4 ,8-dihydroxytetralone while tricyclazole-treated wild-type 

cu ltu res  accum ula ted  flaviolin an d  2-hydroxyjuglone, th e  oxidative 

p ro d u c ts  of 1 ,3 ,6 ,8 -tetrahydroxynaphthalene an d  . 1,3,8-
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tr ihyd roxynaph tha lene , respectively. All s h u n t p ro d u cts  were 

identified by TLC w ith Haviolin an d  2-hydroxyjuglone a s  s tan d ard s  

(data  n o t show n, ref. 2).

Table 2.1. Genetic C rosses.
Cross Total

Perithecia
Hybrid Total
Perithecia Ascospores Phenotype

Number
Progeny

JH2028 26 3 262 BleS Thrl- 92
X BleR Thrl- 35

JH4300 Bles T h rl+ 86
BleRThrl+ 49

JH2028 3 I 233 BleS Moe- 27
X BleR Moe- 51

JH4301 BleS Moe+ 88
BleR Moe+ 67

JH4302 9 I 69 BleS Moe- 14
X BleR Moe- 11

JH2033 BleS Moe+ 25
BleR Moe+ 19

JH 4 3 0 1 did n o t p roduce m atu re  ascospores w hen selfed, b u t 

the  c ross betw een wild-type an d  m u ta n t JH 4301 displayed 1:2 

m u tan t: w ild-type m elanin  phenotype (Table 2.1). Perhaps th is 

ratio  w as skew ed because  JH 4301 ascospores germ inated  more 

slowly th a n  those  of the  wild-type and  som e viable ' JH 4301 

ascospores were possibly overgrown w ith hyphae from  m ore rapidly 

germ inating  wild-type ascospores. A backcross of a  PhleoR m u ta n t 

JH 4301 derived from  th is  in itial c ross w ith the  w ild-type stra in
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gave approxim ately  1:1 w ild-type:m u ta n t progeny. Again, slow 

m u ta n t ascospore  germ ination possibly influenced th is  ratio. 

Progeny of the  crossed  perithecia  w ith JH 4301 m elan in  phenotype 

grew a t  a  sim ilar ra te  an d  p roduced  sim ilarly sh ap ed  hyphopodia 

a s  JH 4301 . These re su lts  suggested th a t JH 4301  contained  a  

single m u ta tio n  (designated moe) affecting the  m elan in  biosynthetic 

pathw ay.

E lectron m icrographs of freeze-substitu ted  hyphae 

dem onstra ted  cell wall differences betw een the  w ild-type stra in  and  

two m elan in  m u tan ts . Nine day-old wild-type c u ltu res  grown in 

the  p resence of trace  copper h ad  only two layers: an  electron dense 

o u ter m ucilage layer an d  an  electron tran s lu c en t in n e r chitin  layer 

(Fig. 2.2a.) previously found to b ind  w heat germ  agglutin in  (7). 

S tra in  JH 4300  cell walls were com posed of two layers: an  inner 

tra n s lu c e n t ch itin  layer and  a  th in  dense m ucilage o u te r layer (Fig. 

2.2c). By com parison, d a rk  m u ta n t JH 4 3 0 1 h ad  a n  in term ediate  

m elanized layer even w hen grown in trace copper an d  a  dense 

o u ter layer w ith th icker m ucilage closely associated  w ith the  cell

wall (Fig. 2.2b).
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Figure 2.2. E lectron m icrographs of wild-type and  m elan in  m u ta n t 
cell walls. A. W ild-type JH 2033 , B. D ark m u ta n t JH 4301 , C. Light 
m u ta n t JH 4300 . * is the in term ediate  m elanin layer, i is the inner 
ch tin  layer and  0 is the ou ter m ucilage layer. M agnification = 
66,000X.

Thin sections of hyphal tips also showed differences in 

m ucilage betw een the  th ree  s tra in s  (Fig. 2.3). While the  wild-type 

displayed an  electron dense m ucilage layer closely associated  with
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the  apical region (Fig. 2.3a.), the  d a rk  m u ta n t show ed a  denser 

m ucilage th a t  extended to the  apical tip  (Fig. 2.3b). The light 

m u ta n t exhibited a  loose layer of m ucilage associated  w ith the cell 

(Fig. 2.3c).

H yphopodia of the  th ree  s tra in s  differed in  p igm entation  or 

shape  (Fig. 2.4). W ild-type hyphopodia on m ylar were m elanized 

an d  lobed (Fig. 2.4a.) The light m u ta n t p roduced brow nish-orange 

lobed hyphopodia  (Fig. 2.4c.) while the  d a rk  m u ta n t developed 

highly pigm ented, ro u n d  s tru c tu re s  (Fig. 2.4b). Perithecia  of self- 

c rossed  m u ta n t JH 4300  were orange-light brow n a n d  u n d e r these  

conditions d a rk  m u ta n t JH 4301 produced im m atu re  perithecia  

w ithou t m atu re  ascospores u n le ss  crossed  w ith the  wild-type (data 

no t shown).

O ur w ild-type s tra in  reached  the  sta tionary  grow th phase  by 

day 6 w hen grown in LB (Fig. 2.5b), w ith m elan in  concentra tion  

roughly  increasing  in  parallel w ith  biom ass. The light m u ta n t 

JH 4300  h ad  no t reached  s ta tio n a iy  phase  by the  end  of 7 days of 

grow th (Fig. 2.5a), an d  m elan in  concen tra tions rem ained low 

th ro u g h o u t the  grow th curve. The d a rk  m u ta n t b iom ass leveled off 

betw een days 6 an d  7 (Fig. 2.5c), while m elanin  concen tra tion  w as
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h ighest a t  day 5. Except for day 7, the  m elanin  concen tra tion  of 

JH 4 3 O lw as significantly h igher th a n  ou r wild-type stra in .

UV Light Sensitivity

The heavily m elanized JH 4301 s tra in  w as less sensitive to 

UV light th a n  e ither o u r wild-type s tra in  or the  light JH 4300  stra in  

(Fig. 2.6). UV exposure reduced  JH 4300  b iom ass by 55-62%  and  

w as no t dose-dependent. At low exposure (200 a n d  400 p J /c m 2) 

th e  w ild-type b iom ass w as reduced  by approxim ately  40%, and  

54% a t  the  600 p J /c m 2 exposure. UV exposure  did no t 

significantly reduce  the  d a rk  m u ta n t biom ass.

Lytic Enzym e Protection

S u p e rn a te s  from the  d a rk  m elanin  m u ta n t h a d  higher N- 

acetylglucosam ine initially, an d  following I h o u r digestion w ith 

Novozyme 234, th a n  e ither ou r wild-type s tra in  or JH 4300  (Fig. 

2.7). However, significantly m ore N- acetylgluco sam ine w as 

re leased  from the  light m elanin  m u ta n t th a n  the  m elanized stra in s 

after 2 or 3 h o u rs  of incubation  w ith Novozyme 234. After 3 h ou rs 

of digestion, the  am o u n t of N-acetylglucosam ine released  from 

JH 4301 in  th e  presence of Novozyme w as no t significantly different 

from  the  JH 4 3 0 1 control.
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Figure 2.3. Hyphal tips of wild-type an d  m elanin m u ta n ts  strains. 
A) W ild-type, B) D ark m u ta n t JH 4301 , and  C) Light m u tan t 
JH 4300 . Arrows indicate m ucilage. M agnification = 33,000X.
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Figure 2.4. Hyphopodia of wild-type an d  m elan in  m u ta n t stra in s . 
A) W ild-type JH 2033 , B). D ark m u ta n t JH 4301 , C) Light m u ta n t 
JH 4 3 0 1 1. M agnification = 400X.

Enzym e Secretion

The light m u ta n t s tra in  JH 4300  secreted  m ore enzym es th an  

the  m elanized s tra in s  w hen grown w ithout tricyclazole, while the 

d a rk  m u ta n t show ed very little enzym e secretion (Table 2.2). 

Tricyclazole enhanced  enzyme secretion of the two m elanized 

s tra in s , b u t did no t affect the  light m u tan t.

Pathogenicity

All th ree  s tra in s  decreased the  percen t of rice seeds 

germ inated  (Table 2.3), and  JH 4300  reduced  shoot leng ths and 

b iom ass equivalent to the  wild-type stra in . The d a rk  m u tan t 

significantly reduced  shoot lengths com pared to the  control 

trea tm en t, b u t less th a n  the wild-type or light m u ta n t, and 

decreased  shoot b iom ass to an  in term ediate  w eight between 

control an d  wild-type trea tm en ts .
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Figure 2.5. Grow th curves and  m elanin  concen tra tions of G. 
gram inis var. gram inis w ild-type an d  m elanin m u ta n t stra ins. 
B iom ass is to tal b iom ass in 60 ml cu ltu re , and  erro r b a rs  are  ± 
s ta n d a rd  error. E ach point is the  average of trip licate cu ltu res.
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JH4300 JH2033 JH4301

Strain

Figure 2.6. B iom ass of G. gram inis var. gram inis wild-type 
(JH2033) an d  m elanin  m u ta n t s tra in s  following trea tm en t with 
various levels of UV light. Average of triplicate p lates, error ba rs 
are  ± s ta n d a rd  error.

Figure 2.7. N-Acetylglucosamine released from wild-type or
m u ta n t s tra in s  of G. graminis var. graminis w ith or w ithout 
Novozyme 234 digestion. E ach po in t is the average of duplicate 
trea tm en ts , an d  error ba rs are ± s ta n d a rd  error.
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Table 2.2. Enzym e secretion of G. gram inis var. gram inis wild-type 
an d  m elan in  m u ta n t s tra in s  grown w ith or w ithou t tricyclazole. - = 
no enzym e activity, + = enzyme secretion  only b en ea th  hyphae, ++ 
= enzym e secretion  beyond hyphal growth.______________________ _

JH 4300  JH 2033  JH 4301

Tricyclazole

(pg/ml)

0 16 0 16 0 16

a- Cellulase H—h ++ ++ ++ + ' ++

PGU ++ ++ - ++ - +

Milk Protease ++ H—h ++ ++ +

Table 2.3. Pathogenicity of wild-type an d  m u ta n t s tra in s  of G. 
gram inis var. gram inis to rice. Param eter m eans followed by 
different le tte rs  are  significantly different a t  P < 0 .05 (Tukey's 
S tudentized  Range test, HSD), average of five replicates.____________

S tra in
P aram eter Control JH 2033 JH 4300 JH 4301
% seeds 
germ inated 82 b 64 a 65 a 67 a

Shoot
L eng ths1

16.5 c 7.8 a 8.8 a 12.4 b

Shoot
W eight2

7.3 b 5.3 a 5.3 a 6.1 ab

Root
W eight2

5.0 a 4.3 a 4.0 a 4.2 a

i average per p lan t (cm)'
2Average dry w eight per p lan t (mg)
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D iscussion

We iso lated  G. gram inis var. gram inis m u ta n ts  affected in 

th e ir m elan in  b iosynthetic  pathw ay to exam ine the  role of m elanin  

in  p lan t pathogenicity. The two m u ta n ts  described here  differed 

from  th e  w ild-type s tra in  in several aspec ts  of th e ir p igm entation, 

cell wall s tru c tu re  an d  hyphopodial m orphology. O ur light m u ta n t 

JH 4300  accum ulated  2 -hydroxyjuglone and  flaviolin, probably as 

the  re su lt of a  single m u ta tio n  in  the  TH Rl gene. The d a rk  m u ta n t 

JH 4301 constitu tively  p roduced d a rk  pigm entation  on all m edia 

w ithou t tricyclazole, w hereas o u r wild-type s tra in  w as heavily 

pigm ented  on PDA an d  lightly m elanized on LB an d  m inim al 

m edia. O ur genetic crosses w ith JH 4301 an d  the  wild-type 

suggested  th a t  the  JH 4301 phenotype is the  re su lt of a  single 

m uta tion ; th is  m u ta tio n  m ay be in  a  regulatory  gene associated  

w ith the  m elan in  syn thesis  pathw ay ra th e r  th a n  a  s tru c tu ra l gene, 

since th is  s tra in  constitutively synthesized  m elanin.

M icroscopic exam ination  of the  th ree  s tra in s  revealed 

differences in  hyphopodia, perithecia  m orphology a n d  m ucilage. G. 

gramirds var. gram inis p roduces brown, lobed hyphopodia on 

m ylar, while th e  light m u ta n t h ad  orange-brow n, lobed 

hyphopodia, w hich suggested th a t  polymerized DHN w as no t 

requ ired  for in itial hyphopodial developm ent. O ur heavily- 

m elanized m u ta n t produced d a rk  hyphopodia w ith  little or no
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lobing on m ylar m em branes. Tricyclazole-treated m u ta n t JH 4301 

hyphopodia were lobed an d  orange w ith little m elanization. 

P erhaps m atu re , u n trea te d  JH 4 3 0 1 hyphopodia accum ulated  more 

m elan in  th a n  the  wild-type a s  they  aged, an d  the  s tru c tu ra l rigidity 

an d  co nsequen t tu rgo r increase  associated  w ith m elan in  (19, 20) 

cau sed  the  lobes to unfold. The d a rk  m u ta n t appeared  to either 

secrete or re ta in  m ore m ucilage a ro u n d  its  cell walls th a n  the  wild- 

type s tra in , an d  th e  light m u ta n t displayed m ore fibrillar mucilage. 

M ucilage is u sua lly  p resen t on young hyphae, synthesized  a t or 

n e a r th e  hyphal tip  (14, 26, reviewed in  31), an d  typically consists 

of p ro te in  or glycoprotein (26). P erhaps the  m ucilage in  these  

s tra in s  w as of sim ilar com position an d  am ount, b u t  differences in 

cell wall m elan in  affected its appearance  a n d /o r  re ten tion  to the 

cell wall. Ellis an d  Griffiths (1975) observed m elan in  granules 

w ithin  cell walls of Phomopsis, b u t also found m elan in  deposition 

w ith in  m ucilage. However, while the  com position of G. graminis 

var. gram inis m ucilage is unknow n, its accum ulation  by the  dark  

m u ta n t m ay have con tribu ted  to its  slow growth. In addition to 

differences in  hyphopodia an d  cell wall s tru c tu re  betw een stra ins, 

o u r light m u ta n t h ad  orange-brow n perithecia  b u t  produced 

m atu re  ascospores w hen selfed, while the  heavily pigm ented
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m u ta n t developed very sm all, dark , round  perithec ia  w ithout 

m atu re  ascospores, an d  requ ired  the  presence of wild-type to 

produce viable ascospores.

M elanin serves as a  pro tection  again st a  n u m b er of 

environm ental s tresso rs . M elanized spores are  m ore re s is tan t to 

UV irrad ia tion  (10), an d  m elanized Cryptococcus neofomnans y east 

cells a re  less suscep tib le  to UV light (37). A rom atics su ch  as 

n ap h th a len e  are  know n to abso rb  UV light, an d  DHN-melanin 

probably  provides pro tection  to hyphae, thereby  enhancing  

survivability in  the  soil environm ent. O ur heavily m elanized 

m u ta n t w as m ore re s is ta n t to UV irrad iation  th a n  th e  wild-type 

s tra in , an d  the  light m u ta n t w as highly susceptib le  to UV dam age. 

UV dam age en h an ces m elanogenesis in  m am m alian  cells (11), 

w hich synthesize L-DOPA m elanin. We observed a  sim ilar increase 

in DH N-m elanin production  of o u r m elan in-contain ing  stra in s  

(wild-type an d  d a rk  m u ta n t JH 4301 , d a ta  no t shown).

M elanins in  fungi are im portan t for res istance  to m icrobial 

a tta c k  by lytic enzym es. Melanized s tru c tu re s , includ ing  sclerotia, 

conidia, an d  hyphae, are  less susceptib le  to lysis th a n  hyaline 

s tru c tu re s  (4, 23, 25, 29). A ttem pts to digest G. gram inis var. 

gram inis w ith  ch itinase  (Sigma C7809) were u n su ccessfu l (data no t
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shown), p e rh ap s  because  chitin  w as associated  w ith glucan. We 

digested o u r wild-type an d  m elan in  m u ta n t s tra in s  w ith Novozyme 

234, w hich is a  m ix ture  of ch itinase  an d  g lucanases, an d  found a 

sim ilar correlation  betw een m elanization of G. gram inis var. 

gram inis s tra in s  an d  resistance  to lytic a ttack . While o u r heavily 

m elanized m u ta n t initially h ad  significantly m ore N- 

acetylglucosam ine a t  the  onse t of lysis by Novozyme 234, after 

th ree  h o u rs  of exposure very little ch itin  degradation  w as detected. 

This re su lt suggested  th a t  ch itin  w as released in  the  absence of 

Novozyme, an d  th e  enzym es h ad  little effect on ch itin  degradation. 

By com parison , Novozyme trea tm en t increased  N- 

acetylglucosam ine release from ch itin  from our light m u tan t, and  

to a  lesser ex ten t from  the wild-type, indicating  th a t  m elanin 

serves a s  a  protective layer su rro u n d in g  chitin.

Lytic enzym es are secreted  by vesicles th a t  fuse w ith the 

p lasm a  m em brane a t  the  growing apex (38), an d  it is believed th a t 

pro tein  secretion  is restric ted  to hyphal tips (31). B ecause hyphal 

tips are  unm elanized , it is unlikely th a t  m elanin  a c ts  a s  a  physical 

b a rrie r to enzym e secretion. Enzym es su ch  a s  cellulase and  

po lygalacturonase can  be inhib ited  by phenols like those  found in 

m elan ins (5), so p e rh ap s m elanin  ac ts  as an  enzym e inactivator.
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M elanin ex tracted  from G. gram inis inh ib its lytic enzym e activity of 

Streptom yces lavendulae  (35). Tricyclazole inhib ition  of our 

m elanized s tra in s  resu lted  in increased  enzyme activity, suggesting 

th a t  phenolic polym ers, ra th e r  th a n  phenols su ch  as 2- 

hydroxyjuglone an d  flaviolin, a re  responsib le  for enzym e inhibition. 

Alternatively, tricyclazole m ay directly enhance  enzym e secretion 

by som e unknow n  m echanism .

Pathogenicity  is associated  w ith m elanin  syn thesis  for a  

n u m b er of p lan t pathogenic fungi. M elanization of M agnaporthe 

grisea  ap p resso ria  (sim ilar to hyphopodia) is requ ired  to su s ta in  

the  tu rg o r p ressu re  n ecessa iy  to penetra te  leaves via infection pegs 

th a t  p ro tru d e  from the  adhesive surface of the  app resso rium  (8, 

19, 20). A sim ilar m elan in  function  is suggested for Colletotrichum  

lagenerium  (24) an d  C. gloesporiod.es (22) appressoria . In co n trast 

to these  fungal pa thogens, ou r re su lts  do no t suggest th a t  m elanin  

is requ ired  for G. gram inis var. gram inis pathogenicity  to rice, a t 

leas t in  laboratory  infections. Hyphopodia, unlike appressoria , are 

n o t requ ired  for p lan t penetration , a s  G. gram inis hyphae can  

invade root tissu e  of h o st p lan ts  via enzym atic digestion (32). 

O ther s tu d ies  also dem onstra ted  th a t  com pounds th a t  inh ib it 

DH N-m elanin syn thesis  (tricyclazole, pyroquilon a n d  fthalide) do
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n o t a lte r G. gram inis var. gram inis pathogenicity  to laboratoiy- 

infected w heat seedlings (13).

In  th e  field, m elan in  m ay con tribu te  to pathogenicity  by 

pro tecting  the  fungus from environm ental s tre sso rs  an d  predation. 

We have show n th a t  m elanized G. gram inis var. gram inis hyphae 

are  p ro tec ted  from lytic enzym es an d  UV light. However, m elanized 

s tra in s  also have less lytic enzym e activity, an d  enzym atic lysis is 

essen tia l for root penetra tion  w hich se ts th e  stage for 

pathogenesis. Therefore, to be a  successfu l pathogenic com petitor 

in  a  m ixed m icrobial com m unity, G. gram inis var. gram inis m u st 

synthesize enough  m elan in  for protection w ithou t com prom ising 

its ability to secrete active lytic enzym es. B ased on th is  argum ent, 

while m elan in  syn thesis  m ay no t directly enhance  G. gram inis var. 

gram inis pathogenicity , m oderately m elanized s tra in s  are  more 

likely to survive saprophytically  an d  becom e pathogenic  should  a  

su itab le  h o st be available.
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CHAPTER 3

COPPER BINDING AND LOCALIZATION OF CuS BY SILVER 
STAINING OF G auem annom yces gram inis var. gram inis 

MELANIN MUTANTS

In troduction

Heavy m etal concen tra tions in  soil are  increasing  a s  a  resu lt 

of fossil fuel com bustion , an d  m ining, in d u stria l a n d  agricu ltu ral 

p rac tices (I). A lthough som e m etallic elem ents a re  essen tia l for 

m icrobial growth, th e ir overabundance leads to excessive cellular 

accum ulation , w ith su b seq u en t toxic effects (reviewed in  reference 

16). E nvironm ental m etal concen tra tions frequently  fluctuate  and  

m any  fungi have developed m echan ism s to cope w ith higher, more 

toxic levels of m etals they  encoun ter. Wall an d  m em brane  layers of 

eukaryotic  m icrobes provide the  m ajor barrier to th e  influx and  

efflux of m etal ions (25). M etals excluded by various m etal to leran t 

m icrobes include lead, m ercury, copper, cobalt, zinc, cadm ium  and  

m anganese  (12, 18, 19). Fungi also produce m etallo thioneins, 

sm all cysteine-rich  p ro teins th a t  b ind  and  sequeste r heavy m etals 

in tracellu larly  (15, 32). Saccharom yces cerevisiae generates HsS
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th a t  trap s  m etal ions as insoluble m etal sulfides e ither extra- or 

in tracellu larly  (8, 24). Citric acid is also p roduced  by m any  fungi 

an d  chela tes copper an d  o ther m etal ions (21).

Fungi also p roduce cell wall m ateria ls a n d  extracellu lar 

su b s tan ces , including  phenolic polym ers, g lucans, m an n an s, 

m elan ins, ch itin s an d  ch ito sans th a t  m ay remove or b ind  heavy 

m eta ls from  solu tion  (23). In m etal binding s tu d ies  w ith S. 

cerevisae  cell wall polym ers, m a n n a n s  were the  m ost significant 

accu m u la to rs  of m etals, particu larly  copper (5). O ther stud ies 

dem onstra te  th a t  m etal b inds to carboxyl and  am ino groups, w hich 

suggests th a t  p ro tein  an d  carbohydrate  fractions are  involved in 

m etal b inding  (3).

Fungal p igm ents su ch  a s  m elanin  are also im plicated in 

m etal b inding  an d  m ay serve a s  a  protective m echan ism  against 

m etal toxicity (reviewed in  reference 16). M elanins are 

heterogenous, h igh m olecular w eight p igm ents p roduced  by m any 

fungi an d  often they  are  m ade in  response to s tre ss  (reviewed in 

reference 2). These darkly  pigm ented polym ers m ay serve as a  

protective b arrie r ag a in st adverse environm ental conditions such  

a s  UV light, lytic enzym es, p lan t defense m echan ism s, predation, 

desiccation , an d  m etals. Fungi produce different types of m elanin
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includ ing  polym ers of L -dihydroxyphenylalanine (L-DOPA), 

catechol, dihydroxybenezene, g lutam inyl-3 ,4 - dihydroxybenzene 

an d  1,8-d ihydroxynaphthalene (DHN). B ecause of its  negatively 

charged hydroxyl groups, DHN-m elanin could potentially  bind 

cations an d  exclude them  from cells. In addition, am ino acids and  

carboxyl g roups th a t  a c t a s  b inding sites for positively charged ions 

m ay be p resen t in  o ther m acrom olecules th a t  a re  trap p ed  in the 

m elan in  polym er (30). B oth the  reaction  charac teristics and  

chem ical s tru c tu re s  of m elanin  an d  of w eak m etal cation 

exchangers are  sim ilar an d  suggest th a t  m etal ions an d  m elanin  

in te rac t by ion exchange (6) In  vivo and  in vitro stud ies 

dem onstra te  th a t  fungal m elan ins are  efficient m eta l b iosorban ts 

(17, 18, 20, 26, 28), an d  suggest th a t  th is  m etal accum ulation  by 

fungal b iom ass m ay be exploited for heavy m etal rem oval from 

con tam inated  soils or w ater (3, 4, 13, 14).

G. gram inis var. gram inis is a  hom othallic filam entous 

ascom ycete th a t  p roduces m elan in  via the  d ihydroxynaphthalene 

(DHN) pathw ay. We previously show ed th a t cu ltu res  of G. graminis 

var. gram inis grown in  the  p resence of tricyclazole, a  specific 

inh ib ito r of DHN-m elanin syn thesis  (2), bound  significantly less 

copper th a n  cu ltu res  grown w ithou t tricyclazole, an d  silver
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sta in ing  dem onstra ted  localization of CuS w ithin the  m elan in  layer 

(7). In the  p resen t study, we exam ined the  role of m elanized fungi 

in  copper b inding u sin g  isogenic G. gram inis var. gram inis m elanin  

m u ta n ts .

M aterials an d  M ethods

Fungal S tra in s  an d  Growth 
C onditions

G eneration, grow th an d  characterization  of G. gram inis var. 

graminis. m elan in  w as previously described  in C hap ter 2. The th ree  

s tra in s  chosen  for s tudy  were JH 2033  (wild-type), JH 4300  (a 

m u ta n t derived from  JH 2033  th a t  does no t synthesize DHN-, 

m elanin), an d  JH 4301 (a m u ta n t derived from  JH 2033  th a t 

overproduces m elanin).

G row th C urves in  M inimal M edium  
w ith Copper A m endm ent

Two h u n d red  m is of m inim al m edium  were supplem ented  

w ith trace  (80 nM Cu), 20 p,M Cu, 40 jaM Cu or 80 pM Cu from a 

1% (w/v) CuSG 4 stock  solution. Five LB agar p lugs were added to 

trip licate  flasks, w hich were sh ak en  a t  50 rpm  an d  harvested  a t 9,
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14, 18 an d  24 days. Hyphae were recovered by filtration th rough  

a  W hatm an  #1 filter, lyophilized overnight and  weighed.

Copper B inding an d  A ccum ulation

Fourteen  day-old cu ltu res  grown in m inim al m edium  were 

harvested  by filtration th rough  a  W hatm an #1 filter. H yphae were 

resu sp en d ed  in  100 m l 40 mM CuSCU, sh ak en  a t  50 rpm  for I h  a t 

25 C, w ashed  th ree  tim es w ith 200 ml distilled w ater an d  frozen a t 

-20 C u n til ICP-AES analysis of copper binding.

C opper accum ulation  by fungal b iom ass w as also 

determ ined  by ICP-AES following 14 days of grow th in  m inim al 

m edium  contain ing  trace  (8 nM), 20, 40, 60 or 80 pM CuSCU. 

C u ltu res were harvested  by filtration th rough  a  W hatm an  # I filter, 

w ashed  3X w ith distilled HzO an d  th en  lyophilized overnight and  

frozen a t -20 C u n til analysis.

Inductively C oupled P lasm a 
Atomic E m ission 
Spectroscopy (ICP-AES)

Sam ples were dried a t  105 C for 2 h, weighed (16-104 mg) 

into g lass vials an d  digested in  I m l of 1:1 n itric  acid a t  70 C. After 

2 h , I ml of 1:1 HCl w as added  an d  heating  con tinued  for 10 min. 

Sam ples were d ilu ted  to 10 ml w ith distilled w ater a n d  analyzed on 

a  Leem an Labs PS950 ICP spectrom eter w ith  background 

correction. Sam ples were d ilu ted  as needed in 2% HNOs prior to
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ICP m e a su re m e n ts . ICP analysis were perform ed a t  Little B ear 

L aboratories by Dr. Greg Olson.

Silver S tain ing

14 day-old cu ltu res  were harvested  from m inim al m edium  

contain ing  40 pM CuSCk. H yphae were fixed an d  sta ined  for 10 

m in a s  described  elsew here (7) following m an u fac tu re r 's  protocol 

(HQ SILVER, Nanoprobes).

R esults

G. qram inis var. gram inis Growth 
w ith Copper

The w ild-type s tra in  an d  the  light m u ta n t JH 4300  were no t 

inh ib ited  by copper concen tra tions u p  to 80 pM; after 24 days of 

growth, th ese  two s tra in s  h ad  approxim ately equ ivalent b iom ass 

w ith trace  or h igher copper in th e  m edium  (Fig, 3 .1 a  an d  3.1b). 

C u ltu res of the  d a rk  m u ta n t JH 4301 were inh ib ited  by all 

concen tra tions of copper (Fig. 3.1c). At the  h igher copper 

concen tra tions (60 an d  80 pM CUSO4), growth of th is  m u ta n t w as 

a lm ost com pletely inhibited. This s tra in  also grew a t  a  slower ra te  

in  m inim al m edium  w ith trace  copper th a n  the  o th er two stra ins.
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A. JH 4300

B. JH 2033

#  -  I O u g / m I C u

C. JH 4301

H -----0 u g m l  Cu

5 ug / m I C u

-----I O u g m l  Cu

—  20  u g m l  Cu

9 10 I I 12 13 14 1 5 16 17 18 19 2 0  21 22  23  24

D a y s

Figure 3.1. G. gram inis var. gram inis wild-type an d  m elanin 
m u ta n t growth in m inim al m edium  con ta in ing  varying 
concen tra tions of CuSCX Biom ass is the  total b iom ass in 200 ml 
cu ltu re . E ach  poin t is the average of 3 replicates.



67

Copper B inding to Hypfaae

Copper accum ulation  w ith the  d a rk  m u ta n t w as greater th a n  

w ith th e  light m u ta n t or wild-type for all c o p p e r. concen tra tions, 

an d  JH 4300  accum ulated  less copper th a n  the  two pigm ented 

s tra in s  (Table 3.1) following 14 days growth in  copper-containing 

m inim al m edium . The d a rk  m u ta n t JH 4301 accum ula ted  more 

copper th a n  the  o ther s tra in s  a t  all copper concen tra tions. In 

addition , fourteen  day-old cu ltu res  of JH 4301 grown in m inim al 

m edium  w ithou t copper absorbed  significantly m ore copper th an  

light m u ta n t JH 4300  or the  wild-type after I h  exposure  to 40 mM 

CuSO4 (Table 3.2).

Silver E n h an cem en t of Copper Sulfide

Silver sta in ing  dem onstra ted  the  presence of copper sulfide 

in  hyphae  of the  wild-type an d  s tra in  JH 4301 following growth for 

14 days w ith 40 p,M CuSO4 (Fig. 3.2). Silver deposition w as 

observed w ith in  sep ta , w hich sta ined  a  dark  brow n, an d  w ithin cell 

walls w hich im parted  a  yellowish-brown color to hyphae. No silver 

deposits were observed in the  light s tra in  JH 4300  after growth in 

40 pM CuSO4, an d  th is  suggested th a t  CuS did n o t accum ulate  in

th is  stra in .
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Table 3 .Ii Cu accum ulation  of wild-type G. gram inis var. gram inis 
an d  two m elan in  m u ta n t s tra in s  following 14 days growth in 
m inim al m edium  w ith Cu. C oncentrations are  m g C u /g  fungal 
b iom ass an d  th e  average of 4 replicates. M eans followed by 
different le tte rs  across a  row are significantly different by Tukey1 s 
S tudentized  Range (HSD) a t  P < 0.05.______________________________

Strain
M edium  Cu 

C oncentration  
(pM)

Light M utan t 
JH 4300

W ild-type
JH 2033

D ark M utan t 
JH 4301

Trace (8 nM) 0 .00625 a 0 .00375 a  . 0 .027 b

20 0.665 a 2.17 b 4.36 c

40 2.57 a 4.73 b 7.97 c

60 3.09 a 9.82 b 16.2 c

80 3.72 a 9.42 b 19.3 c

Table 3.2. Copper bound  to 14 day-old cu ltu res  of wild-type G. 
gram inis var. gram inis and  two m elanin  m u ta n ts  following I h  
exposure of hyphae  to 40 mM CuSCk after 14 days growth in 
m inim al m edium  w ith trace  Cu. C oncentrations a re  mg C u /g  
fungal b iom ass an d  the  average of 2 replicates. M eans followed 
acro ss trea tm e n t rows w ith different le tters are  significantly 
different a t  P < 0 .05 (Tukey's S tudentized  Range tes t, HSD).________

S tra in

T reatm ent . Light W ild-type D ark
M utan t JH 2033 M utan t
JH 4300 JH 4301

No Cu 0* a** 0 a 0 a

Cu . 22.85 a 32.15 b 67.30 c
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Figure 3.2. S ilver-stained hyphae showing localization of CuS. 
S tra in s were grown for 14 days in m inim al m edium  contain ing  40 
gM CuS04. A. Light m u ta n t JH 4300  (500 X), B. Wild-type 
JH 2033  (500 X), C. W ild-type JH 2033  (1250 X), D. D ark m u tan t 
JH 4301 (1250 X), E. W ild-type u n sta in ed  (500 X).

D iscussion

Previous s tud ies  show th a t L-DOPA m elanin  ab so rb s copper 

(22, 30, 31). In addition, tricyclazole-treated G. gram inis var.
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gram inis cu ltu res  b ind  less copper th a n  u n trea te d  cu ltu res  (7), a  

finding th a t  suggests th a t  DHN-m elanin is involved in  copper 

binding. O ur heavily-m elanized m u ta n t s tra in  bou n d  significantly 

m ore copper th a n  the  wild-type s tra in  or the  light m u ta n t w hen 

grown in Cu. These findings suggested th a t  pigm ent 

overproduction w as associated  w ith copper binding. Alternatively, 

increased  m ucilage secretion by the  d a rk  m u ta n t m ay have 

con tribu ted  to copper binding. O ur light m u ta n t did n o t b ind  as 

m u ch  copper a s  the  wild-type s tra in  w hen grown in  C u or w hen 

grown w ith trace  copper an d  th en  exposed. The m ucilage layer or 

o ther cellu lar com ponent of the  light m u ta n t m ay have bound  

som e copper.

Silver s ta in ing  is caused  by silver p recip itation  a ro u n d  CuS 

nuclea tion  sites in  w hich 10 or m ore m olecules of CuS exist (9-11) 

an d  confirm ed the  presence of CuS in  sep ta  an d  cell walls of the  

w ild-type an d  over-m elanized m u ta n t grown in  CUSO4 . CuS w as 

n o t a p p a re n t in  hyphal cell walls or sep ta  of th e  unm elanized  

m u ta n t, a  finding th a t  suggested th a t  cell wall m elan in  is required 

for copper sulfide accum ulation . CuS sta in ing  m ay be m ore 

indicative of copper accum ulation  associated  w ith  m elanin  th a n  

ICP-AES analysis of whole cells, w hich m ay have b o u n d  copper in 

form s o ther th a n  C uS .

M elanin serves a s  general protection an d  m ay provide a  

physical ba rrie r ag a in st copper. While our heavily m elanized 

m u ta n t accum ula ted  1.6-2X as m u ch  copper a s  th e  wild-type and
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3-6 .6X a s  m uch  copper as ou r light m u ta n t (Table 3.1), growth w as 

a lm ost com pletely inhib ited  w ith th is  s tra in  a t  h igher copper 

concen tra tions. We observed a  sim ilar delayed grow th of the  

m elanized wild-type in  the  presence of 80 pM copper, b u t 

surprisingly , the  unm elan ized  m u ta n t w as no t inh ib ited  by higher 

concen tra tions of Cu. Copper b inding to m elan in  m ay actually  

inh ib it grow th if it reaches levels toxic to the  fungus and , while the  

wild-type s tra in  w as able to overcome th is  toxicity, the  slow 

growing d a rk  m u ta n t could not. We specu la te  th a t  since 

m elanized s tra in s  accum ulated  m ore Cu th a n  the  unm elanized  

m u ta n t, m elan in  m ay be involved in sequestering  m etals, su ch  as 

C u or Fe th a t  a re  necessary  for growth. Rizzo e t al. (1992) 

suggested  th a t  a  coating of m etal ions on fungal surfaces of 

Amarillia also ac t a s  pro tection  from  an tagonistic  m icroorganism s. 

P erhaps copper b inding to G. gram inis var. gram inis provides a  

sim ilar function  in  the  environm ent.
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CHAPTER 4

CONCLUSIONS

1. M elanin p ro tec ts fungi from  UV light dam age and  lytic 

enzym e activity. O verm elanization r e s u l ts ’ in  decreased 

enzym e secretion. M elanin con tribu tes to th e  competitive 

ability of fungi in m ixed com m unities by enhancing  

pro tection  aga in st environm ental s tre sso rs , b u t 

overexpression of m elanin  com prom ises enzym e secretion 

needed  for n u tr ie n t acquisition  an d  pathogenicity.

i
2. M elanized G. gram inis var. grafninis s tra in s  b ind  more C u2+ 

th a n  unm elan ized  stra in s , an d  the  am o u n t of copper binding 

is p roportional to the  m elan in  concentration.

3. M elanized G. gram inis var. gram inis s tra in s  b ind  m ore m etals 

in  m ine tailings th a n  the  unm elan ized  s tra in , b u t w ith the 

exception of lead, the  presence of the  m elanized s tra in s  do 

n o t affect m etal u p tak e  into p lan t tissue . Melanized G.

76



gram inis var. gram inis in the  rh izosphere en h an ces ■ lead 

u p tak e  into p lan t tissue .
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APPENDIX A

RHIZOSPHERE COMPETITIVENESS OF G aeu m an n om yces  
g ra m in is  var. g ra m in is  MELANIN MUTANTS
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The rh izosphere  is the  zone su rro u n d in g  p la n t roo ts an d  the 

site of in tense  m icrobial activity. P lan ts release n u tr ie n ts  into the  

rhizo sphere  th a t  a re  utilized by soil m icroorgan ism s, and  

rhizo sphere  in h ab itan ts  in tu rn  m ineralize soil-bound n u tr ie n ts  for 

p lan t u p tak e  (3). M any soil-borne fungal pa thogens can  exist 

saprophytically  in  the  rhizo sphere, w here they are  in  com petition 

w ith o ther rhizo sphere  m icroorganism s for su b s tra te s . In addition, 

com peting m icroorganism s m ay possess  inhibitory or an tagonistic  

m echan ism s th a t  can  affect o ther organism s in  the  sam e 

environm ent.

Fungal m elan ins are  heterogeneous p igm ents th a t  serve as a  

p ro tection  from  environm ental s tre sso rs  (I). Some p lan t 

pa thogens su c h  a s  Colletotrichum lagenarium  an d  M agnaporihe 

grisea  requ ire  m elanization for effective pathogenicity  (4, 8). These 

fungi develop a  m elanized adhesion  s tru c tu re  th a t  allows the  

tu rgo r p ressu re  needed for leaf penetra tion  (6, 7). The filam entous 

soil fungus G aeum annom yces gram inis var. gram inis is also 

m elanized, b u t  there  is no evidence to suggest a  d irec t relationship  

betw een m elanogenesis in th is  fungus and  pathogenicity  (5). 

However, m elan in  m ay enhance  survivability in  a  competitive 

environm ent an d  th u s  con tribu te  to pathogenicity  indirectly. In
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th is  experim ent, we a ttem pted  to determ ine the  effect of G. 

gram inis var. gram inis m elanization on rhizosphere 

com petitiveness, u sing  m u ta n ts  affected in the m elan in  pathw ay. 

We also tried  to characterize the  rhizosphere fungal com m unity 

using  PCR am plification of the ITS region (Figure A. I). Eukaryotic 

ribosom al genes are  arranged  in a  tandem  repeat w ith the 5.8S 

coding region flanked by in ternal transcribed  spacers (ITS). 

In sertions a n d /o r  su b s titu tio n s  occur w ithin the  sequence of the 

m ultiple ITS copies (2). We expected to tentatively detect the 

survivability of G. gram inis var. graminis in the  presence of 

com peting fungi by am plification of the ITS region consisten t in 

size w ith G. gram inis var. graminis.

ITSIF ITS5 ITSI ITS3

5.8 S ITS 2

ITS2 ITS4 ITS48

50 100 150 

b p

Figure A. I. In terna l transcribed  spacer (ITS) region of ribosom al 
DNA (2). Shadow ed boxes rep resen t ribosom al su b u n its , an s  
arrow s indicate  position and  direction of PCR prim ers.
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M aterials an d  M ethods

Com petition A ssay

Rhizosphere inocu lum  w as p repared  by w eighing 50 g of 

verm iculite in to  each  of 4 pots, adding  20 g of garden  soil, and  

m ixing well. Twenty non-sterile  rice seeds (O. sa tiva  Lemont) were 

added  to each  pot, the  po ts tran sfe rred  to a  g reenhouse and  

w atered  w ith 100 ml deionized w ater an d  50 m l 1A  s treng th  

H oagland’s solution. Pots were w atered  on a lte rn a te  days w ith 50 

ml 1A  s tren g th  H oagland’s or w ater an d  p lan ts  allowed to grow for 

28 days. At harvest, p lan ts  were rem oved an d  co n ten ts  of the  four 

po ts were tu rn ed  into a  sterile g lass pan . The inoculated  

verm iculite w as thoroughly  m ixed w ith a  flam e-sterilized sp a tu la  

an d  u se d  for the  rh izosphere inoculum .

Sterile rice seedlings were p repared  by rem oving hu lls from 

seeds, soaking the  seeds overnight in 100 m l sterile  deionized 

w ater, th e n  adding  25 ml Clorox® bleach an d  250 pi Tween 80 

(Sigma). After swirling to mix, seeds were left in  th e  Tween 8 0 / 

b leach  so lu tion  for 20 m inu tes, w ith occasional swirling. C ontents 

of flasks were poured  into sterile petri d ishes a n d  aseptically 

tran sfe rred  to petri d ishes contain ing  sterile deionized water.
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Seeds were rin sed  again w ith sterile deionized w ater, then  

tran sfe rred  to petri p la tes con tain ing  1A s tren g th  H oagland’s 

so lu tion  w ith 0.75%  Bacto agar. Five day-old seedlings were u sed  

for the  com petition assay.

The u n inocu la ted  (no rh izosphere inoculum ) trea tm en t w as 

p repared  by weighing 50 g of verm iculite into 20 cm 2 plastic pots 

w ith W hatm an  #1 filter paper in  the  bottom  of the  po ts to cover 

d ra in  holes. Pots were covered w ith a lum inum  foil an d  sterilized 

by autoclaving. Twenty seedlings were tran sfe rred  to each pot, 

along w ith 1 2 X 3  m m  LB agar p lugs contain ing  wild-type, JH 4300  

or JH 4301 or no inocu lum  spaced  betw een seedlings. The 

inocu lated  (with rhizo sphere  inoculum ) trea tm en t consisted  of 

p lastic  po ts w ith 40 g sterile verm iculite w ith 20 g rhizo sphere 

inocu lum  added  to the  top of the  po t after autoclaving. Seedling 

an d  fungal inocu lation  were the  sam e as for the  no rhizosphere 

trea tm en t. All trea tm en ts  were p repared  in triplicate.

P lan ts  were grown for 28 days in  a  greenhouse w ith w atering 

every o th er day, a lte rna ting  w ith 50 ml sterile 1 /4  streng th  

H oagland 's so lu tion  or sterile deionized w ater. At harvest, p lan ts  

were rem oved from pots, verm iculite adhering  to roots w as 

collected aseptically  into sterile tubes , and  frozen a t  -20 0C un til
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fu rth e r analysis. P lan t roots were w ashed  u n d e r ru n n in g  w ater to 

rem ove any  additional verm iculite, th en  sep ara ted  from shoots, 

an d  bo th  roots an d  shoots freeze-dried overnight to obtain  dry 

weights.

R hizosphere DNA Extraction 
an d  PCR Amplification

R hizosphere DNA w as ex tracted  a s  described  by Tsai and  

O lson (1991) w ith the  following m odifications: 2 g of verm iculite 

were extracted; following the  IysiS step, I m l of a  solution 

con ta in ing  1% CTAB an d  .0.1 M NaCl w as added , m ixed and  

in cu b a ted  a t  60 °C for I h o u r w ith gentle shaking; a n d  finally, the  

ex tracted  DNA w as b rough t u p  to a  I ml volum e an d  purified by 

passing  th ro u g h  a  Sephadex G 200 colum n.

Purified DNA w as PCR-amplified u sin g  prim ers ITS4 

(TCCTCCGCTTATTGATATGC) an d  ITS5 (GGAAGTAAAGTCGTAA 

CAAGG). The tem p era tu re  p rogram  w as 94 °C, 2 .5  m inu tes for I 

cycle, th e n  94 °C (15 s), 53 °C (30 s), 72 0C (1.5 m inutes) for 40 

cycles, followed by 72 0C for 10 m inu tes. PCR p roducts were 

electrophoretically  separa ted  on a  3.5% agarose gel. E ach 

trea tm e n t trip licate  w as amplified individually.
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R esults

C om petitiveness

In th e  com petition assay , the  in terac tion  betw een G, graminis 

v a r ." gram inis s tra in  inoculation  an d  rh izosphere inoculum  w as 

significant for bo th  shoot (P < 0.018) an d  root (P < 0.036) biom ass. 

R hizosphere inocu lation  significantly decreased  root an d  shoot 

b iom ass in  control an d  JH 4 3 0 1-trea ted  p lan ts  (Fig. A.2), a s  well as 

root b iom ass of JH 4300-inocu lated  p lan ts . O ur w ild-type stra in  

JH 2033  significantly decreased  bo th  root an d  shoo t b iom ass in 

the  absence  of rhizo sphere com petition. However, in  the  

com petition, p lan t b iom ass w as n o t significantly reduced  com pared 

to p lan ts  inocu lated  w ith JH 2033 alone.

PCR

PCR successfully  amplified a  PCR p roduct co n sis ten t in size 

w ith the  ITS region of JH 2033 for som e trea tm en ts , b u t  no t o thers 

(Fig. A.3). More PCR p roducts were generated  from  DNA extracted 

from  sam ples w ithou t rhizo sphere  inoculum . In addition, G. 

gram inis var. gram inis w as am plified in  m ost non-rh izosphere 

trea tm e n ts  inocu lated  w ith G. gram inis var. gram inis: However, 

w ithou t sequence analysis of the  PCR p roducts , we canno t
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definitively conclude th a t  the  600 bp band  rep re sen ts  G. gram inis 

var. graminis. To determ ine the  ability of ITS prim ers to 

successfu lly  am plify G. gram inis var. gram inis DNA in  soil ex tracts, 

JH 2033  DNA w as purified th rough  a  Sephadex G200 colum n in 

the  sam e m an n e r a s  soil DNA, th en  PCR-amplified w ith or w ithout 

soil DNA from  the  rh izosphere inoculum . The PCR p ro d u cts  from 

JH 2033  DNA were less concen tra ted  th a n  those found in  the  soil 

inocu lum , a lthough  it did n o t appear th a t  am plification of JH 2033  

w as inh ib ited  in  the  spiked rhizo sphere  inoculum  (Fig.A.4).

D iscussion

M elanized G. gram inis var. gram inis s tra in s  are  no t m ore 

pathogenic th a n  unm elan ized  s tra in s  in  pathogenicity  te s ts  w ith G  

gram inis var. gram inis a s  the  sole inoculum  (see C hapter 2). 

However, because  m elan in  provides protection from  environm ental 

factors su c h  a s  UV light an d  lytic enzym es, p igm ented s tra in s  m ay 

be b e tte r com petitors in  m ixed com m unities; th u s  m elanin  m ay 

indirectly  enhance  pathogenicity. We addressed  th is  issue  by 

devising a  com petition experim ent com paring pathogenic effects of 

the  th ree  s tra in s  on rice in the  p resence and  absence  of additional 

rh izosphere  m icroorganism s. At harvest, we ex tracted  rhizosphere
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DNA in  a n  a ttem p t to characterize  ' the  rh izosphere  fungal 

com m unities of the  different trea tm en ts , u sing  PCR am plification 

of th e  ITS regions (Figure A. I). B ecause the  ITS regions are  sites of 

in se rtions an d  deletions, we hoped to determ ine differences in 

fungal com m unities based  on the  size differences of the  PCR 

pred ic ts . While we successfully  amplified a  600 bp  PCR product 

from  rhizo sphere  DNA (Figure A:3, JH 2033), it shou ld  be 

em phasized  th a t  sequence analysis of the  PCR p ro d u c t would be 

requ ired  for unequivocal identification. It is evident from PCR 

am plification of DNA ex trac ts th a t  even trea tm e n ts  w ithout 

rhizo sphere  inocu lum  h ad  acquired  fungal rhizo sphere  in h ab itan ts  

in  addition  to G. gram inis var. graminis; con tam ination  probably 

orig inated from  the  greenhouse. However, ou r two m elan in  m u ta n t 

s tra in s  were u n ab le  to sufficiently com pete w ith these  rhizosphere 

in h ab itan ts  to cause  significant p lan t b iom ass reduction . The 

rh izosphere  inocu lum  apparen tly  contained  pa thogens th a t were 

m ore v iru len t th a n  G. gram inis var. graminis. PCR resu lts  also 

suggest a  sh ift in  rh izosphere com m unities w hen  the  initial 

rh izosphere  inocu lum  ITS "profile" is com pared to profiles a t 

h a rv est (Figure A.3b).
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a. Shoot dry w eights
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b. Root dry w eights
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Figure A.2. S ignificant interactive effect betw een s tra in  inoculation 
and  rh izosphere  inoculum  on root and  shoot dry weight. Different 
le tte rs  above b a rs  indicate significant differences a t  P < 0.05 
(Tukey's S tudentized  Range test).
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a. W ithout Rhizosphere Inoculum

S Ggg RI Control JH 2033 JH4300 JH4301 Ggg S
Q_____ _______ r>_____ Q_____ C'___________ Q _____ ______________ Q____ Vl■ R H600 bp Q ■

200 bp

b. W ith R hizosphere Inoculum

S Ggg RI Control JH 2033 JH4300  
a b c a b c a b c

600 bp
P r':" $

»  #  # m m »

JH4301 Ggg S 
a b c

200 bp

Figure A.3. PCR-amplified ITS regions of DNA ex tracted  from 
rh izosphere  m ateria l w ith or w ithout rh izosphere inoculum . 
Triplicate po ts = a, b an d  c. S =  100 bp s tan d ard ; Ggg = PCR- 
am plified JH 2033; RI = rhizosphere inoculum . Negative controls 
(no tem plate) show ed no am plification (not shown).
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Figure A.4. PCR-amplified ITS regions of JH 2033 , rhizosphere 
inoculum  ex trac t an d  rhizosphere inoculum  spiked w ith JH 2033. 
S =  100 bp s tan d ard  ladder; RI = rhizosphere inoculum .

While th is  experim ent provides some evidence to suppo rt the 

ind irect effect of m elanin  on pathogenicity, m ore controlled 

experim ents are  needed to ad d ress  the  u n certa in tie s  associated  

w ith the  resu lts . From  the PCR am plification, it is evident th a t 

replicate trea tm en ts  probably had  different rhizosphere 

m icroorganism s, an d  perhaps a  defined rhizosphere inoculum  th a t
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is n o t itself pathogenic as the  com petition factor w ould am eliorate 

replication. In addition, s teps to elim inate con tam ination  in  the  

g reenhouse  w ould enhance  the  quality  of d a ta  collected. From  

Figure A. 4, it is also ap p aren t th a t  the  PCR reaction  is no t 

optim ized for am plification of the  G. gram inis v a r ." gram inis ITS 

region.
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APPENDIX B

PHYTOREMEDIATION APPLICATION OF G aeu m an n om yces  
g ra m in is  var. g ra m in is  MELANIN MUTANTS
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The A naconda Copper C om pany extensively m ined  the  B utte, 

M ontana  a re a  for approxim ately 80 years, an d  sm elted  the  ore a t 

th e  A naconda sm elter, 30 m iles w est of B utte. The resu lting  

tailings from  the  sm elting p rocess were deposited  into tailings 

ponds covering several square  m iles. The tailings ponds are p a rt of 

the  largest U.S. E.P.A. S uperfund  site in  the  U nited S tates, and  

stra teg ies are  cu rren tly  being developed to rem ediate  a n d /o r  

reclaim  the  tailings ponds.

One su ch  stra tegy  is phytorem ediation of th e  con tam inated  

site. Phytorem ediation is defined a s  the  u se  of green p lan ts  to 

rem ove p o llu tan ts  su ch  a s  m etals from the environm ent or. to 

ren d er them  harm less  (8). The m ajor factor in  availability of 

m etals to p lan ts  in  soil is the  solubility an d  therm odynam ic activity 

of th e  uncom plexed ion. Only a  soluble species ad jacen t to the  

root is likely to be tran slocated  in to  the  root (I). S table m etal- 

organocom plexes su ch  as those u se d  in  fertilization m ay be highly 

soluble (6) an d  readily  taken  u p  by roots. P lan ts  m ay secrete 

m etal-chelating  p ro te ins (10) or phytochelatins (9) th a t  ac t as 

phy tosiderophores an d  solubilize "soil-bound" m etals. P lant 

u p tak e  of non -essen tia l heavy m etals m ay also be enhanced  by 

rh izosphere  m icroorganism s (8, 12). Rhizosphere fungi have been
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show n to acidify soil su rro u n d in g  roots (2), w hich w ould increase 

m etal availability for p lan t up take . Organic fungal com ponents 

su c h  a s  m elan in  m ay also b ind  m etals an d  influence m etal 

solubility. In th is  study, we investigated the  in te rac tions betw een 

m elanized an d  unm elan ized  G. gram inis var. gram inis s tra in s  and  

tailings m etal u p tak e  by range grasses.

M aterials an d  M ethods

M etal Sorption of Tailings M aterial 
to B iom ass

Tailings m ateria l w as collected from th ree  sites in  the  "New 

River Pond" n e a r A naconda, M ontana in  J u n e  1996, by the  

M ontana  S ta te  U niversity R eclam ation R esearch  D epartm ent. The 

top 5cm  of m ateria l w as rem oved an d  tailings were collected to a  

d ep th  of 20 cm. M aterial w as sieved th rough  a  2 m m  screen, and  

sto red  a t  4 °C in  covered con ta iners u n til use.

S hake flasks contain ing  200 ml m inim al m edium  

supp lem en ted  w ith 1% A naconda tailings pond  m ateria l were 

inocu lated  an d  in cu b a ted  as described  for copper b ind ing  studies. 

At harvest, fungal b iom ass an d  associated  tailings m ateria l were 

collected by filtration th rough  a  W hatm an #1 filter, r in sed  2X to
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rem ove res id u a l tailings, th en  dried overnight. Sam ples were 

digested a s  previously described in  C hap ter 3, an d  analyzed by 

ICP-AES for iron, zinc, copper an d  lead.

M etal U ptake by P lan t B iom ass

The experim ent w as designed a s  a  2 X 4 X 5 factorial, w ith 

the  following trea tm en t factors: I) tailings pond addition , 2) wild- 

type or m elan in  m u ta n t s tra in s  of G. gram inis var. graminis, and  3) 

p lan t species,

Pots were p repared  by rinsing  500 g (diy weight) san d  

(Pakmix, Inc., Toledo, OH) 2X w ith tap  w ater, th en  transferring  into 

10 cm  po ts w ith W hatm an  #1 filter paper covering th e  d ra in  holes. 

Air bubb les were rem oved by gently shak ing  the  po ts an d  excess 

surface w ater w as poured  off.

O u ter seed hu lls  of Agropyron dasystachyum , A. elongatum, 

A. trachycaulum , E lym us cinereus, or E. ju n eu s  were rem oved and  

seeds were p laced in  250 ml Erlynm eyer flasks con tain ing  25 ml 

Clorox® b leach  an d  1% Tween 80. After shak ing  for 20 m inutes, 

co n ten ts  of flasks were tran sfe rred  to sterile petri d ishes. Seeds 

were w ashed  in  sterile w ater, th en  aseptically  tran sfe rred  to 25 X 

150 m m  slip-cap tu b es  contain ing  20 ml of % stren g th  n u trien t
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ag ar (Difco). Five to six day-old seedlings were tran sfe rred  to po ts 

along w ith 4 - Icm  diam eter p lugs of LB ag ar contain ing  no 

inocu lum  (control), JH 2033 , JH 4300  or JH 4 3 0 1. Plugs were 

placed 0.5 cm  below the  san d  surface a t  a  d istance  of 1.5 cm from 

th e  p lan t. Pots were tran sferred  to a  greenhouse, an d  w atered on 

a lte rn a te  days w ith e ither 50m l deionized H2O or 1A  s treng th  

H oagland’s solution. After 14 days, 50 g of san d  su rro u n d in g  the 

p lan t were rem oved an d  m ixed w ith 50 g of A naconda tailings pond 

m aterial. The m ix ture  w as replaced in  the  po t a n d  the  p lan ts  

grown for a n  add itional 14 days. At harvest, p lan ts  were removed 

an d  m ateria l adhering  to roots w as collected into sterile  tu b es and  

sto red  a t  -20 °C. P lan ts were th en  rin sed  w ith tap  w ater, roots and  

shoo ts separa ted , lyophilized overnight, th en  weighed. Shoots 

were c u t into Icm  pieces an d  digested for m etal analysis by EPA 

m ethod  3050A, w ith a  final sam ple volume of 50 ml. Growth 

m ateria l tightly adhered  to roots even following extensive w ashing, 

m aking  any  a sse ssm e n t of m etal con ten t w ith in  root tissue

suspec t.
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R hizosphere H yphal Lengths

Fungal hyphal lengths were determ ined by th in  agar film 

p rep ara tio n  (5) followed by m icroscopic exam ination  of hyphal 

segm ent in te rsec ts  on an  ocu lar grid (7). A 0.5 g su b  sam ple of 

rh izosphere  m ateria l w as weighed in to  a  50 ml screw -capped tube  

con ta in ing  4.5 m l sterile deionized w ater. The su spension  w as 

vortexed vigorously for 30 s, th en  allowed to settle  for 30 s. One 

m l of su p e rn a te  w as p ipetted  into a  screw -capped tu b e  containing 

4 m l of m olten 2% agar. The tube  con ten ts were m ixed well, and  

th en  poured  onto hem atocytom eters. A slide w as placed over the 

cen ter of th e  hem atocytom eter an d  the  agar w as allowed to solidify. 

Excess agar w as c u t away from  a ro u n d  the  cen ter section of the  

hem atocy tom eter an d  the  agar film w as floated onto a  m icroscope 

slide in  a  shallow  d ish  of w ater. The films were air-dried  and  

observed w ith p hase  c o n tra s t m icroscopy a t 100X m agnification. 

Four film s were p repared  for each  sam ple, an d  10 random  fields 

per film were counted.
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R esults

Tailings Sorption to B iom ass

More iron an d  copper in the  tailings pond  . m ateria l were 

bo u n d  to the  d a rk  m u ta n t JH 4301 th a n  the  light m u ta n t, while the  

w ild-type sorbed a n  in term ediate  concen tra tion  n o t significantly 

different from  e ither m u ta n t (Table B .l). This re su lt is in  co n trast 

to experim ents w ith copper accum ulation  of cu ltu res  grown with 

CuSCk (Table 4.1) an d  suggest th a t  while the  ionic copper species 

b inds to m elanized fungal b iom ass, o ther copper species m ay b ind  

to G. gram inis var. gram inis b iom ass regardless of m elan in  s ta tu s . 

Lead an d  zinc concen tra tions were sim ilar for the  th ree  stra ins.

Tailings M etal U ptake by P lan ts 
Inocu lated  w ith G. gram inis var. 
praminis

A sum m ary  of significant trea tm en t effects is given in Table 

B.2. G. gram inis var. gram inis inoculation  significantly increased  

hyphal leng ths in  the  rhizosphere. Control trea tm e n ts  had  less 

hyphae  (2.39 m /g) th a n  JH 4300 , JH 2033  or JH 4301 (3.84, 3.49 

an d  3.21 m /g , respectively). Inoculated  trea tm e n ts  were no t 

significantly different.
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Table B .l .  M etal concen tra tions of tailings pond  m ateria l and  
m eta ls  sorbed to wild-type (JH2033) an d  m elanin  m u ta n t s tra in s  of 
G. qram inis var. graminis.______________

B iom ass Sorption
M etal
Species

Tailings Pond JH 4300 JH 2033 JH 4301

Fe (mg/g) 20 .00  (0.54)* 17.66 a** 19.34 ab 26.10 b
Zn (pg/g) 96.68  (15.28) 121.40 a 116.56 a 95.39 a
C u (pg/g) 157.78 (4.52) 139.07 a 141.20 ab 185.21 b
Pb (pg/g) 397 .80  (9.99) 383 .50  a 394 .04  a 472.27 a

* s ta n d a rd  error
** m ean s followed by different le tters across a  row are  significantly 
different a t  P < 0.05 (Tukey's S tudentized  Range tes t, BSD).

P lan t b iom ass w as n o t affected by e ither tailings pond 

addition  or by inoculation, suggesting th a t  the  applied  tailings 

concen tra tion  w as n o t toxic, an d  th a t  G. gram inis var. gram inis w as 

n o t pathogenic to any  of the  p lan t species tested. Not surprisingly, 

bo th  root an d  shoot b iom ass differed according to p lan t species 

(Table B.3). A. elongatum  p lan t b iom ass w as g rea tes t of the five 

species tested . A. d a systa ch yu m  p roduced the  lea s t aboveground 

b iom ass, while E. ju n e u s  p roduced the  least below ground.

Inoculation  h ad  no effect on iron u p take  an d  tran sp o rt to 

shoo t tis su e  (Table B.2). However, a  significant in teraction  

betw een p lan t species an d  tailings addition suggested  th a t these  

five p la n t species responded  differently in iron u p tak e  from tailings 

m ateria l. All species grown w ithou t tailings h a d  sim ilar iron
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concen tra tions in  shoot tissu e  (Figure B .l). Only one species (A. 

elongatum) h a d  a n  increased  iron concentra tion  w hen grown with 

the  tailings addition, suggesting th a t  th is  species w as perhaps 

e ither u n ab le  to regulate  iron up tak e , or h ad  a n  enhanced  iron 

u p tak e  m echanism . In con trast, the  only significant trea tm en t 

effect on zinc concen tra tion  w as tailings addition (Table B.2). Zinc 

shoo t concen tra tion  of u n am en d ed  trea tm en ts  w as 42.42 pg /g  

b iom ass an d  am ended  trea tm en ts  h ad  a  zinc concen tra tion  of 

94 .29  p g /g  biom ass.

Table B.2. Significant trea tm en t effects of p lan t m etal up take
experim ent. P = 
tailings addition.

p lan t species, I = Fungal s tra in  inoculum , T = 
* P < 0.05, ** P < 0.01, *** P < 0.001.

T reatm ent Effect

P aram eter P I T P x I  P x T I x T  P x I x T
H yphal Lengths 
Shoot B iom ass

***
*** . — — — -

Root B iom ass ** - -
Shoot Iron ** ** - *** -
Shoot Zinc - *** -

Shoot Copper 
Shoot Lead - - *

The only significant effect of G. graminis inocu lation  w as an  

in te rac tion  betw een inoculum  an d  tailings add ition  on lead 

concen tra tion  in  shoot biom as (Figure B.2). Control an d  JH 4300- 

inocu lated  trea tm en ts  gave sim ilar responses; lead  concentra tion
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w as significantly h igher in  shoots of u n am ended  com pared to 

ta ilings-am ended  trea tm en ts . B oth the  wild-type JH 2033  and  

JH 4301 s tra in s  h a d  less shoot lead in  the  no tailings trea tm en t 

th a n  the  u n inocu la ted  (control) an d  JH 4300-inocu la ted  p lants. 

Interestingly, the  heavily m elanized m u ta n t JH 4 3 0 1 significantly 

increased  lead co n ten t in  shoots w ith added  tailings.

Table B.3. Significant m ain  effect of p lan t species on root and  
shoot b iom ass. M eans in  colum n followed by different le tters are 
significantly different a t P < 0.05 (Tukey's S tudentized  Range test, 
HSD).____________________________ ________ i__________________ '

P lan t B iom ass (mg dry  weight)
P lan t Species Root Shoot
A. d a systa ch yu m 64.99 a 136.11 ab
A. elongatum 134.39 b 260 .00  c
A. trachycaulum 107.61 a 170.75 ab
E. cinereus 118.13 ab 189.34 b
E. juneus 74.44 a 112.20 a

D iscussion

We found a  positive correlation betw een m elan in  an d  m etal 

b inding  of tailings m aterial, indicating  th a t  m elanized fungal 

b iom ass are  capable of sorbing m ixed m etal species, particu larly  

iron  an d  copper. B ecause ou r ICP-AES analysis did n o t provide 

inform ation concerning the  type of m etal com plexes in  the  tailings 

m ateria l, com parisons betw een CuSCk binding experim ents and  

tailings sorp tion  shou ld  be viewed w ith caution. M ost likely m any
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different m etal com plexes exist w ithin the tailings m ateria l th a t 

m ay reac t w ith fungal com ponents o ther th an  m elanin.

Adasystad^uti A  dongahtn A trachyccnJuii

PiantSpecies

No Tailing;

I With Tailings

E dmreus Ejmeus

Figure B .l . Interactive trea tm en t effect of p lan t species and  
tailings addition  on iron u p take  into shoot tissue. M eans followed 
by different le tters are  significantly different a t P < 0 .05 (Tukey's 
S tudentized  Range test, HSD).

Fungal m elan ins constitu te  a  large portion of the  soil h u m u s 

an d  therefore affect the  translocation  and  availability of m etal ions 

to p lan ts  (11). Hum ic acids form w ater-soluble an d  water- 

insoluble com plexes w ith m etal ions. Stability c o n s tan ts  of m etal- 

hum ic acid com plexes suggest th a t am ino acids an d  hydroxy 

carboxylic acids secreted  by p lan t roots will com pete favorably with 

hum ic acids for m etal ions and  prom ote their u p tak e  by p lan t roots 

(13). However, Cu an d  Pb accum ulation  in p lan ts  grown in sludge-
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am ended  soils show  only sm all increases com pared to those  grown 

on u n co n tam in a ted  soils (3). We found no correlation  betw een 

m elanized fungal inocu lum  an d  copper accum ulation  in shoot 

tissu e  w ith tailings am endm ent. O ur resu lts  suggest th a t  fungal 

m elan in  does n o t significantly enhance  copper availability by 

increasing  solubility, or decrease  p lan t copper u p tak e  by 

sequestra tion . We were u nab le  to accura te ly  determ ine root tissue  

concen tra tions because  of m ateria l tightly adhered  to the  foot 

surface, an d  th u s  canno t reach  any  conclusions ab o u t m etal 

concen tra tions of whole p lan ts . P resum ably  h igher m etal 

concen tra tions in  roo ts would lead to g reater shoot translocation  

a s  well, particu larly  w hen m etal concen tra tion  of roo ts is in  excess. 

While copper concen tra tions did n o t vary w ith trea tm en t, we did 

find increased  lead accum ulation  in  p lan ts  from am ended  soils 

inocu lated  w ith th e  heavily-m elanized m u tan t, indicating  th a t 

m elan in  m ay have increased  solubility of lead in  tailings m aterial. 

Soil-applied chelating  agen ts su ch  a s  EDTA have been  show n to 

greatly  increase  the  translocation  of heavy m etals, including  lead 

from  soil in to  shoo ts (4). Perhaps fungal m elanin  a c ts  in  a  sim ilar 

m an n e r a s  a  chelator.

The re su lts  of these  m etal b inding experim ents w ith our 

m elan in  m u ta n ts  provide evidence to sup p o rt th e  relationship  

betw een fungal m elan in  an d  m etal binding. Sorption of m etals to 

DH N-m elanin varies w ith m etal species an d  different m etal 

com plexes, an d  m elan in  m ay ac t as a  chela to r in  the  soil
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environm ent to increase  m etal solubility (particularly  lead) and 

su b seq u e n t p lan t u p tak e  on m etal-con tam inated  sites. F u rther 

experim ents w ith defined m etal com plexes are  required to 

determ ine the  exact re la tionsh ip  betw een fungal m elanogenesis in 

the  rh izosphere  an d  m etal up take  into p lan t tissue.

Control JH4300 JH2033 JH4301

Strain

Figure B.2. S ignificant in teraction  betw een stra in  inocu lum  and 
tailings addition  on lead concentra tion  in shoot b iom ass. M eans 
followed by different le tters are significantly different a t  P < 0.05 
(Tukey's S tudentized  Range test, HSD).
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