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Frontispiece

Male flowers of Silene alba not infected (top) and
infected (bottom) with Ustilago-viclacea. -
. - v




ABSTRACT -

he anther smut fungu‘s, Ustilage violacea, grows either
saprophytically (yeastlike cells) or as a parasite of the Caryophyllaceae
(mycelial cells). Factors affecting two types of development controlled by

the mating type gene, sporulation and myceliation, were examined.

4 Sporulation: Freshly isclated diplbid cells, heterozygous for the
mating typi alieles,.avi and ap, develop into sexual phase precursor cells.
(SPP) on complete medium at temperatures below 20°C. 'The ay/ap diploid
produqts at least four different cell types, termed opaqucs,\ sponpa;xnously
,at high frequencies (>3 x 10-3), 2Thase types are: 1) neutral strains (op-
b}) which do not mate and stibl jnit’iate sporulation but under altered
conditions. 2) Strams which mate as a4 types (op-a4) and 3) cells which
m_ato as aj types (op-ag). 4) Consututzvely self mating (ap—C) strains. Types
2 to 4 have lost the ability to develop into SPP cells. These four strains
were shown to runam diploid and to be altered only at ‘the mating type
locus or chr‘omosamc. Genetic analyns of tetraplmd (oh—ai x op-aj) and
triploid (op-a4 x haploid a3} crosses indicated that the patxng opaques
probably arise after mitotic crossing - over yiolc‘l?ng aq/ay (bp-ai) and az/aj
(op-a2) typc’s. Experiments showing similar increases in oﬁaque frequancy
and mitotic recombination near marker alleles {‘ollgwing UV irradiation
support this conclusion.

Myceliation: Aqueous extracts from'plants that host U:ti)a'go specieg
. were found to induce the mycalial stag’! of U. violacea and some ot‘her smut
species in cells that were potentially pathogenic i.e. expressed both mating
't.ypg alleles. Aqunous extracts from most non-host species were 1nactive.
Howcvnr, efficient extraction of all testad plant species with organic .
- solvmts indicated that the 'stimulatory compound was universal in
. distribution. «-Tocopherol was identified as the major active compound in
_plant extracts. All tested host species contained amounis of tocopherol
above the threshold I:ynl (5 x 10°8 M) while non-hosts had either 1) above

iv




A .

- }.'hru'hold levels of tocopherol; 2) above threshold levels of tocopherol plus .
toxins- ;r mhi!ntors, or 3) sub-threshold levels of toco;:ihml. These rasuilts . .

. 'suggest that the 'a\mila_bility_ of tdcophcro] may form one basis for the
restriction of the host range of Ustilage specias. T

- . o ¥
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CHAFTER 1

INTRODUCTION

In recent years, members of the order Ustilaginales have been developed
as useful species for genetic ressarch. The presence of an easily cultured
haplophase in some species as well as the economic importance of cereal
smut fungi has led to this exploitation (Day, 1974). Research on the
causative organism of corn smut, Ustilage maydis, has provided valuable
" information on the mechanisms of DNA recombination and gene conversion
(Holliday, 1964; 1974), pathbgenicity of diploids versus haploids (Hniliglay,
1964), and the inheritance of cytoplasmic virus - like parjiicies (Pulhalla,
1948; Day and Anagnostakis, 1973), '

Ustilaga vz'olabed; the anther smut fungus which attacks species in
the Caryophyllaceae, was developed as a tool for genqt:ic research by A.
W. Day (Day, 1948; Day and Jones, 1948; 19\9) Since then, é\xtonsive
mvnstxgatmns into the bhiology, structure, gnnetms,\and physmlogy of this
fungus have been carried out in both Dr. Day’s laboratory, and mofe recently
in Chicago by Dr. E. D. Garbar and his associates. A short review of some
of the aspects of our undc_rsrtanding of this species relevant to. this thesis

1s given below,

1.1 Life Cycle of Ustilago violacea

Over 70 species of the Carnation family, Caryophyllaceae, are
suscofnibln to inhcﬁon by the fungus Ustilago viclacea (Zillig, 1924; Liro,
1924), Within thu fungal specaes, many physiological races defined by the
specificity for partxcular host, species have been described (Lzro, 1924;
Goldschmidt, 1928). The race most frequently used~during this work was
an yau from Silene alda, known commonly as Whiﬂtq Campion.— i



The life cycle of U. violacea (fig. 1), as described in Fischer and Holton
(1957), consists of a saprophytic and a parasitic state. Diploid teliospores
form in the anthers of infected plants and are the most conspicuous symptom
of disease. They appear as a purplish - brown powder replacing the normal
creamy - yellow pollen (frontispiece). The teliospores germinate readily on
a moist surfaéc to produce a three celled promycelium. Meiosis occurs during
germination and the four haploid products bdd off as yeastlike cells
(sporidia) from the teliospore and the three cells of the promycelium.
Continued mitotic divisions occur on nutritiv; media in the absence of host
plant exudates, anid many haploid sporidia are therefore produced. The
organism can be grown indefinitely on such media by continued budding of
these saprophytic sporidia. ) »

The sporidia are of .two mating .t.ypes, determined by alleles a4 and
a2 of the mating type locus.  QOn the surface of a suitable host, conjugation

of compatible sporidia (agy with a») initiates the dikaryophase. Infection

hyphae, "suchfaden”, develop from the conjugated cells on the surface of

the host, and form'infection structures, an appressorium and a penetration

peg. After penetration, continued growth of dikaryotic hyphae occurs .

primarily intercellularly and the whole plant becomes infected (systemic
infe;t,ion). Pergistence of the dikaryon is completely dependent upon the
host plant, i.e. this phase is obhdately parasitic. Damage to the host during
this process is minimal as no f‘ol'ur‘ sympitoms are observed, apart from a
mild stunting of growth (White, 1934; Baker, 1947; Spencer and anitc, 19541). -

Teliospore formation is initiated when hyphal growth reaches the
sparogenous cells of either male or femala (5. alba is dioecicus) plants
(Batcho, Audran, and Zambettakis, 1979). In plants‘ of either sex, the
sporogenous cells are completely destroyed by the fungus (Batcho, Jean, and

Bouriquet, 1980). Thus, in male plants (XY chromosome type; Warmke, 1944),

fungal teliospores completely replace pollen in the anthers. in female plants
()SX chromosome 't,ypo), ovary tissue aborts and some teliospores are formed
in this area (Batcho et al., 1980). However, more strikingly, the fungus
induces development of the normally vestigial stamens and anthers which

then become Fillgd with teliospores. [n effect, female plants produce male




Figure . Life Cycle of Ustilago violacea

Legend: G Telicspore germination.

Meiosis, .
Vagetative growth phase (see Chapter 3,
Conjugation.
Karyogamy.
Saxual spore precursor phase (see Chapter 3),

~ Mycaliation (sas Chapter 4), .
Infettion. .

~ Tealiopsors formation.

-~ Formation of opaque strains (see Chapter 3.

(Based upon Fischer and Holton, 1957; amended to include
results presanted in this tHesis)
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/ flowors in response to parasitic growth and’ the fungus cffectwely takas
over the role of the pla%t. Y chromosome. Thn mechanism oi‘ th;s fungus
induced sex change has not been determned.

Sporulation is campletcd while the hyphae are still dxkaryot:c. Nuclear
fusion, or karyogamy, within the t.ehospon prod.uces thn diploid phase. As . ;
reductional division occurs upon, germmat,mn, the d1glophue, therefore,
usually occupieas a very shqrt sogmcnt of, t.ho le‘e gycle. '

y -

1.2 Use of /. violacea for Genet:c Researc:h : .

AL

l/étz'&rgo vicolacea was studied dxtnnsgvely during the latg nineteenth S

DR

and early twentieth century (Fischer fnd Holton,. I"TST"D'ay and Cummins,
1981) During this period, the life cycln, mcludmg details of saprophytic
grovth and parasitic effects on the host plant, was described. More recently, °
this fungus was developed as a tool for gmctxc rosurch (Day, 1948). This

later work is revmwod here.

The isolation of several auxotrophic and colour mutant strains of race
sA-{’ (Day ‘and Jones, 1968 196%; Garber, Baxrd and Chapman, 1975) provided
the markers for use in mapping by both sexual and parasexual techniques.
Randox;t sb_dre analysis (Day and Jones, 19469) and sevaral variants of tetrad
analysis (Cattrall, Baird, and Garber, 1976; AGar:bor,‘W.ill, and Kokontis, 1981;
Garber e¢ al., 1982) have been developed Lo analyse the meiotic products

" from germinated teliospores. ‘Vagetative diploid strains, i.e. strains that
\ﬁud as diploicf sporidia, selected by complementation between auxotrophic
markars in conjugated haploid cells, have baen used for parasexual! mapping
analysis. ' This ‘type of analysis involves sither haploidizat] with p-
fluorophcnylalanme (Day and Jonos, 1971) or mitotic crossifg - m‘nr

4
e 1 g A b £

f‘bllowmg irradiation with ultraviolet light (Day, 1968; Day an or:u,- 1969, -
ore racently, Day (1978) deviséd a chromosome transfer technique for

assigning newly selected markers to partxcuur linkage'groups. Details of

sach of these proc:aures can be found in.the Materials and Methods section

of this thesis (Chaptar 2). Further iypes of analysis are currmt.ly being

dwnl(apld by Garber’s group at the (,nivorsity of Chicago and are being




used to continue mapping of thii-arfinism as wall k.10 study non-
disjunction, crossing - over, and polunforph:sms in natural populatxons
(Garber et al., 1975, 1978, 1984, 1982; Baird akd Garbcr, 1979a,b).

-

This mapping work, together with cytolpgical studies, has shown that
the haploid chromosome number of this species is moraes thal:a 12, pcrhapi
in the order of 20 (Day and Jones, 1968, 19389, 1971, 1972; Poon, 1974; Poon
and Day, 19766). These observations refuted. iarh’er studies which assigned

& chromoséme number .of n = 2 for /. uzolaaeq (Kharbush, 1927, 1926; ldang, .

1932a,b; Wang, 1943; Person and Wighton, 1964). Apparently, these urher

estimates were due to confusion with the “two - track” appearance of

chromosomes at mitotic metaphase (Day and Jones, 1972; Poon and Day, 1974b) :

Cytological studies were also used to provide a detailed description
of mitosis in this organism (Day and Jones, 1972; Poon and Day', 1974a, 1974a,b).

Particular importance was placed on the st.ruct.jxrt and function of the

spindle pble body as a controlling feature.for microtubule formation (Poon -

and Day, 1976b)., Separation of the two new nuclei is initiated in the
daughtcr cell and one nucleus migrates back to thc mother cell. Nuclear

membrane hreakdown is minimal and mcrotubulurpan be seen extending

) through' the elongated dividing nucleus to a spmdle pole body &t each apex

(Poon and Day, 1976b). Complete reformation of the nuclear snvelope occurs

slightly before septum forpaiion completes cytokinesis (Poon and Day, 1976a). . -

@

The events controlling formation of the conjugation tube have been

described (Poon, Martin, and Day, 1974, Cummins ar_)d'Day, 1974, 1976; Day
and Cummin%, 1974). Conjugation occurs only between cells of opposite

‘ mating type, a4 and aj, The morphogenetic sequence resulting in formation

of the conjugated pair is initiated by the axchange of information between
mating cells (Cummins and Day, 1974, 1976; Day ana Cummins, 1974). Cells
can conjugate when touching or when separated b;; distances of three to
five cell wz‘dthsr‘(up to 20 um).” Long protein fibrils, hrmnd “fimbriae”,
appear to provide the first connection 'botwun the conjugants (Poon and
Day, 1974b, 1975). Once a fimbrial connection has been astablished, the a7
cells produce conjugation pegs which grow out as conjugation tubas towards

s




a4 cells, ’ The a4 cells develop small protubiranc'es at the eventual site of
unlon, and the membranes and walls of both cells disintegrate at the point
of contact and a ciytoplasmic bridge is formed (Poon.e¢ al., 1974),

Karyogamy ,(r;uclear fusion) does not normally follow immediately after
plasmogamy in this organism. The conddtants revert to haploid budding
when placed on a nutritive medium, but. form hyphae when placed pn &
su1tabln plant surfaco. On media whloh do not permxt growth eg. not.
.cont.ammg a nutmtxpnal requxrement dz,plmd spomdxa form at a rate of
about 1 per 104 conJjugations.: Ultraviolet irradiation (254 mn) incredses the
f‘requency of diploid format.zon to much higher Jevels, iin 103‘amongst the
survwors (Clements, Day, and Jones, 1949; Day ar;,d Day, 1974) ‘Apparently,
somatxc karyogamy is normally repressed m these cells: (Day ‘and Day, 1974
Thxs repressxon appears to be overcome by U v t.raat.ment and is somehow

/
negat.ed in teliospores prior to germnat.lon (Day and Day, 1970), R

T4

As mentioned previously, dxploxds can be 1solated usmg a salect&on
system’ provxded by the complementation of various recessive markers.
Freshly 1solated diploids have sporidial and coloriial phenotypes d}ﬂ‘erent
‘from either parental haploid. These differences arise f‘rom the mating type
locus as the dxpimq phenotype is generated by th summat.xon of both a4
and ap allele activity (Day ‘and Cummins, 1976). ‘A regulator‘y locus (co)has ,
been postulated to control expression of the mating type alleles during t.he
cell cycle (Day and Cummins, 1972; Cummins and Day, 1973). This gene-appears
to be closely linked to the mating type locus and to be cis - do‘minant.
The cc allele nof‘mally associated with the ay mating type allele"permits
expression of the aj; phenotype only during G1i, a feature which hég been
termed "stringent™ control. The a2 allele is expressed throughout the cell‘
cycin and its corresponding cc allele, therefore, exhibits "relaxed™ contr‘o'l.
Onc isolate of an ay/ap diploid strain was tested to see how these contsol
systems work when paired together in a diploid. It was found that this
diploid mated as an ap cell but only in the S and G2 phases. This was

- explained as an interaction between the relaxed and stringent controls
operating on the as> and a4 alleles of this strain (Day and Cumnins, 1972;
1975). However, other diploid strains tested since did not show any mating

-




_type activity with either haploid-‘at any time in the cell cycle. This
confusion over the mating ability of diploids is explained ct, least in part
by the cbservaticns reportad in this thesis that a4/a; diploids are un;iab]e
and give rise frequantly to a variety-of derivative t:ypes which are
specifically dltered in mating type activity (Chapter 3),

-

The role of t.ljlo'hcst in aliciting or rcprcss.ing expression of fungal
genes and thereby altering fungal morphogenesis has begun to be
inv'n;tigated Day obscrvcd uthat. certain plant extracts induce conjugated
cells to dcvclcp extensive mycelial growth on artificial media. Prcvicusly,
all grcwth on these media had been strictly sporidial and the mycelial stage
wvas only seen in the host plant. Thls topic is covered in detail in Chapter
4 of this thesis. - _. _ I

Al
1.3 Aims of th1s Thesis

The aims of this thesis -were to investigate factors 'contrclling\
_development and diffetentiation in Ystilago vigiacea. The two aspects of
dxffercnt:atxon that- were studud, while involving quite differéent
developmental pathways, share a common feature. Both 111ustrate the
central I:Oll of the mating typ« locus as a developmental master switch.

In the first project, the frequancy of prcducticﬁ, characteristics and
the mechanism of origin of dxplmd cells altered m spcrulatxvc development

wvere. mvuhgatcd. This study ccnccnt.rated on thc nature of the genatic -

"~ changes in the rygion of tho mating type gene which affect the transition

from vegetative growth to telicspore.
- . .

In the scccnc project, extarnal hormone - like chemicals found in host
plant extracts wcn_shcvn to act in concert with the'two alleles of the
mating type locus to initiate d;vclcpment and ccntihv,ud growth of
vegetative hyphae while suppressing both sporulation and saprophytic
vegstative growth, )
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CHAFTER 2

MATERIALS AND METHODS -

+ 2.1 Culture Conditions 2 .

Th\e media putlined here were developed by A, W. Day (Day, 1968) and
are described in detail in Cummins and Day, 1977 These media are unful
-_‘\for the cu]tuu of*the spondul phan of the hf‘n cycle and are nmxlnr

t.o those used in yeast work. All chemicals were obtained {‘ron the Fisher
. Chem:cal Co., Fair Lawn, New Jcrscy, unless otherwise specified.

‘Media
() Water Agar (WA)
’
JA'ar...l."l.'l.'.."I.l"lll'.". 20-25'
Dlﬂiuldtﬂltlr. CRC S R I I S S I I I I T -.n" O TD i htb.
) Complete ﬁ!dium CM)
‘GIUCDSQ.h.-n..’.....-.-..‘.......... 10'
p.pton.----..-u-.'--l..........c. 10' -
Yeast Extract .............. Seres. 3¢
M Mln’mrl@t:.‘u.-..-.--.--......: 3'
B..fzxtr.Ct*0--.-01-.:--..1:.0“0 1'
‘ . DistilledWater..........:.. ... ... Tb1litre

For ag_ari plates add 26 - 30y agar.
(* not usually requirsd)
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(3  Minimal Medium (MM - ' -

1 ‘ - Gluco’. [ N ) l\. '.l o & ¢ & a2 8 l‘ lllll s & & ® 3 0 0 10 'l
ConcentratedSalts . ........... ve.e 50mL
Distilled Water. .......... crsseeses TO 1 litre -

For agar piat,és add25-30g agar.

Concentrau‘d Salts

N Y

. ) Sodium nitrate. .. ... .viiiaiaii0e., 208
' Potassium phosphate . . ............. i0g
- Potassium chloride. . . .......... V. 5 g
. Magnesium sulphate......... ciisess 58
‘, ,Calciumchlorido...............g... 1z
‘ Ferrous sulphate......... veereae., 1-2crystals
. Thiamine . ......... .00 ivanuis.,~ img

Distilled Water....... cresiece, TO1litre
The salt solution 7,/&1:;:1}ud and then stored at 4°C.

)  Supplemented Complete Madium

: Cum.phu medium supplemented with the following growth ihhibitors was
usad. o !

i. ‘cycloheximide (Sigma Chemical Co., St. Louis, MO)
50 mg/L : a _

ii, carbdxin (Sigma Chemical Co., St. Louis, MO)
10 mg/L I

iii.p-fluorophenylalanine (PFP) (Sigma Chemical Co.,
St. Louis, MO) 300 mg/L "

Both pycloheximid. and carboxin were added to the CM prior to
autoclaving. The PFP and one pellet of NaQH were dissojved in 10 mL H20.
The solution was sterilized by irradiation with 254 nm UV light for 20 min,
a total dose of 1-2 J/m? This sterile solution was mixed with the autoclaved
CM just before pouring. i.e. after the mocﬁuin had cooled to about 50°C. The
. ) o N
' . > k

-
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peptone concentration in the RFP medium was halved, using 5 instead of
10 gvL.

[ 4
5 Supplemented Minima_l Medium

Supplntl;cnts (0.5 mL) were added to each Petri plate before the MM was
poured. The supplement and molten medium were mixed thoroughly by gently
.‘rliqg the pla’te. The concentrations of the supplement stock solutions
-are as follows: . , R -
‘ i. L - amino acids (Sigma Chemical Co., St. Louis, MO)
2 g/L distilled water ) ’
- ii. adenine and inositol (Sigma Chemical Co., St. Louis, MO)

" 0.2 g/], distilled water
(02l ;

®
2.2 Stock Cultures

P

The strains used were derived from an isolate of Ustilage
vib(acoa.dcsignated UWO-i" (Day, Castie, and Cummins, 1981, from the host
plant, Silene alda, white c'a':‘npion. The )‘_ung'us was collected by D. Snow of
the University of Reading, Reading, U.K\'\\., and the various mutant strains
were developed by A. W. Day (Day, 1968; Day and Jones, 1968, 1969). The
accepted practzcn in the literature on f‘ungal g(nctlcs is to use the term
"haplmd” in. placc of the proper term monoplmd” This convention will

\

_be adopted in this thesis. . \
" The st .agc of cuituru was accomplished in two ways. Cultures used
on a daily basis wers stored on CM ﬁlat;s in a 4°C refrigerator. Every
month, the strains wers subcultund, grown at 22°C and replaced in the’

rtf'rxgcrat.or Activaly grovmg cultures ware prepared by inoculating the
desired medium with a'small nmpll from the cbld stored platu.

P - <

L 4



H:Eloids } I i
-Designation . : . Ger?otgge .
WT1Y My

wT2Y a vy

1.C2 , a4 y hisy

1.C2u4 a4 y his‘i uvsy
1.C2uécx a; y hisy uvsp ‘cxry
2.716 » , az lys;

2.7116cx _ : a‘2 lysy cxry

1. 7116ub ay lysy; uvss
2.746u4cx a& lys; txvsi cxrf
1.D2716u4 a4 hisy ly;z‘ uvsy )
2’./112 - " )2» hisg

1.443 ' 'ai his,

2443 ° . a2 hig )

2.1#3 _ap city

2.4 A ) &7 argy

2.C4 | . az -y argy
1.729511[ ay ;: inosy uvsy



Designation

2.729Sui

1.D2729C -

1.D3143C
2.D3143C
- 2.D4110
LTMé
1.T40cbg -

1w4

Genotype* - e AL

a2 0 inosy uvsy
a4 y hisy inqsg
a4 y lysz city
ar y 1&;3 ;iti

az .argi mety

a4 y orny inos, metgi_
a4 hisy args lys? cb3_

ay o hisy inosy lysz uvsy -

- Abbreviations: a4, as - mating type alleles; y - yellow colony colour;

© - orange ,c?}ppy colour; his - histidine requirament; lys - lysine

requirement; inos - inositol requirement; met - methionine requirement; arg

- arginine requirement; orn - _ornithine requirement; cit - citrulline -

requirement; uvs ~ ultraviolet light sensitive; cxr - cycloheximide sensitive;

cb - carboxin sensitive.
Diploids
. Dosigpguon
D10
C4/118
, .B32
T - B33

B4S

Cross

1.729Su4 x 2.D3143C

' 1.D2716ub x 2.C4

1.TM6 x 2,443
1.TMé x 2.112

1.D2729C x 2.D4110
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) Designation " Cross
X2 ' 1.D3443C x 2.716udex
. ‘xe‘ S : LWl x 2.413
X8 1.413 x 2.4
P3 : 1.D3143C x 2.746udcx
P4 ' 1,D3143C x 2.7295ui

For very long periods, the various strains (as well as other races of
Ustilago violacea and several other fungal species) were stored desiccated
on silica gel at -10°C. The storage bottles were prepared by adding about
5 g of the silica (Davison Chemicals; Grade 12, 28-200 mesh) and heating
to 200°C for 30 minutes to remove as much water as possible. The bottles
were tightly capped after a short cooling period and stored for future

_use., For culture storage, a small volume of packed cells (0.1-0.5 mL) was
‘placed on top of the silica, the bottle was recapped and left at room
temperature overnight. The culture bottle was placed in the -10°C freezer. _

- Cultures have been kept for at least 10 years usi_r—mg this procedure. Actively
growing cultures were obtained from silica stocks by placing a small piece
;Jf the dried fungu§ on a CM plate and incubating at 22°C for 24 h. The
rehydrated cells were spread over the plate and left for 4-5 days at which

time a thick layer of sporidial growth was present.

R

“EFMating Tests

4

Conjugation between haploids of oppds.itc mating types is induced by
both low temperature and low nutrient conditions. The recovery of mated
dikaryons is greatest 'aﬁ,crr a 24-48 h incubation period at 15°C on water
agar (Day, 1968; Day and Jones, 1968). This medium and temperature were
used to determine the m—atfni'wprof any strain or colony. A small um;.:lc
of the culture was transferred to two spots on a WA plate by means of
a stnri'ln wire loop. An approximately equal amount of a known ay haploid

was mixed into one of the spots and a known a3 into the other. The
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Followi‘ng day the mixed cultures were dispersed i:nt,o drops of water on a

microscope slide and screened for the presence of conjugation tubes. Since

_mating is only possible between opposite mating types, the presence of

conjugated cells heans that the unknown must express the mating type allele

opposite to the known strain. . !

2.4 Host Plant Infec_tion

The method used for 1?}f‘ectmg the host species, Stiene alba, was based -

on that described in Day (1968). The cultures to be used were suspended
in sterile water at a concentration of about 109 cells/mL. Several dropé
were placed in the le;f axils of young seedlings (6-10 leaves) and the plants
were wounded at this site by gently scra)’ing with a flame sterilized
dissecting needle, While there are minor symptoms of infection prior to
flowering (Baker, 1948), the most obvious symptoms occur in the stamens

of the flowers. In ngrmal infection, the anthers were distended and dark

purple in colour due to the mass of teliospores (brandspores) produced. The -

petals were liberally dusted with spores when the flower opened. In certain
cases (e.g. inoculation witﬁ a single diploid strain), the infection was much
less vigorous, at least during sporulation. In these cases, thers was only
a slight discoloration of the anthers to a dark yellgw or light brown. Far
fewer teliospores were recovered from these infections. After harvesting,
some of the infected flowe.rs were stored in silica gel vials as outlined in
section 2.2, Teliospores were used for random spore or tetrad meiotic

analyses.

2.5 Sexual Analysis

Two methods of meiotic analyses were used in this work: random spore
and tetrad. For random spore analysis, an infected anther was crushed with
a sterile glass rod into approximately { mL of sterile water. This suspension
was platld onto CM and incubated at 22°C for 3-4 days, until small colonies
(0.5 mm diameter) appeared. These colonies contain tha four genotypes
produced during meiosis. The plate was then scrapad w:xt.h a wire loop and

the cells suspanded in sterile water. The concentration was sstimated



roughly from the turbidity of this suspension and an appropriate dilution

series was made. Sufficient cells were pfatcd on CM at 22°C to p?oduce
about 300 colonies per plate. A representative sample of these monosporidial
colonies was removed with a wire loop and placed in rows on a seriaes of
master plates (about 30-40 colonies/ plate). After 2 or 3 days further
incubation, the master plates were replica plated (Lederberg and Lederbgrg,
1952) to an appropriate series of supplemented MM and CM plates. 'i‘he
genotypes of the meiotic progeny wera determined by inspection of these
plates after a 4-5 day incubation period at 22°C.

For unordered tetrad analyses, inf‘ecteq anthers were br‘ushed in sterile
water and the suspension was filtered through a small plug of glasé wool
in a Pasteur pipette to remove clumps of teliospores. The filtrate was
examined micraqscopically to verify that only single teliospores remained. The
process was repeated if too many clumps were present. The teliospore
suspension was subanuentl‘y diluted and plét.ed on CM. A?tcr 3 days, the
very small colonies containing the four haploid products of meiosis were
streaked onto separate CM plates in order to separate out the four progeny.
Samples of colonies from the streak plates were transferred to CM master
plates which, following incubation, were replica plated to a n'ries of
supplemented MM and CM to detn_rmi.ne genotypes. Occasionally, only three
genotypes were recovered from a single teliospore. In this case, the fourth
type was deduced by reasoning that both alleles of every gene must appear
twice. .When lass than three or greater than four genotypes wers recovered,

the result was ignored.

2.6 Parasaxual Analysis: Mitotic Haploidization

The production of haploids from a diploid during the mitotic rather
than the meiotic cycle was accomplished using the chemical, para-
.fluorophenylalanine (PFP)., This technique was first described for the
ascomycste, Aspergillus niger (Lhoas, 1961) and later developed for /.
violacea (Day, 1968; Day and Jones, 1968). Between 108 and 109 diploid
sporidia were spread- evenly over the surface of a PFP plate. The
concentration of the chemical (0.3% w/v) was mhibitor? to the fungus. The

¥




plate was incubated at 22°C and after a period of 3-4 weeks small, round
colonies, termed “papillae™ appeared amid a background of slow growing
or dead cells. Most of these colonies are monoploid or disomic for one br
two linkage groups and can grow on the FFP plate as' a result of an acquired
resistance to the chemical (Day, 1768). The diploids used in these analyses
were hcterozygous for a gene determining colony .colour. Consequently,
papillae expressing the recessxve yellow allele (wild t.ype pink is dominant),
indicative of some chromosomal loss, were selected. These papillae were
transferred to master plates-and the genotypes determined by means of
replica plating. ) o

" 2.7 Parasexual Analysis: Mitotic Recombination

Exposure of a diploid to ultraviolet light is known to induce mitotic
recombination in ¥/. violacea (Day and Jones, 1969). In this work, the diploid
D10 (see section 2.2 fdr}enotype) was treated with a 180 J/m2 dose of 254
nm ultraviolet light, Several dilutions were plated on CM and incubated at
22°¢C for 1-2 wuk.f;, until large colonies v_uré present. An unirradiated
control culture was treated similarly. The total number of colonies on each
plate was determined uiing a modal 600' Fisher eolony counter or by direct
counting. Each plate was replica plated to three plates of CM and one
.plate of MM. One of the CM plates was incubated at 22°C with n;':J further
treatment., This plate was used to detect colour recombinants and any
errors in replica plating. A second CM plate was irradiated with 6.0 J/
m2 254 nm UV h’ght in order to detect any ultraviclet sensitive recombinants.
The original heterozygous uvs uvs+/uvs diploid was resistant to this dose. The
final plate of CM and the MM platl were incubated at 15°C with no further
treatment. These plates were used to determine the number of opaques and

auxotrophs recovered. ’

2.8 Mapping with the Chromosome Transfer Msthod

The search for markers linknd. to the mating type gene involved the
production of new mutant strains and the scréening of these strains using
the chromosome transfer technique (Day, 1978). When conjugated haploid

.




cells carrying complementary auxotrophic markers are

nutritionally gleficimt media such as MM, one -of three events’ curs{ a) cell
death; b) fusion of nuclei to give a diploid strain (frequency abqut 3 x
. 10~4, Day and Jones, 1968); or c).transfer of oné to a few chromosomes from
ocne genome to the other (frequency about 1 x 103, Déy, 1978). Following
event “c”, the acquiréd chromosomes often persist in the recipient cell and
this new “_ar;ppploid” st.fain can be seiect.ed and.analyzed. Frequently the
acquired chromosomsas are lost under non-selective conditions, and in this
ﬂcase they may be either lost as a group (Day, 1978) or singly (Qay, pers.
comm.), Two genes on the same chromosome are always transferred together
even when one is unselected (Day, 1978). On the other hand, selection of
one marker results ir; recovery of an unselected unlinked marker onily‘ 10-20%
of the time. Thtfs, the phenomenon involves. thé acquisition of a limited

number of whole chromosomes rather than specific 10c1 This phenomenon

.w“ .

4
was exploited to provide'a technique for the screening of markars linked
to mating type, as selection for a mating type allele 'would'allow simultaneous

selection for any markers linked to this allele (fig. 2).

A yellow a» haploid with the uninapped mutation was mated with a
pink (wild type, Yomirant) lysine requiring strain, '1.716&6. Prototrophic
colonies were selected by plating the crosses on MM, Yellow prototrophs
were presumed to be aneuploid r_’ather.* than diploid as they had acquired
the chromosome carr'ying the wild type allele for the auxotrophic mutation
but not the different chromosome carrying the pink allele. If the
prototrophic allele was linked to-mt, then all of the yellow prototrophs would
be expected to exhibit the colonial and sporidial characteristics of ai/az_
heterozygoties (section 3.1). If not, only at most 10-20% would show this
phenotype. .Thus scru‘ning for linkage to the mating type locus was
performed by examining the prototrop‘hs arising from a large number of
auxotrophic strains carrying the yellow marker. Any strain in which almost
all the yellow prototrophs had the translucent colonial morghology of ay/ap .
cells would be highly likely to contain an nuxotrgphfc marker linked to

- mt. I - . . A

-
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.



Figure 2. Qhromosome' Transfer Selection Technique

The expected results for a marker linked (q) and not linked (p) to
the as allele of the mating' type gene are outlined. Selection '{‘or the wild
type (q*) allele results in the appearance of the linléed a4 allele in 100%
of the progeny. As the p* allele is not linked to the a; mating type allele,
transfer of the ay allale to the progeny occurs randomly when the p* allele
is selected. In practice when an unlinked marker was selected, the observed
percentage of colonies which showed 'both the wild type phenotype of the
unlinked gene and the ailaz\\hcterozygc;us phanotype was less than 10%. The
r marker is.Used to ensure that the parental y* q* p* aj cell does not

grow on the salection plates.
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2.9 Bioassay': Induction of Hyphal Growth

Two assays were used in the course of t.hié work. Test A was used
very infrequently and test B frequently. For test A, extracts were applied
before mating had occurréd. Cells of opposite mating type were mixed on
a WA surface and flooded with 0.2 mL of plant extract (see Qcction 2.10,
Foliowing overnight incubation at 15°C, the entire plate was placed on the
stage of a Zeiss RA microscope and the cells on the surface axamined using
a2 x16 or x40 objective. Two' characteristics were scored for: prgsencé of
long conjugation pegs ("wild pegs™), usually initiated by az cells; ar{'d
presence of long infection hyphae arising from cells that had con.ju\gated

\

overnight.

In test B _ext.ract; were tested on already mated haploid sporidia or

primary diploids. A stock culture, containing 40-80% mated cells, was kept
on WA at 4°C for periods of up to 4 weeks. Cells were scraped off these
stock plates and spread on a small section of WA or MM before flooding
with 0.2 mL of extract or test solution. When several tests were being
performed simultaneously, each plate was divided into 4 6r~ 6 sections by
removal of narrow strips of agar. One test was then done on each agar
section. The plates were incubated at 22°C and examined 24-48 h later for
the presence of hyphae. Control cultures were treated with 0.2 mL of sterile
water (negative controls). Where different spacies or conditions were being
tested, a control treated with 0.2 mL of an active §. alba extract was also
used (positive control). For mos't tests, a simple scoring system was used:
+++, 60-100% of the conjugated pairs producod. infection hyphae; ++, 10-60%;
+, 1-10%; and 0, <i%, or no ‘gruter than control cultures treated with water.

For quantitative experiments, 0.1 mL of a suspension of cells from the
stock mated culture, containing about 107 cells/mL, and at least 60% mated
cells, vas plated on WA or MM and allowed to dry. A specific volume of
the appropriate tast s'c;lution was then applied to the cells. Twenty-four
hours later, each t\,cst spot was photographed. The photographs were used
to provide accurate measurements of a) the langths of hyphae and b) the
percentage of conjugated pairs of cells with hyphae (percent germination),



A variety of plant sxtracts were tested in the bicassay. Aqueous
exiracts weras applied directly to the cells without further adjustment.
Acidic or basic extracts were first neutralized with sodium hydroxide or
hydrochloric acid, respectively, followed by a small volume of 0.2 M phosphate
buffer, pH 6.8, Extracts in organic solvnnts were usually dried by blowing

air into a sample f‘ouoved by resuspension mto water. Frequently, organic

solvantis were duutcd 10 or 100-fold inté water. This amulsion or solution

was vigorously®shaken and then applied to the cells. It was fqund that
most orgariic solvents used (n-hexane, methanol, ethanol, and acetone) were
not toxic at thgse' concentrations. Toxicity was assessed as cell lysis or
as a shrinking of the cytoplasm, both resulting in a loss of refractivity
when viewed microscopically.

Over 200 chemicals were tested in the bicassay during t.h‘e. course of
this work. A few crystals or drops of the compound were placed in the
centre of the smear of cells. After ov'errhzight incubation, the cells were
examined and if the qgmpound was-toxic, the test was repeated using a

diluted, neutralized (if acidic or basic) sample.

2.40 Extraction of Plant Tissue -

-

Several extraction procedures were used to. remove the active

components from plant tissue. The ones most commonly used were aqueous,

cold methanol or acetone extractions.

x

Plant material used for extraction was obtained from three sources:
a) greenhouse and herbarium specimens supplied by numerous members of
the department; b) samples collected in the field; or c) bought. at local food

stores, e.g. parsnip and broccoli.

2.10.1 Aqueous Extracts

Fresh leaf material was macerated in distilled HyO using either a
Waring blender, a Sorvall omni-mixer, or a mortar and pestle. ,,I,wfﬁt.y mL
of water per g leaf tissue (fresh weight) was used. The extract was filtered
through Whatman No. 1 filter paper or centrifuged at 1250x\' for 5 min

g

(
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to remove debris and tested in the biocassay. This‘pr;ocedurl, termed
‘“unconcentrated aqueous™ extraction, was used to test a wide variety of
plant specias (Appendices i-4). Frequently t.hn‘sa extracts were autoclaved
at 15 p.s.l. for 18'min. This sterilization did not noticeably destroy activity.
F—or "con;ontra‘ ed aqued‘us” extracts, 3 mL of HoO per g ‘tti'ssue was used -
and the extract|was centrifuged at 27000xg for 20 min in a Sorvall RC-
5 cantrifuge, The pcliet. was 'discarded and the supernatant kept for further
testing. IAqueous extracts were alio concentrated by m'n'ans of
lyophilizgtion.— Both the sample and the lyophilizer flask were placed in
either a f20"C: or =70°C freezer. Ongce f‘r"ozen, the 'sample was attached to
) the lyophilizer and dried overnight. The ruultanﬁ powder wa(nxtract.ed/
dissolved with the desirad solvent. ' ’ :

© 2.10.2 Acidic Extracts

Acidic extracts were used for the extraction and assay of ascorbic
acid contained ih the leaf tissue of a.variety of.speciu. Cold (4°C) 0.35
M m-phosphoric acid (as 2:1 NaPO3:HPO3, Fisher Chemicals) and 1.4 M acetic
acid werg substituted for the H20 in the concentrated aqueous cxt,ra}:'t.ion
procedure. Subsequent dilutions were ,m'adn in cold 50mM perchloric acid
prior to chromatography and win neutralized prior to testing in the
bioassay. This protocol is an adaptation of the technique outlined in Pachla
and Kissinger (19754). '

2.10.3 Methanolic Extracts

Both hot and cold methanolic extractions were used frequently to
determine the presence of hyphal inducing compounds in plant tissue (ste
Chapler 4). Hot extractions involved immersion of plant n‘sst:n for 20 min
in methanol ({ g tissue/ 20 mL solvent) heated to boiling (63-64°C) over
a hot water bath. The methanol was decanted and the procedure repeated
until the tissue was white.. All solvent washes were pooled and reduced
to an aquedus residue in a rotary-evaporator with a water bctﬁ set at
35-40°C. When stored at 4°C, the unevaporated extracts.did not retain
activity for more than 3 days even though the activity of these oxtrabts, ,
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when freshly prepared, was equal to the acetone extract (see below).

Cold methanol extractions were carried cut with Jthc solvent at go‘om
temperature. This procedure was used primarily for the extr‘acti;n and
concentration of the major active component from the leaves and roots
of Silene alba and, later, Pastinaca sativa. The tissue was macerated in ‘
a Sorvall omni-mixer with 3 mL .of methihol ber g of tissue. Batches
of upto30 g were treated this way. The solvent was decanted and
centrifuged at 2'700ng for 20 min. . The pellet and the debris from the
maceration were combined and re-extracted. f‘he suplrnatant. was
evaporatad to an agqueous resxduewas in the hof methanol procedure. Fugther
centrifugation (27000xg/ 20 min) resulted in the precipitation of the active
component from the water. This pellet was washed with 1-2 mL of HPLCV /
grade methanol and recentrifuged as above to remove any large particulate
matter prior to chromatography. Two extractions were sufficient to remove

virtually all of the active component from the tissue. -

2.10.4 Extraction with Other Organic Solvents

Freshly collected leaves wnré ground with a mortar and pestle and
20 mL of acetone were added per gm of leaf tissue. The exiract was decanted
to remove larger debris and stored in a tightly capped bottle at 4°C. These
extracts were stable for as long as 3 or 4 months and old extracts were
commoﬁly used as positive controls in the bioissay. For more oxtinsive
procodun;, however, only fresh preparations.wcre used. Dried leaf matarial,

from herbarium specimens wers also extracted using this procedure.

At Qarious txmu, other organic solvents (n-haxane, n-heptane, n- ~
butanol, chlaroform, diethyl ethor, or sthyl acetate) were substituted for

acetone in the extraction.

2.41 High Performance Liquid Chromatography (HPLC) - General Procedures’

Most chromatographic procedures employed an Altex model 330 liquid

2 - )
chromatograph equipped with a fikxed wavelength ultraviolet absorbance
detector or a Kratos FS970 fluorescence detector. Resuits were recorded
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on a Hewleti-Packard 3390A integrator. Occasionally, a Hewlett-Packard
-1084A liquid chromatograph was used. Reverse phaie n'parations were

carried out on either an Ultrasphere-0DS column (Beckman Associates), silica
gel covered with octadecylsilyl mo'iet.ins, or a Hamilton PRP column,
containing a styrene-divinylbenzene copolymer. One ion exchange procedure
required a Zqrbax-NH7 column (Dupont) containing silica gel-NH7 packing.
Normalt phases chromatography was run on two silicic acid colupns: Hewlett- -
Packard Si-100 or Brownlee Spheri-5, Specific details on each technique
are provided below,

Certain procedures nacessary for the prevention of icr;ious damage to
a liquid chromatograph and columns were adopted in the course of thxs
work. These proccduns cantred on both prevcntatwo measuras such as
solvent and sample preparation and reparative measures tq correct the

inevitable minor detprioration associated with day to day operation.

Proper p\r_“tpération of sol;rent systems was found to be crucial for
column mair-at,onance and reproducibility of results. All organfc solvents
were "HPLC gradg" ‘purchased from Fisher Chemicals or JT Baker Chemicals.
Those usad for normal phase chromatographir on silica gel columns ware

tored over molecular sicyu (44, 8-12 mesh; Fisher) to remove as much water
as possible. The exception to this precautiori was methanol which was found
to react with this pu"ticu‘l-ar type of ﬁwe. Instgad, methanol and pr>
mixed solvent systems containing methanol were stored in a gesiccator
containint anhydrous copper sulphate, CuSO4. Water suitable for HPLC use

. was pr'cp;arcd by passage of doubh distilled water through a reverse phase

calumn (Bondapak—CiB l:’aters Associates) dud:catcd to this task. Finally,
all solvmts were filtered through 0.45 um M:llxpon filters (HAWP for aqueous
solvents, GV(@ for organic miktures) and degassed prior to use.

Sampiu were d:uoIvod only in solvmt,s miscible with the mobile phase,
e.g. no phosphau buffer in sample if methanol was the running solvent.
Before mdcctmp, all umplu were centrifuged for 20-30 min at 27000::3 (15000

.rpm 1r\|n Sq;-34 rotor, Sorvall RC-5 centrifuge) to ramove any large
. particulate matter, Centrifugation was found to be as good as, if nott(tcr




26

. ~t.han, Millipore filtration for removing p—articles and less sample was los.t.

Guard columns were employed for post procédures in order to prolong
the life of an analytical column. The guard column wés prepared by packing
empty columns (Column survival kit, Whatman) with either silica gel from
a normal phase Sep-pak cartridge (Waters Associates) or particulate silica
gel covered with octyldecylsilyl (ODS) residues (Whatman). Thase packings
were suspended in an appropriito solvent ;nd loaded into the column via
a Pasteur pipette. Periodically, the p‘ackings were flushed out and replaced.
No difference in column efficiency w;s noticed when 2 guard column was

.

used compared to the same system without it. -

Despite these precautions, the equipmen\t ‘and columns -occasionally‘ did
get contaminated as evidenced by irregular, inconsistent results and/or
changes in operating parameters such as f1d% rate or back pressure. If
the column was the source of the irregularity, regeneration was nacessary.
For reverse phase columns, the system was_ flooded with a series of solvents
decreasing in polarity, e.g. H20 to 50/50 H>0/CH30H to CH30H. Normal ph;se
silica columns were washed with a solvent series increasing in polarity,
e.g. n~hexane to 50/50 n-hexane/athyl acetate to ethyl acatate. This
particular sequence was useful for the removal Qf water which was observed
to alter drastically the chromatographic conditions. For both types of
chromatography, tht—columns wera cleaned by washing with solvents in an
increasing order of elution strength. ' To return to original conditions t.he
. order was reversed. Occasionally, the column inlet frit became plugged and
the cleaning series had no effect. In this case, $he frit was replaced by
gither a naw frit or one that had been cleaned in a sonicator. The
sonication process only partially regenerated the frit but this was usually
sufficient to warral;t, re-usae.

In other instances, the Altex chromatograph had to be repaired or
cleaned. Usually, this nmply involved roplacmg the ual around the piston
responsible for the influx and efflux of solvent withm the pump. This
problem was mamf‘utcd by the presence of solvent behind ithe seal. A more
serious problem occurred when the inlet and outlet check valves, also



5solutxon. A flow rate of 2.0mL/min- through t.hc Ultraspherd-0DS colums
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rogu'lat.ing solvent uptake and output, became soiled. The result of this
contamfnation was an actual flow rate less than the set flow rate,
particularly wl_'ien back pressure, i.e. from the column was applied. Soaking
the valves in isopropanol for several hours and sonication in acetone was

found to be an effective cleaning protocol.

Final verification of the efficacy of cleaning and repair procedures
was by measurement of coiumn efficiency both before and after these
measures. Three parameters were calcu}atcd: a) efficiency or the number
of theoretical plates per metre; b) k’ values also known as capacity factors;
and c) selectivity or « values. The number of theoretical plates per metre
(N) is given by the formula: N = 5.54 (tp/w4,0)2. Capacity factors are
calculated with the formula: k’ = (tg - to)/ tg, and selectivity defined as: - - )
« = k’27 k’4. In these formulae, tg = retention time, tg = retention time
of an unretained compound or the void volume, and.wy,2 = the peak width
at half height. -

2.11.1 Chromatography of Ascorbic Acid

Two ‘chromatographic tachniques were developed for the isolation of
ascorbic acid during t‘he course of this work, The development of both

techniques is described in section 4.5.2. ' -

The first p}‘oceaure utilized tributylamine (TBA) as a hydrophobic
counter ion which complexed with ascorbate to increase the affinity of the
column for the acid. The solvent system used to initially chromatograph
ascorbic acid was 1 mM TBA in 10% methanol in water. For the analysis
of plant extradts, the TBA concentration was increased to 10 mM to ensure
complete association of ascorbate with this compound. The solvent was
prepared by dilution of a stock solution of TBA (Fishar Chqnicals) intd 100%
methanol followed by addition of this selution to water. Any change in
/thu sequence resulted in the TBA remaining msolubh in'the tnr/mcthanol

was us;d to analyse-the plant extracts. This procedure is a\modificatio
of the technique outlined in Pachla and Kissinger (1979).

b s pr b o s R
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_:Thl second technique was anion nxchahge chromatography with a
Zorbax-NH> column (Dupont). _The mobile phase was O_.QQ M monobasic
potassium phésphatl (KH2PQy) in water and the flow rate was 2.0 mL/min.
Detection was by UV absorbance at 264 nm. During both reverse phase
and anion exchange chromatographic procedures, it was necessary to keep

all samples on ice prior to analysis.

2.11.2 Chromatography of x-Tocopherol

Two efficient iechniques were used for the chromatography of tf;e
various t.ocof:hnrols, particularly x-tocopbherol. A reverse phase system was
developed by myself and subsequently proved to be almost identical Lo a
protocel p'r;eviousiy reported (Hatam and Kayden, 1979). A normal phase'
separation described by Vatassery, Maynard and Hagen (1978) v vas adgpted

" to the particular columns used here.

S A9 'r‘ ?

Reverse phase chromatography was initially used’ L0 purify a desired
component from cold methanol extracts of roots and leaves-of various plant
species. Both the Ultrasphere-ODS and PRP columns were employed. The
solvent was {00% methanol at a Hdw rate of 2.0 mL/min, Suspecting that
x-tocopherol mi.ght be the unknown compound in the extracts, it was
chrom_atogra_ﬁud in this system. The Kk’ values for x-tocopherol with the

- Ult.ras;hcr!‘ODS and PRP columns were onr'avorage 5.1 and 8.7, respoctivcly.

For normal phase chromatography, both the Hewlett-Packard Si-100
and the Brownlee Sphcm-s columns ware used. The solvent was 0.5% methanol
in n-hexane with the Brownlee column and 0.2% methanol in n-hexane-—with
the Si-100. A flow rate of 2.0 mL/min was used with both columns. The
k’ values for a-tocopﬁrol were 2.4 with the Brownlee column and 3.3 with
the Si-100 column. It was possible to detect and isclate the other
tocopherols, 8,y and §, with these two columns. S - _

2.42 Thin Layer Chromatography of Phytol

A commercial prepa.ratiori of phytol (Sigma Chemicai Co., St. Louis, MO)
‘was chromatographed on thin layer silica gel plates (K5F, 250um; Whatman).
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A mobile phase of n-hexane:ethyl acetate (17:3) was used: this has been
rtporte& to produce an RF of 0.35 for phytol and 0,50 for isophytol (Demole
and Lederer, 1958), After development, some minor components were
visualized by examination of the plate held under an ultraviolet lamp
emitting light of 254 or 350 nm wavelength. Some bands were fluorescent,
others absorbing. Subsequently, half of the plate was covered with a paper
towel and the other half was sprayed with concentrated su‘lphuric acid.
The acid treatment immediately turned the major components of the sample
yellow. The corresponding band on the covered side of the plate was scraped

into a test tube and eluted with fresh n-hexane:ethyl acetate (17:3).

~Alternatively, two sets of plates were run in the chromatograph system

simultaneously and one set was sprayidfwith sulphuric acid and heated at

" - 40°C for 20 min. All componenis appeared as brown bands as a result of

 this charring procedure. Material at the corresponding positions on the

un'sprayed plates was scraped off and eluted with fresh running solvent.
"I’he‘insn-luble silica was pelleted by centrifugation and the supernatant was
tested in the bicassay. Compounds 1isolated this way wera re-

chrnniatographed to verify purity. 2

The uliraviolet spectrum from 210 to 400 nm of the peak suspected
to be ascorbic acid was obtained using the scanning function of the Hewlett-~
Packard chro;xatog'raph. An aqueous extract of Zeag mays leaves was
separated on a Zorbax-NH2> column (Dupont) with a mobile phase of 0.02 M

KH2P0;, pH 5.5. When {he appropriate peak appeared, the solvent pumps

were stopped and the scan initiated. Spectra of both the leading and trailing ~ -

slopes of the peak were recorded to test peak purity. Several attempts
ware made to isolate the peak ;n order to obtain a better quality spectrum
using a cuhVeni.ional sp;ctrophotomctcr. These were not successful due to
the low amount of mat@#rial that could be obtained this way (more
concentrated samples did not chromatograph well) and the instability of
the compound.
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The UV spectrum of a commercial ascorbic acid preparation (f‘isﬁcr
Chemicals) was measured on a Shimadzu UV250 spectrophotometer. The

sample was dissolved in 50 mM HClO4 and was scanned from 240 to 400 nm. —

The spectra 6f compounds isolated from Silene alba and Pastinaca

- sativa roots or leaves were determined with the use of a Pye-Unicam 1800

spectrophotometer. The spectra of two compounds thought to be
chlorophylis a and b were measured on a Backman 25 spectrophotometer.

Readings were taken at 10 nm intervals in the 400 to 700 nm region.

2.14 Mass Spectrometry -

A sample of the active compound, estimated to be 2 mg based upon
integrator area units, was isolated from cold methanolic extracts of parsnip
root tissue by reverse phase HPLC. Mass spectral analysis was done with
a Varian MALT 311A mass spectrometer in the Department of Chemistry, U.W.0.
The instrument was set at a potential of 70 eV and a probe temperature
of 40°C. A sample of synthetic x-tocopherol (Sigma Cﬁeu_:iéal Co., St. Louis,
MO) was analyzed for comparison. A second sample of the active compound,
approximately 0.5 mg, was run at 25 eV and 70°C. o
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" CHAPTER 3 | :

DIFPLOID DERIVATIVES WITH ALTERED -
MATING TYPE PROPERTIES

-4
’

3.4 Introduction - Diploid Morphology and Alternate Growth Forms As
Understood at the Start of this Thesis: ' '

Newly produced diploid colonies of /. violacea present a translucent,
mucoid appearance on MM at 22°C which is very different from the opaque
appearance of haploid, aneuploid or diploid colonies 1n which thé mt alleles
are not heterozygous (Day, 1979)-. This characteristic, therefore, is a
convenient diagnostic for cells heterozygous for mating type (plate 1). When

viewed with the low powe? objettive of a microscope, the sporidia of these

translucent colonies are observed to be widely separated unlike the opaque, -

haploid colonies which contain densely pabked celis (plate 1),- This
separation is due to the secrertio'n of a "gelatinous™ matrix by the diploid
cell under certain conditxons._ WI"u'le the composition of the matrix has not
been determined, it is responsible for the translucent appearance of the

colony. .

Investlgatxons havrdeterm1n¢d that t.he sporidial and colonial growth E

forms of cclls heterozygous for mt are dependent on a number of f‘actors,
especially temperature and _composztzonpf the growth medium (Day, 1979,
The heterozygous ay/a; diploid is capable of both vegetative growth and
the initiétion of sporulation. Vegetative -growth (VP) of‘the c'lipioid
spor:dxum occurs by means of yeast like buddmt, ina mannor -identical to

-that of haplmd cells, - The. gcneratxon time for bath call types is

approximately 5-6 h under opumal conditions (Day and Jones, 1972), ° The-

-—

diploid cell exhibits #.hn. vegetative mode of growth on nutr;two ‘media at
relatively high temperatures: on CM above 20°C and on MM above 25°C. Below

< - —

- A
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these critical temg’eratures the sporidia cease dividing and after 40 h begin
to elongate and swell greatly.' becoming full of large lipid granules and
taking on a dumbbell shape (plate 2). It is during this phase that the

ge,latxnous matrix is procruced The change’ f‘rom vegetative to sporulat.lve

‘cell very close‘ly parallels the initial stages of telmspore formation in the

.anthers of the host plant (Day, 1979). "The term sexual spore precursor

phase” or “"SPP” has been applied to these large cells (Castle and Day, 1980).
These SPP cells do not complete development into teliospores under all
conditions so far tested on artificial media (Day, 1979): Presumably, some

ifactor(s) necessary for the final steps which is present in the anthers of

the host is lacking on these agar media. The SPP cell is not committed '
to remain in this pr'e-sporulat.ive state. A reversal of growth conditions,
such as blating on CM above 20°C results in the reformation of the vegetative
cells. The SPP cell produces a éhort. hypha which buds off typical VP cells.
This process is apparently the result of mitotic division rather than meiosis,

normal or aberrant, as no segregation of markars is observed.
A -

The switch from the vegetative to the sexual stage and vice versa
is controlled by the mating type gene. Only aj/az d;ploid sporidia and
ajt+ap dikaryons, i.e. conjugated pairs of cells, are capable of forming the
SPP; haploids and homozygous diploids are not (Castle and Day, 1980). As
the cond'itioni of temperature and media which permit SPP formation are
those that ﬁermit cor}Jugation, it has l:feen postulated that SPP cells result
when both mt alleles are active in the same cell while VP cells result from

inactive mating type alleles (Day and Cummins, 1774; Day, 1979).

In summary, the aj/az diploid cell can form either VP or SPP sporidia
and switch back and forth between these two phases. The phase chosen
at any partlcular time is dcplndcnt upon tnvmonmcnt nut,mt.lon and
temperature, and the switch mediating the response to these stmuh is the
m‘tmg type gono (Day, 1979).

The cessation of vegctative budding as a population of ay/a; sporidia
enter the SPP stage confers a selective acivantagn to any cell which
continues to divide under these conditions.. These vegetative cells would
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eventually give rise to sectors or whole colonies and come to predominate
in the culture. The ay/ap diploid, grown under conditions which induce

the non-dividing SPP phase, frequently gives rise to such vegetative sectors
and colonies (plate 2). The vegetative areas are recognized by their .

“opaque” appearance since little or no mucoid matrix is produced by these
rapidly dividing cells.. Sometimes the opaque colonies appear to arise
directly from a single diploid cell immédiately after plating, but more
frequently opaque colonies arise as sectors in the minicolonies of swollen
sexual cells (plate 2). Cells at the periphery of the minicolony divide
occasionally; therefore, opaque sectors can arise at any time during the
slow growth of the colony. Opaque sectors were also clearly visible iﬁ th
‘spreading “wet” arid translucent colonies of large masses of ay/a; dipioid
cells on MM (plate 2). ‘

Many such opaque col;:mies were isolated and purified using standard
microbiological techniqu'es: dilution or streak pla’ting. uccessive rounds
of sub-culturing have shown that the ability of these cell types to remain
ve—gctative under conditions favouring sporulatién is a stable trait and not

a transiént phenomenon.

Subsequent analg}s_is by A. W. y showed that these sectors could be

divided into three categori based upon mating and sporulation
characteristics. The fre ncy of each of the categorias was C!lpll:dlnt
upon the culture condi
about 0% of the j

not conjugate with either ay or as haploid. Thirty-eight percent were

blates were termed neutral opaques (op-N) as they did
strains ich expressed the as allele (op-a3) and 2% were of the a; mating
type (op-ai) On MM at 15°C, 80% were op-aj types and Lhe nmamder were
op-a4. No mutral opaqucs were recovered (table 1), ;

-~

This was the extent of our understanding at the time I began my work.

The purposes of this section of this thesis were:
L] 3 .

(1)to determine the' frequency with which sach type of opaqua

lons used to produce the opaques. On CM at 15°C,-

-~
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~ was formed;
(2)to describe the characteristics of each type of opaque; . .

(Ito determine the mechanism of opaque origin.

3.2 Frequency of Formation of Opaquaes

All of the opaque strains obtgintd up to this point were isolated from
plates incubateq' in conditions favouring SPP growth, as these are the
conditions that favour their selection. However, it was not clear whether
these conditions were necessary to induce opagques or whether opaques are

4 formed under either VP‘or SPP conditions, If the former hypothesis were
true, opaques would not be produced at 22°C on CM, as all of the diploid
cells would be vegetative, but they would be induced # exposed to 15°C.
On the other hand, if opaque f‘orfu}at.ion is iridepmdent of temfnrature or
state of the cell (VP or SPP) the frequency of opaque formation should
be the same at all temperatures. The frequency of opaque formation was
therefore measured using freshly isolated VP cells of strain D10 given a
15°C exposure of varying durations before transfer back to 22°C.

After determining ‘the cell conc'ent.ration and diluting the culture
appropriately, equal sized aliquots containing about 5x102 sporidia were
spread on each of 60 plates of CM. Twenty plates were immediataly placed
in a 22’6 incubator. The remaining piates were divided into four groups
of ten and incubated at 15°C fbr 5.5, 24, 48, or 72 h before transferring
to 22°C. Wheh colonial growth was complete, all plates were replica plated
to MM and CM and incubated at 15°C. Total colony numbers were astintated
using a Fishcr colony counter (model 600) and the numbers of opaques °
determined by inspection. . | " .

v

The duratlion of ‘exposure to 15°C did not affect the frequency of 6paqt‘u

- appearance on MM and had relatively little effect on CM (table 2 Thus,
the swi}ph'{‘rom VP to SPP did not result in the production of the opaque.’

strains: it only provided the conditions necessary for their selection. The

difference between the frequencies on MM and CM was prébably due.to the

<




Plate 1. Diploid and Haploid Colonial Appearances

A three day old ay/a3 diploid colony (top) grown on CM at 15°C showed
’ charactnristiﬁ large unbuqded “cells separated by a gelatinous matrix (x500).
" A haploid colony after two days growth on CM at 22°C, v‘ns characterized

by a densely packed appearance (x500). 4
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Plate 2. Morghologg of the Sexual Cell and Appearance of Opaque
Sectors in a Sexual Colony

Opaque sectors can be seen to have arisen from a small colony of freshly

isolated diploid cells on CM at 15°C (top left). The loosely packed as/as cells

gave the colony a translucent appearance as opposed to the dense
appearance of the opaque sector (x170), This point is further illustrated in
the top right photograph, taken with oblique lighting and the lov.powcr
of a Wild dissecting microscope. The opaque sectors appeared white while
the sexual d'iploid sectors were translucent (x4.5), The photograph of a
replica plate (MM at 15°C) in the lower left shois a single pure ocpaque colony
(arrow) presumably derived from an opaque cell prcscnt’ in the initial
inoculum (x0.9). The figure in the \lower right is a phase contrast photograph
showing the vegetative growth appearance of unmated opaque cells, In
addition, conjugated op-a4 x op-a; sporidia cultured on MM at 15°C have
ceased vegetative budding and have entered the sexual spore precursor phase

(x1500).

I T T
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Tabl; i. Types Of Opaque Vegetative Colonies
> Isolated From CM And MM At 15°C

»

‘Total No.
Opaques Op-N Op-a3>

-y

136 ' 74 59
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Table 2. The Effect of Exposure to 15°C on the Frequency: .
of Formation of Opaques in a4/a; Diploid, D10

Treatment Time . Frequency

at 15°C Before ’ . No. of of Opaques

Transferring’ Total-No. Opaques (x10-3)

to 22°C (h) of Colonies MM CM MM Q .CM
0 (control) 9,585 14 32 ~ L4b 3.34
5.5 4,166 9 32" 2.16 1.68
24 - 5,728 ~ 10 30 1.75 5.24
48 4,478 b 29 . 1.34 6.48
72 6,164 .13 50 2,44 8.14

<
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ability to detect the op-N class on'CM but not on MM under these conditions
(see section3.3.2 and table 1). This was because op-N develop as SPP cells
on MM and VP cells on CM at 15°C (see section 3.3.2 and table 3). °

; 'Using the ratios of the three opaque types on CM as presented in table —

i, the frequencies of each type of opaque recovered on CM were calculated.

Of the overall f‘i‘equiricy of opaques on CM at 22°C with no 15°C pre-treatment

(3.34 x 10'3, table 2) the frequencies of op-N, op-aj, and Op~a4 were

" determined to be 1.9 x 1073, 1.2 x 16~3, and 0.3 x 10~3 respectively.

3:3 Characteristics of Opaques

The principal characteristics of freshly isolated aj/aj diploids (termed
p'rimary diploids), their opaque derivatives, and haploids are summarized in
table 3. The f_ollowing sections provide detail concerning thase
characteristics.

3.3.4 Cell Size and érowth ﬁate

Transition of the primary diploid from VP to SPP inveolves an
appreciable increase in cell volume and an alteration in shape. Average
volume of the unbudded G1 diploid, D10, in VP is 93.1 + 10.3 um3, while in
}.he SPP form it is 843 * 123 mn3. In gontrast, the 2.744 hhglnid cell volume
is 30.4 + 3.4 pms during optimal growth conditions. All volumes were
calculated using the formula for a prolate nlliﬁsoigl. All three opaque typas
appeared identical in size to the primary diploid in its VP ‘state, with the
exception of the op-N once it has snterad the SPP phase. For example,
an op-ajp isola't.a of the diploid, C4/118, had an average cell volume of 90.8
+ 8.0 um3, which is not significantly different from the size exhibited by
primary VP diploid cells. ! '

For the growth rate measurements, flasks containing 10 mL of liquid .

CM were inoculated with either the hapleid 1.C2, the diploid D10, or one
,.of‘ the Di0 opaques, op-Ni?, op-ai-i, and op-az-ii, The initial
cdncentrations were all 1 x 109 sparidia/mL.. Samples were taken at
approximately 24 h intervals and the cell goncentrations were measured
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Table 3. Characteristics Of Opaques

as/a - ’
a4 Haploid a Haploid _u_.m..n op-N Op-ay Op-az Op-C
i . . '
, _
o ConJugation +ap +ay - - +ay +ay ?
Self conjugation - - - - T - +
| Growth <20°C CM VP VP SPP SPP’ VP VP VP
Form <25°C MM .
Growth 1>20°C CM VP VP VP VP VP VP VP
) Form  >25°C MM
A -
Solopathogenicity - - + + - - NT
! ?gn__i-:nomg when
'mixed with a4 or +a9 +ay + + +ap +aq NT
LY

- _ a7 haploids

_ v
| NT: not tested;

i

: not known.

Note: +a4: possible when'mixed with an a strain; +a: possible when mixed with
_%" vegetative m..o!g observed; SPP: sexual spore precursor phase obser

an ay strain;

<nnm.w

PP SPP is altered;




using a Neubauer hemacytometer., The results are shown in fig.-3. No

differences-were observad in the rates of growth of any of the cultures,

3.3.2 Mating and Sporulation : _ -

The op-N, like the primary diploid, is neutral in mating typwe,
conjugating with neither ay nor as haploid strains. It also resembles the
ai_/ag diploid in that it can for-li; SPP cells. The two types differ in their
response to the environmental stimuli which induce SPP cells. While the
prima}‘y diploid initiates sexual morphogenesis afier about two days on CM
at 15°C, the op-N remains vegetative until the nutriehts have been depleted
(about ten days). On MM at 15°C, SPP cells are formed by both primary’
diploid and op-N afier an incubation period of t,"wo to three days. Thus,
the change from the primary diploid to the op-N results in a altered response
to the environmental signals triggering SPP development. Since selection
of opaque derivatives on CM requires incubation of the cultures at {5°C
for IOng_lr than the time required for the op~N to initiate SPP development,
this strain therefore appears amongst the opaque pgpulation on CM. However,
on MM the op~-N enters SPF development more quickly and therefore is not
included in the opaquev types recovered. Th-e overall rate of opaque
production on MM is thus lower than on CM because of this inability to

recognize the op-N variants (Ltable 2).

The two mating opaques, op-a{ and op-aj, remain vegetative under all
tested growth conditions and do not form SFPP cells. Dikaryons formed by
conjugation between opaques or opaques and haploids were able to initiate
sporulation (plate 2) due to complementation between the two mating
partners. These mating opaques are identical to aj; and a; haploids,
respectively, in ability to conjugate, and in response to the snvironmental

signals which affect conjugation.

3.3.3 Pathogenicity ]

~ Mixed haploids of opposite mating type and 31/52 d_iploids are capable
of infecting and sporulating within the host plant, Silene alba. When only
one mating type is pr.unt'i*n the inoculum, as in pure haploid cultures,

e .




Figure 3. Growth Rates of Haploid, Diploid, and Opaque Strains
»

Complete medium flasks were inoculated with a4 haploid (); aj/az
diploid (®); op-N (0); op-ay (A); or op-az (+ strains, The cultures were
incubated at 22°C .and every 24 h, 0.5 mL aliquots were removed to determine

cell concentration.
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" no infection occurs (Day and Jones, 1968; 1969), A study of the pathogenicity
of opaque strains was undar;taken to determine if these alterations affected
the ability to infect and sporulate in the host plant, Groups of four plants
were inoculated with either the primary diploid Df'o, an op-ay, an op-ay

" or one of two op-N derivatives of the diploid, C4/118.

The brim_aT_-y diploid produced weak infections in the two plants which
flowered. This result was consistent with earlier observétioné' of infections
produced by single diploids compared to mixed haploid strains (Day and
Jones, 1969). The teliospores recovered from these plants germinatad
normally and study of the haploid products with tetrad and random spore

analyses indicated that meiosis was normal.

Only one of the four inoculated p]_ant.s flowered in each of‘ two op-
N tests, The plant inocﬁlated with. C4/'118 op-Ni7 initially appeared to be
uninfected. The anthers were normal in both size-and colour and
mcroscopxc exammatmn of the exc;sed tissue failed ‘to reveal any
teliospores. However, when t.wo anthers were OPUShld in sterile water and
the entire suspension was plated on CM, a iotal of nine‘talonies appearegl
after a week of in.c‘ubaAt‘iori at 22°C. Each of tHhese colonies was streaked
on CM'to isola*;e any genetically different clones present in the colony
- produced by the germination of a single teliospore. Twenty-five colonies
were isolated from each streak and ge_notypes_ were determined by replica
plating and by tests with known mating types on WA (table 4), In_a;l t;l'ie
nine teliospore colonies,_ only two out of four genotypes were puser}t,‘a{xd
all clénes were clearly haploid as judged by size and genotype. With the
exception of mating type, segregation of the various markers’ appeared
normal and the two alleles for any one gene were present in approximately
equal fnquancus within the total sample. The only allele not ocbserved .
in any of the progeny was the a4 allele of the mt gene. Thase results -
_indfcatc that these colonies probably derived from meiosis in rare teliospores
in the anthers rather than from the vqgotativi irowf_.h of mycelial

fragments.




47

Thus this op-N retained the ability to infect a host plant (although<
sporulation was reduced to a barely detectable minimum), a feature which
in all previous experience indicates the presence of both a4 and a; allales;

.-yet in the subsequent mnio;is, half of the meiotic products (those containing
the ay allele) did not survive. The simplest explanat.ioh appears to be that
formation of this op-N involved alterations to the a4 allele (e.g. through
mutation, recombination, transposon activity, etc.) resulting in the mildly
altered phenotype for the diploid and a lethal loss of necessary Funciions
in haploids containing the altered allele.

The resulting half-tetrad analysis of these nine teliospore colonies
is shown in table 4. A limited amount of mapping information can be gleaned
from these colonies. Inviability of the meiotic products carrying the aj
allele automatically eliminates one allele of the remaining ge-ncs whenever
parental ditypes (PD) or non-pareﬁta] ditypes (NPD) were formed. The
appearance of both alleles of an?fof the other loki in any one of these
.nine situations therefore implies formation of a tetratype (T)-tetrad. As
mt was found to be a centromere linked marker (see section 3.4.3), %T can
be used to map the.gene to centromere distances for the other genes in
this cross. Values significantly less than 7% provide useful information

"and the gene - centromere distance = 1/2 %T (Fincham and Day, 1971). On
this basis y and ﬂi particularly are close to their-centromeres, while
'l_'xgi appears to bc relatively distant. The centromere li;-zkagc of thay

lo¢us has bun documented more thoroughly by Garber s graup (Cattran ot ’

al., 1978).

*

» “ b. i
< A 'second op-N, 64/118 op-Ni? {aIso produced an infection substantuuy

weaker than the pmmary chploxd. Superhcx‘ally, the plant appeared
uninfected but- m this can tchospores were oburvochunng mcroscopm.
examination oi‘ the ant.hcrs. In ldd1tionr Thase. uhosperu yuldcd
approxmatnly eqcrti proporhons of 31 and 32 cells in thc meiotic progeny.

. Thu«s, the stram op-N19 appund to hav,c & l’us severe alunt.mn than op~~

= - v - -
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Table 4. Op-N-17 Tetrad Analysis

Genotype of Primary Diploid C4/118:

il dinte i b e e st dhi Al

Vil 11 1844 ? XII VI

Y hisq lyso uvsy + ay
+ + + + "‘31 a2

NL: Not Linked

b
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Tihlc 4, Op—_N—!‘f‘Tctrad ,Analysis
. Tnliospon. Genotypes Recovered
) S y + + his uvs ap .
y + +,  + uvs ap
2, y arg lys his uvs as
y arg lys + + ar
& + arg + + + ay
+ arg + his + -a>
4, + arg + + uvs a2
) ) + arg + his + a3
- 5, 4+ arg lys + + ‘Iz
‘ + arg + his + ap
s, + arg lys T+ + &
+ arg lys his + a3
¢ 1. y arg + + + a
y + lys' his uvs a3
8. y + + his uvs az
y + lys + + a7
9. y ¢+ + .+ uvs a3
y + lys his uvs aj
Segregation as Compared to mt Gene
= .
Percent Gene to ¥ Recessive
n . ' Rocombina@on‘ Centromere Allale
Gene PD NFD T with mt -, Distance Frequency
T S - ‘;
[
y 5 4 0 44.4 . 0.0 55.4
lys2 3 2 4 44,4 22,2 44,4
hisg 0 0 9 50.0 NL#* O33%) 50.0
uvsy 3 2 4 44.4 2.2 4.4
N e
— N\
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The results with these two Jopaques highlight a previously unrecbgnized
problem with sexual crosses involving . violacea. Some crosses,
particularly those involving diploid strains, may produce plants which
appear uninfected to the naked eye, having apparently normal anthers:
clearly in these cases it is worth making microscopic examinations anﬁ/ or
plating out crushed anther suspensions to detect rare teliospores before
discarding these plants as useless. ‘

Neither of the mating opaques, C4/118 op-aj-1 or op~az-ii, produced
any signs of infection in the six of exght plants whmh flowered. No
teliospores were observed in the anthers examined mlcroscoplcally, instead
they were filled with pollen. The inability of these opaques to produce
smutted anthers was probably due to a failure to infect. The alternate
possibility that the infection occurred but sporulation was blocked is
unlikely as later experiments (see Chapter 4) suggested that the mating
opaques were incapable Ef‘ sysymic growth, as they did not respond to host
plant extracts which induce parasitic hyphal growth., Regardless of when

the block in pathogenic development occurred, it could be overcome through
| compliementation betweean dii‘f‘ér!nt opaque strains or between opaque and
haploid strains. Mixtures of op-ay and op-a; cells produced heavily smutted

anthers, as did op~a4 and haploid a; mixtures (see section 3.4.4),

3.3.4 Genotypes of Opaques

The principal purpose of my investigation was to determine what
genetic alterations occurred in primary diploids to produce these various
opaque derivatives. Analyses of: a) the ploidy of opaques, b) the possible -
changes in chromosomes bearing a variety of marker loéi, and c) the possible
changes in the mating type chromosome were therefore carried out.

Firstly, a survey of opaque phenotypes derived from multiply marked
primary diploids was done by A. W. Day and myself to determine the extent
of the alteration of the diploid genomis. Eleven of the twelva linkage
groups were assessed for alterations in any of the marked loci during opaque
formation. All of the 224 opaques isolated from five diploid st.rgim,

7 .
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'Table 5. Phenotypes of Opaques Obtained from aq/a2
Diploids Carrying a Variety of Chromosomal Markers

Diploid

Genotype of Diploid :

Phenotype of Opaques
(All Classes)

B32
B33

X2

X4

e

vl I IV VvV IX VI

i orny inosy metz + a4
+ 4+ + T+ city ap

3

vl 1 IV VvV X VI

y orny inosy meta + ay

+ .+ 4 his3 ao

vt IX 1 ? ? Vi
Y lysacity + + + a4
+ "+

+ lysp uvsy cxr2 az

v m ? XI VI

VII 11
o s
Xl X vi
hisg _+ a4

28 opaques all protot.rophxc
and y*

22 opaques - all prototroph:c
and y*. A .

107 ppaquts - all J:rototrop)uc,
UV resis fnt an
senntlvc

- 20 Ppaques - all prototroph:c,

ort , and UV resxstant .

47 opaques - all prototrophic

+ argy a2 :

1 Eventually cx resistant sectors grcw up from these colonies,
provmg that they were hctnrozygous for cxra.

7/

4;,5/
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heterozygous for a variety of auxotrophic, drug resistance, and UV sensitive
markers, remained prototrophic and expressed the wild tyin dominant alleles
for colo;xr (two gene‘s),‘ cycloh;ximidl sensitivity, and ultraviolet light
resistance (table 5, In addition, many more opaciun from different primary
diploids have baen obgerved duriné the cour:se of ot.}ur experiments. The
vast majority of these opaques gave similaf results to those presented in
table 5. Occasionally, racessive harkers were expressed in the somatic
.descendants of various primary diploid ;nd opaque strains. Most of thblu '
recombinants, expressing a recessive allele, retained the aj/a; phenotype
"whilii virtually all opaques remained wild type and phenotypically identical

\

to the primary diploid (apart from'the sporulative and conaugatxve

" differences already mentioned).

Secondly, in order to confirm t:hat the opaques did indeed remain
) heteroczygous at the marker loci, several opaqui isolaiu were induced tb
haploidize on PFP medium (table éa,bl.in all except d{ne case all recessive
allele’s ware recovered in a sample of haploid segregants from each opaque -
strain. The one exce;;tion, an op-aj derived from diploid B32, did not produce
any haploidfexpnssing the city marker. Mowever, this is most likely _&ne
"to the small sample size and the epistatic ma“sking of this marker by the
orn4 marker also -prosor’lt in this cross. Thus, the double mutant orn4city

. .

would be scored as orny.

\
i

Finally, the haploids recov;red from these and other t.rutmcntls were
" tasted for mating type (table 7. Three primary ciiploids produced haploids
of either matmg typn, as expected. The two matmg opaques showed no
evidence of the presence of the opposite unmgrusld mt allele. Thus, op-
a4y produced only a4 haploids md op-az, a2 haploids. The results obtained
from the 6p-—N were varied, Two oplquu had retained both a4 and a7 allales.
One produced only a4 haplbxds and the rtmumng seven yielded only a2
haplmds In some xnstancos, a few haploids recovcud from the PFP
t.rntmmt. of the var:ous opaque strains wert suhuqumtly mated to kriown
a4 and az haploid’ tut _gtrams and diploids wers ulncud. Thess diplo:ds

. showed a normal ay/aj rather than an opaque phenotype. Thus, a FFP ~ ' s

' tinduced haploid from an op-N, for ‘nxampl., when mated with l‘haglaid test J

-

v - t -
.
. . . . ) .
. . .
hL_‘_ _ . L . ! . i e
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strain of thewbppanu matmg typo, produced an ailag diploid rather than

a new op-N. e '

-

) Thlu gcnet.m analyus establish several important facts concerning
opaqun formation in prunary dxpio:ds. Fms’tly, the opaques clearly remain
usmhally diploid, ret.nmng ithe heterozygosity of tha primary diploid in
at lust 11 of the 12 marked chromosomss, and are altered only in the
chromosome carr‘ymg the lnatmg type locus,tchromosome VI; Day and Jones,
1969). Seco.ndly, op-ay and op-a2 each appear to have lost the mt allale
that is not expressed; ihp roniaining alltle being apparently unaltered in '

functilgm Thirdly, p-'N are variable in constitution, sometimas cgrrying

two different f‘unctional mntmg type allnlu, other timeas apparently only
hamng ons funcuontl mating type allele. This variety of op-N types
rnvuled by mitotic hapleidization parallels the variety r‘wnlod earlier by
aru\ns of chromosoml reduction at meiosis (see 3. 3.3)

-

a .34 Mechanism of Origin of Matin ues

** The phenotypes, of" the opaques and the results from the mitotic

hap_loidizat.‘ion.tnts lpft little deubt that genetic alterations during opaque

formation were reftricted to chromosome VI carrying the mt locus. Also

the largc cell volumc and the vxgprous growth rate supportod a diploid
state rat.hlr than an anmplmd cqnditxon. It was decided to restrict detailed
mvut;gatxans of the mlchamsms of opagque formatmn to the cp-aq and op-

az th:vatw_u as thcn seemed to provide the better chance of succass.

¢ Several lvnqts could potentially have occurred in primary diploids to
produce op-ay or .0p-as derivatives” which are diploid but altered at

.chromasome VI, so that thay now exprass a single mating type allele. These

- avents are: .

) chrdma;amc VI may remain disomic and t_utobozy[oui ih these
strains but one mating type alic.lc may be deleted;
“* (2yas ih (1) except that one mating type allele may be inactivated;
(D as in (1) axcept that one of the two homofo‘uu of chromosome . ®
I may be inactivated in its antirety; - a7
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) Table 6a. PFP-Induced Hapleidization of
Diploids and Opaque Derivatives ’
. A. Primary Diploid B32 Genotype: VII 1 v Y X vi
Yy orngy inosy metz _+ a4
Y "v T i : + + + + c:",i ‘2
. -~ Haploids Derived From:
Possible Y , Primary Op-N- - Op-ay Op-a2z
Haploid Genotypes . Diploid  Derivative Derivative  Derivative
' £
Yy o i m ¢ "0 0 0 0
y 0 i m + -3 i i !
y © i + ¢ 0. 0 0 0
y o i + + 1] 1 0 6 -
y 0 + m ¢ a 0 0 0 4
‘y 0 + m + 2 2 2 5
y o + + ¢ 0 - 0 0 0
y o + + + - 0 2 0 - 0
y +# i m ¢ 0 0 0 0
y + i m <+ 7 3 4 0
y + i + e 0 0 i 0
y + i + + 2 i i 0
y + + m ¢ 2 0 0 o
y + + m + 8 2 2 1 N
y + + ¢ c 0 3 0 0
y + + + 3 0 0 0 o,
Totals 24 13 i1 7
V3 s -Allele Frequencies
orny .21 49 Car . 86
, inosq S0 A0 L) . A4
uut% . .83 , 53 82 40
\ 08 20 , 409 0.0
w
¢ *orny/city double muunt scored only as ornithim 9 )

uquir-ing due to opisusis
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Table éb. PFP-Induced Haploidization of
Diploids and Opaque Derivatives

B. Primary Diploid 118/C4 Genotype: VII I m -2 Xir vi
Yy hisy lyso uvsy + a4
+ +

+ + Wi 32
‘ . Haploids Derived From: i
Possible . Op-N Op-ay -Op~a2
Haploid Genotypes -Derivative Derivative Derivative
y h 1 a u 0 "0 0
y h 1 .' + D ] 0 \0 [
y h 1 + u i 2 7
vy h 1 + + 1] 4 2
~y h + a u i 0 0
vy h -+ a + 0 0 0.
y h + + u 0 3 4
v h + .+ + p | 2 &
y + | a u 2 i 2
y + 1 & =+ 1 1 2
y + 1 + u 4 2 4
y + 1 + + 3 0 0
y + + a u i i 3
y + + a ¢+ i i 5
y + ¢+ + u 2 2 5
y + + + 4+ 3 4 &
Totlals ‘20 23 44

Allele Frequencies

hisy A5 48 39
lyss 55 A3 39
. . argy 30 A7 27
uvsy 55 . A48 57




Table 7. Distribution of Mating Type Alleles Following
PFP-Induced Haploidization of Diploigs and Opaques

ry -,

.

Primary

Diploid Qp-N Op-a4 Op~az
Primary .
Diploid . a4 a2 aq, a2 ag a2 ag ap
B32 i. 1 2 i 2 5 i. 14 o i. O 8 ¢
118/C4 i.. 7 14 i. 18 0 i, 17 0 i 0 17
ii. 23 19 ii, 0 i1 ii, 21, 0 ii. 0 18 —
i, 0O 29 i, O 5
. iw. 0 35 . iv. 0 1B -
v.- 0 12 ve. 0 26
vii 0 20 A
~ P3 i 7 17 i 2 12. i 69 O i, 0 43
i, 7 5 ii, O« 1% if. 3 0 ii. O [
- iii, 2 7 iii. O 16 iii. O 5
iv. 8 3 ’
v. 2 i
vie § 10

Roman numerals indicate results from different isolates of each type.




(4)chromosome VI may be monosomic in these strajns, ane homologue
being lost eptirely; . . .".
(5)chromosome VI, or at least that section of it contdining the
mating type locus, may now be homozygous due to either
- i nondisunction, mitotic crossing-over, or mating type inte'r“-
. conversion. . - ) ) . ' ’
LY . ) .
Several experiments designed to distinguish between these various

possibilities are now described.

N 34.4.]solation of Markers Linked to Mating Type

Markers linked to the mt locus would be.of greai value in elucidating
the mechanism of opaque formation, but none were available in /. viclacea
at the time of this investigation. Prefe‘rably, these markers would lie on
both sides of the centromere, allowing unequivocal differentiation between
mechanisms involving non-disjunction, mitotic reqombination, or allele .
inactivation. Allele inactivation wbg}d have shown only the mt gene altered.
Mitotic recombination would also have resulted }n changes in genes distal
to the mating type locus, while with non-disjunction, all of the markers
along the chromosome would have been affected. Previous work wiih 33
mutant strains had not resulted in the dzscovery of any markers other
than mt on chromosomc VI (Day, 1?68). Conscguently, a number of new
mutants Were'isolated and screened for linkage to the mating type gene.
A total of 60 auxb‘trophin mutants and pne car‘ﬁo:’dn resistant mutant were

L tested usmg the chromosome transf’cr method (Day/, 1978; see sechon 8 of

. this thesis), No markers lmked t,o mating type were found in spite of this

intensive scrumng As' a rosult‘ other less direct methods for determining
the m(chamsm(s) of opaque format,xon had to be employed it may be noted .
Here t,hat the faxlux“c to fmd any markcrs llnked to mt, in such a large
sample may indicate that there is a spccial sex chromosomo carrying only
the mating type gene and other genas relaud to uxual/morphognmsu. If
80, this situation would be unjque in fungi. ‘

R N




3.4.2 Haploids and Mating Type Interconversions

‘ So far, only diploid cultures had been observed to undergo changes
involving mt expression. It was possible that formation of the mating type
opaques, op-24 and op-a3, could have resﬁltld from the switching of one
mating type allele for the other, Chaﬁgés of mating type in haploid cells
of the yeasts, Saccharomyces cerevisiae and Schizosaccharomyces pombe,
have been wcll documented viewed in: Hicks, Strathern, and Herskowitz,
1977; Egel 1977) One of the iﬁchan;sms hypothesized for these fungi might

have been applicable to /. violacea. This seemed unlikely in view of the .

extensive previous work on mating in this species in which no mating type
switches had ever beaen observed. an;ever, experiments to determine if

switching in mating type occurred in haploid cultures were performed,

In the first experiment, a haploid culture ;as plated on WA and
incubated at 15°C overnight. Microsc pid’observation of over 1.3 x 104 cells
showed no conaugatmn tubes, and there re no indication that any sporidia
switched mating type. If spontannous c ges did occur in haploids, the
altered cells would have had to be prefent

7.7 x 1075, By comparison, mating opaques appeared in a diploid culture

a frequency of less than

, ata f‘reﬁuency of 1.46 x 1073 (Lable 2), or twenty ti greater.

.

R Mutagenic treatments were employed to sae' if switghing in mating type
: expnssiém could be induced. ‘At the same ti a powgriul selection system
w.as devised to select for any mating type interc
* used was N -methyl-N’-nitro-N-nitrosoguanidine (MNNG, Sigma Chamiwal Cé.,
St.Louis, MQ) w‘rit.h the protocol outlined in Cummins and Day, 1977. A dor"xu

mixture of two hlplo;ds, 1.C2uécx and 1.D2714y4, bath the same mating type

arsions. The mutagen

(aq) and both m the logarithmic growth ph‘n, was madc in sterile phosphate
buffer (0.1 M Na3PQO4, 0.45 M NaCl, pH 5.3). Two final concentrations of

‘MNNG were used: 0.55 ahd 0.0055 mg/mL. _Thn sample was treated with the |

mutagen at room temperaturs‘for 5 min and then centrifuged at 1000xg
for 5 min. Tha pellet was washed with fresh buffer and recentrifuged. After
resuspension in 0.5 mL of phosphate.buffefr, the cells were plated on YA

for 24 h. Any cell in which the a4 m‘itfng type allele had switched to
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a functional a; allele could have conjugated with one of the unaltered cells
under these conditions. The selection system employed complementing uvs
markers: one of the strains carried the uvs, allele and the other, uvss
These two genes complemgnt in the mated dikaryon to confer UV resistance
(Day and Day, 1970). If the mutated cell conjugated with the strain carrying
the complementary uvs gene (50% chance, as equal conccntratio"hs of haploids-
were used), then the dikaryon could be selected using a low. dose of-‘
ultraviolet light. This dose was sufficient to kill any sensitive strain but
weak enough to permit growth of the complementing partners of the
dikaryon. The cultures ;ere then plated on CM and incubated at 22°C until
£h¢ surviving colonies appeared. Nineteen of the colonies were tested for
mating type' and all were typical haploids of a; mating type. Presumably
these colonies originated as either a result of non-lethal damagg to a uvs
cell or reverse mutation to uvs+. No evidence of‘any change from one mating

-~ B

type to the other was obtained.

Based upon:these results, it was clear that the mt alleles of /. viclacea
are indeed stable and do not change to the other allele, at least in haploid

strains. This, the alterations in mating type expression which occur during

$ -
opaque formation appear to be restricted to diploids.

- A problem with the above tests, however, is that they assay the activity

of t,i'in opposite mating type allele. Inact.ivaﬁon of one mt allele in an a4/a3

¢ diploid wouldA result in the formation of a mating opaque but the
' corresponding event in a haploid cell would have gone unnoticed. While
sucim inactivation was not specifically tested for, no haplo{d culture has
been obur.ved 't.o spontaneously lose its mating ability during several years

of research using this organisml

.

3.4.3 The Effect of Ultraviolet Light on Opaque Freguency’

One of the most plausibie mechanisms for the formation of opaques, (
b . . in pirticular, op-ay and op-a2, vas mitotic recombination r’u'ulting m
| homozygosis at the mt locus. Ultraviolet light has been shown to be an _
! efficicn;. inducer of mitetic crossing-over in this oumim'(Day. and Jonés,

»

7
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1969). If irradiation with UV had no effect uporr the frequency of opaque
formation, then mitotic crossing-over would not likely be responsible for
the production of t.hege strains. The procedure used is outlined in section-
2.7, and the results are presented in table 8.

In the control unirfradiated population, the average frequency of
;trains homozygous for any one of the recessive markers was about 0.03%.
The opaque frequehcy was much higher, 0.41% on CM and 0.30% on MM.
Following irradiation, the frequency of homozygosis of the genetic markers
increased on :average about 20 fold to approximately 0.6%. Similarly, the
frequency of opaque formation also increased about 20 fold, 9.2% on CM and

71.3% on MM. During this experimen_}', a fourth type of opaque, designatet:

as opaque-constitutive (op-C), was first noticed. The px‘apertie's of tbis.

s "

op-C type are described below (see 3.3.4).

L]

« This cxp@riment sho‘geﬂ that UV induced' similar increaées in both
mitotic'crossing-over near marker genes and in opaque formation. Thesg
results support mechanism 5 that mifetic crossing-over is the mechanism
respensible for opaque’formét‘ion.‘ A later experiment also showed that the .
frequency of opaques after UV treatment could be reduced by
photoreactivation, as also occurs with mitotic recombinptibn (Holliday, 1962).
The much higher overall frequencies of opaciue formation as compared to
the othcf‘genetic markers suggest that there is a hot spat of spontaneous
mitotic recombination in the interval between the centromere and the mt
loéus m&hrom’osome V1. Tetrad analysis indicated that this interval is

a short one as mt is very close tg its centromere (see nct.ioqn 3.4.5).

[

3.4.4 A New Class of Opaque: Op~C

A fourth type of opaque; op-C, was obsarved following the induction-

"of mitotic recombination by UV light. This section summarizes observations

concerning these strains.

3

Initially, the op-C was detected by its very slow growth at low
temperatures and was thought to bg a low temperature sensitive mutant.
No growth’‘was observed on either CM or MM replica plates incubated at
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Table 8, Effect of UV ondtht }"nquoncy of Mitotic Crouin'-ovor and on
the anumcy of Appnranco of Opaquo Strains in Diploid D10

-
¢

'Mit.otig Cmsin‘—ovcr

Toial No.
- of Colonies ' No. (%) Bumozzgous for:
Treatment . Examined y - or auxo uvs
No irradiation 3,672 $ { 0 2 15 41 0
o R I I Y R WE R O R
Irradiatjon 9,291 58 55 41 50 199 430 33
(180 J/md) W2 (5D 60 5B (9.2 . (38
Increase drr/No Irr) 2246 " 24 243 -
M
Note: Genotype of diploid D10: '
v IX . IV 2 vt
or + + + - inosy uvsy &4
+ y lysgoity ¢ +  az
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15°C. At 22°C on CM, growth was permitied though the colony had a much
rougher )agpnrance than the normal diploid. Microscopic examination of
the sporidia incubated at 15°C showed an absence of‘ vegetative budding.
Ihs_t.n.d, long conjugation tubes were produced by t:hl cells (plate 3). At
22°C, most of the sporidia exhibited vegetative growth identical to the
primary dipioid or the other opaques, but a few of-the cells produced
conjugation tubes, resulting in the rough colonial appearance. Thus,
conditi’oﬁs which elicit expression of the mating type alleles, i.e. less than
25°C on MM or 20°C on CM, resulied in the constitutive production of
conaugatmn tubes (self-mating phenotype) by the op—C A\bgve “he critical

tomperatures on these media, normal vegetative growth occbr\ed and the

cells were of typical VP diploid size. SPP development was not initiated

under all tcsted donditions (table 3). Thesc and later cbservations led to

-the conclusion that this new strain was an ppaque and not a low temperature

sensitive mutant as the initial isolation conditions suggested.

The op-C w\{kﬂmally 1solated from a culture which had been exposed

to UV light. The induced f‘rcquency of production was 3.6 x 1.(2!2‘3 'y

subsequent test determined that the spontaneous frequency, i.e. not induced
by UV, was 0.2 x 10-3, The ratio of induced to non-induced, therefare,
was 18, very similar to the ratios obtaihed for the other opaques (table
8J. Thus; mitotic recombination, possibly responsible for the prbduction of

. the matmg opaques, might also result in op-C production, as wall. Adequate

t.nt.s which would support or disprove t.hu hypothasis, hawwcr, have not
yet been mit.xated. Some preliminary observations on the properties of op-

C types follow.

Op-~C isolates were not as stable as the othrer three opaque_ types,
partic'u}arly the mating opaques. Vegestative coloniu‘appurid amid the
back'round 'of non—dividing, self mating cells on plates incubated at'. 15°C.
Several o;‘ thase sectors were isolated am:'lf:all (73/73» p'r-pvcd iguntical to
op-a4 produced directly from primary diploids. -

When haploidizod‘ on PFP medium, all recassive markers were recovered
from several op-C, again confirming that like other opaques they are diploid

AY
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Flate 3. Morphology of Constitutive Opaques

Constitutive opaque cells lrdwn on CM at 22°C budded vegetatively in
a manner identical to aj/ap primary diploid calls (x500). Whan grown at 15°C
‘on CM, vagetative growth ceased and appendages closely resembling
conjugation tubes were forﬁod in the absence of any conjugation partner
(x750), v
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(table %9a). Of the 119 haploids chosen from these usts,' 109 cxpnéscg the -
a4 mating type allele and none were ao (table 9b). The remaining 10 isolates .

retained the self mating phendiype of the parental op~C, even thc{ugh
expression of auxotrophic and colour markers indicated that a reduction
in ploidy had occurred. A likely possibility is that the self mating haploids
were, in fact, aneuploid having remained disomic for chrom&some VI earrying
the mt gene. When t.h'eu self mating "hapioids” were plated on CM at 15°C,
they produced a4 but not az sectors, paralleling/'i.hc behaviour during
habloidization of op-C strains and consistent with the 73 op-d4 types
produced by the op-C under the same conditions. These aj haploid sectgrs

n@ight have been produced by the loss of the homologue carrying the a3
allele or by mitotic recombination to yield a homozygous a4 /ay disomic strain.

An auxotrophic self mating haploid ;vas“mixoa with complementary ay
or a7 haploids and plated on MM at 22°C to try to reform the diploid
condition. After two weeks, many prototrophic diploid colonies wers visible
on those plates where the self-mating strain had mated with the a7 haploid
and karyogamy had occurred. As expected, the self mating hiploid mated

- readily as an a4 strain, perhaps unaltered, but possibly by producing a4

sectors prior to conjugation. However, a few diploid coloniés were also

seen on plates inoculated with the self mating and a4 haploid mixture. The .
‘self-mating strain was thérefore also capable of acting as an.aj type,

permitting cohdugation with a4 haploids. This w;vas bartid‘ularly interesting

"in view of the failure to recover stable a7 types from op-C and self-mating

haploids. The diploids produced by the fusion of the self mating strain
with either of the haploid test strains appeared normal, not Dp“Cﬂl

phenotyps. : , ¢ . :
~ -~ g

.

_In. summary, a fourth opaque type was observed in the mitotic

recombinationi experiment with the diploid Di0. Subsequent studies showad .

that this opaque was also produced spontaneously but was not iiahtqd with
the three othar(opaqucs bscause of its lower fnquorfcy of production and
lhe selection protocol used. This selection procedures was carried out at

15°C, a temperature at which the self mating phoﬁotypo rather than than ‘

vegetative growth was exhibited by the op-C. Mitotic haploidization tests

s

®
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indicated that only chromosome VI carr.ying the intling type lacus was
altered in the production of the op-C as all other};gqossive markers remained
‘unchanged. The mating type alteration was specifically on the a3 rather
than the ay allele. Op-a; and haploid a4 recovered from these strains were

-normal as far as could be determined. Expression of the az mating type.
could only be indirectly obnrvcd by the fusion of a self mating haploid
y with an 44 haploid under highly ‘selective conditions. finally, the frequent

broducticm of op—a4 sectors from the unstable op-C leads to the possible,
and unproven, hypothesis t.hat these op-C types may be intermediates in
‘the production of op-ay.

3.4.5 Meiotic Analysis of a Haploid x Haploid Cross

Y

The pontxon of the mating type locus rclatxvu to its cuntromere is,

round, mformatxon necassary to

an important f‘act.orj in determining gngafion patterns. This distance
" was therefore mapped to provide b‘

intirprit the results of crosges inv_.cilving opaque strnns, as reportied balow.

Tolioipons from the haploid cross, LCZuﬁ x 2,746, were gerninated and

_the meiotic products subdnctod to both random spore md‘toﬁtud'analyns :

(see saction 2.5), All genes observed in this cross assortad independently,
as indicated by the recombination values clon to 50% (table 10) and as

expectead based upon earlier work with these nurkcrs (Day, 1,968). Whm two

genes are sxamined ‘by means of tntnd analysu and one or both of the

unu assortye mdcpcndmtly of m eont.romcu, the f‘rcqumcy of tctratypc'

segregation patterns apprmchu a value of 57%. " If both genes are tightly

‘lmknd}ta their rupnctwo cmtremcrn, this percentage approaches zero as

tatratypes are formed solcly by recombinational events within the gene to

4 .‘ ’ "cmtromeu ruians. The clonr both ;mn are to their cmtrom, the
- lower t.hc frequency of utratypu (Fincham and Day; 1971, ,

: In t.hxs expariment, thres gune oonbinatiom shownd totratypo

‘ anunnciu of lass than 67%. in ptrticular, t.hc mnmg'typc md ycnovf y

. loci showed a very low percantage (2.1), mnn}ng that both nnn are very

. -close to their centromerss on lénkagn groups V1 and VII, respectively. This

L4
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- close linkage of y to its centromare was also demonsirated earlier in table
_4-and has been reported by C_at.t.rall et al. (1978). In this type of analysis,

the percent recombination and therefore the map distance between a gene
and its centromere is one half the percent tetratype. Consequently, the
mating type locus like the yellow locus appears to be within a maximum

.of one map unit -of its ceniromere, A third gene, lyso, is also linked to

its centromere on chromosome 11, based upen these observations, aithough

the linkage did not appear to be as close as the two otht\:enes.

3.4.6 Infuctioi'a of Plants v;ith Crosses Involving Opadde St

The bast method of determining which of.the 5 postulated mechanisms
is responsible for opaqfu formation appeared {o be meiotic analysis of
crossas mvolvwg opaque strains, Mechanisms iand 4 imﬁly that the mat.ing
opaqun would be hemizygous (op-ai = a4/- and op-az = azl-). Mechanisms
2 and 3 imply that both alleles were retained but only one was active (op-
aq = ay/las) and op-az = [aij/ag), while mecHanism 5 means that the mt locus

would be homozyiaus (op-a4 = ay/aq and op-aj = ap/ao). ‘

As meniiomd earlier, mating opaquu'in pure culture wer'e not‘capable

" of producing an mf‘cctmh resulting in teliospore formation, However,

mixtures of op-aj and op-az or mating opaque and haploid showed vigorous
mfect;ons as charactonznd by an abundance of tohosparu, quite different

from the wn':k mhctmns produced by primary diploids. or op-N strains.
The characteristics of the toliosporn produced by op-'ai X op-a2, op-ay
x haploid aj, solopathognmc dxploxd 11/32, and chkaryohc haploid’ 84 X

haploid a2 mﬂctmns are hstcd in table 11.

$

. 9 - The.olumes of‘ tolxosporn incrnud in an apprquau 1:2:3:4 raho m

”

the (tn+in): (2n) (putatwc 2n+in)(putative 2n¢2n) olauu. Thus, thc crosses

involving opaques yuld much wgor teliosporas, a result which is in keeping -
. with the suspected triploid {op-a4 x haploid a3) and utraplmd (op-q X
‘op-ap) naturg of these.spores. Hovnvcr, the ru:om for the wtxcular .
~ ratig of spore sizes in this saries are npt bbvioys. If spore size is determined
by total DNA contmt. thm the 2n and in + in. spores should hdve been ..
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Table 10. Meiotic Analysis\of a Haploid a4 x Baploid a3 Cross
% Recombinatidn: ' . GeneBtlo
Gena Pair Random Spore Tetrad Parcent Cantromere
A/B Analysis . Analysis . -+ Tetratype = Distance
yysy - 523 543\ 149 : 7.5
y/hisy 46.6 45.8 B2.9 ~ NL
y/uvs ' 50.0 55.3 723 - NL .
1yszn§u, : 56.2 B3 80.9 N/A
lysp/uvsy = 528 | ° 544 72.3 N/A
. hisg/uvsy 494 — 532 59.6 . N/A - A
- m 46.4 - 524 24 14 ’
mi/lysy 48.9 10 12.8 &4
mt/hisg 45.5 575 80.9 NL
mt/uvsy 53.4 ‘ 524 - 0.2 NL

Cross: 1.C2ud x 2.716, a4 y his( uvsy x a7 lyss. ' |
Atota}ofﬂamtick. véccb%ndztnt.turmdonspou
analysis and 47 teliosporss were soored in the tetrad analysis.
NL - Not linked: recombination value is greatar than 33%.

N/A - Analysis is not appliceble as both genes are not linked {o their
. centromares.

N . '«r. . y
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of equal volume. Alternatively, because the spores are no\-“ally formed
vo

before nuclear fusion occurs (Day, pers. comm.), spore me may be

- determined by the plpidy of the dikaryoyzc nuclei. Once again, the nburvcd

ratio does not fit t.hxs hypothesis as there seems to be no reason why 2n,
2n + in, and 2n + 2n Llhosporos should differ in size. Until more work
on the mo}lecuhr bmlogy of spore formation is done,'tﬁp reasons for the
size ratio ;hown 'lgy‘ this ﬁolyploid series are liKkely to remain obscure.

Germnatmn was normal in all four categories i.e. 3 celled promycoha
producing four spondul products were cbserved. However, the sizes and
growth rates of sporidia from the putative triploid op-aq x haploid ag Cross
were very ‘\rariabli, indicating the presence of many aneuploids, whorus;

sporidia from the puutwe 4etraploid sporcs (ap-ai X op-a2) were uniform

" and large enough to be diploid. Thus, these results sirongly suggest that

the op-ay x op-a cross did indeed result in t:ltraplcnd taliospores and that ’
the op-ay-x haploid a; gave triploid teliospores. This deduction was
confirmed by random spore analysis and by exanination of a few tetrads
» : - . . i .

(see section 2.5). '

3.4.7-Meiotic Analysis of an Op-a; x Op-a, (Tetraploid) Cross

.

»" The results of a random spore analysis of f:h; op-a4 X op—;z cross

are prasented in tablc 12, The axpoctod'ugrdgation frequencies of markens

in this putatxvn totnplmd wer's based upon two usumptlons 1 that, because

of genetic homology, tetravalents would be f‘ormcd in this cross, and 2) the
chromqsomc segregation pd’ttrn was 2:2 yioldxng d1p1cnd produtis rather
than 3:4 or 40 yuldmg aneuploids. For a gene in the triplex’ coridition
(one copy of the recessivg allele ind thras of the dominant) the expectad

fr.qucncy of the exprassion.of’ thc recessive allele in the d g; oig products ‘
of meiosis rtngu from-0% (no- cronmg-ovcr between the gene and its
centromers) to about 4% (100% of uhosporn with crossing-over in this
regian). In the duplex stau Q@ ricunvo, 2 dominant) the values range from
‘ 16,7% to 22%. Much of u'u relavant theory hn been workad out during

- the analyns of totraplaid meiosis in Sacdharomybu cerevisiae (Roman,

" Phillips, and Sands, 19585), frhn_rﬁults prasented here (table.12) coincide
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. Cross.

hﬂ'
[ Nl

H-E-.»rﬂgﬂno&oﬂlag»:-?%g
) — ;
Teliospore Volume Ratioof Percent . Sporulation Germination ‘
Diameter @m! (m® - Volumes Germination Ability? Morphology
m.la h ple 1: 5.40 89 .r8. 80 - 90 | ) 8=...E<8=_ .eu..._....
. ap. a4 x hap. a sample 1: 5.1 ) - . - prom um .
.&n—&w F:Snw.i sample 2: 5.34 [, 2N - a8 good off 4 haploid products '
: . (spherical) - of meiosis ,
2n: - | o f ) | .
a Dip. ‘BAS 637 13% 1959 - 80-9 poor Normal, as above’ .
g&v teliospores) (spherical) T ) " ]
2n+in: . T Normal initially product
Op-aq x hap, a2 7.08 186 2.70 90 good variable in size and | .
.svmﬂn teliospores) (spherical) : : E::%E N -
. ‘ R mostly oids N
2n +2n: Co Normal .h....ﬁbﬁﬂa!ﬂ N
Op~aq x op-a . B84 . 278 4.00 N 4] good - ' meiotio shown .
(tetraploid G:u__s.m : - Tt to be diploid . X e
, ellipsoi ’
Good ﬂhm.. Liorr anthers purpls, diste . tals dusted with taliospor
ruls an o, : pe wi ospores.
Poor sporulation: anthers yellow to I.nﬂmnr yellow. .
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Table 12. Tetraploid Meiosis and Random Spore Segregation
in the Diploid Op-a4 x Diploid Op-a2 Cross

. . Expected Allale
Coloniss : Frequency -
Expressing Total . Allale from Teiraploid
Marker °  Marker . Colonies Frequency (%) Segregation (X)
inosy - 1 111 " 9 . . 04
e 5 &
- lys lyx - k-7 R
hisa 2 2 11.: - 4.8 0-4
“argi ‘ 3 114 o 2.7 0-4
v 3. . 200 . 16.5 47-33
o 4 150 2.7 0-4
uvsy Ry 111 14.4 . 171-38
“ . , . ‘.
Frequency (%)
ay/az 88 - 128 .69
a4/aq or ap/az 40 128 . |
In sample ~
of 19: . . .
9-aq/aq 19 o
10-a2/a2 19 ) 53

Cross: D10 op-ay-1 x 118/C4 ap~az-11. (?: unknown mating Lype conditian).
ag-1: + + + + ¢ i
op~ 7 i H iqu f. sy . B

g arii: .+ vy .+ -1 mrl " his + ‘+ +. ?
op-az-1 ﬁ!T ¥$2 uvsy nisy L

; ot t argy t 82
The lower allele rcqmmthifndmmr-mml,

and the higher frequency is ex fuqutnt crnuing -
oocurs in t e region batween ¢ amne md .
'. L] -
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closely Lo the axpected values as predicted by these analyses. All triplex
markers were exprassed in the expectad 0 - 4% range while tHe two duplex
markers both had values clon to thn expected 14,7%. These resulis
suggut.ed that the two usumpt.xons mentxnned above wers valid and that
a normal tatraploid meiosis producing diploid products had occurred. To
confirm this, several pink meiotic products were treated with PFF to induce
mitotic ﬁaploidization (see section 2.4), Yellow and orange papillae were
produced from _nch pink isolate, proving t_h;t these colonies were not
_ haploid but were disomic for chromosome VII (y +/+ o) at least and, therefors,
ware probably fully diploid.

~ The segregation of ‘th‘e marksr genes in this op-a4 x op-az cross
establishes that a tctraploid meiosis producing diploid produéts had

- occurred. The sogrnganon of the mat.mg type locus is the pmnczpal point

of interest as this dlptnd! on the st.at.u of this locus in these opaqucs.
Sixty-nine porccnt of the meigtjc isolatas showed tha chauotgrhtxc colonial
and sporidial .morphology. of *SPP cells and, therefore, were '_1/02
genotypically. The Aruuiq/ini 31% were diploid in cell size but did not give
the ailag\phmotyfu. Nimtﬁn of thease types were tested for mating type
and approxfmatnly 50% were a{ and 50% a; (f:able 12). Thaess types weare
indistinguishaﬁln from the original parental op-a4 and op-as strains. In
accord with the 5 putative mechanisms for mating op‘aque production listed
- earlier (section 3:4), three segragation patterns for mating type were possible
(tablnia).w Deletion of one mating type aliele, mechanism 1, would have

resulted in the "hemizygous™ pattern. Loss of one complete homologun of

chromosome VI in sacH¥f the opaques, mnchanum 4, would have produccd

a “diploid” pattern. Mechanism 5 implied that normal tetraploid segregation
would occur ("tetraploid™ pattern). The pattcrhs pradictad by mechanismg
2 and 3 were uncertain as they depended on whether the inactivation was
permanent or temporary. If thea inactwatinn could have been rwnrnd‘by

*

passage through the host pjant, thm the tcu‘aploxd pattern would have’

been obsarved while no revarsal of‘ the lnaeuvauon would have producad
thq.hnmizyious pattern of segregatioh. gincc the mating type locus was

. shown earlier 10 be tzghtly linked (less than 1 map unit) to its centromere,

Al -
.’

.
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Table 13. Passible Opaque Genotypes and Their Expacted Segregation
Patterns Folloving Meiosis in Oprag x Op~az Crosses

Hemizygous Pattern Diploid Patlern Tetrsploid Pattarn -

Estimated ?ﬂ“:&-a uncorrected ..ﬁ_-. effects of zwl.-ﬂ.a__-..uuocﬁs is
Frequencies ackets are estimated assuming =/= type is lethal.
Gen. = Genotype; Phen. = Phenotype; Exp. % = Percent Expected .
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cmssing-m‘ili’ between mt and its centromere will not greatly affect any
of these p:‘odxctnd patterns. Furthermore, aven if bivalents were formed
m:tud of tntravalcnts, no change m any of the patterns would result e.g.
the pr‘cdzctud ratio for the tctraplozd pattern would remain at 16.7:16.7:64.7,

ag:a2:a4/as, . T
PR -¥

The results obtained for mt segregation (15.5:15.5:69, table 12) clearly

it thchtetraploid pat:torn and tHus show that beth of the ’_;i_:_j._'allclcs were

present in ‘two copies in the-mating opaque’s. This observation olim'na“us

‘mechanisms 1 and 4 and. strongly supparts mechanism 5. Mechanisms 2 and

3 are only tenable in"the svent that the postulaud inactivation process

i r’vcrsod durmg plant mf‘cctxon.

v
LY

3.4.8 Meiotic Analysis of an Op-a4 x Haploid as (Triploid) Cross.

As described mechanism 5 1; favourad by the above results bﬁi,
méchanisms 2 and 3 remain ﬁoq‘i@l;ilitiu in the event that the inactivated
mating type allele is ructivatod du'riﬁ( growth in tht plant or.upon
germination of the teliospore. If thu is :a, the op-ay parant in the op-
&y x haploid a cross would change from being ailtazl to 01/02 and result
in triploid spores of the genotype ailagmz On the othur hand, mechanism
5 holds that the op-a4 is homozygous ailq and, therefore, the triploid spores
would be aj/aq/asz. Andlysis of triploid spores should allov a clear
distinction between these hypotheses based on the vnry dxffmnt expacted
ratibs of ay and ap products of meiosis. :

The mliotzc products of the teliospores of this op-ai x haploid a3
cross were vnry varublc in size, shape, and 'rowth rate, indicating the
presence of many aneuploids. The results from the random spore analysis
of triploid teliospores are given“in table i14. The segregation of seven
unlin}ud los:‘, including mt, ‘should yield 128 different gmét,ypu.‘ Seventy-
five were recovered in the 190 progeny studied and tha segregation patterns
wvere consistent v'ith no linkage betwaen most of the ganes (see below),

&
The allele frequencies of the five recessive marku‘i,M vE4,
and 2, wcn between 22. 1'b and 32 1%, camplrld ta the expatted alhl!'
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frequency for triploid segregation of 16.7% to 33.3% (depending upon the
survival of the disomic segregants, see table 15), Lyss, present on*two of
the three chromosomes, was recovered in 53.2% of the progeny, compared
to an expected recovery rate of between 50.0% and 66.7% (table 15). All

of the marker genes carried in this cross, therefors, segregated as expected '

on the basis of a normal triploid segregation pattern. It was noted that
crossing-over would have had very little effect upon these expectations,
particularly as many of the genas are closely linked to the centromere,
The avidence of frequent aneuploidy together with the recovery, in the
- expected -ratios, of all recessive markers carried by both the opaque and
the haploid, confirmed that these teliospores were triploid (ta'bles 14 ang!
16). '

As in the tetraploid cross, several different segregation patterns can .

be predicted consistent wjt.h the posiulated mechanisms. Loss of one copy
of chromosome VI (mechanism 4)would resuli in a 50:50:0, a4:az:a4/a7 ratio
in the meiotic progeny. Deletion of one matirig type allele (mechanism L)
would yield a 40:40:20 as would inactivation of sither chromosome VI or justi
Qne mt allele if reversal of inactivation was not possible.. Reactivation

of a silenced a2 allele in the cp-ay w'ould’produlu a triploid nucleus with

a genotype of ajl{az/a3. Segregation of these alleles in turn would result

in a 17:50:33, aj:az:ag/ap pattern if 100% of the disomics were viable and

33:67:0 at 0% survival of disomic progeny. Mechanism 5, which implies tha}
the op-aj genotype is a4/ay and,therefore, Lthe triploid nucleus is aj/a4/ap, \

would yield a 50:47:33 or a 67:33:0 segregation pattern at 100% and 0% disomic
survwal, respectively (t,abll 15). Tha observed sagregation was 54:36: 10 which
fits approximately with the 40:40:20 pattern (best fit is around 40% .,dnoqnc
'survival with a predictad ratio of 45:45:10) or with thoSO-i?-SBFpatta_rn (bast
m at 20% disomic survival and a ratio of 61:29:10, table 15, Thus, either
mnchamsms 1 and 5 are possible on the basis of these results. The
macuvat.xon hypotheses are tenable only. if reactivation was not possible.
The other hypotheses, including any inactivation/ reactivation mochamlm
. or loss of one homologue of chromosome VI (mechanism 4) cafl be excluded.
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. Table 14. Triploid Meiosis and Random Spors Segregation
. in the Diploid Opjai x Haploid a2 Cross

"

—

Expectad Allala
Colonies - Frequency :
. Expressing Total Allelas - - from Triploid
Marker Marker Coloniss Frequency (%) Segregation (%)
argy 61, 190 21 * 171-33
lys? 104 190 53.2 50-47
hisq 44 190 3.2 . 171-33
uvsy 42 190 224 17-33
v . 48 190 253 17-33
cxry 59 ° 190 314 17-33
Phenotypic
Frequernicy (%)
-
"2y or aq/aq 100 184 ‘54
’ a2 or az/a? &7 1846 36
a4/a 19 184 10

Cross: 1i8/C4 op-ay-8 x 2.71é0x. (?: unknown mating type condition)..

&4-5: lys ' his uvs + + a
e e a - R A )
2.716cx: + lysz + + + oxrp ‘a
. The lower allele frequency is expected if 100% of the disomios survive, .

and tha Higher frequancy is expectad if 0% of the

disomics mrv:ivc.

a
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Table 15 Expected Random Spore chmation

as a Result of ‘rnplmd Mniosu
. Possible segregation Glnotype“
Chromosomes . patterns at meiosis [ of tetrad
R —| L1 . g as  AAAA
I — ‘2  Lm AA AaAa
m —16 am LI : ‘ AA _: M
Monosomic Disomic -
Sagregants Segregantis
~ Random Spore Analysis = -~

Frequency of Each Genotype 1A Random Meiotic Products (%)

* Event .A a AA \ “Aa . '“
" Application to Data
* Expected X L, blay s 33%‘;—"’ ﬁﬁ.?&%%‘é‘"‘f’" o - Fecaseive
- 'éx‘;i‘c':#?mi:.m'::;'p: e

3. Mating type: Let A= aq, a = a3,
phenotypic frequencies as follows:

2

Expected Frequency ai:
Obsarved 0% Disomic = 20% Disomie  100% Disomic

*

Fhenotype / Frequency (X) Survival Survival Survival
a4 (a4 Or 31/11) 54 . 8.7 . 81 .80
ag (a2 or a3/a) ~ 36 32.3 29 161

aq/az 10 . 0 R | - 383

b g et gt e SRl
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Only one mechanism of opaque origin,\ number 5, was consistent with v

the observations obtained in both utraploxd and triploid analyses. Thl, \
inactivation/ reactivation hypot.hesu, which ware consistent with the -
tetraploid data, were ‘not possible on the basis of the triploid results.
Similarly, the deletion and inactivation/ no reactivation hypotheses, which
were in agreement with the triploid observations, were not consistent with

the tetraploid results. Thus, the op—a{and op-a2 types, therefore, can

be assumed to be diploid and homozygous for a section of chromosome VI
bearing the mating' type locus. ;Thg size of this saction, altered during
opaque formation, remains to be detcrnimd.- This determination thcn.ds
upon the isolation of mating type linked genes. . : ‘

-

1

The most likely mechanisms of origih of these opaques are mitotic’
crossing-over or hon-disjunctional cvehts'involving chromosome VI. The
eyidence that JV lzght mducl‘apaqun formation to the same extent as
‘it induces mitotie: -crossing-over near other marker genas supports t.hl

_ former possibility. If so, the spontaneous frequency of mitotic sxchange ’
5 a ynear the mating type locus on chromosome VI in ay/a3 diploid:s_o is.at lsast
10 times higher than that occurring near other loci so that as many as

0.8% of the mitotic products have a re-arrangement of the genes.in this

region. L - . y L

[~]

Seventy-five different genotypes were deteacted in the 190 meiotic
segragants from the triploid cross compared to thé®128 possible cambinations’
of se\;on genes. Many more segregants would have had to have been scored |
to have dctocud all 128 types. Th; 75 genotypes recovered were cxamihoi:l
for any ‘evidence of lmkagc between these markers. .Such an analysis could ;
only be approximate becaun it was not ‘certain what proportxon of' thc

disomics would suryiye and whothor or not thu proportzon might Vary for
differant. chromosomns. All genes, how.ver, npbnrod tﬂc scgngatm] ",
indepandently with the nxcnphon of the cxrz/hisy combmation. The ]

3. possibity of lmkun between thtu two genes shoyld t;h.rcf‘ou be checked
by mnot:c or mtotic analyses of approprutc haploid x‘hnplmd crosm or’

o 0
dxplcnds . A b .
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4973, 1975). However, the diploid strain

.81

3.5 Discussion

Previcus work &n the mating t&pe prc;perties of diploid strains of
U/stilageo violacea was based on the assumption that these types were stable.
The results presented here clearly shéw that this assumption is not valid.
Samples of cultures from stock plates kept at 4°C and then grown at 22°C
superficially will appear to be the same as the original d1p101d but in fact
have undergone changes in the region of the mating type locus at high
frequency. These altered types - “opaques™ will be detected only after
the cultures are incubaied below 20°C on CM. Then the cultures will show
a preponderance of cells that remain vegetative rather than initiate SPP
development. The finding that diploids undergo changes which are seldcted

by refrigeration explains partially some of the confusion about the mating

_properties of dipleids. I[nitially, diploids were described as neutral (non

- mating [Day and Jones, 1968))., Subsequent studies suggested that mating
with ai‘haploids could occur 1n these strains and was a function of the
age of the culture as well as position i\*the 9e11 cycle (Day and Cummins,

D2, used in these studies was lost
and other ‘aj/as diploids have not been induced to mate wath either haplowd
under any conditions. At present, the most likely explanation is that the
HD2 diploid used in the work reported in Day and Cummins (1973, 1975) was
in fact an opaque deriv;tive rather than.a primar‘;‘; diploid., This
uncertainty emphasizes the hitherto unexpected problems of genetic
instability in diploid strains and points out the need for stringent
precautions during the maintenance and re-isolation of such strains. Future
experiments concerning mating and morphogenesis 1n diploids should inciude
repeated assessment of the colonial growth characteristics. Continuous
subculturing at 22°C on CM would minimize the proportion of opaques i1n
thé culture substantially since the selective pressure ?or, altered cell types
would not be as great as at lower temperatures. However, 1t must be realised
that pure aj/as diploid cultures do not exist as opaquas are pro.ducod at
arate of absut 1073 in both VF and SPP. At present, the best procedure
is to avoid low température selection of opaques and to reisolate the desired

cell type frequently. If such precautions are taken, the analysis of mating




type changes during the cell cycle 1n a variety of opaques as begun 1n

Day &hd Cummins (4973, 1975) work may yield very interesting results.

OBservations made on the four opaque strains indicated that only the
mating type locus or chromosome VI carrying this gene was altered in the
transition from primar'-y diploi'd to opaque. Thus, the four opaques showed
.. various changes in sporulation, pathogenicity, and mating. At the same
time, these strains still proved to be diploid and unaltered for genes on
various chromosomes contfolling ultraviolet sensitivity, drug resistance and
nutritional requirements. Mitotic haploidization, mitotic crossing - over,
‘/;pd_meiotic analyses showed that all recessive traits were retained in the
opaque strains. The alteration which results in the change from primary

diploid to opaque type must therefore be restricted to chromosome VI

The most efficient means of determining the mechanism of opaque
formation would be to determine the effect of the change on other genes
carried on chromosome VI. However, the lack of any marker linked to the
mt gene, despite an extensive attempt to identify one, meant that other
methods had to be used. The protedures consisted of determining a) if
mating type changes occu;‘red in h.fploid cells; b) 1f ultraviolet irradiation
had any effect on the frequency of changes; and c) the number of copies -
of each mating type allele present in mating opaque strains by means of'
polyploid segregation patterns. )

No evidence of any change in the mating type of a'haploid strain
of /. violacea was obtained in either this work or 1n many years of
o‘bservation\of this organ‘ism. AAlt.erations of the mt gene or chromosome VI
wereéserved only 1n diploid cells. This situation, therefore, is clearly
different from the mechanisms of mating type switching seen in haploid
clones of the yeasts, Saccharomyces cerevisiae, Schizosaccharomyces pombe,
and Kluyveromyces lactis (Winge, 1935; Leupold, 1959; Herman and Roman,
1966). In each of these organisms, it has been hypothesized that strains
capable of switching mating types carry at least one silent copy of one
mating type allele and an active copy of the other allele,

1
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The switth ‘from one mating type 40 the other, a to x or % to a, in
S. ccrem‘.n"ae accurs when a copy of the inactive allele ng{inserted into the
MAT locus, dis‘ lacing the previously active allele. This m"echanism has been
termed the “Gpssette model™ (Oshima and Takano, 1974; Harashima; Nogji, and
Oshima, 1974/ Hicks, Strathern, and Herskowitz, 1977). Copies of inactive

alleles are maintained at two equivalent loci termed HMR and HML. Silent

x or a alleles may be carried at either of these two genes (Naumov and
Tolstorukov, 1973, Harashima et al.,, 1974; Arima and Takano, 1979} Strathern
et al, 1980). Cassette exchange 1s mediated by the HO allele of the
homothallism gene, HO (Winge and Roberts, 1949; Hawthorne, 1943).

In &, pombe, crosses involving homothallic (h%0) and heterothallic (h*
and h™) strains showed that mating type is determined by two very closely
linked loci, termed maty and mat» (Leupol?:i, 1959; Gutz and Doe, 1973). ,ﬂa_‘ti
contains information for the minus (M) mating type and mat, for the plus

(P) mating type (Leupold, 1959). In hamothallic sirains, swit_ches bet.\'ween
the two mating types may occur by the inversion of the intervening saquence
between maty and mat> (the flip - flop model, Egel, 1977. Alternatively,
or perhaps in con.junct;.ion, insertion of P information from mats into the

maty locus, results in P expression and M silence. Reversion to M mating

‘type would then occur by the exact excision of the P sequence (Leupold,

1980).

Kluyveromyces lactis has two mating types, a and «. Conversion from
x to a is dependent upon the gene, Hx, while g‘to x changes require a separate
gene, Ha (Herman and Roman, 1944). Superficially, thi; system closely
resembles the §. cerevisige situation but more information 15 necessary
before more definite comparisons can be made. However, as stated earlier,
the situation 1n the basidiomycete, /. viclacea, 1s quite different from that
in these y‘nsts as no mating_ type interconversions occur in haploid strains.
Instead, mating type_ changes only occur when the mating type alleles are

brought together in the same nucleus, i%. as a/,diploid.

-

Five mechanisms, based upon the requirement for the diploid state, could

have been respotﬂble for the production of the mating opaques (section
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-3.4). Two of the hypotheses (1 and 4) voula have resulted in the mating
type gene being hemizygous in the opaques. Two others (2 and 3) 1mplied
that the mating type gene was fynctionally hemizygous with onls} on'e of
the two alleles in an active confsg{xration. Mechanism 5 meant that the

matihg type gene had become homozygbus for eithér_ a4 or az mating type.
’ -

Evidence in favour de“ the fifth hypothesis was obtained using
ultravxolet lhight to increase mitotic crossing - over in the primary diploid,
D;O. Thwnductmn of opaques was of a similar magnitude (20 fold) to the
stimulation of mitotic crossing - oveér near marker ge,r.us. The equal
stimulation by UV of production of all four opaques suggests that each
type was formed by similar mechanisms, namely mitotic-crossing - over. As

the overall frequencies of opaque production were much higher than mitotic

crossing - over near marker genes, it appears that there is a hot spot’

of mitotic cr"-ossmg - over in chromosome VI near the mating type locus.

Analysxs of the memt,lc products of triploid (op-ay x haploid a» and
tetraploxd (op-ay x op—a—:)ﬂcrosses established that the mating opaques were
homozygous for mating type. Thus, machanism 5 again appears to be
responsible for the production of mating opaq{ms. It should be noted that

only one op-ay and one op-aj were analysed in these polyploid crosses. Any

. of the five proposed mechanisms could give rise to a strain with a mating

“opaque phenotype. Several other mating opaques would have to be examined
1n meiotic analyses similar to the ones already carried out before it can
be unequivocally stated that only one mechanism is responsible for opaque
origin. These strains may very well prove to be a phenotypic class produced

by a variety of mechanisms.

Little can be said about the origin of op-N or op-C types as no relevant
experiments were performed using these strains. However, the UV induction
experiment makes it likely that these typas arise by the same
recombinational mechanism but that the precise position of the crossing -
over even{ may determine whether or not mt regulatory loci also become

homozygous, As altered mating type alleles 1n both op-N and op~C strains

were detectaed earlier, 1t 15 also possible that the recombinational events.



may b; occurring within the mating type gcni in these cases. The
pronounced difference iﬁ frequency of lppearance' of op-a4 and op-as types
(table 1) cannot be explained satisfactorily yet. The largl excess of op-
a7 types may, perhaps, indicate that the ay aﬁcle is coupled to @ marker
which would confer lethality when homozygous.. The surviving op-a4 and
possibly the op-C which spontaneously produce op-ay types would presumably
have avoided this as a result of the position of the crossing-over or as
a result of a second cross-over event. Clearly, there are several unsolved

. problems remaining here.

?I"he mating phenotype of the opaque strains on artificial media provide
further evidence that the stage termed “sexua] spore precursor phase” or
“SPP” is cogplete;y analogous to the initial stages of teliospore formation
in the host plant (Day, 1979). In part.ii:ulaxj, the op-N types showed both
a delayed response to the env:‘ronmental conditions which induce SPP
development and a drastic decrease in t.hc number of tehospores produced
in the anthers, as compared to the prmary dzplozd In Chapter 4 of this
thesis it 1s shown that this d!creasg is not due to a block in the initial
stages of infection as infection hyphae were readily produced by the op-
N strains. Thus, the control of teliospore Form;tion inay be studied on
artificial media with a high degree of confidence that one is actug]ly

examining this process and not some response pecu'liar t:o the laboratory

situation.

The crosses 1nvolving opaque strains also shed new light on thea role
of the mating type locus in pathogenicity. Thus, aj/aj strains _are
solopathogenic although they undergo no nuclear fusion, sporulate wnk.'ly‘,
and go through meiosis as a diploid, yielding haploid sporidia. This poor
" pathogenicity of solopathogenic diploids has also been reported for other
smut am:! rust fungi (Caten and Day, 1977). The aj/aj or az/aj strains,
on the other han&, are not solopathogenic, and 'whm combined with a strain
of opposite mating type establish a dikaryotic infection which sporulates
strongly. They produce triploid or tetraploid taliospores which segregate
. aneuploids or diploids at meiosis. Clearly, the interaction of two mating

type alleles within the same nuclear membrane is very different from their
L ] -

: ¥
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interaction in the two separate nuclei of the dikaryon. These differsnt
‘ interactive situations enable the mating type locus to do far more than
direct conjugation. In effact, the n'ut.ing type locus acts as a master
developmental switch controlling plasmogamy, karyoganiy, sporulation,
Pathogenicity, vegetative budding, and response to environmental signals
such as cations, temperature and a host plant product. (Day, 1979; sae Ch.apter
4 of this thasis). Changes in thé mating type locus of the type ducmbcd

here thus have important effects on development of this fungus.




 CHAPTER 4
|

INDUCTION OF THE PARASITIC STATE BY
HOST PRODUCED COMPOUNDS

4.1 Introduction

One of the centiral problems faced by plant pathologists is the f\igh
degree of specificity ’in host - parasite relationships. How is it determined?:
Virtually all plant pathogenic fungi attack only a very few of the total
number of ‘plant species. Thus, Usiilago mayfii.s' attacks only the grasses,
Euphlaené’“-merz’aana and Zea mays (corn) (Fischer, 1953), of the more than
285,000 species of angiosperms (Arms and Camp, 1982). Why? In general,
two possibilities exist. Ejither immune pl.ant. species have physical or
chemical defences which per!l:lt infection or ‘they lack sbocnfic compounds
which would be required by the pathogen for successful infection. Most
research to date has been focussed upon the role of host def’;nse mechanisms
to pathogens. While ;ame defanse mechanisms are a permanent or normal
aspect of the structure of a particular species, others are fb:med only in
response to wounding or infection.

There are many examples of permanent or constitutive resistance
factors, both chemical and physical. Thus, in’ some varieties of plums,
resistance to the browmn rot fungus, Honilinia .fructz'ca!a, is dye to a
thickenad cuticle which resists mechanical pnnntrat:ion by the fungt.;s
(Curtis, 1928). Qimilarly, resistance to the onion sq:udu pathogen, -
Colletotrichum circinans, occurs in onion ‘varisties with pigmented yellow or
red Eulb‘ scales while varieties with white szales are ‘suscoptiblc. This
r:nsistance of coloured varieties is determined by water soluble pr;molic
compounds (catechol and protogatechuic acid) which occur dnly with the

yellow flavone and red anthocyanin pigments. These phenolic substances
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diffuse into the infection drop preventing germination and penetration by
the fungus (Walker, ‘1923; Angell, Walker and Link, 1930; Link and Walker,
1933). ‘

ﬂ\

Many examples of toxic substances which are induced by wounding or
infection have been ide‘ntifi‘ed since the term, "phytoalexin™, was coined
to describe these compounds (Muller and Borger, '194’0; cf. Cruickshank, 1980).
Rapid accumulation of a phytobalexin in response to an attack by a parasite
commonly results in localized necrosis of the resistant plant tissue. This
feature, termed “hyperéensitiv-ity” (Stakman, 1945, is a common and an
effective form of resistance 't.o fungal and .b‘.crial parasites. The
pathogen is either killed by the hypersensitive response or remains isolated
in a necrotic patch of host tissue and cannot spread further, The first
phytoalexin chemically identified was “pisatin”, a pterocarpan i1sclated from
Pisum sativum (Perrin-and Bottomley, 1962). Since ther::, many chemically
" diverse compounds (Stoessl, 1982) from a wide range of plant families have
been described. Phytoalexins in the Leguminosae and the Solanaceae have
been particularly thoroughly documented (Ingham, 1982; Kuc, 1982). Certain
generalizations about the cha}acteristics of these compounds can be made.
Firstly, they are secondary metabolites - compounds which are not essential
to norma'l growth and metabolism of the plant but are produced in stress
situations (Martin and Demain, 1980). Secondly, they may be induced by a
number of biotic stimuli, including bacteria and fungi which are non-
pa\.hogehic to the plant species observed, as well as by abiotic stimuli, such
as wounding, freezing and exposure to heavy metals (Bailey, 1982), Quite
often this induction does not result in sufficient concentrations of the
phytoaloxi_ris io prodhf:e the hypersensitive reaction. Instead, the host’
tissue becomes sensitized to further induction which results in an even
greater rnspohse. Thus, priqﬁr exposure to a non-pathogenic f“ungus, for
example, can provide resistance to subsequent pathogenic attack on an -
otherwise s.uscnpt.ibll host plant (Deverall, 1982). Couplad ¥ith this
observation is the third generalization: most phytoalaxins exhibit little
specificity and inhibit a wide range of fungal and bacterial specjes-(Smith,
1982), '

’
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In spite of these generahzatmns, the role of phytoalexins in res:tst,ahce

is far from clear. In many cases the difference between a susceptzble and.

resistant plant of a particular species cannot always be attributed to the
absence of phytoalexin production in the susceptible cultivar. Instead, it
appears that susceptible varieties may not respond rapidly'enough to ward
off attack and the pathogen then penetrates to surrounding tissue
(Mansfield, 1982). In some cases, although phytoalexins are produced, they
may be metabolized to a less active form by the invading organism (VanEtten,
Matthews and Smith %Amg Batrytw Fabae can catalyz e the reduction

of wyerone acid to a less active compound in culture (Mansheld and

Widdowson, 1973) and possibly during infection (Mansfield and Deverall, 1974).

These examples imply that susceptibility is a negative attribute of a
plant and resistance a‘ positive one since the inhibitory factor is generally
considered to be either absent or present in concentrations too low to be
effective in susceptible plants (Straniﬂ, Majer and Smith, 1974). While this
concept 1s clearly i‘mportant, carried to &n extreme.it leads to the view

that all pathogens can attack any host species, and only the chemical and

physical resistance mechanisms of a particular host limit its potential

pathogens Ld those known today. Intuitively, this seems unlikely. Positive

’ I ] .
or promotory interactions between host and parasite may also play a role.,

Thus, susceptibility in some cases may depend on the presence of one or
more plant producis essmtul for fungal growth and dwelopment and,
therefors, be a positive att.nbute of the plant. Resistant plants would lack
th.se'products or have them in lower concen;rations. Evidence for this

in some plant - pathogen ﬁlationships is accumulating,.

Brown ¢1922) found that old spores of Solrytis cinerea are capable of
germinating and attacking Cereus spp. whiéh exude large quantities of
nutrients, presumably sugars, but are not parasitic on Glorinia spp. which

do not exude similar quantities, Similarly, exudates of turnip roots were

found to stimulate the germination of oospores of Pythz‘ug_ mamiliatum’

(Burton, 1957). A compound, possibly allyl isothiocyanate (Hooker, Walker,
and Link, 1945), produced by crucifer .roots. but not by roots of non-

cruciferous species stimulabed the germination of resting spores of
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Plasmodiophora brassicae (Macfarlane, 1952). More recenily, choline and its
oxidation product, betainé, were identified as two components in wheat
anthers that stimylate the growth of the headblight organism, Fusarium
graminearum, (Strange and Smith, 1974; Strange, Majer, and Smith, 1974,
Similar situations in which hosat compounds increase growth and virulence
were described for the pathogens Felminthosporium sokerianum (Endo and
QOertti, 19464), Cladasporium herbarum (Fokkema, 1968), Alternaria brassicola
(Channon, 1970), and Phoma betae (Warren, 1972),

In each of these examples, the plant product appears to act as a
nutrient and a growth stimulant. The fungus may be considered to be
auxotrophic for the particular compound and the host may be considered
to be a growth medium (Garber, 1960), Very few cases in-which specific
developmental changes are induced in the fungus by host prodﬁcts have
been dascribed. Anthranilic and chlorogenic acid, as well as an umdent.xhed
volatxle compound in plant tissue, soil and somsé fungal sporu, cause U.s-'tzlaga
nua’a to switch from sporidial to mycelial growth (Nielsen, 19466; 1948),
Similarly, a volatile compound produced by host tissue induces the wheat
stem rust fungus to form infection structures (Grambow, 1977). Host plant
products, such as these compounds, which act és fungal hormones have been
termed "mycoboethins™, literally "fungal aiders™ (Day, Castle, and Cummins,
1981).

As outlined in the general introduction to‘this thesis, Ustilago
vz'ola'aea;is a dimorphic fungus. It can grow either 4n a mycelial form,
parasitizing systemically a suitahle host plant, or 1n a yeastlike manner,
proliferating by budding. Durxlng saprophytic growth, in the absence of
any contact with the host, growth is predominantly in the form of yeastlike
sporidia., The few hyphae produced in some cultures grow to onl_y 10 - 20
um in length before budding recommences at the hyphal tip. Growth in
the host, in contrast, is exclusively myceha] in form with mtercellular
penetration of host tissue by hyphal strands. Sporidia are not observed
in any part of the parasiiized host. When sparidia potentially pathogenic,
l.e. heterozygous for mating typo; .appréach closely to, or contact a host

plant, infection hyphae ‘termed “suchfaden” (Bauch, 1922) are formed (Day




91

’

et al,, 1981), Tﬂ:zs, the s-timulusrequired for the switgh'f‘rom yeastlike to
mycelial growth appears'to come fapm the host plant. As contact was not
an absolute requirement, the stimulus must have been diffusible, The
compaur’ld exuded by the leaf appeared to act as a fg{igal hormone which
resulted in a highly specific redirection of morphogenesis in the fungus,
*leading to the induction of the parasitic stage in previously saprophytic
cells, |

The purposes of this part of my thesis were:

. Wto describe the effect of host products on development in various

3

races of . violacea and other species of smut fungi;

(2 to determihe bow widely distributed the active compounds are
in angiosperm plant species;

(35 to isolate a_n& ideptif‘y the compound(s) involved.

4.2 Response of ¢stilago violacea Race SA-1 to Silene alba Extracts

In the initial stages of this investigation, leaves of white campion,
5iéene alba, were crudely macerated in water and the debris was removed
by filtration or centrifugation (1250xg). The effects of such extracts and
.also acelone and methanol extracts on cells of different nuclear f:ondition

of race SA-1 are described in the next sections.

4.2.1 ﬁagloid Clones

An acetone extract of §, alda leaves was dried and resuspended in
the same volume of water. One millilitre was added to 10 mL'of‘ liquid CM
Eontaining approximately 5 x 106 sporidia/ mL at’0, 24, arid 48 h during
the incubation period. Sterile water was added to the control cultures
at the same times. The extract did.not alter the growﬁh rate of either

a4 or a; cells (fig. 4) and did not induce hyphae or other morphological
changes in either haploid in this test or 1n siﬁ:ilgr tests using solid media

~
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Figure 4. Growth Rates of Haploids in Response to .ﬁiloné alba Extracts

Effect of an acetone extract of Silene alba leaves on tha growth rate
of (a) a4; (b) az; and (c) af mixed with 32 cells of racé SA~-1. One millilitre
of the extract was added to 10 mL of CM containing 5 x 105 sporidia/ mL
atJO, _24, and 48 h during the ;ncuhation ﬁcriod (a), Water was addct:.l to

the control cu’turos ©) in place af the extract.
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Plate 4. Response of Haploid Clonas to E:itract of Silene alba Leaves

+ Pure cultures of a4 haploids did not show any difference in'grovth
pattern ‘when treated with S: alba extract (bottom, x500) as compared to .
. the same culture treated with water (top, x500). - : U
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(plate 4)." To be certain that the extract contained the hyphal growth
stimulus, it was tested at the same final concentration on mated haploid
cells (see section 4.2.3). The production of hyphae by these cells indicated
that the extract was indeed active. {

4.2.2 Mixed Cultures of Both Mating Types

Mixed haploid cultures of both mating types were not affected by host

leaf extracts under conditions which inactivated the mating type alleles,

i.e. high cation levels and high temperature (Day, 1979; also see section 3.1),
Thus, plant ¢xtract did not alter the growth rate or morphology of mixed
aq + aé cultures i1n liquid CM at 22°C (fig. 4) and neither mating nor

subsequent formation of infection hyphae was detected.
L

Under conditians which are permissive to mating type activity, i.e. MM
at 15°C, u~p to 80% of the aj and a; mate by forming conjugation tubes,
The a3 cells produce short (<20 ym) conjugation pegs which. grow in a directed
manner toward ai cells. In response, the a4 cell produced a short
protuberance opposite this peg (Day, ;976). Plant extracts greatly
stimulated this process (plate 5) particularly in race DC-1{ (table i4a; section
4.3), causing (a) multiple peg formation in both mating types, many cells
having three to five pegs; (b) random, non-directed peg i1nitiation and
grc.;wth; and (c) very long pegs (up to 50 um in az and {0 uin in a4 cells),
The distinctive long pegs from the a, cells were tcrm;d “wild pegs” and
grew 1n a typical helical manner when a4 cells were proximal 5&1’. not close
enough for conjugation (plate 5. When a block of WA inoculated with a3
cells was placed against a block with a4 cells, host extracts stimulated
the rapid growth of wild pegs from aj cells and short pegs from a4 cel»l%‘
Frequently, the a> pegs branched and changed direction before beginning
directed growth toward an ay peg (plate 5). Once the cells had conjugated

_in the presence of plant extract, t.hly initiated infection hyphaae which

elongated at a rate of about 2 um/h and frequently became aer:al (plate
5, .
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Flate 5. Response of Mixtures of a4 and a> Haploids to Extracts of

Stlene alba Leaves -

An acetone extract of §. alba leaves induced long conjugation tube
formation in conjugating a4 and ap cells on water agar (supplemented with
0.1% glucose) at 15°C. The aj colenies .producod long narrow conjugation
tubes (wild pegs) which at first grew randomly rather than directly to an
a4 cell. The a4 c‘;olls produced shorter p'ogs. Occasionally, the wild pegs split
(top, arrow) before reaching the a4 colony. After condugation; hyphae were

formed and frequently became aerial (bottom, arrow). Both, x500.

\

o -



LYY ey 2P A VFER




4.2.3 Previously Conjugaied Haploid Sporidia

Crude aqueous extracts of 5. alba stimulated conjugated cells on WA
or MM to initiate hyphal growth either from the conjugation tube or from
one of the conjugants. The hyphae were initiated about 6 - 8 h after
treatment with extract and grew at about 2 um/h, reaching 30 um long
after 24 h (plate 4). Usually at least 80% of the cells developed these long
hyphae, compared with control cultures treated with sterile water in which
2 - 3% of the conjugated pairs produced a short (ca. 10 um) hypha after
24 h. Initiation and growth of hyphae from these conJjugated cells occurred
1n hiquid or solid, nutritive or non-nutritive media at temperatures from
10 to 25°C. Thus, induction of hyphae was not limited to those conditions
perﬁissive for mt gene activity. On MM, after treatment with plant extract;
the hyphae grew to about 75 um‘aftcr 48 h but then reverted to sporidial
budding (plate 4). However, continuedhadditions of 0.5 mL of crude extiract
at 24 h intervals prevented this reversion and stimulated continued hyphal
growth, 'producing hyphae over 200 um long (plate 6).

Acetone extracts stimulated rapid growth of the hyphae (up to 4 -
5 um/h) so that the hyphae reached 50 - 80 um in 24 h. As the dilution
of the acetone extract was increased to about 3 x 10-3 of the initial
concentration, both mean hyphal length and the percentage of cells with
hyphae decreased to the control levels (fig. 5).

4.2.4 Diploid Cells

Primary a4/aj diploid sporidia responded to extract exactly as did
conjugated hapleid cells (plate 7). The response was independent of both
nutritive conditions (WA, MM, or CM) and temperature in the 10 - 25°C range.
A third effect of an active plant extract was noticed with the diploid cells.
Extracts suppressed the development of SPP cells under conditions which
normally fayour SFP f‘ormgtion (see section 3.i). Mainly VP cells were
observed in the presence of the extract and SPF cells in the abssnce. Thus,
active extracts inhibited sporulation and, therefore, favoured vcgn't.ative

growth in addition to inducing hyphal growth and affecting conjugation.
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Plate 6. Response of Mated a4 x a> Haploids to Extracts of Silene alba

Leaves

Conjugated haploid sporidia were spread on water agar and treated
with water (top, x550) or an aqueous extract of Silene alba (middle, x625).
Inresponseto the extract, very long hyphae were formed and many became
a;ri;l. In the bottom photograph, an aarial hypha has reverted to haploid
_budd;hg when the extract was exhausted (x500).

.
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Plate 7. Response of a4/a- Diploid Cells to Extracts of Silene alba Leaves

Primary aj/aj diploids treated with acetone extract of $. alba leaves
produced hyphae on MM at 15°C (top). Calls treated with water ir;stnd of

extract initiated sbbi"iﬂa’tioh under these conditions (bottom). Both x 625.
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Figure 5: Effect of Dilution of Acetone Extract of Silene alba on Hy’pﬁg_l_ - e
Length and Percentage of Cells with Hyphae in Race SA-1 - - - A o

Acetone extractis (3 mL/gm fresh weight of leaf tissue) were cv‘borat?d R q

to an aqueocus residue and sufficient distilled water was added to return

PP
-

the samples to the starting volumas. Subsequant dilutions wers in water.

The extracts were appliad to conjugated cells on MM at 22°C and the cultures

ware examined after 24 h, Each péint is the mean of threa dctirninatiom..
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Neutral opaque jop—N) strains also produced hyphae when treated with
plant extract.‘ Diploid cells homozygous for mating type, 1.e. op-a4 and op-
a~ 1solates, behaved as the equivalent haploid strains: no visible responses
in pure cultures; production of conjugation pegs and dikaryotic hyphae
when cultures of opposite mating type were mixed under mating - permissive
conditions. Thus, response to plant extracts is limited to cell types which

contain both mating type alleles in a functional state.

4.2.5 Nuclear Division in Hyphae Formed in Response to Extract

The hyphae from conjugated cells or ay/a; diploids developed in the
ty.plcal smut manner (Fisher and Holton, 1957, Day, 1974) by laying down
septa and retaining cyto}:laSm only at the growing tip, leaving behind long
hyphal filaments that were more or less devoid of cytoplasm. Most of the
hyphae produced 24 - 48 h after treatment had begun this process, but
only a few-had undergone nuclear division. When the plant extract was
supplied at 24 h intervals for 4 days, the long hyphae (over 200 um) formed
had cytoplasm in the terminal 30 - 50 um. Most of the hyphal tips produced

from mated haploid cells were binucleate (plate 8), but a few contained four

nucleir when stained and observed by acridine orange (Poc'm and Day,{ 1973a)
or Hoechst 33258 fluorescence microscopy (Lemke'.et‘ al,, 1978). Hyphae
producedwf‘rom diploid aj/as cells remained uninucleate, Thus, very little
nuclear division occurred in these hyphae under these conditions; yet they
seemed capable of indefinite growth when'periodically supplied with plant -

extract.

RN
4,2.6 Comparison of Hyphae Prod’uced in Response to Extract with Hyphae

Produced During Infection

Hyphae produced on artificial media were compared by A W, Day to
infection hyphae on host leaves. As this work underlines soma of the

premises of this thesxé, it is included with Dr. Day’s permission.

Epidermal strips from §. alba were supported on WA.and inoculated
with a mixed suspension of a4 and a» cells. ConJjugation occurred on the

epxderr‘nal surface, and infection hyphae ider&fcal to those on WA or MM



$
Plate 8. Fluorescent Staining of Hyphal Nuclei

Corresponding phase contrast and fluorescent photogx;aphs of hyphae
show persistence of the dikaryon and no nuclear division, sven after
bBranching of the hypha (iop). The nuclei (arrows; ware visualized by staining
with 25 ug/mL Hoescht 33258 fluqmcent stain. Top x1000, bottom x800.
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were formed. After growing for 5§ - 100 um, the hyphae formed an
appressorium from which ag infection peg penetrated the cuticle. Extensive
hyphal growth occurred within the leaf within 2 —'3 days. Occasionally,

-hyphae fr:om cénjugated cells on the agar surface grew across and

penetrated the epidermal surface by an éppressorium and penetration peg.
The principal point stressed here is that the hyphae induced by plaht
extracts appear identical to those on the host surface up to the time of

initiation of the appressorium,

4.3 Response of Other Races of U/, viclacea

Haploids of both mating types of isolates SD-8, SA/D~-{, DC-4, LF-4,
and SM-1 (see table 1éa for host species) were used to investigate the
responses of these races to extracts from their host species and from other

host species in the Caryophyllaceae.

As with race SA-i, pure cultures of one mating type of any of these .
races did not respond to host extracts. Response was limited to mating,
mated or prlm;r‘y a4/ap diploid cells. Apart from the similar requirements
for tHe presence of both mating type alleles, distinct differences between
races were apparent with mated dikaryons or diploids using test B (see
section 2.9), Sporidia from all of the SA, SD, SM, and SA/D races reépondld

strongly to extracts from .G'z'lgne alba, ;froducing hyphae from most

" conjugated pairs. Races LF-1, LF-2, and DC-1, however, did not respond

at all, 1.e. they remained strictly sporidial. A plausible explanation for
this observation was that these races were adapted to compounds produced

only by their own host species in the genera Lychnis and Dianthus.

-Subsequent tests showed that this hypothesis was incorrect as these races

did not respond even to extracts from their own host specises under test
B conditions (table 1.

1]

f When extracts were applied before conjugation (Lest A), all races
responded well to 5. alba extract and Lo extracts from the other hosts,
producing vigorous aerial hyphae, All races except races LF-1 and LF-

2 produced wild pegs in this test. All races responded under some conditions
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Table 1éa. Origin of the Physioclogical Races of Ugtilage violacea

Isolate Host Race
(UWO Code) Species . Designation Site of Origin
4 M n
}
Uwo 1 Silene alba SA-1 Reading, Berkshire, UK
Uwo 2 S. alba x S, diolca hybrid SA/D-1 Goodwoad, Sussex, UK
VWO 3 S. alba SA-2 . Goodwood, Sussex, UK
Uwo 4 S. alba SA-3 Hunh‘ngdon,
: Cambridgeshire, UK
Uwo 5 S, dicica SD-4 Packington,
Warwickshire, UK
Uwo 8 $. dicica SD-2 Packington, :
; Warwickshire, UK
X Uwo 8 S. diotca SD-3 Auchenheath,
; Lanarkshire, UK
; - UwWo 9 S. dicica SD-4 Auchenheath,
. Lanarkshire, UK
UwWo 10 S, dioica SD=5 "~ Strontian, Argyll, UK
" UWO 14 Lychnise flos-cuculi LF-1 Taynuilt, Argyll, UK
Uwo 12 S. dioca SD-é Ayr, Ayrshire, UK
UwO 13 S, dicica SD-7 Ardchattan, Argyll, UK
UWO 14 $. dioica SD-8 Benderloch, Argyll, UK
UWo 15 L. flas—cuculi LF-2 Durness, Sutherland, UK
. UWO 16  §. dicica SD-¢ Dollar, Fife, UK
) Uwo 17 S, dioca SD-10 Colinton Dell
' Edinburgh, UX
: UwWo 19 S. maritima SM-{ Sheigra, Sutherland, UK
i - UwWOo 24 S, diolca SD-14 Bolberry, Davon, UK :
: UW0 22 S. maritimd SM-2 Aveton Gifford,
: ' A ’ Devon, UK
: Uwo 23 S. dickca SD-12 . Bolberry Head,
3 Devon, UK
’ UWOo 24 S. dioica SD-13 Bolhorrgxnovn,
i pd .  Devon,
¥ UwWo 26 Dianthus carthusianorum DC-1 glmnt-f'crrand,
; rance

Note: UWO 1 collected by D. Snow; UWO 2 - UWO 24 collected by
] A. W. Day; UWO 26 collected by A. C. Newton.
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. Table 16b. OPigin of Other Species of Smut Fungi

Species Host Plant Source

From Dicotyledonous Hosts:

‘ Usfago scabiasae Xnautia arvensis CMI

: (Dipsacaceae)

: U. utriculosa - Polygaonum persicaria CBS #178(a2)
» (Polygonaceae) CBS #17%ay)

From Monocotyledonous Hosts - Cyperaceae:

Farysia olivacea

From Hondcotyledonous Hosts - Liliaceae:

wE A R Ag AN MR A SRS e e

U, heuflert Erythronium americanum - CMI
. U. vatllantit HNuscary comosum CMI

From Monocotyledonous Hosts - Gramineae:

U. aegilopsidis Agropyron fibrosum JN
U. avenae Avena sativa JN
.. U dullata . - ’ Bromus catharicus REF
P U. cynodontis Cynodon dactylon JN
U, horde Nordeum vulgare . JN
U. hypodites ’ Agropyron trichophorum JN
U. kollert Avena sativa JN
: U. nigra Hordeum vulgare JN
3 U nuda Triticum aestivum JN
i .U. maydis : Zea mnays AWD
] U. ert _ Triticum aestivum . JN
E U, turcomanica Agropyron teukushiense JN

Note: AWD: A. W. Day; CBS: Centraalbureau voor Schimmilcultures, Baarn,
Netherlands; CMI: Commonwealth Mycological Institute, Kew,
Egland; JN: J. Nielsen, Canada Depariment of Agriculture, Winnipeg;
REY: R. E. Falloon, DSIR, Palmerston North, New Zealand.
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Table 17. Response of Races of Usiilayo viclacea to Three Host Extracts

r Tesis of Plant Extract.s f‘rom.

{ Silene alba or Lychnis - ryopbyllm' or
S. dicica Flas-cucull ]FD cartm:aanmm

Fungal Races Al A2 B AL A2 B B

: SA-1toSA-3 +, +  + + .+ NT NT +

3

] SD-1toSD-13 +  +  + + s 4 _NT NT +
SA/D-1 + + + + + + NT NT +

{ LF-1, LF-2 - + - - + - NT NT -

3 : .

4 . . SM-1, SM-2 NT NT + NT NT NT NT NT NT

1 DC-1 + + - + + - + -+ -

3 Note: Test A: Extract appliad during conjugation; Ai: presence/

, absance (+/-) of pegs; A2: presance/ absences (+/-) of infection

( hyphae from the cells following conjugation. Test B: Extract applied
Y to conjugated cells or to diploid a4/a5 cells;

! presence/ absence of infection hyphas; NT: not tested.
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to extracts from any of the host plants. This observation eliminates the

possibilty that individual races are adapted to specific products from their

- particular host species.

»

4.3.1 Interracial Conjugants

Cells of race SA-1 and cells of races LF-1 and DC~-1 were conjugated
in all combinations. The hybrid conjugants and non-hybrid combinations
as a control were treated with extracts, using test B (table 18). The SA-
1 x SA-1 conjugants produced hyphae, but LF~{ x LF-4 or DC-1 x DC-1{
conjugants did not. In hybrid combinations, e.g, SA-1 x LF-{, as long as
one conjugant was derived from race SA-1, the conjugated pair produced °
hyphae like those of the SA-1 x SA-1{ matings. - Thus, the ability of race
SA-1 to form hyphae from premated cells is inherited as a gen'ct.lcally
dominant characteristic. The responses of the hybrid SA-1ay x DC-1aj and
non-hybrid SA-1ay x SA-1a; combinations to a dilution series of an acetone
extract of §. alba (fig. 6) further suggested that this trait 1s completely
dominant. The hybrid combination responded as well as the non-hybrid in
both percent germination and length of the hyphae produced, at all

dilutions.

4.3.2 Attempt to Analyse the Genetic Basis of Racial Differences in Response

N to Extracts

Cells from an ay 1solate of race SA-1 carrying the recessive yellow
colony colour marker were conjugated vnt.}) wild type aj cells from the LF-
i race, and the conjugated cells were used to infect three plants each of
$. alba and L. flas-cuculi. Five plants did not flower in their first season,
but the remaiming §. alba plant did flower and was heavily infected.
‘I‘el.iospores from this plant were plated on CM to obtain the haploid products
of meiosis and to determine the genetic basis of the response to extract
and possible linkage to the mating type locus. Unfortunately, the
teliospores did not develop normally and did not produce any haploid

products. Most of the germinating spores produced a two - or three - celled

promycelium, which rarely budded sporidia in the usual way. Frequently



’

Table 18. Response of Hybrid Conjugants of Races SA-1, LF-1, and DC-{
to Extracts from Silene alba, §. dicica, and Lychnis flos ~ cuculi

Extract from:

~ Cross T . S.alba - $. dicica L. flas - cuculi
SA-iay x SA-1aj + + +
SA-iaq x LF-1a7 + + +
LF-iay x SA-1a3 + v + +
LF-iay x LF-1a7 - - -
SA-1a4 x DC-1a7 + + +
DC-1a4 x SA-iaj + + +

DC-1a4 x DC-as

(}{ot:: +, myceliation; -, no mycaliation. Extracts vere tested on mated cells
ast B). ‘ ’ '




S EEE T AT e

IR

.

Figure 6. Efi‘cct of‘ Dﬂut;on of Acstone Extract of Stleno atba on Hyg

ength an and Pcrccntgn of Cells with Hyphae in a Cross between
Races SA-1 and DC-1

An 'ac‘ctone extract of leaf tissue (3 mL/gm fresh weight) was evaporated
and resuspended in sufficient digtilled water to return the sample to the
starting volume. The extract was applied to cells of a DC-1 a5 x SA-1 a3
cross (A) or of an SA-1 a4 x SA-1 ap cross (). The MM plates were incubated
at 22°C and were scored after 24 h. ' ‘
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Plate 9. Promycelium Formation by Hybrid SA-1 x LF-1 Teliospores

The promycelium (P) produced by teliospores (T) recovered from a Silene
alba plant infected with a4 cells of race SA-1 and a3 cells of race LF-
1 was 1n1txally normal in appnrancc (bottom, x1800). Later production of
" swollen diploid primary spor:dn (D; top) 1nd1cat¢d that meiosis did not occur

(both top photographs x800).
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one, rarely qsvo,lof the cells in the promycelium became swollen, especially
at the poles, and filled with refractive granules (plate 9), closely resembling
the SPP a{/a; diploid cells (Day, 1979; Castle and Day, 1980). The contents
of the promycelium eventually degenerated. The swallen cell behaved like
an aq/ao diploid sporidium, budding off other sporidia, under conditions
which permit budding in ay/a; cells. Acridine orange fluorescence
observations revealed usually only one large nucleus in each promycelium,
located in the swollen cell. The large swollen sporidia were neutral in
mating type and did not express the recessive yellow marker. Their phenotype
matched in every respect the distinctive phenotype of aj/az cells (Day, 1979
and they were therefore identified as diploid sporidia. It appears that
meiosis failed in these hybrid teliospores and { - 2 diploid sporidia were
produced instead. Attempts to induce these diploid sporidia to haploidize '
using PFP (see section 2.4) which works well on normal dipioids, failed as
no viable haploids were recovered. A few poorly growing aneuploids which
expressed the yellow marker were recovered, confirming that the large
sporidia were at least heterozygous for some markers and therefore probabiy
diploids. Also a few sporidia had poor mating ability with one or the other
haploid mating type, but no genetic analysis was possible. Even this poor
recovery of markers, however, confirms that the teliospores were hybrid
for races SA-1 and LF-1, because the y allele from SA-1 and the y* allele

from LF-1 were recovered.

The ease of interracial hybridization and the high virulence combined
with an inability to perform meiosis in the hybrid spores are all commonly
reported in smut fung: (Fisher and Holton, 1957; G, C. Kirby, personal
communication to A. W. Day). Interracial diploids of the type described here
may give rise to new races that: 1) can attack either of the hosts of both
par"ental species (Goldschmidt, 1928); 2) do not undergo meiosis and therefore
do not segregate; 3) yield neutral ﬁon-mating sporidial lines; and 4) have
larger than normal sporidia. Strains with some or all of these properties
have baen dcs‘cri_bed (Kniep, 1919; Zillig, 1921; Bauch, 1922; Goldschmidt, 1928).
Races from Jianthus spp., Sapcnaria of ficinalis, and Silene vulgaris

produced large neutral sporidia (Zillig, 1921). “Therefore, some naturally
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occuring races of [/stilago vielacea may be sterile diploids arising from

interracial hybridization.

S

N 4.4 ?g‘sgoﬁ:e of Race SA-1 to Extracts of Various Plant Species

The resultis presented if section 4.5 indicated that race SA-1i responded
not only to extracts from its host, §. alba, 'but to extracts from other
specié? as well. Consequently, a large number of species from a wide range
of plant families was collected and acetone or water extracts of t.}.mese species
were tgsted for ability to induce hyphal growth of fungal race SA-1, Thk
species tested are listed in appendices 1 - 4 and a summary of the results

is presented here.

4.4,1 Caryophyllaceae

Acetone or water extracts from all of 27 tested species in the
.Caryophyllaceae stimulated hyphal growth from mated haploid or a4/as
diploid cells. The stimulatory effect of different species ranged from weak
to as strong as 5. alba extracts. Surprisingly, extracts from dried
herbarium s'pecunens', some over 50 years old, were active. These extracts
were generally weaker than those from fresh tissue but all 39 tested species
still retained activaty (appendix 1).

4.4.2 Non - Caryophyllaceae

Extracts from a total of 36 species from families other than the
Caryophyllaceae were tested on mated haploids of race SA-1 (appendix 2).
Only 4 of the 34 extracts showed weak to moderate activity and inauce:i
infection hyphae. The remaining 32 extracts were only very 'slightly active
or were inaétive. Thus, it was quite apparent that host spicus for Ustilage
violacea, 1.e. members of the Caryophyllaceae family produced a compound
or a group of compounds to which the fungus reacted b-y producing infcciion
hyphae, and that most of the non-hosts were apparently deficient in this -
chemical stimulus. However, as shown later, tests with more concentrated
extracts indicated that all tested plant,‘spociu contain at least small

amounts of the active agent (section 4.6).
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2
Closer examination of the non-host group indicated that the four

species which yielded active extracts were the only tasted species that wer‘
hosts for other species of the genus l/stilago. Thase pla'nt. species and
their respective Ustilago pathogens were: Zea mays, host for U. maydis;
Scabiosa perfecta, host for . scabiosae; Oralis eurcpaea and 0. cernua
(U, oxalidis attacks this gpnus, though we have not been able to ditarmiﬁe
whether these particular sp:cies are susceptible). This correlgtion between
activity and status as a host of a Ustilago species suggested that many,
if nt;t all, species of {/stilago may respond to the sam; or similar chemical
stimulus and that the many and varied hosts of diverse /sfilago species
may share a common characteristic viz. production or availability of the
active compound. In this case, the host range bf this entire fungal genus
may be determined i1n part by the distribution of these particular plant
products. A more extensive survey of plant species was conducted to test

this hypothesis.

4.4.3 Ustilage Host Versus Non-host Species

Extracts from 65 digotyledonous and 39 monocotyledonous speéies were
‘testad for their effects on race SA-t (appendices 3 and 4), and the results
are summarized in table 19. The results support the hypothesis that Ustilage
hosts in general produce a compound which triggers hyphal formation in
U. violacea, ahd that non-hosts either lack this compound or have 1t,‘in
lower concentration. Thus, all 38 of the plant species that host U.rtz’{agq
species had active extracts, while only 6 out of 43 plant species without
smut pathogens had active extracts. Of particular note were membars of
the Gramineae family. All species which host a Ustilageo pathogen yielded-
active extracts (24 out of 24) while all non-hosts produced inactive extracts
(4 out of 4). In a third category of plant_s, those species which host smut
fungi other than /stilago, about one - third of the species (B out of 25)

had active extracts.

Four species in the Polygonaceae (Polygonum por:i'aaria and three
Rumex species) deserve special mention, Although they. host Ustilago specias

/

they had inactive crude extracts; however, thase extiracts were toxic to



122

Table 19. Summary of the Effet of Plant Extragts on the
Induction of Infection Hyphae in Ustilago violacea A

_ Effect of Extract
on . vwlacca'

. Nolnduction - Induction

. .
. ]
.

Plant Type *_ Unactive (active) ™

- p— -

. . . '

Dicotyledonous Speciesl )
Not host ta 4 smut fungus 33 e
Host to smut fungus other than U:t:laga 13 - 3
Host Lo Ustilago species 0 37
~M:mc:cmt. Species?  ° -

'Not host to a smut fungus 2 0
Host to smyt fungus othcr than Ustilago 4 - - §
Host to Ustlago spcmu 0 28
All testad Spomuiﬂ , A

-
Not host to a smut fun 35 )
Host to smut fungus otLr thm(l.n’daga 17 ] . 8
. Host'to Vstilago mous 0 ) . &5

0

Notwe: 1= Takm fron Appmdiou iand 3, -
. 2= lem f'm Appmdix 4,
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the cells of /. viclacea:and lysed them. A chloroform/ water partitidtning
of the extract from P. persicaria established that active compounds were
" indeed present in the chloroform fraction but that they were masked by
toxins which separated into the aqueous fraction. Similarly, crude extracts
of the non-host .spe_cies, Lycopersicon esculentum, were also inactive and
toxic but were Fouﬁd to have the active agents after partitioning‘to
separate the toxic compounds. Extracts from L. esculentum, however, did
not induce myceliation in . violacea until 24  after application instead
of the usual 6 h. Very few extracts from other species gave any indication
of toxins which mask the active compounds. Partitioning experiments
similar to those outlined above failed to show any toxic or active cofnpounds

exception of the few cases mentioned above, Ltoxins were not an impediment
to the screening of extracts of the various plant species'for the presence
—of the hyphal inducing stimulus. '

-

The results obtained with this larger survey were consistent with the
hypothesis that the genus Ustilago was adapted to parasitize plant species
.containivng sufficient quantities o;‘ a particular compound or group of
compounds. Althoujh extracts from a few non-host species scored as active
in these tasts, this was not particularly surprising. Manﬁactors be.sides
the plant products under study here must contribute to the determination
of host susceptibility. These species pfesumably are not hosts of Ustilago

spacies because they are deficient in one or more of these other requirements.

Two other observations suggest that the development oPmyccliu\p-i'n
the host depends on the localization of the active compbund. Firsily, twenty
male and female S. alba plants were divided up into laaves, roots, stems,
and floral parts. Extracts of each type of tissue were prepared using
approximately equal quantities (1.1 - 1.8 g ) of material and hot methanol
extraction (see section 2.10.3). The root, stem, and leaf extracts were all
highly active and induced good hyphal growth, but the nxtracts“from the
total floral par-ts‘of either male or female plants had low activity. Sccopdly,
laaf extracts of Erythronium americanum, a host of U. heufleri, were

inactive and not toxic while extracts. of bulb tinﬁn did induce hyphal growth
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of race SA-1. /. heurfieri produces a vegetative mycelium in the bulb and
sporulates in the leaves each spring. In both of' these cases, the sites
of vngetative mycelium yielded active extracts whereas the sites of
sporulation apparentl& cdntaineé little of the active compound. It is
possible, therefore, that the presence of these compounds not only stimulates
growth of dikaryotic hyphae, but also inhibits sporulative development. This
view is supporte"d by the suppression by leaf extracts of SFP development
mentioned earlier (section 4.2.4). On this hypothesis, sporulation would be
triggerad at least in part by entry into tissues deficient in the hyphal

inducing compounds.

4,5 Responses of Other Species of Smut Fungi

A number of species of Ustilage and one of Farysia (Lables 16b and
20) were examined {o see if hyphal development required host produced
compounds, as suggested by the plant survey.' Where possible, monosporidial
stocks of separate mating types were.established and conjugated cells or
diploid strains were tested with extracts f"rom a variety of plant species.

The effects on myceliation and sporulation are described below.

4.5.1 Dicot Parasites

s

Two other species which parasitize dicotyledonous host plants were
anilable for study: /. scabicsae, which attacks species in the Dipsacaceae

family; and U. utricuiosa, a pathogen of the Polygonaceaa family,

Isclates of /. scabiosae grew in a strictly sporidial fashion in the
absence of extract and resembled (/. violacea closely in other respects, such
as morphology and polymorpﬁism for colony colour (ysllow, Whita, or pink
colonies) and for thiamine prototrophy/ auxotrophy 1n wild type isolates
(Garber, Baird, and Weiss, 1978), 1

Conjugated cells of. . scadiosae behaved very similarly to cells of
U. violacea and formed hyphae in response to extracts from the tested
species (all hosts of smut fungi) (table 20). The response to extract from

Polygonum persicaria paralleled that of /. viclacea (see section 4.3.2), ' Thus,
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Table 20. Responses of Smut Fungi to Plant Extracts

Juncus

brachy- Silene Scabicsa Polyganum Triticun Zea w0

‘Fungal species cephalus alba perfecta persicaria aestivum maps-

-Ustilago violacea + + + -+ + +
U. scabiosce + + + -+ + +
U. utriculosa + + + + + +
Farysia olivacea - + - - - - -

Note: +, myceliation; -, no myceliation.

i- Crude extract was toxic and therefore scored as inactive.
Chloroform/ water partitioning yielded an active chloroform fraction
and a toxic aqueous fraction. .
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the cells of /. scabicsae were lysed by the crude extract, but chloreform/
water partitioning of tha extract separated the toxic component from a
component which stimulated mycslial growth.

In the absence of plant extracts, /. utriculosa produced elongated
sporidia with occasional very short hyphae. Plani extracts, however,
induced conjugated cells to de\}elop long hyphae,‘ Crude extracts from P,
persicaria, a host of . utriculosa, were not toxic to this species and
strongly induced aerial hyphae. Thus, it is clear tHat the species of
Ustilago which is adapted to grow on 2. perstcaria has a mechanism to avoid
or counteract the toxin which lyses other Ustilago species. Furtiher
investigation of the nature of this toxin and the avoidance mechanism in
. utn‘q‘&lm would provide new insights into host/ parasite interaction.

In summary, all of the three studied species of Jséilage derived from
dicot hosts remained strictly sporidial on agar media and showed the same
response (inductibn of hyphae) tc the same range of plant extracts. It
15 c:.lear, therefore, that they share the same requirement for the same host

produced compound(s).

4.5.2 Monocot Parasites

Species that grow in a strictly sporidial manner.

i

Farysia olivacea, a common pathogen of the Cyperaceae family,
resembled /. vioiqcea and /. scabiosae in being strictly sporidial in the
absence of plant extract. Two mating types were isolated, and con.jug-auon
occurred frequently on WA or MM at 15 or 22°C. Extracts from the plant
specics"that host Ustéilago did not induce myceliation, but an extract from
Juncus bréchycophaluc, a member of the Juncaceae family, often regarded
as being close to the Cypcraciao family, did induce mycelial growth (table
20). Thts, it appears that £, odlivacea responds to a different host product
than that which induces the three species of Ustilago covered in the previous

section. Further investigation of this situation was not carried out, but.

would be weall worthwhile.

¢
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Species producing both sporidia and mycelia.

Mixed mating type isolates of . aegilopsidis, U, avenae, U. dullata,
U: heutflert, U. hordel, /. kollert, /. maydis, U. nigra, [/.- lurcomanica, and
U, vaillantii produced both mycelia and sporidia on nutritive media in the
absence of plant extracts (plate 10). Typically, hyphae developed from
conjugated cells and grew at the terminal tip, leaving a filament of empty
cells behind. New septa were constantly laid down behind the terminal cell,
forming a series of empty compartments. Occasionally, the nuclei in the
tip divided and two daughter cells were formed. The terminal tip cell then
continued to grow and lay down new septa, so that eventually the hypha
had a terminal tip cell and, separated.by long stretches of empty cells,
occasional mtercalary cells with cytoplasm and nuclei. Plant extracts from
host or non-host species did hot noticeably alter this growth habit or the

rate of elongation of hyphae,.

On nutrient poor medium (MM at 22 - 30°C), the intercalary cells of
all of these species fragmented into few to many dumbbell shaped cells very
similar in appearance to the SPP cells of (/. viclacea. Brown pigmentatipn
formed in the walls of these SPP cells in most species. In /7. .tumamam'a'a,
the SPF cells developed into normal teliospores, and the whole colony became
dark brown to black. These teliospores were very similar in appearance

to those formed in the host plant, and some germinated normally.

In our isclates of V. maydis, {/. nigra, /. aegiiopsidis, /. heusflerti, and
U. avenae, enqugh brown pigmentation was laid down in the SPP cells to
colour the whole colon; a light brown on MM at 25 - 30°C. However, the
teliospores were abnormal in appcaranc‘i and did not germinate. In the
other specias, occasional abnormal teliospore - like cells were seen, but again
these did not develop further. The development of SFP cells in all species
and their later development into complete teliospores in U/, turncomanica was
inhibited by extracts from the tested species (Zea nays, Triticun aestivum,

and #ordeum vulgare.
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Species with a mycelial growth form.

Teliospores of U. hypodites, U. cynodontis, U/. nuda, and U. tritici
germinated, produced hyphae, and grew in a predominantiy mycelial manner
on MM or CM at 15 - 30°C (plate 10). The two former spet:;ies produced aerial
chains of sporidia, while /. nuda and . tritici developed intercalary
dumbbell shaped SPP cells in old cultures. In the latter two species, these
SPP cells eventually became deeply pigmented and rounded off into cells
similar in size and shape to the normal teliospores of these species. They
appeared to be abortive teliospores as their wall development was abnormal
and they did not germinate. Plant extracts from Z. naw or"NT. aestivum
did not affect mycelial grqwg’gh, but again these extracts inhibitgd formation

and further development of the intercalary SPP cells.

-

In summary, of the “monocot” smut fungi, only Farpsia olivacea was
strictly sporidiai and this species produtfed hyphae in response to a
dif ferent plant product from that which induced the “dicot” Usiéilage
species. Fourteen species of {stilago attacking monocots produced hyphae
in the absence.of plant extract and did not respond noticeably to plant
extract, exc;pt that development of sporulation cells was inhibit:éd. Thus,
there appears to be a major difference between species of Ustilago with

monocot hosts and those with dicot hosts.

4.6 Isolation and Identification of Active Compounds

Continued work with various plant species and attempts to purify the
chemicals responsible for hyphal induction revealed that the difference
between host and non-host plants wis not due simply to presence or absence
‘of the active agents., Many of the s'pccios which scored as negative in
water extracts, 1n -fact,vinduccd"a little mycelial growth., Consequently,
it seemed likely that the difference between active and inacti:yn‘oxtract's
was due largely to concentration differences. This was confirmed 'by making
highly concentrated extracts from ;ovc;al “negative” species. In general, -
even water axtracts from host spacies weres only weakly active aitcnlio
fold dilution. Extraction of fresh material with methanol or acetone and

- . N
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Plate 10. Growth Forms of Some Monocot Smut Fuhli on Artificial Medium

Several species of Ustilago which attack monocotyledonous hosts were:
plated on mini‘fnal medium and observed after 2 to 4 days grow'th. Every
‘tested spc’cin produced extensive hyphal growth in the absence of any plant
extract. Pictured are: A. Ustilage hordet; B. U. ;rz‘tici; C. . taﬁcomamz:'a;
D. U. maydis; E. U. nigra; F. U. kollert; G. U. avenae, B. U. aegilopsidis.
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extraction of freeze dried tissue with ether or chloroform yielded samples
with greater activity than the water extracts. As shown in sections 4.2.3
and 4.3.2, activity of acetone extracts could be det:ect.ed even after a two
to three hundred fold dilution. Methanol gave the most active extracts
and was usually used for further work. Several plant species which were
scored as inactive as crude aqueous extracts were found to give active
methanolic extracts (table 21). The difference between active host and
inactive non-host species was therefore in the concentration or accessibility
of the active agent., This compound appeared to be universal or at least

very wid‘espread in plant species.

4.6.1 Isolation Procedure - Methodology .

Isolation of the active compound from a variety of extracts was
attempted using several different procedures. Paper and thin layer (silica,
silica C-18, alumina, and cellglose) chromatography were completely
ineffective. Once the extract was applied to the chromatogram, it appeared
to have been bound irreversibly. After drying (before or after development
of the chromatogram), no activity could be eluted or even detected when
cells were placed in contact with the chromatogram. Similar results were
obtained with various column chromatographic media: Dowex { and 50 or
DEAE cellulose ion exchange media, Sephadex G50, G25, G10, or LH50 size
exclusion media. At various times, irreversible binding of the active agent-
was observed with several proteins in a native state or denatured by boiling,
polyvinylpyrrolidone (PVP), Norit charcoal, fatty acids (palmitic and oleic
acid), and both hydrophilic and hydroph::bic Millipore filters (perhaps as
a result of b‘inding to large particulate matter within the extract).
Partitioning experiments gave ambiguous results, possibly due to the
affinity of the compound for a diverse collection of moleculas: in one exiract
the activity would partition into the organic phase, in another tested
simultaneously, it would stay in the aqueous phase. The binding of the
compound to most substrates was found to be not affected by pH. Thus,
paper chromatography gave the same nogatzve result when the chromatogram
was dovc]opd‘a with-acidic (4:1:5, n-butanol: acetic acid: watnr top layer used),

neutral (4:1:2,2, n-butanol: ethanol: water; top layer) or basic (i:1, n-butanol:
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Table 21. Comparison of Water and Methanol as Extraction Solvents

. Activity of Activity of
Species water extract methanol extract
Uetilago Host
Avena sativa +++ . +4+
Hordeum vulgare +4+4+ +4+
Scadiosa perfecta +++ +++
Silene alba +++ 44
Zea nays ++ : +44
Non-Hosts
Cichorium intybus - +++
Glechoma eracea - +4+
Hasperis matraonalis - +44
Lactuca sativa - 44
Lobelia siphilitica - +++
Lycoperswcon esculentum - 44
Aalva neglecia- - +44
Plantago majar - 4+
Tararacum of ficinale - s
Thalictrum dicicum - 4+
Trifolium pratense - 4+

Scale: +++, 60-100% of conjugated cells produce hyphae;
++, 10-60%; +, 1-10%; -, <1% or no greater than water control.
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2 M NH40H; top layer) solvents.

A second problem, in addition to binding, was the instability of the
active component. This attribute was also quite variable. A crude water
extract appeared to be as active after autoclaving (15 minh at 15 p.s.i) as
before, but the same extract left at room temperature lost most activity
within four hours., If the extract was kep‘t on ice, it was still quite active
after four hours. Samples were, therefore, stored at -20°C or -70°C .to
alleviate this instability problem, thouéht to be due to oxidization of the

active compound. .

The most effective isolation procedure that was developed was reverse
phase high performance liquid chromatography or HPLC. Small Seppak
cartridges (Waters Associates) containing a reverse phase chromatographic
medium: silicic acid covered with octadecylsilyl (ODS) residues, were initially
used to find a solvent which eluted the active component. This.procedun\.e
was then applied to analytical HPLC. Perhaps, the reason why HPLC‘.':
isolation proved successful while other procedures failed was the répidit’&

with which a sample coyld be analysed, avoiding or reducing much of the

instability problem. HPLC analysis of various extracts proved to be a

reliable, rep'roducible technique, when coupled with an extraction procedure
that minimized non-specific binding. A total of four compounds, termed

peaks A to D, were identified as contributing to the activity of the plant:

extracts.

During the period while the HPLC procedure was being developed,
attempts were made to identify the active compound by testing a wide range
of known plant compounds. Over 200 such compounds were screened for
activity in the bioassay (appendix 5). A large number of common plant’
chemicals were ruled out using this survey. Only a few compounds induced
any hyphal growth and only one of these (ascorbic acid) was detected in
S, alba extracts. This compound and the others (cysteine, sorﬁic acid, and
iron ions) were all only weakly active and induced hyphal growth only after
a much longer delay (24 h) than found with plant extracts (6 h). Other

active chemicals were 1dentified after the isolation and identification of
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a-tocopherdl as the main inducing component of $. aibda and other plant

species extracts.

-

4.6.2 Aqueous Extracts of Leaf Tissue

Due to the problems encountered with Silene alba extracts and the
relative shortage of material of this species, particularly during the winter,
an alternate species, Zea mays, the host for V. maydis, was used to identify
a component of the active extracts. The effective technique was then

applied to extracts of $. alba and other species.

The first peak (A) was found only in aqueous leaf extracts and was
highly polar. It was moderately active” in the bicassay and
characteristically induced mycelia only after an unusually loﬁg delay: at
least 24 h after treatment compared to 6 h with crude extracts. During
the survey of various commercial chemical preparations (appendix 5), it was’
noted that synthetic L - ascorbic acid (Fisher Chemicals) induced moderate
mycelial growth with the same long delay as peak A. Both ascorbic acid
and peak A were poorly retained on the Ultrasphere - ODS reverse phase
column when eluted with water. Several systems involving thres different
columns, therefore, were used to chromatograph L - ascorbic acid and related -
compau;xds, isoascorbic acid (D - ascorbic acid) and dehydroascorbic acid.
Two of thesae proceduras were acceptable and were subsequently used to

examine extracts from several plant species. )

Three methods employing a reverse phase column, either the Ul{rasphere :
- ODS or Hamilton PRP column (see section 2.11), were tested. Firstly, elution /

with different concentrations with water and methanol. Secondly, ion

suppression: maintenance of ascorbic acid in the un-ionized state by the
addition of 50 mM HCIO4 to either the sample or the mobile phage (on
used with the PRP column since it is tolerant to extreme pH). Thirdly,

ion - pairing: addition of a more. hydrophobic counter ion, tributylamine
or tetrabutylammonium phosphate (Pic A reagent, Waters Agsociates), which N
complexed with ascorbic acid resulting in an increase in retention by the

column, Of these methods, only 10n - pairing using tributylamine was found
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sui.t.able (table 22). Every other system resulted in poor retention of
ascorbic acid, as indicated by the low k’ values (£2), Pic A reagent was
deemed unsuitable since it appeared to enhance the degradation of ascorbic .
acid, a problem not encountered with the tertiary amine.

Ascorbic (AA) and dehydroascorbic acid (DHA) were also efficiently

__chromatographed using anion exchange chromatography with the Zorbax
‘ NH»2 column. Various concentrations of monobasic pqtassiuin phosphate
(KH>PO4) were teste;! as eluting solvents (table 23) aﬁc_l_0.0Z M was found
to give the best combination of speed and efficient chromatography. The
poor separation of AA and DHA was not considered to be imp;:n-tant' since
it is thought that DEA occurs in most extracts only as-an oxidation product
of ascorbic acid following inefficient isolation procedures (Ba;ku“ and
Mapson, 1959).

[

'Co-chromatograpl;y of ascorbic acid and peak A on the Zorbax NH>
column (fig. 7) and the Ultrasphere - ODS column using iqp pair
chromatography supported the conclusion that ‘peak A contained ascorbic
acid. Substantiation of thi§ hypothesis was obtained by UV spectroscopy.
Both spectra of peak A and ascorbic acid showed a strong absorbance peak
at 264 nm (fig. 8).

Several plant extracts were chromatographed in the ion pair system
in order to determine the ascorbate content of various plant species. A
standard curve correlating integrator area units to g amounts of ascorbic
acid was preparad (fig. 8). The area units of the peak corresponding to
ascorbi¢ acid in the plant extracts were compared to ‘j.h'c gra;h and then
were converted to mg of ascorbic acid per 100 g of fresh tissue. The
values obtained in this survey (table 24) ware quite close to values cited
in Olliver, 1967. However, no correlation between extract activity in the
biocassay and ascorbate concentration in the plant tissue could be made.
The strong activity of the Zea mays extract was not consistent with an
ascorbate content marginﬁally above the threshold of 103 M for the induction
of hyphae by commcrciaily available ascorbic _iéid (fig. 1. (10-3 M ascorbic
acid is equivalent to 17.6 mg/ 100 g if one assumes that the 100 gm of
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Table 22. Chmatograph} oMscnrbic‘Acid

on the Hamilton PRP Column
N

Mﬁbﬂ!'.

Supu_

, Chrmatngrapﬁic
FPhasel . Solvent _ k’Value Method
100% CH30H i) 50 mM HC104 in Hp0 4,29 ISt
] ug 45 mM HC1O4 in .
. 9:4 HpO:CH3CN 1.31 IS
99% CH30H + i) 50 mM HCI104 in H20 432 IS1+2
50 mM HC104 ii) 99% CH30H + 50 mM HC10; 41.07 IS1+2
3 'sox CH30H i) 50% CH Ein Hz0 1.32
in HZO ii) 50 mM £ 1.32 L1814
m)mcagon-mn +Pic A 13 P4
" 50% CH30H in ~5oxcx30H inH,0+PicA 1.8 IP1+2
H20 + Pic A ,
50% CHa Ol in 50 CHZOH in H,0 + 1.5 IP1+2+7
HeO + Pic A+ 50 mM HE10,4 IS1+2°
"y =M xc104 .
30% CH3OHin  50% CH30H.in B 1,54 IP1+2
HgO+1nMTBA 41:1!1%‘\ 2 ’
10% CH0H  10% CH30H in H0 1.21
in H20
10% CHgOH in 1) 10% cxg_lgg in H30 4.43 IP1+2
H0+1mMTBA  +1mMTBA ~
S i) 50 mM HCI04 in H0 686 IP2+IS1
100% H0 50 mM HCIO4 2.14 IS 1
Conditioris: 1.0 mL/min flow rate; Altex modsl 330 chromatograph

. UV absorbance datector at 280 nm; 0.4 mL injection of

0.t ng/nL, salution

30H - methanol; CH3CN - m-tonitrﬂ.; HC104 - perchloric
acdd, Pic A - tetrabutyl ammonium pholphau atar’s);

"TBA -

218 - lon ; IP - lon Pairing
18 1, IP £ ~ effeotive agent inunph; 182, 1P2 - nffmtive
agent in mobile phass
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L 4 ’ )
s Table 23. Chromatography of Ascorbic Acid .
and Dehydroascorbic Acid on the Zorbax~NH> Column

k'’ Value . N

Mobile Phase System#* AA DHA x Value

0.2 M XHoPO4 pH 4.5 1 ' 2.80 1713 1.62

0.4 M KH;PO4 pH 5.4 2 3.47 3.27 mi ,
~  0.05 M XH2PO4 pH 5.2 2 4.00 447 1.04

0.025 M XHoPO4 pH 5.4 2 5.77 585 101

0.02 M KHPO, pH 5.5 1 162 - -

0.04 M KH2PO4 pH 5.6 2 9.42 947 1.01

#Conditions: 2.0 mL/min flow rate; 20 ul, injection of 10~3 M solutions .
i ~ Hewlett - Pgckard 1084A chrmato*t;aph; UV absorbance
detector at 264 nm; oven temperature 30°C - :

2 - Altex 330 chromatograph; UV absorbance datactor at
280 nm; room temperature
AA - Ascorbic Acid; DHA - Dehydroascorbic Acid

o
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Table 24, Ascorbate Content of Various Plant Species

i- Ollivcr, 1967.

2 - Scale: +++, $0~100% of conjugated celis prodpcc hyphae;

Ascorbate Cited value Extract

: content in litaraturel activity?
Species . {mg/100g) (mg/100g) after 24 h
Ustilago Host
Lychms corcnaria 21.0 +++
Lychnise flog-cuculi 43.5 ++4
Silene alba 56.5 ++4+
Silene martiima 25.5 +44
Tragopogon pratensis 45.0 ++
Zea mays 18,5 +4+
Non-Hosts
Apium graveciens 35.5 -
(celary leavas) &
Apium graveolens 3.0 8 -
(Celary stallk) :
Brassica oleracea 107.5 120 NT
(broccoli)
Brassica oleracea 115.0 100 NT
(brussals sprouts)
Braseica oleracea 49.5 70 -
(kohlrabi)
Chenopodwnm album 212.0 ++
Echiun sp. 4.0 NT
Erysimum cheiranthoides 125.0 -
Gentiana crinita 157.0 +++
Glechoma hederacea . 850 +
Lemna sp. 51.0 ++
Lobelia sphiltitica 152.0 ++
Parnaseia glauca 86.0 -
Potralvll inum pastinaca 185.0 470 NT

ey)

heum rhaponticum 54.0 ++

Taraxacum af Ficinale 52.0 -

T 1‘ 10—60%, +, 1-10%; -, {1% or no greater than vntor control;

not tested in this experiment.

¢



Figure 7. Co-chromatography of Peak A and Ascorbic Acid

Aliqouts of ascarbic acid and an aqueous extract of Zea mays leaf
tissue were chromatographed using a ﬁowlott-?ackard 1084A HPLC equipped
with a Zorbax-NH2 column. The solvent was 0.02 M KHoPO, and the flow
rate was 2.0 mL/min. The tracing on the left is ascorbic acid, centre is
ascorbic acid plus plant extract, and on the right is plant extract alona.

The peak of intarest appears at a retention time of § min.
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Figure 8. UV Spectra of Peak A and Ascorbic Acid
[

The stepped UV absorption spcctr:um of material from peak A was
obtained using the scanning function of the Hewlett-Packard
chromatograph. Chroinatographic conditions were as cutlined in fig. 7. The
lower curve is the spectrum of L-ascorbic acid in 50 mM HCIO4 runon a
Shimadzu UV250 spc’ctrophotomour. Both specira show an absorption

i

maximum at 264 nm. _
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Figure 9. Comparison of HPLC Integrator Arsa Units to Amount of

Ascorbic Acid Injected T .

Aliqouts of known concentrations of L-ascorbic icid’ were
.chromatographed with the Bnclr:man BPLC equipped with an ﬁltmsphcri-ODS
column. The mobile phhn was 10mM tributylamine in 10% methanol i'n water.
The flow rate was 2.0 mL/min and the ehﬁnt was monitored at 254 nm using
a fixed wavelength detector. Results were recorded using a Hewlett-Packard
33v0A mugratar Area units F;:r the peak cormpondin‘g' to ascorbic acid
ware plotted against amount of ascorbic acid injected. The different s&nbols

indicate rasults from ssparate determinations.

-~
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Figure 10. Frequency of Hyphal Induction in Race SA-1 by Various

Concentrations of Ascorbic Acid

L-ascorbic acid dissolved in distilled water was applied as 0.1 mL
aliquots to mated a; x a7 cells on MM at 22°C. After overnight incubation,
100 mated pairs were scored for the percentage of dikaryons producing

hyphae. Each spot nprticnts the mean of three determinations. _
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fresh tissue 1s completely water). Alternatively, some extracts did not
induce hyphae even though the measured concentrations were comparatively
high e.g. Parnassia and Taraxacum. Also, as noted earlier, plant extracts
in organic solvents such as chloroform and acetone were highly active, even
though ascorbic acid is insoluble in these solvents. These results together
with the observation that ascorbic acid is only a weak inducer of myceliation
folléwing a long lag period make it clear that peak A is’ not the main

contributor to eéxtract activity.

4.6,.3 Meathanolic Extracts of Leaf Tissue

Methanol was the solvent chosen to extract leaf tissue since it provided
a highly active extract and was less damaging to the reverse phase columns
than the other organic solvents. Three peaks, B, C, and D, of varying
activity were found in extracts of 9. aya chromatographed with 100%
methanol on the reverse phase columns. All three were similar to the crude
extract, inducing hyphal growth after only a 6 h lag period, but peak D

appeared to be the most e¢ffeclive indur_.:er.

Peaks B and C (k’ values 1.B and 3.4, respectively, on the Ultrasphere
- ODS columrf; fig. 11) were green solutions in white light and fluoresced
red under 350 nm UV light. The visible spectra (fig. 12) of these two
compounds correspondid closely to chlorobhylls b and a, respectively. A
commercial preparation of chlorophyll a (Sigma Chemicals) was also capable
of inducing mycelial growth. This preparation, however, did not induce
hyphae at concentrétions found in leaf extracts, so it seemed likely that
peaks B and C represented mixtures or complexes of an active agent with
these chlorophylls. The active component could not be separated from the
chlorophylls in several attempts. For example, precipitation of the
chlorophylls with 50 mM HClO4 also resulted in precipitation of the activity.

Peak D chromatographed at k’ values of 5.2 and 10.5 on the Ultrasphere
- ODS and Hamilton PRP columns, respectively. It was clearly more active
than either peaks B or C. In these leaf extracts, peak D was quite small

and was usually detected by activity in thé bioassay rathar than as a visibll'
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Figure 11, Chromatography of ‘Aqueous and Methanolic Extracts of

Silene alba Leaves and Appearance of Peaks A to C

The upper tracing was obt.air;ed by chromatographing an aqueous
extract using the Beckman chromatograph and a Hamilton-PRP column. The
solvent was 50 mM HC104 in H20 at a flow rate of 1.0 mL/min. The UV
absorbance detector was set at 254 nm and the resu(lt.s were recorded on
a Hewlett-Packard 3390A ‘intngrat.or. The lower tracing is of a methanolic
extract analysed with the same equipment except that the column was gn
Ultrasphiro-ODS and the mobile phase was 100% methanol. The eluent was
monitored at 280 nm. "Peak” D, although not observed as a pcak:., was detected
by the induction of hyphae in the bicassay by a sample of the eluent from

the indicated region.
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Figure 12 UV Spectra of Peaks Band C .

The u!tuvioht\]norptxon spectra af‘ material collected from peaks
B and C ware recorded with a Backman 25 spnctrophotomm The methanolic

‘extract from ‘which these samples were obumod was chromatoguphod as

déscribed in fig. 11 "dnd the spectpa were muurid in the running solynt,

' 100% methariol. Peak .B (A) had a spectrum quite similar to chlorophyll b
and paak C ) fo chiorophyll a.
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peak on the integrator tracing. It was therefore diffficult to purify in
addition to the possible binding to the chlorophylls and/ or other
compsnents of the extract. Root tissue) therefore, was examined in an
attempt to circumvent these difficulties.

4.6.4 Methanolic Extracts of‘ Root Tissue

Methanol extraction (see section 2.10.4) of roots allowed a concentration
step which was not successful with leaf extracts due to the chlorophylls.
Conuqu'ontly, an extract of 36-- 40 gm of root tissue could be reduced
toa 2 - 3 mL volume prior to chromatography. When analysed with the
same chromatographic conditions used with leaf extiracts, extracts of S.
alba roots contained several peaks, one of which was large and highly active
(fig. 13). No other active peaks were found. This peak corresponded closely
to peak D of the leaf extracts in tarms of retention time (k* value of 5.9
.on the Ultraspheﬁe - ODS column, and 10.2 on the PRP column). Extracts
of §. alba and other sincies t.!"lat had lost activity because they had been
stored for some time no longer showed this peak when chromatographed.
Thus, peak D (‘appcarld to be the main, if not sole, determinant of activity
in these extracts as none of the other peaks or HPLC fractions showed

more than trace levels of activity.

Durihng the winter months, a shortage of sufficient material of $. alba
forced the use of an altcrnative”specils Commcrcially availabls parsnip,
Pastinaca eatwa, roots were found t,o produce highly active methanolic
exiracts when concentrated with the umc procass usad for $. aldba extracts.
Reverse phase HPLC analysis showed that parsnip root eaxtracts contained
a peak with the same retention time (fig. 13) and UV absorption spectrum
(fig. 14) as peak D from 5' atba roots or leaves. The absorption maxima
w:rn noted to be at 212 and 294 nm. The k’ values of the active peaks
from these two species ramained very similar in both the PRP and normal
phase chromatographic cystnms'. Thus it appeared very likely that the same
compound was responsible for activity in extracts of both species. This

was conﬁrmod later when thl compound was identified.
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Figure i3. Chromatography of Mci.hanoh‘c Extracts of Silene alda and

Putim.wq satiya Roots

Methanolic extracts of Silene aldba (top) and Fﬁc‘w&’naca rativa (bottom)
were chromatographed on the Ultrasphere—-0DS column with a mobile phase
of 100% methanol at a flow rate of 20 mL/min. The UV absorbance dlt:mtar
was set at 280 nm. The active peak D api:uri at a retention time of &

min and is indicated by the arrows.
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51
The fractions of the HPLC eluates containing the active peak from
P. sativa were pooled before running twice more thfough the same
chromatographic system. At the end of these runs, a single large apparently
- homogeneous peak was obtained containing approximately 2 mg of material.

4.6.5 Identiffcation of Peak D

~ Purified pealg‘D was analysed by mass spectrometry (fig. 15 and the
spectrum obtained was ‘characterized by a strong peak at m/e 430 along
with a much smaller signal at m=/e 444, Precise molecular weight
determinations gave the values 430.3811 and 430.3807 for the former peak
corresponding to the molecular formula of 0291-15062 (calculated precise
molecular weight 430.3814). This molecular formula together with the
. presence of three other ion peaks at z/e 446, 205, and 165 and the UV maxima
at 212 and 294 nm 'f?‘ig. 14) identified:x-tocopherol as a major constituent
of ‘peak D. The m/e 444 ion arises from the presence of a small amount
of .the oxidation product, x-tocopherolquinone (C29HggO3), which 1s commonly
found in samples of «-tocbpherol after exposure to air, and the m/e 204
and-165 peaks represent the known ma.j.d‘} ion fragments of x-tocopherol
(Waller, 1972). As can be seen in fig. 15, there were a number of discrepancies
in the ion peaks of both peak D, and commercially availa;ble x-tocopherol,
as companed to the published spectrum for this compound (Waller, 1972). A
likely oxplan‘at.wn for these differences is that both the commércial
preparation and psak D contained compounds in addition to x~-tocopherol.
Subuqucntcnorma% phase HPLC analysis mdicat.;d that both samples did
indeed contain various unidentified contaminants. Despite these impurities,
the mass spectira obtained gaye soun.d evidence that «-tocopherol was a
major constituent of peak D. Several peaks greater than 20% relative
int;nsity in the commercial ot-tocdpherol spactrum :cn present in the
spectrum of peak D. . .

Confirmation of this identity was qbtnﬂ‘og in t..w?:, further ways. Firstly,
aduoous emulsions of synthetic x-tocopherol (Sigma Chemicals) ware found o
to be highly active and induced mycelia 6 h a‘fto'r'trcaf.mcnt (plats 11). '
Secondly, u-tocopherol and purified peak D from 3. ulba l;avc_s or roots or

L
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i"igun i4, UV Spectra of x~-Tocopherol and Peak D from Methanolic Extracts

of Silene alba and Pastinaca sativa Roots .

Material from peak D from . alba (bottom) and 2. mtz‘vé (migdh) and
a sample of x-tocopherol were purified chromatographically using a Beckman
HPLC with a Brownlee Spheri-5 column. Tha isolated pnks, dissolved in the
mobile phase (0.5% methanol in n-hoxano) wvers scannod with a Pyi—-Umm

1800 spectrophotometer. All spectra showed a charactearistic maxi.mum at 294

-« . N
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Figure i5. Mass Spectra of Peak D and x-Tocopherel* L

Mass spectiral analysis of a s;mplo of material isolated from peak D
(bottom) and of «~-tocopherol (tOpi “W done with a Varian MAT 311A mass
spectrometer. The instrument was set at probe temperature of 40°C and at
a potential of 70 &V, :\ ;ocond sample of material from peak D (p. 140, top) ' ‘

‘was measured at 25 eV and 70°C. A published sp\ectrun for «-tocopherol

L4 . . .
(Waller, 1972) is included for comparison. The peaks marked with a dot were
set at a value of 100% and all other signals were reported as a psrcentajge
relative t& that peak. ‘
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Table 25. Co~-chromatography of a-Tocopherol and the
Active Compound Isolated from Parsnip Extiracts
Reversed Phasel x’ Area Units
10 uL. x-tocopherol 5.14 55840
25 uL parsnip extract 5.43- 101560
25 uL parsnip axtract + .
10 uL x-tocopherol 5.14 189710
Normal Phase? k’ Area Units
10 uL x-tocopheral 3.18 142350
100 uL parsnip extract 3.30 167080
100 uL parsnip extract + ;
10 uL. a=tocopherol 330 335200

i. Ultrasphere-0DS column, 2.0 mL/min 100% methanol.

2. Si-100 col 2.0 mL/min 0.2% methanol in n-hexane.
Altex model chromatograph with UV absorbarice detector set at
280 nm was used for both normal and reversa phase proceduraes.

—~
S

t
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P. }dtt'va roots had the sameﬁ:’ values under several reverse phase'bar"ld
normal phase HPLC running conditions. Impurities contained in both peak
D isolated by reverse phase Chromatography.and in the commercial
x-tocopherol sample were separated from toéopherol by normal phase
chromatography. Only the x-tocopherol peak (identified by measuring the
UV spectrum of the isolated compound) was found to be acdtive in the
bivassay. Moreover, “spiking” sxperiments in which «-tocopherol and the
active peak were run at the same time ga';ze a single peak approximately
equal to the combined integrator areas of the two peaks run'separately
(table 25). In later expcr:ment;s, an active peak with the same k’ value
as x-tocopherol was found in i) methanolic root and leaf extr’acts of S,
alba and ii) aqueous leaf extracts of a number of spe;:ies (section 4.7). No ’
active peaks other than the ones mentioned (peaks A - D) were detected
in any plant extract of any plant species during these later experiments. '

N\ In summary, the active péak in root extracts was found to contain
x-tocopherol., Further purific;at.ibn of peak D and tests of commercial
a-tocophlrﬁpilparations indicated that the activity of peak D i1n the

bipassay was due to the presence of this compound.

-

4.6.6 Effective Cfoncerit.ratxon of Tocopherols and Other Related Comoaunds

-

Although synthetic x-tocopherol was highly gctive, it was necessary’
to determine if the concentration of this compound foundPin plant extracts
was sufficient to accotnt for the activity of these extracts. This was

c’part.i«:ularly necessary as x-tocopherol is highly insoluble in water (Karrer
ot al.,, 1938), When commercial m-tocogherol\vas diluted in ethanol l:mf‘cn"b~ .
emulsifying in water, it proved to be active from undiluted thyphae grew«
right through the oily layer) down to 5 x 10~8 M (fig. 16). Estimations
of the concentration of x-tocopherocl in active aqueous leaf extracts gave
'values in the order of 107¢ to 108 M (see below). Thus, it is clear that
the levals o-f‘ u-)\j,gggpheﬁol in active extracts are more than i:_uf‘ficiont t;p

account for the activity of thase extracts.
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Other forms of tocopherol (8,y, and 8) were isolated from a mixeq isomer
oil (Sigma Chemicals) by normal phase HPLC (fig. 17) and all were highly
active at an estimated concentration of approximately 3 x 10°6 M. Other
phytyl containing compounds also ghovu*d activity in the-bicassay. The
mostl potent of these was a commercial preparation of phytol, active down
to 10~7 M (fig. 16). As this phytol preparation was crude (estimated 60%
phytol, Sigma Chemicals), thin layer chromatogrgﬁhy was used to purify

the components (see section 2.13; plate 12). An isolated;sample containing

both phytol and isophytol accounted for most of the act.i\/rity of the extract.
Lesser activity was alsc associated with minor bands of higher Rf values.
While the identification’ of these bands was not pursued further, analysis
of the crude phy‘tol preparation by normal phase HPLC showed that none
of these components were tocopherols («, 8, v, or 8.

As'mentioned earlier, chlorophyll a was weakly active. Similarly,
vitamin X4 (3 - phytylmenédione) showed marginal activity: no myceliation
was induced by either ohlorophyll a or vitamin K at concentrations less
than 1072 M. In contrast to vitamin K4, vitamin K3 (menadione) which lacks

the phytyl side chain showed no activity at any tested concentration.

Selenium dioxide and sodiym selenides, cdmpoq}:ds known to partially relieve

the symptoms of vitamin E deficiency in animals (reviewed in Draper, 1980),

showed weak activity with a long delay before hyﬁhal induction, as did

other compounds mentioned earlier (section 4.4.1; appendix 5.

Oynrall, the active compounds so far identified can be d:@ﬂed into

three categories: 1) kighly active: t.ocophei" and phytol; 2 weqkly active:

. vitamin Ky and ehlorophyll a; and 3) w akly active with a delay in the

ihduction of hyphal growth: asg:rbic aci c;ystnnl, sorbic acid, Fe 2*, Fta",
sdlenium dioxide, and sodium selénide. Certain combinations of thase
compﬂunds acted synnrguhcally to produce hyphac, og. au:grbxc acid and
‘xron 11 sulphate, while other comﬂmatmm were am.agonuuc, th

activity of each other, g ascorbic acid and cysthnn.

. - -

. ~7

-~r
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Figure 16. Erequency of Hyphal Induction in Race SA-1 by Various-
 Concentrations of a-Tocopherol and Phytol ' - :

For nch teft, lpérﬂximatily 106 conjugated haplaid pairs were spread
"over a small surface of water agar. Stock solutions of a-tocopheral or phytol
ware sbriall'y,diluhq in 80% ethanol. Each stock’ dilution was diluted a
'furt.l_ur,ioox in distilled water and 0.1 mL of these smulsions were used to
fload the cells. Aftar 24 h, 200 mated pair:s were scored for the percentage
of .conjugated ceI!'s producing hyphad; Each spot represents the mean of

N\ ~
‘three determinations. A- tocopherol; O~ phytol,
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Figure {7, MHPLC Normal Fhase Separation of «,8,y, and §-Tocopherols

A mixed isomer propauti\(on of the four forms of tocopherol (astimated
to be 6% x, 1-2% 8,y, and § by Sigma Chc»micals) was dissolved in 0.5%
methanol in n-hexane. This solution was injected onto a Brownlee Spheri-
5 silica column®and was eluted with 0.5% methanol in n-hexane at a flow
rate of é.O mL/mi.n. Peaks were detected by UV absorbance at a wavelength
of 280 nm. The k’ value for each co'lhpound‘wu: x, 1.’; 8, 5.5, v, 6.6; and
§, 8.6, Peaks weare identified according to the elution inttcrn (Vatassery

et al.,, 1978) and the UV spectra of the individually collected peaks.
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Plate 11. Induction of Hyphal Formation in Ustifage violacea by
x-Tocopherol : .

Hyphae were formed by mated haploid cells in response to 10°% M
x-tocopherol (Lop left) and an aqueous extract of -Silene alba leaves (Lop

right) on WA at 22°C. Cells treated wtih water (bottom) did not show this
responsae. ]



169




.
Plate 12, Thin Layer Chromatographic Separation of Components of a

) Phytol Preparation
. 3

An ethanol solution (10~2 M) of a commercial ph;tol' preparation was
saparated on Whatman silica gel p’latjls (K5F, 250 um), The mobile phase was
n-hexane: ethyl acetate, 17:3 v/v (Demole and Lederer, 1958). Following' .
developmeant and drying, the plate was divided into threa sections and the
silica was scr;pod into test tubes. Washes of the silica with the mobile
phase were testad in the bioassay. The sample from section { induced 5%
of conjugated cells to form hyphae, section 2, 0%, and section 3; 19% (water
control, 0%). Thus, the majority of tha “activity™ of the preparation was
derived apparently from ispphytbl () and phytol (P), F: front, O: origin.

/
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4,7 Differences between Aquecus Extracts of Host and Non-host Species

«-Tocopherol was cle'arly the main factor determining the activity of
methanolic extracts of $. alba and P. sativa. However, the early rasults
showing differances between a “host™ group of plants and a "non-host”
group (table 24) were done with aqueous extracts of crudely crushed leaves..
Consequently, it was decided to determine whether the activity in the host
group and the inactivity of the non-host group was due to concentrations
of a-tocopherol ranging above and belo;v, respectively, the threshold level
(about § x 10°8 M) for hyphal induction in the bicassay. Differencesin
concentration of this kind using a common extraction technique would
indilcato differences in overall concentration or in availability o.r

accessibility of x~tocopherol in {#tilago host and non-host species.

A standard curve comparing integrator area units to nanogram
amounts of «-tocopherol was prepared by injecting known amounts of a
todoph&rol standard solution (fig. 18). With a Kratos 970 fluorometer, as
little as 5 ng 'wu detected, while with a UV absorban;:o detector set at
280 nm, 50 ng could be measured. In practice, with the plant extracts the
lower limit of detection was approximately 40 ng per injection. The area
of the tocopherol peak fot each injection was correlated to ng of tocopherol
'via the curve and the amount of tocopherel per gram fresh tissue was
calculated,

Aqueous extracts (20 mL H70/ g tissue; see section 2.10.1), centrifuged
to remove particulate matter, of various host and non-host species were
partitioned against an equal volume of acetone: n-hexane, 1:2 v/v. The
resulting two layer system was centrifuged at 1250::' for 5 min to break
up any emulsion and the upper hexane layer was removed. The process was
repeated once more. All hcxa.no samples were combined and avaporated to
dryness in a rotary evaporator. The avaporator flask was washed with
2 x { mL of 0.4% methanol in n-hexane, the washes wers pooled, and stored
at -20°C. Just before chromatography, 10 -15 mouéulai- sieves (4A, 8 - 12
mesh; Fisher Chemicals) were added to the sampie to remove any trace of

water. After 5 min, the sample was decanted from the siaves into a clean .

~ .
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dry test tube. Longer periods of storage in the presence of the sieves
resulted in loss of activity in the extract and also in tocopherol standard
solutions. For cbcamﬁle. a 2 mL sample of 10-4 M x-tocopherol in 0.4%
methanol in n-hexane, to w‘hich 15 molecular sieves had been added, retained
only about 0.2% of the tocopherol after overnigh! storage at -20°C (as
lst‘i'z'nat.ed by HPLC inﬁeirator area uriits). The solution over the sieves
! produced only a weak response in the bioassay whereas the sieves, when

crushed and placed on the cells, produced a strong response, The following

day, neither supernatant nor sieves were active. Similar observations were
made with §. alda extracts. In gontrast, the same 10~4 M tocophei*ol
preparation stored under the same condxmons in the absmcn of any sieves *

% retained 90% o?tho tocopherol for the next seven days as measured by

HPLC and was very active in the bioassay throughout this period. Clearly,
the molecular sieves both bound the tocopherol and: enhanced its

degradation. . Unfortunately, the sieves were essential since

chromatographing extracts not treated with them resulted in the rapid
{ deterioration of the silica column due to the binding of water. Only two

T e Te TN PLR T b Rar m e g

or three injections were passible before column rc’gcncravtion became
necessary (see section 2.11), With the molecular sieve treatment, twenty to

thirty runs could be carried out prior to cleanup.

Thl results of analysis of u-tocogherol levels 1n a small scalc nmplmg
pf "host” and "non-host™ plant specus are presented in table 26, Although
it will be noc:?s,ry to test many morae species before firm conclusions can

be made, severdl important trends are evident.

Firstly, considqin;‘ only the host group of species, activity was
directly correlated with amount of x-tocopherol. The four extracts from
S. alba were particularly variable, partly because the extraction technique
was still being perfected at this time, and the conc&ntrat‘ion of x-tocopherol
varied from about 104 ng/§ fresh tissue to about 109 ng/g.  The {hreshold
for activity was about 1 to 2 x 103 ng/g fresh tissue, and the corregponding
aqueous extract would have a concentration of 50 to 100 ng/n{l.-a_ 2Q mL
of H20 per g' tissue was used for exiraction. This vﬂobnr atxo?\

approximates closely to the estimated threshold fo;' commercial x~-tocdpherol




Figure 18. Comparison of HPLC Integrator Area Units to Amount of
. «=Tocopherol Injected

A standard curve was prepared by chromatographing known amounts
of commercial u-tocoﬁhcrol. The Beckman chromatograph ylith a Brownlee
Sheri-5 column w;s used with a mobile phase of 2.0 mL/min 0.5% methanol
in n-hexane. Fluorescence of the sjuent was monitored with a Kratos FS970
detector set at an excitation wavelength of 295 nm. Ruults‘ were recorded
using a Hewlett-Packard 3390A integrator and the area units for the
t.ocoﬁhnrol.pnk were plotted against the amount of tocopherol injectad.

Each point is the meag of three determinations.
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Table 26, x-Tocopharol Content of Aqueous Extracts of Various Plant Species

)

Tocopherol H20O
Content Average Extract
Species Sample (ng/g) (ng/g) Activity
Ustilago Hosts 2.41 x 104
Silene alba i, 4,31 x 104 +4+4+
il 1.07 x 108 +H
iii. 1,26 x 104 +4+
iv. 6.67 x 104 5.59 x 104 Ras
Lychnis B 1.81 x 104 -~ ¢
Flos-cuculi ii, 1.04 x 104 -+
- i, 6.19 x 104 3.014 x 104 ++
S. armeria i, 4.46 x 103 f . e
§. maritina {. 3.66 x 103 ++
Avena sativa i, 2.61 x 103 +
il - 225 x 4 - +
iii, ND({A x 109) 1,95 x 103 -
Non-hasts 1.16 x 104
Gomphrena L 3.73 x 103 -
globasum id, 9.84 x 103 -
~ iii, 1.79 x 104 1.05 x 104 +
Saintpaulia sp. . .85 x 104 +
. ii. 8.77 x 103 . -
ifi, * 3,3 x 103 3.02 x 104 -
Taraxacum
officinale > i  ND(1 x 10%) -
Pelargentum sp. i ND&1 x 103 -
ii. NIX<1 x 109) -
” iid. ND«A x 109) < x108 -
Kedera heliz L/ 5.29x108 (D -

N g »
Note: T: axtract was toxio to the '

as ng/g fresh wei

Scale:  +++, 60-100% of

+, 1—10%, - (ﬂ, of no greater than water oontrol.

sporidia; concéntrations are
t; ND: no tocopherol detectad in dxtract

reportad

ahdonlhprodmhyphn;ﬂ m-m



t
of slighw less than 5 x 10~8 l‘i, or 200 ng/mL in an aq:mous emulsion. Thus,
the activity of aqueous axtracts from hosts can be attributed\entirt}g to
x-tocopherol. This conclusion was supported by the failure to detect any
other active comp;:und in either the aqueous phase of the plant ixtracts
after partitioning.the tocdphnrol into the acetone/ hexane phass orin a
1:1 v/v, ethyl acetate: n-haxane wash of the HPLC column after several

injections of active extracts.

Secondly, extracts from all host spacies had above threshold -
concentrations of a-toéo‘pl‘uroi and all were highly active in the bioassay
as shown earlier. The average concentration of x-tocopherol in Jfruh leaf
tissue wass 2 x 104 ng/g in these "host” species, well above the threshold
level. On tha other hand, the "non-host” group was more variable and
several catsgorics emcrge‘;i‘-& (

Type i: 7. of ficinale and FPelargoniun sp.

shorp were no detectable levels of x-tocopherol in aqueous extracts
and correspondingly no activity in the bicassay. Ex*.ui:t.ion with methanol .
.did give active txtncts,m s0 it appears that a~-tocopherol is present in thease
species but is either unavailible to water oxtractiorl or is present in lower

concentrations in these plants.

v %

Type 2: Saintpaulia sp., and G. 'glaé—:mm.

These extracts contained abeve threshoid levels of“u-t.ocophcrol, but
little or no activiiy was observed in the bioassay. In thesp species it is
possible that the a-tocopherol is bound to other components in the extracts
and so is inactive in the bioassay. Partitioning with acetone: n-hexane -
may free the tocophcroi and t.l;us produce ihc large values observed thean
for these two species was 2 x 104 ng/g, the same as the host group). Uﬂilo
no toxic effects were detected with thase 'cxtracts, it is also possible that
the failure to r;spond in the bicassay was due to inhibitors 'lacki'ng’ in",
visible effects on thae cells. Claarly, tbogl species-have r,lativy’high levels .
of x~tocopherol but unknown factors ﬂndpr this inlffict;ivn to the fungus.
Interestingly, extracts af;‘ Saintpaulia s?. spiked with extra «x-tocopherol

{
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(10~* M) were highly active.

Type 3: #. helix. - ’

-

There was no activity in the bioassay even though detectable levels
" of x-tocophcrg}; were present (5 x 103 ng’g )» The main difference from
t;ypo 2 species was the presence of a potent toxin which lysed the test
cells before hyphae could develop. A similar situation was described earlier
for extracts of the host speéies Polygonunm persicaria which also lyse U/,

viclacea.
’ .

Type 4: Tradescantia obiensis and Lepidum sativum.

This category i not apparent from thd dht{presented in table 26,
but cen-be hypothesized based upon the results listea\'m abpendix 3, These
species yield aqueous extracts which presumably contain x-tocopherol at
above threshold levels and are active in the bicassay. They are, therefore,
suitable as hosts for Ustilage species in\ this respect, but probably are
immune, to thesxpathogens because they lack other required compounds or

they have effectiVe physical or chemical resistance mechanisms,

A much more axtansive survey of non - host species and identification
‘of inpibitors or toxins in the extracts of some of, these species would be
reqﬁirod as tests of these hypotheses. It is apparent, however, that non
- host spcci,s cannot be trntea as a single group and that there is no

one reason for the lack of activity in aqueous extracts of these species.
4.8 Discussion

The work presented in this chapter establishes that"bell.s of &, violacea
are induced to change from saprophytic yeastlike growth to the parasitic
mycelial form by phytyi - tontaining compeounds e.g. x~tocopherol and phytol
x~Tocopherol was found to be present at above threshold concentrations
in aqueous plant extracts from species that host a [/J;l‘o pathogen, but
was either maskead by inhibitors/ toxins or present at below threshold
concantration 1n extracts of non-host spacies.
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The MS and UV spectra clearly identified x~tocopherol !s a magjor
component present in plant extracts which induced mycelial formation. It
was detected as the main active peak in both root and leaf extracts of

two tested species that were active in the bioassay. The only other active

_ peaks corresponded to ascorbic acid (leaves, aqueous extracts) and

chlorophylls a and b (leaves, methanolic extracts). Ascorbic acid was weakly
active and a response was observed only after a long delay, while
commercially available chlorophyll a was not active at the concentration
present in plant extracts. Therefore, the activity of the chlorophyll a
a;fd b peaks 1solated from leaf extracts was most probably due to tocopherols
or/ot.her phyty\ conté;mng compounds complexed with the phytyl' moiety
of the chlorophyll molecule. While phytol and some other tocopherols (8,y,
and 8) were shown to be highly active inducers, they were not specifically
detected 1n plant extracts. «-Tocopherol clearly was the active agent in
plant extracts and thus is likely to be the active agent i1n the plant which
induces Ustilage violacea to change to its parasitic mycelial form. However,
this hypothesis cannot be proven conclusively and it remains possible that
some other compound (probably with a phytyl moiety) 1s the plant compound
wich comes into contact with the pathogen during host infection. Inducers
would have to be located on the leaf surface as myceliation 1s initiated
prior to penetratian (A. W. Day, personal communication). Continued growth
of mycelia depends on a continued supply of inducer so that later
colonization of the plant would require inducer molecules within the plant
tissue. This second inducer need not be the same compound as the leaf

surface inducer.

If tocopherols are the major inducers in vivo, the following questions
arise: 1) do tocopherols occur on the leaf surface, at least in host plants?

i1) how does tocopherol availability/ accessability differ in plants, and thus

account for the observed differences bestween host plants (active water:

extracts) and non-host plants (inactive water extracts)? While little is
known of the distribution and role of x-tocopherol within plant cells and
tissues, the following points,are relevant. Firstls;, x~tocopherol appears

to be present universally in angiosperms at concentrations far above the
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5 x 1078 M threshold required for the /. violazea bicassay (Dicks, 1965,

Secondly, it is located mainly i1n the chloroplast‘and how much is outside
these organelles 1s uncertain (Janiskowska and Pennoc‘k, 1976).

What then 1s the basis of the difference between the aqueous extracts
of host and non-hosi species? The results presented :n table 26 and
appendix 4 begin to provide an answer to this question. Several categories
of plan't.s were proposed on the basis of these observations. Thus, there
is clearly one direction which future research must take. The tellular
location and form of x-tocopherol within host and non-host species must
be thoroughly documented, and the extent to which toxic or inhibitory
substances endogenous to some non-host species are mtcrf‘er‘ing with the
response of tested smut cells should be determined. At present, the results
point to previoudly unsuspected differences in the cellular location of
x~-tocopherol between plant species. Differences in tocopherol concentration
in different ;:lants have l:Jeen catalogued pﬁvmusly (Dicks, 194%), but the
relevance of these differences to the pathology of the plants has received

no attention. A possibility arising from this work is that a diverse group

" of angiosperms are at least partly suitable as hosts for Ustilageo species

because they have readily available x-tocopherol or other phytyl containing

compounds. P

These speculations may be developed more formally as a series of
postulates which begin to explain the basis for specialization of related
pathogens on a very limited number of host species, and the limited sites

of sporulation. ¢

1. The genus Ustilago 1s aaaptnd to grow on hosts that are rich 1n
available phytyl containing compounds. The strong correlation between the
status of a plant species as a host or non-host of Ustilago sp. and the
ability of aqueous extracts to induce hyphal formation in /. violacea (Lable

19) firmly supports this pos,tulat.'c. In spite of the apparent absence of

.in vitro effects of plant extracts on the smut f(mgx which attack

monocotyledonous hofts, the correspondence of aqueous ixtrqcts and ability

to host an Uséilago species is still evident. Most temperate Gramineae are
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attacked by lfstz'lérgo species. Four notable exceptions are Xardus siricta,
Cynosurus cristatus, Jeschampsia flexousa, and An;ha:gm;hum oedoratum,
These faur species were the only ones of the 28 tested species in the
Grammeae\yzeldmg 1nactive extracts. It is possible therefore that these
four speciés owe their 1mmunity to {/stilago to their low production of

available phytyl ::nmpounds.

2. Phytyl containing compounds may constitute basic hormonal or
nutritional requirements common to a large taxon, 1.e. the genus {/stilago.’
Other factors superimposed og, these basic needs may act to govern
resistance and susceptibility at later taxonomic levels, i.e. spacies and
physiologic races. At any of these taxonomic levels the metabohé
requirements of the pathogen are likely to have both positive and negative
components: positive 1n the requirements for certain growth factors and
negative i1n the need to avoid chemical or physical resistance factors. Host
specificity based on requirements for plant compounds is entirely compatible
with gene for gene and protein for protein (Vanderplank, 1982) mechanisms
c;f‘ host/ parasite specificity which apply more particularly at the cultivar/
physiologic race level., Requirements for plant products would limit a
pathogen to certain species; gene for gene and protein for protein

considerations would further restr:cp the number of suitable hosts.

3. Distribution and availability of phytyl compounds within the host
plant may be important in determining 1n which tissues sporulation will
occur. In both Silene alba and Erythronium americanum, active extracts
were obtained from plant tissues which support vegetative growth of the
pathogen but not from tissues 1n which sporulation occurs (section 4.4.3),
This distribution patterr, along with the inhibitory effect of host extracts
on sporulation i1n Ustilago sp. (section 4.5.2), suggest that sporulation may

Be limited to tissues that are low 1n phytyl containing compounds.

The dependence of particular pathogenic taxa on specific plani
compounds may occur in other groups of fungi, particularly obligately
parasitic species. Thus, 1t may be significant to note that the group of

apparently unrelated species which act as hosts to Ustilago species form
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a subset of the larger group of plants species which host the uredial/ tehal

stages of the heteroecious Puccinia and Uromyces species. In contrast, .

the aecial hosts of these fungi rarely have {/stilago pathogens (cf. lists
of host species in A:t,hur (1934) and Fisher [1953)).  An attractive and
testable hypothesis deriving from the present work 1s that Ustilago,
'Puacz'm'a, and Jromyces species (uredial/ telial stages) are adapted to infect
the same group of plants because they are rich in similar required
compounds. Work on the effects of various chemicals on several species
of rust fungi has shown that some potassium salts and sugars induce
infection structure formation by these organisms (Ka.minsky‘j and Day,
1{984a,b; Staples, Grambow, and Hoch, 1983) However, x-tocopherol and
related compounds had no effect (Kammskya, personal communication) on this
aspect of parasitic development in these rust fungi It remamns p0551b1e.,
however, that phytyl compounds or other host metabolites may act as
‘ hormones for other speci'hc morphogenetic steps in these fungl. As research
in this area continues, other pathogen systems may show similar

dependencies on host products.

The main effect of plant‘extracts‘ studied here was that induction of
mycelia from either conjugated ay + ap cells or diploid ay/as cells. In all
cases, both mating type allelés were required for the hyphal response and,
therefore, a~tocopherol and similar compounds exert th‘ezr effects via an
interaction with the mating type locus. This effect fits well with the
current concept of the mating type gene as a developmental master switch
(Day, 1979; and see Chapter 3). However, 1n addition to the induction of

hyphae plant extracts also produced two other developmental changes.

Firstly, cells of both mating types produced much longer conjugation pegs.

than untreated controls. The pegs from a» cells, in particular, appeared

to develop into short haploid hyphae which grew at least initially 1n a_

random undirected manner m.steard of the usual direct approach to a cell

of opposite mating type. While, 1n the crowded conditions of the plate tests,

these ef‘f‘ects did not increase the percentage of conjugating cells, 1t 1s

possible that 1n less crowded conditions, a.g. on the leaf 1tself, the active

compound might significantly increase the likelihood of cén.juiatmn. There

+*
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is also & real possibility that, as in V., maydis (Hanna, 1929), infections
by haploid hyphae induced by host metabolites may sometimes occur before

conjugation, as well as by the usual method of dikaryotic infection.
<

Secondly, development of SPP cells was inhibited by plant extracts,
even under those conditions which normally favour SPP formation by
conjugated a4 x as haploids or ay/a; diploids. Vegetative hyphal growth
was observed in the presence of plant extracts and SPP formation 1n its
absence. Development of SPP cells was also inhibited by plant extracts
1n several other species of {/sé¢ilago, even those which showed no 1pductxon

of myceliation.

A marked difference in response to plant extracts between species of
Ustilago derived from dicotyledonous hosts and those from monocotyledonous
hosts was observed. In addition to /. violacea the only other two tested
species from dicotyledonous hosts, I/, scabiosae and U, utriculesa, also
required plant extracts for hyphal formation. On thé other hand, all of
the tested species which attack monocotyledonous plant species produced
some hyphae in the absence of extracts and were apparently unaffected
by extract treatment, except for the inhibition 6f developmentof SPP cells.
Other mvestxgatc;rs have also noted dif{‘erer:\ces between smut fungi from
dicot and monocot plants 1n other quite different characteristics, so that
there may well be a clear taxonomic d1visz"cm bet.ween thse two groups (Baird
and Garber, 1979a; Will e¢ al., 1983).

»

There are indications that at least one species of the genus Farysia,
F. olivacea, which attacks species in the Cyperaceae, responds to a different
plant compound. Extracts from hosts of /stilago species did not 1nduce
mycclxatxon/m this species which, like V. viclacea, 1s normally strictly
sporidial, However, extracts from a species in the Juncaceae (closely related
to the Cyperac(eae) which does not host a {/stilago species did induce }nycelxal
development 1n both £, ¢livacea and /. viclacea (table 20). The simplest
explanation for this observation i1s that the plant contained two distinct
1ndué1'ng compounds, one of which induced V. violacea and the other, F.

adivaceca,
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The mode of action of vitamin E 1n plant and animai’ systems 1s still
controversial des‘pite many years of research (McCay andKing, 19680). While
an important antioxidant role of x-tocopherol is established (Tappel, 19462;
Diplock, 1974; McCay and King, 1980), other more specific mechanisms,
including control of gene transcription (Catignani, 1980 have been
postulated. If x-tocopherol does indeed act as an antioxidant in regulating
deverbpment in /. violacea, then the activity of ascorbic acid, cysteine,
and iron ions, all redox agents, 1s understandable. Hov{ever, phytol which
1s non-oxidizing 1s a poteni. inducer, while other common redox agents
(reduced glutathione, dithiothreitol, mercaptoethanol) ave.inactive. It
appears more likely that «a-tocopherol acts in this system by affecting gene
regulation more or less directly, a view that 1s supported by i) the v:r‘y
low concentrations requined (0.1 mL of a 5 x 10~8 M solution per 108 cells
1s equivalent to about 10-17 gm per treated cell); 11) preliminary data showing
changes in protein synthesis patterns 3 - 6 h after tocopherol treatment
(unpublished data from an undergraduate prodéct by BeveFI‘y Dickson); 1i1)
the requirement f‘o!‘ heterozygosity at the mating type locus, the gene
controlling development in this organism (Day, 1979; Castle and Day, 1980).
In this respect, the effect of vitamin E on /., vielacea is very similar to
the effect on the rotifers, A.S'plafiﬂha stebold! and Brachionus calciflorus,
where again low concentrations (5§ x 10~7 M) induce strlking developmental
changes (Gilbert, 1974), These concentrations are much lower than those

required for effects on mammalian cells (ilbert, 1974).

The weak ‘and delayed effects of ascorbic acid and cysteine could be
explained by a sparing e{f‘eét on x-tocopherol, as these compounds can form
an oxidation - reduction chain with this vitamin (Tappel, 1968 However,
sofar no endogenous «-tocopherol or any other inducing agent has been

found 1n U, violacea and several other fungi so that explanations invelving

- sparing effects may be of dubious validity. Clearly, much remains to be

done to investigate the specific developmental changes induced in /. viclacea
by x-tocopherol. Indesd, the rapid synchronous response to x-tocopherol and
the ease of manipulation of the cells of this simple edcaryote make this

an ideal,system in which to mvestigat:e the mode of action of this vitamin,,
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Fui‘thermore, the /. viclacea system could bedeveloped into a very sensitive

bicassay for detecting tocopherols or phytols at concentrations as low as

10-8 M, at present beyond the workable range of HPLC detection.

The requirement for phytyl compounds for parasitic development in
- several species of U;stilago 15 unique 1n fungi. Vitamin E responses or
requiremen}.s of any kind have not been reported previously in fungi. As
mentioned 1n section 4.1, the term "mycoboethin” was coined to describe
host products which act speczf‘xcaliy\to mdu&ge morphoge‘netzc changes .
favouring the parasitic state. Several examples of plant and amimal
compounas which induce rpwth of the parasite {7 vivo are listed by Strange,
Majer, and Smith (1974). ?

and serve to increase the growth rate. However, x-tocopherol acts as a

any of these compounds involve nutritional effects

true mycoboethin on /. violacea, and a few other {/sfilage species, inducing
morphogenetic changes at hormonal concentrations. In all of these cases,
several obvious questions arise. Why do host plants produce compounds such
as fungal growth stimulants and mycoboethins which aid particular
pathogens? Why have mutant strains lacking these products not been
selected during the evolution of the host species? One obvious answer to
these 'problems 1s that the particular compounds are indispensible or serve -
other valt.‘xable functions, e.g., resistance to insects or to grazing animals,
Although the role of x-tocopherol 1n plants 1s not understood, it apparently
serves an indispensible function as 1t occurs ubiquitously 1n chloroplasts.
Clearly, detailed ix{vestxgations of the chemistry of plant produced phytyl
products, their role 1n hosts, the differences 1n location in non-hosts, and
théir mode of action 1n Ustilago vielacea and other dicot smut f‘u'ngJ ar‘é
needed. Strange ¢¢ cr(,-(1974) suggested that, in addition {o the present
work on resistance factors, it may prové brohtable ... to expehd some
effort on the complementary endeavour of ide}utxfyxﬁg susceptibility Factors.
and ¥himinating them from important crops”.x As pointa_d aut aboye, this -
view may be oversimplistic 1f these factors are important or indispensible
to the host. However, a better understanding of all of the factors af‘f‘ecnhg
plant suscaptxbxhhty including the role and importance of mycobaethins, ma'y

well lead to improved disease control methods.




S}A‘PPENDICES

Appendices { - 4, Effect of Crude Aqueous ﬁtracts from a Variety of Plant Spacies
on the Induction of Hyphae from Cells of Ustilage viclacea Race SA-1

Appendix {. Plants in the Caryophyllaceae: Hosts of U. violacea

Species

Relative
Activity

Agrostenna githago
Arenaria serppllifolia
Cerastium arvense
C. viscosunm

C. vulgatum

Dian armeria

D, caryephyllus

D, deltoides
Lychnis coranaria
L. flas—cucult
Sapenaria of ficinalis
Stlene alda

S. antirrbina

S, arperia

S, compacta

S, cucubalius

§. dichotona

$, dicica

S fadaria

S, agritima

$. noctiflora

S. vespertina
Stellaria graminea
$. holostea ,
S. media

S. pubera’

Vaccaria segetalis
Herbarium specimens

e dtiet . Pt Pe bt e it s,

Noﬁ: Scoring system: +++, §0-100% of the conjugated pairs produéa.

hyphae in responsa to "unconcentrated” aqueous extracts (section 2.10.1);

++4, 10-460%; +, 1-10%; -, <1%, or ;'\o greater than water controls, #%: Material

\
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<o ‘ s
from tha herbarium of the University of Western Ontario, collected from

1900 to 1970. Extracts from the following species.were tested, and all had
some activity: A gfortonma githage, Arenaria serpyllifolia, Cerastium
arvense, C, vulgatum, Dianthus armeria, D. bai'éatu.r, D. caesius, 0.
caryophyllus, U. chinensis, D. deltoides, D. plumariue, D. supérbus,
Gypsophila paniculata, Lychnis affinis, L. a}pina; L. chalcedonica, L. coeli-
rosa, L. coronaria, L. flos-cucull, Saponan'é of fictnalis, Si'leno acaulis,

S, aldba, S.antirrhina, $. armeria, §. caroliniana, 8. cucubalus, $, dicica,

§. latifolia, 5. maritina, S. nenziesii, 5. nivea, §. pendula, §. virginica,
Stellqria graminea, S. holostea, §. longifolia, 5. media, §. pubera, and

Viecaria vulgaris. In thase plant extracts, activity ranged from weak to

moderate, but in view of uncertainty concerning the loss of activity during
prolonged storage, quantitative differences between species were not

assessed,

i
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‘ ' App‘pd\ix 2. Plants in Other Families: Not Hosts of V. vioclacea
Species . Family Activity
v “— *
KHedera helix Araliaceae -
Impatiens wallerana Balsaminaceae. -
Cynoglossum viginianum Boraginaceae -
Lontcera oblongifolia Caprifoliaceae -
Tradascantia obiensis Commelinaceae -
Erigeron pulchellus Compositae -
Gynura aurantica : Compositae -
Salidago canadensis Compositae -
Tanacetum vulgare Compositae -
Tarazacum of finale Compositae -
Convelvuius arvenstis Convolvulaceae -
Barbarea vulgaris Crnuciferae -
Hasperis matronalis Cfuciferae -
. Scabiosa perfecta Dipsacaceae ++
¢ Geranium maculatum Geraniaceae -
, ! Zea mays Gramineae +
Colaus blumed hybrid Labiatae -
Glechoma hederacea Labiatae -
Corenilla varia Leguminosae ‘-
HMedicago lupulina Leguminosae -
) Smilactna racemosa Liliaceae -
HMalva neglecta Malvacede -
Oencthera brennsis Onagraceae -
Oxalis cernua Oxalidaceae +
0. europaea Oxalidaceae +
Corydalis flavula . Papaveraceae -
Rheum rhaphonticum Polygonaceae - -
Anemone canadensts Ranunculaceae -
Ranunculus acrs Ranunculaceae 7
Gallium mollugo Rubiaceae -
Antirrhinum majus . Scrophulariaceae - :
Lycopersicon asculenium Solanaceae -
. Solanum dulcamara Solanaceae -
Aegopodiunm podagraria Umbelliferae -
Zizea qervea Umballiferae -
Viola striata . Violaceae -

Note: Scoring system: +++, 60~100% of the con..jugatcd bairi produce
hyphae in response to “ungonccntrnted” aqueous extracts (section 2,10.1);
++, 10-60%; +, 1-10%; -, <1'/.Q or no greater than water controls. Sbtcin
are arrangﬁ after the classification of Engler, given in Willis (1957).

. - . ~
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Appendix 3. Larger Survey of Plani Extracts: Dicotyledons

Pathogen Toxicity Act.ivi't.y

Rheun rhaphonticum

Folygonaceae

Species v Family
Hedera helix Araliaceae + -
Impatiens wallerana Balsaminadeae - -
Cynoglossum virginianum Boraginaceae - -
Symphyltum of ficinale Boraginacuae + -
Lobelia sp. Campanulaceae E - -
Lonicera ablongifolia Caprifoliaceae < -
Chenopodium album Chenopodiaceas - +
Tradescantia obiensis Commelinaceae - ++
Aster sp. Compositae E - -
Centaurea scabiosa Compositae - -
Cichorium intybus Compositae - -
Chrysanthemum indicum Compositae - -
Echinops sp. Compositae . + -
Erigeron pulchellus Compositae E + -
Gynura aurantica Compositae + -
Kelianthus tuberasus Compositae. E- -
- Lactuca sativa Compositae “E -
Solidago canadensis Compositae T -
Tgnacetum vuligare Compositae -
Tarazxacum af Finale Compositae -
Tragopogon pratensis . Compositae Us -
Convolvulus arvensis Convolvulaceae T -
Barbarea vuigaris Cruciferae -
Cheiranthus cheirt Cruciferae -
Hesperis matronalis Cruciferae -
Lepidum sativum Cruciferae -
Scadliosa perfecta Dipsacaceae Us -
Euphordia escula Euphorbiaceae T +
- Geranium maculatum Gerianaceaes B -
Coleus blumel Labiatae +
Glechoma hederacea Labiatae +
Coreonilla varia Leguminqsae , -
Hedicago lupulina Leguminosae -
Trifolium praténse Laguminosae T -
Althea rosea Malvaceae «
Halva neglecta Malvaceae -
Oencthera brennsis Onagraceae - =
Oxalis cernua Oxalidaceas Us -
O. europaea ) Oxalidaceas Us -
Corydalis flavula Papaveraceae -
Dicentra cucullaria Papaveraceae +
Plantage major Plantaginaceae -
Polygonum persicaria Polygonateae . UsSM +
. +

<4 ’

P




190

‘ °
Appendix 3. Continued
Species Family Pathogen Toxicity Activity
Rumex crispus Polygonaceae Us,S,M + -
R. abtusifolia : Polygonaceae Us,5,M +, -
R. crispus x : )
obtustifolia Polygonaceae Us,S,\M + Y-
R. acetasella Polygonaceae  UsSM° - +++ Ff
Clematis patens . Ranunculaceae - ++|
Delphinium elatum Ranunculaceae UE - ++
Hepatica americana Ranunculacea? U - -
Thalictrum dicicum Ranunculaceae E ++ ++4
Ranunculus acris Ranunculaceae U,E,D - -
Anemone canadensis Ranunculaceae E,D - -
Spiraea r vanhouttet Rosaceae - -
Galium mullugo Rubiaceae - -N
Antirriinum majus Scrophulariaceae - -
yoopersicon esculentyn Solanaceae + -(+)%

Solanum dulcanara Solanaceae E + -’

" Aegopodium podagraria . Umbelliferae + -
Petroselinum sativa Umbelliferae - +++
Zizea aervea Umbel)iferae - - -

Viola striata Violaceae * U

Note: Activity scoring system: +++, 604100% of the conjugatad pairs
.produce hyphan in r‘sponse to uncanctntrat.cd” aqueous extracts (sect.mn
2.10.1); ++, 10-60%; +, 1-10%; -, <1%, or no greater than water controls. Toxlcxty
scoriﬁg system: +, t:oxic; - nontnxm._ Genera of smut fungx. D, Doassania,
E, Ent'ylom’a; M, Aelanopsichum; S, Sphacelotheca; T, Tilletia, U, Uromyces,
and Us, Ustilago. Detailsﬁof smut fungi and their hosts as in Ainsworth
and S¥mpson (1950), and Fischer (1953), applying to Brjtain and North
America. ,The pathogcn§ are capable’of infecting the ’gi-vgn‘plant' (ehus,
though not necassarily the barticular species. ®: The c;‘udé extract was
toxic and therefore scored as.inactive. ‘ Chloroform/ water ﬁartitiom‘ng
yielded a_chloroform fraction which was active in promoting hyphal grbwth

and a toxic aqueous fraction.
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Appendix 4, Larger Survey of Plant Extracts: Monocotyledons

Species Family Pathogen  Toxicity Activity
Carexr nigra Cyperaceae Sc,U Th, , , - 4+
Carer pennsylvanica Cyperaceae Sc,U Th,F,C,P - e
Luzula acuminata gypencnc t};, - R A
Agrepyron repens ramineae Us,T,U - +4++
Anpmophila arenaria Gramineae Us - +++
Anthoxanthum ocdoratum. Oramineae T - -
Arrenctherum &atius Gramineae Us - ++
Arundo donax Gramineae Us - ++
Avena sativa. Gramineae’ Us - +4+
Bromus inermis Gramineae Us,T,U - R
Cynasurus cristatus Gramineae - -
Deschanpsia flexuosa Gramineae Uv,T.E - -
Digitaria sanguinalis Gramineae Us,T,S - e
Dactylis glomerata Gramineas Us,U - L
Echinachloa crus—gaili Gramineae Us, To,S - +44
Fastuca elatior Gramineae Us, T, U - ++4
Festuca ovina Gramineae .Us,T,U - has,
Feastuca cbtusa Gramineae Us,T,U - +44+
KHolcurs lanatus Gramineae Us,T,E - +
Hordeum vulgare Gramineae Us,T,U - +++
Lolium perenne . Gramineae Us - ++
Nardus strictus Gramineae - -
Panicum virgatum Gramineae Us,T,T0,5,50,E + ++
Phqlaris arundinacea Graminsae Us - ++4+
Phleum pratense Gramineae Us - ++
Poa annua Gramineae Us,T, E U - +++
Poa trivialis Gramineae Us,T, : - +4+
Secale cereale Gramineae - Us,T b - +4+ °
Setaria viridis Gramineae Us,S - ++
Triticum cestivum Gramineae Us,T, U - ++
Zea nays - Gramineae Us,S - ++
Allium cepa Liliaceas U - +
Colchicum autumnale Liliaceae U. - ++
Erythronium americanum Liliaceae Us,U

leaves ) - -
bulbs - +++
HNuscart botryadn Liliaceae Us - +4+ .
Smilacina racemosa - Liliaceae U,Tu - -
Trillium grandifilora Liliaceae U, Tu - -
Kyacinthus orientalis Liliaceae - +4e
Juncus brachycephalius Juncaceae c,U,To - ++

Note: Activity scoring system: ++4, $0-100% of the conjugated pairs

produce hyphae in response'to “unconcentrated” aqueous extracis (ssction

2.40.4); ++, 10-60%;-+, 1-10%;"-‘,‘ {1%, or no greater than water controls.. Toxicity
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scoring system: -+, toxic; -, nontoxic. Genwera of smut fungi: C, &intmtz‘a;
E, Entyloma; F, Farysia, P, Planetella; S, Sphacelotheca; Sc, Schizonella; So,
Sorosporium; T, T'illetia;, Th, Thecaphora; To, Tolyposporium, Tu, Tuburcinia;
U, Vromyces; and Us, Ustilago. Details of smut fungi and their hosts as
in Ainsworth and Sampson (1950), and Fischer (1953), applying to Britain
and North America. The pathogens are capable of infecting the given pilant
gomi, though not r;ecessarily the particular species.

£,
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. Appendix 5. Commercially Available Chemicals Tasted in the Bioassay

Compounds which induce hyphal fogmation.

Strongly active (effective at >10~5 M) hyphae observed after 6 h.

«,8,Y, and 8-tocopherol; x-tocopherc! acetate; phytol.

Weakly active (not effective at >10-% M). hyphae observed after é h.

chlorophylls a and b; vitamin K{ (3-phytyl menadione).

Weakly active: hyphae observed only after 24 h,

’

D and L-ascorbic acid; dehydroascorbic acid; cysteine; sorbic acid (only
after neutralization); iron 11l sulpbata; iron II chloride; iron [II chloride;

iron III acetate; iron 111 acetate basic; sodium selenite; selenium dioxide.

Compounds which do not induce hyphal formation.

Amino acids (all L- unless otherwvise specified).

alanine; aspartic acid; asparagine; ilutamic acid; glutamine; arginine;
cystine; glycine; threonine; lysine; methionine; serine; ornithine; citrulline;
homocystine; homoserine; DL-ethionine.

Antioxidants. .

dithiothreitol; mercaptoethanol; NADH; reduced glut,é'thiom; butylated
hydroxytoluene. N

Carboxylic acids and related salts and asters. .

acetic acid; formic acid; oxalic acid; oxaloacetic acid,; oxamic acid;
oxalomalic acid; chlorogenic acid; phospoglycolic acid; glycoiic acid;
thioglycolic acid; glyoxylic acid; chelidonic acid; lactic acid; tartaric acid;

pyruvic acid; succinic acid; fumaric acid; malic acid; citric acid; butyric .

¢
.
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acid; shikimic acid; isovaleric acid; quinic acid; cis-aconitic acid; trans-
aconitic acid; ethylene diamine tetr.aacetic acid; adipic acid; mucic acid;
itaconic acid; x-ketobutyric acid; x-ketoglutaric acid; x-ketocaproic acid;
x-kethvaleric acid; x-ketoisovaleric acid; x-ketoisocaproic acid; x-ketoadipic
acid; ketomalonic acid; tartronic acid; dihydroxyfumaric acid; squaric acid;
glutaric acid; tricarballylic acid; citramalic acid; saccharic acid;
hydroxyglutaric acid; para-a'minobenzoic acid; diaminobenzoic acid;
anthranilic acid; folic acid; para-aminosalicylic acid; cholic acid; folinic
acid; tetrahydrofolic acid; dihydrofolic acid; thiotic acid; palmitic acid; oleic
acid; linolenic acid; methy! linoleate; cholesteryl linocleate; methyl
tetrahydrdfolate; oxamic acid ethyl ester; oxaloacetic diethyl ester;
glucuronic acid lactone; isocitric acid lact.bne; calcium ;:xalate; magnesium
oxalate;, ammonium oxalate; potassium oxalate; tin II oxalate; ammonium
acetate; magnesium acetate; calcium formate; sodium malonate; monobasic

potassium isoEitrat.e; monobasic isocitrata lactone.

Inorganic salts.

aluminium chloride; sodium chloride; potassium chloride; lithium chloride; -

palladium chloride; nickel chloride; magnesium chloride; calcium chloride;

‘calcium carbonate; calcium nitrate; manganese II sulphate; monobasic sodium

phosphat‘e; dibasic sodium phosphate; copper II sulphate.

Nitogenous bases, nucleosides, and nucleotides.

adlnjnc\; guanine; cytosine; thymine; uracil; xanthine; hypoxanthine;

AMP, cyclic AMP,
Ny

Phenolics.
- !
phenol; resorcinol; orcinol; 1nositol; phlorglucinsl, m-cresol; vanillic
acid; vanillin; syringic acid; coumaric acid; coumarin; quercetin kaempherol;

rutin; quercitrin; cyanidin chloride; gallocyanin; arbutin; lalicfn; vitexin.

4



Plant growth regulators.

3-indole acetic acid; GA-3; GA-7,; abscisic acid; kinetin.
Steroids.

cholesterol; stigmasterol; progesterone; cortisone; pregen-38-ol-2-one;
2i-acetoxypregenoclone; 178-estradiol; deoxycorticosterone; A‘-androst,cq-
3,{7-dione; testosterone; camesterol; iix-acetoxyprogeste‘rone; ergosterol;
prednisone; i-hydroxypyridine-2-thione; S5x-androstan-1{78-ol-3-one;

epiandrosterone.

Sugars.
{

" glucose; sucrose; fructose; lyxose; xylose; arabinose; galactose; maltose;

]

mannose; rhamnose; ribose; melizitose.

Triterpenoids.

S-amyrinacetate; icterogenin; oleanolic acid; lantadene A; moronic acid;

erythrodiol.

.

Miscellaneous.

\‘ i A

acetaldehyde; acrolein; menadione; menadione NaHSOg; paraquat; diquat;
trifluralin; sorbitol; glycoaldehyde; hemin; urea; ubiquinone 50; ubiquinone
30; galactosyl diglyceride. '

- . L

~
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