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. ABSTRACT

. { X
The purpose of thils &study was to ascevtalu whether the

-

natural antagonlsm of Scytalldlum JredLchola against

Endocronartlum harknessil can be exploited to control

outbreaks bf E. harknessii, the westernlgall rust. Thls

study focussed on two principal areas.‘ One was the

isolation and testing of S. uredinicola metabolites as
natural fungicides. The second was the characterization of

S. uredinicola submerged, batch cultures, as preliminary

research leading to the production of mycelium or

metabolites as biocontrol or chemical control agents..
° . . , . !

. s . . . ’I” s 3 X

A spore germination 1lnhlbitor was lsolated from solvent,

extracts of .S. uredinibola cultures by column

.

chromatography, and it was 1dent1f1ed .as maltol

(3~ hydroxy 2- methyl LH-byran-b- one) Maltol was weakly

-~
: .' - - -Q'-' . - . * ) v--
fungi, but was more active as an 1lnhibitor of E. Narknessii

W,
S

»1nh1Q&tory to - the mycelial growth af various woo%%iscay
' , ’ )

spore germination.' Maltol was tested as a systemic
furigicide by using lodgepole pine seedldngs artificially
- . ~

inoculated with g._hsrknessii. .The application of maltol
K -
to the planting soil reduced the rate of infection by E.
A : : v

harknessii, with no apparent effects on the%seedlings.

Certain'trends in carbon and nitrogen metabolism

occurred in submerged batch cultures of S, uredlnlcola and

‘appeared to be speclflc for total mycellal mass Culture
P

"growth rate was-&ignificantly affected'by anCuluﬁwsize.

& U
'
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The time ¢ourse ¢f maltolVconcentratior in “hne medium was

correlated wijth the growth curve, and thergfore was also
affected. Hyphal growth~of S. uredinicola was exanined
using phase-contr®sg microsco6py, and the growt:” of S.

\' -
uredinicola mycelium in submerged culture was measured-dy

dry weight increase. It was concluded that the. accelerating.
gfowth phase was best described .by a non-logarithmic model,

which 1s.dependant on inpoculum size.

RPN
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Intensive management, "including reforestation

Ad]
h

prq’mises. is of increasing importahce’ 1A western Canadlan
forest industries. The production of nurgéfy stock and the
“amount «of planted stock is therefore increasing to satisfy .
provinclally imposed standards of forest management. .
Consequently the diseaseiprobléms of7seedanés and young

managed stands, which differ from those of natural stands,

are commanding greater attention. One of the diseases that

has become significant in the reforestation process ‘is the

pine stem rust Endocronartium harkness&i (J.P. Moore) Y.
Hiratsuka. ’

This study was undertaken in response to the need for
an efféctive agent fo suppress outbreaks of the rust fungus
E. har&nessii in nursery, tree farm, orﬁforest:situations.
~Conveﬁtional fungicides'applied to these situations‘sufferl
Yhe shortcomlngs of providing only temporary control,
fallfnﬂ to eliminate the source of further infection since
they do not act systemically (Merrll and‘Klstler 1976), and
frequently they are unde51rable becouse of their _' \
aqcumulatlon in the environment. -‘Alternative control
@éasures that have.been examined %hclude the use of
gntibiétic substances (Hinds and Peterson 1966), and
Siological control agents (Tsuneda and Hiratsuka 1981);

however, neither has shown promising experimental regults.

Nonetheless, an examination of the parasitic mechanisms

©
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which occur naturally may generate new approaches in

t
o)
(4

development of more effective methods. Accordingly,
observations of fungitoxic metabollte-production by a

natural mycoparasite of E. harknessii (Fairbairn et al.

1983, Tsuneda et al. 1980) provided the foundation for this

study.
,?
E. harknessii, known commonly as western gall rust, 1s
among thHe most destructive fungal diseases of pines in North

America. Hosts of this pathogen are:_Pinus banksiana Lamb

(jack pine)ejé. contorta Dougl. (lodg?}gle and shore pine);.
P. mugo Turra (mugo or Swiss mountain pine); P. muricata D;
don (bishop .pine); P. gigzg Arnold‘(Austrian or Corsican
pine); P. pinaster Aiti“(maritime‘pine); P. ponderosa Laws
(pond;rosa pine); P. radiata D. Don (Monterey pine); and 2.
éylvestris L. (Scotch pine). The large, cankerous galls
resulting from E. harknessii infection slowly girdle and
destroy éffected pine stémé. ‘Aecioid teliosperes, seen as a
bright orange spore mass which is borne seasonally on the
gall, may directly infect or reinfect pine tree hosts. The
need for effective control of severe rust outbreaks arises d

not only from the loss of nursery and plantation stocks, but

also from the devaluation of natural stands (Hiratsuka and.

Powell 1976).. . -
Three fﬁngi are frequently observed on the rust galls ~

and are significantly antagdnistic towards E. harknessii.

These organisms are Scytalidiuﬂ'uredinicola Kuhlman et al.,

-
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Cladosporium gallicola 3Sutton, and Monocilliium nordinii

(3ourchier) W. Gams. The mechanism of antagonism differs

between the myccparasites, and for purposes of blological
B v

contrpl 1t has been considered that the activities of S.

uredinicola and C. gallicola are comgliment%;y._ their

combined application may effectively 1Iimi: the spread of -

western gall rust (Tsuneda and Hiratsuka 1981). .ﬂ,

¢

The effect of S. uredinicola on E. harkhessii in #ood /;j

I

tissue suggested that a diffusible metabolite of S.

uredinicola is a significant aspect of the gall inactivation

arising from this hyperparasitism‘(Tsunéda et al. 1980).

Subsequently, inhibition of E.'harknéssii spore germination

by S. uredinicola culture filtrates, as well as by solvent

_extracts of these filtrates, was shown (Fairbairn et al.

O

v
~

u1983). This indicated that an ecologically favorable
control agent might be found by examining metabolites oﬁ 3.
. B !

%

uredinicola. From the influence of culture conditions on

inhibitor production by S. uredinicola (Fairbairn‘et al.
1983), it is apparent that thé.growfh characterist;csvog
this organism in submerged cultur; must be better understood
if the laboratory obser&ations are to be related to the in
situ antagonism. ' ~ | -

A fyndamental diffe'rence between fungal growth on solidp
media as opposed to agita;ed: submerged cult&res is that.

some degree of metabolic phasing may be achieved in the

latter (Bu'Lock et al. 1965). On agar plates, a gradient of
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nutrient depletion and metabollite accunuiation Ironm
center of a colony 1s established. Al. stages of mycellal
development, from rapidly elongating hyphae at colony
margins to differentiated and conidlogenous cells a%t colony
centers, are presént; This provides a cioser approximation
of in situ growth than do submerged culturds. Funga. nythae
in submerged cultures are exposed to conditlons made
homogeneous by agitation. consequently the medium supports
rapid growth until nutrient depletion or other changes cause
a shift in metabolism; a separation of the growth phase fron
the conidiogenous phase may occur. It 1s therefore of
interest té learn what factors will affect tﬁe Kinetics of
culture growth so that cultures may- be replicated
accurately, and to identify the phase of hyperparésbgg
growth which is associated with its activity against E.
harknessii.

There were four main directives in, this iﬂvestigation:

.

1) The jsotrasion of the S. uredinicola metabolite that

inhibits E. harknessii spore. germinatidn, from the solvent

extracts of 'S, uredinicola cultures described .by Fairbairn

et al. (1983).

2) The investigation of inhibitor proguction by submerged

.
~

cultures of S. uredinicola.

3) The investigation of the kinetics and nutrition’of S.

uredinicola grthh in submerged cultures. The goals of

these experiments were culture repfoducibility and to assess

- A3

N
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L) The evaluation c¢f the germinatlon inhlibitor from 3.

;

,

uredinicola as a control agent agzainst some other .

<

phytopathogenlic fungl.
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endperonartium harknessil

The earliest iﬁcord nf western gall rust was Dur..shed

by J.P. Moore in 1874 (Peterson 1967), where 1t was

described under the name Peridermium harknessii.
the complexity of most rust life cycles, zonsliderable
confusion surrounded the identification of the western gal)l

rust organism as to whether it was distinct from similar

peridermium rusts on other hosts. Thls point 1s 1llustrated

by a statement from Hedigecock (1911): "Peridermium

harknessii resembles P. cerebrum so closely that all that lis

réquired to prove the identity of the two specles is proof

°
Pl

that the former has Cronartium guercum [the alternate form

of P. serebrum which occurs on'Quercus sp.].for its
alternafé\form.“ The author's ensuing attempts to prove
this poinéigxperimental;y were destined to failure. Similar
experimental\findings b; Meinecke (1916) led that author to
the conélusion\pf facultative heteroecism. Jg.'harknessii
was eventually rébpgnized as a distinctive,lautoecious

organism, and it was reclassified into a new genus,

Endocrghartium'(indiéating an endocyclic life cycle), by

Hiratsuka (1969). The possibility that E. harknessii is

manifest in only the one form, vis western gall rust, ddtes

N\

back as far as Fromme (1916)% he suggested that P.

harknessii be regarded ag autoegious until proven

facultatively het cious. ‘Sucﬁ\gebate pervades the

N ~
\ AN
AN

\«



Cronartlium coleosporiolides belng an a.ternate form of

.
ensible. Presently, 1t iz gerer

narknessil-was ye*t de

accepted that harxnessil 1s a distinctive, autoecious

Jty

pine stem rust, with a single sporulating state viz aeciold

telinspores. A spermagonial state, however, is occasionalily

.’

observed. Unlike the blister rust Zronartium comandrae, E.

harknessii canker developmeht on host trunks proceeds
laterally at a slow rate, the consequende being low
incidence of host mortality. The lumberivalue of an
affected stand 1s reduced principally bykculi and growth
redﬁction resulting from trunk cankers.-.Such cankers reduce
trunk strength, increasing the fpequepcy of wind bréakage
(Peterson 1960, Baranyay and Stevenson 1964). A
mathematical model has been advanced by Peterson (1960) to

e

predict the time required for the girdling of a trunk by Z.

’

harknessii, based on the host and parasite growth rates.

Essentially, young.stem legders may be girdled within three
or fqur seasons, whereas gall develophent may be -
insufficient to éirdle largtr trees. The slow latefgl
édvancé*of the canker aecounts Tor the observation ;f viahle

rust mycelium as old as 200 years. Trees with élowly

developing cankers serve as a perennial source of. inoculum

g



for furtner rust Iinfecticns, while ralongins the ienreczs’
wood value of the affected area

Lutbrears oI I. hargressil aré usuzlly onllred Tz V
few acres and cause minimal tree mortality, :;me 2xtreme
vaiues have been reported, ranging 3s nigh as 1,77 infentinn
wlth gZalls occurring »2n 297 %5 797 of thne branches -n ea-
tree. Despite the low mortallty rate, i1t 1s apparent *nat
growth loss 1s inevitable (Baranyaj/gz al. 1962, Zaranyay
and Stevenson 1964, Hiratsuka andOPowell 1376) . Unile

numerods blological and ablotic factors may influence the
frequency and severity of outbreaks, aVWave-yeag pnenonmennn
is _known to occur and is likely attributable %o
meteégéfogical trends (Meyer et al. 1982). Peterson (1963)
indicated that over vast land>areas a stable community may
exist wherein a balance between regions of high and low gall -
rust incidence-occurs. In this regard. it is noteworthy

ﬁhat infectlon rates may be elevated in manipulated stands

*

(Ives et al. 1971). Western gall rust outbreaks in nursery

rand plantation situations present the most immediate.concern;
because of the high hortality observed with young'treé§ and
the possibility of dissemination by‘plants leaving.a nursery.
Shggested preventative measures include isolation of
nurseries from native hosts,'pﬂuning or clear;cut%ing to
reméve spore produclng galls, and fungicide application to

prevent infection (Carlson 1969).

Control measures directed against pine stem rusts may



te siivioultaralL, onemicz2l, tilcliogltzi ‘nyrperrzarasitin

»
acrents,;, or genetical ‘treeding for nmost resistance Tre
arArA;g >f I. narknessil ogzlls Iromonost o limns Wil curtall
iamage %o the indlividual host, As we.ol 2§ grevent rust
dilissemlnation; nowever, thnls ractllilie may N2l prove
e~onomical.y ﬁxpedAent. loreover, “here ®emains “hne nrob’enm
0f incliplent infection in nursery stocxs destined Ior
outplianting. It has been recomended that nursery stoo«

ne located at a minimunm distance of 330 yards from natural

stands of E. harknessil hosts which'may be a source of

infec®ion (Carlson 1969). Satisfactery protectfon pf
nursery pines can be achleved by spraying with convention:
fungicides during the sporulation season. 3Bordeaux mixture

(copper'sulfaté>and calcium oxide), lime;sulfur, Ferbamn
{ferric dimetnyldithiocarpamate), Ziram (zinc
dimethyidithiocarbamate); Zineb (zinc ethylene bis
dithiocarbamate), and nickel chloride are all known to be
effective against pine stem rusts. Systemic control,
desired to eradicate the source of inoculum, has not been
achieved with conventional fungicides (Hifatsuka and Powell
1976). In a study on Scots ﬁines 1.0 to 1.5 m tall, a
single appl}cation of Maqeb dgring sporulation season gave
significant protection from E. harkness#i infection, but
threebsyStgmio fﬁngicides (Benomyl, Oxycarbin, and Dowco

261) had no effect on spore production by active cankers

< (Merril and Kistler 1976). The antibiotic substahces

P
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al. 1966).

3

cycloheximlidg actidione) and phyloactih, shown to be
(

- . 4 B

effective agalinst ‘white pine blister rust (Moss et

-

. ' : ’ ) o N . ]
Moss. 1961), were tested against E. harknessii on lodgevpole
and ponderosa .pines. Temporary inhibition of canker -
. 0 - . ¢
development 1in the spray, zone (lower 233 feet of trunk) was
/ . -
o . -

noted-‘however systemlc activity was jiot 3zpparent, and

kY

. v ‘
orulation above the spray zone was not affected (Hinds et

v
ot

v

0f, the many fungi'énﬁ bacterlia which may colonize rust

cankers, three hyphomycetous fungi are known to be directly

parasitic on E. harknessIi. These organisms are Monocilliium

n%fdinii; Cladosporium éallicola, and S. u%%’inicola. Thek\
ot

_principal action of M. nordinii on E. harkdessii resides in

the,prbdugtion of the antibiotic substance monorden (also-
called radipicol) and a‘%roup of five related compounds -

described as monocillins. Growth of M. nordinii within the

[}

' . - AU - PR B
rust gall is limited, failing to cause complete inactivation.

The effectiveness of the antibiotic products of M. nordinii
# ’

as control agents is not yet known (Tsuneda and Hiratsuka

1980, Ajer et al. 1980).. C. gallicola colonizes the rust
sorus durlng sporulation and‘covcrs the entire gall surféce
w%mhln days. The‘mode of parasrtlsm }nvolves penetration of

Lhe ryst spores and absorption of the host cytoplasm,

zﬁAlthough a substantial reduction of inoculum potential

results; the activity of €. gallicola is restrlcted to the

gall surface, and pathogene51s by E. harknes511 is not



b

)

arrested (Tsuneda and Hiratsuka 1231). Zonverselwv, by slow

- N

but perwvasive growth throughout the sorus, 3. urediricola

/.

'
ot
(IR

b=

us all after several seasons

4}

comnpletely inactlvates the
. ey

—

Erowth. Tsuneda et

(1980) observed 3. uredinicola
" causing degradation of rust spore walls and reducing spore
. 4 Py

viabllity, without penetrating the spores. Also, 3.

uredinicola penetrated into the wood belowsthe gall and

inhibited the grow%h of rust hyphae, appéﬁgﬁtly through the

production of a diffusible, toxic metabolite. It has been

suggested that the dissimilar parasitic_ processes of C

’

gallfcola and S. uredinicola may be complementary as

biological control agents: rapid readuction of inoculum

_potential by C. gallicola combined with ultimate gall

inactivation by S. uredinicola (Tsuneda and Hiratsuka 1981).
. . ]

In order-to study the effects of ant?fungal metabolites

as protectants against rust infection, an in vivo system
> . an vivo
L]
which provides reliable detection within the shortest time

possible is desirable. Allen and Hiratsuka (1985) describe
the use of ybung lodgevole pine seedlings iﬁ which a high
rate of infection may be achieved. Infection is detectable
by)a pigmenfation‘symptom within ten days of,ihoculatign,
and gall‘aevelOpment-becomes evident within two moﬁths. A

detailed account of the early stages of infection and host

response was recorded (Allen and Hiratsuka 1985). “
» ’ -

v »



Scytalidium

Until recently, the taxonomy of hyphonycetous

*

{imperfect) fungi has been based almost exclusively on
thallic ontogeny, pigme:tation, and morphological
éeécript;pn. Without the systematic use of blochemical,
nutritional, or other discriminating characteristics, the
SN .
relationship between specles within a form-genus 1s unclear
(Hawksworth 1984, Kurtzman 1984). Indeed, the form taxa
are designed for the purpose of identifying isolates b?
empirical criteria, and not with the intent to group
organisms by their degree of relatedness (lMoore-Landecker

1982). For these reasons, considerable caution should be

exercised where comparisons between species of Scytalfidium

might be made.

S. uredinicola is the most recent addition to the form-

genus Scytalidium Pesente. This form-genus is characterized

by dem;tiaceou; arthroconidia which have a diameter greater
thén the vegetative hyphae. Thé spores are fbrmed’
iﬂ%ercalarly, or terminally on hyphae which cease to T
elongate upon cohidipgensis (Sigler and Carmichael 19?5{;,\

There are presently seven species of Scytalidium: S. album;

S. aurantiacum; S. acidophilum; S. flavo-brunnéumg S. |

uredinicolay -and the Scytalidium state of Hendersonula

toruloidea. Most of theseyspecies are known to be
antagonistic against other fungi and/or producelantibiotig

substances. A summafy of metabolites'isolated from
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Scytalidium species Is given in Ta

£ 4 + R | Y 3 < ~ f \
first lso.ated Irom the

Scytaiidium uredinicola was

aecia of Cronartium fuslforme on 2inus taeda 1n North

Carolina. A comparison of two rust outbreaxs In separate
counties led the autnors to infer that aeclal sporulatign

was not suppressed by $. uredinicola. The lsolate was

distinguished from other Scytalidium species by 1ts hablitat

and arthrospore character (Kuhlman et al. 1976). In 1979

Hiratsuka et al. published the first record of 5.

uredinicola occurring in Canada; it was 1lsolated from Z. )

harknessii galls on P. contorta and P. banksiana. The

authors reported reduced viability of rust spores from the

~

hyperparasitized galls, and thereby indicated that C.

uredinicola was a potential, blological control agent.
: ) .

S. aurantiacum (isolated from pulpwood) and

(isolated from Norway spruce) were first describg

Klingstrom and Beyer (1965). Both organisms were ¥und to
be antagonistic towards the conifer réot rot fungus Fomes

annosus. Thirty-eight isolates of Scytalidium from three

species (S. album, S. aurantiacum, and S. lignicola) were

scrfened, and the majority were found to produce furigitoxic
. . ' ) '
substances” (Klingstrom and Johanson 1972). The use of

Scytalidium as 4 biocontrol agent against wood decay fungl

was also investigated by Ricard and Bollen {1967). This

followed thelr observa?&gﬁﬁjﬁé¢ a Scytalidium specles oftep

occurred ‘in Douglas-fir pol€§\which were free of decay. The

»
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identity o7 the specles o

PN . . o 1 SN 3 Y 3 3 A bl N . —~ - e
study was uncertaln, and the deslgnatlan 'Y straln was glven.

/AR Salalal - —~
(ATCC 1nn079).

The isclate was later accepted as 54 albun

Again, the production of an antibiotic was implicated in the '

2
-

eld trials, Scytalidium was

[

antagonistic activity. "In

successfully established in Douglas-flr pcles and prevented

the development of Poria carbonica (which causes heartwood ~

decay). The authors noted that marked variation in

antiblotic production occurs between 3Jcytalidlium cultures,

and that "thorough studies on the physiology of Scytalidium

sp. are needed to solve the problems attendant in its use.”
Regérding antibiotic production by S. aldum, a onic
substance was obtained in pure form and characterized by
Klingstrom and Johanson (19725, but the chemical identity
was not establiéhéd. The biological properties reported

4

were consistent with the compound scytalidin, but the
[} - ’ ' .

physical data (mass spectrum m/e 527 molecular peak) were
not. The chemical structure of the S. album metabolite

scytalidin was elucidated independantly by Strunz et al.
(1972), and Overeem and Mackor (1973). The lag?er 9
publication described the ¢ompound as scytalidic acid, the

ma jqr metabolite isolated from Scytalidium FY cultures, which

had no toxigity against P. carbonica.f’Subsequently, in a
thorough investigation of the antifungal préperties of this

compound, scytalidin was found to be a potent inhibitor of

fungal gréwth at low pH but inocuous at neutral pH



(Stillwell et

phytotoxiclty at antifungal cancentrations, its low

SEE pasD

solubility in water and pH dependance willl likely 1imit its
usefulness as a control agent. At least cne other
antifungal metabollte was present iIn the cultures from whicnhn

scytalidin was isolated. This was shown by the activity of

culture filtrate agailnst Phytophthora infestans sporangia

that were insensitive to scytalidin.

Fungal Spére Germination

T

Dormancy in fungal spores may be imposed by
constitutive or exogenous controls. In general, the former
may be self-inhibitors of germination or the requirement of
an éctivating substance, ¥hile the latter are environmental

conditions. .

Self—inhisitors'commbn to severél rust fungi are methyl
cis;3.h—dimethoxycinnamate and methyl cis-ferulate. These
substances are highly potent inhibitors-of germination and
dre easily washed from the spores. Théy were first detécted
by the crowding effect in which high density spore
suspensions showed reduced ger;ination (Foundin and Macko
197u)} Other sub;!!hces involvediin‘the‘control.of rust
spore germination may be voiatile substances detectable by

. reduced germination in closed vessels (Allen 1955), and
self-stimulators which act in concert with self-inhibitors
{Yarwood 1956) . It is generally accepted that rust spores

B

[

-
<
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have predetermined paints ‘gern pores; at wnich germ Subtes
are initiated (Marsnant 12790 Further possibllities for

. \ s
the control of gernm tube emergence exlst at this lievel, as
demonstrated Ty the suppression 2f germination ty I1nhlbition
of a protease regulred for germ tube 1"1tlat;on This

system was studled in macroconidia o

Microsporium gypseum: it was found that while the entire

spore outgrowth process required several hydrolases acting

iating step appeared to rejuire

ct

on the spore coat, the inil
an alkaline protease activity. The activity of this enzyme
was shown to be regulated by 1inorganic phosphate which
inhibited activity and calcium ion which reduced the effent
of phosphate (Page and Stock 1971, 1972, 1975). The
‘concentration of phosphate causing a 50% redugtion of
protease activity was 44 mM. Reductlon of rust spore

germination by phosphate is also kpown to occur, as shown

with Uromyces phaseoli (Bell and Daly 1962). :

EZndocronartium harknessil spores will germinate on
distilled water, requiring no exogénous nutrients and
without a preceding period of dormancy. Storage of spores
results in decreased germination and slight changes 1in
optimal germination conditions. Optimal conditions for E.
harknessii germination were found to be 15°C to 209C, at pH
5 to 7. Max;mum percent germination as well as maximum germ

tube length is achieved at about 24 hours incubation (Powell

and Morf 1966). Distinguishing features of E. narknessii-



spore outgrowitn include stralght, septate germ tubes o
determinant length, and a small zranch that 27%er arises
from the proximal cell »f the germ tute Alsn, =

A +

harknessll spores produce ~n.y one'gern

the related rust Cronartium cnleosvorioldes Artn. which nay

form more than one (Powell and Morf 1964).

Kinetics of Fungal Growth

The growth of fungal cultures occurs at a rate arising
from alnumber of‘bomponents which are poorly understood,
often uniq@e to a épecies or st;ain, and consequently appear
to resist generalized analyses. Vhile it 1s convenient to
describe fungal growth in terms of the phases observed with
cultures of unicellular organisms, binary fission is not’
observed in filamentous fungi; hence, exponential growth
should not necessarily be anticipated (Mandels 1965).

Kinetic analyses of experimental data are reguired
where the time course of growt?‘must be controlled or .
reproduced. Examples.of situations in which the growth
habit of an organism warrants attention are nutritional
studies and thg adaptation of fungal fermentation systems to
lérgé scale vessels. The desire for a generalized
mathematical modei describing fgngal growth in submerged
cultu}e'lgd to the proposal that, since growth is

~unrestricted and proceding in three dimensions, mycelial

spheres should form with a constant radidl increase;

e!;‘



trnerefare, *ne ~uhe ront Y tne furngzal mazs 3nHull lncreise
lirnearly witn Lline Ixperimental data tomparing Tne growt
7% Newyrosporia Trassa plotted as Iy welznt, DE Iry o welsant,
and cube root dry welgnht were :re@egtei, lemonstrating tnas

> - £ - 3 4+ + ~ - 3 b + I - - —_
lengtn of tlime than is %the [ogarithmlic re.atlonsnlp -merssn
» P
[ faal H N N 3 Pl IS + +
2750) This model, however, s fourfded n tne prem.se Lnat

mycelial spheres of uniform density are formed.

o
The cube .root model was appiled to an ana.ongous

4
'y
QD

situation, tnhe growth of pellet forming {ungil, wh

1

approximately spherical mycellal -ggregates of varying sice

are forrmed. The analysis of Polyperus versicolor and 2.

ostreatus culture growth indlicated. that, wlthin the
statistical limits of detection, the exponential and cube

root models fit the data equally well. It was concluded

L4 !

that ‘the exponentlal model may be preferable for
mathéﬁaﬁiéal simplicity -and its relation to other biological
systems (Carroad and Wilke 1977). .In this investigatibnf
however, the dissimilar effect of different initial mycelial
inass. on each m&éel was not considered. Compounding the
difficulties in establishing a general model is the
influence of oxygen diffusion (into mycelial pglletQ),
inoculum size, hyphal ageing, and cellular d*fferentiation
on exﬁérimental déta. f

. The ‘effect of inoculum size on culture growth rate and

mycelial yield was examined closely by Taber (1%57), and



and Ward and 2.2%te.% “F Tater lemsrnsirated trne uze
nf standardliced iroculum Lo mlninmize varlance Lnoyle 1l
tre context of nutritional stuiles, 2and rne revea ed o
radically conflicting results regari.ng substrate
utilization f(in *his case, mannitol and glucsse 23 ~aroon

through alteration of inocuium size. Ward and Zolctelo

elaborated on the effect of inoculum by relating Ilnoculun

culture age and inoculum~guantity to mycellal yleld. They

y

-

observed a drdmatic decrease in yield from mycellal inoculunm
\\ -

ot

5

taken fron growth phase as opposed to early growih
! TTIUN . . .
phase. Pre umaSiy\thls effect arlses 1n part from the

increasing pr i of senescent mycelium in the inoculum,

~

. \ ! ’
resulting in an\Effegp/équlvalent to alteration of 1noculun
size. Increasing ilnoculum size was found to increase yleld

\
\

towards a maximum that was believed to be imposed by

nutrient depletion. The exact relationship becomes obscured

> +

by other effects of inoculum size such as altered morphology
(Meyrath and Suchanek 1972), the activity of growth-ingucing
and growth-inhibiting substances of fungal origin (Meyrath
1962), or other control mechanisms (Trinci 1569).

Carbon and nitrogen utilization may be altered by

inoculum size in such a way as to affect maximum mycelial

yield. These phenomena were studied in Aspergillus oryzae

by Meyrath and McIntosh (1963), and MgIntosh and Meyrath
¢

(1963). It was suggested that the age of mycelium affects

&
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INE O DhYEio Iy A Tu.ture sfseraratedl fromoa small o Inarilunm
reculres greater Time To acnleve tne zame myoe 1L mATs 23 1
culture veferated Tr- a2 large lnonoulun ince esuzl masse
nf mycelium generated from difflerent Inoculum zlzes may he
nf different age, they may arzc e 1ilrferent pnysioliglirnll
This was shown experimentally by lower 3peclilc cxi«en

rnefficient (mycelium produced/2arton source consumel) of
small inoculum cultures, and decreased assimilation of

e
nitrogen per mass ol mycellun produced in small inoculunm

cultures (Meyra*th and McIntosh 1922, McIntosh and Meyrath
1963). 1t therefore becomes appafént that depletion of
carbon source is more rapid in small inoculum cultures,
resulting in a lower final yield of mycelium provided that
nitrogen or other essential nutrients are not“limiting.
Fungal growth at the level of hyphal morphogenesls nmust be

considered 1f the physiological discrepancy between equal

mycelial masses raised from inocula of different sizes 1s to

’

be understood.

_;{*///F~“~ It is well established that growth 1s restricted to

AN
\

‘hyphal tips, and that hyphae attain a linear rate of
welongation. ‘As exponential'growth is~intuitively expected,
N § *
- . v
it\hg§7pgen suggested that branch iniLiation corresponds to
S <

cell divisisn\iﬂ\unicellular microbes (Trinci 1979). A A
~ T~ . P /
conceptual difficqlty\aﬁisggk however, in that an __———"

— ~ ,/
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intercalary comiartment a2 zegment of nyoha v oo -
branches; ~anmnot ~ontinue 12 Contrlitute Lo tne acce _erat]
of growtn witnoul perpetua..y 1nlllating new Lranones DRV
- - o - - o +~ - - -
physical Zimitatllong otviate “hne 2nalongy o Zrowt nar
< Ssion Threre 1g ~A *re mraramaenar AfF nrTmnng
flsslio Jrere 1s a.zo the phenonmencon o yna
-
differentliatlon: nyphal growtn 2%tcurs wlitn thne Iorwara
-~ Y ; : ’ F
. + B ! + ) N N . -~ . -
movement of cytoplasm into the eiongating tip and tné |

replacement of cytoplasm by vacuoles and lipid deposition In
ageing regions of the hypha. Doubling of hiphal lengtn iz

therefore not contingent upon a doubling of protoplas:

-

(Zalokar 1959).
Elongatlon rates of hyphae and the development o

branching systems have been measured for a number of fungi.

For Coprinus dis;gminatus it was observed that hyphal
elongation occurs at a linear rate; howeyei}*the elongation
rates of main hyphae, pfimary, and secondary branches were
succéssively less, as was thelr diamgter. Variations‘in{ -
these rates were found to be slighf, and branches were
repofted.to occur at regular intervals. THe observations
were takeh from hyphae at colony margins on éolid medium

(Butler 1961). The more complex system of mycelial strand

formation by Merulius lacrymans was also studied; here too,

the fundamental nature of hyphal ontogeny was as described
> . .

above. It was believed that the sequence of branches from

the hyphal tip depicted the development of a single branch

with time. The growth of.hyphae proceded at a linear rate,



S Sl LTiLerl SRALE
Tre ToTAeElC Tnat 4 Dingal Srowtno ounlt navins a ~
nEtant doutling ti:> 2xlztz wRZ TroTused ny rlonmle LT
casel o oearly coluny Dormatlion of Inaetomiuns R Shecerw i ®
the outgrowtih o7 nhyvhae Ifrom iInilliviiual goores, Trincl
L1974 ounrd that the total nmycellzl Lengin lncreaces
exponentially; h@wever,/these obsgﬁvati:n: vere tagen wltnl:

the time nperind between germination and the z2ttilinment of
maxlmum hyphal extenslon rate. The iniftlal ~utgrowtn {ron,
a specre was shown t2 be exponengial, vel the enguing nypnal
differentiation may modify the rate of growtn oI 21 mature

colony. Accordlngly, a comparison of undifferentiated
mycéllia and hyphae at colony margins showed that inter=zalary

compartments of the hyphae at colony margins were
significantly greater in length. 'These observations were

made with Geotrichum candidum, which differs from the other

fungi discussed in that 1t forms complete septa. Therefore
the cytopbas' and nuclei contained bétween these septa
cannot contribute to mycelial growth. The nuclel were
observed $o0 be uniformly distributed throughout the mycelium,
and each intercalary compartment showed 7+2 nuclei. ©Spores
were formed by frégmentation of the hyphae and consejuently
contained .1 to 7 nuclei (Fiddy and Trinci 19768): Clearly
then, genetic duﬁlication is restricted to growing regions,

and exponentiél increase of -fungal mass is limited to the

initial growth of undifferentiated hyphae. In Aspergillus

o
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wood Jdecay ungi used In

The Scytalidium lsolate
A

)

this study were obtained from the University pf Albverta

o
a

3

i a
cne

ro

Mold Herbarium (courtesy of Ms L. Sigler) and :

Northern Forestr Research {enter, Canadlan Forestry Service,

Environment Canada, 5320-122 street, Edmonton (courtesy of
i k]

Dr. Y. Hiratsuka), and are designated by isolate numbers

from these sources. These organisms were sored on cereal

agar at -20°C, and subcultured every six months. Cultures
were also malntained on potato dextrose agar at L9 as a
source of inoculum. Starter cultures were prepared by

transferring about 1 cm2 of mycelium to 50 mL of growth

.

medium, homogenizing with a Sorval Omni-mixer at top speed.

for 10 seconds, and incubating at 27°C with 200 rpm gyratory

-

N

shaking.

The yeast isolates were obtained fr 1 the lational

Research Council of’@anada Prairie Regional’ Laboratory,

Saskatoon. The yeaQts were/grolwn on glucose peptone

. it
4 -~

yeast-extract agarﬁand”stéfed at 49,

[ -

E. harknessii teliospores were collected from various
Dot fTeens ME s .
locations in Alberta. Spores were dislodged ffém’the aecia

onto waxed paper by‘tappidg the galis.@F;g. 1). The speres

were dried when collected by placing them in opeﬁ vials in a

sealed container with oven-dried silica,éel. The spores

.

were later divided into small portions for storage in sealed”

W

. 25 | - .



harknessil spores from

frn

Figure 1. The collection of

Py

lodgepole pine.

The orange tellospores are dislodged from the

gall onto glassine paper by tapping.

&
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microfuge tubes a2t -o577. ALl of the spcres used In tnis
study were collected from galls on iodgepole pine

Production of 5. uredinicola Metabolites

1) Culture procedure

N

Malt extract broth starter cultures of S. uredinicola

4149 were homogenized after 10 days incubation. A volume of
homogenate coﬁtaining LO mg wet welght mycelium was Qsed to
.inoculate four 200 mL volumes of malt extract broth in =500C
mL Erlenmeyer flasks. After 10 days incubation, these
cultures were combined and used in the same was as the
 starter cultures to indculate 80 more flasks. All cultures
were incubated at 27°C with~200 rpm gyratory shaking on a
New. Brunswick Scientific model G11 High Speed Gyrotofy
Shaker. Wet weight determinations o} mycelium in culture
homogenates were made by vacuum filtering 10 mL samples onto

: y '
tared Whatman No. 1 filter paper circles. The vacuum was

-

used to draw air through the filter paper and mycelium for
15 minutes before weighing.

After 10 days growth, the eighty flasks (16 L of

9

culture in total) were harvested by filtration through tared

Schleicher and Schuell #520B filter papers, and the weight

of mycelium was determined after drying at 100°C for 24 *

K

hours.

-

2) Extraction of crude metabolites



Previous studies nad shown that a substance whioh
innhibited the germination of Z. harxnessli spores couid bte
ron the spent medium wlth chloroform
et al. 19873). Therefore, each 15 L batch of culture
filtrate was concentrated to about 502 ml (by rotary -
evaporation) and extracted two times.wilth 250 mL of
chloroform. The chloroform pnhase was dried over anhydrous
sodium sulfate, and evaporated to a viscous brown 11{33@.

About 400 mg of extract was obtained from each 16 L batcn

¢
of culture. 1

Q@

3) Isolation of the spore germination inhibitor

Sequential fractionation by chromatography with columns
of silica gel and Sephadex LH20 was used to isolate the
inhibitory component from the crude metabolites. At each
spép, the inhibitor was detected By the spore germination
assay, Gas chromatography (GC), ultraviolét (UV) absorbance
scanning, and_thin-léyer chromatography (TLC) were used to
chgracterize each preparation. The procedure by which the .
inhibifor was purified'is described fully in thé Results

section.

Bioassay Systems

1) Spore germination assays'
To detect antifungal activity at each stage of

<
inhibitor purification, the spore germination assay of



alirbairn et al. (.93

A . N i -~ >~ 5 S
) was used. Vaterlals to he tesgted

13
(98]
N

were dissolved in sterile 20 mil potasslum phosphate Tu

at pH $.0. Aliguots (1 nlL) in tissue culture wells ostar
24 well clusters) were dusted with IZ. harunessil spores, ant

the extent of gergpination relative to controls was recorded
after 24 hours Incubatlon at room temperature.

To obtain a quantitative measure of inhibitory activity

,

glass slides weYe prepared with a 2 mm thick layer of 2%

t

[V 1]

agar coﬁtaining 10 mM potassium phosphate buffer at pH 5.
and the substance to be tested. The determination of‘
optimal conditions for germination (buffer concentration and
pH) for this sjstem is presented in the Results section.
Spore suspension (0.05 mL of a 15 mg/mL water suspension)
was placed on the agar, and a coverélip was applied. The
slides were incubated at room temperature for 24 hours in a
moist chamber. Germination was determined by counting the
number of sﬁores with a germ tube length exceeding the spore

diameter: 100 spores were examined on each of guadruplicate

slides, using a light asicroscope at 400 x magnification.

2) Mycelial growth assays :
The activity of the purified inhibitor, maltol, was"
measured by its ability to inhibit the gréwth of tgsf

organisms in submerged cultures. Sterile stock solutions:
it

v

of maltol (filter sterilized), 4% malt extract broth, and

distilled water were combined to give 50 mL of 2% malt

o



Lo sire concentration ol maltol In
12Q mo Irilenmeyer flasxs The flasx«s were Inocu.ated wit
mL 28 malt extract nroln ztarter-culture homogenats ezt

v

cultures were Incucated 2% room temperature with 070 ronm”
gyratory sharing, and the dry weéilght was determlred alter
substantial growth was otservedld, usually <7 noursz
Jupllicate tests and controls were performned
1) Yeast MIT determinations

Potato dextrose agar [(PDA) plates containing maltol at
concentrations of 4.0, 2.2, 1.9, and 7.5 mg/mL were
. » .
prepared. Yeasts were transferref from stock cultures and
inoculated onto the plates by a ' single stab. Minimum

inhibitory concentration (MC) was recorded as the
concentration at which no apparent growth gccurred after &~

hours inz?bation at room temperature.

- -~

Analytical Procedures '

1) Thin layer chromatography

Silica gel thin layer chromatograms (lerck 60 F25u'
20 cm x 20 cm, plastic backed, 0.2 mm layer thickness) were
developed with chloroform:methanol (94:6, v:v). The

chromatograms were visualized under shortwave and longwave

UV 1light, and with iodine vapor.

2) Gas chromatography



Por gas chromatograghlc anailyzec, SAanm
dissolved in cnlnornform, and T oull 27 the chlinoroirm z=2_utis
was manually injected. A Hew.et® racxard model °7 Zas
chromatograph was used witn a 2.2° mm Ly oom CJo-Td Dused
silica capiilary column (J and & Zroientific) and =2 Tlarme
ionization detector. The carrier gas was He 2t a lireazr
velocity of 27 cm/second at :00%C with H: 2t 27 ml/minute 2
a make-up gas. The temperature progran used was 2077 g
2500C at 3°C per minute. The chromatogran, retentlion times

and peak areas were recorded by a Hewlett Pacxard model
58802A integrator operating at a chart speed of

crn/minute.

3) Ultraviolet absorbance scanning

UV scans were gbtained using a Pye Unicam SP2-1300
spectrophotometer. All scans were from methanol solutions
(unléss stated otherwise), recorded at ! nm/second scan
speed and 10 seconds/bm chart recorded speéd: Juartz
cuvettes with a 1 cm light path were used.

Growth Curves

1) Inoculation of cultures grown én‘synthetié mediumn

;Inocuium cultures were prepared from starter cultures
as described previously, except.that synthetie medium was
used throughout. Inoéulum cultures were pooléd and

homogenized after 10 day incubation, and the mycelium was

Ll



2) DJry weight
wriltures
v:'

tared “/hatman

filtrate volu

was ‘washed wil

welghing.

3) Determinat
Thelcult
N HC1 or MAOH
chlgroform.
sodium sulfat
analyzed by g

in the medium

4) Glucose de
Glucose
determined us

the method of

mothe medlum Ly centrifuagatior Tre mucellum
3 Pl ' . - 2 J H r
ed In fregn mellum to the Inonoulun densit
acn experiment Sultures used Tor growt:
ere nocu.ated witn 1 mlL 2!l zuspenzion Lo sive
g y
vy L > N ~ T . - A - - -~ -
roLumes ol ZU . 2N S0 Mo, loanm riugse
AgUS
determination
were hrarvested by vacuumn {lltration tnrousn
#1, 7 cm filter paper ~ircles “ulture
: R s
. - .y RN
mes were recorded, and the filtered mycellun
: |
. " A3 £ 2L I + ‘\n'fo p FAN
th water and dried f»or hours at o nefore

.

/

ion of malteT concentration in growth medlia

- . ,
ure-Tiltrates were adjusted to pH 3.5 with

, and extracted with an equal volume of
A

The chloroform phase was driled over anhydrous

-

e, Teduced to 1.0 mL, and .a 3 ukl samplé was

as Chromatography.v The conéentration of maltol
was estimated from a standard curve.
termination 1
concentration in synthetic medimm;cultures was
ing Sigma's Glucose diagnostié kit, following

.

. »
Samples of spent medium (0.75

-

Keston (1956).

N
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Total carbohydrate assays ~f synthetic medium oultures

i, . N . . ) . R
were conducted by the o-toluidlire metnod of Zutois e%t al.

(1962). Duplicate 0.5 mlL samples of culture

combined with 1 mL of 5% phenol followed by & ml ~f 2387

sulfuric acid. Absorbance at 490 nm was recorded after 37

Jminutes at room temperature.

6) Ammonium determination

Ammonium concentration in synthetic ﬁedi@m cultures was
determined following the method of W@eatherburn (1967); which
uses fhe Berthelot color\reaction:/}The siandard protocol
was followed, using 20 uL samples of éulture filtrate, and
an inéubaﬁion time of 23 minutes at raom temperature.

7) Nitrate determination
Nitrate concentration in synthetic medium cultures was

determined by the method of Rebelein (1967, described by

Amerine and Ough, 1980).
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Vezzurement of DAL srowi

J. ouredinicclu zuores were translerredl wlt
r.ra -Ne T A= N ey A e e ‘\/,‘ IS5 Tk - ar L
vActericlicglical loop Irom mute l W oo ates

“{_ff,—"‘ -
-

o VIA on miorooconone zZllies A oo€ers 1T WAZ AT
phase ~ontrast llznt mlortgranns were tagern o
outgrowtn 2% I nour interva.:z Th; 5.idez were
molst chambers a%t room temperature netween orniolog

An alternative method was used 0 exanmine ny
at the margins oI nature <©olonies iase silides
in Y cm petri dishes and sverlald wilth 1. mL oI =

3 V2l C 3 A e . v N
colonies of &, uredinl<c.a <4149 were grown sver o

N o
© 3 " . T TAac 1 it oA ;
{rom spore inoculun The glass sildes witn the 2
,

nverlaylng them were exclsed Irom the pizles when
dlameter approached 2 cm. Coversllps w=re appi.e

colonies, and *ime-lapse photocmlcrograrhs were ta
Measurements were taken from photograpns pri:

/
magnification.

.ted
-

J

In Vivo Testing of Maltol as a Fungistatlc Agen®
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Seedlings

1) Growth of plne seedlings . .-

ﬁear Grand Prairie, Alberta (courtesy of Dr. ?. 3
i

Départment =of Plant-Science,‘University of Alberta) were -

leni

3
-~

a

o
=]

Seeds collected from open pollinated lodgerole pine
I ) Zer P

planted in peat moss with biweekly application of 20-20-27

£

fertilizer. ¢ Ferdinand Rootrainers (Spencer-Lemaire

N »

c
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2) Application of malinl
i~ Vo vy T+ a' 2 oml oyas mimatrtraedl met Lo NP ~
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each cavity 2 days prior to 1noculation af the seedl
N Y M 13 " sl l . PER o~ .
w1tk £. harkKknessll soores. The maltol concentratisns used
- —— - . '
. = - . S ~° C e
y 1A At - roo0 v R i ”
were 172, 1.0, C.1, and 0.701 mg/mu. Control grours Jrecelived
i 3 )
et -
; ;
2 mu of. dlst iled water. e e L ©
. . - " .
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»
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3) Irnoculation with E. harknessii Spores

-

E.-harknessli spores were suspended in distilled water
L. -pardnessil Sp

© tow . S .

to 3 mg/mL, and applied to thﬁ&%ine seedlings usina a -,
3 . . PR W

chromatography sprayér.. I-“ach tray of seédllngs recclved 20

mL of suspension. In all oases.f§pore v1ab111ty of the*

' suspensions: was greater than 95% when assayed by the~sgore l

germination assay‘described previously;A'Inooulatioh took

place between 56 and 60 days after plantlng After aDDljan

the spore suspen31on, the plants were contalned in a

.

humldlfled chamber at 18 C 1n ‘the dark for 48 hours to\'d

facilitate germination (P.'Bléni;fpersonal communication

S

S o . b

- ‘_A. ‘ .‘--’ f/.
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mycelial yieid t standard error (3Z, tetween the [H-0

batches used for

welght ).

i

iad

P

ibitor

After the sperostatic

production was 5.1

compound ‘nad been identifie

24
_
N

4

as maltol, a growth curve“experiment was performed in -

3

which medium maltol concentration was followed.  Medium

pH was also monitored becausé the early rate of acid

production provided a means of predicting culture

development.

Fig.,3.

=~

»
LR

The results of this experiment are shown in

It is evident that the presence of maltol in the

growth medium was transient, and i1t was correlated with the

gerth curve

G ‘

occurred early in the stationary phase.

such that the peak concentration of maltol

In the experiment

shown, the inoculum size was less than that usa4 for

.

ihhibitor production cultures as described above. -

)

37-
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Figure 2. The effect of inoculum size on culture
growth rate and mycelial yleld.
Erlenmeyer flasks (500 mL) containing 200 mL malt

extract broth were inoculated with 44 mg (@), 30 ng (@),

&

15’mg (@), or 3.7 mg (A) wet weight of mycelium, and
ﬁincubated at 27O¢‘with 200 rpm gyratory~%héking. The
inoculum waé homggenized myeelium'from a LOfdéy cld
culture grown undér.fhe same conditions, containing

about 7 mg/mL wet weight mycelium. - . .

-t a

ey
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Figure 3. The relation of maltol concentration, nediunm

A

pH, -and mycelial yield witn time in submerged cultures

of S. uredinicola 4149,

Erlenmeyer flasks (500 mL) containing 200 mL of 29

malt extract brcth were inoculated with & ml of C.

' . . ® -
uredinicola 4149 culture homogenate. The flasks were

incubated at 27°C with 200 rpm gyratory shaking.
Duplicate flasks were harvested at 1 day intervals for
30 days, and analyzed for méltol confent, mycelial dry
weight, and pH. Error bars represent standard error of
the mean.

' The inoculum mass wés 4O mg wet welght mycelium
per flask. Presumably variation in the inoculum
preparation between~experimen£s accounts for the

different mycellal yield here as compared to Fig. 2.
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nhibitor Purificatinsn and Identificati

yor
O
3

4

1) Mobility of Inhibitory Substances o

3

1
by

The chloroform extract from 2 L o icola

i
[
'y
D
[ON
Vs
3
Y

culture was apolied to a preparative TLC (Analtech Inc.,
Redi/Plate Silica gel GF, 0.25 mm layer thickness), and
developed with chloroform:methanol (34:46, v:v). This was

s

done to determined if all of the innibitory substances were
mobile over silica, and therefore whether silica gel column
chromatography would be appropriate for purificatilon. zae

thin layer was then divided into bands of 0.1 Rf units, and
each was extracted with 10 mL of distilled water. The
silica was sediqented from the aqueous solution; % mL of
each supernatant was combined with 6 mL of buffered, molten
agar (4%), and used for quadruplicate germination assays.
The results of this experiment, shown graphically in Fig. 4,
indicate that the inhibitory activity 1s located between R
0.3 and Ry 0.7!

The substances recoVéred from Rf 0.2 to Rf 0.3'caused
abnormal germ tube ontogeny, and multiple germ tube
formation_frdm single spores; as many as six germ tubes
from ihdividual_spores were observed. Photomicrographs of‘
the anomolous germination phenogena are shown in Fig. 5.
Thin layer chromatography did not provide sufficient_ 
purification of the iﬁhibitory substances for ché@icaii

characterization. L

N
//\/ |

"
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Figure L. The dist

+

ibution of sporostatic activity on 2

8t

preparative thin layer chromatogram.

5. uredinicola 4149 was grown 1n 500 ml Erlenmeye

flaké with 200 mL malt extract broth. The cultures were
inoculated by the standardized procedure, and lncubated
at 27°C for 10 days. The culture medium (8 L) was then
extracted with chloroform,ﬁand Fhe.extracted materials
were chromatographed over ;ilica gel with chloroforn:
methanol (94:6, v:v). Spore germination in the presence
of materials recovered from each Rf band was determined

by the slide method. Bars represent standard error of

the mean.



l'o N

GERMINAT

PERCENT

HH

H

HH

HH

T
L

01 0.2 03 04 05 06 07 08 09 10 C

UPPER R' OF BANDS \TAKEN

AT 01 R, INTERVALS



“igure ¢. Photomlcrographs of abnorma. spore
. “a

germination caused by Z. uredinicola metabolltes

recovered from preparative thin layer chromaBograghy.
The materials recovered from R,. 0.2 to 0.3 were

observed to cause multiple germ tube formation by Z.
harknessii spores. Photomicrographs A (420 x
magnification) and 3 (660 x magnification): show the

effect of the S. uredinicola metabolites.

Photomicrograph C (670 x magnification) shows a spore

germinating normally under control conditions.

LC N
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The initlal fractionaﬁ%gn,of crude extracts %as carried
¢ ~ . o — / - . PR . .
out by adsorptloﬁlyﬁfﬁmn Thromatograpny, over silicic acid

n an adaptation of the method of :Hirsch

‘o

poe

(Mallinkrodt CC-7),

and Aherns (1958). Forty grams of oven-dried silica was

iplicked dry into 2 2.5 cm diameter glass column with a filter

paper disc above and below the bed. The bed was settled by
tapping the caolumn, and subjected to a dehydrating acetone

wash before equilibration with chloroform. The resulting

-

" bed height was 20 cm. The crude extract, avout 400 mg, was

applied to the column and eluted with chloroform. The’
fractions collected were approximately 15 mL.
Bioassay of each fraction was carried out by .

evaporating a 1! mL sample and dissolving fhe residue in 2 nmL
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by spotting T oul ol ezcn fracti che cmolntervale 2o
the origin -7 tne 7.0 oplates Slg. % .Znows Ine resu o ol
TLCT analysis: in the exgeriment zihcwn, Irasticons 1. Thrcug
&Y cauzed innitltlon oI Soore Zerminatlon I Sraotlor -
to 24, only-one spot-was visliole under 5:§QQ¢3J9 L=t
and with 1odine, and 1t occured 2t Z,. Ti4. Taz
chromatographlc analysis »f [ractisn 1, precgentel In Flu.
7, 1ndlicated that at least 7 compounds were rresent .
. ) -
substantial amounts. {ractions 2 through 32U were poov.ed,
ylelding about 50 nmg of red-brown 2i. after §7§§*ratiﬂ” o
. "\'
. ‘
the solvent. N
Column I1: . . \.

- )

A column of Sephadex LH20 (40 cm by 2.2 ¢m) inmetharnol
was prepared. The inhibitor-containing material obtained

from column I was applied and eluted\from thHis column witn

-methanol; fractions of approximately mL were collected.

Fig.;B shows four distinctively col ed and wéil‘separated

bands that were viéible-@uring thg run. - For each fraction.

the residue from a, 50 uwlL sample was dissolved in 1 nlL of”

- s

buffer and used to conduct a spore germination assay by the'

well method. Sporostatic activity was‘detected in fractions

56fthrough 58. These fractions were pooled, and cC analysis

of the pool detected the presence of only two compouﬁdsf

However, subsequent column procedurés indicated that

- ’ ‘ » . ',.

-
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Figure 7. GCas chromatograpnlc analysis of fra
from chromatography column I of the inhibitor
purification procedure.

The chloroform extract from 16 L of malt extract

broth culture of S. uredinicola 4149 was eluted from 2

column of silica gel (2.5 ch diameter, 20 cm bed height)

with chloroform. Fraction 21, which contained a

sporostatic component, was analyzed by gas chromatography.

209,

The temperature program used was QOOC.to ZSOOC at
per minute. Using a flame lonization’detector, the

fraction was foqu;to have at least 7 compounds present.

8
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igure 2. Photograph of chromatcgrapny column I in the
inhibltor purilification procedure.
‘ Fractions 12 to 30 from silica gel chromatograpny

™
|1

ig. n,

of $S. uredigicola culture extract, as ShownC}n

were poocled. . The materials in this pool were

’

fractionated by column chromatography using sephadex
LH20. The column diameter was 2.5 cm, the bed helght «v
crm, and the eluant was methanol; The photograph shows
the progression of distincti?ely colored bands that
occurred; sporostatic acti?ity was assoclated with the

-

large, reddish band second from the béttom.
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other contaminating materials were

'

resen

ct
pe
¢
<
(13}
=3
@]
ct
2]
cr
O

I'd

crystallize the 1nhibitor at tnis stage were unsuccessfiul.

Column II1:

To construct column III, 100-mesh silicic aci?

~

(Mallinkrodt) was oven-dried (105°C overnight) and packed
dry into a 2.5 cm inslde diameter glass tube o a helght of
&2 cm. The bved 'was settled by tapping with a_glégs rod.
Filter paper discs were placed above and below the wed; the
column outlet consisted of a stalnless steel needle held in
place by a éleeve of silicone tublng. The column was washed
with acetone prior to equilibration with chloroform. The
inhibitor-containing preparation obtained from column II

was applied aﬁd eluted'from column III with chloroform, and
2.5 mL fractlions were collected. The chloroform eluant 'vas
under 20 psi (gauge) entering the column to provide an
adQQuate'flow rate. A visibly large portion of the sample
was retained at the top of the column. Spore gerﬁination
assays located the inhibitory activity in fractions 58
/Qprough 61; GC analysis of these fractions detected only two
compounds, as in the preparation obtained‘from column II.
These substances were later identified as benzeneacetic,écid
and maltol, »and their elution profiles from column III are
shown in Fig. 9.

Column IV:

-

A column of ‘Sephadex LH20 (120 cm by 0.8 cm) in

e.. .
.

metﬁénol was prepared. The inhibitor-containing preparation



Figure 9. The elution profiles o
benzeneacetic acid from column III of

-

purification procedure.
The sporéstatic<fraction of the S. uredinicola

culture extract obtalned from chromatography column II

in the purification procedure was applied to column II.
The

The column was packed with 100-mesh silica zel to a

height of 62 cm, and the bed diameter was 0.5 cm.
and 2.5 nmL

.metabolites were eluted with chloroforn,
The fractions possessing

fractions were collected.
sporostatic activity were analyzed by gas chromatography.
The chromatogram

Only two comnounds were detected.
integrals were used to plot elution profiles because the

compounds had not been identified, and therefore
standards were not available to convert the integral

. . ‘ i
units to concentratlion. The two, unresolved tompounds

were later identified as maltol and benzenea¢etic acid
. /

s
-

e,
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GAS CHROMATOGRAM

: 10000

INTEGRAL

>

QObenzeneacetic acid

| @mattol
L
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A L ) ! A A . L A

5 56 57 5.8 59 60 61 62

FRACTION NUMBER
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obtained from co.umn 121 was zppilaedl and eluted oo Sl
column with methancl, and 1.9 ml fractlions were rol_.ech=
The fractions contalning the spornstatlc substance were
found by the sple germinatlion assay; 7 analysiz ol these
fractions detected only one compound whlch was _.ater

identified as maltol. The separation of

49

ot
J

N
J
1

- . n

cenzeneac
(o)
™

"

and maltol, which was not achieved by chromatograghy, ove

sillica, is shown by the elutlion profiles in

o)
+
§0

Another band was observed to elute from the co_-unmmn wltn

grBater retention volume than benzeneacetic acid; however,
<

1t was not detectable by the GC method, nor was 1t

assoclated with sporostatic activity- A UV absorbance scan
dnd. the inhibitlon of spore germination caused by the
inhibitory preparation was recorded. After identification

. !
of the inhibitor.as maltol, this information was used to

ensure that the inhibitory activity was accounted for by thne
amount of maltol preéent, by comparison with an authentic

sample. ,



.
. . 3
/ -
Sleure LY The elutior oroflles 90 maltol o oand
A N Loarnd
5 3 R - - - -
nzereacetis zacld from column IV 0 the Lrnlultor
. .
3 a:
ourlficaf®tion procedure

The cporostatic fractions obtained from the tnird,

¢ -

columr ofrthe inhibltor purification procedure contlainel’

two. gas chromatography-detectable compounds. The .-

- - H

substances in the pooled frac
were eluted from a ‘Sephadex LHZ29 column (7.2 om diameter

\

and 120 cm bed hedightk with Wethanol as the eluant. The

. . .
two gas chromatography-detectable compounds were

separated 'by this procedure. The chromdtogram integrals
were used to*plot,elution'profiles because the compounds
‘ . - ) R .

‘had not been_identified;—ana therefore standards were

-

not. available to convert the-integral units to ' - -

concentration. The .fwo comp‘ou‘ds were shb'seq-uefqtly
identified as maltol (@) and benzeneacetic acid (O); -
. * : 4 . ‘ o‘

- - ~ I —_—
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Figure 12. Mass spectra of the purified, sporostatic

<

metabdlite’ffom S. uredinicola and its computer library

madéch, maltol.
" . .
Gas ‘chromatography-mass spectral adaly®is was’
obtained for the spdfostaﬁic'mgﬁhﬁoli e isolated from o
. ?’- N

S, uredinicola (A); its cqmputerj;ibgary match was -
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Figure 13. UV absorbance scans of the purified,
.‘ }) il w : - .
sporostatic metabolite of S. uredinicola and an

authentic sample bf maltol. R e

]

The sporostatic bolite isolated from S.

uredinicola was scanned fof UV absorbance (A), and "

S Ny . _
compared to an authentic sample of maltol (B). Both
samples were'in.hethanol;‘the authentid” maltol sample

.* was at a concentration of 1.0 mg/mL.
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*“ ~.these preparatlone 1n the sllde‘method nor were these ifa

b

\ ° 3 A

ht

' 23 -
Other Metabolites of 5. uredinicola

'A‘compound occurring at ?f 0.£3 on the ?nalytical

‘chromatograms was frequently associated with inhibition of
spore germination observed by the well method. *'The
compound, obtained by silica gel column chromatography (as
shown in the TLC analysis of column fractlon 10 in Fig. %),
was purified by precipitation rzom eitheglchloroform/hexaﬁes
or methanol/water to yield a white, friable material.
GC-mass spectral analysisAprovided the tentative.formula
C11H£00u"but a.cqmputer library match was n!k found. "The
mass spectrum is shown in Fig, -14, and ? UV absorbance
scan in Fig. 15. The purified,compqugd was sparingly
%soluble in water, and at .saturation was without inhibitory
propertiesg,theréfore; the chemical‘ldentity was:not.
pursued “ \

The well- nethod bloassay of column fractlons‘and
materlals recovered from chromatograms was reexamlned uslng
hlgher magnlflcatlon droplets of a water-lmm15¢1ble.-.
“0il- llke sdbstance which co- chromatographs with the C11H1oou

compound were observed at the surface of the wells,zand

. readlly adsorbed to the spores upon contact When present

in sufflclent quantlty to coat the spore surface, tﬁls

"’ﬁ ~mater1al caused complete loss of spore color ‘and in some

tnstances ly31s of the spores resulted Germlnatlon often

preceded these effects.- Germlnatlon was not inhlblted bb

R

- - ,'-. P RN -.;"r;
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Figure 14. The mass spectrum of an unidentified 2.

uredinicola metabolite.

One of;the most abundant metabolites in the

- v. i - ) - a.' .
extracts of 5. uredinicola culture was l1solated by‘-¥

precipitation from chiloroform/hexanes: The purified
compound was not actlive against E. harknessii spore

germination.. A tentative formula‘(CllHloOu) was

-

assigned by GC-mass spectral analysis, but a tomputer

library match was not found.

1 4

Figure 15. The UV spectrum of an unidentified S.

uredinicola metabolite.

. ) . ' . " )
One of the most abundant metabolites in the

extracts of S. uredinicola culture was isolated by-

precipitétion from chloroform/hexanes. The ?prified
comppund’Wés not active against E.‘harknessii spore '

. ! -

germination. An aqueous solution of the compound was

‘scanned for UV absorbance. .

s
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substances inhiblitory zagainst the nhyphal 3
. A .

P

fungi; therefiore, the effect was regarded as an ar

3]

peculilar to the assay systenm.
. _ ; ‘

he compound which migrated closely with malto:

inhibitor purification procedure was obtained in pure

from column IV, and 'it was identified as benzeneacetic

e .

by GC-mass spectral an;lysis with computer library m

K4

(Fig. 16). . Benzeneacetic acid (Sigma) at 2.4 mil had no

. “
effect on E. harknessli spore germination assayed by tne

~

slide method. | ‘ e
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Figure -16. [Mass spectra of a purified,

-~

Jen

metabolite and 1ts computer library match, benzeneacetic

acid. . ,

A metabolite of,S. uredinicola which was closely

associated with inhibitory activity in *the inhibitor
purification procedure was identified as benzeneacetic
acid by gas chrdmatography-mass spectral aha&ysis.

\ .
Benzenealetic acid was not found to be active against Jop

’ Tl e [ . . - RN
harknessii sporé germination. che
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3. uredinicole irowtn flvetlics, Jartorn zand ltoooe
Jtlilzaticon, and Maltol rroductilar
.
1) Zffect of Inoculum size on growtn, proand maltol
prodic®ion in malt extract bhroth
> .
Ulfferent volumes 20 a gingle 'Inoculum Treparztlon were
. . ;: A
used tp gerrerate four growtn curves; Jrowtn, melillm maliol
- - .y N : 4 - ~ 7‘ . .
concentration and pH were determirfel al 2 la, .:n.n2:va’s.
. g » \ y
T ? 14 £ n1 : A + ) . j P i -
The results of thls experiment are. snown 1n rig. 17, ‘ne .
- : 1
time course of maltol production observed In the two furves SN

generated from the largest inoculum sizes are corfrotorated
by the more detalled study presented in
Yy C Sk

-
-

establish that there 1is a .connection between tne pe#x maltol
concentration and the metabolic phase of the culture, and i<
v o . -

1s evident that the time course of maltol production is

N - . . -

determined by the inoculum size.” Also, different inoculunm :
: L

v ) .

sizes caused ‘changes 1in myceliai morpholggy which may have-

affected metabolite production. In general, maltol !

prodn;tiOnjappeared to be delayed and depressed as inoculum
e was reduced, , ‘ : .

Mediumva“was monitored as a measure. .of metabolic.

¢

actiVity,"Qﬁe'rate of acid production in _the: early growth

phase reflected the culture growth rate, and served as a
v S ¢ B .“\ .
predlctor of the ‘time of maX1mum maltol concentratlon. This

paramq’er was of greater SLgnlflcance when the culture

volume was scaled up to 10 L fermentation vessels, and”‘

) \”‘
sampl}ng for mycellal mass was subJect to greater error. \

. . . 74
’ A f
. . | . AR



~ e > ~ * N o ~ ~ o — ~ - - i
producticon ol . uredlnicl i mycellum or metarc_ ltes as
- - - . v A ) - A
conlrol agfento Te Tursu=sil - ACeTINITo I3 =L s Was Ju.lture
= : =
w ' ~ ~ N ~ L - -~ o T
in a lew Irunzwl:cx Jicrolernm lerMFﬁ,er, ising 120 L ol malt
o /
- - . -, - Yk - 3 +~ - ' . M L
extract Trntn at 777, aerated 2t 2 rate 47 4 /minute, antd
'3 - - s 43 A N + <« +
stirred at | g Periodic addlliions 20 sterlle,
N
+ 5 0 ~ -~ ~ - + v + . + . a N
distilled water were reculired %o maintazin the ~ulture volume

The wvesgsgl was lnoculated to glve an Initial culture density
N :
v
+ IS P =~ W
equal tn that used In the growtn curve shown In “lg. L17A

Twenty-mL samples were taken eacn day for ) days, [{lltered

for mycellal mass, and analyzed for maltol c¢oncentration ang
pH. The time course of maltol concentration had a maximunm

value'of 32 ug/HL at 29Q hours, and the medium pH trend

)

closely resemgled that of 5 174A. Scale—up therefore -

happeared to be fea51ble.

é) Examination of hyphal growth.
',‘LGrowth»rates.of microbial cultures are.usually

RN

EMIN . . ) '
interpreted as a multiple of the growth rate of a
'duplicating unit (culture growth rate = existing mass/

doubling time), ‘that unit belng the cel; The exisﬁence of

’
a Qyplicatlng growth unit 1n cultures of fllamentous fungl

was flrst suggested by Plomley in 1959 (Trinci 197&)

however. a number of irregularities arise when the growth of

B

filamentous fungi is’intenpreted’by this exponential model.

4 : . N > s
" . e T .
an ® v . Bl . .
. Rk N



L
Figure .7 Tne effest of incculum size nn malt@l
production, pri and mycelial growth In . uredinicolz
- L
4149 malt extract broth cultures. ..

Different volumes of a single Inoculum precaratis
were used to produce 4 growth curves. The inoculum was
a homogenate of 10 day old, malt extract trotn culture

{200 mL) as described in Jaterials =z2nd lMethods. The

inoculum contaimed 3.5 mg/mlL dry weigh% of mycelium.
The inoculum sizes for ‘he data shown are: (A) 12 nL,
(B) 8.0 mL, (C) 4.0 mL, and (D) 1.0 mL. The

_concentration of maltol contributed to the cultures from

IS

.the inoculum was approximatgly 0.3 ng/mL of ihoculum,

e

and "the.amount present as a medium constituent was

approximately 6.8 ug/mL.
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DU oWAn Lrerelre s e agar ot sl PRI -
o
iredin il e Tt solmmer Tl I Tl et .
Tre R, I crrer o Al Drslht Tt o -
JroLT Il Lt L Tre snare P WL Ve -,
<
»
Tre lnte orowtil o Liitaoe LLlare ooriacengte M8l s el g
. Z
LY TLL L wdas vrgervel S Le comrrizel Large :
1T SIS BUCTIE S SO S e TnaL Irnsments resltiso o
[od
Plrartio it i onouomlorooray SIoa il i -
-
Lreparation 1T Shown Ln Pl - Lneorate o g
;
trinroconlila was exanined Sirct, assoning tnan e
DLserysatlon i0uL Y ArTroximate tne Initial f;\<in
-~ . TR Ty n At Y e e - - PR SN - AT A s
submerged ~ultures econily, JTNAL Srowthoal .o
TArELnS was examined T o ingure thatl the thasis ralatioaoesr i
4
~ - - +* . B - 2 - - ~
observe] or spore outgrowth were maintalined in estanlisnes
Ay
‘ o .
mycellun oy
. - 3
~ L : N \ P P o g ~ -
sermination and sutkrowth from spores wag osbhserei *
. N s 5 s ~ Bl ~ P +
be highly variatle with respect to hyphal e.2ng2t1ion rates,
[ + A 3 T 1 - -
branching patterns, and septeticn. In general, germ tutes

and branches attained a linear rate of extension very

rapidly after their formationy The growth rates of the

t‘ .
hyphae arising from a single sbhore, \and their combined pfite
are shown in Flg. 19. EZach bramch appeares to extend at

approximately the same rate. Fig, 20 shows vhotomicrograpns

of hyphal development from different spores. N

Examination of hyphal g}bwth at coldpy margins yielded data

consistent with the outgrowth from sSYres: elongation rates
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jere  _lnenr A% atsut oo Srm, o, anioz LvovAarianle
» * N
Tattern o7 Lrancs wag recsried.,  Franos Sian il e
2ATredr Lo Te osorre_ ated wlitn séctatlon Frencres sere -
inltiated wisn tre aTltaL comzartmendts, and oat ovari o
.ooations wear zZecta, 2LTnouSn 2 tendarnc Sowaric
e R s D - T D o - L D e e R Y famrArtman -
nltliatisn 2t thne dlztal end oI Intercalary camrartnmento,
-
Immedliately Tenind tne szertunm, wig. noved The formoticn o~
more than one pranch tetweern regylarly soaced certa ownas o loe
otgerved, Tre dlstancae tetween zerta was nicshly conzervaed
‘mear ¢ I = 27 = I ™) -mocontrast Yo intersertal lensthn,
e m'e—,}m distarnce Detweern hrarcnes was sroeatar arioa- s 3
CAe Tmearn ulgLdnce e Lweer orancnes was grealer PG 1oTers
. » LY N
tc ‘se more variable ‘ne sanmgle srowed tne mear : b oo sra
ilstance Teltweern hranches o te ol ot 1L ourm, sing tre
correlation coefficient 'r" i, no correlatinn netweern .
intercalary compariment lenztn and positisn relative 5o tne
onmpar. = :
CL2 L -
nypnral tip was. detected {(r™ = T.204,. -
R .
flg. 21 snows the rate of extension of 2 typisal nynna.
In this experiment, no tranches were initiated from tne
dplcal compartment (ahead of {he first septum behind tpe
tip). The apical compartment lengthn varied between ahous
R .
- . . 4 ’
70 uwm to 115 um. In another series <f opservationg a orancn
was initlated within the apical compartmént of Sne main
. . . - . A .
axls: initially the extension rates of the maln axis and
branch were slower than the final, linear rate tha* was
ultimately attained by each tip. This was interpreted 2z an
lndication that a minimal hyphal length was rejuired to
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tnhe zmall lrocNuiun culture ToLInuiny to el roate ot
Iifferentiation, out muoellum Irom o the larce Lo ur £
Tormed arthiroconidla ani besun Yo fracmernt Al oo N
"“'"[/\") ™ ey [SSease] : Lo a3yt ° e hara=] o AR ° - B * A * L)
fycellum from osmall ) i larg . b ilu ilturesr 2t
polnt on eann growlh ArIe wrnere AT Uroximatel T oame
mycelial masc has been annleved tnoare near tne ol 0l
the accelerating crowth rhnge The cmall lnoalam o oulture
contalns hygpnae whioch are onger and nave more e“:e“:A.e’

B Tl 2 R AR
l- R . , ) N
promoted by decreased inoculum size [letz et a2l ., 77
In the above experiment, the small inpculum -~ultures
were characterized by the formation of pellets, wherear
dispersed mycelium occurred jn the large inoculunm cultures
The final appearance of each culture %ype is shown in Tlg

29. Pellet formation is known to introduce additisnal
effectg on the observed physiology of a culture, for exangle
the consequenges of fimiting oxygen transfer {(Ho et
1984), beyond the changes which might be expected *o arise
from hyphai differenﬁiation. In -order to design a medium in
which maltol production may be studied, the degree to which
nutrition is affected by inoculum size ﬁust be explored.

Since the mathematical functions used to describe the.
growth of fungi are'empirical, a systematic method of

dividing the curve into phases is needed. ' The graph shown
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in Flg TLoowad Lmelos Drent il e SR " )
Arcce.erating growtih orace e Tre muacn o7 s ey mme s
A
Iormed ilncreased with ezacn time ntercol el = :
A Y
the accelerating growtih Dhase wais reasrne i, Toldernice oot
Shls polnt rougnly coincliles witn e er i 0f reaatelos s
ks
Srowtln o ocan te aitalnz2d Uy nliotilr Sne mass o8 me i
4 3 - H - —~ <~ -1 . — s S e v
formed agalnst Inocculum sice. Tl s 2MD LoD Enew Lol
Ana.ysls at culture ases Tefore 4rni a%er ~narses - <o
— H s Pal sl s —~ - - 3 s N - -~ o~ .
edlum begin o affect growihn SUININg unrecirictel porowtt,
- 92 - -~ - 2 - . -
the fungal mass produced was in iirecst onronartiae- -+ ©
. o . e - - P N3 e - - . - b -
inocusum slze sucn that the llne extranclated +n , & b
1A s th < + v ryes TAaroa e T gm T e e [=3Sacls
. - As the faster growlng, large inoculum ~ultures tesa

to deplete the medium and growth rates 4dec

relationship began to decay as shown in

It is necessary to distinguish between *the
unrestricted growth and decelerating growth, so <hat
physlological effects arising from chan-es in
be distinguished from inherent gualities of the mycelium.
The ratio of carbohydrate to nitrogen utilization is use-=
to detect trends in substrate regujrement which nay affect
growth and secondary metabg}ite production.
In an experiment where the removal of total

carbohydrate and nitrogen sources was measured in growth

curves generated by eight different inoculum sizes, it was

found that the ratio of carbohydrate to nitrogen removed

from the mgQ}um increased with both culture age and iroculun

N e
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Slgure U Lrowlh o curves o! small
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cuitures showling dH, nmedium glucose, medium ammoniur,

8. uredinicola 4149 was cultured in 50C mL
- -

N R . . .
Erienmeyer flasks with 20C ml of syntnetic mediur The
. . be 50 , .
Tlasks were incubated &t 27°C with 200 rpm gyratory
e

shaking. Trne cultures were inccuiated wita: iarge 1 X
or small (1 x) inoculé. Juplicate flasks were nharvecte
at 2 day lntervals and assayed for dry weight, glucose,
and ammonium (large inoculum., small ‘noculum &) ; open

symbols are used for pH. Error bars represent standar?

error of the mean.
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arl was accountel Ior lrootne calocalallons i rNes -
Fle. choshow the glucooe, ammonium stllioatisg Drtligl .
Lwo ino!uLJm cize ~ultures a0 2 Sinetian 27 Lt ira 2,
as a functlion »f total new myce lurn S iy e Tammonlam
stillization ratio increases wish Toti maus oari owee f s
myceliun The ratio temds “Hwaris o maximur wltn resress o
age and -shows 2 dlfferernce betweern nceoyulunm sirec; “here |
no apparent® Iifference In glucoze/ammaniam Gt ilioas
between the two cy.tures with respest 472 mass

The difference between the gluccse/ammonium st ..1:a%.
rates with respect to culture age far the _arge and -mnl .
inocula may be explained by thé relationsnip between <.
two growth curves: the large inoculur cul
curve which 1s on a compressed time scale e
small inoculum cultures. This effect is

,

plotting the time interval between the “w Tunl

values of mycelial mass, as a function of

large inoculum culture. This data is shown in Fig. 3¢,
g

From the linear, positive correlation, it may be calculated

that a 49% reduction of the small inoculum culture age scale

will superimpose that curve on the large inoculum curve. In

contrast, exponential curves generated from different
inoculum sizes are separated by a constant time interval

determined by inoculum size and specific growth rate. That

is, a plot such as Fig. 35 would have zero slobe for
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A ddée—reso nse curve o . narknescsil snore

e}

germinégion in the presence oI maltol revealad LT

mg/mL maltol caused apeproxinately a 747 deoreaze In

germination. The responsge curve 1s shnown 1n Flg. ..
N 4+
Glutamic acid has been reported to reverse the antibacterial
9ot
effect of maltol (Banarjee et al. 1280G); therefore, ihe

effect of grutamic acid on the innibition of I. harxnessil
spores by 0.3 mg/mL:maltol was examined. In contrast to the
published éffegt, it was found that the addition of 2.2
mg/mL>glutamate resulted in a statistically significant
B

reduction of germination in the presence of maltpl. n the
absence of méltol, up to 1.2 mg/mL glutamic acid Aad no
significant effect on germination.” The results of this
experiment are shown in Fig. 40. ' ' - .

Maltol has also been found to act as an iron transgz?t

agent for Salmonella typhimurium (Akers et al. 1980). TIts
chelating-ability suggested a relationship with the Ca’" and
phosphate controlled protease activity required for spore

gérmination in Microsvorium (Page and Stock 1971).

~

‘Therefore, the effect of 0.3 mg/ﬁL maltol in the presence of

equimolar CaCl2 was tested on germination using water agar
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germination. An unusual elfect wnas nbserved with rhodlconi
acid: a® all concentrations shown in Fig. 42, complete

a -~

inhibitlon of germination occurred under the center o!
coverslips, but spores near the edges or nct covered reachned
., . . - . . )
control level germination. Jermination was measured by
> . . . -
countilng along a stralght line towards the center of the

coverslips, starting from the edge. In this way the
>
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anomolous ef.fect between.and witnin each juadrup

"
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of slides was randomized. The percent germination repo
E 4
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o
)

does not provide an accurate measure c¢f the effec!
v ’ ¢

rhodizonic acid, but nonetheless confirms a dose-response
relationship. The cove<flfp effect did not occur in the

LY

-controls or with other compounds. Possibly exposure to air



hY .
Ry
Tlgare s The doge-re. rse g 2revessil T
germivallion to o, ~ilnvircxunencolos 3cid
=4 " ¥ Jvencz 2
- : : . ~ i - - i 45 P ] NP ~ A
vermlnation #Aas5 fetermined Ty the gliie mestinad

R . .l P PR B N v ~at PR
4sing graded concenirations o7 2, -dinvdrowysien--i~ a-:3
.
fmpiityra i 3 e Tl N e R T =l W PY TR R R el v s
Tneulrallzed wit Ao, arg regpgrezent. ota ars er:
a ~ -
ot Lhe nmean

Figure L2, 1The dose-response of

&)
o)
[}
"
o
o
D
1]
n
}_J
})
9]
o]
O
'Y
3]

germination to rhodizonic acid.
Germination was determined by the slide method
uslng graded concentrations of rhodlzonlc acid

(neutrallzed with NaOH). 3Bars represent standard error

of the mean. .

»d.



PERCENT GERMINAT]ON

%

GERMINAT

PERCENT

A I b3 A 1 .

1
0 0.1 0.2 04 08 . 16 32 6.4

2,3-DIMYDROXYBENZO[C ACHD (mM)

ON

0 02 0¢ .06 08
RHODTZONIC ACID
(mg /m.L ) ’

v



ArTe s wltrer e i Dot C e
clologlional o motivity, LUt ol cL R ol el Dt ¢
¢, lmoinydroxviencol SRR cuoe Lo Sl et R
germinallion ul DLt T Mo nnweer, Dt el :
increaze Wit Lgner Cer et DN Troe e Sl L
S oA e - R - SRR - cen v . +
SILOoWIn L ~$ - . 2L DU - w2 s - PN N -
it sauaric acii o2t conoentrasis it St
4 daltol as an Inniblitor ol myocellal crowti

the effe-s > maltol yoellnl e

To assess the effect 0f maltol o mycelinl v

R s £ . 3 ~ - ey - . ~ ‘- 3
numober 21 wood Iecay organlsme were tocteld Jhe
. e b . . . - H -~
concentration Lo te used was selected Sodeterminiy e
e —~ -~ T
- — A D A A e ~

dose-response relationshly againzt ZTerato:
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mycellal yleld of C, uiml is caused-oy 7.5% mg/mL o maltol
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varlable responses; these data are given in Table 2 AlzZo
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strain from which maltol was isolated. The sensitivity

ted,
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this strain to maltol is typical of the organisms te

+

and therefore a limit to its ability to produce maltol in

antifungal concentration exists.

4) Survey of yeast sensitivities to- maltol.
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A variety of yeasts wera screened for maltol
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sensitivity with the ‘aim of obtaining convenient, senditive
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' “Yeast Ctrain
Saccharomyces cerevisiae Y175
Saccharomyces chevalieri Y281
Saccharomyces coreanus Y360
Saccharomyces dairensis Y372
Saccharomyces diastaticus . Y285
Saccharomyces fructuym Y171
Saccharomyces hieni&%ﬁnsis 43
Saccharomyces lactis
Saccharomyces logos Y156
Schwanniomvces alluvius Ya2l
Sporobolnmyces 6dorus Y400
Sporobolomyces salmonicblor Y399
Torulopsis bombicola Y44s
Torulopsis magnoliae Y237
Toru£9p§is seﬁ§;avir Y393
Tofulgpsis sphaerica Y165
Torulopsis wickerhamii ' Y311

{ -

* Yeast strain numbers are from the Prairie Regional

Laboratory, Saskatoon, Canada.
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‘b ~application of 20 mg maltol per cavity, the percent o

Tre purpose of tnls exgeriment was - Ietermice
- - - 4
sulfliclent Sranslocation S0 mals-l wisi: Lo Llne DN,
occurred to provide zystemic crotentizsrn, 2mi %2 ietarmi-g
vhal amount 27 maxi2l was rejulred o wrevant Dloninntl
A -
20 the host $lssue oy I. narknegsii Ine arzearance ©ia
typical seedling and the extent 2° 1ts roct zustem 3t tre
age of Inoculatlion Is shown in Fig. L7 Sor eacnh ol tie
S1x trays of gseedlings uzed, the number 27 plants siowios
slgns of an active infection was recoriei ag 2 rercers At
A
the total number of plants glven the same treatment Tne
data was analyzed as a simple randomized lesicrn, navines = .
treatments (maltol doses) . in each of the six bHlrcks Ttrava)
By analysis of variance, it was determined that trne leact
»f
significant difference between treatments was 12.27 a% tre
' &
99% level of confidence. The mean percent infection for

each treatment is given in Table 5. With a sin

m
[
D

(=N

~

by

seedlings showing signs of infection was reduced %o Lo from

the control value of 92%, which is statistically a nighly

. . slgnificant difference. Lesser doses of maltol, however,

provided no apparent protection of the seedlings. Maltol

.

had no observable effect on the plants with any of the
amounﬁs{apﬁlied;‘ It was not+determined whether maltol
treatment reduced pércent germination of Z. harknessii

- L”‘.‘ﬂ" . - . . .
< Spores on the host, "or if host penetration and colonization
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error, 'and attention was then focussed o1 inseculum

preparation.

ot

Materials and Methods was designed to ensure that ~ul

.

ur

\D
G

‘W0

_inoculatede%th a sgecific mass of mycelium taken a

O

a

or
b
O

Sitf and age of 1noculum were controlled because %helr
1 . )

161 \ c '

.

The standard scale-up procedure descrited in
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of an érbiurary standard culture procedure may alzs nave

«t

selected for the isolatison of maltol over stier sonrasta

substances. The production »f maltol by S. uredinicola

-

within Enddcronartium galls was rotb investigated.

K The produdtion of Maltol may be a significant asgec*t in

the parasitic action of 3. uredinicola on Z. harznessii;

therefore, it was of interest :t¢ learn what factors affected

PR . . -

or controlled tke amount of maltol produced.  Large inccula

gave the earlliest peak maltol concentratien, -while the

smallest inocula showed no significant production @i.maltol*

(Fig. 17). The largest inoculum produced cultures with

f
R

. N . . . . N . '-"s*‘ ' L
maltol concentrations which were high, but persisted for the
)
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(2-hydroxy-ﬁfhydroxymethyl-QHlpyran—&—pne), is teliev
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Tulture extracts were first analyzed on silica wsel snin
layers to determine the distribvution and mobility o7 the
144
. 3 ~ -~ c -~
nhibitory activity Lnls was necessary to show that the

‘ractions were also nmoving all of tne inhibitory activit:
from the origin. On Thin layers and In columns of silica

gel, a large portion of the cylture extrac: remaired at <ie
= N - N '

origin durilng elutlion with chloroform or

chloroform:methanol. The bioassay of thin layer fractions

(Fig. 4) showed that all of the inhibitory activity was

mobile over silikca gel using the mixed solvent systen.
’ - ®

Compared to-chloroform alone, the more polar mixture

increased the mobility of the metabolites approximately

2—foid. For silica gel column chromafogfaphy, chlorofaorm

n
~ -

was used to ‘give ‘greater dlfferences in retentlon volume
between the metabolltes, hence giving greater resolution.

The broad dlstrlbutlon of inhibitory act1v1t/ on tnln

L4

layers resulted from the large sample applled - uneven

banding, and possibly from the existence of more than one

. v »
A hd
v

‘sporostatic substeﬁce. Another distinct activity was found

from the matefials recovered dﬁ:Rf 0.2 to 0.3; they caused

-

Jtoy

huﬂfiple'germffube formation by E. harknessii spores.

harknesgii normally produees ohly one germAtube (Powell and
: - . e } . RO
Morf 1966).“ It is possible that this material reduces the’

,E{j Qﬁm o :9‘»

.. ' . » . et

lﬂoseulam QotentlaJ‘ ogwnaramtlved galls, tut the ef}ectv

; 3 N : 16 2 . > . .
~ . .
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has not b
hyperparasiti
project was to lsolate a germination or erowthn innini
substance; therefore, the lgolation o! the compound

resporsible for multiple germ tube formation was rot

pursued. If identified, this substance may be use il in

studying the mechanism of germination.

vy

'y

O
b

The most abundant and readily obtained metabolite

ct

the culture extracts did not have any sporostatic activi V4

under the conditions used. This substance was obtained by

4

. preciplitation from-either methanol-water nr -

't
'3
D

chloroform-hexanes; it is also obtained in_relati?egy
form in the early fractions from silica gel column

chromatography. Its/Rf on the analytical thin layers was
approximately 0.6. Only partial characterizét*on was
obtained (mass spectrum m/e 206, uvlH, 0] 2h2 nm). The
4

only sporostatlc aCthlty detected in siljca gel co*umn

max

fractlons was: assoc1ated w1th later, mlxed ractlons T

. —-

contalnlng mostly benzeneacetic acid and maltoli' Subseouent
&

s

v“purlflcatlon stegs lndlcated that maltol was the only

inhibitory substance ﬁ%esent Methanol wasthgs-of the

slllca gel column after chromatograpn/ did not contaln any

4 J‘

sporosfatlc substances, lndlcatlnp that all .of the

5 L4

slnhibltory substances had been eluted. : o .

S

The antlfungal compound scytalldln was produced by S.

album under‘the cultire con@%&ﬁ@ns us%g,fo: S. uredinicola

:‘\i'i‘..‘
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*
srowtin finetics ol S. uredinicolz
& = )
I 5. uredinicola myveellium 13 L0 he rroducei Tor Lze acz
a blocon L agent 2r as a source 27 usefyl metabclites,
accurate predictlon sf culture development, regarding srowth
~_ . ’
by rate and nmycellal morphclogy, i1s desirahle. Information was
.
C?’“ gathered on both hyphal growth and culture zrowitn, in order

to establlish a nmodel that is consistent with both.._The

3

desire for such a model is twofold: tredictio:

growth from early development would be useful b
. .

specific growth rate is highly variatle; mycelial morznology

. - '1s related to culture growth rate. - . 3

Y

Observations of hyphal growth from S. uredinicola’
JE =2

‘ c6lony margins and spore outgrowth ylelded data consisvent

. Lo . . . -
" with other fungal systems (Butler 1941, Fiddy and
% . ‘ _
19765)L with some minor differences.  In the spore outgrowth

- 4 P ’\\

PR

-

.1; , tha sbown in Flg 19, the maximum elongatlon rate of the
gérm tbbe was establzghed before branchlng occurred : The
f : maln Jx1s _and’ the branches’ formed appeared to have equaf//\\\

“

% ,rat§5 of exten51on whlch were achleved w1thout a noticeable
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Zutler 1561 s : ize
and extens;O" rate wac nolt reallly apparent; however, the .
lata collected were Ins ff;cAoﬂv to tegt, for tnls
- —— :
£os8ibilT¥y. It is xnown fthat a minimum length o hy;hXE“fs

required to support maxifal sexternsion rate 'fZalaxar 1352,

Accordingly, the extenslion rate of 2 C. uredinicn.d4d hivphae

with a branch. formlng near the apex 1s slower than itne

maxinum rate. This effect has been described as.tnd

peripheral growth zcne by Fiddy and Trinci {(137HA, 179700,

.

It is convenlent to depict hyphal growtih as occurring

—

3 !
Fig. &
o~

~
P,
f

~*by the idealized pattern shown in Fach segment

represents the mean ‘intercalary compartment length. This iz
) o . o

: ’ Lt . L
essentially the same as 2utler's lildealized diagram of -the
£l . 4 . - .

branching system in Merulius. lacrymans, ‘without tendril

©

hyphae and a hierarchy of branches (Butler 1953). The
- » . .

diagrams depict érowth such that each tip elongates at the
same .constant rate. The formation of a branch is.shOWnigfil)“
w that eath tip is supported byfa minirun iengﬁh of hypha "
t L
equal f£o an intercalary compartment length "(earlier

branching would result in reduced extension rates). The

schematic diagrams show the mean length of each apical
compartment as 1.5 times an intercalary cbﬁpartment length,; o
f . ‘ - . .* . ‘ .t . .y

which approximates experimental observations in this study iy

"

P o e .

: L //// : A :

and elsewhere {(7iddy and Trinci 197%A). - L e
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Tigure A nypothetlical model

o]
hyphal branching system. ° }

Each segfent represents the mean length of,hyohna

between branches. Growth is depicted such tha

branchirg does L occtur untlil each tip is supported -

- ’ - N ~

by a minimal length of hypha (one segment) AT tips.
by ! g gment), All tij

are elongating at the same, linear rate. -The units o¢

time are defined as the time required for a tip to

-

extend- through a distance of 1 segment. Segments are

used as the units .for hyphal length..
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t e

approx1mates the L functh

. ° -
SNl R, unkts o5 time are Slven ws o tie fimad
rejulred for tip extensiosn tmraugh 2 2ls%arce -° Sne .
cegmenst The total length oY nyoh2e 2t ea time lrterval
15 given This series of numbers may 2150 te senerataed o
equatlon 3 anére recresents Sotal nyphal length 2t tne
time indicated by *he subscript, 2and ° represents unic. a:
time
‘)
Se T L, o, o+ Lo oL o# ‘
L t-1 b~
N
¢ .
“Zquatlon 3 'is nol readily differentiable, and is ot -
any practicdl value because the segment lengtn ard unitsz 5°
) : .
time WOuld be difficult to determine. Howgver, a cpmpari;vﬁ‘
of the functiof Ly to the esfabiishgd growth models is
1l .

informative. A typical culture undergoes about a SO Told

increase in mycelial mass from.the time of lnoculation to

stationary.phase} therefore, thé growtﬁ of»;ﬁ through 7

whole-number time ‘intervals is used. Comparing the funciioh

Lt to the curves ‘desctribed elsewhere (Emerson 1953, ‘brrogd

and Wilke11977)ﬂ”i%,is épparent that the experimental

-

best-fit equation of Carroad and Wilke’(1977? most closely

i'The best Lit equatlon of

> .

3
»Carroad and. Wllke is in the form of equatlon 2 w1tﬁ~3 t =

-

0. 918 + 0. 090 A closer approx1watlon of L, can bé made

A t n
using - equatlon 2 wlth 3 =’O.8?3 (growth by a £“" .root .
relatio sh*p:,.wh;:n lies within standard deviatioy -7 ™
: L S , .
) . | - - o,

-~
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Arroail oarcd Ll e et S Rahiche p s
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SR e uAY LS LD Sl L AT e s
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®
£l
- h > A + 4 - - . - - >
.ab.e 7 A 2O0MDArlson ol I tAr SrowLlo D Ll DRI
, )
- “n a nyootrnetlioal maide N
]
ezuat lon r-
) dx/4% = { R
[
L »
iX/4c = A 17 - S
. L)1 " . ~
Ax/4t = a 1747 13
noRY
iX/4c = a4 177 LL000
t S : . .
2 . . . . .
note: r  1s the coefficiént ot
: ‘h R . ’ ) . - .
determination, which glves the
N < . = « [
; propertion of varlance explained -
L
. by the relatlonshnip between X .
v and t.
___________________________________________________ 2 A
< ‘\1. o - s

. ‘A's pointed out by Carroad and Wilke (1977), for the

purpose of#fitting a curve to experimental data, "w..it doceSs

‘not make a great.deal of differenee which model one '
, Chooses.” However, the L: fUnétion based og an‘ ' )
. approximation of the structural basis of growth, ani &ne ]
, Y . e
models taséi snaeezuation 1, each diffen from o tre auvrhraential

*
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model In o that thne latter 1o inTereriiann ol AL oo
The effect <0 Inncuilum Zloe on orowtn rates o
locumented "leyratn and Juchaneg [ e exuoiiert
rrowtn model 1z Masel tn o the ex Chaviae st oA 1‘)‘--3‘ "
. ol & > et e <l an Lllslell:r :
N2 —_ - — . - - S - NS A P - - - Al
duplicatlng unlt as “ne strunctural tazil Doarowty T le
- . -
model does nol zermit 1ifferent rates f Srawtn o ¢
.
b S ., N a e e e - . ~ - € . Nm e e e N
equivatent myce lxl magses ST 2ontrastt whern conc L e
Y v
the hyphal sranching system 1S the stryctwural rnast
; ' .
L
gt} P LK APNUNPS £ 5, S < E = o i s RIE
growth, tne ellect of lnccuwlum size teasmes ol ior 2
, } [Nl £ NE TP - § T N R R SRR RN
tne nunber ol growling aplces and morpgho oey may Le ~xe.
- el oA H A - Fala I . Lt .
to" differ as shown in Fig. 7. ~hese effects are »uiie:,
p J 35 e £ . .
submerged culture by different srecific graowhtn rates i

hyphal agglomeration (Pellet formatian). The increasin.-
- v K N . :

4o
o]
7
9]
(47
i

time interval between growth curves shown in.

v

to 1llustrate this point: two equal masises of mycelium

raised from diffefent inoculum sizes have- different speal

.

growth rates.  General equation 2 gives a straight ~ineg
‘ _ . ' . ,
relationship between the time interval between the curves

‘ ~
and time. The relationship is given by eguation 4 (thes

derivation of equatidn 4 from eguation 2 is given in

appendix B). o ' o

4 T . .
. .
1/¢ : ' '
Yy = ac Cy 2w ()
In.eguation 4, V¥ revresentz “he time irmtsSvoal neron
b 1y
SUTVES 20 Tneg Tulture mMass e LTS C.urtes Siaal ot tas -
\-‘,. o s

SN

s
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The value of B determined eyperimentaliy.for .

) by measuring Y was found-oto

uredinicola cultures (Fig.

35
be 0.326. This result 1s close tn the

(2 = 0.8%3) pre%%cted by the hypothetical L, function taken
. t R

from the “dealized mgdel‘of hyphal egrowth (Fig. 47). The

early growth phase of S..uredinieola 4149 in malt extract

broth was fitted to the logarithmic, cube root, and %° root,

functions. The éxpénimen%al data most closely matcnhed the -

N
[ . .

cube root'?ﬁpciion (Fig. 2%).. The wvalue of the exponent 2 .

may likely vary bhetween that determined by c¢omparing two
’ ,

- - - rs -, €1 &35 - Al -~ . - ~
curves and.that obtalireld s fitting 3 single ~urve, nwecnuze
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nitrogen source utilized ishosed to reveal trends due %o
inoculu@ 'size, culture age, and mycelial mass. The rati
gives a physiological measurement which 1s unaifected by the
uncontrolled variables associated with measuring growtn.

fn complex meqi%p the growth rate, mycelial yileld, and
mycelial morphology were affected by inoculum size. The

5

possibility that the effect of inoculum size on yield mignt

.

involve altered carbon and nitragen requirement was )
investigated by measuring glucose, ammonlum, and nitrét&
levels in defined medium cultures. In the defined medium,
nitrogen did not @ppear to be limiting. After dry welght
ceaséd to accumuléte residudl ammonium concentration'myi._
about 25%, and ufilization of nitrate had not occurred.
Some residual glucose was also preseﬁt; however, it was not
certain if the concentration was growth limitiﬁg. Inoculum
size affected growth rate and mycelial morphology in the
defined medium, -but the effect on mycelial yield was not
significant. This may have been the consequence of growth
being limited by different factors in the defined medium
than in the complex medium. ’

The ratio of glucose to nitrogen removed from the
medium 1ncreased w1th inoculum size when measured at a
~single culture age. The effect was shown for a time 001nt
during unrestrlcted growth and at the end of the growth
phase,- lndlcatlng that the trend was not associated w1th
metabollic phasing in the cultures. By interpolation, the .

<r”\Jf

.

‘0



carb&p—nitrogen utilizatlion ratio was estimated Ior each

inoculum size at a culture mass o%.7.2 mg dry welight (data

not presented). Nobapparent trends.in‘the carbor-nitrogen

utilization rdtio with inoculum size occurred in this case.
M 3

From thésé\dat‘, it appeared that the ratio of carbon to

nitrogen uﬁbd/wés specific for cultﬁre mass, and nct culture

L4

age
To elJborate on the above observations, the

N
An

carbon—nitrogg% ratio was determined along two growth curves
having a 10-fold difference in inoculum sigze. The i.
carbon-nitrogen ratio of each curve'increaiéﬁ with age and

. 2 ‘ ;

mycelial mass. However, with age the two curves were

’ i ~

. separated, but with mas§ the tw0»inoculum‘sizes were
indistinguishable (Figmujh). As before, it appeared thaE
the carbon-nitrogen utilization ratio is specifig'for
mycelial mass. The indeﬁendance of the ratio from ageing of
mjcelium is also evident by the ratio approaching é maximum
value with age, paralleling culture growth. The ratio is /
apbarently in direct proportion to mycelial mass. A number
of ofher variables‘ﬁﬁch as oxygen limitation, vitamin and
trace element requirements, .and substrate concentration
cﬁange with or regulatg growth, but the effects §f these
variables were not investigated. ,
Some sighificant trends in carboﬁ and gztrogen source
requirements have been revealed. However, to take full

~

advghtage of this knowledge, these trends must be considered
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in relation to specific nutrient uptake, growth xinetics,

and the goal of the fermentation. When glucose and ammoniun

L) - . - ) ) - -
utilization per mass of mycelium (as dry weight) was

5

calculated, specific glucose utilization remained relatively
; _ : N
constant throughout all phases 5? growth, and specific
ammonium utilizatiop~declined\with culture agé.’ No
significant differences in these values between inoculun
sizes was noted. If the goal ié to produce biomass for uce
as a biocontrol agent, a large inogulum’and an early harvest
gives a shorter fermentation tiﬁe and reduces the amount of

nitrogen source required to produce a given , mass of
’ .

mycelium. These advantages, however, mnust be considered in
: 1

relation to the quality of the mycelium which results (i.e.

pellet -formation and size). Similarly, if the production: af

maltol or other metabolites is of interest, thé net

requirement of substrate and growth rate might be

manipulateé for economic advanéage.

Maltol production in defined medium was reexamined

[

after the carbon and nitrogen requirements of the S.

uredinicola culturés had been established. The amount of

glucose used was selected to give about 50% residual glucose
at the time of nitrogen depletion. Although the - ;
concentration of phbosphate was also increased over that used
in égrlier experiments, the final pH of the medium fell to

2.7. The time course of maltol production was sjmilar to

that observed in malt extract broth;lhowever, the maximum

t
{
|
|

|



concentration was only

m
v

LU

ug/mL

[
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Biological Effects of HNaltol

E£. harknessil spore germination was inhibited by -
concentrations of maltol much lower than that reguired go
reduce myc%lial growth of most other fungi. The difference
may be partly due to the methods 4sed. In tho_épore |
germination assay, the proportlon of thne popolation of
spores affected by maltol is directly mgasufed. The ield
of mycelium 1s not a direct measure;‘the,growéh kineti:s and
mediumnm components may have influenced the apparent activity

-

of maltol. Germ tube length did not ‘appear to bé‘affecteq

Y

a3

by the presence of maltol, even when inhibition was greater”
than 90%. The mode of actionvof maltol és a sporostatic,
fungitoxic, or antibiotic agent is-not xnown. S;noe maltof
is an inhibitor of glyoxalase I, structural analogues which
also inhibit glyoxalase I were tested as germlnatlon
1nh1b1tors. The effects of the analogues on germlnatlon di4
not cdmpare well with the activity of maltol. Chelaﬁion of
calcium ion by maltol as a. mechanism of inhibifion was
tested by suppiying'additional calcium, but the inhibition
due &0 maltol was not reduced. It was found that g’utamlc
acid increased the inhibitory activity of maltol, but alone
had no effect on germination; thio observation was , \
contradictdry to the antibacterial activity (Banerjee 2t al.
1980Q) . S \

Maltol is considerébly less potent fhan the fungicides

°

currently available. The EDlOO's for Ferbam, Ziram, and



(9 &)

)

\\‘
: -
.

Ziheb range from J.1 *c 10 ug/mL, depending on the test

organism {Owens 1949). About 550 ug/mL maltol is regquired
to approach 130% inqibition‘of E. harknes$ii germination,
and it.has variable activity against otﬁg} fungi (Table &47.
Tge cﬁemical properties of maltol indicated that it may be
able to traﬁflocate within plants and grovide systemic
?;otection; this has not been achlieved with conventional

fungicides or with antibiotics used against pine stem rusts

(Merril and Kistler 1976, Hinds et al. 1966). Whether

maltol will be useful as a fungicide is contingent upon-its
systemic activity and cost effgctivenexi.

The ability of maltol to ‘translocate withim pine
seed&ings‘to the site of infectionﬂwas tééted by applying
aqué;;; m%itol to the soil. By applying 20 mg of maltoi per

soil cavity two days prior to inoculation with E. harknessii

spores, the number of‘plants infected was reduced to 53% of

‘was not determined if infection was reduced
Al

-

the controi. i
through inhibitio df gﬁore gefmination o} protection frbh
penetrétion into 'thle host tissue. Protection of the

by uptake of maltol~throughothe roots indicated
that maltolvwés éble to penetrate through the host tissue to -

K
the site of infection. To assess the feasibility of using
. ~ ’

maltol as a control agené,’optimal timing and method of
application must be established. The effect of maltol on an

active infection should be investigated next, -to determine

—

CAf sporulation and gall development_can,bé'guppresséd.

»
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That malteol is a constituent of many vlants raises
N ' :‘
some intriguing possib xities. latural hcst resistance Iis

known to occur (Hutchenson 1933%5), therefore 2 coppéri;OE 21
maltol content bétweén'resisfant ard susceptib;e treeg wouLl
be a logical undertaking. 4?reliminary iata (ﬁot pyesentei?

have indicated a bdssigle relationship; however, a ver,

large sample size will be required to demonstrate the

significance of this findihg.| The classification of trees

’

-

.as resistant or susceptible, and concomitant variables

~

affec;ing infection rates will 1ikely be significant sources
of error. Plant selection for trees) having high maltol

content is another avenue to be explored.



T

‘ VI. CONCLUSICHS
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-

The "compound maltol was found to be a-metabolite of S.

uredinicola, and it is presumably responsible for part of

the antagonism of S. uredinicola against EZ. harknessii in

pine stem galls. Maltol is systemically active 1in lodgepole
pine seedlings, giving significant protection agains®
infection“by E. harknessii. Although maltol i1s mot a nhighly
'boteng fungicide, its-ability to permeate the host tissue
may be an advantage over presently available fungicides.
Conventional fﬁngicidesvprevent infection, but do not
penetrate host tissue to inactivite galls or abort incipient
infections ih nursery stock;used for outplanting. " Further
investigation is thefefofe warranted to determine whether
maltol is a solqtioh to- these problems.

S. uredinicola growth rate- and morphology in submerged
>

culture is affected by inoculum size. Trends in the ratio
of carbon to nitrogen used by a culture. are linked to
mycelial hass and are therefcore influenced ﬁy inoculum s%ze.~
Mycelial’inoculﬁm is difficult to stagdardize because egual
.masses from different cultures may have different
morphologies and growth’rates. These variables present
difficulties in'severalaareas of experimentation.
Repr@ducible'cuitures for scfeening'df fungal strains are
.difficult o obtain; ﬁhese experiments must be designed to
identify érror due.to grthh rate, morphology, and

nutritional requirements wher “they might affect data

185



W

Centrol over mycellal morphology 1s

desirable for testing 5. uredinocola as a bdlocontrol agent,

and as a consideration in separating the oticmass I{rom the
medium. Predictable culture development 1s néeded for
studying metabvolite production.

The general equation dX/dt = A %% where ¥ is mycelial
hass, A is a constant, awd the exponent 3 1s determined
éxperimental&y gave the best approximation of the
unrestricted growth phase. The advantagg of representing
batch culture by this formula‘'rather than the common.y used
logarithmic model is that the constant A can be varied with
inoculun size, accounting for different culture growth
rates. The value of A is in direct proportion to inoculum
size when inocula are taken from the same preparation (i.e.

. ’ - [}
culture homogenate). Since 1inocula are difficult-:q
reproduce, the virtual value of A may be caléulated from
early values of dX/dt and‘XB in a culture, thus enabling
prediction of culture development. Determination of
épprdpriate harvest time for desired mycelial morphology,
net carbon and nitroéen utilization, and optimal metabolite
production might be possible.

The structural\basis of mycelial growth may be
}oﬁéeptualized from the known and measurable properties of

hyphal branching systems. The overt characteristics

reported elsewhere, linear rates of extension, conserved

-

intercalary lengths, and net aéfopetal succession of branch
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and morprological development) observed experimentally are

3
O
@
'y
«t

compatable with this co:
practical to gather sufficient data

model, 1t 1s significant that the oc§ervable features 2

duplicating unit of mycelial growth. -

That maltol is organic, blodegradable, and
L ]

compartively non-toxic to animals are ecological advantages

over some fungicldes beling used. The cost effectiveness
r

cannot be calculated until further experimentation is

-

completed. The mode of action of maltol agminst fungl Is

~

not known; investigation in this area might lead to a mcre

<

4
effective agent. Since maltol 1s a natural constituent of

many pines, Yhe development of plant strains having high

- ?
maltol content might provide rust. resistant nursery stock.
Another approach to western gall rust suppression 1s the use

of S. uredinhicola as a bidcontrol agent. The results of

this study indicate that the development of a high maltol

producing strain of S. uredinicdla might be more effective.

r

Maltol is available from natural sources (tree bark) and
chemical syntheses; production by fungal fermentation is not
feasible (less than 0.0l%iyield from glucdsé was obtained 'in

.

synthetic medium). v

- ° e
Sy
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APPENCIX A

Seltol: A Literature Review

The compound maltol (3-nydroxy-2-methyl-<H-nyran-t-one’

was Tirst isolated from tne bark of Larch trees (Pinus

£

larix), and has since been isolated from a wvarlety of plant
sources as shown in Table 7. Maltol 1s also a. Maillard
reaction product (browning reaoctions)s consequently it is

(
found in many food materials that contafin capbohydrates and

. . . ¢
proteins and have been subjected to high temperatures
N «

)
(Banerjee et al. 1979). Approved for f use by the FUA,

and listed by the Council of Europe with an ADI of | nmg/kg,
maltol 1s commonly added to foodstuffs as a flévor erhancer,
as well as to soaps, detergents, creams, lofions, and ...
‘perfumes for fragrance properties (Spdyke 1975). A weak
antimicrobial property of maltol has also been described
(Banerjee et al. 1979, Fdézgerald 1953, Wolf and Westveer
1950). '

*+ The firat chemical synthesis of maltol was reported by
Spielman'and Friefelder (19h?).. In this synthesis,
pyromeconic acid (3-hydroxy-4H-pyran-4-one) .is methylated at
the 2 position by forming a mannich base with piperidine
-and'formaidehyde. followed by hydrogenation over palladium.
The yield, of maltol was very low. Maltol is more read™y
. obtained by a patented process involviné aqueous extraction

of maltol-containing tree bark, followed by extraction'of

the aqueoits solution with chloroform. The crude maltol is

.
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Table 7.

E}aﬁ%s from which

maltol nas been i1sclated.

Abies alba

Pinus larix

Ables mariesili

Abies veditchii

Abies homoleppis

Abies leptolepils

Tsuga diversifolia

Chamaecyparis

Evodiopanax innovance

Rhododendron reticulatum

>

Cercidiophyllum japdhicum
.v'rl

Clerodendron bungei

Geranium macrorrhizum

Ables sibirica

Helichrysum ramosissimum

Passiflora incarnata

Enkianthus §ubsessilis

Panax ginseng

Opdyke 197°5
Opdyke 197¢
Kihara 1983
ﬁKihara 1983
Kihara 1983
Kihara 1983
Kihara 1983
Kihara 19833
Kihara 1983
Kihara 1983
Kihara 1983
Zhou 1982

[

Ognyano? t al. 1975

Tyukavkina et al. 1972

Lassak and Pinhey 1968

t al. 1974

Aoyagi

/

Ogawa and Ogihara 1976

Wel 1982




also been repdrted. .The five step synthesis from glucose
may provide an 31% yleld of maltol; the synthesis Iron
1-(2-furyl)ethanol is a l-pot seéejuence ylelding
The diverse plant sources f{rom which maltol has been
isolated include herbaceous plants as well as a varilelyy of
coniferous trees. In a survey of 25 speciles ol Japanese
conifers, it was noted that maltol was only detected in

species which are characteristically found at sub-alpline

elevations. These species (Abies mariesii, A. veitchii,

A. homolepis, and Tsuga diversifolia) are also known to have

high sugar content, presumably to prevent freezing. The
authors reported levels of 0.5% to 3.5% in leaves, and
speculate that the plants may be producing malggl
biosynthetically from sugérs (Takaishi et al. 1976).

Maitol was included in a series of a,B-unsaturated
ketones that were tested for antimicrobial activity on the
premise that coﬁjugate addition to .thicl groups of essential
enzymes .occurred. The antimicrobial effect of maltol was
nof lost by reduction‘of the a ,B-unsaturation, thus
indicating that.the activity may not involve reaction with

the thiol moity of proteins. Three bacterial and three

fungal test organisms were used: -6 %o 15 mg/mL maltol was

)



required to completely inhibit bacterlzl growth, whereas C
to 4 mg/mlL prevented fungal growth (Wolf and Westveer [ 7c
£y

In an evaiuation of various fungicides

Schenk and Yennedy {(1955) found that mold growth was reduced

AN

]
3
Y
>
ct
O
}

but not prevented completely by
In 2 study aof the effects of Inhibltory agents against
representative oral Lactobacilli, including several isolates
of L. casei, Fitzgerald and Jordan (1993) found that maltol
concentrations of up to & mg/mL falled to inhibit growth in
tomato juice broth. Banerjee et al. (1979) later reported
the inhibition of L. casei growth and lactic acid generation
by only 0.5 mg/mL maltol; however, the authors also
demonstrated reversal of the maltol effect by the addition
of various amino acids and combinations of amino acids to
the medium. They reported complete protection from the
effect of maltol by the addition of glutamate to the mediunm.
Douglass ,and Nadvi (1979) selectéd a number of
compounds for their resemblance to the enediol intermediate
which is believed to occur in the glyoxalase-I-catalyzed
conversion of the glutathione-methylglyoxal adduct to
s-D-lactoylglu£athione. These transition state analogues,
which included maltol, were tested as inhibitors of yeast
glyoxalase I. Non-competitive inhibition due to maltol was
observed, and the K; was determined to be 3.94 x 10°% m
(0.05 mg/mL). Although the function of the glyoxalase

system is obscure, regulation of cell growth and protection
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APPENDIX 2

The Zerivation of Zquation 4
Two hypothetical growth curves are genera:eﬁ: new
5ycelial mass (X) for both are directly proportional

~ .
) The 1noculum for one curve

raised to the exponent c¢ (¢t
(Xa) is A times greater than that of the other curve (X, ).

Therefore, for each time point Xb = AXa. The time interwval

between Xa and X, when Xa =X, 1s defined by Y.

b b

To, obtain Y in terms of ta:

Xa = Xb ) ®
therefore AtS = £
a b
1/c _
and (A )ta = tb
since Y = tb - ta

((al/°3e, -t )

a

<
H

_ v = (at° o e

To determine.Y from total mycelial mass, rather than
‘from new mycelial mass, the constant K must be added.' K is
the value of Y at the time of inoculation. To avoid
confusion with other formulae in the text, the age of the
large-inoculum culture is redefined as Z. This gives

equation 4 as follows: -

Y = (Al/C 1)z + K . (L)

211
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2) Clucose salts mediunm
The basal synthetic medium of Jennison et al
was used with some modifications. The concentrations of

glucose, phosphate, and the nitrogen sources were varied

experimental purposes.

medium component guantityv/L
glucose ' varied
NHuNO} or NH Cl © varied

KH, PO, /K,HPO, * varied
MgS0, + 7H,0 0.5 g

KC1 , 1.0 g ]
thiaminé-HCl . \ 1.0 mg
HjB?u ‘2.0 ng
Cus0, " SH,0 ‘ 0.2 mg
FeCl2 1.0 mg
MACL, - 4H,0 0.2 mg
NaMoO, -2H,0 0.2 mg
ZnCl, 2.18 mg
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3) Potato dextrose agar
2ifco potato dextrose agar (PJA) was rehydrated ani
sterilized by autoclaving at 22 psi for 19 minutes.

e

plates to which maltol was added for yeast MIC
determinations, agueous malitol was comblned with molter,
concentrated PDA after autoclaving.
L) Glucose peptone yeast-extract agar

Glucose peptone yeast-extract agar (ATCC catalogue of

strains 1982) was used for the maintenance of yeast

cultures.

m?dium component guantity

glucose 5.0 g ‘
peptone. 5.0 g

yeast extract 3.0 g

-&gar 20.0 g

distilled water 1.0 L *
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Slossary o°f Mycclogical Jerme Used
\
Acropetal.: lZeveloping tcwari Lhe apex
Aecium: A structure consisting »f binucleate nyphal cellcs
which produce z2eclospores.
Aecioid teliospore: Basidia-proiucing spores whicn resemtle

-

aecliospores (in the case of “ndocronartiunm,

basidiospores are not produced).

Arthroconidia (Arthrospore, Cidium): A spore resulting
the fragmentation of a hypha.

Autoecious: The abllity of a fungus to complete i
life cycle on a single host species.

Dematiaceous: Darkly pigmented.

Germ tube: The initial, hyphal protrusion from a germinating
spore.

Heteroeciou§: The requirement 6f two host specles for a
fungus to complete its entire li(g cycle. .

Hyphai The tubular filament which is the structural unit of
fungi.

Intercala}y: Interposed, as in the section of hypha between

. two branches.

MMycelium: The mass of hyphae constituting the body of the
fungus.

Spermagonium: A structure containing small spore-like bodies
which may function as spermatia

&
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