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ABSTRACT 

Metho d s  to monitor i nvasion  of r ed  clover roots  by soi lborne fungi, and 

assess effects on clover growth and pers is tence, were developed  and tested using 

soi l  f rom a p lant  breeder's  red clover  evaluation block at DSIR G rass lands 

Divis ion ,  Palm erston North, which was known to contain seve ral fungal speci e s  

p athogenic  to  red  clover .  A quantitative method employing t i s sue maceration  and  

p l at ing was u sed  to determine the  i nterna l  microflora of  r ed  clover  roots from the 

evaluation b lock.  Effects of e nvironmental factors ,  and of application of 

fungicid e  drenches to the soi l ,  on root  invasion under  contro l l ed  e nvironment  and 

f ie ld  condit ions were also stud ied  us ing the root  macerat ion method .  Fungi 

i so la ted  from roots of red clover  from the evaluation block were tested for the i r  

effects on  establ i shment,  growth, and pers is tence of  red clover  in the glasshouse 

and in  f ie ld  microplots .  Light microscopy and tran smiss ion e lectron microscopy 

were  used to study invasion of red  clover  roots  by Trichocladium bas ico la, and the 

effects of the fungicides  benomy l  and p rochloraz on  this fungus i n  vitro and i n  

VIVO. 

The root  maceration  method d etected a s imi lar  range of fungi to that 

found by p lat ing 1 - 2 mm long segments ,  but yie lded  more colonies  and showed 

less  variat ion .  Using standardi sed  amounts  of  t issue and b l e nd ing  t imes  (2  g and 

60  o r  120 sec . )  d ifferences i n  fungal populations i n  roots  subjected to  different  

t reatments were  readi ly detected .  

Vertici l l ium dahl iae ,  Trichocladium basicola, and Cylindrocladium 

scoparium were the major  components  of the root-invading mycoflora of r ed  

c lov e r  in the evaluation b lock, which consisted of 40 fungal species .  Other  major  

i nvaders were  Fusarium solani ,  F .  oxysporum, Cylindrocarpon destructans, and  

G liocladium roseum, which are the fungi most  commonly i solated from roots of 

red c lover and other forage legumes worldwide .  

Fungal i nvasion of red clover roots was affected by p lant  age ,  so i l  

t emperature and  moisture. Genera l ly, numbers  of fungal colonies  i so la ted  

p rogressive ly increased from the  seed ling  s tage onwards  and  more co lon ies  were  
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i so lated from roots of plants  grown at 20 and 25oc than at 1 0  and lYC, and from 

60 and 80% WHC than at 40% WHC. 

Prochloraz was the most  suitable of  1 1  fungic ides  tes ted for use as a so i l  

drench t o  study effects of  root- invading fungi on red clover  growth i n  the fie ld .  

I t  showed a broad spectrum of antifungal activ ity, control led the  major  root

i nvading fungi e ncountered in  the exper imental soi l ,  was not  toxic to Rhizobium 

tr ifol i i ,  and was least retardant  t o  red clover growth.  

The numbers of fungal colonies recovered per gram of roots was 60 - 80% 

l ower  from plants from f ie ld p lots receiving a s ingle application of prochloraz 

drench at 3 .46 g/m2 than from p lants from untreated plots .  Y ie lds  from treated 

plots harvested 4 t imes ove r  a p er iod of 45 weeks were 28 - 95 % higher than those 

from untreated plots .  

The m ajor  root - invadingfungi i solated from red clover  p lants grown in  the 

p lant  breeder 's  evaluat ion  block, �· scoparium, T.  basicola, F .  solani ,  and F .  

oxysporum, reduced surv ival of red clover  plants in  f ie ld plots  and microplots by 

20 -75 %,  and dry matter y ie ld  by 20 -60%, over  a per iods  of 62 and 76 weeks .  V. 

dahl iae ,  .C.. destructans, and .G. roseum, also reduced plant  growth i n  f ie ld plots  

but  to  a lesser  extent .  Seedl ing  e stabli shment ,  and n itrogen fixation and 

n odulation,  were affected adverse ly by some fungal i so lates .  

T .  basicola was found to penet rate roots of red clover  d irectly and colon i se  

t i s sue  by means  of "beaded  hyphae"  ( in t racellular hyphae which were  constr icted 

a t  their septa) then "straight hyphae" (unconstricted hyphae growing paral le l  to 

the root  axi s ) . The fungus i s  hemibiotrophic .  Invaded host cel ls  in  the epidermis  

and cortex of  the root  are  apparently unaffected at f i r s t  then  degenerate and d ie .  

Papi l lae a re  often  found at s i t e s  of p e netration through ce l l  walls  bu t  these rarely 

obst ruct fungal development .  Pre-treatment of seed l ings with benomyl  or  

proch loraz reduced fungal pene trat ion and growth wi th in  t i ssues .  Changes in  

fungal  ultrastructure result ing f rom benomyl  treatment  were an i ncreased 

frequency of lomasome p roduction and occasionally a d i sorgani sation of cel l  

contents .  Changes result ing f rom prochloraz treatment  included thickening and 

fragmentation  of  ce l l  wal l s ,  and  necros is  of  hyphal cell s .  
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CHA PTER 1 

INTRODUCTI ON 

Red cl ove r (Trifol ium pratense L.) i s  an important legume in  wor ld  

agr iculture . I t  p roduces la rge quanti t ies  of  h i gh qual i ty forage for grazi ng o r  

conservation,  has wide  geographic adaptat ion ,  and improves soil  fe r t i l i ty through 

symbiotic ni troge n fixat ion .  Red clove r i s  currently att ract ing eve n  great e r  

at tention as i t, a n d  other forage legumes,  become increasi ngly used a s  a!  tern  a t ives 

to nitrogen fertil i se rs i n  both deve lop ing and developed countries, i n  response to  

growing conce rn  about the effect on fresh water  quality of  a burgeoning use of 

fert i l i ser  nitrogen for grassland farming. 

Red clove r i s  a p e rennial,  but it is not uncommon for stands to die out in 

one or two years  ( Fe rgus and Hollowel l ,  1 960;  Rumball ,  1983 ) .  Root  

deterioration caused by  a complex of  so i lborne  fungi i s  one  of  the major  causes  

of  decline i n  red  clove r s tands (Kilpatrick e t  al . ,  1 954 ;  Fezer, 1 96 1 ;  Yl imaki, 1 967 ;  

Leath et a l . ,  1 97 1 ;  Rufel t ,  1986;  Ski  pp e t  al . ,  1 986 ;  Marten ,  1 989) .  

Despite r ecognition of  the  existence of  root  rot problems of  red clov e r  

f rom as l o n g  ago a s  the l71h century (Fergus and Valle au, 1 926) ,  and the  

occurrence of  root  disease wherever the c rop  i s  grown, the cause  and effects of  t he  

disease have no t  been fully understood, and su itable expe r imental  techn iques  

have not  been developed  to  analyse effects of root  dise ase o n  red c lover growth .  

Consequently, t he re i s  not enough knowledge available to opt imise disease 

management  p ractice s ,  as  is  done with many other  crops. 

In New Zealand, pe rsistence h as been  an important criterion used by 

Grasslands  Division ,  DSIR, for evaluating red clove r cul t ivars (Claydon and  

Rum ball,  1 982) .  Evaluation of pers i stence of  red clover  at Palmers ton North h as 

been carr ied out in a particular block of land which has bee n  maintained as a red  

clover monoculture for  several years .  Root rot and poor pers i stence in  th i s  b lock  

are associated wi th  a complex of  pathogenic, root- invading fung i  (Skipp e t  a l . ,  

1986) ,  many of  which are  p resent  in red  clover  i n  New Zealand farms (R.A. S kipp 

and M.J. Christense n, pers .  comm . ) .  Thi s  suggested that the plant b ree d e r' s  
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evaluat ion 

block was a good d i sease  nursery and co u ld  be a s u itable expe r ime ntal s i te  to  

develop gene rally app l i cabl e methods to s tudy the cause and effect of  red clove r 

root rots . 

The present s t udy was started in  October 1 986 with the part icu lar  a ims 

of : -

1 .  developing app ropriate expe r imental techn iques  for mon i tor ing fungal 

invasion of red clove r roots and the response of plants to i nfect i o n ;  

2. us ing these methods to  assess  effects of so i lborne pathoge ns  o n  

es tabl ishme nt, survival , and growth of red clover ;  and 

3. s tudying effects  of env i ronmental factors on  fungal i nvasion of red 

c lover roots .  



CHAPTER 2 

R EVIEW O F  LITERATUR E  

2 . 1  I NTRODU CTION 

3 

I I 

The des truct ion of forage legumes by root di seases has long been  

recognised.  The  causal agents have been  investigated extensively,  together w i th  

the ir  re lationship with the  hosts and the  effect o f  environmental condit ions on  

disease development. Several methods have been  developed to produce diseased  

plants under controlled environmental conditions and some aspects of  the  effects  

of root diseases  on plant  growth have been assessed. 

Although knowledge of the mech anisms and s ignificance of root d iseases  

of  forage legumes i s  far  from comple te, progress  has  been  made towards 

understanding and overcoming this  problem. 

Literature publ i shed in Engli sh  s ince the early 1 900's was surveyed .  Some 

basic i nformation about  red c lover  i s  briefly documented ,  ·and the  major  

achievements  i n  the  research of root d i seases of forage legumes are  reviewed and  

summarised.  

2.2 RED CLOVER PLANT 

2.2.1 Taxonomy, ori gi n  and di s tri but i on 

Red clover be longs to the genus  Trifolium L. The genus  is in the t r ibe  

Trifol ieae of  the subfami ly Papi l ionoideae, family Leguminosae ( alternate name ,  

Fabaceae ) . According to  Zohary and  H eller ( 1 984) there are approximate ly 240 

species of Trifol ium divided into e ight sect ions .  The sect ion Trifolium, 

contain ing about 70 species, has been  further  divided into 1 7  s ubsect ions .  R e d  

clover along with T .  mazanderanicum Rech fil . ,  T.noricum Wulf., T.pall idum 

Waldst .and Kit . ,  and T.diffusum Eh rh . ,  was assigned to the Trifol ium subsect i o n .  

I 
I 
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W i th in the  species  there are two main types  of red clover :  1. an erect ,  open ,  early

flowering form known as Broad , medi um, or  double-cut red clover .  2. a p ros trate ,  

dense, late-floweri ng, and more pers i s ten t  form known as Montgomery or  s i ng le 

cu t  red clover .  Betwee n  these two types ,  t here i s  a large number of  in te rmed iate  

types,  which are mainly the result of  breed ing p rogrammes .  Of the  New Zealand 

bred cul t ivars, 'Grass lands Hamua' i s  a Broad type ,  and 'Grasslands Turoa' i s  a 

M ontgomery type  (Rumball ,  1983 ) .  

R e d  clover i s  thought to have originated i n  As ia  M inor and south-eas tern  

Europe, and i s  known to  have been cul t ivated i n  Europe as  forage by the  th i rd 

century A .D . (Rumbal l , 1983 ) .  I t  was wide ly used in  Spain during the s ix teenth  

century .  From there i t  spread to  Holland and  Germany,  and  was taken to England 

in  1 650 and to the  USA about 1700. Today ,  i t  i s  an i mportant forage legume i n  the  

temperate regions of  E urope, USSR, Australia,  New Zealand, Argentina, Ch i le ,  

Canada, Japan, Mexico,  Columbia, eastern and  central U SA (Taylor and  Smith ,  

1979),  southern Chin a  (Ren J. Z .  per s  comm. ) ,  as  wel l  as  h igh alt i tudes of  

subtropical regions ( Rumball, 1983 ) .  

2 .2 . 2  Importance i n  world a gri culture 

Red  clover i s  of value because of i ts  wide cl imatic range ,  high y ie ld ,  and  

the nutrit ional value  and  digestib i l i ty of  i ts  herbage (Frame , 1 976). In addi t ion ,  

through symbiotic n i trogen fixation,  red clover furnishes nitrogen for  growth of  

companion grasses  and subsequent crops. Estimated amounts of  nitrogen f ix e d  

range from 1 25 kg/ha/year t o  220 kg/ha/year ( Smith e t  al . ,  1985 ) .  Because of 

these qual i t ies  red clover is valued in the temperate zones of both hemisphere s  

for pasture,  hay, and  s i lage, for so i l  i mprovement,  and for u se  i n  cropping 

rotat ions  ( Fe rgus and Hollowel l ,  1960) .  

Approximately 20 mil l ion ha  of  red clover  are  grown in  the wor ld  ( Smi th  

e t  al . ,  1 985 ) .  The overall economic importance of red  clover to world agr icul ture  

i s  difficult  to assess .  However, informat ion i s  avai lable in some countr ies .  Red 

clover i s  grown on about 7 mil l ion ha in  the USA, mainly in  m ixed clover  I grass  

pastures .  In 1976, the  hay crop of  4t/ha was worth about $ 1 .5 bi l l ion,  and the  
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seed crop about $ 25 mi l l ion (Smith et a l . ,  1 985 ) .  In the UK, red c lover i s  i nc luded 

in  general purpose seed mixtures to improve hay y ie ld  in the fi rst year ,  and to 

boost the quality and quantity of wi nte r fo rage . Red clover  is of le s ser  importance 

than white clover ( Frame, 1 976) .  In countr ies  of northern Europe ,  such as Sweden  

and Finl and,  red clover i s  the dominant  forage l egume. It  i s  normally grown i n  a 

mixture with forage grasses (Yl imaki ,  1967 ; Rufe lt ,  1986) .  

In New Zealand agriculture,  red clover i s  much less  imp ortant than whi te 

clover i n  agriculture.  It i s  used far more in  systems of forage conservat ion  and in  

short-term leys than i n  pe rmanent p as ture.  Over rece nt years, about 400 t of  

Broad red c lover seed  and 300 t of  Montgomery red clover  seed have b e e n  

harvested annually (Rumbal l ,  1983 ) .  

2 .2 .3  Effects  o f  s o i l  t e mp erature  o n  r e d  c l ov e r  

Red clover i s  grown in  areas where the annual mean temperature ranges 

from 4.9-20.3°C (mean of 91  cases  = 10.6°C) (Duke, 1 98 1 ) .  The m in imum, 

opt imum, and max imum temperatures for growth are 7, 20-25, and 35-38°C, 

respect ive ly (Kendall ,  1958; Fergus and Hol lowel l ,  1960; Bowley e t  al . ,  1 984 ) .  

However, G i st and Mott  ( 1 957) and Smith ( 1 970) reported that growth of red 

c lover in p lant  growth chambers decreased with  increas ing temperature above 

15°C. The number of  shoots  per p lant i n creases as temperature decreases (Smith ,  

1970) . Root growth i s  affected more than shoot  growth when temperature i s  

i ncreased (Gist and Mott ,  1957 ;  Kendal l  et  a l . ,  1962) .  

At  temperatures above 40°C, seedli ngs become chlorotic and d ie  (Fergus 

and Hol lowell ,  1960) . Therefore, i t  is  l ikely that under a continental cl i mate ,  red 

clover p lants are adversely affected by h igh temperatures during s ummer months .  

However,  the temperature at  which stress begins  varies with available so i l  

mo isture which may faci l i tate cool ing of  the p lant  (Kendal l  and Str inger, 1 985 ) .  

Generally, the adverse effects of l ow temperature o n  red c lover have b e e n  

expressed a s  "winter  k i l l ing" .  Thi s  catch-al l  term covers a l l  phases  of plant death 

in  spring when new growth is in i t iated .  There are many references related to this  

subject. More comprehens ive i nformation i s  avai lable i n  the reviews by Fergus 
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and Ho l l owe l l  ( 1 960) ,  Bowley et  a l .  ( 1 984 ) ,  and Kendall  and Stringer ( 1985 ) .  

Temperature also affects the effectiveness of the red c lover  /Rh izobium 

symb ios is .  Roughley et  a l .  ( 198 1 )  found that the effective ness of red c love r and 

Rhizobi um symbiosis was much less  at 16/ 1 1  and 27 /22oC (day/night)  than at 

22/ 17°C.  

Smith  ( 1970) described the  effects of  temperature on some inorganic  and 

organic  constituents of red  clover. The concentrat ion of  potassium in  the  shoots 

was extreme ly low in  p lants grown at cool  temperatures ( 1 5 / 1 0°C day/night ) ,  and 

the concentration  of total available carbohydrates (TAC) in  the roots was very l ow 

in the plants grown at high temperature (35/27°C) . The p oor p ersistence of red 

c lover i n  summer months may be re l ated to  l ow levels of carbohydrate reserves 

associated with high temperature (Kendal l ,  1958 ;  Fergus and Hollowel l ,  1 960) .  

2 . 2 . 4  Effe cts of soil mois ture on red clove r growth 

In  the experiments involv ing the status of soi l  water content,  d ifferent  

terms,  such as "water content", "fie l d  capacity", "permanent wi l t ing p ercentage", 

"read i ly available water content", "water  hold ing capacity", and "water potent ial", 

have been  used .  No attempt is  made here to  define each term or compare one 

with  another .  Ful l  definit ions and d iscussi ons are  available  i n  Griffin ( 1966)and 

Kramer ( 1 983) .  

Geographi cally, red clover i s  adapted  within the area with  annual rainfall 

of 3 1 0 - 1 9 1 0  mm ( mean of 91 case s  = 860 mm) (Duke, 198 1 ) .  Results  from both 

control led environment and f ie ld  experiments  showed that  shoot  and root we igh t  

were  generally pos i tively related to  available so i l  moisture (G i s t  and  Mott 1 957,  

K i lmer  e t  al . ,  1960) .  Highest  yields of shoot and root were obtained from plants 

growing at nearly 1 00% of water ho lding capacity (WHC) (Gist  and Mott ,  1 957 ) .  

Shoo t  and  root growth was reduced w ith decreasing so i l  moisture content (Ki lmer  

e t  a l . ,  1960 ;  Bowley et  a l . ,  1984 ) .  Root ing depth decreased as soi l  moisture level  

i ncreased from 20% to 70% of WHC (Bennet  and Doss ,  1960 ) .  

T h e  most extreme drought condit ion which r e d  clover plants survived was 

9 .4% of WHC in  a pot trial  conducte d  by Pohjakal l io  and Anti la ( 195 5 ) .  From the 
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same exper iment they concl uded that  removal of shoots reduced the drought 

res i s tance of red c lover plants .  Under  water stress red clover  i nfected with 

vesi cu lar-arbuscular mycorrh izae (Glomus mossae N icol  and Gerd . )  extracted 

wate r from so i l  more effectively, and afte r wate ring, recovered turgid ity more 

rap id ly than non-mycorrhizal p lants ( Hard ie  and Leyton,  1 98 1  ). H owever, F i tter 

( 1988)  reported that uptake of water by mycorrhizal p lants was no better than by 

non -mycorrh izal p lants .  

Red clover tole rates up to 15 days of f looding, which is  s imi lar  to a l s ike  

clover (T .hybridum L . )  and lucerne ( Med icago sativa L.)  (He i n ri chs,  1 970) .  

An i nterest ing interact ion  between so i l  mois ture leve l and l ight in tens i ty 

i s  that s eedl ings growing at low l ight  fa i led to show a growth response when given 

adequate moisture,  so that root deve l opment became restr icted to  the upp e r  few 

cm of the  so i l  where there was much l e ss water than at greate r depths .  Therefore, 

plants growing in shade can s uffer water  stress more eas i ly than those grown i n  

full l ight  (Doughe rty, 1 972; Kendal l  and Str inger,  1985 ) .  

Soi l  moisture stress can cause severe reduction i n  nitrogenase activ i ty of 

red clover p lants and thus affect N fixatio n  (Rice,  1980) . 

The effects of so i l  moisture o n  inorgani c  and organi c  const i tuents i n  red 

clover  h ave also been shown . Ki lmer  et  al .  ( 1 960) showed that  the concentratio n  

of phosphorus i n  the shoots i n c reased a s  soi l  moisture i ncreased ,  but  

concentrations of n i trogen, su lfur and  boron i n  the p lants were not  s ignificantly 

affected by variat ions  in so i l  mo isture .  H e i nrichs ( 1970)  found that the 

concentration of crude prote i n  i n  the shoot  decreased in plants grown in a 

flood ing  s ituat ion,  which suggested that n i trogen fixation  may have been reduced .  
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2 . 3  R O O T  D I S EA S E S  O F  FORAG E L E G U M ES ,  A N D  

ASSOCIATED FUNGI 

2 . 3 .1 .  Fungi  assoc ia ted  wi th  root  d i se a s e s  

The results of a systematic l i te rature survey o n  fungi associated with root 

diseases of forage legumes,  with particular refere nce to red clover, showed that 

approximately 180 fungal species  have been recorded (Table 2-3- 1 ) .  About 1 12 

of them have been reported from roots of red clover, 75 % (84) were 

deuteromycetes .  The remainder were plasmodiophoromycetes,  oomycetes ,  

zygomycetes,  ascomycetes and basidomycetes,  which accounted for  0 .9% ( 1 ) ,  8 %  

(9) ,  3 .6% ( 4 ) , 9 .8% ( 1 1 ) ,  and 2 .  7% ( 3 ) ,  of the total number fungal species isolated 

from red clover roots ,  respectively (Table 2-3 - 1  ) .  

The fungal species found in  roots ,  and the frequency of their  occurrence,  

probably depends on geographical location, p lant species ,  plant age , t ime of year,  

cultural practice ,  type  of root t issue , and typ e  of root .  Some fungi ,  such as the  

fusaria, appear to be ubiquitous and  were predominant  among isolates obtained  

in  most  studies (Ki lpatrick et  a l . ,  1 954 ;  Kilpatrick and Dunn, 1 96 1 ;  Fezer, 1 96 1 ;  

Wil l is ,  1 965 ; O'Rourke and Mil lar ,  1966 ;  A ube and Deschenes, 1967;  Yl imaki , 

1967;  Leath et  a l . ,  1 97 1 ;  Richard, 1 98 1 ;  Skipp and Christensen,  1 98 1 ;  Wong e t  

al . ,  1985 a ;  Skipp e t  al . ,  1986 ) .  Other fungal specie s  commonly found t o  b e  

associated with root d iseases of forage legumes were species  of Alternaria, 

Cylindrocarpon, Gliocladium, Phoma, Rhizoctonia, and some common 

rhizosphere fungi, such as species  of  Aspergil lus, Pen ici l l ium, Rhizopus, and 

Trichoderma (Table 2-3 - 1  ) .  



9 

Table 2 - 3 - 1  Fungi isolated from roots of forage legumes . 

Fung i Hosts and References 

Myxomycota 

Physoderma a l f a l fae ( Lagerh . ) Kar l i ng 
( Urophlyctis a l fal fae ( Lagerh . ) Magh . ) 
Polymyxa gramin i s  Ledingh . 

Mastigomycotina 

Aphanomyces euteiches Drechs . 
Phytophthora c landestina 
Taylo r 1 Pascoe & Greenhalgh 
£. megasperma Drechs . 
£ .  megasperma f . sp . medicagi n i s  
Kuan & Erwin 
Pythium acanthi cum Drechs . 
£ .  arrhenomanes Drechs . 
� c o loratum Vaarta j a  
� debaryanum Hesse 
� echi nulatum Matthews 
£ .  hypogynum Middleton 
£ .  irregulare Buism . 
£ .  marni l latum Meurs . 
£ .  middleton i i  Sparrow 
£ .  o l igandrum Drechs . 
£ .  paroecandrum Drechs . 
£ .  rostratum Butler 
£. spinosum Sawada 
£ .  splendens Braun 
£ .  sylvaticum Campbel l  & Hendrix 
£ .  torulosum Coker & Patterson 
£ .  ultimum Trow 
Pythiurn spp . 

Zygomycotina 

Abs i d i a  sp . 
Morti erella spp . 
Mucor spp . 

Rhi zopus stolon i fer ( Ehrenb . ) Vui l lem i n  
(R.  n igricans Ehrenb . )  
Rhi zopus spp . 

Ascomycotina 

Bimuri a  novae- ze landiae Hawksw . 1  
Chea & Sheridan 

AF1 8z  1 2 7  
RC 1 4  WC 3 9  

AF 27 

se 4 
AF 8 se 4 

AF 2 6  
BM 5 se 4 
RC 1 7  
s e  4 6  
A F  2 7  RC 1 7 1 4 7  S C  4 
se 4 6  
A F  2 7  
BM 5 RC 1 7  S C  4 1  4 6  
s e  4 
se 4 
BM 5 
AF 2 7  RC 1 7  
BM 5 RC 1 7  
s e  4 
RC 1 7  s e  4 6  
AF 27 
AF 2 7  
A F  2 7  B M  5 RC 1 7 1 4 0  
A F  8 RC 1 2 1 2 1 1  3 1 1 4 0 1 
4 3  se 4 6  we 2 2 1  2 3  

AF 3 3  RC 4 5  WC 2 2 1 2 3 
se 4 6  
A F  1 1  3 3  RC 1 1  2 1 1  2 6 1 
4 5 1 4 3  se 4 6  
WC 2 2 1 2 3  

RC 4 7  WC 2 2 1 2 3  
AF 1 1  3 3  RC 1 1  1 2 1 2 1 1 
2 6 1 4 0 1 4 5  

RC 4 0  WC 3 8 1 3 9  

..\ I  I 



Chaetomi um aureum Chivers 
� - coch l iodes Pal l . 
�- cri spatum ( Fuckel ) Fuckel 
�- d i l iochotrichum Ames 
�- globosum Kunze 
Chaetomium spp . 

Gibberel l a  zeae ( Schwe . ) Petch 
Scl erot i n ia tri fo l iorum Eriksson 

Scl erot inia spp . 
Thi e l av i a  sp . 

Ba sidiomycotina 

RC 
AF 
AF 
AF 
AF 

4 7  
1 RC 
1 RC 
1 RC 
1 RC 

1 '  4 7  
1 
1 
1 

AF 3 3  RC 1 0 , 2 1 , 2 6 , 
4 0 , 45 , WC 2 2 , 3 8  
RC 2 1  WC 2 3  

1 0  

AF 8 ,  1 0  RC 1 0 , 2 2 , 4 3 , 
4 7 , WC 2 2  
AF 1 RC 1 
RC 2 1  

Ceratobas idium cornigerum ( Bourd . ) 
Ceratobas idium sp . 

Rogers RC 4 0  WC 3 8 , 3 9  
se 4 ,  4 6  

Marasmius graminum ( Lib . ) Fri es 
Uni dent i f ied spp . 

Deuteromycotina 

Acremonium spp . 
Alternar i a  alternata ( Fries ) Keiss l er 
Alternar i a  spp . 

Aspergi l lus f l avus Link & Gray 
A_ . terreus Thorn . 
Aspergi l lus spp . 

Aureobas idium pul lulans 
( deBary ) Arnaud 
Botryti s  cinerea Pers . 
Botryt i s  sp . 
Cepedonium sp . 
Cephalosporium spp . 

Chryso sporium sp . 
Cladosporium herbarum ( Pers . ) 
Link & Gray 
Cladosporium sp . 

Codinaea fert i l i s  Hughes & Kendri ck 
Co l letotrichum destructi vum O ' Gara 
�- tri fo l i i  Bain & Essary 
Co l l etotrichum sp . 

Camposporium sp . 

Coni othyrium ( Coniothyrinu l a ) sp . 

Coprinus psychromorbidus 
Redhead & Traquai r  
Curvu l aria sp . 

RC 4 7  
RC 1 1 , 4 0  

RC 4 0  W C  3 9  
RC 2 1 ,  4 7  WC 2 2 , 2 3  
AF 1 ,  1 0 , 3 3  BT 3 2  
RC 1 ,  1 0 , 2 6 , 4 5  
se 4 6  
WC 2 2 , 2 3  
WC 2 2 , 2 3  
AF 1 0  BT 3 2  RC 1 0 , 1 1 , 
2 1 , 26 , 3 1 , se 4 6  

se 46  
RC 4 7  WC 2 8  
AF 1 ,  1 0  RC 1 ,  4 5  
RC 26  
AF 1 BT 32  RC 1 ,  1 0 , 
2 6  
RC 4 0  WC 3 8 , 3 9  

WC 2 3  
AF 1 RC 1 ,  4 5  
WC 2 2 , 2 3  
RC 4 0  WC 6 ,  2 9 , 3 8 , 3 9  
RC 2 2  WC 2 2 , 2 3  
RC 2 2  WC 2 3  
AF 1 BT 3 2  RC 1 ,  1 1  
WC 3 9  
RC 45 

AF 1 ,  3 3  RC 1 ,  1 0 , 2 1 ,  
2 6  

AF 2 7  
RC 2 1  s e  4 6  



Cyl i ndrocarpon destructans ( Z ins . ) Sch . 
( � .  rad icicola Wr . )  

� - d i dymum ( Hartig . )  Wol l enw . 
� - ehrenbergi Wr . 
� - l uc idum Booth 
� - obtus isporum ( Cke . & Hark . ) Wr . 
� - o l i dum ( Wo l l enw . ) Wo l lenw . 
Cyl i ndrocarpon sp . 

Cyl indrocladium clavatum Hodges & May 
� - crotalariae ( Loos ) Bel l  & Sobers 
� - f l oridanum Sobers & Seymour 
� - scoparium Morgan 
Dendryphion nanum ( Nees & Gray ) Hughes 
Dipl od i a  sp . 
Drechs lera sp . 
Epicoccum purpurascens Ehrenb . 
( E .  n igrum Link & Link ) 
Epicoccum sp . 

Exophiala sp . 
Fusarium acuminatum E l l . & Everh . 

E .  arthrosporioides Sherb . 
E .  avenaceum ( Fr . ) Sacc . 

E .  culmorum ( W . G . Smith ) Sacc . 

E .  egu i seti ( Corda ) Sacc . 
E .  graminearum Schwabe 
E .  heterosporum Nees . 
E .  mon i l i f orme Sheld . 

E .  oxysporum Schlecht . 

E .  poae ( Pk . )  Wr . 
E .  roseum Lk . 

E .  sambuci num Fuckel 

E .  s o l ani ( Mart . ) App . & Wr . 

E .  tabacinum ( vanBeyma ) W . Gams 
E .  tricinctum ( Corda ) Sacc . 
Fusarium spp . 

Geotri chum sp . 

AF 
4 7  
se 
AF 
BM 
AF 
AF 

1 I 2 7  RC 1 1  
se 4 6  we 3 8  

4 
1 I 2 7  RC 4 7  
5 
2 1  RC 4 7  
2 7  se 4 6  

4 0 1 

RC 1 1 1 4 0 1 4 1 1 4 5  
WC 3 9  
A F  3 0  
AF 3 0  
AF 3 0  
AF 3 0  RC 3 7 1 4 0  
RC 4 0  
AF 1 RC 1 1  1 0  
se 4 6  

RC 3 1  
AF 1 1  1 0  BT 3 2  
RC 2 1  I 2 6  
RC 4 0  
BM 5 RC 1 5 1 4 7  
se 4 6 1 4 
AF 3 3  RC 4 7  
AF 8 1  3 3  BM 5 RC 
1 5 1 4 1 1 4 3  se 4 ,  4 6  
WC 3 9  

4 3 1 

AF 2 7  BM 5 RC 4 1 , 4 3 , 
4 7  se 4 ,  4 6  we 3 9  
BM 5 se 4 1  4 6  
BM 5 se 4 ,  4 6  
se 4 6  
AF 7 ,  1 0  RC 7 ,  9 ,  1 0  
1 1  , 2 1  , 2 6 , se 4 

1 1  

AC 2 5  AF 1 ,  7 ,  8 ,  1 0 , 
2 7 , 3 3  BM 5 RC 1 ,  7 ,  9 ,  
1 0 1 1 1 , 1 2 , 2 1 , 2 2 , 2 6 , 
3 1 , 4 0 1 4 1 , 4 4  se 4 ,  4 6  
WC 2 2 , 2 3 , 3 8 , 3 9  
BM 5 RC 4 7  
AC 2 5  AF 1 ,  7 ,  1 0 , 2 7  
RC 1 1  7 ,  9 ,  1 0 , 1 1 , 1 2 , 
2 1 ,  2 6 , 4 4 , 4 7  WC 2 2 , 
2 3  
AF 8 BM 5 RC 4 1 , 4 7  
se 4 6  
AC 2 5  A F  1 ,  7 ,  8 1  1 0 , 
2 7 , 3 3 , RC 1 , 7 , 9 , 1 0 , 
1 1 , 1 2 , 2 1 , 2 6 , 3 1 , 4 0 , 
4 7  WC 2 2 , 2 3  
se 46  
AF 2 7  
AC 2 5  A F  8 ,  3 3  BT 3 2  
RC 3 1 , 4 5  
RC 2 1 , 4 0  WC 2 3  



Gliocladium roseum Ba inier 

G l i oc ladium spp . 

Gloeosporium sp . 
Harknes s i a  ( Chaetomel la) sp . 
Helminthosporium sp . 
Hormodendrum sp . 
Humico l a . sp . 
Mycol eptodi scus terrestr i s  ( Gerd . ) 
Ostaz e ski ( Leptodi scus terrestri s  Gerd . ) 

Mycoleptodi scus sp . 
Macrophomina phaseol ina ( Tassi ) G . Goid 
Macrosporium sp . 
Mon i l i a  s itoph i la ( Mont . )  Sacc . 
Mon i l i a  spp .  
Mycogone sp . 
Myrothecium verrucaria ( Fr . ) Sacc . 
Neurospora sp . 
Nigrospora sp . 
Paeci lomyces sp . 
Papularia sp . 
Pen ic i l l ium sp . 

Peri conia sp . 
Pestal otia truncata Lev . 
Pez i za ostracoderma Korf 
Phi a l ophora sp . 
Phoma chrysanthemicola Hol l6s . 
£ .  f imeti Brun . 
£ .  herbarum Westend . 
P .  l evei l l e i  Boerema & Bol len . 
£ .  med icagi n i s  Malbra . & Roum . 

£ .  pinode l l a  ( Jones ) Morgan-Jones 
& Burch 1£. medicagi n i s  var . pin odel la 
( Jon . ) Boerema 
Phoma spp . 

Phomops i s  sp . 
Phymatotrichum omnivorum ( Shear ) Dug . 
( Ozonium omnivorum Shear ) 
Pi thomyces s p . 
Plenodomus mel i loti Dearn . and Sandf . 
Plenodomus sp . 
Pul l u l aria sp . 
Pyrenochaeta terrestri s  ( Hans . ) 
Goren z 1 Walker & Larson 
Pyrenochaeta spp . 

AF 3 3  RC 1 0 1 1 1 1 
2 1 1 2 6 1  3 1 1 40  
se 4 7  we 2 2 1 23  
AF 1 BT 32  RC 1 1  
1 2 1 4 5  WC 3 8 1 3 9  
AC 2 5  
AF 1 RC 1 1  2 1  
AF 1 RC 2 1  
AF 1 RC 2 1  
RC 4 0  

AF 7 1  1 0 1 2 7  BT 
RC 7 1  3 1  WC 2 2 1 
RC 1 0  
AF 2 7  BT 3 2  se 
RC 4 5  
AF 1 RC 1 
RC 2 1  WC 2 2  3 3  
RC 1 0 1 2 6  
se 4 
WC 2 2  

1 2  

1 2 1 

1 0 1 

3 2  
2 3  

4 I 4 6  

RC 2 1 1 4 5  WC 2 2 1 2 3 1 2 8  
RC 4 0  
AF 1 RC 1 1  45 
AF 1 I 3 3 1 1 0  BT 3 2  
RC 1 1  1 0 1 2 1 1 2 6 1 4 0 1 
4 3 1 4 5  se 46 WC 2 2 1 2 3 1 
3 8  
WC 3 9  
RC 4 7  
AF 1 RC 1 
se 4 6  
RC 4 0  WC 3 8  
WC 3 8  
AF 3 3  
se 4 6  
AF 8 1  2 7  BM 5 
se 4 1  4 6  

RC 4 7  
AF 1 1  3 3  RC 1 1  1 0 1  2 6 1 
4 0 1 4 1 1 4 3 1 4 5  WC 2 2 1 
2 3  
WC 3 9  

AF 2 7  
se 46 
AF 2 7  RC 3 5  se 3 5  
AF 1 
AF 1 

RC 1 1  3 1  
AC 25 AF 1 BT 3 2  
RC 1 



Rhi zoctonia cerea l i s  van der Hoe . 
R .  crocorum ( Pers . ) DC . 
R .  endophytica Sak . & Vaa . 
R .  l eguminicola Gough & E l l iott 
R ·  solani Kiihn . 

Rhi zoctonia spp . 

Scl erotium bataticola Taub . 
.s_ .  rol f s i i  Sacc . 
Scopulariops is sp . 
Sepedonium sp . 
Sphaeropsis sp . 
Spicaria sp . 
Stagonospora mel i loti ( Las . )  Petr . 
Stemphyl ium botryosum Wr . 
Stemphyl ium spp . 
Stysanus medius Sacc . 
Tetracoccosporium pax ianum S zabo 
Trichocladium basicola ( Be rk . & Br . ) 
Car . ( Chalara elegans Nag Ra j & 
Kendrick 1 Thielaviops i s  bas icola 
( Berk � & Br . )  Fer . ) 
Trichocladium spp . 
Trichoderma album Preuss 
T .  l ignorum ( Tode ) Harz 
T. viride Pers . 
Trichoderma spp . 

Trotteria sp . 
Truncatel l a  sp . 
Ulocladium sp . 
Vertici l l ium albo-atrum Reinke & Bert . 
Y.. . dah l iae Kleb . 

Y.. . l ateritium ( Ehre . ) Rabenh . 

Y.. . nigrescens Pethybr . 
y .  tenerum 
Vertic i l l ium spp . 

Volutel la sp . 
Wa itea circinata War . & Tal . 
Wardomyces anomal a  Brooks & Hansford 
Zygorhynchus sp . 
Zythi a  sp . 

se 4 
AF 2 7  RC 4 7  
RC 4 7  
AF 1 6  RC 1 2 1  1 6 1 2 1  
A F  8 BM 5 B T  3 2  RC 
2 2 1 3 1 1 4 7  se 4 1  46  
WC 22  I 23  I 28  

1 3  

AC 2 5  AF 1 1  1 0  BM 5 
RC 1 1  1 0 1 1 1 1 1 2 1 2 6 1 
4 5 1 se 4 
RC 1 8  WC 2 2 1 2 8  
AF 2 7  WC 2 8  
RC 4 0  
RC 1 0  
RC 2 1  
RC 1 1  
AF 8 1  2 7  
RC 4 7  
A F  1 RC 1 
AF 1 RC 1 
RC 4 4  

AF 8 RC 40 SA 3 6  
BT 3 2  RC 4 2  WC 2 2 1  
AF 1 RC 1 
WC 2 2 1  2 3  
AF 1 RC 1 1  1 0 1 2 6  
AF 1 0 1  3 3  BT 3 2  RC 
1 1 1 1 2 1 2 1 1 4 0 1 4 3 1 
se 4 6  we 3 9  
RC 2 1  
se 4 6  
se 4 6  
AF 2 1  8 1  2 7  WC 2 
AC 2 4 1 2 5  AF 2 0  RC 
2 I 3 4 1 4 0  SA 1 9  
AF 1 
AF 1 
RC 4 0  

2 3  

4 5  

AF 3 3  BT 3 2  RC 2 1 1 4 1 
WC 2 3  
RC 4 0  
se 4 I 4 6  
RC 1 
AF 1 RC 1 0 1 4 5  
RC 2 1  

' :  AC, a l sike clover; AF, lucerne; BM, barrel medick; BT, birdsfoot trefoil;  RC, red clover; 
SA, saiofoin;  SC, subterranean clover; WC, white clover. 

2 :  1 .  Aube and Deschenes, 1 967. 2 .  A ube and Sackston, 1 964. 3.  Baldwin, 1962. 4.  Barbetti, et  al. 1 986 a .  
5.  Bretag, 1985. 6 .  Campbell, 1980. 7 .  Carroll a n d  Elliott, 1964. 8 .  Close et  a l . ,  1982. 9. Cral l ,  195 1 .  
10.  Elliott et a l . ,  1969. 1 1 .  Fezer,  1 96 1 .  12. Fulton and Hanson, 1 960. 1 3 .  Garren, 1955. 



14. Gerdemann, 1955. 1 5 .  Gordon, 1959. 16. Gough and Ell iott ,  1956. 17.  Hat pin et a l . , 1952. 
18. Henson and Valleau, 1 937. 19. Isaac, 1946. 20. I saac 1 957. 2 1 .  K i t patrick et  al., 1 954. 

22. Kitpatrick, 1 959. 23. Kilpatrick and Dunn, 1 96 1 . 24. Leach et a l . ,  196 1 . 25.  Leach et a l . ,  1963. 

26. Lea th e t  al . ,  1 97 1 . 27. Leath e t  al . ,  1 988. 28. McCarter and H a t pin,  1962. 29.  Menzies, 1 973.  

30 . Ooka and Uchida,  1982. 31.  Ostazeski, 1957.  32. Pettit et  a l . ,  1 966. 33. R ichard,  1 98 1 .  

34. R oberts, 1963. 35.  Sanford, 1 933. 36. Sears e t  a l . ,  1 975. 37 . Sherbakoff, 1 928. 

38. Skipp and Christensen, 198 1 .  39. Ski  pp and Christensen, 1 983. 40. S k i pp et  al . ,  1 986. 

1 4  

4 1 .  Sundheim, 1970. 42. Tverskoi et a l . ,  1 950. 43. Wanson and Ma raite, 1984. 44. Watson and Guthrie,  
1964. 45. Willis, L965 46.  Wong e t  al . ,  1 985 a .  47. Ytimaki,  1 967 

2.3.2 S e edling damping-off 

Dampi ng-off, caused by species  of Pythium, Phytophthora, and other  

fungi, is the  most  widespread and destructive seedl ing d i sease  of clovers and 

lucerne (Hanson and Krei t low, 1953;  Leath et  al . ,  1988) .  Damping-off can 

destroy seedlings before (pre-emergence damping-off) or  afte r  (post-emergence 

damping-off) t hey e merge from the soi l  (Hanson and Kreitlow, 1 953) .  

Resistance t o  seedli ng pathogens usually increases gradual ly as seedl ing s  

ge t  older (Halpin and Hanson,  1958 ;  Ch i  and Hanson,  1 962; Latch and Skipp,  

1987) .  Temperature, so i l  type, and soi l  moisture content  influence the 

development of  res istance ( Chi  and Hanson, 1962) as wel l  as the severi ty of 

d i sease  (Leach, 1 94 7; Graham e t  al . ,  1 957 ;  Latch and Sk i  pp, 1987) .  An except ion  

to th is  general ru le  i s  i nfection by Phytophthora megasperma f .sp . medicagin is 

Kuan & Erwin,  because th i s  fungus can also cause root rot on  adult plan ts of 

lucerne  (Leath et al . ,  1988 ) .  

2.3.3 Root rot 

Root rot i s  a severe and often  l imi ting problem on  red clover everywhere 

i t  i s  grown. I t  also occurs in  varying degrees  on other  forage legumes .  Damage to 

forage legumes  result ing from root rot  has been known in Europe s ince at  least  

1 669 and in  America s ince 1 747 (Fergus and Val leau,  1 926) .  The root  rot  prob lem 

has  been stud ied  extensive ly s ince the 1 920s, particular ly in  the USA.  Root ro t  i s  

t hought primari ly to  be caused by fungi, although phys iogenic d isorders, such as  
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internal breakdown in the crown of red clover (G raham et a l . ,  1960 ;  

Cressman, 1 967) ,  and bacteria have now been also implicated in root deteriorat ion 

(Shinde and Lukezic, 1 974;  Lukezic et  a l . ,  1 983 ;  Leath e t  a l . ,  1 989) ,  

Many fungi can attack roots of forage legumes (Table 2-3- 1 ) .  Some, such  

as  Cyl indrocladium spp . ( Ooka and Uchida, 1 982) ,  and Cod inaea ferti l is Hughes  

& Kendrick ( Menzies, 1 973 ) ,  are  highly v i ru lent  pathogens .  They can act a lone ,  

each caus ing a particular type of  rot. Such cases have been wel l  documentated 

and reviewed by Leath ( 1985 ) ,  Latch and Ski pp ( 1 987) ,  and Leath et  al . ( 1 9 8 8 ) .  

I n  cont rast, a complex of several relat ive ly weak pathogens contribute to root  

deterioration, causing what Hanson and Krei tlow ( 1953 )  cal led "common root  

rot " .  This  kind of  root  rot  can occur at  al l  stages of  plant development.  The  

general symptoms of the  disease have been summarised by  Hanson and Kre i t low 

( 1 953) ,  Latch and Skipp ( 1 987) ,  Barbetti e t  a l .  ( 1 986 a) . 

The rate of development of disease i s  often  dependent on the environment  

and the type of  management to which the crop has been subjected.  Phys ica l  

e nvironment and  stress of  many kinds can  e nhance the development of root  rot .  

These  s tress factors wi l l  be discussed in another sect ion of  th i s  chapter .  

Speci e s  of Fusarium are the fungi most commonly isolated from diseased 

roots  of  forage legumes (Table  2 -3- 1 ) .  This  i s  probably the reason common root  

rot  is also ofte n  called "Fusarium root  rot complex" in  N orth America (Leath et  

al . ,  197 1 )  and Europe ( Ylimaki,  1967 ;  Sundheim, 1 970;  Rufelt, 1 986) .  However ,  

research in N ew Zealand suggests  that Trichocladium basicola ( Berk.  & Br . )  Car . ,  

�- scoparium Morgan, and Verticil l ium dahliae Kleb.  should be considered as 

potent ial ly important pathogen s  of red clover in addi t ion  to the Fusarium spp .  

normally associated wi th  root  rot in  other  parts of  the world (Ski  pp e t  al . ,  1 9 8 6 ) .  

Besides  Fusarium spp. ,  many other fungi h ave been  reported as  

components of  the root  rot complex (Table  2-3 - 1  ) . Many can colonise ,  invade,  and  

cause root ro t  of  red clover seedlings (Ki lpatrick e t  a l . ,  1 954;  Fulton and  Hanson ,  

1 960;  Skipp e t  a l . ,  1986 ) .  Some pathogenic  s imilar i t ies  between fungal spec ie s  

i solated  from roots of  lucerne and red  clover have been  reported (Carrol l  and  

Ell iott ,  1964; El l iott et  a l . ,  1 969;  Leath e t  a l . ,  1988 ) .  
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2.3.4 Wil t  

Wilt di sease can destroy en t ire stands of lucerne with in  a few weeks 

(Krei tlow, 1962 ; Christe n and Peade n, 1 9 8 1  ) ,  and l imit  product ion of clovers and 

other forage legumes ( Isaac, 1 946 ;  1957 ;  Pratt, 1 982 ) .  Although bacte rial wi l t  of 

luce rne caused by Clavibacter  michiganese subsp . ins idiosum ( McCulloch 1 925)  

Davis ,  Gillaspie ,  Vidaver, & Harris 1 984 (Corynebacte rium insidiosum 

(McCulloch) Jensen)  can be a serious problem in some areas, most wi l t  d iseases  

of  forage legumes are caused  by Vert ic i l l ium albo-atrum Reinke & Bert . ,  V .  

dahl iae, and Fusarium oxysporum Schlecht . ,  ( lsaac, 1 946 ;  1 957 ;  Leach e t  al . ,  

1 963 ;  Aube and Sackston, 1 964; Milton and  Isaac, 1 976;  Pratt, 1979 ;  1 982; Sk i  pp  

e t  al . , 1986;  Latch and Skipp, 1987. For  details see  Table 2-3- 1 ) .  

Details  of individual  wilt  d isease  of forage legumes are summarised by 

W eimer ( 1928) ,  I saac ( 1 946, 1 957) ,  Kre i tlow ( 1962) ,  Christen and Peaden ( 198 1 ) ,  

and Pratt ( 1 982) . 

Verticil l ium albo-atrum is the major causal agen t  of vertici l l ium wilt in 

lucerne . It was reported first  in Sweden in  1 9 1 8  and in Germany in 1 938 (Leath 

et al . ,  1988 ) .  It was establ ished throughout Europe in  the 1 940's and 1 95 0' s  

( Kreit low, 1962 ) .  It was first  found in  North America i n  Canada in  1 962 (Aube 

and Sackston,  1 964), and in the USA in 1976 (Graham et  al . ,  1977 ) .  The disease 

i s  one of the most destructive diseases of lucerne in  Great Britain and Europe 

( Krei tlow, 1 962) ,  and occu rs wherever  the crop is  grown.  The pathogen has also 

been isolated from Ladino clover (Aube and Sackston, 1 964 ) .  

Vert ici l l ium dahl iae has been isolated from lucerne ( Isaac, 1957;  Aube 

and Sackston,  1 964),  red clover (Aube and Sackston,  1964 ; Skipp e t  al . ,  1 986 ) ,  

a l s ike clover (Leach e t  a l . ,  1 963 ) ,  and  sainfoin ( Isaac, 1946 ) .  

General ly ,  vert ic i l l ium wilt i s  much less of a proble m  o n  clovers than on  

luce rne .  However, i t  has  been reported that isolates of  V. dahl iae from lucerne 

caused wilt  of red clover and other clovers ,  and vice versa (Aube and Sackston,  

1 964;  Mi lton and Isaac, 1 976) . 

Different form species of F .  oxysporum ( that have d iffering host  

specificity)  have bee n  described on  l ucerne and clovers. F .  oxysporum f . sp .  
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medicaginis  (Weimer) Sny.  and Hans . ,  causal age nt of  Fusarium wi l t  in lucerne ,  

was  f irst reported by Weimer  in 1 928 i n  the USA, and  has s i nce been found  in  

many o ther  areas of the  world .  Some other  forms have a l so  been reported to be  

pathogen ic  to lucerne (Leath e t  a l . ,  1 988 ) .  A new form species  of  F.  oxysporum 

has been reported from M ississippi which causes a wi l t  d isease of crimson clover  

( Pratt ,  1982 ) .  

A Fusarium w i l t  disease of red clover  was reported from Russia i n  1 9 17 

( Pratt ,  1 982) ,  from Switze rland in  1928 ( Neuwei ler ,  1928) ,  and later from Iowa, 

U SA (Crall ,  195 1 ) . Fusarium oxysporum was thought to be the causal agent ,  but  

no  detai led i nformation was g iven by the  authors.  

2.4 EFFECTS OF S OIL TEMPERATU RE AND M OI STURE, A N D  

OTHER FACTORS ON ROOT ROT COMPLEX OF FORAGE LEG U MES 

2 .4 . 1 Effects of t e mperature and moi s ture on mycelial growth o f  

root-rotti n g  fun gi fro m forage le gume s i n  culture 

The re lat ionsh ip  between temperature , moisture, and fungal growth has  

been reviewed by Yarwood ( 1965) ,  Griffin ( 1963) ,  and Cook and Duniway ( 19 8 1 ) .  

The optimum temperature and minimum water  potent ial for mycelW growth of 

some root-rott ing fungi from forage l egumes are l i s ted  in Table  2-4- 1 .  

Optimum temperatures for fungal growth i n  culture ranged from zoo - 300C 

(Table 2-4- 1 ) .  Trichocladium basicola, .C. destructans, and two Yerticill ium 

species have re lat ively l ow optimum temperatures (20 - 25°C) , s imi lar to those of 

red clover ( see  section 2.2. ) .  The remaining fungi in Table 2-4- 1 have a h igher  

opt imum temperature than red  clover .  The results  indicate that,  i n  most regions 

the temperature at  some t ime (seasonally or d iurnal ly )  wil l  be  favourable  for  the 

fungi . Yet ,  d iseases caused by T.  basicola and Verticll ium species occur more  

often at  relatively low temperatures ,  whereas Fusarium d iseases tend to be  

favoured by higher temperatures. 

The minimum moisture requirements for fungal growth in  culture are 

marked ly d ifferent (Table 2-4- 1 ) .  Rhizoctonia solani ,  I. basicola, and the  two 
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Vertici l l ium species requi re a higher  moisture con ten t  than Fusarium spec i e s .  

A lte rnari aalternata can grow under  extremely d ry cond i t ions.  Since the min imum 

moisture requirements of  the fungi ( -60  to -2 1 0  bars ) are  well below those of  t h e i r  

hosts (pe rmane nt wil t ing po int a t  - 1 5 bars) ,  they would b e  expected t o  con t i nue  

growing when hos t  plants had wilted through lack of  moisture .  Most fungi wi l l  

thus be less adversely affected than the i r  hosts by decreased moisture conte n t .  

In  practice, tempe rature ,  moisture,  and  o ther  e nvironmental factors can 

seldom be t reated separate ly, because changes in one e nvironmental facto r  can 

affect another .  For example ,  the exper iment carri e d  out by Manandhar  and  

Bruehl ( 1 973) showed that  the  effects of temperature o n  the  growth of V. dahl iae 

i n  culture were influenced by moisture content .  A t  3SOC, the fungus d id  not  grow 

on ordinary corn meal dextrose agar, but when the water  potent ial was reduced t o  

-30 t o  -40 bars, considerable growth occurred.  

Table 2 - 4 - 1 . The optimum temperatures ( °C ) and minimum water 
potentials ( -bars ) for mycel ial growth in culture of some 
selected fungi isol ated from roots of forage legumes . 

Fungi 

Alternari a  alternata 
Cyl indrocarpon destructans 
Cyl indrocladium scoparium 
Fusarium culmorum 
,E .  mon i l i forme 
,E .  oxysporum 
,E .  solani 
Gl iocladium roseum 
Rhi zoctonia solani 
Trichoc ladium bas i co l a  
Verticil l ium albo-atrum 
y .  dahl iae 

Temperature 

2 5 - 2 8  ( 4 ) 1 
2 0 - 2 1  ( 4 )  
2 5 - 3 0  ( 4 )  
2 5 - 3 0  ( 4 )  
2 8  ( 6 )  
2 8  ( 1 ,  4 )  
2 8 - 2 9  ( 1 ,  4 )  
2 4 - 2 8  ( 6 )  
2 5 - 3 0  ( 8 )  
2 0 - 2 4  ( 4 )  
2 0 - 2 4  ( 4 )  
2 0 - 2 5  ( 2 )  

Moisture 

2 1 0  ( 4 )  

1 3 0  ( 4 )  
1 8 0  ( 4 )  
1 2 5 - 1 5 5  ( 4 )  
1 4 0  ( 4 )  

6 0  ( 5 )  
< 8 0  ( 3 )  
< 1 0 0  ( 3 )  
< 1 0 0  ( 7 )  

1 :  1 .  Chi and Hanson, 1964. 2 .  Congly and Hall, 1976. 3.  Cook and Papendick, 1972. 
4. Domsch et al . ,  1980. 5. Dube et al., 197 1 .  6. Fulton and Hanson, 1960. 7 .  Manandhar and Bruehl,  
1973. 8. Smith,  1946. 



2 .4 .2  Effects  of temperature  and m o i s ture  o n  the  d eve lopment  of 

root rot 

The effects of temperature on root rot of forage legumes have been 

investigated in  glasshouse experimen ts ,  and monitored i n  f ie ld  p lots .  

The severity of root rot of red clover caused by Fusarium spp. (Kre itlow 

and Hanson,  1950 ;  Chi  and Hanson,  1959 ;  S idd iqui  and Hal isky ,  1968 a ) ,  or 

combinations of Fusarium spp. wi th  other so i lborne pathogens (Fulton and 

Hanson, 1 960) ,  increased with  i ncreased temperature i n  the range of  1 2  - 32°C.  

The most severe root rot developed a t  28 - 32°C. 

Simi lar results were reported by McCarter and Halpi n  ( 1 962) on wh ite 

clover,  but they found  that temperature-related effects varied with the i nd iv idual 

fungal species .  Wong et al .  ( 1 984 )_ a lso found that the effect of temperature on  

the  development of  root ro t  of subterranean clover plants inoculated wi th  a range 

of soilborne pathogens (both alone and in combinations )  d iffered with the fungal 

species used .  They demonstrated that the most severe root rot occurred at 1 0°C, 

· with less at 15  and 25°C, and least at 20°C. 

The effect of temperature on i nvas ion and damage of forage legumes by 

root-invadingfungi has also been inve stigated in  f ie ld plots .  O'Rourke and Mi llar  

( 1 966)  found  that the recovery of root- invading  fungi  (mainly F .oxysporum) from 

field grown lucerne ,  both as total numbers and percentage of i solates ,  was highest  

during the summer.  

I n  most of the above stu dies when Fusarium spp. were the mam 

component of root i nvading mycoflora, the i nflue nce of temperature on root rot 

was s imilar to that on the growth of Fusarium spp. in  culture . This suggests that 

the Fusarium species dominate the in teract ion of plant and pathogen at h igh  

temperatures. I n  addit ion to d i rect effects on  fungal growth,  high temperatures 

may d i sturb physiological processes of the plant ( see  sect ion 2.2. 3 ) . 

The effect of soi l  moisture on  root rot development  has been  less wel l  

stud ied  than the effect of  temperature and results show less  agreement  betw e e n  

o n e  another. Root rot of r e d  clover  incited by Fusarium spp. was more severe 

1 9  
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(Chi and Hanson,  1 95 9 ;  Ylimaki, 1 967) ,  and more plants d ied  ( Fezer, 196 1  ) ,  i n  d ry 

soil than in  very wet so i ls .  However, Fezer ( 1 96 1 )  found that poor aeration under  

high soil  moisture condit ions caused  physiological deteriorat ion of red  clover  

roo ts .  

Wong et a l .  ( 1984) reported  that  the most seve re root-rott ing of 

subterranean clover occurred at 65% of water hold ing capacity (WHC) ,  with less  

at 45% of  WHC, and least under  flooding conditions .  

However, in other reports, soi l  moisture content d id  not influence root 

rot development in lucerne (Leath e t  al . ,  1 97 1 ;  Emberger and Welty, 1983) or  

subterranean clover  (Barbetti  and  MacNish,  1 978) . 

Differences between the results of the above studies  may partly be due to  

the  use  of d ifferent host p lants and  pathogens i n  each experiment, and  to the use  

of d ifferent types of  so i l ,  and  of d ifferent  criteria for measurement of water  status 

of the soi ls .  I t  seems necessary for both wate r  content and water potentia l  to be 

measured i n  studies  on the re lat ionship between soi l  moisture and root rot  

development .  

2.4.3 E ffe cts of oth e r  facto rs on r o o t  rot dev e lopme nt 

Publicat ions resulting from both f ie ld  and glasshouse experiments h ave  

shown that there i s  a close connect ion between severity of root rot and  the effects 

of various e nvironmental,  biological and management factors  which put a stress 

on the p lant .  This  topic  has  been reviewed by Leath e t  al .  ( 197 1 )  and Latch and  

Skipp ( 1987) ,  so these factors wi l l  be  only briefly d iscussed here .  

Damage caused by insects and  nematodes  not on ly reduces the vigour of  

plants ,  but also, and perhaps more i mportantly, provides  an avenue of  e ntry for 

the root-rotting fungi  through the ir  feeding wounds on the root surface (Graham 

and Newton,  1960;  K i lpatrick and Dunn,  196 1 ;  Leach e t  al . ,  196 1 ;  1963 ; Wil l i s  and 

Thompson, 1979) .  Physiological changes taking p lace as a resu l t  of  root injury can 

alter  the host-pathogen interact ion to favour fungal development  i n  the root 

( Stutz e t  al . ,  1985 ) .  Consequently ,  root rot d evelopment can be e nhanced by the 

presence of insects  and/ or nematodes .  

/ 
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The insects most often  associated with  root rots of clovers and lucerne are 

clover root curcu l io (S i tona hispidulus F . )  and clover root borer ( Hylasti nus 

obscurus Marsham) (Leath et al . ,  1 97 1 ) .  Increased root rot caused by the 

presence of  the root  curcul io  and/ or  root borer  have been reported for red clover  

(Graham and Newton, 1959 ;  Thompson and Wil l i s ,  1 968) ,  alsike clover  (Leach  et  

al . ,  1 963) ,  white clover  (Graham and Newton, 1960;  K i lpatrick and Dunn, 1 96 1 ;  

James e t  al . ,  1980) ,  and luce rne ( Hi l l  e t  al . ,  1 969) . Dunn et al .  ( 1 964 ) ,  however, 

fai led to find a l ink between Sitona spp. and root rot of white clover .  

Other  i nsects that  have been shown to  enhance the development of  root  

rot  included a root  feeding weevil (Calomycterus setarius Roelofs) on  red clover 

(Newton and Graham,  1 963) ,  and a fungus gnat, ( B radysia sp. )  on  red  clover  and 

lucerne (Leath and Newton, 1969) .  

Insects feeding on  growing shoots also can affect root health . Leath and 

Byers ( 1 977) reported that  both pea aph i d  (Acyrthosiphon pisum Harris ) ,  and 

potato leafhopper ( Empoasca fabae Harris)  can i ncrease root rot of red clover,  

white clover and lucerne .  

Information on nematode damage to  clovers can be found i n  a review by 

Skipp and Gaynor ( 1 987) . Root rot of lucerne has been reported to be  e nhanced 

by root knot nematode ( Meloidogyne spp . )  ( McGuire et  al . ,  1 958 ;  Kushner  and 

Crittenden, 1 967;  Welty et  al . ,  1980; Griffi n  and Thyr, 1988 ; ) ,  and root l e s ion  

nematode (Pratylenchus penetrans (Cobb) Fi l ipjev & Schuurmans Stekhoven)  

( Mauza and Webster,  1 982) .  In a f ie ld  study, W i lls and Thompson ( 1979) 

demonstrated  that Fusarium i nfection  of lucerne was l east i n  plots wi th  the l owest  

number of n e matodes.  In  contrast, Leach et  al .  ( 1 963) found no  evidence that  

root rot  of als ike clover  i ncreased in the p resence of a Pratylenchus sp . .  

Infect ion by l eaf and stem pathogens can also predispose p lan ts to greater  

damage from root-rott ing fungi. Diseases  which  have been reported  to e nhance 

the sever i ty of root rot  are spring black stem and leaf spot of luce rne caused by 

Ascochyta imperfecta Peck (Phoma medicaginis Mal. and Roum. )  ( O'Rourke and 

Mi llar, 1966) ,  bacter ia l  diseases of luce rne caused by Pseudomonas marginal is 

var. alfalfae Shinde & Lukezic 1974 o r  an unidentifi ed  bacter ium ( WB-3) )  

(Shinde and Lukezic, 1 974 ) ,  and d i seases  of red clover caused  by red clover  ve in  
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mosaic v i rus (De nis and El l io tt ,  1 967) ,  clove r yel low mosaic virus, white c lov e r  

mosaic v i rus (Watson and Guthr ie ,  1964 ) ,  of arrowleaf clover caused by bean  

ye l low mosaic v i rus (Pratt e t  a l . ,  1 982 ) ,  and  of  whi te  clover  by clover yel low v e i n  

v irus (Campbe l l  and Moyer, 1 983 ) .  

Management  practices have an  important i nf luence o n  root rot  

development of  forage legumes. They e i ther  i ncrease the sever i ty of root  ro t  or  

s low down disease development .  Cutt ing regime and plant  nutr ient  levels  are two 

important cons iderations.  

Clipping  reduces carbohydrate rese rves m the roots ( Nelson,  1925 ; 

Virtanen and Nurmia, 1 936 ;  Tesar and Ahlgren,  1950 ;  Colvi l le and Torr ie ,  1 962 ;  

Lukezic e t  a l . ,  1969 b;  Hay,  1 985) .  Consequently, i t  can  greatly i nfluence the  

sever i ty of root ro t  and  p lan t  surv ival .  I t  has been  found  that frequent and  severe  

cl ipping i ncreases damage by root- invading fungi . Th i s  has been demonstrated 

i n  expe riments wi th  red clover  ( Fulton and Hanson, 1960 ;  Fezer, 196 1 ;  S id d i qu i  

e t  al . ,  1968;  El l iot t  e t  a l . ,  1 969 ;  Sundheim,  1970;  Rufelt ,  1986) ,  white c lover 

( M oody e t  al . ,  1 967;  Menzies ,  1 973) ,  and lucerne (O'Rourke and Mi l lar, 1 9 6 6 ;  

Lukezic e t  al . ,  1969 a ) .  However, experiments i n  which c lipp ing d id  n o t  increase 

root  rot sever i ty of  red clover have a lso been report ed  (Leath and Kendal l ,  1 978 ) .  

Addit ion of fe r t i l izers,  particularly potass ium, can reduce root ro t  

d evelopment a s  demonstrated experimental ly o n  red  clover ( Chi  and  Hanson ,  

1 964) , and  lucerne (S t ivers  e t  al . ,  1956 ;  O'Rourke and  Mil lar,  1966 ) .  Fezer  

( 1 96 1 ) ,  however, sugges ted  that  nut r i en t  balance had a greater i nfluence on root  

rot  of  red clover than d id  t he  absolute level  of  i nd iv idua l  nutr ients .  

I L ( 
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2 .5  METHODS USED T O  O BTAI N  PLANTS WITH D I FFERENT 

LEVELS O F  ROOT D I S EASE 

2 .5 . 1 Glasshouse  stu d i e s  

2 .5 . 1 . 1 Soil  (growth substratum) infestation me thod 

Th is  method has been used extens ively in glasshouse s tudies  on the effects 

of pathogens  on seed germination,  seed l ing damping-off, wilt ,  root rot , and the 

i nteractions of fungi with insects ,  nematodes ,  or v iruses .  

Various plant growth media  have been used including s teri l i sed  so i l ,  sand ,  

or mixtures of steri l ised so i l  with sand or vermicu l ite . Non-ster i le  so i l  has  rarely 

been  used because of d ifficul ties i n  e stablish i ng pathogens i n  a medium which 

often  contains micro-organisms antagonistic to the pathogens .  

Media used to grow fungi before incorporation into the plant growth 

substrate often include agar med ia  ( Halp in  e t  a l . ,  1952 ;  Benedict ,  1954 ;  

Gerdemann, 1954 ;  McDonald,  1 95 5 ;  Graham e t  a l . ,  1 957 ;  Ful ton and 

Hanson , 1960 ;  Fezer, 1 96 1 ;  Chi  and Hanson, 1962 ;  Yl imaki,  1966 ;  McGee and 

Kellock, 1974) ,  l iquid med ia such V-8  juice (Lukezic e t  al . ,  1 969 a ;  Wel ty e t  al . ,  

1 980;  Ooka and Uchida,  1 982;  Gray a n d  Wofford, 1 987) ,  cereal grain s  o r  t h e  seeds  

of other p lants (Cormack, 1937;  Smi th ,  1 943;  Menzies ,  1 973;  Mi l ton  and  Isaac, 

1 976;  Barbetti and MacNish ,  1 978 ;  H ancock, 1983 ;  Mi l l i s ,  1984; Wong e t  al . ,  1 984 ; 

Barbetti et  al . ,  1986 b ) ,  mixtures of sand with ground cereal  product s  such as  

cornmeal ,  wholemeal e tc. ( Graham and Newton,  1960 ;  Newton and Graham,  

1 963;  Thompson and Wi l l is ,  1 968;  Aube and Gagnon, 1 970; Sherwood e t  a l . ,  1 970 ;  

Burgess  et a l . ,  1973 ; Campbel l ,  1980 ;  Sk i  pp and  Christensen, 1 982;  Pratt e t  a l . ,  

1 982; Bre tag, 1985 )  or vermicul i te moistened wi th  nutrient solution (Watson and  

Guthrie ,  1 964; Greenhalgh and Taylor, 1985 ) .  

Fungal cultures on agar or  l iquid media are u sually macerated before 

i ncorporation into the soil  medium, whereas inoculum on grains  or from sand or 

ground cereal products may be added d i rectly. Soil  also can be inoculated.nby 
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sprayi ng a spore or myce l ia l  suspension o n  t o  the seed bed  before o r  after  sow i ng 

(Gerde mann, 1 954 ; lrwin  and Jones ,  1 977 ;  Gray e t  a l . ,  1 980) .  

Few s tud ies  have compared d iffe rent i nocu lat ion methods .  Gray and  

Wofford ( 1 987)  found tha t  i ncorporation  of i nocu lum into the  soi l  gave le s s  

sat isfactory results than by  placing inoculum in  the  seed furrow just  before 

p lant ing .  Material added to  the soi l  with the fungal i noculum, such as PDA or 

grai ns ,  may also provide a good substrate for  development  of air-borne pathogens  

or saprophytes which may mask the effect of  the tes t  fungi ( Ostazeski ,  1957 ;  Pett i t  

et  a l . ,  1 969 ) .  However, Pratt ( 1 982) reported that  resu l t s  were s imi lar whe ther  

obtained  by  d ipping roots, or adding i noculum grown on agar or  corn mea l/  sand  

media o the  so i l  v ia  a ho le .  ' ·  

Various  methods have been used to i nfest  medium containing the  

e stabl i shed root  system of o lder  or  mature p lants .  Many researchers have a d d e d  

inocu lum to holes made i n  t h e  s o i l  around  the plants  (Smith, 1 943;  Graham and  

Newton,  1 959 ;  Fulton and  Hanson, 1960 ;  Newton and  Graham, 1963;  Thompson  

and  Wil l i s ,  1968 ;  Sundheim, 1 970; Irwin and  Jones,  1 977;  Pratt e t  a l . ,  1982; Gray 

and Wofford , 1 987 ;  Griffin and Thyr, 1 988) . Others h ave s imply poured the  

inoculum suspension into the pots (Leath and  Newton,  1 969; Lukezic e t  a l . ,  1 969 

a ;  Menzies , 1 973 ; Ooka and U chida, 1982) ,  or i njected  it into the substra tum 

around the  roots with a hypodermic syringe (Schmitthenner and  Wil li ams,  1 95 7 ) . 

D i sturbance of roots due to transplant ing or ho le -making can be avo ided  by 

insert ing a cen trifuge tube into the so i l  in the  pot before seeding or transplan t ing 

and l e aving i t  there unt i l  the t ime of inoculat ion ( Halpin  and Hanson,  195 8 ) .  O n  

t h e  other hand,  to optimise the contact between  t h e  inocul u m  a n d  t h e  root  

surface , roots can be d ipped i n  inocu lum suspens ion pr ior  to  transplantat i o n  

( McDonald , 1 955 ;  Chi a n d  Hanson, 196 1 ;  Chi,  1965 ) .  

2 .5 . 1 . 2  Root d ip  method 

This  method has been used to study wi l t  d i seases  as wel l  as other  root  

d i seases  of  forage legumes .  

Seedl i ngs have been grown in  a s ter i l ised substratum,e .g .  so i l ,  pot t ing  m ix ,  

' r 
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mixtu res of soil and peat  o r  vermicul i te ,  then washed free of substratum. Some 

workers have d irectly immersed the  roots in inoculum suspe nsion (Aube, 1 96 6 ;  

Pegg and Parry, 1 983) , whi le  others have cut t h e  roots prior to inoculat ion (Auld  

e t  a l . ,  1976;  Christen and  Peaden, 198 1 ;  Richard e t  a l . ,  1 982;  Emberger and We l ty ,  

1 983 ;  Hawthorne ,  1987 ) .  Ski  pp e t  al . ,  ( 1 986 )  found that  t rimmed and non

t rimmed roots infected equal ly well  by several so i lborne fungi .  Afte r  inoculat ion 

the seedlings are re-planted in a steri l ised substratum. 

2.5 . 1 .3 Root-i njuring method 

This method has been mainly used for s tudying effects of root- invading  

fungi on  several-month -old or mature plants .  

In most reporte d  work, plants were i noculated  i n  .s.ilu.. The crown and 

upper part of the  tap roots were exposed by removing the  growth substratum and 

wounds made by sever ing roots with a steri le need le  (Pett i t  et a l . ,  1969 ;  Sundhe im,  

1 970 ;  Auld e t  a l . ,  1976 ;  Johnson e t  a l . ,  1982) ,  by  cut t ing wi th  a scalpe l  (lsaac, 

1 946 ;  Graham and Newton, 1 960; Yl imaki ,  1967 ;  Leath and Byers , 1977 ) ,  by 

spl i t ting the crown (Staten and Leyendecker,  1949) ,  or by dri l l ing with a s ter i l i sed  

b i t  (Fezer, 196 1 ) .  Inoculum was then app l i ed  to the wound,  and the growth 

substratum replaced (Jones and Weimer, 1938 ;  Krei tlow and Hanson, 1 95 0 ) .  

2.5 . 1 .4 Slant-board method 

This is  a nutri e n t  solution culture method in which the roots grow betw e e n  

layers of polyester c loth (Kendal l  and Leath,  1 974) . Inoculum i s  prepared by 

placing steri le polyester  strips,  1 x 1 .5 cm, on the surface of agar near the  

advancing edge of a fungal colony .  When the  strips were covered w i th  the  fungal 

myce lium, they were removed and posit ioned on  a root .  The method affords 

frequent, non-injurious,  d irect observation of i noculated s i tes .  I t  a lso p rovide s  1 r 7 

a means to determine <the degree of root rot, and its effect on the growth of 
'-

indiv idual plants (Leath and Kendall ,  1 978 ; Stutz and Leath ,  1 983 ;  Stutz e t  a l . ,  

1 985 ; Leath e t  al . ,  1989) .  
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2.5 . 1 .5 Fungicide appl icatio n method 

This  me thod has mai nly bee n used to s tudy effects of mult ip le  pathoge ns 

on p l ants which may be con trol led select ively or non-selective ly by an appropriate 

fungicide .  Fie ld  soil take n from pasture with a h i story of root problems i s  used as 

the plant growth substratum. Intact ( undisturbed)  so i l cores have also been used 

(Smiley e t  al . ,  1986;  Barbett i  e t  al . ,  1987) . 

Fungicide has been  applied as a seed  treatment  (Chilton and Garber,  

194 1 ;  All ison and Torrie ,  1944; Gerdemann,  1 95 1 ;  Fulkerson, 1 953 ;  Mead, 1 955 ;  

Skipp et  al . ,  1986;  Smi ley e t  al . ,  1 986 ;  Hwang, 1 988) ,  mixed w i th  so i l  p r io r  to  

sowing ( Faechner and Bolton, 1978; Bretag and Kollmorgen, 1 986 ) ,  or drenched 

before or afte r  sowing ( Hancock, 1983 ; Skipp e t  a l . ,  1 986; Smi ley e t  al . ,  1 986,  

Skipp and Watson,  1987;  Barbetti e t  al . ,  1 987) . 

This method has  the advantage that d i sease develops from n atural  

soi lborne inoculum. H owever, because of the complex interact ions  which can 

occur in soi l ,  the fungic ide may not have i t s  major  effect on the target fungus .  

2 . 5 . 2  F i e ld plo t methods 

2 .5 .2 . 1 Fungic ide  appl ication method 

Three ways of fungicide applicat ion have  been reported i .e .  apply ing 

fungicide to  seed ,  to  the  sward, or to soi l . 

Seed treatment  wi th fungic ide prior to sowing has mainly been u s e d  to  

study effects of soilborne fungi on e stabl ishment (Falloon,  1 98 1 ) .  F ie ld  

experiments have been  carried out  w i th  treated seed  sown in to  1 - 2 m long  rows 

at a rate of 1 00 - 200 seeds  per row (Al l i son and Torrie,  1 944 ; Vl i tos  and Preston ,  

1949 ;  Gerdemann, 1 95 1 ;  Mead, 1 95 5 ;  Athow, 1957 ;  Falloon and Skipp,  1982 ) ,  

into small plots  of 30 - 45 cm2 (Kre it low et al . ,  1 950)  or into larger f ie ld  p lots  

(Tyler et  a l . ,  1 956 ) .  

Apply ing fungic ide to the sward has  not  ofte n  been  used  to  study root 

d isease.  It has  been employed mainly to examine effects in  establ i shed pasture 
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with fungicide be ing sprayed afte r each harvest of he rbage and effects asses sed  

over  one  or  more growing seasons (James et  a l . ,  1980 ;  Rufelt, 1 986 ) .  

Applying fungic ide d i rect ly to  the  so i l  has  been used  to study d isease . 

effects on all stages of plant growth.  Fungicide has been incorporated into so i l  

before (Sheaffer e t  al . ,  1982)  or  dur ing seed  sowing ( Bretag and Kollmorgen,  

1986) ,  or whi le  transplanting seedl ings (Wil l i s  and Thompson, 1 975 ) .  Fungic ides  

have also been  drenched in to  es tabl ished pasture (Leath et  a l . ,  1 973 ; l rwin and  

Jones,  1977 ; Taylor et  a l . ,  1 985 b ;  Greenhalgh and  Clarke, 1 985 ) .  

All t h e  studies cited above have  demonstrated the benefits of u s ing 

fungicides as experimental tools to study effects of root d i seases on forage 

legumes under field condit ions .  There are,  however, some d isadvantages which  

include secondary effects result ing from p hytotoxicity ,  or  beneficial  effects, such  

as  improvement of  nutri t ion of plants by release of  ammonium n itrogen or  

increase in  populations of  beneficial soi l  microorganisms (Agnihotri ,  1 97 1 ;  Ridge 

and Theodorou, 1 972; Rovira and Ridge , 1 979) .  

2 .5 .2 .2  Plant inoculation  method 

A few field experiments have been reported us ing a plant inoculat io n  

method.  Inoculation of e stabl i shed plants i n  the field h a s  b e e n  carried out i n  a 

s imi lar way to  that used i n  glasshouse trials ( see above) . Plants have b e e n  

i noculated by root d ipping in  t h e  greenhouse before transplantation t o  the f i e ld  

(Johnson et  a l . ,  1 982) ,  by i nject ion of i noculum to  the crown of  f ield-growing  

p lants with a syringe (Turner  and  VanAlfen,  1 983 ) ,  by  p lacing a smal l  port ion  of 

o at hull bearing i noculum against the tap root (Cormack, 1 937) , by p l ac ing 

inoculum into small-bore open ings of  the  roots and covering with p last ic f i lm to  

maintain high humidity (Kushner  and Crittenden,  1967) ,  or  by pouring i noculum 

suspension d irectly around the crown of each plant  (Faris and Sabo, 1 98 1 ) .  

Although satisfactory results  have been achieved by the above authors ,  

i noculation w ith soilborne pathogens  i n  the fie l d  i s  problematic .  I t  is prone  to  

fai lure i f  the  e nvironmental condit ions subsequen t  to  inoculum are unsuitable  for 

d isease development.  More i mportantly ,  most agricultural soi l s  are biologica l ly 
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buffe red and so i l  m icroorganisms are scatte red i n  the ir  d i s t r ibut ion , thus it i s  

d iff icult to  es tabl i sh  inocu lum, and also there i s  a tende ncy of d i sease  escape .  

2 . 5 .3  M i crop lo t  m e thod 

The term "m i cropl ot" i s  commonly used  to descr ibe container ised,  

m in iature plots of the type  used to s tudy the effects of nematode on  plant y i e ld 

( Barker, 1 985 ) .  Recently ,  th i s  method has been used to study the  in teraction of 

so ilborne fungi and nematodes,  fungal root  diseases, and some other  aspects 

re levant to so i lborne pathogens .  

Most u se  o f  microplots has been made in s tudies  on f ie ld crop problems .  

The only report involving forage l egumes was  a s tudy of effects of  northern root 

knot nematode ( Meloidogyne hapla Chitwood) on lucerne, birdsfoot trefoi l ,  and 

red and white clovers (Townshend and Potter, 1978 ) .  

Field so i l  has been  used a s  the plant  growth substratum in a l l  exper iments  

except one in  which pott ing mix was used (S ippel l  and Hal l ,  1982 ) .  Preparation 

of microplots  involves the following s teps :  - Fumigation of the soi l ,  e mbedd ing 

barriers in the ground,  infestation and plant ing. 

Exper imental areas are usually fumigated wi th methyl bromide or other  

appropriate fumigants before establish ment  of  the microplots ,  but  fumigat ion 

after establ ishment has a lso been reported (Kotcon e t  al . ,  1 985 ) .  Fumigated soi l  

i s  collected for inoculat ion with the tes t  organisms. 

Barriers of microplots are embedded into the ground.  Open-ended,  

unglazed, clay drain t i l e s  have been used as  barriers in  many experiments ( Mart in  

e t  al. ,  1982; Chun and  Lockwood, 1 985 ; Riede l  e t  a l . ,  1 985 ; Rowe e t  a l . ,  1 985 ; 

Francl e t  al . ,  1987;  Starr e t  al . ,  1989 ) .  However, polythene sheets  (Townshend and 

Potter, 1 978;  Kotcon e t  al . ,  1985 ) ,  fibreglass (Tooley and Grau,  1986;  van Bruggen 

e t  a t . ,  1986; Sidebottom and Beute,  1 989 ;  Sumner and Littrel l ,  1 989) ,  aluminum 

cans  (Sippell and Hal l ,  1 982) ,  and plast ic buckets (Pinkerton et  a l . ,  1 989) ,  al l  wi th 

d rainage hole s  on the bottom, have also been used.  

After the microplots have been set  up,  soi l  inoculated with the  pathogen, 

as described in glassho use studies ,  i s  placed in the appropriate microplots  and 
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seeds  sown.  

The micropiot method can offer many of the advantages of f i e ld  plot 

stud ies  while overcoming much of the variab i l i ty associated with the f i e ld  

e nvironment. I t  usually enta i l s  an enormous amount of  work. 

2 .6  EFFECTS O F  ROOT D I S EASES ON G ROWTH OF F O RA G E  

LEGUMES 

2.6. 1 Effects of d i se a s e s  on  e st ab l i s h m e n t  

The effects of some common so ilborne pathogens  on seed l ing  

e stablishment under glasshouse condit ions are summarised i n  Table  2-6- 1 .  

Pathogens whi ch have been  reported to reduce percent seed ling surv ival of forage 

legumes 2-6 weeks afte r  sow ing were Phytophthora megasperma Drechs . ,  

Gliocladium roseum Bainier ,  Mycoleptodiscus terrestris (Gerd . )  Ostazeski ,  and  

species of Pythium, Cylindrocladium, Fusarium, and Rhizoctonia (Table  2-6- 1 ) .  

The remain ing fungi l i s ted  i n  the table  had a sl ight effect on seed l ing  

establi shment.  

The influence of p athogenic fungi on e stabl ishment of forage legumes has  

also been demonstrated i n  experiments i n  which fungic ides  have been appli e d  to  

see d  or  the soi l .  Improved e mergence and  survival o f  seedl ings ha s  been  obtain e d  

in  glasshouse studies (Vl i tos and Preston,  1949;  Kreit low et a l . ,  1 950 ;  Fulkerson ,  

1953 ;  Jacks, 1 956 ;  Bretag and Kollmorgan, 1986 ;  Skipp et  a l . ,  1 986;  Skipp and  

Watson,  1987) and  fie ld  experiments (Sheaffer  e t  a l . ,  1 982 ; Falloon and  Skipp,  

1 982) .  



Table 2-6- 1 . Pathogens adversely af fect i ng seedl ing 
establ ishment of forage legumes i n  pot tria l s . 

Fungi 

Phytophthora cl andestina 
_E .  megasperma 
Pythium acanthicum 
_E . debaryanum 

_E . irregulare 

Hosts and references 

se 1 21 
AF 7 11 2 , 1 1 "  SA 1 1 "  
se 3 
AF 7 11 , 1 4 "  RC 1 3 " , 1 6 "  
SW3 1 4 "  WC 1 4 "  
AF 1 4 "  RC 1 3 11 SC 3 ,  4 11 , 1 2  
S W  1 4 "  WC 1 4 "  

_E . paroecandrum 
_E . splendens 

AF 1 4 11 RC 1 3  SW 1 4 11 WC 1 4 "  

_E .  ultimum 

Pythium sp . 

Rhi zopus . sp 
Chaetomium coch l i odes 
� . d i l i ochotrichum 
C ladosporium sp . 
Cyl indrocladium c lavatum 
� . crotalariae 

AF 
AF 
SW 
AF 
AC 
RC 
AF 
AF 
AF 
AF 
AF 
AF 

1 4 " 
7 "  ' 
1 4  
5 
5 
9 
2 
2 
2 
1 8  
1 8 11 

1 5  

RC 1 3 "  SW 1 4 "  WC 1 4 "  
1 4 " , 1 5  RC 1 3 11 

WC 1 4 "  
RC 5 ,  1 6 "  SW 5 
se 1 7 "  

Fusarium acuminatum 
,E . avenaceum AC 1 "  AF 1 "  se 1 2 , 1 7  WC 1 
,E . culmorum 
,E . moni l iforrne 
,E . oxysporum 

,E . roseum 
,E . solani 
G l i ocladium roseum 
Mycoleptodi scus terrestris 
Phoma medicaginis 
Phoma sp . 
Rhi zoctonia solani 

Rhi zoctoni a  spp . 
Trichoderma viride 
Trichoderma sp . 

AC 
AF 
AC 

AF 
AF 
AF 
AF 
se 
RC 
AC 
RC 
RC 
AF 
RC 

1 AF 1 ,  1 5  WC 1 
8 "  RC 8 "'  
1 AF 1 ,  7 ,  8 "  RC 6 ,  

1 6 "  se 4 
8 "' RC 6 ,  8 " , 1 6  
8 "'  7 RC 6 ,  8 "' , 9 ,  1 6  
1 6  RC 9"' 
8 "'  RC 8 "' , 
4 
1 6  
5 "  AF 2 ,  
5 "  se 7 " , 
9 "  ' 1 6  
2 RC 1 6  
9 

1 0 "'  

5 "  ' 
1 9  

7 "  ' 1 5 11 

SW 5 11 

• 1 .  Aube, 1966. 2. Aube and Gagnon, 1970. 3. Barbetti and MacNish, 1978. 

4. Barbetti et al . ,  1986 b. 5. Benedict, 1954.  6. Chi, 1965. 7.  Chi and Childers, 1966. 

8 ,  9 ,  

3 0  

8 .  Elliott, et al. ,  1969. 9. Fulton and Hanson, 1960. 10. Gerdemann, 1954. 1 1 .  Gray and Wofford, 
1987. 12. Greenhalgh and Taylor, 1985. 13. Halpin et al . ,  1952. 14. Halpin et al., 1954. 

15. Hancock, 1983. 16. Kilpatrick et al., 1954. 17. McGee and Kellock, 1974. 18.0oka and 
Uchida,1982. 19. Wong et al . ,  1985 b .  

2 :  The symbol s " and • indicate that percent survival of seedlings had been reported as less than 
10%, and 1 1-50%, respectively; percentages survival in remainder were 5 1-90%. 

3: SW, sweet clover (Meliotus officinalis (L.) Desr.) ;  Others see Table 2-4-1 .  



3 1  

2 .6 .2  Effects  of d iseases  o n  y i e l d  

Although the re i s  re latively l i t t le  quant itative data t o  ind icate the 

effects of d iseases on forage l egumes, est i mates of yield losses  of fo rage crops 

due to disease have been estimated in some countries ,  and effects of some 

individual pathogens have been demonstrated experimental ly .  

In  Ire land, an  est imated loss of 5% of the annual forage y ie ld  due to 

diseases represe nts a financial loss of over 20 mi l l ion pounds annual ly 

(O'Rourke, 1982 ) .  In  Canada the est imated annual y ie ld loss of forage crops 

due to fol iar d iseases of about 6% was, in  1973, equivalent to a loss of $9.4 

mi ll ion (Berkenkamp, 1974 ). Losses from root disease may approach or 

surpass those caused by foliar d iseases (Berkenkamp, 1 97 1 ) .  In the USA the 

losses of hay and seed yield of lucerne due to diseases have been es t imated 

about $400 mi l l ion in 1 972 (Leath e t  al . ,  1 988) . 

Ten fungal species  have been reported to cause more than 50% of 

reduction i n  shoot weight in  glasshouse experiments .  They were  T.basicola, 

�· scoparium, M. terrestris, Trichoderma viride Pers . ,  and species  of Pythium, 

Fusarium, and Rhizoctonia (Table  2-6-2 A ) ,  while the other fungi h ave given 

less than 50% of reduction . 

Effects of diseases on root weight have been studied to l e s s  an extent  

than those on shoots. Of 12 fungi tested,  only R .  solani was found to  reduce 

root weight more than 50% (Table  2-6-2 B ) .  

Field i noculation study also ind icated that y ie ld  can be decreased by 

root disease (Faris and Sabo, 198 1 ) .  Two years of continuous study showed 

that yield of lucerne cul t ivars inoculated with Phytophthora megasperma were 

42% ( 15 - 69%) less than those of uninoculated ones.  

Fungicidal treatments have been e mployed in  most f ield studies .  

Benomyl and metalaxyl have been used most frequently either s ingly or i n  

combination (Leath e t  a l . ,  1973 ; Wi l l is a n d  Thompson, 1975 ; James e t  al . ,  

1 980; Sheaffe r  et al . ,  1982; Greenhalgh and Clarke, 1 985 ; Tay lor  et al . ,  1985 b ;  

Rufelt ,  1986) .  Captafol and chloropicrin have also been used ( l rw in  and Jones ,  

1977; Leach et  a l . ,  1963 ) .  Increased weights of shoot and root were achieved 

from most  reported work but occasional ly no i ncrease resu l ted  from the 

treatment .  
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Table 2 - 6- 2 . Pathogens reduci ng the we ights o f  shoots ( A )  and 
roots ( B )  of f orage legumes in pot tri a l s . 

A .  Shoots 

Fungi 

Phytophthora megasperma 
Pythium i rregul are 
£ . ultimum 
Pythium sp . 
Rhi z opus sp . 
Codinaea fert i l i s  
Cyl i ndrocladium scoparium 
Fusarium avenaceum 
f. . egui seti 
f. . oxysporum 

,E . solan i  
Fusarium spp . 
G l i oc l adium roseum 
Mycoleptod iscus terrestri s  
Phoma med icagi n i s  
Pyrenochaeta terrestris 
Rhi zoctonia cereal i s  
B...._ sol ani 
Rhi zoctonia sp 
Trichocladium bas icola 
Trichoderma viride 
Trichoderma sp . 
Vertici l l ium dah l i a e  

B .  Roots 

Fungi 

Phytophthora megasperma 
Pythium i rregu lare 
Codi naea fert i l i s  
Fusarium avenaceum 
f. . oxysporum 
Fusarium spp . 
G l i oc l adium roseum 
Pyrenochaeta terrestris 
Rhi zoctonia cereal i s  
R..... solani 
Rhi zoctonia sp 
Trichoderma viride 

1 :  See Table 2-4-1.  

Hosts and reference s  

AF1 1 32 
BM 4 "'3 se 2 1  3 I 1 5  
BM 4 "'  
RC 7 
RC 7 
WC 5 
RC 1 1 "'  
BM 4 "'  se 15 
BM 4 
AF 6 "'  8 BM 4 BT 1 0 "'  RC 7 
se 1 5 "'  
BT 1 0 "'  RC 7 1  1 1  
RC 1 2  
AF 1 
BT 1 0 "'  
BM 4 se 1 5  
AF 1 
se 1 4  
AF 1 BM · 4 "' se 3 I 1 5  
RC 7 "'  se 14 
RC 1 1 "'  
AF 1 "'  
RC 7 
RC 1 1  

Hosts and references 

AF 1 3  
se 2 1  3 
WC 5 
se 3 
AF 8 
RC 9 1  1 2  
AF 1 
AF 1 
se 1 4  
AF 1 "'  s e  3 1  1 4 "'  
RC 1 4  
AF 1 

2: 1 .  Aube and Gagnon, 1 970. 2. Barbetti and MacNish, 1 978. 3. Barbetti et al . ,  1986 b .  
4 .  Bretag, 1985. 5 .  Campbell and M oyer, 1983. 6. Emberger and Welty, 1983. 
7. Fulton and Hanson, 1960. 8. Mauza and Webster, 1982. 9. Newton and Graham, 1 963. 



1 0 .  Petti t  et al., 1969. 1 1 .  Skipp et al. ,  1 986. 12.  Thom pson and Willis, 1968 . 1 3. Welty et al . ,  1 980. 

14. Wong et al., 1985 b. 1 5 .  Wong et al., 1986. 
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3: The symbol A indicated that weights had been reduced more than 50%, reduction in remainder were 
51-90%, as compared with control.  

2.63 Effe cts of d iseases o n  nitroge n  fixation and n odulation 

Biological n i trogen fixation is second only to photosynthes is  as the most 

important biochemical process on earth .  About 85% of n itrogen fixed  in  

agricultural so i l  i s  der ived from pu l se  and pasture legumes (Vance and  Johnson,  

198 1 ) .  Any pathological factor that affects the health of the plant wi l l  influence 

the symbiotic balance (Tu and Ford, 1984 ) .  Although many plant pathologists 

have d rawn attent ion to the effects of diseases, mainly virus d i seases ,  on n i trogen 

fixation and nodulation, and cons iderable information has accumulated,  there are 

only a few stud ies  on forage legumes .  

Guy et  al .  ( 1 980) found that the number of nodules per  p lant of  white  

clover seedlings was reduced by infection with white  clover  mosaic v irus  

(WCI MV) . Khadhair et  al . ( 1 984) demonstrated that WCIMV reduced nodulat ion J 
(number and weight of nodules ) ,  rhi zobia! population, n i trogenase activ i ty ,  and �Y) t1 f 
leghemoglobin concentration i n  red clover.  Tu and Holmes ( 1 980)  reported  that 1 1 , 
alfalfa mosaic virus (AMV) reduced nodulation of lucern e .  Sawada ( 1 983 ) 

reported that lucerne grown i n  soi l  n aturally i nfested with F. oxysporum had fewer 

nodules  than p lants  grown in steri l i sed  soil .  Skipp and Gaynor ( 1987)  rev iewed 

information on the  effects of root i nvasion by e ndoparasitic nematodes on the  

n itrogen fixing abil i ty of clover roots .  In  addit ion,  reduced whi te  clover  

nodu lat ion by mycoplasma-like organisms ( MLO) has  a lso been reported (Joshi  

et  a l . ,  1 967) .  

2 . 6 . 4  Effe cts o f  diseases o n  pe rsiste n ce 

Poor pers istence i s  a major l imitation i n  the use of pere nn ial species  of 

forage legumes ,  especially red clover .  Causes of poor pers i s tence have been  

summarised and  we l l  documented recently by scientists  from Australi a, New 

Zealand,  and USA, (Marten, 1 989) .  Many studies  have shown that root d i seases  

, .J  

/ 
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are a n  important factor i n  the deple t ion  o f  stands .  Root di seases can e i the r  k i l l  

plants d i rectly dur ing early s tages of growth ( sect ion 2 .6 . 1 . ) or  cause poor vigou r 

wh ich resu l t s  in  plants hav ing lower y i e l d s  than hea l thy plants ( sect ion 2 .6 . 2 . ) ,  and 

greater suscept i b i l ity to d eath under  stress  cond i t ions .  

Some stud ies  have shown that  a s i ng le  pathoge n can cause poor  

pers i stence (Johnson e t  a l . ,  1 982 ;  Far i s  and  Sabo, 1 98 1 ) .  However, i t  i s  ge ne ral ly 

recognised that root de te r io rat ion is the  resu l t  of the in teract ion of many 

e nvi ronme ntal and b io log i cal factors ( l rw in , 1 989 ;  Leath, 1 989 ;  Watson e t  al . ,  

1 989) .  These have been partly summarised in  sec t ion  2 and 3 of  th is  chap te r . 

Fie ld studies thro ugh both fu ngal inoculat ion and chemical manipulat ion 

have provided evidence of the role of  a complex of  seve ral root- invad ing fungi  as  

a cause of  poor pers i s tence .  I rwin and Jones ( 1 977) reported that  total  losses  of 

luce rne stands at 3 exper imental s i tes  in Austral ia  were between  22.8 and 84. 1 5 %, 

2 .5 years after  establ i shment  due to  i nvas ion of a number of fungal spec ies .  

S tep hen e t  a l .  ( 1 982) concl uded from a t rial conducted in northern Canterb ury, 

New Zealand ove r a 4 year pe riod, that  crown rot cause d  by Fusarium spp. was one  

of  the most important factors in l uce rne  deter iorat ion .  Ki lpatrick e t  a l .  ( 1 954)  

reported that only 1 .2% of the  red c lover  plants  were s t i l l  a l ive one year after  

sowing in a f ie ld contain ing  a compl ex of  root - invading fungi ( see  Table  2-3- 1 )  a t  

Mad ison, Wisconsin .  

Substantial  i ncreases m pers is te nce resu l t ing from app l icat ion of 

chemicals have been reported for a l sike clover  ( Leach e t  al . ,  1 963) ,  red clover 

(Leath e t  al . ,  1973) ,  white c lover (James e t  al . ,  1 980) ,  and subterranean clover 

(Greenhalgh and Clarke,  1 985 ) .  

2 . 7  LIGHT AND ELECTRON MICROSCOPY STUDIES OF R OOT 

INVASION BY TRICHOCLADIUM BASICOLA AND OF EFFECTS OF 

FUNGICID ES ON FUNGAL GROWTH IN VITRO AND INVASION OF 

H OST TISSUE 

2.7. 1 Ultrastructure of T. basi cola 

A morphological d escription of the fungus has been give n by Subramanian 

( 1 968) ,  and Nag Raj and Kendrick ( 1975 ) .  According to  DelVecchio et a l .  ( 1969) ,  

the  hyphal cytoplasm of  the  fungus contains mitochondr ia, nucle i ,  and a we l l  
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deve loped endoplasmic ret iculum, s im ilar t o  those described for other  fungi 

(Bracker, 1967; Becket t  e t  al . ,  1 974 ) .  However, the hypha! ce ll  wall  of T. basicola 

was composed of two regions :  an outer e lectron-dense layer and an i nner  el ectron

transparent layer (De !Vecchio et  al . ,  1 969 ) .  

Mature endoconid ia  contain vacuoles  and clusters of ves icles a t  both ends  

of the ce ll as  wel l  as  the other  organel les  described for vege tative hyphae.  The 

ves icles contain storage products ( De !Vec_chio et  al . ,  1 969; Hawes and Beckett ,  

1 977) .  The ce ll wal ls of endoconidia have a two-layered structure s imilar to  those 

of vegetative hyphae (Tsao and Tsao, 1 970) . 

The e ndoconid iophores were always devoid of cytoplasmic components .  

The walls of these  ce l ls  were ident ical to  those  of  vegetative hyphae ( De lVecchio 

e t  al . ,  1 969) .  

Chlamydospores when grouped toget h e r  i n  a chain are e nveloped by a wal l  

consist ing of two layers : an electron-dense  outer  layer and  an e lectron

t ransparent inner  layer (DelVecchio et al . ,  1 969 ; Christ ias and Baker, 1 970;  Tsao 

and Tsao, 1970) . The outer surface of the  e nve lope is rough and p i t ted  (Chris t ias 

and Baker, 1 970) .  With in  the  chain e nvelope,  each one-celled spore has i t s  own 

th ick wall ,  also cons i st ing of two layers (De lVecchio et al., 1969 ;  Christ ias and 

Baker, 970; Tsao and  Tsao, 1 970) ,  but usually 2 - 3 t imes as th ick as that  of  the  

cha in  envelope (Tsao and Tsao, 1 970) . A wedge-shaped structure at  the junct ion 

of lateral  and end walls was seen in one study (Tsao and Tsao, 1 970) .  Septal pores 

exi st be tween cel ls  in a chain of chlamydospores (DelVecchio et  a l . ,  1969;  Tsao 

and Tsao, 1 970) . A promin e n t  feature of the  "aged" chlamydospore cel l  ( 2  weeks 

or older) is a high concen tration of spherical or e l l ipsoidal globules of reserve 

nutr ient  material, w hich complete ly f i l l  t he  ce l l  and largely obscure the contents  

(Christ ias and Baker, 1970;  Tsao and Tsao, 1 970) . The size of these globules  i s  

fairly uniform.  The  cytoplasm occurs as a th in  fi lm between the  globules  

(Christ ias and Baker, 1970 ) .  However,  nuclei ,  endoplasmic  reticulum, and 

numerous mitochondria are readily v i s ible in chlamydospore cells of young ( 4-

day-old)  cul tures ( DelVecchio et al . ,  1 969 ) .  

2 .  7 . 2  R o o t  i nvas i o n  by T.  basicola 

Light microscopy studies of root d iseases incited by T.  basicola have been  

made  on bean (Phaseolus vulgaris L . )  (Chr istou, 1 962;  Pie rre  and Wilkinson, 
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1 970) ,  cotton ( G ossypi um hirsutum L . )  ( Math re et al . ,  1 966) ,  ci trus (Ci t rus sp . )  

(Tsao and Van Gundy , 1 962) ,  strawbe rry ( Fragar ia  X ananassa Duchesne)  

(H i ldebrand and Koch, 1 936 ) ,  tobacco (N icotiana tabacum L.)  (Conant ,  1 927;  

Koch, 1 935 ; Hi ldebrand and Koch, 1 93 6 ;  Stover, 1 950 ) ,  and white clover (Lim 

and Cole, 1 984 ) .  Light and scan ning e lec t ron mi croscopy s tud ies  have been made 

on Japanese holly (Hex cre nata Thu nb . )  (W ick and M oore,  1 983)  and cotton (Q. 
h i rsutum and G.  barbadense L . )  ( Mau k and Hine ,  1 988 ) .  

Hyphae d i rectly penetrate the ep idermal ce l l s  of the hosts ,  w i th  (Mauk and 

Hi ne, 1 988),  or wi thout (Chr i stou, 1 962 ;  P ie rre and Wilknson,  1 970 ;  Wick and 

Moo re, 1 983; Lim and Cole,  1 984) the formation of appressoria. Wounds do not 

appear to be necessary for pe netrat ion al though Conant ( 1 927) reported that the 

fungus entered tobacco roots through wounds .  

Hyphae wi thin penetrated ce l l s  develop in  a character i s t ic  beaded shape 

due to formation of a constr ict ion just beh ind  the hyphal tip. Cont inued growth 

is in a digitate form and eventually f i l l s  the ce l l s .  This type of hypha is of 

d i agnost ic value for the fu ngus. I t  has been  fou nd i n  all stud ie s  of root d iseases  

i ncited by the pathogen .  Accounts vary as to  the subsequent d evelopment of the 

fungus.  Slend e r  nonconstricted interce l lu lar hyphae were reported to form from 

beaded hyphae in  bean (Christou, 1 962) .  A s im i lar  type  of hypha was seen  in 

cotton but was only found i ntracel lu larly (Mathre e t  al . ,  1 966 ;  Mauk and 

Hi ne ,  1 988) . Thick walled pseudopare nchymatous  hyphae were found in hol ly 

(Wick and Moo re,  1 983 ) .  The fourth type  of hypha, termed "rep roduct ive hypha", 

develops both i nter- and in tracel lularly in bean (Christou, 1 962;  Pie rre and 

Wilk i nson, 1 970) ,  but on ly in tracel lularly in whi te clove r (Lim and Cole ,  1 984) ,  

cotton (Mauk and Hine,  1 988) ,  hol ly (Wick and  Moore, 1 983) ,  and tobacco 

( Stover, 1 950) . Chlamydospores are produced in tracel lularly in bean 

(Chr i stou, 1 962) ,  white c lover (Lim and  Cole, 1 984)  and cotton (Mauk and H i ne, 

1 988) ,  but both i nter- and in tracel lu larly in ci trus (Tsao and Van Gundy, 1 962) . 

At  an advanced stage of i nfect ion, e ndocon i d ia and chlamydospores are p roduced  

abundantly on  t he root surfaces of all k inds  o f  host  plants ;  and the  outer  

epide rmal wal l s  usually s lough off. 

The fungus i nvades all t i ssues i ncl ud i ng tracheary e lements of bean 

(Chr is tou, 1 962) and cotton (Mauk and  Hi ne, 1 988) ,  but i s  confi ned largely to  

cortical regions  of  c i trus (Tsao and Van Gundy, 1 962) .  

Host ce l l s  show l i tt le sign of d i s turbance during  early stages of i nfection .  
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Nucle i  examined by l ight microscopy were in tact and stained normally in infected 

ce l ls  of tobacco (S tover, 1 950) ,  bean (Christou, 1 962;  Pie rre and Wilki nson,  

1 970) ,citrus (Tsao and Van Gundy,  1 962) ,  cotton ( Mathre et  al . ,  1 966) ,  holly 

(Wick and Moo re,  1 983 ) ,  and white clover (Lim and Cole,  1 9 84 ) .  As infect ion 

advances,  abundant yel low-brown granules deve lop in the infected cells of bean 

(Christou, 1 962) and wh ite clover (Lim and Cole,  1 984 ) .  Lignituber- 1  ike structures 

were seen occasionally in roots of white clover (Lim and Cole ,  1 984 ) .  Barr ier  

structure s  were found in holly (Wick and Moo re, 1 983 ) . 

2 .7.3 Eff ects  of b e n o myl  on  u l t ra structu r e  of  fungi  g rown i n  cul ture  

and  i n  h osts 

Little i nformation i s  avai lable on cytological changes induced in fungi by 

benomyl treatment  in  culture apart from a paper  by Richmond and Pring ( 1 979)  

on Botrytis fabae Sard . .  In benomyl-treated cel ls the or ientation of organel les  

towards the hyphal t ip i s  d i sorganised.  The endoplasmic ret icu lum becomes 

reduced to short broken fragments,  or sometimes,  a branched reticulated 

network.  Lomasome formation seems to be stimulated, which results in  the 

surface of the plasmalemma becoming far more convoluted than in of normal 

conid ia .  Nuclei  appear normal in thin section, but deeply lobed and convoluted 

when examined in material processed by freeze etch ing .  I n  general ,  mitochondria 

and l ipid bodies  appear unaffected by the fungi cide although some mitochondria 

have looped cris tae membranes .  

Studies  on  the effect of benomyl on the fine structure of fungi with in their  

hosts have been reported for Puccinia coronata Corda on  oat seedl ings (Avena 

sativa L . )  (S i  mons,  1975 ) ,  and Yenturia inaequalis (Cke . )  Wint .  on leaves of apple 

( Malus sylvestris Mi l l . )  (Hoch and Szkolnik, 1 979) .  

Appl ication of benomyl at post- infection did not eradicate P .coronata or 

V. inaequalis from their  hosts ,  but d isease development was greatly reduced 

( Simons,  1 975 ; Hoch and Szkolnik, 1 979) . Mitochondria were swollen in the 

treated cells of both fungi . The cristae of mitochondria in  V. i naequalis remained 

plate l ike  (Hoch and Szkolnik, 1 979) ,  but  ofte n  formed peculiar, looped 

configurat ions i n  P .  coronata ( Simons,  1 975) .  The endoplasmic ret iculum 

cis ternae were d i lated in  Y. inaequalis (Hoch and Szkolnik ,  1 979) .  Nuclear  

membranes were miss ing and the  plasmalemma was fragmented i n  haustoria of 
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Benomyl d id  n o t  cause protop lasmic  abnormal i t ies  i n  the ce l l s  of apple 

leaves (Hoch and Szkol n i k, 1 979 ) .  

Benomyl does n o t  di rectly i n terfere with energy metabol i sm,  but acts on 

mic rotubu le  assembly resu l t ing in  d i s rupt ion  of mitos i s  and meios i s  in plant ce l l s  

( Davidse, 1 986 ) .  The abnormal mi tochondria, nucl e i  a n d  othe r organe l l e s  of the 

fungi treated with benomyl could possibly then be in terpreted as secondary effects 

in  ce l l s which had bee n u nable to d iv ide  normal ly (Davidse ,  1 986;  S i  mons, 1 975 ) .  

2. 7.4 EFFECTS OF ERGOSTEROL B IOSYNTHES I S  I N HIBITING 

FUNGICI DES ON ULTRAST R U CT U R E  OF FUNGI G ROWN IN 

CULTURE AND IN H OSTS 

Electron microscopy stud ies  on the effects of ergosterol  biosynthes is  

inhibiting ( EBI)  fungicides on fungal ul trastructure of plant  pathogenic fungi  

have been reported for the fungic ides triadimefon, numarimol ,  and imazali l  

nitrate o n  sporid ia  of Ustilago avenae (Persoon) Rostrup (Hippe,  1 984 a and b ;  

Hippe and Grossmann, 1 982) , triadimefon o n  Sclerotin ia sclerotiorum (Libert)  

de Bary (S t iers e t  a l . ,  1 980) and on Botrytis all i i  Munn (B.  aclada Fresenius)  

(Richmond, 1 984) ,  and propiconazole on Taphrina deformans (Berkeley) L. R.  

Tulasne ( Sancholle e t  a l . ,  1988) ,  and  on Puccin ia graminis Persoon f .sp .tritici 

(Dahmen e t  al . ,  1988) .  

Fungicide treatments induced uneven th icken ing of per ipheral cel l  wal l s ;  

and  accumulation of ves icles  in  the  wal l s  of !l. avenae, T. deformans, and B . .a.llii 
(Hippe 1984 a and b ;  Sancholle e t  a l . ,  1988 ;  Richmond, 1984 ) .  The plasma 

membrane was i nvaginated at random locations and separated  from the  inner face 

of the cell wall of !l. avenae (Hippe, 1 984 a and b ) ,  and T. deformans (Sancholl e  

e t  al . ,  1988 ) .  The cytoplasm became granulated and e lectron opaque materials  

were deposited on the  p lasma membrane of P. gramin is f .sp .  tritici ( Dahmen e t  

a l . ,  1988) . I n  addit ion ,  mitochondria were increased i n  number  in  !l .  avenae 

( Hippe 1984 a and b ) ,  and .S. sclerotiorum (St iers e t  al . ,  1980) ,  became enlarged 

or i rregular in shape in cells of !l. avenae ( Hippe, 1 984 a,b ) ,  P. gramin is f .sp .  

tritici (Dahmen e t  a l . ,  1 988)  and B .  all i i  ( Richmond, 1 984 ) .  Numbers of 

e ndoplasmic ret iculum (ER)  figures were increased in the ce l l s  of.S. sclerotiorum 

and they occurred both as randomly oriented material and as membrane 
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complexes i n  stacks (St i ers e t  al . ,  1 980 ) .  As incubation cont inued the i ntegrity of 

cel ls of the treated fungi was destroyed .  

Stud ies  of the effects of EBI  fungicides  on the  fine structure of fungi 

within treated hosts have been reported  for tr iad imefon on Pucci n ia recondita 

Rob ex Dorm. infecti ng wheat l eaves ,  Uromyces vicia-fabae ( Pers . )  Schroet .  

infecting broad bean l eaves (Vicia fabae L.)  ( Pring, 1 984 ) ,  and triadimenol  on 

Er:ysiphe graminis f.sp. hordei deCan.  on barley seedli ngs (Smolka e t  al . ,  1988 ) .  

Lower  concentrations of triad imefon reduced rust development in  wheat 

leaves ,  but did not prevent the format ion of sporulating pustules .  The 

ured in iospores thus produced were able to  reinfect n ormal ly (Pring, 1 984 ) .  

Incomplete and multiperforate septa occurred,  and exte ns ive wal l  thickening was 

found in  in tercellular mycel ia of both rust fungi within tr iadimefon-treated plants 

(Pr ing, 1 984 ) .  Haustoria of the powdery mi ldew fungus in tri adimenol-treated 

seed lings d eveloped vacuol i sed  cytoplasm with extracytoplasmic vesicles 

accumulating betw,een the plasma membrane and ce l l  wal l .  They became 

complete ly encapsulated by deposit ion of a thick amorphous layer at the 

haustorium - plant cytoplasm interface , after  which the i r  cytoplasm degenerated 

(Smolka e t  al . ,  1988) .  

The primary mode of action  of EBI fungicides i s  the inh ib i t ion of C 14 

demethylat ion (DMI) dur ing sterol  b iosynthes is .  I t  i s  presumed that the deplet ion 

of functional sterols and the accumulation of sterol intermediates  l ead to a 

d isruption of membrane functi ons and to growth inh ibit ion (Si egel ,  1 98 1 ) .  

Therefore , the various observations  of effects of the fungicides o n  ce l l  

ultrastructure of  different fungi may be an  ind irect consequence of sterol 

inhibi t ion i nstead of d irect effects (Hippe 1 984, a, b ;  Dahmen et al . ,  1 988) .  
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CHAPT ER 3 

GEN E RAL MATERIALS A N D  M ETHODS 

3 . 1  S E E D  

The r e d  clover cultivar 'Grasslands Hamua',  which h a d  been u s e d  in  

previous stud ies  a t  the experimental s i te  ( Skipp e t  a l . ,  1 986) ,  was  used  throughout  

this  study. Seed (F2056)  was obtained from the New Zealand Forage Crop 

Germ plasm Centre, Grasslands Divis ion,  DSIR, Palmerston North .  The seed  was 

harvested in  the 1979 / 1 980 growing season and stored in the Germplasm Centre 

at 30% R.H. and ooc unti l  1986,  then at 4°C in a laboratory refrigerator .  

Germination on fil ter paper in laboratory tests was  74 %. 

All seed  used for field and glasshouse trials conducted i n  soil from the  

p lant breeder 's  evalu ation block (de tai ls  below )  was treated w i th  metalaxyl 

(Ridomil 25 % WP; G iba-Geigy Ltd)  at  a rate of 3 g a . i . /kg seeds to ensure 

adequate seedl ing emergence by control  of d amping-off. Ten g of  seed  were 

m ixed with  0 . 1 2  g Ridomil  in  a 50 ml  f lask  and 0 .25 ml water  was added .  The 

m ixture was shaken on  a Cyclo-Mixer  u n ti l  the walls of the f lask became free of 

fungicide .  Thi s  indicated  that all added fungicide had been deposi ted on the s eed .  

Germination of  treated seeds (7 1%)  was no t  s ignificantly l ower  than that of 

untreated seeds  (P > 0 .05 ) .  

3 . 2  E XPERI MENTAL SITES 

The field expe riments were conducted at DSIR Grass lands  D ivis ion ,  

Palmerston North. The plots were s i tuated at  two s i tes .  

3 . 2 . 1 Plant b reeder's evaluation b lock 

The block chosenfor these s tud ies  had p reviously been used  for evaluation  

of  overseas and New Zealand cultivars o f  r ed  clover (Claydon and Rum ball ,  1 982) . 
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It had been  mai ntained as a red c lover monocul ture s i nce 1 9 8 1  (R.B.  Claydon ,  

pers .  comm. )  and red clove r p lants  general ly d id  no t  pe rsist  well  in the  b lock .  

Prev ious  work (Ski  pp et  a l . ,  1 986 ;  R . A .  Ski  pp  and M.J .  Chris tensen ,  p e rs .  com m. )  

has de monstrated that t h e  s o i l  of  t h i s  b lock conta ins  several pathoge n i c  root

invadi  ng fungi which appeared to cause dest ruction of the  tap root  and thus  has ten  

the  death  of p lants .  

The soil  has been classifie d  as Manawatu mott led si lt  loam plus Manawatu 

s i l t  loam (T.G . Shepherd ,  pers.  com m . ) .  The natural nutr ient  status of the  soi l  i s  

g iven  i n  Table 3-2- 1 .  The soi l  had a reasonable ab i l i ty to  hold  cat ions in a fo r m  

that  was not easily solubl e in  water, but  was avail able t o  plants, as ind icated by t h e  

cat ion-exchange capaci ty (CEC) and the  l evels  o f  the  ind ividual e l ement s  

(B lake more, 1 978) .  The so i l  drained readi ly in  winter ,  ye t  reta ined suffic i en t  so i l  

mo i sture for satisfactory p lan t  growth during mos t  of the  summer  (Cowie ,  1 97 8 ) .  

3.2.2 Pasture block 

This  block had also been previously used by plant  breeders of Grass lands 

Divis ion .  White clover had been grown before 1 983, then  ryegrass from 1 983  to  

1 985 .  After 1 985 i t  became a volunteer  ryegrass-whi te  c lover pasture . I t  has had  

no  h i story of growing red  c lover during the last 1 0  years (R.B. Claydon,  p e rs .  

comm. ) .  

The soi l  has b e e n  classified a s  Karapot i  black s i l t  loam (T.G.  Shepherd ,  

p ers.comm. ) .  I t  is  regarde d  as  slightly less fert i le  than the Manawatu so i l s .  I t  

has  more acid (Table 3-2- 1 ) ,  thus to maintain good permanent pasture,  l ime  and 

p hosphorus  topdressing i s  needed.  I t  is  a well-drained soi l ,  but the plants  d ry out  

sl ight ly in summer (Cowie ,  1 978) .  
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Table 3-2-1  Chemical ana lyses o f  soi l s  o f  the two sites ( From 
Blakemore , 1 9 7 8 ) 

Soi l  type Depth PH Truog P c N CEC ea Mg K 
( cm )  mgj 1 0 0g % % me% me% me% me% 

Manawatu 0 - 1 8  6 . 2  5 4 . 1  0 . 4 1 2 2 . 0  1 5 . 3  3 . 4  0 . 6 4 
Manawatu 1 8- 2 5  5 . 8  1 . 8  0 . 2 2 1 5 . 1  8 . 5  2 . 5  0 . 4 3 

Karapoti 0-8  5 . 4  5 5 . 3  0 . 4 5 2 3 . 1  1 3 . 3  2 . 7  0 . 6 4 
Karapoti 1 0- 1 8  5 . 3  2 . 7  0 . 2 4 1 7 . 4  6 . 7  2 . 1  0 . 4 0 

3 .3 SOIL PROCESSING FOR POT EXPERIMENTS 

Field so i l  from the exper imental blocks was used for the pot experim ents .  

The soi l  samples  were taken at d ifferent posit ions throughout the b lock. Surface 

vegetation was removed, blocks of soil 20 x 20 x 20-25 ( depth) cm i n  s ize were  dug 

out wi th  a spade and p laced in p lastic b ins  (50 x 32 x 22 (depth) cm ) for transfer  

to  the  l aboratory .  Combined samples of  so i l  were  spread over the  surface of  m e ta l  

trays  i n  the glasshouse and  air-dried for  2 -3  days ( 1 1 - 2SOC) . The so i l  was  further  

mixed,  crushed, and then freed from coarse roots and plant  debris .  

3.4 DETERMINATION OF SOIL WATER HOLDING CAPACITY 

The term "soil  water ho lding capacity"  ( WHC) i s  defined here as  the  

amount of water  required to saturate a unit  weight of  so i l .  The matric potentia l  

i s  approximate ly equivalent to  zero a t  so i l  water holding capacity. In  some papers ,  

th i s  is  called " saturated soil"  (Griffin,  1 966) .  

WHC = Weight of saturated so i l - we ight of oven dried soi l .  

Weight of oven-dried soi l : 1 00 g crushed soil  was put in  a weighed glass petr i  d i sh ,  

dr ied in an ove n  at 1 05°C overnight ,  then  re-weighed.  The mean of 5 repl icates 

was calculated. 
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Weight of saturated so i l : the bottoms of plast ic pots (65  mm diam.  x 95 

mm) were perforated  with 5 holes each about 3 .5  mm in d iameter  and 

approximately 15 mm apart .  A piece of f i l ter paper cut to f i t  the pot bottom was 

placed in each pot and 100 g crushed soi l  was put  in each of 5 of these we ighed 

pots.  One hundred ml  of tap water was added to  each pot to saturate the so i l .  

Thi rty min  later the so i l  was re-saturated .  Pots were we ighed when no surplus  

water  was present on the  soi l  surface, and the  mean we ight of  the  saturated soi l  

was calculated .  

The  amount of  water needed to  adjust  the  water conten t  of so i l  to  x %  of 

WHC = (x% x WHC I 1 00) x weight of soi l  placed in pot .  

Tlie total we ight  of each pot ( soi l + pot ) required to main tain a given % 

of WHC = the amount  of water  needed to adjust  the water content  of so i l  to  x %  

of WHC + dry weight  of soi l  i n  pot + pot weight .  



44 

CHA PTER 4 

QUANTITATIVE ASSESS MENT OF ROOT INVA S I ON BY SOILBORNE 

FUNGI U N DE R  C O NTROLLED E N V I R O N MENT A N D  F I ELD 

CONDITIONS 

4 . 1 I NTRODUCTION 

Studies  on  mechanisms of disease re s i stance , effects of e nvironment or 

fungicides on d i sease development, or  the response of crop yield to fungal 

invasion, can often  require a quanti tative assessment  of the amount of fungal 

biomass in plant t i ssue . Techniques used for quant i tative studi e s  have i ncluded 

plat ing of fragments or macerates, and recently, e nzyme l inked immunosorbent 

assay (ELISA ) .  In  add it ion,  some special techniques have b e e n  developed for 

quantifying m icrosclerotia ofVertcil l ium dahl iaewithin plant t issues .  These h ave 

included photographi ng stripped pieces of i nfected  t issue ( Evans et a l . ,  1 966) ,  

blending fresh  (Tsai and Erwin, 1975 ) ,  or dr ied d iseased t issue ( Isaac e t  al . ,  

1 97 1 ) ,  and col lecting microsclerotia, grinding air-dried stems  and plat ing on 

media (Davis e t  al . ,  1983;  Davis and Everson,  1986) .  

Although ELISA has  been used to de tect fungal pathogens in  root  t issue 

(Leach and Swinburne , 1 984;  El-Nashaar, e t  al. , 1986 ;  Hawthorne,  pers .comm. ) ,  

a lack of highly specific antisera has restricted the widespread use  of  this  

technique. Those special  techniques l i s ted above h ave achiev e d  des irable results 

in the Y. dahl iae stud ie s, but none seemed suitable  for general purposes .  Tissue 

maceration fol lowed by d ilution and plat ing appeared to be the most useful 

technique present ly avai lable to prov ide  a quant ificat ion of fungal i nvasion of 

roots. 

A prev ious glasshouse experiment ( Skipp et al . ,  1986) i nd icated that the 

so il i n  the plant breeder's  evaluat ion block at Grassland s  Divis ion,  DSIR, 

Palmerston North ,  contains several fungi pathogenic  to  red clover .  
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Environme ntal factors such as soi l  temperature a n d  moisture may marked ly affect 

the development of root d isease (Chapter 2 ) ,  but their  effects on  root invas ion 

of  red clover by pathoge nic fungi have not  been invest igated .  Exper iments 

reported in  this chapter were:  -

1 .  Assessment  of a root maceration method for studying invas ion of red 

clover roots by soilborne fungi .  

2 .  Quanti tative appraisal of the effects of soi l  temperature and moisture 

on invasion of red clover  roots by fungi from soi l  of t he p lant  bre e der's  evaluat ion  

block. � r f. ' t' 

4.2 EXPERIMENT ONE: ASSESSMENT OF A R OOT 

MACERATION METHOD FOR STUDYING INVASION OF RED CLOVER 

ROOTS BY SOILBORNE FUNGI 

4.2 . 1  Introduction 

The root maceration technique has been  satisfactorily used to i solate 

fungi from a ·wide  range of field and horticul tural crops.  However, most  studie s  

d id  no t  examine more  than one fungal species (Matta and Dimond, 1 963 ;  Lacy 

and Horner, 1966;  Busch and Schooley, 1 970 ;  Hal l  and Busch, 1 97 1 ;  Busch and 

Hal l ,  1 97 1 ;  Evans and Gleeson, 1973;  Brandt  et  al . ,  1 984; Kel lam and Coffey, 

1985 ; )  or genus (Stover  and Waite, 1953 ;  Pegg, 1978) .  Watson and Guthrie 

( 1 964) used the technique to i solate Fusarium spp .  and Tetracoccosporium 

paxianum Szabo from roots of inoculated red clover  plants .  Clarke and Parkinson 

( 1 960) examined total  numbers of  colonies but not  those of individual spec ies .  

A few studies have tested the efficiency of  the method .  Clarke and 

Parkinson ( 1960) concluded that  a maceration t echnique is more suitable  than a 

t issue segment p lating method for the assessment of fungal colonisation, and i t  i s  

applicable to many plant  species unless fungitoxic  substances are  re leased during 

the disruption of root t issue. Singh ( 1965)  found t hat the root maceration method 

was  superior to a wash i ng and p lating techn ique  for  studying the mycoflora of  the  

root  surface of  Yaccin ium myrtil lus L. Pegg ( 1978) indicated the  danger of 
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drawing general conclusions o n  the su itab i l i ty o f  the macerat ion method based o n  

the f indings for one host p lant species  because the germinat ion of V .  dahl i ae 

conid ia was sti mulated by mace rated stems of chrysanthemum,  and the 

germination of  V.  albo-atrum conid ia was i n h ibited by those of tomato.  The 

val id i ty of us ing the method to study the mycoflora of soi lborne,  root- invading 

fungi  of red clove r has not  previously been asse ssed.  

Although t i ssue macerat ion has been often used s i nce i t  was developed 

(Stover and Waite ,  1 953) , the exact procedure  used has var ied .  Blendi ng t imes  

have ranged f rom 30  sec to 2 m in  ( most were  1 m i n ) .  The  amount o f  t issue 

ble nded has also var ied  between stud ies  and has  been expresse d  in d ifferent ways 

eg. as length (2  mm to  100 cm) ,  or  weight of t i s sue (0.5 to 2 g ) ,  or  the number  of 

p lant  organs ( leaves ) .  Correspondi ng ly, results have been expressed e i ther as 

number of propagules  per gram, per un i t  l ength (mm, 1 00 cm) ,  or as a percentage 

of the maximum number of colonies  obtained .  A broadly app licable method for 

the routine i solat ion of root- invading fungi by t issue macerat ion has not been  

described .  

The object ives  of the  present study were  to :  

1 .  compare the suitabil i ty of root macerat ion  and root segment  plat ing 

methods for study ing i nvasion  of red  clover roots by fungi ;  

2 .  evaluate factors which i nfluence e st imates of the number of fungal 

propagules in macerates of root t issue ; 

3 .  use th i s  i nformation to develop a standard isolat ion procedure for 

deta i led quantitat ive  studie s .  

4.2.2 Materials and  methods 

Red clover  p lants were grown in a field plot  in the plant b reeder' s  

evaluation block, and in  pots  of  so i l  from the f ield p lo t  i n  the  glasshouse .  The  

f ie ld  p lo t  was sown in  November 1 986 and  plants were maintained  under  local  

f ield management condit ions  unti l used .  

Two separate glasshouse tr ia l s  were  carr ied  out. One hundred and f ifty 

grams of processed soil (de tai ls  see  Chapter  3) was p laced i n  each of - 140  
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unperforated plastic pots (65 mm d iamete r x  95 m m ) .  Twenty seeds  were sown on  

the  so i l  surface of  each pot and cove red to 1 -2 cm depth  with another 50 g of  so i l .  

The pots were watered immed iately afte r sowing to  adjust  the  so i l  water conte nt 

to 60% of water hold i ng capacity (WHC) and then were placed in  a waterbath 

at 20oC i n  a glasshouse (air temperature 1 1  - 25°C ) .  The pots were weighed and 

wate red dai ly to 60% of WHC until  used. 

Root tissues used for fungal isolation were washed free of soi l  under a je t  

of tap  water, surface ster i l i sed in  0.3% of sodium hypochlori te solut ion for  1 m in ,  

rinsed i n  sterile tap  water (3  changes) ,  and b lotted d ry on ste r i l i sed f i l ter  paper .  

4 .2.2. 1 Comparison of root segment and root macerat ion methods 

Fungi were i solated by both the root segment and root maceration  

methods from tap roots o f  plants growing i n  the pots 8 weeks afte r  sowing.  The 

lateral roots were trimmed  off and e ight,  1 g samples of tap roots were taken at 

random. Each sampl e  was treated as one repl icate.  Four replicates were used  

for  each isolat ion method.  

In  the root segment method, the roots  were cut into 1 - 2 mm long 

segments with a s teri l e  scalpel .  Al l  of the 365 segments were p laced i n  total of 37  

plastic petr i  d i shes  containing antibiot ic PDA (ABPDA) ( 1 0  11g  oxytetracycl i ne  

(Sigma) /ml) .  

In  the root maceration method, the roots  were cut i nto 3 - 4 mm long 

segments.  Al l  segments from each 1 g sample  were added to 5 0  ml  of  s ter i le  tap 

water in  a 1000 ml steril i sed  Waring blender  cup ( Watson Victor Ltd)  and 

macerated at h igh speed for 60 sec. The cup was r insed with another 5 0  m l  s ter i le  

tap water and the  macerate suspension made up to 100 ml . A 0 .25  ml  ali quot  of  

the macerate was  p ipetted onto each of  3 A BPDA plates and spread over the  

surface of the med ium using a steri l ised bent  glass rod .  Afte r  each  macerat ion ,  

the  blending cup was thoroughly washed wi th  a stream of tap  water  for  about 30  

sec ,  d is infected  wi th  95 % ethanol for  another 30  sec, and  r insed  with s ter i l e  tap  

water (4 changes ) .  A prel iminary tes t  showed that th is  procedure was  adequate 

to prevent  contamination of subsequent samples  with the res idue from macerated 
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roots. 

4.2.2.2 Effects of the quant i ty of roots b lended and b le nding time on  the 

number of fungal colonies isolated 

Two experiments were carrie d  out to  determine  the amount of root t issue 

and b lend ing t imes to be used  to obtain optimum recovery of propagules .  In  the 

fi rst experiment the blending t ime was fixed at  60 sec and the amount of roots  to  

be b lended  was 2 ,  4, or 8 g. In the second,  the amount of  roots was  fixed a t  2 g and 

the period of blending was 30 ,  60 ,  120, or 240 sec.  P lants  of  two d ifferent ages 

were used for each experiment ( 12-week-o l d  pot grown plants and 1 -year-old fi e l d  

grown plants) . Five repl icates were u s e d  f o r  each treatment .  

The roots (both tap roots and late ral roots) of the 1 2-wee k-old plants 

were cut into 5 mm long segments . All  the  segments were mixed thoroughly . 

Random sampl e s  were made up to the appropriate treatment weight .  The 

cort ices of tap roots of the 1 -year-o ld  p lants were removed with a scalpel .  Each 

of the stele cyl inders was cut longitudinal ly into four quadrants, each be ing used  

for  a differen t  treatment. Steles from d iffe rent  roots were  cut, mixed and 

sampled as  described for  1 2-week-o ld  plants .  The root t issues  were blended as  

described above except that  macerates were d iluted 2-fol d  and 4-fold  when 4 and 

8 g samples of  roots  were blended,  respect ive ly. 

All  the p lates were incubated at 20°C in the dark unt i l  fungi could  b e  

identified o r  subcultured on  PDA. Colonies  of i nd iv idual fungal species were  

counted from 2 o r  3 days. The  results were  expressed as  number  of colon ies  p e r  

g fresh  roots. With root segments, these were t h e  total numbe r  of colonies from 

al l  segments from each 1 g root  sample .  With  root maceration,  the  number of 

colonies  per  g fresh roots was calculated as : ( number of colonies  on 3 plates  x 1 00 

I 0.  75 )  I weight of roots blended .  



4 9  

4.2 .2 .3 Effects of the quan t i ty of roots blended and b lend ing t ime o n  

pe rcentage of root t i ssue macerated 

A pre l im inary test showed that after macerat ion only f ine ly macerated  

root tissue would pass through the  aperture o f  t he  pipette used for plating.  The 

f ine material  was approx imately equivalen t  to that  which would pass through a 600 

pm aperture s ieve .  One-year-old plants were used i p  an exper iment  to determine  

the  effects of  the  quantity of roots blended and  the  ble nd ing t ime  on  the  

proport ion of f inely macerated root t issue . The  macerate was poured in to  a s i eve 

( 600 pm d iam.  aperture ) and washed under  a stream of tap water for about 2 m in .  

The residue was col lected ,  blotted dry w i th  f i l ter paper and  weighed .  Because the  

weight of residue i ncluded the  water  which i t  absorbed,  i t  was  necessary to  

determine the amount of  water absorbed  by the roots during  the  blend ing.  This  

was done by fragmenting three, 2 g samples  of  unblended root  segments, soaking  

i n  water for  2 or  4 m in ,  and  then  col lect ing, blott ing dry and weighi ng. The 

percentage of  finely macerated root  t issue was  calculated as :  (weight of  root 

sample - weight of res idue - we ight of water absorbed by the res idue afte r  2 or  4 

min  soak) x 1 00 I weight  of root samp le .  

4 .2 .2 .4 Calculat ion of maximum number of colonies  

The m aximum number of  fungal colonies  per  gram fresh  roots was 

calculated as: numbe r  of colonies  per gram roots I percen tage of root t i s sue  

macerated 

4.2.2 .5 Stati s t i cal analyses 

Coeff ic ients of vanance (C .V . )  were calculated for data from the  

exper iment which compared root segment and  root maceration  methods .  

Analyses of variance (LSD test ) were carr ied out  for  transformed (sq .rt . )  colo ny 

number data from exper iments on  b lending t imes and amounts of root b lended .  
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Similar tests were performed for the pe rcentage data. 

4 .2 . 3  Results  

4 .2 .3 . 1  Comparison of the root  segment and root macerat i on methods 

A s imi lar range of fungal species  was i so lated from the roots of 8-week

old red clover plants by the root segment  and the root maceration methods (Table 

4-2- 1 }. However, far more colonies  were obtained by root maceration.  As  a 

whole, there was less variation among replicates of root macerate p lates than of 

root segment plates except for species of Acremonium and Pen icill ium as 

i ndicated by the lower coefficients of variance (Table  4-2- 1 ) .  

Fusarium sol ani  was the predominant species  found on both root  segment  

and root macerate plates .  Colonies of T.  basicola, F. oxysporum, .C. destructans, 

Gliocladium roseum and Acremonium spp. were also common on p lates  from both  

isolat ion methods. 

4 .2 .3 .2 Effects of the quant i ty of roots b lended and b lending t ime on the 

number of colonies i solated 

Fusarium solani was the predominan t  fungal species (F ig.4-2- 1 A and 

Fig.4-2-2 A)  i n  the roots of 12-week-old plants from pots .  F .  oxysporum and 

Cylindrocladium scoparium were also common .  Other fungi present included .Q. 
roseum, Cladosporium herbarum, V. dahl iae, .C. destructans, T.  basicola, and 

species of Acremonium, Penicill ium, Trichoderma, and Periconia. A few colonies  

of  zygomycetes and s ter i le  mycel ium were  a lso  found.  

Verticil l ium dahl iaewas most common (F ig.4-2- 1 B and Fig.4-2-2 B) in the 

root stele of one-year-ol d  fie ld  grown plants .  Fusarium solani ,  and  a range of 

other fungi including F. oxysporum, .Q. roseum, Phoma medicaginis, .C. 
destructans, and species of Acremonium, Paecilomyces, Penicill ium and 

Alternaria were also present.  

Two grams samples of roots gave the greatest number of colon ies  per  
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gram root i n  total ,  and of the predominant fungal species from 1 2-week-old ( F. 

solani Fig.4-2- 1 A )  and  1 -year-old- (.Y. dahl iae Fig.4-2- 1 B )  p lants .  B lend ing for 

60  (and 120) sec  gave the  greatest number of colonies in total ,  and of F .  solani ,  

from 12-wee k-old  p lants  ( Fig.4-2-2 A ) .  B lending for 120 sec  gave the  greatest  

number of colonies i n  total ,  and of .Y. dahl iae ,  from s te le  t i s sue  of  1 -year-old 

p lants ( Fig.4-2-2 B ) .  D ifferences betw e e n  60, 1 20 and 240 sec  treatments were  

not  s ignificant ,  however .  

4 .2 .3 .3  Effects  of  the  quant i ty of roots b lended and b lending t ime on  the  

p ercentage of  root  t i ssue macerated 

The p roport ions of 2, 4, or  8 g root samples which passed  through a 600 

.urn aperture sieve afte r  blending for 60 sec were greatest  at  2 g ( 62%) and 

decreased s ignif icantly with  increments i n  the  we ight of  samples  macerated 

( Fig.4-2-3 A ) .  The p roportions of  2 g root  samples  blende d  for 30,  60 ,  1 20, or  240 

sec which p assed  t hrough the sieve i n creased with increas ing b lend ing t ime to 

reach a m aximum of 74% at 240 sec ( F ig.4-2-3 B ) .  

4 .2 .3 .4  M aximum numb e r  of  colon ies  per  gram fresh roots  

There were n o  significant d ifferences  among root  sample weights ( Fig .4-

2-4 A )  and  b lending  t imes (Fig.4-2-4 B) in the range 2 to  8 g and 30  to 240 sec, 

respective ly .  However,  2 g root samples  b lended  for 240 sec  gave significantly 

l ower  numb e r  of colonies  i n  total  fungi and  for V. dahl iae ( Fig.  4-2-4 B ) .  
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Table 4 -2-1 Mean numbers of colonies isol ated from one gram 
of fresh tap roots of 8 -week-old red clover pl ants by a root 
segment or a root maceration method . 

Fungal species 

Acremonium sp . 
Cladosporum herbarium 
Cyl indrocarpon destructans 
Fusarium oxysporum 
f: .  sol ani 
Fusarium spp . 
G l ioc l adium roseum 
Penici l l ium sp . 
Trichocladium basicola 
Steri l e  mycel ium 

Zygomycetes 

Total no . colonies 

Root 
segment 

4 . 7 5 
0 . 5 0 
5 . 50 

1 2 . 5 0 
1 3 . 5 0 

1 . 5 0 
3 . 7 5 
2 . 2 5 
7 . 2 5 
1 . 2 5 

0 . 2 5 

5 3 . 0 0 

Root 
c . v maceration c . v  

26 . 3 2 1 4 7 5  6 9 . 1 5 
58 . 0 0 2 5 0 0  5 3 . 6 0 
2 1 . 6 4 1 4 0 0  1 5 . 0 0  
1 4 . 8 0 3 4 7 5  1 3 . 8 1 
2 1 . 0 4 1 7 9 5 0  1 3 . 70 
79 . 3 3 3 0 0  6 0 . 0 0 
2 2 . 6 7 4 4 5 0  2 4 . 2 7 
2 8 . 0 0 1 2 5  1 0 0 . 0 0 
2 0 . 5 5 6 5 3 0  1 5 . 0 1 
3 8 . 4 0 1 3 2 5 1 8 . 1 1 

1 0 0 . 0 0 1 3 2 5 4 6 . 79 

4 0 8 5 5  



. 

A.  1 2 - w e e k - o l d  
30 

25 a ,........ El3 2 g ra m s  
,.., � 4 g ra m s  0 

X 20 1§1 8 g ra m s  
'-../ 

(/) 
Q) 1 5  c 0 
0 u 1 0  
0 

z 
5 

0 Tota l Fs Fo Cs 
F u n g a l  g ro u p  a n d  spec 1es  

B .  1 - ye a r- o l d  
70 

60 a 
,......... 83 2 g r a m s  a ,.., 

50 � 4 g ra m s  0 
X 1§1 8 g r a m s  

.......... 
(/) 40 
Q) b 
c 0 30 
0 u 
0 20 

z 
1 0  

0 

F u n g a l  g ro u p  a n d  spec ies  

Fi g u re 4 - 2 - 1 .  M e a n  n u m b e rs o f  f u n g a l  c o l o n i e s  i n  
tota l ,  a n d  o f  t h e  m a j o r  fu n g a l  s p e c i e s ,  p e r  g ra m  f r e s h  
roots o f  1 2 - w e e k - \A) a n d  1 - ye a r- (B )  o l d  re d c l ov e r  
p l a n t s  a ft e r  a d d i n g  v a r i o u s  a m o u n ts of  root  a n d  b l e n d i n g 
f o r  60 s e c o n d s .  C o l u m n s  fo l l o w e d  by t h e  sa m e  l et t e r s  
w e re n o t  s i g n i f i c a n t ly d i ffere n t  a t  5 %  p ro b a b i l i ty l eve l 
i n  a n  a n a ly s i s  o f  t ra n s f o r m e d  v a l u e s ( s q . rt) . C s ,  Cyl i n 
d ro c l a d i u m  s c opa ri u m ;  Fo , Fu s a ri u m  o xyspo r u m ;  F s ,  .!:: . 
solqnj; Vd , Ye rti c i l l i u m  d a h l i a e :.. 

5 3  



A .  1 2 - w e e k - o l d  
20 

1 8  

a EB 30 s e c o n d s  ,--... 1 6  � 60 s e c o n d s  .., ab I§J 1 20 seco n d s  0 1 4  
X PJ 240 seco n d s  

..._... 1 2  
(f) a 
Q) 1 0  c c 
0 
0 
u 

0 
z 

2 

0 Tot a l  Fs Fa Cs oth ers 
F u n g a l  g ro u p  a n d  s pec r e s  

B .  1 -ye a r- o l d  
1 40 

a EE 30 s e c o n d s  a 
,---.. 1 20 iil 6 0  s e c o n d s  .., a l§l 1 20 seco n d s  0 
� 1 00 a fill 240 s eco n d s  X a ..._... 
(f) 80 Q) 
c 

b 0 60 0 
u 

0 40 
z 

20 

a a a a 
0 Total  Vd Fs Others 

F u n g a l  g ro u p a n d  s pecies 

Fig u re 4 - 2 - 2 .  M e a n  n u m b ers of  f u n g a l  c o l o n i e s  i n  
tota l ,  a n d  o f  t h e  m a jo r  f u n g a l  s p e c i e s ,  p e r  g ra m  f re s h  
ro o t s  o f  1 2 - w e e k - \A) a n d  1 - ye a r - (B) o l d  red c l ov e r  
p l a n ts a f t e r  a d d i n g 2 g o f  root a n d  b l e n d i n g  f o r  va r io u s  
t i m e s .  C o l u m n s  f o l l o w e d  by t h e  s a m e  l e tte rs w e re n ot 
s i g n i f i c a n t l y  d i f fere n t  a t  5 %  p ro b a b i l i ty l ev e l  i n  a n  
a n a lys is  o f  t r a n s f o r m e d  v a l u e s  (s q . rt ) . Fo r a b b re v a ti o n s  
s e e  Fi g .  4 - 2 - 1 .  

54 



90 .---r---r-_,,--,---, 
70 

-E 60 
Q) 
E 50 0'1 0 .;: 40 
0 
e Jo 
Q) c :;:: 20 

1 0  

a a 

b 
c 

80 b 
VI 
c 70 
.., 
E 60 0'1 0 .:: 50 
0 40 0 '-
.., 30 c 

� 20 
1 0  

b 
c 

d 

Amount of roots Blending t ime 

a 

Fig u re 4 - 2 - 3 .  M e a n  perce n t a g e  o f  f ine  root f ra g m e nts 
i n  m a c e rates o f  root ste l es o f  1 - yea r - o l d  red c l over 
p l a nts us ing va ri o u s  a m o u n t  of  t i s s u e  (A) and d ifferent 
b l e n d i n g  t imes (B) .  Co l u m n s  f o l lowed b y  t h e  sa m e  l etter 
w e re n ot s ign i f ica nt ly differe n t  at 5% probabi l i ty l e ve l .  

1 20 

1 00 _,....., 
0 � 

X 80 
......, 

VI Q) 60 c 
0 
0 (.) 40 
ci 

z 
20 

0 

250 � 
,....... 
0 200 � r-

X ......, 
VI 1 50 .� r-
c 
0 
0 1 00 (.) r-
ci 

z 50 r-

0 

a 

J! 

A Am o u n t  o f  roots 

a a EB 2 g ra m s  
1!!3 4 g ra m s  
l§l 8 g ra m s  

Fs 
Fungal  g roup a n d  species 

B. B l e n d i n g  t i m e s  

EB 30 seco n d s  
a El 60 secon d s  

-

a a � � a a � l§l 1 20 seco n d s  
-

� 11 240 seco n d s  � b � � � � b 
� � � � � � a.£.a a a a a a 

Total Vd Fs Others 
Fungal  g ro u p  o n d  species 

-

-

-

Fig u re 4 - 2 - 4 .  M e a n  n u m bers of f u n g a l  co lon ies  i n  tota l ,  
a n d  o f  m aj o r  f u n g a l  s p e ci es, c o r rected for t h e  p ro p o rt ion  
coa rse ( u n p lated)  fra g m e n ts i n  t h e  m a cerate u s i n g  d ifferent 
b l e n d i n g  t i m e s  (A) and v a rious a m o u n t  of  t issue (B ) .  
Col u m n s  fo l lowed b y  t h e  s a m e  letters w e re n o t  si g n if ic a n t ly 
diffe ren t  a t  5% p roba bi l ty  level in a n  a n a lysis  of t ra n sformed 
va lues (sq . rt . ) .  

5 5  



5 6  

4 .2 .4 D isc-ttSs i o n  

Maceration methods can underestimate fungal colonisat ion of roots if 

antifungal chemica.ls are re leased from the roots.  Comparison of results obta ined  

using the root macerat ion and the root segme nt methods would ind icate whether  

fungitoxic compounds have bee n  re leased during macerat ion .  Clarke and 

Parkinson ( 1960) found that roots of leek y ie lded  fewer colonies from macerates  

than from segments. M aceration of  healthy tomato tissue with  V. albo-atrum was 

also found to i nhibit  fungal germination (Pegg, 1978) .  Antifungal chemicals h ave 

been reported from roots of red clover (McMurchy and H iggins,  1 984 ) .  However ,  

many more colonies were obtained from root  macerate than from root  segments  

(Table  4-2- 1 ) ,  thus t h e re was no evidence of suppression of fungal growth by 

materials in  the mace rate .  S imi lar  results were obtained by Clarke and Parkinson 

( 1960) for broad bean and Singh ( 1 965) for V. myrti l lus. 

Plant t i ssue m acerates can also st imulate fungal growth .  Pegg ( 1 97 8 )  

found that maceration of chrysanthemum stem t i ssue w i t h  mycel ium of V. dahl iae 

increased colony numbers compared with maceration of agar d iscs bearing the  

mycel ia  alone.  I t  is  possible that the hos t  stem acted as a specific st imulant for  rt:' /_ 
fungal germination. A lternatively ,  the presence of host  tissue m ay have reduced 

the ki l l ing of fungal cel ls  and propagules  dur ing the maceration process .  In  the  

present exper iment, no stimulation was  observed, but  i t  was  found that  when 2 g 

of roots were blended for 240 sec, the treatment which gave the greatest  

proportion of f inely macerated t issue (Fig.4-2-3 B) ,  colony numbers were l ow e r  

than those w i t h  macerate from shorter blending t imes (Fig.4-2-4 B ) .  I t  i s  l i ke ly 

that fungal p ropagules are ki l led during prolonged maceration  through 

continuous exposure to shearing forces .  

Presentation of data as  number  of  colonies  per g fresh roots  rather  t han 

per unit length (Stover  and Waite ,  1953 ;  Brandt et al. , 1 984) seemed most 

appropriate for  red clover roots ,  and can more accurate ly reflect  the 

concentration of fungi in the plant since there was often  conside rable  var iat ion 

in diameter for  a given length of root .  Fresh  weight was preferred to dry weight  
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as it al lowed measurement of  the t issue actual ly be ing b lended ,  rathe r than a 

subsample. 

It i s  concluded that using standard ised amounts of t i ssue and b lend ing 

t imes, root macerat ion  provides a useful me thod for compar i son of fungal 

populat ions in roots subjected to d iffe rent  treatments .  The method de tected a 

s i mi lar range of fungi to that found by p l at ing segments but y ie ld e d  more colon ies  

and showed le ss variat ion .  Even  us ing a narrow aperture p ipet te ,  at  least half the 

potential v iable fungal colony forming  units (Fig 4-2-3) w i l l  be  recovered from 

d i luted m�cerate. Furthermore results can be corrected eas i ly to a l low for the l oss 

of t issue fragments too large to pass through the p ipette ( Fig. 4-2-4) .  
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4. 3. EXPER1ME NT TWO : QUANTITATIV E  A PPRAISAL OF THE 

EFFECTS OF SOIL TEM PERATURE AND MOISTUR E  ON INVASION OF 

RED CLOVER ROOTS BY SOILBORNE FUNGI 

4.3.  1 IntroAJcti o n  

Soi l  t emperature and moisture are two major factors affect ing root rot 

d evelopment of red dover  ( Kreit low and Hanson, 1 950 ;  Chi and Hanson, 1959 ;  

Fulton and  Hanson, £960;  Fezer, 1 96 1 ;  McCarter and  Halpin,  1962;  Y l imaki ,  

1 967 ; S iddiqui and Hal i sky ,  1968; E l l iott  et  al . ,  1969) ,  and other forage legumes 

(Leath et  al . ,  197 1 ;  Wong e t  al . ,  1984 ) .  Studies c i ted above have mainly examined  

relationships between so i l  t emperature and/  or moisture ,  and the  effects of  fungi 

inoculated into sterili sed  plant growth media.  Litt le work has been done on the 

effects of soi l  envinmmental factors on i nvas ion of roots from natural so i l .  

O'Rourke and Millar ( 1 966)  found that  the recovery of root-invading fungi 

( mainly F. oxysporum) from fie ld  grown lucerne was h ighest during the summer,  

but effects of soi l  temperature and moisture on these fungi were not the major 

concern in  their studies .  

Most  investigations  on forage legumes h ave centred on rots  of seedl ing 

roots  or tap roots with less  attention  be ing paid to l ateral ( "feeder")  roots .  The 

ident i ty and effect of fungi  invading lateral roots h as been stud ied  for lucerne 

(Jones, 1943;  O'Rourke  and Millar, 1 966;  Hancock, 1985 ) ,  subterranean clover  

(Wong e t  a l . ,  1985 a ;  B arbetti  et a l . ,  1 986 b ;  1987) ,  and alsike clover ( Hardison,  

1 952 ;  Leach e t  al . ,  1963 ) .  Aube and Deschenes ( 1 967) isolated fungi  from lateral 

roots of red clover, but quantitative  data were not given. 

Results of Expe ri ment  1 showed that root maceration is  a useful method 

for  comparison of  fungal popul(}t ions in  roots of  red  clover subjected to  d iffe rent 

treatments.  

The objectives of  the present  experiments were, using the root macerat ion R 
method to:  

1 .  study the effects of soi l  t emperature and moisture on  root invasion of 
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red clover plants grown in  soil  from the plant breeder's evaluat ion block in  the 

g lasshouse ; 

2. assess the fungal populat ions  in tap and lateral roots of those p lants ;  

3 .  monitor fungal invasion of  roots of  red  c lover plants grown i n  f ie ld  p lots 

in  the plant breeder's evaluat ion block.  

4.3.2 Mater ia l s and method s  

4.3 .2 . 1 Glasshouse trial 

The experiment was carried  out as, so i l  temperature x soil moisture ( 4 x 

3 ) ,  a 2 factor-factorial design. Three repl icate unperforated  p last ic pots (95 m m  
I 

diam. x 1 1 0 mm),  and a spare pot were used for each treatment.  F ie ld  so i l  was 

obtained from the f ie ld  trial plot at the t ime of sowing (see below) and processed 

as  described i n  Chapte r 3 .  Soil ( 450 g)  was  p laced into  each of  144 pots .  Previous 

work (Skipp e t  al . ,  1986)  suggested that the so i l  contains a high level  of i noculum 

of  Pythium spp. causi ng severe dampi ng-off of red clover. All  seeds  used in the  

glasshouse and fiel d  (see  below) tr ials  were  treated with metalaxyl as described  

i n  Chapter 3 to  ensure that sufficient seed lings emerged. Thi rty fungic ide-treated 

seeds were sown in  e ach pot and covered to a depth of 1 0  mm with another 5 0  g 

soi l .  The pots were watered to 40, 60,  o r  80% water holding capacity ( WHC) from 

an i ni t ial 27% WHC. This  was equivalent to  22.4 1 ,  33.6 1 ,  44 .82,  and 1 5 . 04 g 

water/ lOO g dry soi l ,  respectively. 

Soil moisture was control led by weighing the pots dai ly during the f irs t  6 

weeks, and twice a day for the remaining p e riod ,  and adding water as requ ired  

to  adjust so i l  moisture to the  designated pot WHC.  After 8 weeks,  the we ight  of 

8-week-old plants i n  pots was added  to the weight  of pot plus so i l  for calculat ion 

of amount  of water  required at  e ach water ing. The pots  were p laced i nto 

temperature control led waterbaths (Plate 4- 1 )  at 10, 15, 20, or  25°C ( ± 0 .2°C) .  

Measurement of plant growth and isolat ion of root-invading fungi were 

undertaken 4, 8, and 1 2  weeks after sowing for  each combinat ion of temperature 

and moisture leve l .  , 1 - v l : 
r-J..-1"' 
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Plate 4- 1 General  v iew of t h e  waterbaths show i ng t h e  effects of d iffe rent  
t e mperatures  on red clover growth .  R - L 1 0 - 25°C at 5°C i n tervals .  
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4 .3 .2 .2 Fie ld trial 

The expe rimental plot was s i tuated in the plant bree d e r' s  evaluat ion  

block .  I t  was 2 x 2 m, divi ded  into 2 0  x 20 cm smal l  plots .  The seed bed  was 

prepared by hand removal of the top vegetation and d iggi ng to a 25  cm depth ,  

fol lowed by mechanical rotovat ion to p roduce a f ine  t i l t h .  The plot  was  sown on  

the  1 9th  November  1 9 8 6  by placing 30  metalaxyl-treated  seeds  i n  t he  ce ntral  1 00 

cm2 area of each  small p lo t .  Three s mall plots were  randomly se lect e d  (u sing  

random numb e r  tables )  4 ,  8 ,  and 1 2  weeks afte r  sowing,  and  p lants and  so i l  

removed  to a depth  of 25  cm for laboratory asses sment .  

4 .3 .2 .3  Numbers of emerged s e edl ings 

Numb e rs of emerged  seedl ings  were counted at  7 ,  9, and 20 d ays  afte r  

sowing for the  pot  expe riment and a t  2 0  d ays for the  f ie ld  expe riment .  

4 .3 .2 .4  Shoot and root fresh w e ight 

Plants were harv e sted  from b o t h  field and glasshouse  expe riments  4 ,  8 ,  

and  12  weeks afte r  sowing and the i r  root s  were  washed free of so i l  with a je t  of tap 

water .  Numb e rs of plants per p ot (or s mal l  plot)  were count e d .  Shoots and roo ts 

were  separated and  fre s h  weights were  dete rmine d .  The roots  of plants  grown 

in pots  were further  d iv ided  i nto tap roots  and lateral  roots  b efore we ighi ng 

s eparate ly at 8 and  1 2  w e e ks .  

4 .3 .2 .5  Isolat ion of root- invadi ng fungi 

The weighed who le  roots ,  or t he  s eparate d  tap roots  and  lateral  r oo ts,  

were  surface-s ter i l ised ,  then  macerat e d  fol lowing the  procedure de scribe d  in 

Exper iment  1 .  The blen ding time was 60 sec at 4 and 8 wee ks ,  and 90  s e c  a t  1 2  

w e e ks .  T h e  suspe n sion  o f  macerat e d  r o o t  p ieces  was p i  pett e d  o n t o  the surface  of 

ABPDA, spread ,  and i ncubate d  as d e s cr ibed  in Experiment  1 .  
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Befor·e each comp lete isolat ion  was undertake n,  a pre l iminary test  was  

done  to  de termine the  concentrations  of  the mace rated suspens ion which would  

give a su itable number of  colonies  pe r  p la te  for  count ing .  These  tes t s  were d one 

us ing  plants from the spare pots prepared  for e ac h  treatment .  No d i lut ions  w e re 

made  for macerates  obta ined  at 4 and  8 wee ks,  and  5 -fold di lut ions  were made  at 

1 2  weeks .  I dentif ication and  colony counts of ind ividual  fungal spec ies  growing 

o n  A BPDA were achiev e d  by frequent  inspect ion  with  a s tereomicroscope for 

characterist ic  rep roduct ive  and/ or vege tative  structures .  Thi s  started 2 or 3 d ays  

afte r  p lating by examinatio n  for chain s  of e ndoconid ia  of  Trichocladium bas ico la. 

By 10 d ays ,  most of fungi had been  i d e nt if ied .  A few un identifi ed  fungi w e re 

s ubcultured onto PDA for  further examinat ion and ident if icat io n .  The co lon i e s  

g rowing on  the  surface of  ABPDA p la te s  were  then  removed  by  swabbing w i th  

co t ton  woo l  so that co lon ies  of Vertici l l ium d ahl iae , which possess  d ark  

mic rosclerotia ,  could be i dentif ied  under  a s tereomicroscop e ,  and counted .  

4 .3 .2 .6  Calculat i o n  of  p arameters of  fungal i nvasion 

Numbers  of  colon i e s  per gram fresh roots = Total  numbers of co lo n i e s  o n  

3 p lates  x 1 00 x d ilut ion factor I 0.75 I we ight of roots  macerated  

Numbers of  co lon ie s  per  roo t  = Numb e rs of  co lon ies  pe r  gram x m e an 

w e ight per  root .  

When the i so lat ion s were  made separate ly from tap roots and latera l  root s ,  

t h e  number  of  colonies  per  gram of who le  roots was calculated  as : % of whole  roo t  

w eight as tap  roo t  x No .  of colonies  pe r  gram tap root  + % of who le  root  w e ight  

a s  lateral roots  x No .  of  co lon ies  per  gram lateral  roots .  

The tota l  number of colonie s  per  gram fresh  root ,  or per  root ,  was  the  s u m  

of  t h e  no .  of co lonies  of a l l  i nd ividu al fungal s p e c i e s  p e r  g or  pe r  root .  

Ratios of  mean n u mb e rs of colonies  per  gram tap roots to lateral roo ts 

w e re the  quot ients  of mean  numbers of co lon ies  pe r  gram tap roots d ivi d e d  by 

m ean numbers of coloni e s  per  gram lateral  roots .  
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4 .3 .2 .7  Fie ld so i l  mo isture a n d  temperature 

Soi l  mois ture at 0 - 10  cm d epth was measured at 10 d ay interva l s  during 

the  experiment .  Soi l  core s were take n from five locati ons  in  the  p l ot and so i l  

mo isture content  in each  was  de te rmined  by the oven -dry ing  m e thod .  Dai ly so i l  

t emperatures  a t  10  cm d e pth and  da i ly rainfa l l  d ata were obta ined  from the  

meterological station,  D S I R ,  Pa lmerston North,  which  i s  about  500  m from t h e  

f i e l d  p lot .  Tota l  rainfa l l and  mean da i ly so i l temperature a t  1 0cm d e p t h  w e r e  

ca l cu lated f o r  t h e  same 1 0  d ay interva l s  u sed  for s o i l  mo i sture de te rminat ions .  

4 .3 .2 . 8  Relationsh ip  be twee n  so i l  water content  and matr ic  potenti al  

S o il samples  ( 1 kg )  were take n  from the f ie ld plot  jus t  b efore sowing,  and  

f rom po t  so i l  j u s t  before  the  pots were f i l l ed .  The  d ry ing bound ary o f  bo th  f i e l d  

and  po t  so i l s  was  determ ined  by Hai n e 's Apparatus fo r  -0 . 5  and  -0 .05 b ars and  by 

t h e  Pressure Plate App aratus  for - 1 ,  -3, and - 1 5  b ars .  Two rep l i cates of each so i l  

p e r  matric p otent ial w e re u s e d .  Afte r  e qui l ibration ,  ( about  4 h fo r  the  Ha ine ' s  

A pparatus a n d  7 d ays f o r  t h e  Pressure P late  Apparatus) ,  t h e  s o i l  sample s  w e r e  

d r i e d  a t  1 OSOC for 2 4  h .  M e an percen tage of so i l  water  w a s  ca lculated and p lo t ted  

v e rsus the  correspond ing  matric p otent ia ls .  Wate r p e rcen tage at  0 bar  was  

d e termined  by  ove n  d ry ing  five repl icate samples  of  s at urat e d  so i l .  

4 .3 .2 .9  Statis t ica l  analysis 

Stat i s ti cal analy s e s  were p e rformed afte r  arcsi n e  ( s e e d ling  emergence  

d ata)  or square roo t  (fungal  colony d ata ) transformat ion  exce p t  for  fres h  weight  

d ata which were  not t ransformed .  

A two w ay analys i s  was  carr ied out o n  the  d ata  obtai n e d  from the 

g lasshouse  tr ial  at  each h arve st (counting) as so i l  t e mp erature s  x moisture .  D at a  

from t h e  f i e l d  tr ial  w e r e  subj e cted t o  one  way analys i s  o f  variance  ( LS D  te s t ) .  
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4 .3 .3  Results  

4 .3 .3 . 1  Glasshouse tr ial  

A .  Seed l ing e m e rgence 

Numbers of  s e e d l ings  from so i l  i n  pots h e l d  at 1 ooc were fewer  than t h o s e  

a t  1 5 , 20, a n d  25°C, 7 and  9 d ays after  s owing,  b u t  the  t otal  numbers  o f  s e e d l i ng s  

wh i ch  e me rged d i d  not  d iff e r  s ignif icant ly a t  2 0  d ays ( Table 4-3- 1 ) .  

I n  contrast,  the  numbers of e me rged  s e e d l ings  d id  not  d iffe r  among the  

d iffe rent  so i l  moisture contents un t i l  20 d ays after  sowing when  the re  were  f ew e r  

e me rged s e e dlings a t  8 0 %  WHC than a t  4 0  or  60% WHC (Tabl e  4-3- 1 ) .  

Tab l e  4 - 3 -1 . Mean numbers o f  emerged s e e d l ings 7 ,  9 ,  o r  2 0  
days after sowing 3 0  s eeds treated with metalaxyl i nto each o f  
1 2  pots at d i fferent s o i l  temperatures ( °C )  and moistures ( %  
WHC ) .  

Factors Leve l s  Days a ft e r  sow i ng 
7 9 2 0  

Temperature 1 0  0 . 3 9 al 5 . 2 8 a 1 2 . 9 7 a 
1 5  1 0 . 1 4 b 1 2 . 0 0 b 1 3 . 2 5 a 
2 0  1 2 . 8 9 c 1 3 . 1 1 b 1 3 . 58 a 
2 5  1 2 . 3 6 c 1 2 . 9 2 b 1 3 . 3 6 a 

Moi sture 4 0  9 . 2 5 a 1 1 . 3 3 a 1 4 . 4 4 b 
6 0  9 . 6 7 a 1 1 . 4 8 a 1 3 . 7 9 b 
8 0  7 . 9 2 a 9 . 6 7 a 1 1 . 6 5 a 

l :  Numbers f ollowed by the same letters were not significantly different at 5% probability level in a n  
analysis o f  transformed values ( a rcsine ) .  

B.  Shoot and root  fresh we ight 

The gre atest  s hoo t  we ights in i t ia l ly were recorded from plants grown i n  

po t s  he ld  a t  25°C (Table  4-3-2 A ) .  H owever ,  by 1 2  weeks  shoot  we ights  w e r e  
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s imilar a t  tempe ratures  o f  1 5 ,  20, and  25oc, but r emained much lower a t  1 0oC 

(Table 4-3-2 A) .  
The highest weights  of whole  roots a t  4 a n d  8 weeks  were obta ined  f rom 

plants grown at 2 0  and  2S OC ,  but  a t  12  wee ks greates t  root  w eights were  f rom 

plants grown at 1 5"C. The  l owest we ights at a l l  h arve sts were from pots kept  a t  

1 0oC (Table 4-3-2 A ) . 

The mean weights  of shoots ,  whole  roots ,  tap roots  and  l ateral  root s  p e r  

p lant were s ignif icant ly h igher  at 6 0 %  WHC than a t  4 0  o r  8 0 %  WHC , except  a t  4 

weeks  where root we ight  was  s imi lar  at 4 0  and 6 0 %  WHC (Table 4-3-2 B ) .  

C .  N umbers o f  fungal colon i e s  p e r  gram fre s h  roots 

The fungi most frequently i so lated  from roots of red c lover  were ( l i s t ed  i n  

order  of d e creasing numbers)  V .  dahliae, Fusarium solani ,  F .  oxysporum,  

Cyl indrocladium scoparium, and T .  b asico la .  Other  les s  frequent ly i so lated fung i  

were  Cylindrocarpon destructans ,  Gliocladium roseum,  Phoma medicaginis ,  

species of A cremonium, Alternaria ,  Aspergi l lus, Chrysosporium, Cladosporium ,  

F usarium, Humicola,  P a ec i lomyces, Pen ici l l ium,  Phoma,Rhizopus, Trichoderma ,  

V olutel la ,  and ster i le  grey and s ter i le  white myce l ium.  A few co lon ies  of spec i e s  

o f  Colletotr ichum, Epi coccum ,Geotric h ium, My rot he  c ium,  Morter ie  l l a, Pyth iu m ,  

Rhizoctonia  (b inuclate typ e ) ,  Sti lbum, and Ulocladium were a l so  obtained  f r o m  

d ifferent  ages o f  p lants .  

Higher  t emp e r atures  (20  and 25°C) favoured m ost  fungal spec ies ,  bu t  t h e  

greatest  numb e r  of co lon ie s  o f  .Qy .  scoparium was consistently obta ined at 2 0°C 

at  al l  harvests  (Tab le  4-3-3 A).  Moreover ,  the  effect s  of  t emperature o n  roo t  

i nvas ion by  V .  dahl iae and F.  solani v ar i ed  wi th  p l an t  age . Greatest  numbe r s  of 

co lon ies  of the se fung i  at 4 weeks  w e re obta ined from p lants grown at l 0°C and a t  

1 2  weeks ,  2SOC. 

Numb e rs of co lon ie s  per gram whole  roots increased  as moi sture conte nt 

i n creased .  Most  plants  g rown at 8 0 %  WHC were stun ted ,  had some rott e d  root s ,  

a n d  chlamy d o spores  of T .  basicola were  found on some  dark le s ions  exami n e d  

under  a s te reomicroscope .  The i nfluence of so i l  moi s ture o n  root i nvas ion  by 
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F.solani  d iffe red for d iff e re nt-aged plants .  Most  co lon ie s  were recovered  from 

p lants grown in soi l  at 4 0 %  WHC afte r  4 and 8 weeks ,  and at  80% WHC afte r  1 2  

weeks .  In contrast, most  co lon ies  of V .  dahl iae were i so l ated from roots of p lan t s  

grown a t  80% WHC at  4 weeks ,  but  n o  s ignif icant  d iffe rences  were d e t e c t e d  

among a l l  l eve ls  of W H C  a t  8 and 12  w e e k s  (Table 4-3-3 B ) .  

Generally,  numbe rs o f  colon i e s  o f  the major  fungal spec ies  increa sed a s  

plant age i ncreased w i t h  t h e  except ion of V .  dahl iae ,  for  which more co lon ie s  w e re 

i so lated at 4 weeks  than  at  8 or  12 weeks  (Tabl e  4-3-3 ) 

D .  Numbers of c o l on ies  per  root  

Numbers of  co lon i e s  in total ,  and  of  the  major  fungal spec ie s  occurr e d  t o  

t he  greatest  extent  at  h igher  t emperatures ( 20 a n d  2YC )  a t  8 a n d  1 2  weeks  (Tab l e  

4-3-4 A ) .  However, t emperature  d i d  n o t  affect  t h e  numbers o f  co lon ie s  p e r  root ,  

in  to ta l  at 4 weeks ,  or  of  V . d ahl iae a t  4 and 1 2  weeks ,  where  s imi lar  numbe r s  of  

co lonies  were i so lated at  e ach t emp erature . 

Moisture con t e n t  showed a s imi lar effect  o n  numbers  of co lon ie s  i n  to ta l ,  

and  of  F .  oxysporum,  T .  basicola ,  and  Cy. s coparium, as  w h e n  r e su l t s  w e r e  

expressed a s  numbe r  p e r  gram roots  (Table 4-3-4 B ) .  However ,  t h e  effect  of 

moi sture content  on  numbers  of co lon ie s  of F .  sol ani r e cove red  was o n ly evi d e n t  

at  1 2  w e e ks (Tabl e  4 -3 -4  B ) .  Furthe rmore ,  mos t  co lon ie s  o f  V .  d ah l iae w e r e  

obta ined  a t  60% WHC,  f o r  a l l  ages of  plant .  

Numbe rs of co lon i e s  gradual ly increased  dur ing the  exp e rimenta l  p e r iod  

to  reach  the  h ighes t  a t  1 2  w e e ks w i th  except ion of  V .  dahliae ( Table  4 -3-4  ) .  More  

V .  dahliae colonies  w e re i solated a t  4 weeks  than  a t  8 o r  1 2  weeks ,  but  t h e  

magnitude of t h e  d e cl i n e  was much l e ss apparen t  than when resul ts  w e r e  

expres s ed  o n  a p e r  gram b asis .  
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Table 4 - 3 - 2 . Mean we ights ( mg )  of  shoots and roots per red 
clover plant grown in pots as a f fected by s o i l  temperatures 
( A )  and moistures ( B )  4 ,  8 ,  and 1 2  weeks a fter s owing . 

A .  Temperature s . 

Ages 
( weeks ) 

4 1 0  
1 5  
2 0  
2 5  

8 1 0  
1 5  
2 0  
2 5  

1 2  1 0  
1 5  
2 0  
2 5  

Temp . 
< oc ) Shoot 

3 3 . 0  dl 
7 2 . 8  c 

1 2 4 . 6  b 
1 5 3 . 9  a 

8 7 . 2  d 
4 7 3 . 4  c 

1 1 3 3 . 7  b 
1 4 2 1 . 3  a 

2 2 0 . 2  b 
1 6 2 4 . 3  a 
1 6 7 1 . 2  a 
1 8 8 2 . 4  a 

B .  Moi stures . 

Age s  Moi s . 
( weeks ) ( %  WHC ) Shoot 

4 4 0  7 6 . 6  c 
6 0  1 2 4 . 1  a 
8 0  8 7 . 5  b 

8 4 0  4 2 5 . 1  c 
6 0  1 1 7 8 . 7  a 
8 0  7 3 3 . 0  b 

1 2  4 0  9 1 2 . 8  b 
6 0  2 1 56 . 8  a 
8 0  9 7 9 . 0  b 

Whol e  root Tap root Lateral root 

2 0 . 8  c 
5 0 . 7  b 
6 9 . 2  a 
6 8 . 1  a 

8 7 . 0  c 1 4 . 4  d 7 2 . 6  c 
3 2 8 . 5  b 5 2 . 7  c 2 7 5 . 7  b 
5 4 1 . 3  a 8 4 . 0  b 4 57 . 3  a 
6 0 1 . 9  a 9 8 . 6  a 5 0 2 . 5  a 

2 70 . 8  c 4 6 . 3  b 2 24 . 5  c 
1 2 9 7 . 1  a 1 9 7 . 1  a 1 10 0 . 0  a 

8 56 . 7  b 1 9 6 . 2  a 6 6 0 . 5  b 
7 7 1 . 9  b 1 6 9 . 3  a 6 0 2 . 7  b 

Whol e  root Tap root Lateral root 

5 1 . 5  a 
5 9 . 8  a 
4 5 . 3  b 

3 2 2 . 6  b 3 9 . 6  c 2 8 3 . 0  b 
5 3 0 . 5  a 8 8 . 0  a 4 4 2 . 5  a 
3 1 5 . 4  b 5 9 . 8  b 2 5 5 . 6  b 

6 8 5 . 1  b 1 2 1 . 0  b 5 6 4 . 1  b 
1 1 3 0 . 8  a 2 1 6 . 7  a 9 1 4 . 1  a 

5 8 1 . 6  b 1 1 9 . 0  b 4 6 2 . 5  b 

': Means for one factor were averaged over all levels of the other factor. Weights followed by the 
same letters for the each harvest date were not  significantly different at  5 %  probabili ty level.  
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Table 4-3-3 . Mean numbers of c o l onies  ( x1 0 3 ) per gram f resh 
roots in tota l , and of the ma j or funga l species i so l ated from 
whol e  roots o f  red c lover plants grown i n  pots , as a f f ected by 
soi l temperatures ( A )  and moi stures ( B ) 4 ,  8 ,  and 1 2  week 
after sowing . 

A .  Temperatures ( oC )  

Temp . Total Vd2 Fs Fo TB Cs Other 

4 weeks 
1 0  64 . 4 0 al 5 4 . 9 7 a 7 . 7 0 a 0 . 0 9 b 0 . 0 0 c 0 . 0 7 b 1 . 5 8 a 
1 5  1 4 . 5 4 b 1 2 . 3 7 b 0 .  2 4  b 0 . 5 7 a 0 . 57 b 0 . 0 4 b 0 . 7 5 a 
2 0  1 8 . 9 1 b 1 2 . 9 9 b 1 . 2 5 b 1 . 0 7 a 1 .  7 8  a 1 . 1 4 a 0 . 6 8 a 
2 5  1 2 . 9 9 b 8 . 3 4 b 1 . 9 2  b 0 . 7 3  a 1 .  3 2  ab 0 . 10 b 0 . 57 a 

8 weeks 
1 0  1 1 . 3 0 a 0 . 1 3 a 4 . 4 5  a 0 . 6 4 a 0 . 0 0 b 0 . 0 2 c 6 . 0 6 a 
1 5  3 . 54 a 0 . 0 7 a 0 . 3 7 a 0 . 3 7 a 0 . 8 8 a 0 . 5 1 b 1 . 3 4 b 
2 0  6 . 7 3 a 0 . 2 2 a 2 . 6 0 a 0 . 5 2 a 0 . 9 6 a 1 . 4 3 a 1 . 0 0 b 
2 5  6 . 4 6 a 0 . 3 9 a 2 . 87 a 0 . 7 7 a 1 . 3 7 a 0 . 5 3 b 0 . 5 3 b 

1 2  weeks 
1 0  9 . 4 3 b 0 . 0 2 a 6 . 5 2 b 0 . 0 9 b 0 . 0 7 b o . o o c 2 . 7 4 b 
1 5  3 . 0 3 b 0 . 0 5 a 0 . 9 3 b 0 . 1 4 b 0 . 2 2 b 0 . 2 3 c 1 . 4 7 b 
2 0  4 3 . 7 7 a 0 . 50 a 2 1 . 77 a 3 . 1 5 a 1 . 0 5 b 8 . 9 4 a 8 . 3 9 a 
2 5  51 . 8 8 a 0 . 4 0 a 3 4 . 7 4 a 3 . 1 9 a 3 . 5 3 a 1 . 8 0 b 8 . 2 2 a 

B .  Moistures ( %  WHC ) 

Moi s . Total  Vd F s  Fo Tb C s  Other 

4 w eeks 
4 0  2 4 . 6 6  b 1 7 . 6 3 b 5 . 0 4 a 0 . 3 3 a 0 . 7 9 a 0 . 0 4 b 0 . 8 3 a 
6 0  2 0 . 3 3 b 1 6 . 7 6 b 1 . 1 2 b 0 . 8 4 a 0 . 6 1 a 0 . 2 2 ab 0 . 7 8 a 
8 0  3 8 . 1 4 a 3 2 . 1 2 a 2 . 17 b 0 . 6 7 a 1 .  3 6  a 0 . 7 5 a 1 . 0 7 a 

8 w eeks 
4 0  8 . 1 9 a 0 . 1 7 a 4 . 8 4 a 0 . 87 a 0 . 86 a 0 . 3 2 b 1 . 1 3 a 
6 0  5 . 90 a 0 . 3 4 a 1 . 1 9 b 0 . 2 8 a 0 . 3 1 a 0 . 2 2 b 3 . 5 5 a 
8 0  6 . 9 3 a 0 . 0 1 a 1 . 6 9 b 0 . 57 a 1 . 2 4 a 1 . 3 2 a 2 . 0 3 a 

1 2  w eeks 
4 0  1 2 . 8 3 b 0 . 2 2 a 5 . 7 2 b 1 . 2 5 a 1 . 0 4 a 0 . 9 2 b 3 . 6 8 a 
6 0  9 . 5 8 b 0 . 4 1 a 5 . 17 b 1 . 0 4 a 0 . 6 1 a 0 . 59 b 1 . 7 7  b 
8 0  5 8 . 6 7 a 0 . 0 7 a 3 7 . 0 8 a 2 . 6 3 a 2 . 00 a 6 . 7 2 a 1 0 . 1 7 a 

1 :  Data for each factor were averaged over all l evels  of the other factor. Means followed by the 
same letters for each fungus at each harvest date were not significantly different at 5% probability 
level in an analysis of transformed values (sq.rt . ) .  

2 :  V d :  V .dahliae, Fs: f. solani,  Fo: f. oxysporum, Cs:  Q:. scoparium, TB: I. basicola 



Table 4 - 3 -4 . Mean numbers of colonies  ( x1 0 3 )  per root i n  
tota l , and of the ma j or funga l spec ies i s o l ated f rom whol e  
roots of red c l over plants grown i n  pots , a s  affected by s o i l 
temperatures ( A )  and mo istures ( B ) 4 ,  8 ,  and 1 2  weeks after 
sowing . 

A .  Temperatures ( °C )  

Temp . Total Fs Fo Tb Cs Other 

4 weeks 
1 0  1 .  2 8  al 1 . 0 9  a 0 . 1 6 a 0 . 0 1 b 0 . 0 0 b 0 . 0 1 b 0 . 0 4 a 
1 5  0 . 7 4 a 0 . 6 3 a 0 . 0 1 b 0 . 0 3 ab 0 . 0 3 b 0 . 0 1 b 0 . 0 4 a 
2 0  1 . 1 8 a 0 . 7 9 a 0 . 0 8 ab 0 . 0 8 a 0 . 1 2 a 0 . 0 7 a 0 . 0 4 a 
2 5  0 . 8 9 a 0 . 6 0 a 0 . 1 2  a 0 . 0 5 ab 0 . 0 8 ab 0 . 0 1 b 0 . 0 4 a 

8 weeks 
1 0  0 . 8 9 b 0 . 0 1 c 0 . 5 2 b 0 . 0 4 b 0 . 00 a 0 . 0 1 b 0 . 3 1 a 
1 5  1 .  0 2  b 0 . 0 3 be 0 . 1 1 b 0 . 1 0 b 0 . 2 3 a 0 . 1 1 b 0 . 4 3 a 
2 0  3 . 2 8 a 0 . 1 4 ab 1 .  2 8  a 0 . 2 7 a 0 . 5 1 a 0 . 5 9 a 0 . 6 2 a 
2 5  3 . 4 8 a 0 . 2 4 a 1 . 4 6 a 0 . 3 8 a 0 . 8 0 a 0 . 3 1 a 0 . 3 0 a 

1 2  weeks 
1 0  2 . 0 8 b 0 . 0 1 a 1 .  2 7  b 0 . 0 2 b 0 . 0 2 b 0 . 0 0 c 1 . 0 5 a 
1 5  3 . 2 2  b 0 . 0 6 a 0 . 8 9 b 0 . 1 7 b 0 . 2 3 b 0 . 2 9 c 1 .  5 9  a 
2 0  2 1 . 7 4 a 0 . 4 6 a 1 0 . 4 3 a 1 . 8 1 a 0 . 7 4 b 4 . 2 7 a 4 . 0 3 a 
2 5  2 3 . 1 8 a 0 . 3 5 a 1 4 . 8 6 a 1 .  9 2  a 1 .  9 6  a 0 . 7 1 b 3 . 3 9 a 

B .  Moi sture s  ( %  WHC ) 

6 9  

Mo i s . Total Vd Fs Fo Tb Cs Other 

4 weeks 
4 0  0 . 7 4 b 0 . 5 2 b 0 . 1 1 a 0 . 0 2 a 0 . 0 5 a 0 . 0 1 b 0 . 0 4 a 
6 0  0 . 9 9  ab 0 . 7 8 ab 0 . 0 6 a 0 . 0 6 a 0 . 0 5 a 0 . 0 2 ab 0 . 0 5 a 
8 0  1 . 3 4 a 1 . 0 4 a 0 . 1 0 a 0 . 04 a 0 . 08 a 0 . 0 4 a 0 . 0 5 a 

8 weeks 
4 0  2 . 0 4 a 0 . 0 6 b 1 . 0 2 a 0 . 2 0 a 0 . 3 3 a 0 . 1 3 b 0 . 3 0 a 
6 0  2 . 10 a 0 . 24 a 0 . 7 7  a 0 . 20 a 0 . 23 a 0 . 1 7 b 0 . 4 7 a 
8 0  2 . 3 6 a 0 . 0 2 b 0 . 7 4 a 0 . 20 a 0 . 6 0 a 0 . 4 6 a 0 . 3 8 a 

1 2  weeks 
4 0  8 . 7 4 b 0 . 1 5 b 3 . 8 1 b 0 . 8 5 a 0 . 7 4 a 0 . 7 3 b 2 . 4 2 a 
6 0  1 1 . 1 4 b 0 . 4 8 a 6 . 1 7 b 1 .  2 2  a 0 . 86 a 0 . 7 7 b 1 . 8 1  a 
8 0  1 7 . 7 8 a 0 . 0 2 b 1 0 . 6 0 a 0 . 86 a 0 . 6 1 a 2 . 4 4 a 3 . 2 4 a 

\ 2; See Table 4-3-3 for explanation. 
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E. Co mparison of fungal  colon i e s  i n  tap roots  and  late ral roots 

Tap roots and la te ral roots were i nvaded  by a s imi lar  range of fungi ,  but t he  

numbers o f  colon ie s  d iffe red  cons ide rably be tw e e n  the  two sorts of root s  

(Appe ndix 4 -3 - 1 ; 4-3-2 ) ,  e s p ec ia l ly whe n the  resu l t s  were  expre s s ed  on  per  g bas i s .  

The  ratio of  fungal co lon ies  recove red ( tap roots  : l a tera l  root s ;  Tab l e  4 -

3 - 5 )  varie d  wi th  age of  p l ant ,  leve ls  of  so i l  te mperature and  moisture ,  a n d  

particular ly o n  whether  resu l t s  were expres sed  o n  a per  g root o r  p e r  root bas i s .  

G e n e rally,  more co lon ies  i n  total ,  and  of the  major  fungi were  obta ined  from tap  

root s  than from l ateral  root s  of  the same-aged p lants .  The  h ighes t  rat ios were  

obtained for F .  so lan i  ( 1 5 5 .7 ;  l O"C) and  V.  dah l iae  (67 .7 ;  2SOC ) .  

4 .3 .3 .2  F i e ld  t r ia l  

A .  Seedl i ng e m e rg ence  and shoot  and root  fresh weights  

The mean number  of  s e edl ings  e m e rged per  smal l  p lo t  at  20 d ays  was 9 . 6 .  

M ea n  weigh t s  of shoots  p e r  p l an t  a t  4 ,  8 ,  a n d  1 2 w e e ks were 4 4 . 3 ,  220.2 ,  a n d  5 0 8 1 .5 

mg,  respect iv e ly .  Corr e sp o n d ing  mean  weights  of roots  per  p lan t  were  22 .0 ,  86 . 0 ,  

a n d  1 127 . 7  mg.  

B. Numbers  of funga l  colon i e s  p e r  gram fresh  roots 

The major  fungal  spec i e s  i so la ted  from roots of p lant s  growing in the f i e l d  

(Table 4-3-6 A )  w e r e  t he  same  a s  t h o s e  f r o m  p lan t s  i n  p ots .  Other  fungi i s o l a t e d  

w e re spe ci e s  o f  Acremonium, Alternaria, Chrysosporium,  Cladospor ium, 

F usarium, Humicola, Paec i l iomyces, P e n i ci l l ium,  Phoma, Rhizopus, and  t h o s e  

w ith  s ter i le myce l ium.  

More colon ie s  in  t otal , and  of V.dahl iae ,  were recov e r e d  at 4 weeks  t h a n  

a t  8 a n d  1 2  w e e k s .  W h e re as fewer co lon ie s  of F .solani w ere obtai n e d  at 12 w e e k s  

t h an a t  4 o r  8 weeks .  T h e  o t h e r  fungi l i s t ed  i n  Tab l e  4 -3 -6  remained  at  a re la t iv e ly 

c onstant l eve l .  
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Table 4 - 3 -5 . Rat ios of mean numbers of colon ies ( X  1 0 3 ) per gram 
tap root to lateral roots ( A )  , and per tap root to l ateral roots 
per pot plant ( B )  as affected by plant age ( weeks ) , s o i l  
temperature ( 0c ) 1 and moisture ( %WHC ) . 

A .  Per gram fresh weight . 

Factors Level s  Total Vd2 Fs  Fo Tb Cs Other 

Ages 8 1 3 . 51 2 4 . 0  4 0 . 5  3 .  3 2 0 . 1  1 1 . 5  5 . 5  
1 2  2 . 5  54 . 0  3 . 0  1 . 1  1 1 . 3  1 . 4  1 . 9  

Temp . 10 1 9 . 0  6 . 3  1 5 5 . 7  0 . 9  0 . 3  5 . 0  6 . 1  
15 6 . 5  1 4 . 0  2 2 . 1  1 . 1  1 2 . 8  1 4 . 6  3 . 6  
2 0  2 . 0  3 9 . 5  2 . 0  1 . 1  1 3 . 7  1 . 9  1 . 6  
25  3 . 2  6 7 . 7  3 . 2  2 . 4  1 8 . 6  2 . 0  1 . 6  

Moi s . 40  6 . 6  1 9 . 4  8 . 6  1 . 8 8 . 8  2 . 0  1 . 6  
6 0  4 . 4  6 3 . 7  3 . 7  1 . 9  1 2 . 3  2 . 2  4 . 8  
80  2 . 8  1 7 . 0  3 . 6  1 . 3  3 3 . 4  2 . 0  1 . 3  

B .  Per root . 

Factors Level s  Total Vd F s  Fo Tb cs Other 

Ages 8 1 . 6  4 . 5  4 . 6  1 . 0  3 . 9  2 . 1  1 . 6  
1 2  1 . 1  1 0 . 0  1 . 2  0 . 5  4 . 3  1 . 0  0 . 8  

Temp . 1 0  4 . 9  5 . 0  2 1 . 3  0 . 2  1 . 0  1 . 0  2 . 1  
1 5  1 . 0  1 . 5  3 . 2  0 . 3  1 . 6  1 . 5  0 . 6  
2 0  1 . 1  1 4 . 0  1 . 0  0 . 6  4 . 3  1 . 2  0 . 9  
2 5  1 . 3  1 4 . 0  1 . 3  0 . 6  5 . 3  0 . 8  0 . 8  

Moi s . 4 0  0 . 8  4 . 0  0 . 7  0 . 4  1 . 9  0 . 5  0 . 8  
6 0  1 . 1  1 7 . 0  1 . 0  0 . 4  4 . 0  0 . 5  1 . 2  
8 0  1 . 7  1 . 0  2 . 0  1 . 2  1 4 . 3  1 . 8  0 . 7  

1 :  Ratios were calculated after three way a nalyses for tap  and lateral roots. 

2: Sec Table 4-3-3 for explanation. 
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C.  Numbers of  fungal colon i e s  pe r  root  

More co lon ie s  in total , and  of V .dah l iae ,  and  F .oxysporum were obtain e d  

a t  1 2  weeks than a t  4 a n d  8 w e e k s  (Table 4-3-6 ) .  However,  n o  d ifferences  w e r e  

d e tected  on the  numbers of co lon ie s  o f  F .  so lan i ,  �- scoparium,  and T. b as ico la  

b e twee n  the  d ifferen t  sampling dates .  

T able 4 - 3 - 6 . Mean numbers of colonies ( x  1 03 )  per gr am fresh 
roots ( A ) , and per root ( B )  i n  tota l , and of the ma j or fungal 
speci es isolated from roots of red clover pl ants grown in 
f ield 4 ,  8 ,  and 12  weeks after s owing . 

A .  Per gram fresh wei ght . 

Fungi isolated 

Total 

Vert i c i l l ium dahl i ae 
Fusar i um s o l ani 
f: .  oxysporum 
Cyl indroc ladium scoparum 
Trichocladium basi co l a  

Other 

B .  Per root . 

4 weeks 

5 6 . 0 0 al 

4 1 . 7 0 a 
1 0 . 2 9 a 

1 . 0 1 a 
0 . 0 0 a 
o . o o a 

3 . 0 0 a 

Fungi isolated 4 weeks 

T otal 

Vertic i l l i um dahl i ae 
Fusarium s o l an i  
f: .  oxysporum 
Cyl indrocladium scoparum 
T r i chocl adium basicola 

Other 

1 . 1 5 b 

0 . 78 b 
0 . 2 8 a 
0 . 0 3 b 
0 . 0 0 a 
0 . 0 0 a 

0 . 0 7 b 

8 weeks 

1 9 . 2 2 b 

0 . 8 0 b 
6 . 1 4 a 
6 . 3 3 a 
0 . 00 a 
1 . 6 6 a 

4 . 2 9 a 

8 weeks 

1 . 5 8 b 

0 . 0 5 b 
0 . 5 5 a 
0 . 5 1 ab 
o . o o a 
0 . 1 5 a 

0 . 3 3 b 

1 2  weeks 

8 . 4 8 b 

3 . 7 6 b 
0 . 59 b 
2 . 7 7 a 
0 . 0 3 a 
0 . 3 3 a 

1 . 0 1 b 

1 2  weeks 

8 . 8 4 a 

4 . 4 0 a 
0 . 7 7 a 
1 . 8 8 a 
0 . 0 5 a 
0 . 4 6 a 

1 . 2 8 a 

1 :  Means followed by the same letters for each fungal species were not significantly different at  
5 %  probability level in an analysis of transformed v alues (sq.rt. ) .  
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4 .3 .3 .3  Fi e l d  soil  t emperature and mois ture 

Mean soi l  t empe ratures at 0 - 1 0  cm d epth in  the f ie ld plot  taken  at  10 d ay 

inte rvals  during the  exper iment  ranged  from 14 .5  to 2 PC.  M e an so i l  mois ture  

contents  ranged from 1 0 . 1 9  to  23 . 65  g water  I lOO g d ry so i l ,  and  correspond ing 

rainfall  from 0.5 to 52 .3  mm ( Fig. 4-3 - l ) .  

4 .3 .3 .4  Re lat ionships be tw e e n  so i l  wa t e r  content  and m atr ic  potent ial 

The  soi l  moisture charact e r  curves  were  s imi lar  for t he  two so i l s  ( Fig .  4 -

3-2) . At  0 bar, water  contents  were 63 .76 and  5 6 .02%,  a n d  a t  - 1 5  bars were 1 5 .4 

and 1 5 . 1 % ,  for fie l d  and  pot so i l ,  r e spective ly ( Fig .  4-3-2 ) .  

4 . 3 .4 Discuss ion 

T e mperature  appear e d  t o  aff e ct t he  speed of  emergence  of  red  c lover  

s e e dl ings  from f i e ld  so i l  rath e r  t h an the  to ta l  numbers  of  e me rging s e ed l in gs 

(Tabl e  4 -3 - 1 ) .  S imi lar  resul ts  w e r e  reported by Hampton e t  a l  ( 1987 )  for  

l aborat o ry germi n at ion  te s t s .  S low e me rgen c e  at l ower  t e mp eratures  m ay favour 

attack by s e e dl ing p athogens  such as  Pythium spp. (Ch i  and  H anson ,  1 96 2 ;  Wong  

e t  a l . ,  1 984  ) ,  although Sk i  pp ( 1 986 )  ha s  report e d  d amping-off of r e d  c lover  t o  be  

greatest  at  h igh t e mp eratures .  In  t he  pre s e nt s tudy, seed  was  t reated  wi th  

meta laxyl before sowing  i n  pots  and  f ie ld  p lo ts t o  min imise  p lant  lo s s  due  to  

damping-off caused  by  o omycete  fungi  dur ing e stabl i shmen t .  Post- emergen c e  

damping-off was n o t  obs e rved  i n  t he  exper ime nts  suggest ing t h a t  t he  t reatment  

had probably been  effect ive .  The r educed e m e rgence  of  s e e d l i ngs f rom wet  so i l  

( 80% W H C  Table  4-3- 1 )  afte r  20  d ay s  may r eflect  a lack  of  oxygen ,  or  t he  act ion  

of  pathogens  other than  oomyce te s .  
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Red clove r p lant s  grew b e tter at the  h ighe r  t emperature s  u sed  in  the  wat e r  

bath experiments (Table  4-3-2,  s e e  also Kendal l ,  1 9 5 8 ;  Fergus a n d  Hol lowe l l ,  

1 960 ;  Bowley e t  a l . ,  1 984  ) .  S imi larly ,  shoo t  and  roo t  weight have  gene ra lly b e e n  

found to  b e  posi t ive ly re lat ed  to  available so i l  moisture (Gis t  a n d  Matt ,  1 95 7 ;  

Kilmer e t  al . ,  1960 ) .  H ow ever, i n  the pre s e nt exper ime nts ,  shoots  a n d  roots  grew 

less  well  at 80% WHC than at lower wate r  contents (Table 4-3-2) .  This  was 

possibly due to effects  on  subsequent growth of the facto rs discuss e d  above which 

affec t e d  emergence  i n  wet  so i l .  

Fungal invas ion  of  r ed  clove r roots appe a r e d  to  occur progre s sive ly from 

the  s e e dl ing stage o nwards  (Tables  4-3-3 ; 4 -3 -4 ;  S kipp e t  al . ,  1 98 6 ) ,  s o  that  by  1 2  

weeks  the numbers  of co lon ies  of most of the  maj o r  fungal spec i e s  were  much 

high e r  than at 4 weeks .  Garb e r  and Houston ( 1 9 6 6 )  showed that  V.  albo-atrum 

could i nfect cotton  ( Gossypium hirsutum L . )  roots  wi th in  24 h aft e r  inoculati on .  

Al though the  per iod n e e de d  fo r  V.  dahliae to  i nvad e  red clove r  roots  in  fie ld so i l  

i s  unknown,  i t  had  b ecome the  predominant  component  o f  the  in te rnal root  

mycoflora of  pot ,  and  f ie ld  grown plants  by 4 w e ek s  aft e r  sowin g  (Tab l e s  4-3-3 ;  4 -

3-6 ) .  

The reason for  t h e  marke d  decl ine i n  t h e  numbers  of colon ie s  of V .  dahliae 

recovered  from roots  of pot p l ants ,  and of V .dahl iae and F .  solani from f ie ld  

grown p lants,  from 4 to  8 weeks i s  not  ve ry c lear  (Table  4-3-3, 4 -3- 6 ) .  I t  i s  unlike ly 

that t h e  re lat ively h igh  numb e r s  of colon ies  of V .  dahliae on the  p la tes  at 4 weeks  

were  contaminants  f rom the  b l ende r  s ince t he  wash ing/ d i sinfect ion p roce s s  was  

cons is ten tly effective i n  removing viab le  p rop ag ul e s  from t h e  b l ende r  cup . A 

s imi lar  d e cl ine i n  fungal  colon i sat ion of roots  has  b e e n  repor ted  for  F .  oxysporum 

f . sp . lycopersici in  s t ems of tomatoes  (Mat ta  and  Dimon d ,  1 963 ) ,  and  

Gaeumannomyces graminis ( S accardo)  A rx & Oliv ie r  var. tritici J .  Walker  i n  

roots o f  wheat (El-Nashaar e t  a l . ,  1 986 ) ,  us ing macerat ion  and ELl S A  techniques ,  

respect ively .  The mos t  l ike ly explanation i s  that  the  fungal b iomass  i n  t he  roots  

was  rapidly dilute d  by the  d evelopment  of  n ew ,  uninfected root  t i ssue from 4 

weeks  afte r  sowing ( Table 4-3-2) . Howev e r, o nce  the  o rganisms were  we l l  

e stabl i shed ,  the  r e la t iv e  biomass of  the  fungi was ab le  t o  incr ease  rapid ly (Table 

4-3-3 ) .  On the o the r hand,  i t  i s  also poss ibl e ,  as  s e e n  in  the o the r  s tud ie s  c it e d  
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above ,  that many hyphae wh ich  had p e n e trated root t i s sue duri ng e arly s tag e s  of 

s eed l i ng dev e lopment ( thus  b e ing ava i lab le  to form co lon ie s  o n  p l ates  inocula t ed 

with root mace rate ) fa i l e d  to reach the  vascular reg ion  ( Garber  and Hous ton ,  

1 966 ) ,  o r  d i e d  within the  roo t  t i ssue ( Matta and  Dimond ,  1 963 ) .  

More fu ngal co l o n i e s  were i so lated from p lants grown at h i ghe r  

temperature s  (20  and  2SOC ) than a t  l ow temperatures  ( 1  0 and  l 5°C) (Tabl e  4 -2 -

3 ,  4-2-4 ) .  Roo t  rot  of r ed  c l ove r ha s  ofte n been  reported to b e  e n h anced by  h i gh  

so i l  t emperatures  (Kre i t l ow and Hanson ,  1 95 0; Chi  and  Hanson ,  1 95 9 ;  Fu l ton  

and  Hanson,  1 960 ;  McCart e r  and  Ha lp in, 1 962 ;  Y l i maki ,  1 967 ;  S i dd iqu i  a n d  

Hal i sky,  1 968 ;  El l iot t  e t  a l . ,  1 9 6 9 ) .  However, m o r e  co lon ie s  of t he  two 

predominant  fungal spec ie s ,  V .  dah l i a e  and F .  so lan i ,  were  i so lat e d  from p l an t s  

grown a t  l 0°C t h a n  a t  h igher  temperatures  a t  4 w e e ks (Table 4 -3-3 ) .  W o n g  e t  a l  

( 1 984 )  repor ted  that t he  mos t  severe  root  ro t  of  subterranean clover  cause d  by  

spec ies  of  Fusarium and  o ther  soi lborne  fungi occurred  at 1 ooc.  As  menti o n e d  

abov e ,  low s o i l  t emperature s are less  favourable for  red clov e r  growth and  m ay 

increase  vulnerab il i ty t o  d i sease .  Al though l ow t emperature a l so  affects  funga l  

growth (See  Chapter 2 and  Table 2-4- 1 ) , fungi may have  a pathogen ic  advan tage  

i f  plant  development  and  vigour are  reduced more  dramatically .  A n o t h e r  

poss ibi l i ty i s  that there  i s  l e ss root growth ( therefore  l e s s  d i lu t ion by new r o o t s  ) 

a t  low temp eratures .  

The so i l  t emperatures  at which the h igh e s t  numbers  of  colon i e s  w e r e  

obta ined  a t  1 2  w e e ks fe l l  wi th in  the range o f  optimum t emp eratures  for myce l i a l  

growth o f  the  s ame spec i e s  in  cul ture ( s e e  Chap t e r  2 ) .  Thus by 1 2  w e e k s  the  

highe r  temp eratures ( 2 0  and  25°C) may b e  faci l i tat ing growth within ho s t  t i s sue s .  

Highe r  so i l  moisture contents  h ave been  cons idered  mos t  favourable  fo r  

co lo nisat ion by  the  maj o r  fungal spe ci e s  e n counte r e d  i n  th i s  s tudy ( S e e  C h ap te r  

2 ) .  More fungal colon i e s  were  isolate d  from the  plants  grown a t  80% W H C  than  

at  lower so i l  moisture con tents  (Tab le  4 -2-3 , 4-2-4 ) ,  and  correspondingly, roo t  ro t  

was  mos t  s evere  o n  plants grown und e r  the se condi t ions .  Previous  work has  s h ow n  

that .{):. scoparium and T.  basicola were  highly pathogenic  to red clover  p lan t s  

grow n  in  p ott ing mix i n  a glasshouse at  h igh  so i l  moisture  l eve l s  ( Skipp e t  a l . ,  

1 986  ) .  The  l ower  yie l d  of shoots a n d  root s  of p lants  grown i n  fie l d  soi l  a t  8 0 %  
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WHC may have b e e n  mai nly due to  fungal infecti o n .  

Howeve r, the  h i ghest  numbers of co lon ie s  of F .  so lan i  were  i so lat e d  from 

the roots of  plants grow n at  40% WHC at  4 and 8 wee ks ( e spec ially at 1 0o C )  

(Tab l e  4-3-3 ) .  This  agreed  with o t h e r  work which  h a s  shown that root  rot o f  r e d  

clove r  inc i ted  by s p e c i e s  of Fusari um was m o r e  severe  i n  dry s o i l  than i n  we t  so i l  

(Chi  and  Hanson ,  1 95 9 ;  Feze r ,  1 96 1 ;  Y l imak i ,  1 9 67 ) .  As  d i scussed  prev iou s ly 

( Chapter  2 ) ,  the m in imum moisture requi rements of the  fungi are  wel l  b e low 

those of the ir  hosts, thus they wil l  be  l e s s  adv e rs e ly affected than the i r  hos t s  by 

decreased  s oil mois ture .  Furthe rmore ,  spec i e s  of Fusarium requ i red  a l ow e r  

water  content  for m in imum growth t h a n  V . d ah l iae , �. scopari u m ,  and  T .  bas i co la  

(Tabl e  2-4- 1 ) .  Thus ,  F .  solan i  may take advantage of lower  vigou r  of  plants  grown 

under l ow temperature and low moisture  cond i t ions .  

I n  the  presen t  s tudy, a s im i la r  r ange of fungal spec ie s  was i so lat e d  from tap 

roots and lateral  roots .  Howeve r, lateral  roots  conta ined far fewer  fungal  

colon i e s  per  gram of t i s sue  than d id t ap roots  (Table 4-3-5 ) .  One r eason  may b e  

the  shor t  l ife cyc le  o f  t h e  lateral  roots . The pre s e n ce of dark latera l  root  scars  o n  

tap roots i ndicat e d  that d i seased  la te ral roots  h a d  s loughed off. The s e  wou ld  

therefore have been  los t  p r io r  to  process ing for fungal i so lati o n .  Presumably ,  the  

lo s s  of  fungi in  the  i nfec ted  la teral  roo t s  may h ave prevented cont inued  i nvas i o n  

i nto  t h e  tap root .  T h e  re lat ive ly h igh l eve l o f  fungal i nfec t i on  i n  tap root s  

compared  wi th  late ra l  root s  and the  i mp ortance of  t he  tap  roots  as t he  ma in  

chan n e l  for  transfe r  of  water  and nutr ient s ,  s uggests  that  the tap  root  shou ld  be  

given  most  atten t i on  i n  the  s tudy of  root  i nvasi o n .  

O n  t h e  oth e r  h a n d ,  a s  root  sys tems  deve lop ,  a greater  p roport ion (Table  

4 -3 -2)  i s  made up  of  la te ral roots . The  effects  o n  p asture product ion  of  fungal  

i nfect i on  of  latera l  roots  should not  be  ignored .  Jones  ( 1 943) not iced  that  y i e l d  

of lucerne  was aff e ct e d  b y  t h e  heal th  o f  la tera l  root s .  H ancock ( 1 985 )  fou n d  t h a t  

shoot growth o f  lucerne  was reduced marked ly by fungal i nvas ion  of root le t s .  

Hardi son  ( 1 952 )  r epor ted  that  poor  pers i s ten ce of a l s ike  clov e r  was main ly d u e  

t o  rootle t  rot i nc i t ed  by so i lborne fungi . T h e  p re s e nt re search appears  t o  b e  the  

first d e ta il e d  s tudy on  f ungal i nfec t ion of  la te ral roots  of  red c l ove r. 

Fungal i nfec t ion  of young la teral roots  and root lets  of plants  i s  an  a rea  
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which needs  more sci e ntif ic input .  The pre s e nt results showed  that  root 

mace ration is  a useful techn ique for th i s  typ e  of s tudy .  

Numb e rs of co lon ies  per  gram fre s h  roots a n d  pe r  root were bo th  used  as 

quantitative parameters of fungal invas ion  in the present  exp e r iments .  Number  

of  colonies  pe r  gram f re sh  roots was more  su i table for  express ing fungal invas ion  

of  plants of  a s imi lar age ,  whereas numb e r  of co lon ies  per  root  was more  u seful 

to  show the p rogres sive deve lopment  of fungi  in roots .  The cons ide rat ion of both  

p arameters  for  t he  1 2-wee k  experime ntal  p e ri od g ave  a bette r i nd icat ion of the  

p rocess  of root  i nvasion by fungi. 

The range of so i l  t emperature a n d  moi s ture content  dur ing most  p e r iods  

of  the year i n  the  major  pastoral a reas of New Zealand ( Grass lands  D iv i s i on ,  

1 984)  is  within the  range used in  the po t  exper iment .  Considerat ion of the re sults  

of the  fie l d  and pot  t ria ls  toge t h e r  p rovid e s  a compreh e nsive basis  for 

understanding i nv as ion of red clove r  by fungi  during the  year .  



C H A PT E R  5 

A STU D Y  O F  E F FECTS O F  D I S EA S E S  O N  T H E  G ROWTH 

O F  R ED C LO V E R  B Y  U S E  O F  F U N G I C I D E S  D R E N C H E S  

5 . 1  I NTRO D U CTION 

79  

Fungic ides  a r e  no t  wide ly used to  cont rol root  d i seases  of forage l egumes  

othe r than  as s eed  t reatments, because they a re  pe rce ived to  b e  uneconomic ,  and  

because of concerns  about exposure of  an imals and h umans to  tox i c  res i d u e s  

(Leath ,  1 98 1 ) .  H ow ev e r, they have  been  u sed  i n  glasshouse  and  f i e l d  s tu d i e s  t o  

asse s s  the  effects o f  d i s e ase on p lan t  growth and d eve lopment ,  and to  e s t i mate  

y ie ld  reductions that  can  be  attr ibuted to  t he  i nfec t ion  of  d iffe rent  fungal groups  

(Chapte r  2 ) . Few r epor t s  have been  made of  th i s  typ e  study on r e d  c lover  ( Le ath  

e t  al . ,  1 973 ; Skipp e t  a l . ,  1 986 ; ) .  Work w i th  some  fungic ide s  has  shown that  

effects  are not confin e d  t o  the target  fungi , bu t  a l so  n o n-targe t  m icro-org a n i sms ,  

which r esults a mark e d  change i n  the  microbia l  e q u i l ibr ium of  t he  so i l  ( Bo l l en, 

196 1 ;  Wainwright a n d  Pugh, 1 974 ;  Atlas e t  aL ,  1 97 8 ;  Ingham and  Co leman,  1 984 ;  

Ingham,  1 985) .  E B I  fungic ides  have been  l i tt l e  s tu d i e d  i n  t h i s  r e spec t  apart  from 

a pap e r  by Elmhol t  and  Smedegaard-Peter sen  ( 1 9 8 8 ) . Thus the r e  app eared to  b e  

a n e e d  t o  e stabli s h  expe rimental  methods  for t he  pre sent i nve st igat i o n  w h i c h  

woul d  t ake account  o f  these  factors .  Expe ri m ents  reported i n  t h i s  chapte r  

exami ne d : -

1 .  Effects  of  fungic ide s  on  growth of roo t- invading fungi ,  Rh i zobium 

tr ifoli i ,  a n d  red  c lov e r  s eed l ings i n  t h e  laboratory .  

2 .  Effect s  of p r ochloraz drenches  o n  p opulat ions  of s o i l  m i cr o-organi sms  

and r e d  clover  growth  i n  t he  glasshouse . 

3 .  Effects of fungicidal drenches  on  root- invading  fungi and  p lan t  y i e ld i n  

the p lant  bree d e r' s  evaluat ion block .  
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5 . 2  EXPERI M ENT TH R E E  : E FFECTS O F  F U N G I CI D E S  O N  

G R OWTH O F  ROOT - I N V A D I N G  F U NG I, R H IZ O B I U M T R I FOL I I ,  A N D  

R E O  CLOVER S E ED L IN G S  I N  T H E  LABORATORY 

5 .2 . 1 Introduc t i o n  

S ince  organic fungicide s  f irst  became avai lable  i n  1 934  ( Sp encer ,  1 977 ) 

numerous report s  have  b e e n  pub l i shed  on the u s e  of fung ic ides  to  contro l  

so ilborne fungal pathogen s .  The fungic ide s  u sed  included  prot ectants ,  sys te mics ,  

and recen tly, e rgos tero l  b iosynthe si s  inh ibitors ( EBis ) . A ccording to  t h e i r  

chemical structures ,  t he  protectants  most frequently u sed  w e r e  d i su lph ide s  a n d  

cy l i c  imide s ;  t h e  sys te mics were b enzimidazo les ,  d i carboximide s ,  a n d  acyl 

a lan ines ;  the EBis were  t riazoles ,  imidazoles ,  and pyr imid ines .  Al though m any 

fungici d e s  appear to  h av e  the poten t ial to control  roo t  d i seases  of r e d  c lov e r, 

none  has been  report e d  t o  i nhibi t  growth of al l  the  maj o r  fungal  spec ies  i so la ted  

f rom red  c lover roo t s  d u ri ng p revious  expe riments .  

I t  h as been r e p or ted  that  some fungic ides  u sed  o n  forage l egumes  

a dvers e ly affect the  growth of  Rhizobium ( Fi sher  et a l . ,  1 979 ;  Fishe r  and H ayes ,  

1 98 1 ;  1 982 ;  Sirois e t  a l . ,  1 9 8 1 ;  Tu ,  1 98 1 ;  1 982 ;  H e i no nen-Tanski ,  e t  a l . ,  1 98 2 ;  

A ntoun e t  a l . ,  1 984 ;  R u iz -Sa inz e t  a l . ,  1 984) . S o m e  were known to  dec reas e  

( Fi sher  a n d  Hayes ,  1 98 1 ;  1 98 2 ;  Tu, 1 98 1 ;  S iro is  e t  a l . ,  1 98 1 ;  A ntoun e t  al . ,  1 984 ) ,  

o r  increase ( Sirois  e t  a l . ,  1 98 1 ;  Tu, 1 9 8 1 ;  Antoun e t  a l . ,  1 984)  t h e  growth of w h i t e  

c love r  o r  lucerne . No  information i s  avai lable f o r  r e d  clover .  The refore ,  i t  w a s  

necessary to  asse ss t he  effects  of fungicide s  on  the  growth o f  Rhizobium a n d  r e d  

c love r  p lants .  

The  obj ec t iv e s  of the  presen t  expe r ime ntwere  to  asse s s  the  effects  of  some  

c and idate  fungic ides  o n  the  growth of : 

1 .  the major roo t - invading fungi i so lated from red c love r ;  

2.  red c lover s e e d l i ngs ;  

3 .  Rhizobium tr ifo l i i .  
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5 .2 .3  M at e r i a l s  and m e t h o d s  

5 .2 . 3 . 1 Fungici des  

Eleven fungic ides  were used in  these  exper iments .  They were  s ix EBi s :  

fenarimol ( Rubigan 1 2 %  WP .  May and  Baker  N . Z .Ltd ) ,  flutriafol  ( Impact 1 2 . 5 %  

EC.  I C I  Ltd) ,  p ro chlo raz ( Sportak 4 5 %  EC .  FBC Ltd ) ,  prop iconazol  (Ti l t  2 5 % 

EC. CIBA-GEIGY Ltd) ,  tr iadimefon ( Bayl e ton 25 % EC. B ayer  Ltd . ) ,  and  

tr iad imenol  (Baytan 25 % EC.Bay e r  L td . ) ,  t h r ee  o ther  sys t emics : benomy l  

(Ben late  5 0 %  W P .  D u  Pont Ltd . ) ,  iprodione  ( R ovral 25% E C .  M ay a n d  Baker 

N .Z .Ltd . ) ,  and m etalaxyl (Ridomi l  25 % WP .  GIBA GEI G Y  Ltd . ) ,  and  two 

prote c tants : captafol ( Difolatan 80% W P .  N . Z .Farmer' s  F ert i l izer Company 

Ltd . ) ,  and  thiram ( Thiram 40% EC. ) .  

Each fungi c ide was te s ted  at  concentrat ions of 0 .  1 ,  1 ,  1 0, and  1 00 "g act iv e  

ingred i ent ( a . i . )  p e r  ml  of culture m e dium f o r  effects on  myce l ial growth a n d  

fungal spore germination ,  a n d  1 ,  1 0, 1 00 ,  and  1 000 " g  a .  i .  p e r  ml  o f  d is t i l le d  wa te r  

fo r  effects  on growth o f  rhizobium, and  on  germination and  se e d ling  growth of r e d  

clove r .  Stock solut ions were  p repared  by suspend ing t h e  approp ri at e  amount of 

fungi c ide  in 20 ml s ter i l e  d i s t i l led  water,  and p e rforming ser ia l  d i lutions  to  g iv e  

t h e  r equired concentrat ions .  

5 . 2 .3 .2 Fungi  and  rhizobia 

Seven major  root-invading fungi  of r ed c lover i so lated during the p revious  

expe r i m e n t s  w e re t e s t e d .  T h ey w e re Cyl i n drocarpon destructans ,  

Cylindrocladiumscoparium, Fusarium oxysporum, F .solani ,Gl iocladium roseum,  

Trichocladium bas icola, and Vertici l l ium dahl iae .  The cultures  were  main tai n e d  

on P D A  medium a n d  kept a t  20°C i n  t h e  d ark  unti l  u s ed .  

A stock culture o f  Rhizobium t rifo l i i  Dangeard 1 926 ( Biotechno logy 

Divis ion Culture Col lect ion NZP578) was k indly p rovide d  by Dr .P .J .Pate l ,  

B iotechnology D ivis ion ,  DSIR .  Broth culture s  were grown i n  y east  ext ract 
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mannitol  broth ( YMB)  ( K2HP04 0 .5  g ,  M gS04 .7H20 0 .2  g, NaCl 0 . 1 g ,  mann i tol 

( D ifco)  1 0. 0  g ,  yeast  extract 1 .0 g, i n  1 000 ml of d i s t i l l ed  wate r )  and  i n cubate d  at 

25 oC for 48 h .  Cultures were  maintai n e d  in  t h e  Y M B  med ium. For  so l i d  med i a ,  1 5  

g agar p e r  L was add e d  ( Y MA) .  

5 .2 .3 .3  Effects o n  myce lial growth a n d  spore germinat ion 

The abi l i ty of  the fungicide s  to  i n h ib i t  radi al growth of the  fungi  w as 

evaluated us ing  an agar plate  method (Torge son ,  1 967 ) .  Ten ml of e ac h  fungi c i de  

suspens ion ,  made  as  d e scr ibed above  was  a d d e d  to  1 90 ml  molten corn  meal agar 

( C M A  Difco)  cooled to  5 00C in  a wate r  bath .  The med ium and fungi c i de  w e r e  

mixed together  and 20  m l  was p ipe t ted  i n to e ach of 1 0  p e t r i  p la tes .  I n  the 

controls ,  s ter i le  d i st i l l ed  water was u s e d  i n st ead  of  fungici d e .  One p la te  was 

p repared  for each comb inat ion  of fungic i d e ,  concentrat ion and fungal spec i e s .  

P lates  were  i n oculated w i th  three 4 mm d iam .  agar p lugs tak e n  f rom the  marg in  

of  1 0-day-old fungal co lo n i e s  on PDA m e d iu m .  The plates  were  i n cubated  i n  the  

dark  at  20°C. Colony rad ius was  measured afte r  8 d ays .  

At c e rta in  concentrat ions some fungic id e s  comple te ly s topped  fungal 

growth.  To de termine whether  the chemica l s  had had  a fungistat ic  or a fungic i d al 

effect ,  the  plugs of inoculum from plates showing complete i nh ib i t i o n  of f ungal 

growth were transferred to  corn meal agar w i thout added  fung ic ide ,  a n d  the p l at e s  

i n cubated for  8 d ays u n d e r  the  cond i t i ons  a s  d e scr ibed  above . 

To assess  the  effects of the fung i c ide s  on  spore germinat ion ,  dup l ic ate  

p lugs ( 8  mm d iam.  x 4mm deep)  were  cut  from CMA medium conta in i ng the  same  

range of  concentrat ions  of  the  fungic i d e s  as abov e .  The plugs were  put  o n  glass  

s l i d e s  and one drop (25  �1 ) of spore susp e n s i o n  was placed onto each of the  p l ugs .  

The spore susp ens ions  were  prepared  by p lac ing 1 0  mm d i amete r  p lugs from 

co lon i e s  of 1 5 -day -o ld  cultures  (,.Cj:.scoparium 2 -month-old) i n  1 0  ml d is t i l l ed  

w at e r, shaking for  1 m in .  and  filte r ing  through 4 l ayers of  mus l in  t o  remove the  

agar  par t i cl es and  myce l ium. The concentrat i o n  of  spore su spens ion  was  

m e asured us ing a haemocytometer .  The  numbers  of spore s  pe r  d rop ranged  

1 0, 000  to  20 ,000  for  a l l  fungal spec i e s  t e s t ed  except  ,.Cj:. scoparium which  on ly 
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contai ned about 725 spores  per  drop .  Afte r  incubation at 20o C  for 2 0  h ,  spo res  

w e re ki l led  by add ing one d rop of 0 .05 % Trypan blue in alcoho l i c  lac tophenol  per  

p lug. Fifty spores  per f ie  Id ,  3 fi e l d s  pe r  p i  ug were assessed for  g e rmi nat ion  for 

e ach treatment .  Spore s  were cons i d e re d  to  have ge rmi nated when  a ge rm tube 

had been p roduced.  

5 . 2 . 2 . 4  Effects  on  growth of  rh izobia  

The l eve l  of to le rance of  R .  t r ifol i i  t o  t h e  fungic ides  was evaluated  us ing 

an agar cup method. S e e d e d  medium was prepared as fol lows : 4 drops  of d i luted 

rh izobium cul ture  (about  1 08 ce l l s  per  ml )  were adde d  to a screw top bot t le  

conta in ing 3 m l  molten soft  water  agar ( 0. 6 % )  cool e d  to  5 0°C.  The m ixture of  the  

inoculum and water agar  was  poured  i n to  each  of 33 pe t r i  p la te s  a l ready 

conta in ing 20 ml of sol i difi e d  YMA med ium.  The top l ay e r  was a l low e d  to s e t  and  

four cups ,  1 0  mm d iame te r ,  per  p late  were  cut  through to  the  bot tom of  the  plate  

w i th a s ter i l i sed cork bore r .  The cups were f i l l ed  with fungicid e  so lut ion  ( 1 5 0  ,u l )  

b y  a microp ipe t te .  Each o f  the four cups wi th in  t h e  s ame p late con ta in e d  d iffe ren t  

concentrat ion s  of  the same fungic id e .  Thre e  repl icate p late s were  used  for  e ac h  

o f  t h e  fung ic id e s .  P la te s  were mainta ined  a t  room temperature ( 1 0 - 2 0°C )  

ove rn ight  to  a l low the  fungic ide  t o  d iffuse through the  agar t h e n  t h ey w e r e  

incubated a t  25 °C for 3 d ays .  The s i ze  o f  t h e  inhib i t ion  z o n e  around e ach c u p  w a s  

recorded .  

5 .2 . 2 .5 Effects o n  germinat ion and  s eed l i ng  growth o f  r e d  c l ov e r  

T h e  effects of fungici de s  o n  ge rminat ion a n d  seed l ing  growth o f  r e d  c lov e r  

were studi e d  i n  p etri d i she s  contain ing  two l ayers  o f  fi l t e r  pap e r .  T e n  s e e d s  w e r e  

s own per  p lat e  a n d  the  f i l t e r  pape rs mois t ened  with 3 m l  of fung ic i d e  suspens ion .  

Control  p late s r e ce iv e d  the  same amount  of d i s t i l l ed  wate r .  Three  r ep li cat e 

plates  of e a ch t reatme n t  were  s e al e d  i n  a p last ic  bag with a rub b e r  b a n d .  A 

s eparate s e r i e s  of p la tes  was incubated at  1 5  and 25°C.  Seeds  w e r e  consi de r ed  t o  

h ave germinated  whe n  a rad icl e  h a d  e m e rged .  The numbers of ge rmina ted  s e e d s  
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were counted afte r 7 d ays ,  and l engths of e ach whole s eed l i ng and pr imary root  

measured .  Lengths of  e ach pr imary shoot  were  calculated .  Roots  of  th ree  

randomly se lected  s e e d l i ngs pe r  p la te  were  separated and t ransfe r red  to  g lass  

s l i d e s .  Lengths of root  ha i rs were  measured unde r a compound microscope ( 3 1 .25  

magnif icat ion)  f i t ted  wi th  an  eyep i ece  microme t e r .  

5 . 2 . 2 . 6  Stat i s t i cal  analys i s  

Analys i s  of  var iance ( LSD tes t )  was  p e rformed for  percentage myc e l ia l  

growth inhibit ion d ata  afte r  arcsi n e  square root  t ransformation .  A s i mi lar  

analysis  was carr i ed  out  for  l engths of  shoot ,  root ,  and root ha i r  data  except  that  

these  were  not  transfo rmed.  

5 .2 .3  Results  

5 .2 .3 . 1  Effects  o n  myce l ia l  growth and  s p o re germinat i o n  

The EBI prochlo raz w a s  the  m o s t  effec t iv e  o f  t h e  1 1  fungic ide s  t e s t ed  i n  

contro l  of the s ev e n  fungal spec ie s  (Tabl e  5 -2- 1 ) .  More t han 5 0 %  growth 

i nhibit ion was  obtain e d  a t  0 . 1 fig/ml ,  and 9 0 - 1 00 %  inhib i t ion at 1 fig/ m l, for  a l l  

fungi except .Q::.. scopar ium which n e e d e d  highe r  concentrat i on s  ( 1 0  and 1 0 0  

fig/ ml ,  respect iv e ly )  t o  achieve t h e  s imilar  resu l t s .  Propiconazol  a l so  show e d  a 

s t rong inhibitory eff e ct t o  most of the  fungi t e ste d .  Although o ther  E B i fungici d e s  

w e r e  highly inhib i tory to  some fungi a t  r e la t ive ly low concentrat ions ,  g e n eral ly ,  

t h ey were  not a s  eff ect iv e  a s  prochloraz .  

B enomyl s h owed  a s imi lar spe ctrum of a nt ifungal activ i ty a s  p r o ch loraz ,  

but  i t  d id  not comple t e ly stop the  growth of F .  solani  o r  Q. roseum. M eta laxyl h a d  

no  effect  o n  any fungal spe ci e s  a t  0 . 1  - 1 0  fi g /  m l  but w a s  s l i ght ly inh ib i tory 

o ccurred at 100  fig/ ml .  

The  protectant  fungic ide s  d i d  not  affect  fungal growth  at 0 . 1 and  1 p.g/  ml ,  

but some s trong i nhibi t ion  occurred at h igher  c oncentrat ion s .  

The  numb e r  o f  fungal spec i e s  inhib i ted  i n  mycel ia l  growth by  9 0 %  o r  more  
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by e ach fungic ide  at concent rat i ons of 1 00 11g/ ml o r  l e ss were : prochloraz 7 ,  
propiconazol and benomyl 6 ,  th i ram 4 ,  flutr iafol 3, fe nar imol  and tr iad i meno l 2 ,  

ip rod ione ,  tr iad imefon, and captafol 1 ,  and metalaxy l 0 .  

V igorous fungal r e  growth was noted from t h e  p lugs  t re a t e d  wi th benomyl ,  

t h i ram, or captafol after  tran sfe r of  p lugs  of  i noculum from plate s showing 1 00 %  

i n h ibi t ion to medium lack ing fung ic i d e .  Howeve r, o n ly l im i t ed  r e  g rowth ( only o n  

the  p lug)  occurred  from plugs from the  lower  conce ntrat i o n  ( 0 . 1 11g/ml )  of 

proch lo raz (Table 5-2- 1 ) .  No reg rowth was observ e d  from p lug s  from the h i ghe r  

concentrations of the fung i c ide  even afte r  5 0  days incubation .  

The EBis and  othe r sys temics ,  gene rally,  d i d  not  affec t  fungal spore  

g e r mination at the  conce ntrat ions t e s t ed  (App e n d ix 5 -2- 1 )  although s l i gh t  

inh ib i t ion occurred for some fungal spec i e s .  Howev e r, ge rm mycel ia  from t h e  

con id ia  treated w i t h  these  fungic ides  were  sho rtened ,  t hicken e d ,  a n d  somet im e s  

swol len  compared  with those  of con id ia  g erminat e d  o n  non-fungic ide  med ium .  

Proch loraz was  the  only EBI  fungici de  which showed  s t rong i n hibito ry effects  on  

spore  germination of any fungal  spe c i e s  (G .  roseum and V.  dah l iae ) .  O n  t h e  

o the r  hand, t h e  protectants  s howed s t rong inhib i t ion  of spore  germinat ion a t  1 

and  1 0 pg/ml (Appendix 5 -2 - 1 ) . 

5 .2 . 3 .2  Effects  on  R hizobiu m  g rowth  

None  of t he  fung ic id e s  inh ib i t ed  the  growth  o f  Rhizobium tr ifo l i i  a t  t h e  

range  of concentrat ions t e s t ed  except  t r iad imefon ,  captafo l ,  a n d  th i ram.  T h e  

m in imum concentrationsfor tr iadimefon,  captafol ,  a n d  th i ram t o  i nhibit  rh izobi a l  

g rowth wer e  1000, 1 0 ,  a n d  1 00 14g/ ml ,  i nhibit ion zones  at  1 00 0  ,ug/ml  w e r e  3 ,  1 0, 

and  1 5  mm, r e sp ective ly ( Plate 5 - 1 ) .  
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Pl ate 5 - 1  a-b Effects of captafol ( a )  a n d  t h iram (b)  o n  R h izobium growth afte r  3 
d ays incubat i o n  at  25°C. Each of t h e  4 cups i n  each plate contai ned  fungic ide at 
concentrat ions  of 1 ,  1 0 .ug a . i ./ml  (Top R - L)  and 1 00, l OOO .ug a . i . /ml  ( Bottom R
L ) .  
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5 .2 .3 .3  Effects  o n  germination a n d  s eed l ing growth of r e d  c lover  

None of  the  fungic ides  tes ted affec ted  germinat ion of r ed  c lover  at  1 and  

1 0  pg/ ml .  Prop ico nazol ,  flutriafol ,  t r i ad i mefon ,  and  meta laxy l re duce d 

germi nation at  conce ntrat i o n s  of l OO ,,g/m !  or  great e r  at one o r  both incubat ion 

te mpe ratures ( 15  o r  25°C) ( Appe nd ix 5 -2 -2 ) .  

The EBI fungicide s  had some i nh ib i to ry effects  on see d li ng growth o f  r e d  

c love r ( Fig. 5 -2 - 1 ) .  Prop iconazol was tox i c  t o  shoots at  the lowest  conce n trati o n .  

I t  reduced t h e  l e ngth of p r imary shoots  a t  1 1.rg/ml  at  15 and  2SOC .  O t h e r  E Bls 

s ign if icantly dec reased  shoot  growth at  1 0  ,,gf ml or  greater at bo th  t e mp eratures 

wi th  the  excepti on  of prochloraz, which show e d  inh ib itory effects  o n ly at  1 00 and 

1 000 pg/ml at 2SOC,  and  at  1 0 pg/ml and above  at l 5°C .  

Othe r  sys t emics and  protectan ts st imulated shoo t  e longat ion  at 

concentrat ions up to and i nclud ing 1 00 pg/ml at 25°C, but not  at  lS OC .  Most 

fung ic ides  reduced r oot e longat ion at concent rat ions  of l O pg/ml  o r  greater  ( Fig .  

5 - 2 - 1  ) ,  th iram and  i prodio n e  reduced root  l e n gth at  1 fig/ ml .  Prochloraz reduced  

root  length at 1 0  fig/  ml at l S OC,  but i t  was the  only fungicide wh i ch d id  no t  r educe 

roo t  growth at any concen trat ion te s ted  at 2YC ( Fig .  5-2- 1 ) .  

Roo t  h ai r  growth was  also affect e d  b y  fung ic ides  (Table 5 -2 -2 ) .  Lengths 

of  root  hairs  w e r e  gre at e st at l ow concentrations and low e s t  at  h i ghe r  

concentrat ions  o f  s ome fungic ides .  Again ,  prochloraz was  t h e  on ly fungic ide  

wh ich  d id  no t  affec t  the  roo t  hair  growth  at  any concentrat ion  t e s t ed  . 
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Table 5-2-1 . Mean percentage i nhibition o f  myce l i a l  growth 8 
days after inocu l a t i on of s even fungal species on corn mea l  agar 
conta ining four conce ntrations of d i f f erent fung i c ides . 

Fungi c ides Tb Cd Cs Fo Fs Gr Vd1 

0 . 1  �g/ml 
EBis 
Fenarimol 6 4  b2 0 e 0 d 7 c 1 2  d 2 e f  1 1  c 
Flutri afol 9 1  a 0 e 2 1  a 0 d 0 f 0 f 0 d 
Prochloraz 9 1  a 8 0  a 4 be 7 1  a 5 9  a 9 5  a 5 6  a 
Propiconazol 9 5  a 1 8  b 6 b 6 c 1 8  b 4 7  b 3 2  b 
Triadimefon 5 d 1 d 0 d 0 d 0 f 6 d 1 d 
Triadimenol 9 5  a 1 0  c 1 de 1 d 8 e 5 de 7 c 

Other systemics 

Benomyl 9 5  a 0 e 0 d 0 d 0 f 1 f 2 d 
I prodione 3 8  c 0 e 2 4  a 0 d 0 f 0 f 0 d 
Metal axyl 0 e 0 e 0 d 0 d 0 f 2 ef  0 d 

Protecants 

Captafol 6 4  b 0 e 3 be 2 6  b 1 6  c 1 7  c 1 8  be 
Thiram 2 d e  0 e 2 4  a 0 d 0 f 0 f 0 d 

1 �gjml 
EBis 
Fenarimol 95 b 0 f 1 e 4 3  d 3 7  c 8 e 5 0  cd 
F lutriafol 1 00=3a 0 f 3 0  be 1 1  fg 20 d 0 f 6 4  c 
Prochloraz 96  b 1 0 0+a 3 9  b 1 0 0+a 9 4  a 1 0 0=a 94 b 
Propi conazol  1 0 0=a 75  c 9 d 4 1  d 4 1  c 8 7  b 8 9  b 
Triadimefon 6 1  c 8 e o e 3 h 1 f 4 e 2 e 
Triadimenol 1 00 =a 1 0  e 2 e 7 g 1 2  de 3 e f  5 8  c 

Other systemics 

Benomyl 1 00=a 9 7  b 1 00 +a 8 9  b 7 6  b 8 4  b 1 0 0 +a 
Iprodione 4 4  d 8 e 3 1  be 2 7  e 1 0  e 2 5  d 6 e 
Meta l axyl 1 e 0 f o e 1 h 0 f 3 e f  o e 

Protecants 

Captafol 9 6  b 2 2  d 8 d 5 5  c 4 4  c 4 1  c 3 4  d 
Thi ram 4 1  d 0 f 2 3  c 1 5  f 3 f 0 f 7 e 



8 9  

Tab l e  5 - 2 - 1  Cont inued . 

Fung i c ides Tb Cd C s  Fo Fs Gr Vd 

10 !J.gjml 
EBi s  
Fenar imol l O O=a 1 1  f 2 4  f 6 7  e 6 2  d 3 0  e 8 6  c 
Flutriafol l O O=a 0 h 3 6  e 5 8  f 5 1  e 1 3  g 9 4  b 
Prochlora l O O -a l O O=a 6 7  b 1 0 0 -a 1 0 0 - a  1 0 0=a 1 0 0- a  
Propicona z o l  10 0-a 9 8  b 5 8  c 7 5  d 7 7  c 1 0 0 =a l O O=a 
Triad imefon l OO +a 2 2  e 1 0  g 4 4  h 2 5  g 2 5  ef 6 4  d 
Tri ad imenol l O O =a 4 g 6 h 3 7  i 3 8  f 2 1  f 8 9  be 

Other systemics 

Benomy l 10 0 -a 1 0 0 +a 1 0 0 +a 1 0 0+a 8 8  b 8 1  b 1 0 0 + a  
I prodi one 6 6  b 6 4  d 6 3  b 7 9  c 6 5  d 6 1  d 2 1  e 
Meta l axyl 7 c 0 h 0 i 0 j 2 h 9 g 6 f 

Protecants 

Captafol 1 0 0 +  a 5 8  d 4 1  d 8 4  b 6 9  d 6 2  d 2 1  e 
Thiram 1 0 0 +  a 8 7  c 3 7  de 54 g 3 1  fg 7 2  c 8 3  c 

1 0 0  �J.g/ml 
EBI 
Fenarimo l  l OO=a 2 7  c 2 4  g 8 9  d 8 1  c 4 5  g 9 4  b 
F lutriafol 1 0 0 -a 6 0  b 6 2  d 9 8  b 8 3  c 4 8 fg l O O + a  
Prochloraz 1 0 0 -a 1 0 0 - a  1 0 0=a 1 00 - a  1 00 - a  l O O=a 1 0 0 - a  
Propicona z o l  1 00 - a  1 0 0 + a  7 8  b 9 2  c 9 2  b 1 0 0=a 1 0 0 - a  
Triadimefon 1 0 0=a 6 3  b 3 1  f 7 0  e 6 7  e 5 1  f 8 5  c 
Triadimenol 1 0 0-a 36  c 1 9  h 6 2  f 6 2  f 3 6  h 1 0 0= a  

Other systemics 

B enomyl 1 0 0 -a 1 0 0 + a  1 0 0=a 1 0 0+a 9 2  b 8 1  c 1 0 0 + a  
I prodione 9 2  b 5 8  b 7 1  c 5 8  g 5 5  g 7 2  d 2 6  e 
Meta l axyl 2 2  c 9 d 2 4  g 4 5  h 2 0  h 5 0 f 2 8  e 

Protecants 
Captafol 1 0 0+a 6 7  b 4 1  e 8 9  d 7 9  c 6 2  e 7 8  d 
Thiram 1 00+a 1 0 0 + a  7 2  c 1 00+a 7 2  d 8 8  b 9 4  b 

1 •  Tb:  I. basicola ,  Cd:  .!:;. destructans,  Cs:  QJ:. scoparium, F o: £. oxysporum,  Fs :  £ . .s.cla.ni, Gr:  Q. roseum , 
V d :  V . dahliae. 

2 •  Analysis of variance was performed after a rcsine square root transformation.  Data f ollowed by the 
same l etters were not significantly d ifferen t  within the each column at each concentration a t  5% 
probability level.  

3 •  Eight days after the agar plugs were transfered to n on-fungicide CMA, the fungus showed n o  visible 
growth under m icroscope ( - ) ; growth on the agar plug only ( = ) ; v igorous growth on the medium ( + ) .  



Table 5 - 2 - 2 . Mean root hai r  l engths ( �m )  of  7-day - o l d  red 
c l over seedl ings in petri d i shes1 on f i lter papers soaked with 
d i f ferent fungicides at four c oncentrations . 

1 �gjml 1 0  �gjml l O O  �gjml 1 0 0 0  �gjml 
Treatments 2 5°C l 5°C 2 5°C l 5°C 2 5°C l 5° C  2 5°C l 5°C 

Contro l 3 4 5  3 8 1  3 4 5  3 8 1  3 4 5  3 8 1  3 4 5  3 8 1  
EBis 
Fenarimol 3 2 5  3 2 5  3 2 0  2 9 9  2 9 4  2 5 4 -2 4 0 1  3 0 4  
F lutr iafol  4 6 7  5 0 2  4 5 2 +  3 7 5  4 4 1+ 4 1 1  3 5 5  1 6 7 -
Prochloraz 3 6 0  4 1 1  2 9 9  3 1 5  3 2 5  3 3 0  3 1 0  3 1 0  
Prop iconaz o l  4 2 1  3 6 0  3 1 5 2 5 9 - 1 6 2- 3 3 5  1 4 2- 6 6 -
Triadimefon 2 4 4 - 3 6 0  2 6 4  2 6 4  1 6 2- 1 7 3 - 2 0 8 - 2 1 8 -
Triadimenol 3 1 5 3 1 5  3 3 5  3 4 5  2 3 8 - 2 4 9 - 1 0 7- 2 0 8 -
Other systemics 
Benomyl 3 3 0  4 1 1  2 8 9  2 8 4  1 2 2 - 1 9 8 - 4 6- 7 6 -
I prodi one 3 7 0 3 9 6  3 4 5  3 4 5  2 7 4  3 2 0  1 5 7 - 1 9 8 -
Metal axyl 4 3 6  3 6 0  3 9 6  4 4 1  3 1 5  3 8 6  9 6 - 1 0 2 -
Protecants 
Captafol 4 0 6 4 0 1  5 9 4 +  3 5 5  4 3 6  3 5 5  4 4 1+ 3 1 0  
Thiram 4 9 7 +  3 2 5  4 1 1  3 20 3 1 5  3 3 0  2 2 8 - 2 7 9 -

LSD ( 0 . 0 5 )  9 2  7 9  8 9  1 0 6  9 4  9 4  9 4  9 3  

1 • The petri dishes were i ncubated in the dark a t  25°C or l YC.  

2• The symbols + or - indicated that the mean lengths of  root hairs were significantly greater or less 
than the controL 
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Fig u re 5 2 - 1 . Mean  l e n g t h s  of p ri m a ry s h oo t  a n d  root  p e r  
seed l i n g  o f  7 - d a y - o l d  red c l ove r  g ro w i n g  an  two  l aye rs o f  
f i l t e r  p a p e r  i n  pe t ri p l a tes  a t  2 5  o r  1 5°C .  T h e  f i l t e r  
p a p e rs w e re m o i stened  w i t h  d i ffe rent  c o n cen t ra t io n s  o f  1 1  
f u  n g  i c i d e s .  Sta t istica l a na lyse s  w e re p e rfo rmed  a t  e a c h  l e ve l  
of c o n c e n t rat i o n  and  te m pe ra tu re . C :  C o n tro l ; Fe :  F e n a ri m o l ;  
Fl : F l utr ia fo l ;  P z :  p roc h l o ra z ;  P I :  P ro p ico n a z o l ; T n :  
Tri a d i m efo n ;  T l : T ri a d i m e n o l ;  B e :  B e n o m y l ;  M e :  M eta l a xy l ; C a :  
Cap ta fo l ;  Th : T h i ra m ;  LSD :  Lea s t  s i g n i f i c a nt  d i f f e re n c e . 

9 1 
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5 .2 . 4  D i s cu s s i o n  

Al though t h e  i n te rvals i n  t h e  range of conce n trat ions  use d i n  t h e  myc e l i a l  

grow th  b ioassay were not  narrow e nough to  give accurate EC5 0 o r  EC90va lues  for  

each fu ngici de  agai ns t  e ach of the  poten t i a l  pathogens of  red  c lover  roo t s ,  

conce n trat ions of  some fungic ides  wh ich  inh ib i t ed  myce l i al growth of 

T.bas icola ,  F. oxysporum, F .solan i ,  a n d  V.  dah l i ae  by about 5 0 %  were  s im i la r  to  

those reported  a s  EC50  values  by o ther s  (Tabl e  5 - 2 - 1 ,  and  Birchmore e t  a l . ,  1 97 7 ;  

Antoun e t  al . ,  1 984 ;  G i s i  e t  a l . ,  1 986 ;  Rob e rs ton  e t  al . ,  1 987 a ) .  N o  informat ion  

is  ava i lab le  i n  the  l i t e rature on  the  effects  o f  the  fungic ides  on  C .des truct a n s ,  

�.scoparium, and G . roseum. 

Prochloraz d emonstrated the greatest  i nh ib i t ion  of al l  fungal s p e c i e s  

tested among t h e  1 1  fungicide s  tes ted  (Table  5 - 2- 1 ) .  T h e  fungic ide  w a s  a l s o  found  

the  mos t  effective  of  24 fungic ides  tes ted  against  the  pea  pathogens ,  F . so lan i  and  

Phoma medi cagin i s  ( Roberston e t  a l . ,  1 987 a ) .  B e n omyl a l so  h as a b road  

spectrum of activ i ty (Table 5 -2- 1 and Birchmore e t  a l . ,  1 97 7 ) .  I t s  ant ifunga l  

effects were main ly fungistati c  at the  concentrat ion s  t e s ted ,  whereas prochloraz  

was fungicidal at h igh  concentrat ions (Table 5 -2 - 1 ) .  

Meta laxyl ha s  h igh se lect ive  t ox ic i ty for  o o mycetes  (Urech e t  a l . ,  1 97 7 ;  

Kerken aar and S ijpe s t e ijn ,  1 98 1 ) ,  and showed  l it t l e  tox ic i ty to  t he  deuteromy c e t e  

fungi  t es ted (Tabl e  5 -2 - 1 ) .  I t  c a n  b e  said therefore that the  ve ry smal l  amounts  o f  

metalaxyl introduced  as  s e ed  t reatments  in  the  expe riments de scr ibe d  i n  Chap te r  

4 were  unl ike ly t o  h av e  affected fungi o the r  than  oomycetes .  

The EBI and  other  systemic fungic ide s  inh ib i ted  myce l i al growth but  had 

l i tt le  e ffect on spore  g e rminat ion of any fungus except  Q. roseum and V. dahl i a e ,  

even a t  h igh concen trat ions (Append ix 5 - 2- 1 ;  s e e  a l s o  S iege !  1 9 8 1  a n d  S i e g e l  e t  

a l . ,  1 977) . Charact e ri s tica l ly ,  for p rotectant  fungic ides  ( Sijp e st e ij n ,  1 9 8 4 ) ,  

captafo l  and th iram w e r e  strongly i nh ibi tory t o  spore ge rminat ion .  

Captafo l  and th iram were v e ry tox i c  to R .  tr ifo l i i  (P late  5 - 1 )  and  

tr iadimefon was s l ight ly i nhib i tory at h i gh  concen trat ions .  Th i s  agree d  wi th  o t h e r  

reports  ( Fi sher  e t  a l . ,  1 979 ;  S irois  e t  a l . ,  1 9 8 1 ;  A n  toun e t  al . ,  1 9 8 1 ;  Tu, 1 98 1 ;  1 98 2 ;  

Ruiz-Sainz,  1 984  ) . Fungicide sensi t iv i ty may diffe r among s tra ins  o f  Rh izobium 

(He inonen-Taski  e t  a l . ,  1 982) . Rhizobium t rifo l i i  u s e d  i n  t he current  t r ial w a s  t h e  
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most effective and predomi nant  s t ra in  i n  New Zealand pastures  (Dr  P. J .  Pate !  

per .  corn. ) .  The refore, the re su l t wou Id  have indi cated the I ike hood of de le ter i ous 

effects of fungi ci des unde r l ocal cond i t ions .  

The EBI fungic ides  reduced the length of shoots and roots of  red clover 

seed l i ngs at  1 0 pg/ml or greater  ( F ig .5-2- 1 ) . S im i l a r  effects have been recorded 

for seedl ings of wheat ( Buchenauer ,  1 977 ) ,  bar ley ,  tomato,  and cotton 

( Buche nauer and Roh ner ,  1 98 1 )  t reatedwi th tr iad imefon, t r iad i menol ,  fe nari mo l ,  

or i mazi l i l .  Reduced shoot we igh t  of wh i te clove r growing in the  so i l  treated w i th 

d i c lobutrazol or  t r idemorph  as compared wi th control  has a lso been reported 

( Fi sher  et al . ,  1 979; Fisher and Hayes ,  1 98 1  ) .  EBI  fungic ides have plant  growth 

regu lat ing prope rt ies ,  b l ock ing gi bbere l l i n - and sterol-biosynthes i s  i n  plants  

( Buchenauer and Roh ner ,  1 98 1 ) , wh ich resul ts  i n  treated p lan ts be ing shorte r 

( F ig .5-2- 1 )  and having darker  l eaves  ( as also observed in the  p resen t  work ) .  

Prochloraz was the on ly fungic ide which d i d  not  affect root  length a t  the  

concentrations tested (F ig .  5-2- 1 ) . 

Benomyl, th i ram,  and  captafol s t imulated growth of red clove r seed l i ngs 

( Fig .  5-2- 1 ) . Benzim idazole compounds such as benomyl have cytok i n i n -l i ke 

act iv i ty and are wel l  known to sti mulate growth (Gayed, 1 970 ;  Skene,  1 972) .  

S t imulatory effects of  t h i ram and captan (s t ructural ly s imi lar  to captafol )  have 

also been reported (S i ro i s  et al . ,  1 98 1 ;  Tu, 1 98 1 ) . 

Many factors are known to affect  root ha i r  growth (Cormack, 1 949;  1 962) ,  

however, effects of  fungic i des  have not  been reported  prev iously.  The present  

resul ts  demonstrated tha t  some fungi c ides affected the growth of  root ha i rs 

substantially a t  h igher concen trat ions  (Tab le  5-2-2 ) .  Root ha i rs  play an i mportant  

ro le  i n  nutr i en t  uptake ( B ould in , 1 96 1 )  and subsequently affect d ry mat ter  

product ion by  plants (Caradus ,  198 1 ) . Agai n,  prochloraz was the only fungi c ide  

tes ted  which d i d  not affect  the  growth of  root  ha i rs .  

Although u l t imate ly the successful use  of  a fungic ide  depends  on  f ie ld  

performance, data obtai ned  in  the  laboratory are valuable to help determine the 

type of  fungi c ide which m ight  be effect ive, and the rate  of appl i cati o n  that  may 

provide max imum pathogen suppress ion and m in imum phytotox ic i ty .  I t  was 

concluded that  prochloraz has a b road spectrum of activ i ty,  was not tox i c  t o R .  

tri fol i i ,  and had the  l eas t  retardan t effect on  the growth of  plant .  Prochloraz, 

fol lowed by benomyl s eemed  to be the most su i table che mica ls  for use i n  f i e ld  

t r ia l s .  
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5 . 3  EXPERI MENT FO U R  EFFECTS OF PROCHLORAZ 

DRENCHES ON POPU LAT I O N S  O F  SOIL MICRO-ORGA N IS MS ,  

INVAS ION O F  ROOTS BY FUNG I ,  A N D  GROWTH O F  RED CLOVER 

S E E DLINGS U N DER GLA S SHO U S E CONDITIONS .  

5 .3 . 1 I n t ro d u ct i o n  

A s  descr ibed i n  Expe r iment  3 ,  p rochloraz was t h e  most p romis ing 

fu ngi c ide of those te sted i n  Y..i1r.Q for use  i n  con trol of root- i nvad i ng fung i  of red  

clove r and  i t  showed the l east adve rse effects on seedl ing growth .  Howeve r, t he re 

are a myriad b iological, chemical , and physical i n t e ract ions  i n  so i l  wh ich do not  

ex ist under  laboratory condi t ions ( K aufman, 1977) ,  and wh ich can affect the  

ult imate behaviour and effectiveness  of  fungic ides .  Therefore ,  i t  was  necessary 

to test  the fungic ide  further  under  more  natural cond i t ions before us ing i t  i n  f i e ld 

exper iments. 

An expe r imen t  was set up i n  p o ts i n  constant  temperature  waterbaths i n  

the glasshouse t o  assess the effects of p rochloraz on :  

1 .  m icrobial  populat ions  i n  so i l ;  

2 .  fungal i nvasion of the  root s ;  

3 .  p l ant growth .  

5 .3 . 2  Mate rials and meth o d s  

Fie ld  soi l  was obta ined from t h e  p lant  breeder ' s  evaluat ion b lock. 

Samples  of soi l  were taken,  mixed and processed as described in Chapte r  3 .  The 

bulk soi l  was then  d iv ided  i n to two equal  parts :  ( a ) :  "Fie l d  soil"  and ( b ) :  

"mic rowave-treated-soi l "  ( MW soi l ) .  F ie ld  so i l  was put i nto pots  d i rectly (de ta i l s  

below) .  M icrowave- treated-soi l  was  p rocessed as  fol lows:  Polyethyl ene  bags 

were f i l l ed  w i th about 1 200 g so i l ,  p l aced ope n i n  a microwave oven (Nat ional ,  

Mode l  NE-8070) ,  and ful l  power (650 W heat ing power, 2450 MHz) app l i ed  for 5 

min .  I n  a pre l i m i nary test  i n  which 1200  g so i l  was treated for 3 ,  5 ,  1 0 ,  or  1 5  m i n ,  
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fungal co lonies fa i led  t o  grow on soi l  d i l u t ion plates from so i l  s t e r i l i sed fo r 5 m in 

or longer. After treatment ,  the bags were c losed and the soi l was a l lowed to cool  

to room temperature before it was pl aced in to the pots .  

The exper iment  was carr ied out as ,  so i l  temperature x prochl oraz 

co ncentrat ion (3 x 5 ) , a two factor factorial  des ign for both F ie ld  and MW soi l .  

Five replicate unperforated plast ic pots ( 65 mm d iam.  x 95  m m )  were used for 

each treatment .  So i l  ( 1 75 g) was placed in to each of 75 pots. Twe n ty seeds were 

sown onto the surface of the soi l  in each pot .  Another  25 g soi l  was added to each 

pot to cover seeds  to a depth of 1 0  mm.  The soi l  in the pots was d renched 

im mediately afte r  sowing, with proch loraz e muls ions  di luted with water to give 

concentrat ions in the soi l  of 80, 240, 730, and 2200 mg a . i . /kg d ry so i l ,  and a 

mo isture content  of 80% of WHC. The concentrat ions we re equival e n t  to 1 . 1 5 ,  

3 .46, 1 0.52, a n d  3 1 . 72 g a . i .  p e r  square m e t r e  of soi l surface ,  respect ively .  The 

control pots rece ived the same amount  of wate r .  The pots were p laced in to  

te mperature contro l led  waterbaths a t  15 ,  20,  or 25°C in  a g lasshouse ,  weighed 

da i ly, and soil  mois ture content adj usted t o  80% WHC by adding appropriate 

amounts of water .  

Measurements of plant  growth ,  and assessment of popul ati ons  of soi l 

m icro-organ i sms  and root - invading fungi  were under taken 4 weeks  afte r  sowing. 

5 .3 .2 . 1 Microbial population of the soi l  

Soil d i lu t ion  plates  with differe n t  se lect ive media were used to assess 

p opulations of bacteria and fungi i n  the so i l .  Bacto-trypt i c  soy broth (D ifco) at 

0 .3%, sol id ifi e d  wi th  1 .5 %  agar, was used for total  bacteria ( Mart in ,  1 975 ) ,  and 

Martin's rose be ngal med ium (Mart in ,  1 95 0) contain ing oxytetracycl ine  at  1 0  

.ug/ml instead of s t reptomycin,  for fungi . A p reli m i n ary exper iment  showed that 

the  latter med ium was superior to several  other media tested in  the  total  number 

of coloni es obtained ,  and numbe rs of  colonies  of  spec ies  of  Gl iocladium, 

Fusarium, Cyl i ndrocarpon, and zygomyce tes  isolated from so i l .  It was also best  

in  prevent ing ove rgrowth of the plate by zygomycetes .  

At the  end  of  exper iment  (4 weeks  after  sowing) two 1 0  g samples of  fresh 
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so i l  were take n from each pot wi th  a s teri l i sed cork borer ( 1 0 m m  in ner  d i a m . )  

through the whole depth  of t h e  s o i l .  O n e  core sample  was used for measu r ing  s o i l  

water content .  The o t h e r  was comm inuted w i t h  1 00 m l  s ter i le  d i s t i l l ed wate r i n  

a War ing  blender for 1 m i n  a t  h igh speed .  A ser i e s  of 1 0-fold d i l u t ions  for e ach 

so i l  sample suspens ion was prepared .  Max i mum di 1 u t ion s used we re 1 0,000-fo ld ,  

fo r bacter ia  i n  both types  of so i l ,  and 1 00- and 1 0-fo ld ,  for fungi  from "Fi e l d  s o i l "  

and " M W  soi l " ,  respect ive ly.  A 0.25 ml  of a l iquot  o f  a n  appropr iate d i l u t ion  was 

p ipet ted onto dup l i cate p l ates of the bacter ial and the fungal med ia, and spread 

evenly over the surface u s i ng a bent  glass rod.  

The plates were i ncubated at 20°C in the dark .  Colony counts were m ade 

at  i n tervals from 2 days after  i noculat ion ( u n t i l  colony numbers reache d  a 

max i m um ) .  For bacte ri a , only the total n umber  of co lon ies was counted .  For 

fu ngi ,  the  numbers of co l onies  in total ,  and of the major  fungal species p rev i ously 

i solated from roots of red  clover (Chapter 4)  w ere counted.  The data were 

expressed as n umbers of colon ies  per  gram dry so i l .  

5 .3 .2.2 Seed germi nat ion and seed l i ng growth of red clover 

Numbers of seed l i ngs per pot  were coun ted  12 days afte r  sow ing .  A t  the  

end of the  exper iment, seed l i ngs were  washed free of so i l  w i th  a je t  of  tap water ,  

the lengths of  each who l e seed l i ng and i ts root  were  measured,  and the l eng th  of 

i ts shoot  was calcu lated .  Shoots and roots were then  separated and fresh we ights  

were  determined .  

5 .3 .2.3 Root- i nvading fungi 

Fungi were i so l ated from roots as descr ibed  in Exper iment  1 us ing  al l  t he  

we ighed whole roots f rom each pot .  The b lend ing  t ime  was 60  sec, and  no  d i l u t i on  

was made .  
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5 .3 . 2 . 4  Stat ist ica l  analys i s  

Stat ist ical analyses  were pe rformed after squ are root  (colony data)  or 

arcs ine  (seed l ing emergence data)  t ransformat ion except for the le ngth and 

we ight data which were not transformed .  

A two way analysis  was carri ed ou t  on  the  data obtai ned  from each type of 

soi l  as soil temperature x prochl oraz concentrat ion .  When the  in teract ion of the 

two factors was s ignif icant ,  t he data are p resent  for  a l l  combinat ions  of 

temperature and conce ntrat ion,  otherwise these were ave raged over one or 

another factor .  

5 .3 . 3  Resu l t s  

5 .3 .3 . 1 Populat ions  of bacte r ia  and  fungi i n  the  so i l  

General ly bacter ia l  populati ons  i ncreased asconcentrat i onsofprochloraz 

appl ied to the so i l  i ncreased (Table  5-3- 1 ) .  H owever, there  was a strong 

t e mperature x concentrat i on in teract ion (P  < 0 .05 ) and the effect of temperature 

d iffe red in  Field so i l  and MW soi l .  I n  F ie ld  so i l  at 15 and 20°C, bacterial  colony 

formi ng uni ts  (CFU) were s ign ificantly increased,  compared wi th  untreated soi l ,  

b y  treatment  with 730 m g  prochloraz/kg soi l  o r  more ,  and a t  25°C with 2200 

mg/kg. In MW soi l ,  however, concentrat ions required to  i ncrease bacteria 

p opulat ions decreased as temperature increased ( 730 mg/kg at  1SOC, 240 mg/kg 

at  20°C, and 80 mg/kg at 2SOC) . 

The fungi most freque nt ly i sol ated from Fie ld  soi l  were Chrysosporium 

spp. , .C. destructans, Fusarium spp. , Q. roseum, Pen ici l l i um spp . ,  and some spec ies  

of zygomycetes .  Fungal co lon ies of Acremon ium, Chaetomium, Cladosporium, 

Geotrichum, Paecilomyces, Phoma, Trichoderma species ,  and  of some ster i l e  

myce l ial  forms were a lso found .  

From MW soi l  the  fungi  most  frequent ly i so lated  were Humicola spp . ,  and 

Penicil l ium spp . .  Other fungi isolated occas ional ly were spec ies  of Acremon ium, 
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Ch rysosporium, Cl adosporium, Phoma,  and some ster i le  myce l i u m .  Three of t he  

major fungal spec ies (genus)  i so lated from fi e I d  so i l ,  .C. dest ructans, Fusari  urn 

spp . ,  and G.  roseum. were rarely i sol ated from undrenched MW so i l ;  no i so la tes  

were obta ined f rom prochl oraz dren ched MW so i l .  

As  with t he bacte ria, tempe rature x conce ntrat ion in teract ions  were a l so  

found for  total numbers of fungal CFU in  the  so i l s .  A t  1 SOC a lower concen t rat i o n  

of prochl oraz ( 8 0  mg/ kg) was requ i red  t o  reduce t h e  total  fungal CFU p e r  gram 

of dry F ie ld  so i l  be low the level i n  un t reate d so i l  than  at 20  and 2SOC (240 mg/kg)  

(Table  5 -3- 1 ) .  

T h e  total number of fungal CFU obtai ned  from MW soi l  was less  than 1 0% 

of that  obtai ned  from Field soi l .  Numbers  of CFU were further  lowe red 

sign ifi cant ly i n  so i l  treated wi th  t he  fungi c ide a t  80 mg/kg and above (20 and  

25°C) ,  or  240 mg/kg and  above ( 1 5°C) ,  compared w i th  those f rom undrenched so i l  

(Tab le  5-3- 1 ) .  

The i nd iv idual fungal  speci e s  i so lated from Fie ld  and M W  soi l s  showed  

differen t  responses to  t he  treatment s  (Table  5-3-2 ) .  Speci es o f  Chrysospor i u m  

and Fusar ium ( mainly F .  solan i ,  F. oxysporu rn ,  a n d  F.  culmorum)  i n  Fi e l d  so i l  

were markedly affected  by the  prochloraz t reatments .  Numbers of CFU were  

s ignif icant ly lower  in  so i l  receivi n g  any of  the proch loraz t reatments than  i n  

untreated so i l .  Numbers of .G. roseum were reduced at  730 mg/kg and abov e .  

Others were n o t  affected dramat ica l ly by any concentrat ion (Table 5 -3-2 A ) .  I n  

M W  s o i l ,  t h e  n umber of CFU of Humicol a spp . was reduced s ign ifican t ly by 

fungic idal drenches at 730 mg/kg and 2200 mg/kg (Tab le 5 -3-2 A ) .  Numbers  of 

CFU of Penicil l ium spp.  were l ower in prochloraz drenched so i l s ,  compared w i t h  

those i n  untreated  so i l ,  but t he  d iffe rences we re not s tat i s t ica l ly d iffe re n t .  

Temperature d i d  not  affect t he  n um bers of fungal CFU in  e i t he r  so i l  

excep t  of .G. roseum i n  Fie l d  soi l and Humicola spp.  i n  MW soi l ,  which were  

s ignifi can tly h igher  at 20°C and  2SOC, respectively t han  a t  1 5°C (Table 5 -3-2 B ) .  



Table 5 - 3 - 1 . Mean numbers of colony form i ng units of bacte r i a  
and fungi p e r  gram dry Field and m i crowave-oven-treated s o i l 
( MW )  4 weeks a fter pots 1 were drenched with d i fferent 
concentrati ons of prochloraz . 

Temp . Cone . Bacteria ( X 1 08 ) 
( oC ) ( mgjkg ) F i eld MW 

1 5  0 2 . 6 1 e2 8 . 2 0 bed 
8 0  3 . 4 6 de 8 . 1 6 cd 

2 4 0  3 . 7 4 de 7 . 7 9 cd 
7 3 0  8 . 0 9 be 1 7 . 3 7 a 

2 2 0 0  1 6 . 8 1 a 2 2 . 1 9 a 

2 0  0 3 . 3 1 de 7 . 8 7 cd 
8 0  3 . 8 3 de 6 . 8 3 de 

2 4 0  6 . 1 6 cd 1 1 . 7 7 b 
7 3 0  7 . 7 2 be 1 1 . 0 0 be 

2 2 0 0  1 0 . 8 2 be 1 9 . 3 0 a 

2 5  0 2 . 6 6 e 4 . 4 4 e 
8 0  2 . 3 0 e 7 . 2 1 d 

2 4 0  4 . 0 3 de 9 . 0 6 bed 
7 3 0  4 . 1 0 de 9 . 1 7 bed 

2 2 0 0  1 1 . 1 1 b 1 7 . 8 4 a 

• The pots were kept at 1 5, 20, or 2SOC in waterba ths.  

Fungi ( x1 03 ) 
F i e ld MW 

4 3 7 . 3 3 a 1 1 . 0 6 bed 
2 3 0 . 2 0 c 4 . 6 0 cde 
1 9 3 . 0 0 cd 0 . 2 7 e 
1 8 2 . 4 0 cd 0 . 2 7 e 
1 5 7 . 6 0 de 0 . 3 3 e 

3 6 7 . 4 0 ab 2 0 . 0 7 ab 
3 1 5 . 1 7 b 1 . 8 3 de 
1 9 7 . 4 0 cd 1 1 . 3 4 a be 
1 5 4 . 9 3 de 1 .  2 3  de 
1 2 3 . 9 3 e 0 . 0 7 e 

3 3 5 . 5 3 b 2 1 . 8 7 a 
3 1 6 . 0 7 b 8 . 7 7 bed 
1 9 4 . 7 7 cd 7 . 7 0 bed 
1 5 1 . 4 0 de 4 . 6 0 cde 
1 2 0 . 4 0 e 0 . 1 0 e -

9 9  

2 •  Means in each col u m n  fol l owed by the sam e  letters were not significantly d ifferent a t  5% probab i l i ty 
level in an analysis of transformed values (sq.rt .)  
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Table 5 - 3 - 2 . Mean numbers o f  colony forming units ( x1 03 ) o f  s ome 
funga l species per gram dry F i e l d  and microwave-oven-treated s o i l  
( MW )  a s  affected by prochlora z concentrat ions ( A )  and temperatures 
( B )  • 

A .  Concentrations 

Soi l Fungi 
0 

Concentration ( mgjkg )  
8 0  2 4 0  7 3 0  2 2 0 0  

F i e l d  ChrysosQorium . sp 1 4 . 1 7 al  5 . 9 0 b 5 . 3 2 b 5 . 6 1 b 3 . 8 7 b 
Q_ .  destructans 1 . 4 9 a 0 . 9 0 a 2 . 3 9 a 2 . 3 9 a 2 . 3 7 a 
Fusarium s pp . .  2 3 . 3 1 a 6 . 5 1 b 5 . 9 1 b 5 . 9 0 b 6 . 2 1 b 
� - roseum 
Penic i l l i um spp . 
zygomycetes 

MW Humicola sp . 
Penic i l l i um s pp . 

B .  Temperatures 

Soi l Fungi 

Field ChrysosQo rium . sp 
Q .  destructans 
Fusarium spp . 
� - roseum 
Penici l l i um s pp . 
zygomycetes 

MW Humicol a  sp . 
Penic i l l i um spp . 

4 1 . 9 1 
1 7 . 1 1 
1 7 . 6 9 

6 . 8 8 
2 . 6 1 

a 5 2 . 2 3 
a 1 8 . 0 1 
a 1 8 . 2 8 

a 2 . 4 2 
a 0 . 5 4 

1 5  

8 . 8 7 a 
2 . 3 2 a 
8 . 8 6 a 

3 3 . 8 1 b 
1 6 . 8 2 a 
1 8 . 59 a 

0 . 9 4 b 
0 . 2 1 b 

a 4 9 . 2 7  a 2 9 . 8 0 
a 19 . 1 7 a 1 5 . 6 4 
a 19 . 7 8 a 2 0 . 6 4 

ab 2 . 8 0 ab 1 . 0 7 
a 0 . 1 4 a 0 . 3 9 

Temperature ( °C )  
2 0  

7 . 09 a 
1 . 9 7 a 
9 . 9 3 a 

4 6 . 7 5 a 
1 7 . 1 8 a 
2 0 . 1 7 a 

2 . 2 6 ab 
0 . 2 3 b 

b 2 8 . 0 2 b 
a 1 7 . 1 2 a 
a 1 8 . 0 0 a 

be 0 . 0 0 c 
a 0 . 1 8 a 

2 5  

4 . 9 7 a 
1 . 4 3 a 
9 . 9 1 a 

4 0 . 1 9 ab 
1 8 . 2 3 a 
1 7 . 8 8 a 

4 . 7 0 a 
1 . 8 9 a 

1• Data for each factor were averaged over all levels of the othe r  factor. Means followed by the same 
letters in each line were n ot sign ificantly different at 5 %  probability level in  an analysis of  transformed 
values (sq.rt .) .  

5 .3.3 .2 .  Seed l i ng  e mergence  and growth of red clove r 

General ly ,  s eed l i ng emergence was greater  from MW soi l than from F ie l d  

so i l  (Table 5 -3-3 ) .  Tre atmen t  of e i t he r  so i l  w i th  p rochloraz a t  a rate o f  730 mg/kg 

or m ore resu l ted  i n  reduced seedl i ng emergence  compared with other  treatm e n t s  

(Tabl e  5 -3-3 A ) .  

Soil t emperature affected seed l ing e m e rgence  in Fi e l d  soi l ,  b u t  n o t  i n  M W  
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so i l  ( Table 5 -3-3 B) .  S ign if ican tly grea ter  numbers of seed l ings were obta i ned  

from F ie ld  so i l  in  pots kept  at  25°C than  in  those at  1 5  and 20°C. 

Tab l e  5 - 3 - 3 . Mean emergence percentage of red clover seed l i ng s  
1 2  days after sowing 2 0  seeds into each pot contai n i ng F i e l d  o r  
microwave-oven-treated so i l  ( MW )  as affected b y  prochloraz 
concentrations ( A )  and soil temperatures ( B ) . 

A .  Concentration . 

Soi l  0 
Concentrati on ( mgjkg )  

8 0  2 4 0  7 3 0  2 2 0 0  

F i e l d  
MW 

4 3 . 3  a1  4 3 . 0  a 4 9 . 3  a 2 4 . 0  b 1 3 . 0  c 
6 1 . 3  a 4 9 . 7  be 5 5 . 7  ab 4 3 . 7  c 3 1 . 7  d 

B .  Temperature . 

Soi l 

F i e ld 
MW 

Temperature ( °C )  
1 5  2 0  

3 2 . 4  b 
4 8 . 4  a 

3 1 . 4  b 
4 4 . 4  a 

2 5  

3 9 . 8  a 
5 2 . 4  a 

1 •  Data for each factor were averaged over all  levels of the other factor. Means fol lowed by the same 
letters in  each l ine  were not  signif icantly different at 5% probability level in  an analysis of transformed 
values (arcsine).  

Prochloraz conce ntrat ions ,  so i l  temperatures,  and i n t e ract ions  of the two 

factors, all affected red clove r growth (Fig .  5 -3- 1 ) . At  l SOC, treatment  of e i the r  

so i l  with prochloraz at  concentrat ions  of 80  mg/kg o r  more resu l ted  i n  shorte r 

shoots compared with those of plants  from untreated so i l ,  whi le  at  20 and 25°C 

s ign ificant reductions i n  shoot growth  were detected at  730 and 2200 mg/kg for 

F ie ld  soil , and 240 mg/kg and above for MW soi l .  Shoot we ight  showed s im i l ar 

responses except that i n  F ie ld  soi l s i gnif icant  reduct ions i n  growth were on ly 

detected at concentrat ions  of 730 mg/kg and above; at all temperatures .  

Lengths of roots  of plants grown in Field so i l  t reated with proch loraz at  

2200mg/kg were s ignif icantly lower than those of plants  from untreated so i  I at  a l l  

t emperature levels i n  F ie ld  so i l .  I n  MW soi l ,  h owever,  whi le  root  l ength was only 

s ign if icantly lower at the  h ighest  concentrat ion  (2200 mg/kg) at l SOC, at  20 and  

25°C i nh ib i t ion  was evi d e n t  at  concentrat ions of 240 mg/kg and above . Resul ts  

were somewhat d iffe rent  when weight  was used as the parameter  of  root  growth .  

I n  F ie ld  soi l  at 15  and  25°C root we igh t was s ignif i cantly lower wi th  t reatme nts of 
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730 and 2200 mg/kg , whi le  a t  20°C, i t  w a s  reduced by 80 mg/kg a n d  above . In  MW 

soi l  i t  was reduced at conce ntrat ions  of 80 mg/kg and above at 1 YC, 730 mg/kg 

and ahove at 20°C, and 240 mg/kg and  above at 25°C. 

5 .3 .3 .3  Root - invading fu ngi 

In  Field soi l ,  fewer col onies  w e re recovered from root t i ssue of plants  from 

soil d renched with prochloraz (Table 5 -3-4 ) .  The lowest concen t rat ion of 

prochloraz treatment  which resul ted  in s ign ificantly lower colony counts than 

untreated control s vari ed with  temp e rature . They were 80 mg/ kg at 1 5°C, 240 

mg/kg at 20°C, and 80 mg/kg at 25°C. Concen t rations above t h e se gave s ignif icant 

i nh ib i t ion except 730 mg/kg at 15 and 20°C. Numbers of col on ie s  of Fusarium 

spp .  (mai nly F. solan i ,  and less frequent ly F .  oxysporum and F. culmorum) were 

reduced i n  al l  t reatme nts receivi n g  p rochl oraz . Tri chocladi um bas icol a, .C. 

destructans, and .G. roseum were i so lated from the plants growing  i n  the  pots  

w i thout p rochloraz, but  no isolates w e re obtai ned from the  roots  in  drenched so i l .  

Numbers  of colonies  of  .(y.. scopar ium and a group of o ther  fungi ( i nclud ing 

speci e s  of Acremonium,  Chrysosporium, Humicola, Penici l l ium, and some w i t h  

s ter i le  myce l ium)  d id  n o t  show a m a rked o r  consistent response t o  t h e  fungici de  

(Table  5 -3-4 A) .  
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Fig u re 5 - 3 - 1 .  M e a n  l e n g t h s  a n d w e i g h t s  of s h o o t  a n d 
ro ot p e r  p l a n t  o f  4 - wee k - o l d  red c l o v e r  g ro w i n g  i n  p ot s  
c o n ta i n i n g  f i e l d  s o i l  (A) o r  m i c ro w a v e - o ven - t re a t ed s o i l  
(B ) . T h e  pots  w e re d re n c h e d  w i th d i f f e re n t  c o n c e n t r a ti o n s  
o f  p r o c h l o ra z  a n d  kept i n  w a te r b a t h s  a t  1 5 , 2 0 ,  o r  2 5°C . 

1 0 3  
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Tabl e  5-3-4 . Mean numbers o f  colonies per g fresh roots ( x1 0 2 )  
in total , and o f  some ma jor funga l spec ies i solated from roots 
of 4 -week-old red c l over pl ants growing in pots 1 conta ini ng F i e l d  
( A )  o r  microwave-oven-treated ( MW )  so i l  ( B ) . 

A .  F i eld soi l 
Temp . 
(oc ) 

15 

20 

25 

Cone . 
( mgjkg )  

0 
80  

240  
7 3 0  

2 2 0 0  
0 

8 0  
2 4 0  
7 3 0  

2 2 0 0  
0 

80  
240  
730  

2200  

B .  MW soi l 
Temp . 
(oC ) 

1 5  

2 0  

2 5  

Cone . 
( mgjkg )  

0 
8 0  

2 4 0  
7 3 0  

2 2 0 0  
0 

8 0  
2 4 0  
7 3 0  

2 2 0 0  
0 

8 0  
2 4 0  
7 3 0  

2 2 0 0  

Tota l 

1 1 6 . 3 3 bc 3 
1 5 . 5 0 defg 
28 . 6 7 defg 

1 3 5 . 57 b 
0 . 0 0 g 

6 6 . 9 3 bed 
2 6 . 2 3 defg 

4 . 2 3 fg 
3 8 . 1 0 defg 
2 2 . 2 3 efg 

4 4 2 . 4 7 a 
5 2 . 5 0 bcde 
3 7 . 1 0 defg 

0 . 0 0 g 
0 . 0 0 g 

Tota l 

3 . 0 3  bcde 
8 . 1 7 abed 

1 2 . 1 7 abed 
0 . 0 0 e 
0 . 0 0 e 

1 5 . 9 7 ab 
1 . 4 3 e 

1 2 . 2 3 abc 
0 . 0 0 e 
0 . 0 0 e 

2 2 . 7 7 a 
2 . 9 0  cde 
1 . 1 7 de 
0 . 0 0 e 
0 . 0 0 e 

3 0 . 4 7 be 
4 . 3 3 cd 
0 . 0 0 d 
4 . 4 3 cd 
0 . 0 0 d 

3 9 . 6 0 b 
0 . 0 0 d 
0 . 0 0 d 
0 . 0 0 d 
0 . 0 0 d 

3 5 2 . 3 3 a 
7 . 1 3 cd 

2 5 . 6 0 be 
0 . 0 0 d 
0 . 0 0 d 

Acre . 

0 . 0 0 d 
5 . 0 0 b 

1 2 . 1 7 a 
0 . 0 0 d 
0 . 0 0 d 
2 . 1 0 c 
0 . 0 0 d 
1 .  6 7  cd 
0 . 0 0 d 
0 . 0 0 d 
0 . 0 0 d 
0 . 0 0 d 
0 . 0 0 d 
0 . 0 0 d 
0 . 0 0 d 

Cs 

4 . 3 0 a 
0 . 00 a 
o . o o a 
0 . 00 a 
0 . 0 0 a 
1 . 9 0 a 

1 1 . 3 7 a 
0 . 0 0 a 
4 . 7 1 a 
0 . 0 0 a 
8 . 7 3 a 
0 . 0 0 a 
3 . 1 7 a 
0 . 0 0 a 
o . o o a 

Humi . 

0 . 0 0 e 
0 . 0 0 e 
0 . 0 0 e 
0 . 0 0 e 
0 . 0 0 e 
3 . 0 0  c 
1 . 4 3 d 
7 . 77  b 
0 . 0 0 e 
0 . 0 0 e 

1 6 . 6 7 a 
0 . 0 0 e 
0 . 0 0 e 
0 . 0 0 e 
0 . 0 0 e 

Others 

8 1 . 5 6 ab 
1 1 . 1 7 cd 
2 8 . 6 7 bed 

1 3 1 . 1 4 a 
0 . 0 0 d 

2 5 . 4 3 bed 
2 0 . 2 3 bed 

4 . 2 3 cd 
3 3 . 3 3 bed 
2 2 . 2 3 bed 
8 1 . 4 1 ab 
4 5 . 3 7 be 

8 . 3 3 cd 
0 . 0 0 d 
0 . 0 0 d 

Others 

3 . 0 3 b 
3 . 1 7 b 
0 . 0 0 c 
0 . 0 0 c 
0 . 0 0 c 

1 0 . 8 7 a 
0 . 0 0 c 
2 . 7 9 b 
0 . 00 c 
0 . 0 0 c 
6 . 1 0 b 
2 . 9 0 b 
1 . 1 7 b 
0 . 0 0 c 
0 . 0 0 c 

1 •  The pots were drenched with different concentrations of prochloraz and kept a t  1 5, 20, or 25oC i n  

water baths. 

2• Fspp, Fusarium spp. Cs, �· scoparium Acre, Acremon ium spp.  Humi,  Humicola sp.  

3 •  Mean s  in each column followed by the same letters were n ot significantly d ifferent a t  5% p robabil i ty 
level i n  an analysis of transformed values (sq.rt . ) .  
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Far fewer colon ie s  were recovered from p lants  grown in  MW soi l  than i n  

F ie ld  soi l  (Tabl e 5-3-4 B ) .  High concentrati ons  of proch loraz (730 and 2200 

mg/ kg) completely e l i m i n ated fu ngal invas ion  of roots ,  and the  numbers of 

co lon ie s  were reduced s ign ifi cantly by 80 and 240 mg/kg at 25oC. Resul ts  w i th  

lower concen trations of  p rochloraz were incons i s ten t  at lower temperature s .  

Spec ies  of Acremoni um a n d  Humicola were i so lated  from a few treatment s  but  

neve r at  concentrations  above 240 mg/kg. Numbers  of  col on ie s  of  others fungi  

( species  of  Cladosporium,  Chrysosporium,  Pen ici l l ium, and some s t e ri l e  

myce l ium)  were reduced s ign ifican tly a t  concentrat ions  above 240 mg/kg a t  al l 

t emperatures (Table 5 -3-4 B) .  

5 .3 . 4  Discus s i o n  

Most p rev1ous  i nves t igatio n s  o n  effects  of fungi ci d e s  on so i l  m i cro

organi sms  have been carr ied  out  w i th non-EBI fungic ides .  One  recent report  on 

the  effects of the EBI fungic ide propi conazol fou n d  no  s ignif icant d iffe rences  i n  

fungal populat ions in  t h e  so i l  3 0  days afte r  the l as t  of a seri e s  of treatme nts a t  1 0  

day intervals  at a rate of 0 . 1 25 g/m2 as compared wi th  untreated  so i l  ( Elmho l t  and  

Smedegaard-Petersen ,  1 988) . In  the  present  expe r i ment ,  marked diffe rences  

between treatments were  detected 4 weeks  afte r  a s i ng le  appl i cat ion of proch l oraz 

(Table 5-3- 1 ,  5-3-2) . A l though the two s tudies  are not  really comparab le ,  effects  

would have been more l i ke ly to have  shown up in  the  p resent  t r ia l  s ince p rochl oraz 

has stronger antifungal activ i ty than that of prop i conazol ( Experiment  3 )  and  i t  

was used a t  high concen trat ions .  

The significan t reduction in the total  fungal  populat i on  of the soi l s  (Tabl e  

5-3-1 ) conf i rmed the b road spectrum of antifungal activity of p rochlorazwhich  has  

b e e n  reported i n  vi tro ( Buchenauer ,  1977) .  A mong the fungal speci e s  l i s t ed  i n  

Tab le 5-3-2 d ifferent react ions to p rochloraz were found.  Fungi ,  such as speci e s  

of zygomycetes and Pen icill ium, known to be i n s en s i t ive or s l ightly sens i t ive to  

prochloraz i n  Y.i1N (Buchenauer, 1 977) ,  remai ned  at rel at ive ly constant l ev e l s  

whereas others known  t o  b e  sens i t ive to  the chem i cal (Experiment 3 )  were ,  w i t h  

t h e  except ion of .C .  destructans, reduced i n  the t reated soi l .  These resu l t s  show e d  

that i n  Yi1r.Q tests gave a reasonab le  i nd i cation o f  t h e  l i kely effect o f  the fungi c i d e  
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on fungi  i n  so iL  On the other  hand ,  n o  maj o r  fungal group was  e l im inated from 

so i l  by p rochloraz even at a conce ntrat ion as h igh  as 2200 mg/kg, in contrast  to  

the resul ts  of  the  in  vi tro tests ,  where s t rong fungici dal effects  were ach ieved at  

1 00 pp m o r  lower .  Th i s  supports  t he  v i ew that  t he  b ioactivity of fungic i d e s  can be 

reduc e d  markedly by phys ical,  chemi c al, and m i crobial  factors  in  the  so i l  (He l l i ng  

e t  a l . ,  1 97 1 ) .  

Effects of t empe rature on the  effi cacy of p rochl oraz var i ed  wi th  t h e  so i l s .  

I n  F i e l d  so i l  fo r  ins tance ,  t he  pe rcen t age re duct i on  i n  the  total fungal populat i o n  

fol low ing  p rochloraz treatment  with 80 mg/kg was greater  at  1 5oC than t h a t  a t  

20 and  2 5 °C,  whereas  i n  MW so i l ,  t h e  same  concentrat ion cause d  m o re r educ t i on  

a t  20 a n d  25°C than a t  1 5 °C (Table 5 -3 - 1  ) .  The d iffe rent  re sponse s  may be  due  to  

the  d ifferen t  mycofloras i n  the  so i l s  ( Table 5 -3-2 ) ,  and may i n d i cate  t hat effects  

of  t empe rature o n  ant ifungal activi ty of  p rochloraz var ied  wi th  fungal group , or  

the i n d iv id ual fungal spec ies  pre s en t .  The temperature effect  s e e m s  more l i k ely 

to h av e  occurred through changes in the p hys i ological state of t e s t  o rganisms,  a n d  

h e n c e  t h e i r  suscept ib i l i ty t o  t ox icants ,  rathe r  than changes i n  t he  chemical  i t se lf .  

Fungal i nvas ion  of roots  was s ubstant i al ly reduced  by prochloraz d rench e s  

(Tabl e  5 -3-4  ) .  Thi s  probably was b ec ause  of great reduct ion  of i no cu lum l ev e l  i n  

the so i l  (Table 5 -3 - 1 ,  and 5 -3-2 ) , and  of fu rthe r  ant ifungal act iv i ty from chem ic al s  

accumulated on and i n  plants .  

Fol lowing the  appl icat ion of the  fungici de  t o  t he  so i l ,  the  numbers  of  

bact e ri a  i n creased  dramat ica l ly (Table  5 -3 - 1 ;  see  a l so  Far ley and Lockw o o d ,  

1 9 6 9 ; Wa inwrigh t and Pugh, 1 97 3 ;  1 97 4 ;  1 975 ; Ferr i s s and M i tche l l ,  1 98 1 ; Ingham 

and C o l eman,  1 984  ) ,  and  such  i ncreases  m ay refl e ct changes  i n  the  fungal 

popula t ion  whi ch resul ted i n  : ( a )  r educed  competi t i on wi th  fungi for  nutr i en t s  

and/  o r  ( b )  incre ased  substrate in  t h e  form of  d e ad hyphae ( Bo l l en ,  1 96 1 ;  S imon 

Sylve r s tr e  and  Fourn i e r, 1 97 9 ;  I ngham ,  1 9 85 ) .  

S ee dl i ng e m e rgence from both so i l s  was reduc e d  by the  h i gh e r  

concen trat ions  of prochloraz (Tabl e 5 -3-3) .  S imi lar  resul t s  h av e  b e e n  repor ted  

for  p e as drenched  w i th  the  same  fungicid e  ( Robertson e t  al . ,  1 987 c ) ,  and  for  

prair i e grass  s e e d s  t reated  wi th  n umarimol  or  propiconazol  pr ior  t o  sowing 

(Fal loon ,  1 9 8 8 ) .  Although germinat ion  was not  affec ted  by prochloraz in  

Exper iment  3 i t  d i d  i nhibit  e longat ion of  shoots  and roo t s  of  r ed  clov e r .  
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Therefore, it i s  li kely t hat re duced  e m e rgence  was the resu l t  of the  growth 

re tarding effects  of the fungic i d e  at h igher  concen trati ons .  S imi lar  effects  have 

been  reported fo r some o the r  EBI fu ngic ide s  ( Buche naue r, 1 977 ;  Buche nauer  and 

Rohner, 1 98 1 ) . 

The advers e  effects  of prochl oraz on  shoot  growth of r e d  c lover  s e edl i ngs 

were  more severe  at low e r  ( 1 5oC)  than at highe r ( 20-25oC)  t emperature s ( Fig .  5 -

3 - 1  ) .  This correspo n d e d  with previous obs e rvations in  laboratory t ests 

( Experiment 3 ) .  The opt imum tempe rature for  red clover  growth is 20-2YC 

( Chapter 2) .  P l ants  growing  at lower t emperatures  m ay be more suscept ible  t o  the 

growth retardant  effect  of p rochloraz .  

Microwave ove n  t reatment was found to  be an effective m ethod  to  ki l l  

fungi in soi l . Four weeks  afte r  treatment ,  the fungal populat ions  in  undrenched 

MW soil were  sti l l  l e s s  than 1 0% those  in F i e l d  so i l  r eceiving the  highest  

concentrat ion  of pro chl o raz (Table 5 -3- 1 ) .  The m ajor fungi  in  MW soi l  were  

spec ie s  of Humicola a n d  P enici l l ium rathe r  than fungi known to i nvade  r e d  c lover  

r oots .  They are  ubiqui tous  soi l  inhabi t ing fungi . Some ,  l ike  Penic il l i um ,  whose  

conidia are e as i ly dis t r ibuted through the  a tmosphe r e  (Domsch et  al . ,  1 980 ) , may 

h ave re- invade d  the  so i l  f rom this source .  H owever ,  the fungal r e - e st ab l i shmen t  

of MW soi l  was  succes sful ly suppres sed  by  the  prochloraz t rea tment s .  S ince  MW 

t re atment has  l it t le eff e ct on soi l  ( Ferr i s s ,  1 98 4 )  apart from k i l l ing  fungi , i t  i s  

suitable  for use  t o  detect  d i rect effects  of t he  fungi cide on p lant  growth .  

Although resul t s  obtained  i n  t he  glasshouse may vary f r o m  those  under  

f i e ld  conditio n s  owing t o  greatervariabi l i ty i n  the  f ie ld e nvi ronment  and  the  m ore  

he t e rogen eous  b io ti c  populations e n countered  in f i e ld  so i l ,  t hey can g iv e  some  

i n dication of  the  effects  that  appl i cat ion of prochloraz in  t he  f i e ld  m ay h av e .  I t  

i s  conclude d  f rom the pre sen t  resul t s  t ha t  s i n ce  prochlorazwas  s t rongly antifungal 

t owards a w ide  range of fungi in so i l ,  and reduced fungal invasion of r e d  c love r  

r oots ,  i t  was su i table for  further  use  as  an experimen t  tool  fo r  fie ld s tud i e s  on  the  

e ffects of fungal i nvasion  o n  red  cl ove r  growth.  H ow ever, i t  h ad a re t ardant  effect  

o n  the  plan ts ,  e speci a l ly at low e r  t emperatures ,  thus choice  of  sui table  

concentratio n s  for  fie l d  appl icat ion shou ld  s t r ike  a balance b e tw e e n  m ax imum 

pathogen suppre ssion and  minimum r etardan t  effects .  
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5 .4 E X PE R I M ENT F I V E  : E FFECTS O F  F U N G I C I D A L  

D R E N CH ES O N  R OOT-I NVA D I N G  F UN G I  A N D  G R O WT H  O F  R E D  

CLOVER UNDER F I ELD COND ITIO N S .  

5 .4 . 1  I n troduct i o n  

As described  in  Chapter  2 ,  t h e  app l i cati o n  of fungici da l  d rench e s  t o  so i l  

i n  fie l d  p lots can  be  a useful experimental too l  to  study aspe cts of  root  ro t  of 

forage l egumes .  Benomyl  has been  the  fungic ide  used  most in th i s  k ind of s tudy.  

It  h as been  reported to  increase  pers i s ten c e  and y i e l d  of red c l over  ( L e ath  et a l . ,  

1 973 ) .  Benomyl d r enche s  have a l so  increased  y i e l d  ( Greenhal gh and  C l arke ,  

1 985 )  and reduced root  rot  severi ty ( Smi l ey e t  a l . ,  1 986)  of subterrane a n  c l ov e r  

u n d e r  f ie ld  a n d  glasshouse condi t ions .  Al though in  one  o f  the se  s tu d i e s  r o o t  

i nvas ion by severa l  so i lborne  fungi w a s  mon i tored ( Gree nhalgh and Clarke ,  1 985 ) ,  

genera l ly, there was n o  d i rec t  evidence that  t he  p os i t ive  effects  o n  p lan t  g rowth  

were  due  to  control  of  p athogenic fungi by  the  fung i ci de .  Furthe rmore ,  t he  r e su l t s  

of Exp e riment 3 and 4 ,  r epor ted  in  t he  previous s e ct ions ,  showed  that  p roch lo raz 

was the fungicid e  most e ffect ive  again s t  root - inv ad ing  fungi of r e d  c lov e r  in v i t ro  

( Expe r iment  3) ,  and could  indeed  b e  a su i tab le  fung ic ide  for  expe rimen tal use  i n  

t h e  fie ld ( Exp e rimen t  4 ) .  Prochloraz h a s  b e e n  main ly used in  fo l iage  sp ray s  

( Gal l imore e t  a l . ,  1 987 ;  H arris  e t  a l . ,  1979 ;  M e r c e r  a n d  McGimpsey ,  1 9 85 ) ,  and  

seed  o r  s eed  tube r  treatments  ( Hide  and  C ay l ey ,  1 985;  H i d e  e t  a l . ,  1 987 ;  

Robe rston e t  a l . ,  1 987 b ;  Fal loon ,  1 98 8 ) .  I t  h a s  a l so  b e e n  used  as  a spray to  

con t ro l  d i seases  of  mushrooms ( N ai r  and M acau l ey,  1 987) .  But  n o  o n e  h as u sed  

the  fungicide i n  so i l  d renches  t o  s tudy effects  of roo t  rot  o n  r ed  c lover ,  o r  any 

o ther  crops und e r  fie l d  condi t ions .  

F ie ld  expe rimenta l  plots  d renched  wi th  prochloraz o r  benomy l  were  s e t  

u p  i n  t h e  p lant b r ee der ' s  evaluat ion  b lock  to  asse ss effects o n  : 

1 .  fungal i nvas ion of the  r ed  c lov e r  root s ; 

2. red c lov e r  growth.  
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5 . 4 . 2  M a t eria l s  a n d  me tho d s  

The experimenta l  area was s i tuated in the  p l ant b reeder' s  evaluat i on  

b lock. Exist i ng vege tati on  was  ki l l e d  by spraying w i th  glyphosate  ( Roundup,  

Monsanto Ltd)  at rate of 2 . 1 6  L a . i . / h a  on  the  1 1 th of D ec. 1 987 .  Ten days l ater ,  

the  area was rotovated to  produce a f ine  t i l t  h .  

The  experime nt  was carri e d  out  as a randomized  comp le te b lock  d e s ign  

wi th 4 treatments  and  6 rep l i cate s .  The  treatments  were  control ,  b e nomyl 3 .4 6  

g/m2 , proch loraz 1 . 15 g / m2, a n d  3 .46  g/m2 •  The blocks  w e re spaced 1 m apart and  

there  was a 1 m w ide  pa th  around the  who le  exper imen tal a rea .  Each b lock  was  

d iv ided in to  1 x 3 .5  m p lot s ,  1 m apart .  Each p lo t  cons i s ted  of  6 rows, 1 m long  and  

7 0  cm apart .  

Fifty metalaxy l - t rea ted  se e d s  as describe d i n  Chap te r  3 were  sown  in to  

e ach row on  the  22nd of D e c .  1 987.  The  appropriate fungi c ide  suspe ns ions  were  

drenched in to  the  soi l  of e ach plot  at  a rate o f  1 4 . 3  L o f  water  /m2 imme d ia te ly 

aft e r  sowing  using a water ing  can.  The  control  p lo t s  r e ce iv e d  the  same amoun t  of 

water. An examination of the soi l  profi l e  of an area rece iv ing  the s tandard d rench  

t reatment showed  that t h e  fungici de  susp e ns ions  p e n e trated  t o  about 2 0 cm dep th .  

The  p l ot s  were  i rr igated usi n g  a hose  and  a rose  attachment  when  the  so i l  

was  t oo  d ry during t he  f i rs t  2 weeks afte r  sowing to  en sure  s eed l i ng  e st ab l ishm e n t, 

and hand w e e ded  ther e af ter  a s  nece s sary .  

Numbers of e m e rged  seed l ings  were  count e d  6 w e e k s  afte r  s owing .  O n e  

r ow of p lants  was randomly s e l ected from t h e  midd le  4 rows o f  e ach  p l ot 6 ,  1 2 ,  1 8, 

and 45 weeks  afte r  sowing ,  and p lants  and soi l  ( to a d ep th of  25  cm) remov e d  for  

l aboratory assessment .  

5 .4 . 2 . 1 Assessment of  plant  growth 

At  e ach samp l i n g  dat e  the number of plants  in  the r ow was counted  and 

symptoms of l e af d isea s e s  were noted .  The shoots  of a l l  p lants  per  row were cut  

from the  crown and fre s h  we ights w e re d etermin e d .  Roots  w e re washed fre e  of 
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soil wi th  a je t  of tap water,  b lotted d ry ,  and  cut transverse ly to exami n e  s t e l e  

symptoms .  The pe rcentage of roots w i t h  s te l e  brown ing was ca lcu lat ed ,  a n d  the  

fresh we ights of roots  were the n  de te rmi n e d .  

5 . 4 .2 .2  I so lat ion of root - i nvad i ng fungi  

I t  had b e e n  found prev ious ly ( Expe r iment 1 )  that m o re co lon ie s  w e re 

obtain e d  by bl e nd ing  2 g roots than 4 g and h igher .  The total roots harves ted  from 

each row at 6 weeks  were  mace rated ,  s ince there  was rarely more than 2 g t i s sue  

per row .  The tota l  root s  harves ted  from e ach  row at 1 2 ,  1 8 , and  45 weeks  were  cut  

into 5 - 1 0  mm long segme nts, thoroughly m ixed .  Two, 2 g samp le s  were  then  taken 

and used  for macerat ion  s ince  the w e ights  of  roots per  row harves ted  at  t h e s e  

times great ly exc e e d e d  2 g .  

The  roots  o f  6 - ,  1 2- ,  and  1 8-we e k-o ld  roots w e re b l ended  f o r  6 0  s e c  as  

descr ibe d  i n  Exp er iment  1 ,  and  n o  d i lu t ion  was made .  The  roots  of  45 -week -o ld  

plants were  b l ended  for  1 20 s e c  and one  d i lu tion  was  made .  The procedure  was  

a s  fo l lows :  the  roots  were  b lended  for  6 0  s e c  then the s i des  of b lend ing cup w e r e  

rin s e d  wi th  50  m l  s ter i le  d i st i l l ed  water to  resuspen d  the macerat e .  This  was  

b l e n d e d  forfur the r  60  s ec, and the  cup  r insed  with  anothe r  1 00 ml  s ter i l e  d i s t i ll e d  

wat e r .  The suspens ion  was p ipe t ted  onto  the  surface  of ABPDA, spread ,  

i ncubat e d ,  and  fungi ide ntifie d  and counted ,  as d escr ibed in  Exp e ri me nt 1 .  

N umbe r s  of co lon ies  per  gram fre s h  roots ,  and per  root ,  were  ca lcu la t ed  

as d e scr ibed  i n  Exp e r iment  2 .  

5 .4 .2 .3  Stat ist ical  analys i s  

Analys i s  of var iance (LSD t e s t )  was performed afte r  appropr ia te  

transformat ion i . e .  arcsin e  for s e ed l i ng e m e rgence ,  Log for  p ercentage , and  

square root  for numbers  of fungal co lon i e s .  A s i mi lar  analys i s  was  carr ie d  out  for  

shoo t  and  root  d ata  except  that  these  were not t ransformed .  
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5 .4 . 3  R e s u l ts 

5 .4 .3 . 1  Seed l ing  e me rgence and  p lant growth 

Mean numbers of emerged s e e d l i n gs pe r  row 6 weeks  after  s owing  were 

1 1 . 5 ,  1 7 .2 ,  1 6 .4 ,  and 1 4 . 4  respectively f rom the control ,  benomy l  and  proch loraz 

( 1 . 1 5 g/m2 and  3 .46 g/  m2) treatments .  Number  of s eedl ings were  s ign ificantly 

increased ,  compared with the control ,  by the  benomyl and p rochloraz 1 . 1 5  g/m2 

t reatments ,  but  not  by prochloraz 3 .46  g/m2 treatment .  

Foli age  d i sease s  found dur ing the  exper imental pe riod  were : rust  (caused 

by Uromyce s  fall e n s  (Arthur) B arth . ) , pseudopeziza l e afspot  ( caused  by 

Pse udopeziza trifo l i i  ( B iv . )  Fckl . ) ,  soo ty b lotch  ( caused by Mycosphaerel la  

k i l li an i i  Petr . ) ,  and v irus  d i se ase  ( i nd i cat e d  by l eaf mottl ing and  s t reak ing) ,  but  

none was p r e d ominant and there we re no  obvious  d ifferences  in  s ev e r i ty among 

the  d ifferen t  t r eatment s .  

No obv i ous  root  ro t  symptoms were  observ e d  among the  treatm ents  unt i l  

1 2  weeks  afte r  s owing.  N early 5 0% of  the  p lants  from the control  p lots  had  b rown 

or dark brown l e s ions  ( 0. 5  - 1 cm long )  a t  1 2  wee ks ,  where as p lants  f rom plots  

rece iv ing chemical t reatments had a lower  proport ion (20 - 3 0 % )  of roots  b e ar ing  

l es ions ,  and most  l e s ions  were smal le r ( most l e s s  than 0 .5  c m )  than those  from 

control plots .  At  the  e n d  of exper iment ,  no great  d ifferences  were found i n  root 

rot symptoms on tap roots  among the t reatments ,  but t h e re was st i l l  a high 

proportion of late ral roots which r e m ai n e d  whi te  i n  colour o n  the  p lants  r e ce iv ing  

the  chemical  treatments ,  e special ly o n  the  roo t s  f rom the  p lot s  r ece iv ing  the  h igh  

ra te  of  prochloraz. 

The p ercentages of roots w i th  s t e l e  b rowning gradua l ly inc reas e d  from 0 

at 6 weeks  to  86 - 94% at 45 w e e ks ( Table 5 -4 - 1 ) .  Fewe r  roots  show e d  s t e l e  

b rowning at  12  weeks  i n  pl ants from p lo t s  treate d  with the  h igh ra te  of  p ro chloraz 

(3 .46 g/m2) ,  but  no d iff e rences  among the treatments  were d et e ct e d  at  1 8  and 45 

weeks .  



Table 5-4-1 . Mean percentages o f  roots exhibi t i ng stel e  
browning o f  6 - , 1 2- , 1 8 - ,  and 4 5 -week-old p l ants growing i n  a 
f i e l d  plot drenched with benomyl or prochloraz ( Proch . ) 
immedi ately after s owing . 

Weeks Benomyl Proch . Proch . 
after sowing Control 3 .  4 6 gjm2 1 .  1 5gjm2 3 .  4 6g/m2 

6 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
1 2  4 8 . 7 1 al 3 8 . 5 3 ab 3 3 . 0 4 ab 2 7 . 2 2 b 
1 8  7 8 . 2 9 a 9 0 . 4 7  a 8 1 . 4 9 a 7 8 . 2 8  a 
4 5  8 9 . 6 1 a 9 4 . 50 a 8 6 . 3 7 a 9 1 . 4 5 a 

1 :  Means f oil owed by the sa me letters  withi n  each l ine were n ot sig n ificantly diffe rent a t  5% 

probability level in a n  a naly s i s  of t r a n sf ormed value s  (Log) . 
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Fresh  we ights of shoots  p e r  plant were  cons is tently h igh e r  from p l ots 

trea t ed  with 3 .46  g p rochloraz/m2 than from control plots throughout  the  

expe riment ,  although d iffer ences  were  not  s ignifi cant a t  45  weeks  ( Fig.  5 -4 - 1 A ) .  

Compared with contro 1 p lots ,  s ign ificant ly highe r  y ie lds  were  a l so  obta i n e d  f rom 

p lot s  treated with 1 . 1 5  g prochloraz/m2 at  6 we e k s ,  and  with b e nomy1  at  1 2  w ee ks .  

However,  shoot  fre sh w e ights  were no t  s ignificant ly diffe rent  among the che m ical  

treatments .  

Fresh w e i ghts of roots  per pl ant showed  no s ignificant d iffe rence s  a m o ng 

treatments unti l 1 8  wee ks afte r  sowing (Fig .5 -4- 1 B ) .  Plants from p lots  d r enched  

with 3 .45 g proch lo raz/ m2 had  p roduced greater  roo t  fre sh weight  t han  thos e  fro m  

€ontrol  plots a t  1 8  and 45  w e e ks .  

Resul t s  expres s e d  as percentage s  o f  con trol  value s show the eff ect s  of 

fungicides on p lant  growth more  clearly (Tab le  5 -4 -2 ) .  Treatment  with  proch loraz 

at 1 . 1 5  and 3 .46 g/m2 resulted i n  up to  72  and  95 % increases  in  h e rbage 

product ion (6 w e e ks )  and with benomyl ,  of 46% ( 12 weeks) . Al th ough the effect 

of treatments the n  gradual ly d imin i shed ,  at 45 w e eks y ie ld  was st i l 1 29% h igher  i n  

p lots  drenched with p roch loraz a t  3 .46  g/m2 than i n  the control  p lots .  H owever ,  

effects of  the l ow proch loraz treatment  appeared  to  h ave b e e n  los t  by 12  week s ,  

and  o f  benomyl  t r eatm ents  by  1 8  weeks .  
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Fi g u re 5 - 4 - 1 .  M e a n  w e i g h t s  o f  s h o ot s  (A) a n d ro o t s  (B )  
p e r  p l a n t  o f  6 - , 1 2 - ,  1 8 - ,  a n d  4 5 - w e e k - o l d  r e d  c l ove r 
p l a n t s  g ro w i n g  i n  a f i e l d  p l ot d re n c h ed w i t h  b e n o my l o r  
p ro c h l o ra z  i m m e d o t e ly a f t e r  s o w i n g .  C o l u m n s f o l l o w e d  
by t h e  s o m e  l et t e rs w e re  n ot s i g n i f i c a n t l y  d i ff e re n t  a t  
5% p ro b a b i l i ty l e v e l  w i t h i n e a c h  h a rv e s t i n g  d o t e .  

1 1 3  



1 1 4  

Simi lar ly wi th  root we ights ,  t r eatment  with proch loraz a t  1 . 1 5  and  3 . 4 6  

g/m2 re sul ted  i n  i n creases  of 50  a n d  4 0 % ,  re spective ly at 6 weeks ,  a n d  with 

benomy l ,  of 46% at 1 2  weeks .  At 45 weeks ,  root weights were s t i l l  2 5 %  and 34% 

higher  than contro l s  in the respect ive prochl oraz treatment s ;  root  we ights from 

benomy l  treated p l ots  were s i m i l a r t o  those  from control  p lots  (Tab l e  5 -4-2 ) .  

Tabl e 5 - 4 - 2 . Re lative shoot and root we ights ( %  o f  contro l ) 
o f  6 - , 1 2 - 1  1 8 - ,  and 4 5 -week - o l d  red c l over plants growi ng i n  
a f i e ld plot drenched w ith benomyl o r  prochloraz ( Proch . ) 
imme d iately a fter s owing . 

A .  Shoots 
Weeks after 
s ow i ng 

6 
1 2  
1 8  
4 5  

B .  Roots 
Weeks after 
s ow i ng 

6 
1 2  
1 8  
4 5  

Benomyl 
3 . 4 6gjm2 

1 1 8 . 1 8 
1 4 6 . 0 4 
1 1 6 . 0 2 

9 1 . 5 3 

Benomyl 
3 .  4 6 gjm2 

1 1 0 . 0 0 
1 2 4 . 4 0 
1 2 0 . 58 
1 0 7 . 8 8 

5 .4.3 . 2  Root- invading fung i  

Proch . Proch . 
1 .  1 5g/m2 3 .  4 6 g/m2 

1 7 2 . 3 3 1 9 5 . 4 5 
1 0 4 . 7 6 1 6 0 . 0 8 
1 1 8 . 0 7 1 4 9 . 0 6 
1 0 4 . 8 1 1 2 8 . 6 7 

Proch . Proch . 
1 . 1 5gjm2 3 .  4 6 gjm2 

1 5 0 . 0 0 1 4 0 . 0 0 
1 1 6 . 0 0 1 2 8 . 8 0 
1 2 3 . 6 8 1 4 1 . 5 3 
1 2 5 . 8 8 1 3 4 . 8 8 

Chemical  treatments  reduced ,  but  d i d  not  e l im inat e ,  roo t  i nvas ion  by 

fung i .  A s imi lar  range of fungi was i so la ted  from all t reatm ents .  The m ajor  fungal 

spec i e s  are l i s t ed  in Table  5 -4-3 . Oth e r  fungi i so la ted  at any t i m e  from d iffe ren t  

t reatments i nc luded  specie s  o f  Alternar ia ,  Arthr in ium,  Aspe rgi l lus, Chaetomium, 

Cladosporium, Fusarium, Humicola, Leptographium, Mucor,  Pen icil l ium, Phoma, 

Pyre nochaeta, Pythium,  Rh izocton ia ,  Trich oderma, and s o m e  wi th s ter i l e  

myc e l ium.  
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Table 5 - 4 - 3 . Mean numbers of colonies per gram fresh roots 
( x103 ) in  tota l , and of the ma j or fungal species i s o l ated from 6 -
, 12- , 1 8- , and 4 5 -week-old red c l over p lants growing i n  a f ie l d  

p l ot drenched with benomyl o r  prochloraz immedi atel y  after 
sowing . 

Fungi 

Six weeks 
Total 
Acremonium s p . 
r;;;y . scoparium 
� . destructans 
f.. oxysporum 
f. .  solani 
�- roseum 
T· bas i co l a  
y_ . dahl i ae 
Others 

Twelve weeks 
Total 
Acremonium s p . 
r;;;y . scoparium 
� .  destructans 
f. .  oxysporum 
f. .  solani 
� .  roseum 
T ·  bas icola 
y_ . dah l i ae 
Others 

Eighteen weeks 
Total 
Acremonium s p . 
r;;;y . scoparium 
� .  destructans 
f. .  oxysporum 
f. .  solani 
� .  roseum 
T ·  bas i c o l a  
y .  dah l i ae 
Others 

weeks Forty five 
Total 
Acremonium s p . 
r;;;y . scoparium 
� . destructans 
£ .  oxysporum 
£ .  sol an i  
� .  roseum 
T ·  bas icola 
y. dahl i ae 
Others 

Control 

3 8 . 0 0 a1 
3 . 3 5 a 
0 . 07 a 
0 . 00 
8 . 4 0 a 

1 6 . 08 a 
2 . 80 a 
4 . 7 3 a 
o . o o 
2 . 56 a 

1 6 . 3 3 a 
0 . 51 a 
0 . 9 0 a 
0 . 3 2  a 
1 . 3 2 a 
4 . 9 3 a 
1 . 4 4 a 
5 . 09 a 
1 . 08 a 
0 . 78 a 

3 9 . 56 a 
3 . 3 8 a 
1 . 47 a 
0 . 67 a 
2 . 3 8 a 

1 6 . 08 a 
3 . 4 5 a 
5 . 42 a 
1 . 7 2 a 
4 . 93 a 

1 0 6 . 8 3 a 
5 . 97 a 
1 . 71 a 

1 3 . 00 a 
2 . 07 a 

3 3 . 21 a 
4 . 2 1 a 

1 8 . 6 5 a 
1 3 . 8 7 a 
1 4 . 14 a 

Benomyl 
3 . 4 6 gjm2 

1 1 . 3 3 b 
1 . 1 7 b 
0 . 0 0 a 
0 . 00 
1 . 8 7 a 
3 . 8 0 b 
0 . 7 5 a 
2 . 6 0 ab 
0 . 0 0 
1 . 1 5 a 

1 1 . 3 2 b 
0 . 4 3 a 
1 . 1 5 a 
0 . 2 2 a 
0 . 7 3 b 
4 . 1 2 a 
1 . 0 3 ab 
2 . 4 8 ab 
0 . 8 3 a 
0 . 3 5 ab 

1 3 . 6 8 b 
0 . 70 b 
0 . 80 b 
0 . 3 2 a 
0 . 7 2 b 
4 . 81 b 
1 . 26 b 
2 . 85 ab 
0 . 7 0 a 
1 . 60 b 

6 3 . 07 b 
2 . 59 ab 
0 . 6 4 ab 
8 . 37 a 
1 . 0 8 a 

1 3 . 4 1 b 
2 . 0 3 ab 

1 4 . 1 1 ab 
1 7 . 3 6 a 

3 . 4 8  ab 

Prochloraz 
1 .  1 5  gjm2 

8 . 6 0 b 
0 . 3 5 b 
0 . 1 4 a 
o . o o 
1 . 3 8 a 
2 . 7 7 b 
0 . 5 5 a 
2 . 1 7 ab 
o . o o 
1 .  2 5  a 

1 0 . 7 3 b 
0 . 58 a 
1 . 1 3 a 
0 . 2 3 a 
0 . 7 3 b 
5 . 0 2 a 
0 . 6 8 b 
1 . 65 b 
0 . 5 8 a 
0 . 16 b 

1 3 . 80 b 
0 . 65 b 
0 . 8 7 ab 
0 . 35 a 
0 . 7 3 b 
4 . 1 0  b 
1 .  3 7  b 
2 . 55 ab 
2 . 07 a 
1 . 1 3 b 

6 0 . 6 1 b 
5 . 7 8 ab 
0 . 1 5 b 

1 0 . 2 8 a 
1 .  3 3  a 

1 1 . 0 9 b 
1 .  2 1  b 
9 . 6 4 ab 

1 0 . 6 3 a 
1 0 . 5 2 ab 

Prochloraz 
3 . 4 6 gjm2 

7 . 2 8 b 
0 . 5 3 b 
0 . 0 5 a 
0 . 0 0 
1 .  7 5  a 
2 . 7 2  b 
0 . 4 0 a 
1 . 0 5 b 
0 . 0 0  
0 . 7 8 a 

6 . 4 8 c 
0 . 2 1  a 
0 . 68 a 
0 . 16 a 
0 . 5 6  b 
2 . 08 b 
0 . 5 3  b 
1 . 3 8 b 
0 . 5 4 a 
0 . 3 4 ab 

7 . 9 5 b 
0 . 6 8 b 
0 . 61 b 
0 . 50 a 
0 . 59 b 
1 . 96 b 
0 . 7 5  b 
0 . 56 b 
1 .  2 5  a 
1 . 0 5 b 

4 4 . 6 9 b 
2 . 6 6  b 
0 . 1 3 b 
8 . 3 7 a 
0 . 79 a 

1 1 . 4 4 b 
0 . 9 6 b 
5 . 68 b 

1 2 . 2 3 a 
2 . 4 3  b 
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1: Mea n s  in  each l ine followed by the same let ters were not s ignif ica n t ly diffe r e n t  at 5% probabi l i ty 
l evel  in an analysis of tran sformed values ( sq . r t . ) .  

Total numbers  of fungal co lon ies  per gram fres h  roots re mained  

signif icantly lower  fro m  plots t reated  wi th  any fungic ide  than from control plots  

throughout the 45  wee k s  of the  exper iment (Tab l e  5 -4 -3) . 

The major  fungal spec i e s  responded  to t h e  t reatments  d ifferently . W ith 

F .  so lan i  effects were e ssent ial ly the  same as to ta l  colony num b e r  except  that  at  

12 wee ks the effects of t reatment  were  only de te ct ed  from plots  r e c e iv ing the  h igh 

rate of prochloraz .  With T. bas i co la, tre atment  with the  high rate of proch loraz 

r e sul t ed  in  a s ignificant reduct ion  in  co lony numb e rs ,  whi le  at  the low rat e ,  effects 

were  on ly detected at  1 2  weeks .  Benomyl  t reatmen t  did not  r esult  in r educed  root  

i nvas ion by the fungus .  Numb e rs of  co lonies  of  Acremonium s p . ,  F .  oxysporum, 

and G.  roseumw e re reduced  by prochloraz and b e no myl  t reatments at some  of the  

h arv ests .  Numbers  of  co lonies  o f  .Gy_. scoparium were on ly reduced  by prochloraz 

at 3 .4 6  g/m2• and benomyl at 1 8  weeks .  C. d estructans and V .  dah l iae  w e re not  

i so la ted  unti l 1 2  w e eks,  and the  numbers  of colon ie s  were not  affected  by  any of 

the chemical t reatments .  

The re lative abundance of  e ach of  the  maj or fungal spec i e s  v ar i e d  wi th  the 

treatments .  ln the  root s  of  p lants growing i n  control  p lots ,  F .  sol ani was gene ral ly 

the  most  abundant ,  fo l low e d  by T .  bas ico la .  The  proport ion of V .  dah l i ae was  

r e lat ive ly small  dur ing  the f irst  18  weeks .  I n  the  p lots  drenched wi th  proch loraz 

at  3 .4 6  g/m2 the  re lative proport ion of fungal co lon i e s  i so lated from roots  was  

grea te r  than i n  the  con trols  for  Y._. d ahl iae  and l es s  for T. basicola .  By 45  w e e ks 

V .  dahliae had beco m e  the predominant fungus i n  roots  from p lots  re ce iv ing th i s  

treatment fol low e d  by F .  solan i .  V e rt ic i l l ium d ah liae was also found abund an t  i n  

t h e  benomyl a n d  prochloraz 1 . 15 g/m2 t r eatme nts .  

The progress iv e  i nvas ion of root  t i s sue by fungi i s  s e e n  more  c l ea rly in  

re su l t s  expres sed  on  a per  root  bas i s  (Tab le  5 -4 -4  ) .  The  total number  of  co lon ie s  

p e r  root increase d  15  - 30 fo ld  from 6 to 12  w e eks ,  2 . 5  - 6 fo ld  fro m  12  t o  18  w ee ks ,  

a n d  6 - 1 1  fol d  fro m  1 8  to 45  weeks .  The  effects  of fungi c idal d renches  o n  total  

fungal  populat ions ,  and on  those  of the  maj o r  fungal  spe c i e s  d escr ibe d  abov e ,  

w e r e  also evid e n t  i n  the "pe r  root" data .  In  addi t ion ,  effe cts  o f  benomyl  and 

prochloraz at  the  l ow rate w e re d e tec t ed  at  6 w e e ks .  
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Table 5 - 4 - 4 . Mean numbers o f  colonies ( x1 0 3 ) per root i n  tota l , 
and of the ma j or f unga l spec i es i s o l ated f rom 6 - , 1 2- , 1 8 - , and 
4 5  week-o ld-red c l over plants growing in a f ie l d  p l ot drenched 
with benomyl or prochloraz immedi ate l y  after sowing . 

Fungi 

Six weeks 
Total 
Acremoniurn sp . 
r;;y . scoparium 
Q .  destructans 
f. .  oxysporum 
f. .  solani 
� - roseurn 
1'_ .  basico l a  
Y.. . dahl iae 
Others 
Twelve weeks 
Total 
Acremoniurn sp . 
r;;y . scopariurn 
Q .  destructans 
f. .  oxysporum 
f. .  solan i  
� - roseum 
1'_ .  basi co l a  
y_ . dah l i ae 
Others 
Eighteen weeks 
Total 
Acremoniurn sp . 
r;;y . scopariurn 
Q .  destructans 
f:.. oxysporurn 
.f. .  solani 
� .  roseurn 
1'_ .  bas icola 
y_ .  dah l i a e  
Others 

Control 

2 .  7 2  a1 
0 . 2 4 a 
0 . 0 1 a 
0 . 0 0 
0 . 4 4 a 
1 . 1 5 a 
0 . 1 8 a 
0 . 4 8 a 
0 . 0 0 
0 . 2 2 a 

4 0 . 4 4 a 
1 . 3 7 a 
2 . 1 1 a 
0 . 79 a 
3 . 3 5 a 

1 2 . 6 1 a 
3 , 5 4 a 

1 1 . 67 a 
2 . 8 1 a 
2 . 2 1 a 

2 1 7 . 4 1 a 
1 7 . 4 4 a 

7 . 9 6 a 
3 . 9 4 a 

1 3 . 4 1 a 
8 9 . 2 3 a 
2 0 . 6 5 a 
2 8 . 1 0 a 

7 . 8 6 a 
2 8 . 8 0 a 

Forty five 
Total 

weeks 

Acremoni urn s p . 
{;::j_ . scopariurn 
Q .  destructans 
.f. .  oxysporurn 
f:. .  sol an i  
� - roseurn 
1'_ .  basicol a  
y_ . dah l iae 
Others 

1 2 7 2 . 00 a 
7 4 . 9 8 a 
1 8 . 5 5 a 

1 4 2 . 6 5 a 
2 7 . 9 4 a 

3 8 6 . 6 7 a 
5 3 . 4 6 a 

2 1 5 . 50 a 
1 6 3 . 1 5 a 
1 9 6 . 00 a 

1 :  Sec Table 5-4-3 for explanation. 

Benornyl 
3 .  4 6  gjrn2 

1 . 0 7 b 
0 . 1 1 b 
0 . 0 0 a 
0 . 00 
0 . 1 8 a 
0 .  3 6  b 
0 . 0 7 a 
0 . 2 6 b 
0 . 0 0 
0 . 1 1 a 

3 6 . 8 3 a 
1 . 5 5 a 
3 . 5 2 a 
0 . 67 a 
2 . 3 4 a 

1 4 . 2 9 a 
3 . 3 3 a 
7 . 4 6 ab 
2 . 5 7 a 
1 . 1 1 a 

9 0 . 2 6 b 
4 . 8 1 b 
5 . 0 5 a 
2 . 2 9 a 
4 . 8 1 b 

3 1 . 0 1 b 
8 . 1 5 b 

1 9 . 3 4 ab 
4 . 82 a 

1 0 . 0 2 b 

7 6 7 . 10 ab 
3 6 . 1 1 a 

9 . 9 3 ab 
1 0 6 . 40 a 

1 4 . 7 0 a 
1 91 . 1 4 b 

2 8 . 56 a 
1 7 6 . 76 ab 
2 3 7 . 2 9 a 

4 9 . 20 ab 

Prochloraz 
1 .  15  gjrn2 

1 . 1 2 b 
0 . 0 4 b 
0 . 0 2 a 
0 . 0 0 
0 . 1 8 a 
0 . 4 0 b 
0 . 0 7 a 
0 . 2 6 b 
o . o o 
0 . 1 8 a 

3 2 . 5 2 ab 
0 . 75 a 
3 . 8 5 a 
0 . 66 a 
1 . 9 6 a 

1 4 . 8 5 a 
2 . 1 7 a 
6 . 17 ab 
1 . 64 a 
0 . 4 7 a 

9 0 . 6 2 b 
4 . 2 1 b 
5 . 8 1 a 
2 . 4 1 a 
4 . 87 b 

2 6 . 1 5 b 
8 . 9 3 b 

1 6 . 0 3 ab 
1 4 . 3 0 a 

8 . 1 2 b 

9 5 8 . 7 0  ab 
9 1 . 60 a 

2 . 0 4 b 
1 6 0 . 3 8 a 

2 0 . 2 7 a 
1 6 5 . 07 b 

1 8 . 1 7 a 
1 6 4 . 6 1 ab 
1 6 6 . 8 2 a 
1 6 9 . 70 ab 

Proch l or a z  
3 . 4 6 gjrn2 

0 . 9 6 b 
0 . 0 9 b 
0 . 0 1 a 
0 . 00 
0 . 2 0 a 
0 . 3 7 b 
0 . 0 6 a 
0 . 1 5 b 
0 . 0 0 
0 . 0 9 a 

2 0 . 5 3 b 
0 . 8 3 a 
2 . 2 8 a 
0 . 4 6 a 
1 . 7 7 a 
6 . 6 5 b 
1 . 69 a 
4 . 0 2  b 
1 . 6 8 a 
1 . 1 5 a 

6 2 . 9 9 b 
5 . 3 5 b 
5 . 08 a 
3 . 8 0 a 
4 . 56 b 

1 5 . 0 7 b 
6 . 2 4 b 
4 . 7 2 b 
9 . 6 3 a 
8 . 5 5 b 

6 96 . 20 b 
4 0 . 8 1 a 

2 . 3 8 b 
1 3 5 . 9 8 a 

1 2 . 3 2 a 
1 8 4 . 9 1 b 

1 6 . 58 a 
7 9 . 6 4 b 

1 9 0 . 0 6 a 
3 3 . 2 0 b 
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5 . 4 . 4 D i s c u s s i o n 

The demo nstra t ion  i n  th i s  e x p e rimen t  that a s i ngle d rench  appl i cat i o n  of 

prochloraz at a rate of 3 .46  g/m2 i n creased  y i e l d  (F i g .  5 -4- 1 ;  Tab le  5 -4 -2 ) ,  and  

decreased fu ngal i nvas i o n  o f  the  roots of  red c lover (Tab le s  5 -4 -3 ; 5 -4 -4 )  i nd i ca ted  

that prochloraz can  be  a su i table  fung ic ide  for  use  i n  the  ass e s smen t  of  effects  of  

so i lborne  p athoge n s  o n  red c lover  growth under  f i e ld  co nd i t i on s .  The  re su l t s  a l so  

prov ided  further evidence  to  tha t  of  Sk ipp  e t  a l . ( 1 986 ) ,  that fung i  i n  so i l s  i n  the  

p lant bree der 's  evaluat ion  b lock w e r e  damaging to  red c love r  p l ants .  

I ncreased  s ee d l i ng emergence  resu l t ing  from benomy l  o r  p roch loraz ( l ow 

rate ) treatment coul d be  the  re su l t  of control  of so i lborne  fungi  o ther  than  

oomycetes ,  such as  spe ci e s  o f  Fusar ium and  Rhizocton i a. Howev e r, no s i g n if i cant  

increases  were de tec ted  from the  high rate of prochloraz treatment .  As  d i scu s s e d  

i n  Exper iment 4 ,  t h i s  probably i n dicated that s o m e  growth-re tard ing effect s  o n  r e d  

c love r occurred a t  th i s  conce ntrat i o n .  

Al though i t  i s  k nown that E B I  fungici des  have  a poten t i al t o  increase  p lant  

y i e ld s  by  prote ct ing  p lants  from i njury due to  drought,  c h i l l ing ,  and  ozone  

(F le tcher, 1985 ) ,  i t  i s  un l i ke ly t ha t  the  b ig  i ncreases  ( 2 8 - 9 5 % )  ove r  a re la tive ly 

long p e riod  (45  w e e k s )  were  due  to the  s i de  effects of the fung i c i de  ( Table  5 -4 -

2 ) .  R oots from plots  t rea ted  with the  h igh rate of prochloraz a l so  yi e ld e d  few e r  

fungal  co lon ies  ( Tabl e  5 -4 -3 ; 5 -4-4  ) ,  a n d  showed l e s s  s evere  root  rot  symptoms .  

This suggested tha t  t he  fungic ide  had  reduced invas ion of r o o t  t i s sue by  fungi and  

thus a l lowed i ncrease d  growth through a r educt ion  i n  roo t  d i s e as e .  

Effects o f  fungic ide  drenches  o n  root  growth  w e r e  d e tec t ed  la ter  than  

those  on  shoot  growth ( Fig .  5 -4 - 1 ;  Tabl e  5 -4 -2) .  Root  ro t  symptoms d i d  no t  

become  obvious  unt i l 12  w e e ks afte r  sow ing .  Root  d i sease  appeared  to  d ev e l op 

more  s l owly and  take longer  t o  show s evere  effects on  p lant  growth  under  fie l d  

cond i t ions  than i n  the g las shouse  ( Experiment  2 ) .  

Numbe rs o f  co lon i e s  p e r  gram (Table  5 -4 -3 )  a n d  p e r  root  (Table  5 -4-4 ) i n  

tota l , and  of F .  sol ani ,  were  reduced  by a l l  the  chemical  treatme nts  throughout t h e  

expe rimen tal p e r i o d .  These  effect s  could  be due  t o  a reduct ion  i n  the  i no cul u m  

l eve l  of fung i  i n  t h e  so i l ,  t o  i nh ib i t ion o f  fungi i n  the roots  w h e n  they contact e d  

fung ic ide  absorbed  by t h e  p l ant ,  o r  to  a combinat ion of b o t h .  Exper iment  3 
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show e d  that proch lo raz was fung i c i da l  a t  high conce ntrat ions,  a n d  Experiment  4 

showed that appl icat ion of prochloraz to  the s o i l  a t  rates of 1 . 1 5  and  3 .46  g / m2 

reduced  the total  number  of fungal CFU marked ly ove r a per iod  of 4 wee ks .  

B e nomy!  i s  a l so  known t o  have d i re c t  effects  on  fungal  i nocu lum i n  t h e  s o i L  I t s  

effects  o n  so i l  m i c ro-organ i sms las t ed  6 m onths a t  rate o f  2 . 24  g/m1 u n d e r  

gl asshouse cond i t io ns ( S i ege  1 ,  1 975 ) .  Beno my 1 has h i g h  sys te m i c  a ct iv i ty w  hereas  

prochloraz has on ly l i m i t e d  sys te m i c  ac t iv i ty ( Birchmore e t  a l . ,  1 977 ) . The t ox i c  

d e rivative of b e n o myl ( M B C  or  carben d az im)  i s  known to  b e  rap i d ly t ran s l oca ted  

from roots to  l e aves  ( Fuchs  e t  a l . ,  1 972 ) .  Fungi tox ici ty is  t h e  re su l t  of the  

fungic ide conce ntrati on  i n  the  p lant ,  a t  t h e  s i t e  of  ac t ion ,  ove r  t i me .  I t  i s  un l i ke ly 

that systemic fungici d e s ,  p art icul arly b e n o myl ,  w e re reta i n e d  by root  t i s sue  in 

s uffic i ent conc en t rat i o n  to protect  roots  from pathogenic fungi .  Therefore ,  the 

r educt ion of funga l  invasi o n  of roots s e e m e d  most  l i k e ly to hav e  b e e n  the  resu l t  

of a reduct ion in  the  l ev e l  of  propagu l e s  of  p athoge n ic  fungi in  t he  so i l .  

Prochloraz  has  rare ly been  u s ed as  a so i l  d rench .  The  o nly exper iment 

i n  which the  fungic ide  ha s  been  used  as a d r ench was  report e d  by R o b ers ton  e t  al . 

( 1 987 c )  in  a g lasshouse  t ri al t o  contro l  roo t  rot  of peas cau s e d  by F .  so lan i  f . sp .  

pi  s i  and Phoma m edicagi ni svar .  pinod e l l a. They found that t he  fungic i d e  reduced  

the  root  ro t ,  but  h ad no  effect on the  y i e l d .  Th i s  m ay be due  to  the  app l i cat ion of 

fungi c ide too l at e . The  presen t  exper imen t  confi rmed  the re sul t s  of Expe riment  

4 ,  and it i s  suggested t hat prochloraz so i l  drench  treatmen t  cou ld  be  used  t o  

control  s ome  root  d i s e ase s, a s  we l l  as  b e i ng u s e d  exper imenta l ly t o  s tudy the  

effects of root  p athogen s .  

Benomyl has b e e n  report e d  t o  i nc reas e  y i e l d ,  and d e crease  r o ot i nvasion ,  

o f  subte rranean c love r b y  F .  ave n aceum over  a pe r iod  of 30 w e e k s  aft e r  d renching 

3 t imes at a rate of 2 .5  g/m2 (Greenhal gh and  Clarke ,  1 985 ) .  I n c rea sed  y i e l d  and 

pers i s tence of r ed  c l ov e r  over  a pe r iod  of 1 5  months has  b e e n  repo rt e d  fo l l owing 

a s ingle appl i c at ion  at  t he  rate of  1 5 .3 g/m2 ( Le ath  e t  al . ,  1 97 3 ) .  In  the  present  

experiment ,  b enomyl r educe d  i nvas ion  by some fungi (Tab l e s  5 -4-3 ;  5-4-4 ) ,  but  

showed  l i tt l e  e ffect on p lant growth ( Fi g .S -4- 1 ) .  Similarly,  Sk ipp et  a l .  ( 1986 )  

report ed  that benomy l  fail e d  to  r educ e  symptoms of root  d i s e as e  and fungal 

i nvas ion  of the tap roo t  stele of red clover growing in pots con ta ini ng f ie l d  so i l  

from the  p l an t  bre e d e r' s  evaluat ion  b lock ,  and  suggested tha t  th i s  m ay be  because 
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the rate of be nomyl used was too low. Perhaps t h e  abse nce of any consis t en t  y i e ld  

increase in  t he  present  experi ment was also due to the use  of too  low rate . H igher  

rates  or  more appl icat ions  may be  necessary .  

The perce_ntage of p lants  wi th  s te le  browning  (Tab le 5 -4- 1 )  was re la ted  to  

the numbers of co lon ie s  of V. dah l iae per g roots (Tab le 5 -4-3 )  and per  root 

(Tab le  5 -4-4 ) .  This  supported pr •  . .  · �·us observat ions and i solat ion stud i e s  ( Ski pp 

et  al . ,  1 986) that V. dah l iae was t he main fungus responsible for s te le  brown i ng 

in  red c lover tap roots .  V. dah l i ae reduced the  y i e l d of red clover s eed l ings i n  a 

glasshouse inocu lat ion test  ( Skipp e t  a l . ,  1 986 ) .  There was no i nd icat ion  from 

the present fi e ld  exper iment that  V. dah l iae had been  contro l led  by the  fung ic ide  

drenches .  Therefore the  present  expe r iment prov ided no informat i o n  o n  i t s  

possib l e  effects i n  the  f ie ld .  I n  add i t ion to V. d ahl iae ,  seve ral other  fungi , T .  

bas icola, Cy_ .scopar ium,  and F. so lan i ,  found i n  roots of red clove r p lan t s  fro m the  

evaluat ion block (Tab l e  5-4-3.  5 -4 -4  ) ,  had a l l  p rove d  to  be  pathogen i c  in  a 

glasshouse test, and m a ny o thers had the abi l i ty t o  i nvade red clover  roots  ( Sk ipp 

et a l . ,  1 986;  Chapter  2 ) .  I t  was not poss ib le  to asce rtain from the  present  data 

whether any one  species was more i mportant  than the o thers .  Fur ther  

experiments are repor ted  i n  Chapter 6 on t he  effects of  i nocu la t ion  of  red  c lover  

p lan t s  wi th  pure cul tures of these  fungi under  fi e l d  condi t ions .  

I t  is concluded  from the  resul ts  of  th i s  exper iment that  appl icat ion  of  a 

prochloraz drench at a rate of 3 .46 g/ m2 reduced i nvas ion  by so i lborne  path ogen ic 

fungi  present i n  the  p lant  breeder's evaluat i on b lock and thus permi t ted  i ncreased 

growth of red clover  p l ants over  a prolonged per iod .  Use of benomyl at same rate 

had some effect o n  root i nvasion  but  none on y i e l d .  
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CHAPTER 6 

A STU D Y  O F  T H E  EFFECTS OF D I S EA S ES O N  T H E  

G ROWTH O F  R E D  CLOVER B Y  U S E  O F  I NO C U LATION METH O D S  

6 . 1 INTRO D U CT I O N  

An  increase i n  y i e l d  of red  c l ove r  fo l lowing a s ingle d re n ch treatme n t  

with prochloraz describ e d  i n  Experiment 5 above ,  appe ared to  b e  mainly d u e  to  

control of  a complex of  severa l  root - invading fung i .  H owever ,  i t  was  not  poss ib le  

to  apport ion  damaging effects  to  the  i nd ividual  funga l  specie s  b ecause prochloraz 

has  a broad spectrum of antifungal activi ty with the  major root- invadi ng fungi  

from red c l over  showing  s imi lar  re sp onse s  to the fungicide ( Exper iment 3 and  4 ) .  

P lan t  i nocu la t ion  and so i l  i nfes tat ion t ech n iques h av e  oft e n  b e e n  

e mp loye d to  study t h e  p athogenic i ty a n d  importance of root-invading fungi of 

forage legumes  ( Chapte r 2 ) ,  part icularly in expe riments i n  the  g lasshouse  and  

under  contro l l e d  e nvironment  condi t ions .  A few fie l d  exp e riments h ave  b e e n  

conducted o n  l ucerne (Cormack, 1 937 ;  Kushner  and Crittenden ,  1 9 67;  F ar i s  and  

Sabo ,  1 9 8 1 ;  Johnson e t  a l . ,  1 982 ;  Turne r  and Van  A lfen ,  1 983 ) ,  and swee t  clove r  

(Cormack, 1 937 ) ,  but n o  s imi lar i nve s t igations  hav e  b e e n  conducted o n  r ed  c l ove r. 

Exper iments  report e d  i n  th i s  chapter  s tudi ed e ffects  of fungal  i so lat e s  from 

d i seased  roots from the  p l an t  bre e d e r' s  evaluation b lock  o n  the  p e rs i s ten c e  and  

growth of  r ed  c l over : -

1 .  I n  fie l d  p lots .  

2 .  I n  the  glasshouse  and microplots .  
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6 .2  EXPERI MENT S I X : E F F E CTS O F  ROOT-INVA D I N G  F U N G I  

O N  P ERSISTENC E  A N D  G ROWTH O F  R E D  CLOVER PLAN T S  I N  FIELD 

PLOTS 

6 . 2 . 1 I nt roduct ion  

I n  a prev ious  gl asshouse  exper iment  ( Ski pp e t  a l . ,  1 9 86 )  i t  was  found  that 

5 -wee k-o ld  red c lover  s e ed l ings i nocu la ted  with  con id ia  of F.  so lan i ,  T.  bas i co la ,  

o r  V .  dah l iae by  root  d ipping ( se e  Chapter  2 )  produced  l e s s  s hoo t  d ry we ight  than  

u ninocu lated control  p lants ,  and  that  a l l  p lants  i nocu l ated  with �· scopar ium 

were  d e ad 8 weeks  afte r  inocu l ation .  Root  d ipping has  a lso been  u s e d  to  i nocu late  

p l ants  i n  a fie l d  s tudy (Johnson et  a l . ,  1 98 2 ) .  In  th i s  experiment  r ed  c love r p lants  

were i n o cu lat ed by root  d ipp ing  and  transp lanted  to  f ie ld p lo ts t o  examine effects 

of m ajor  root- invading fungi o n :  

1 .  surv iva l ;  and  

2 .  growth .  

6.2 .2  M ater ia l s  and methods  

The  exper imental  area was s i tuated in  t he  pasture b lock .  T h e  seedbed  was  

prepared  a s  de scribe d i n  Experi m e n t  5 .  The exp eriment was  carr i ed  o u t  a s  a 

randomised complete  b lock  des ign wi th  4 rep l i cates .  The  exper imental  area w as 

surro u n d ed by a 1 m wide  p ath . The  b l o ck s  w e re 1 m apart and e ac h  was  d ivi d e d  

i nto  1 x 1 m plots  spaced 5 0  cm apart .  

Plast ic s hee ts were laid on  the su rface of e ac h  of the fou r  1 x 12 m b l ocks .  

The  s h eets  were  sea l ed  by putt ing the i r  e dges in to  trenche s ( about  10  cm wide  x 

1 0  cm d epth) around each  b lock and cover ing wi th  so i l .  The  blocks were t h e n  

f um igated  with  "Israe l bromine"  ( 9 8 %  methy l  bromide  a n d  2 %  chlorop i cri n ;  

Bro mine  Compounds  Ltd ) a t  the  rate of 1 1 3 g/m2 o n  the 8 th  of Dec . 1 98 6 .  The  

p las t ic  sheets  were l eft in  p l ace  for  1 w e e k  fo l lowing fumigation and  then  r e m ov e d  

f o r  8 days prior t o  p lant ing to a l low aera t ion .  
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I so lates of seven fungal spe c i e s  w e re obta i ned  from roots  of r e d  c l over  

dur ing the  prev ious expe ri ments .  They were  Cyl indrocarpon d estructans,  

Cyl i ndroc lad ium scopar ium, Fusar ium oxysporum, F. so l an i ,  G l i o c l a d i u m  

roseum, Tr ichoc lad i um b;as icola ,  and V e rt i c i l l i um dah l iae . The cultu res  were 

mai ntai n e d  on PDA med ium at 20°C i n  the dark unt i l  used.  Inocu la  of con i d i al 

suspens ions  i n  d i sti l l e d  water were prep ared from 9 -day-o ld  cu l tures ,  f i l te r ed  

through four  l ay ers o f  mus l i n  and adj us t ed  to a concentrat ion of  about 1 06 con i d i a  

p e r  m l  except  for Cy_. s coparium which o n ly contained 2 .5  x 1 04 con id i a  p e r  m l .  

Five -wee k-ol d r e d  c l over p l ants  g rown i n  the  g lasshouse i n  1 00 mm d iam.  

p ots conta in ing a peat-sand  pott ing mix  were removed and the i r  roots  washe d  

carefully u n d e r  running tap water .  The  p l ants w e r e  d iv i ded  i n to  e ight  groups and 

e ach cons i s ted  of s imil a r  numbers of  p lan ts .  The  roots  of the  p l ants  were  s o ak e d  

i n  t h e  i nocu lum susp ens ion  for 1 h ,  o n e  group p e r  fungal spe c i e s .  T h e  rema in d e r  

were soak e d  i n  d i sti l l ed  water a n d  u s e d  as  contro l s .  Shoots  were  tri m m e d  with 

sc issors  about  5 cm above the crow n .  A l l  p l ants  were then transferred  t o  the  

same-s ized po t s  containing peat-sand  po t t i ng  m ix ( 10 s e ed l ings  per  po t ) ,  a n d  

grown i n  the  glasshous e  f o r  another  w e e k . 

Twenty five  plants ,  as  5 x 5 p att e rn at  a 1 5  x 1 5  cm spacing ,  were  p lanted  

i nto  e ach p lot  on  the 23rd  of  Dec .  1 9 8 6 .  Anoth e r  five extra p lants  were  p lanted 

at  one  s i d e  of e ach p lo t  for symptom as se ssment  and  fungal i so lat ion . The  p lants  

were  hand -watered d a i ly d ur ing the  f irs t  1 0  d ay s  after  planting,  and  hand -w ee d e d  

a s  nece ssa ry there afte r .  

6 . 2. 2 . 1 Assessment  of symptoms and i so lat ion of  fungi from the  roots  

Seven weeks  after  p l anting,  the  extra  p lants  at one  s ide  of each p lot  were 

dug out ,  washed free from soi l ,  and  ex ternal and  internal  symptoms of  the  roots  

were  noted .  One plant  per  repl icat e  was taken at random,  i t s  lateral  roots  

t rimmed off, and the  tap root  used for fungal  i so lat ion .  The root bark was  

remov e d  from p lants  inoculated  with V. dah l iae to expose  the  s t e l e  cyl i nde r .  

I so lat ions  w e re a l so  made  from the  p e ti o l e s  o f  tho se  plants  i nocu lated with V .  

dahl iae which show e d  marginal chloros is  on  the l e aves .  The  tap roots ,  s t e l e  
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cyl inders ,  and pe t io l e s  were surface s t e r i l i s ed  i n  0 .3 % sod ium hypoch lor i t e  

solut ion for 1 m in ,  r i n s ed  in s t e r i l e  wa te r  a n d  cut  i n to  1 - 2 mm l o ng s egment s  

( Sk ipp et  a l . ,  1 9 86 ) .  Ten  segme nts from each  root  were  placed  o n  ABPDA a n d  

incubated a t  20°C i n  the  dark unti l  fungi c o u l d  be  iden t if i ed .  

6 .2 .2 .2 M e asur e men t of  survival and  growth of  p lants 

Measurements  were taken  on  five o ccas i ons ( 8 ,  1 6, 39, 49, and 62 we e ks 

afte r  planting )  whe n  the  he ight  of gre e n  canopy had r eached about 30  cm.  O n  

e ach occasion t h e  n u mber  o f  plants  in  e ach  p l o t  was counted .  One  row o f  p lan ts 

along each s ide  of e ach  plot  was treate d  as a guard row. The numbers  of shoot s  

were  counted o n  t h e  p lants i n  the  ce ntral  a rea  of  e ach plot .  The p lan t s  were  then  

cut  t o  30 - 40  mm h eight with e l e ct r i c  s h e ars ,  and  dr ied  ove rn ight  at  9 0°C .  D ry 

w e ights per  plant  w e r e  determined .  

Some p lants  i noculated with T .  basico la  o r  .{4. s coparium h ad d i e d  soon  

aft e r  planting. The  large d ifferences  i n  t h e  number  of surviving p lants  p e r  p lo t  of 

the  d ifferent t rea tments mean t  that growing  condit ions ,  in part icular the  amount 

of inter-plant comp et i t ion ,  were  not  comparab l e  be tween  the  control  and  t h e s e  

two treatments ,  s o  n o  yie ld d a t a  w e r e  co l l ec ted from the  plants inoculated  wi th  

e ither  of  the pathogens .  

6 .2 .2 .3 So i l  t emp eratures and rainfall  

Soil  t emperatures at  10 and 20 cm d e pth,  and rainfall  records  for  t h e  

experimental p e r i o d ,  w e r e  obtained f r o m  the  Palmerston North  D S I R  

me terological s ta ti o n ,  which i s  adj ac en t  t o  t h e  pasture block .  

6 .2 .2 .4  Stat i st ical ana lys i s  

Analys i s  of var iance (LSD te s t )  was performed  afte r  arcs ine  

transformat ion  for count  d ata.  A s imi lar  analys i s  was carr ied  ou t  for  t h e  w eight  

d ata  but  the s e  were  not  t ran sform e d .  
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6 .2 .3  R esu l t s  

6 .2 . 3 . 1  Root symptoms and  fungal re i so lat ion 

Di s ease  symptoms seen on roots  7 weeks  afte r  p l ant ing in  the  fie ld w e re : 

control - bo th  tap roots and  la teral roots  were  we l l  d eve loped and whi te  in ternal ly 

and extern a l ly ;  C. destructans ,  F .  oxysporum, and Q. roseum - s imi lar  t o  contro l ;  

F .  solani - a f ew scatt e r e d  b rown l e sions  on  the tap roots ,  some la tera l  roots  w e r e  

brown, a n d  there were s o m e  d iscre te  l ight  brown o r  d i sco lour e d  regions in  t h e  

s t e l e ; V .  dahl iae  - latera l  r oots  were  l e s s  w e l l  d eve lop e d ,  d ark b rown d i sco lorat i o n  

was presen t  throughout t h e  whole longitudinal  sec t ion  of the  s t e l e  t i s sues  ( P l at e  

6 - 1 b ) ,  n o  vis ib le  l e s ions  o r  d isco lorat ion were  s e e n  ext ernal ly ;  T .  basico l a  - t h e  

l ower parts  of the  tap roots  were rotte d  a n d  s lough e d  off, n ecrot ic  dark l e s i on s  

were  pres en t, bu t  s t e l e  t i s sue  remain e d  cream i n  co lour ;  .(J:. scoparium - tap roo t s  

were  stunt e d, on ly a f ew  l at era l  roots had  deve loped ,  and  the re  were  some d a r k  

b rown l e sions  i n  t h e  cort ex ,  s te le  t i ssue remai n e d  whi te . 

M a rginal pa le  y e l l ow les ions ,  and areas  of n ecros i s  and  wi l t ing were  s e e n  

on  some l e aves  of the  p l an t s  inocu la ted  with V .  dahl iaS! ( Pla te  6 - 1  a ) .  N o  l e af 

symptoms were  s een  o n  t h e  o ther plants .  

In a l l  t reatmen t s  the  fungus used  as inoculum w as r e iso l at e d  from a h i g h  

proport i on  of the roots  (Tab le  6-2- 1 ) .  Vert ic i l l ium dah l iae  was a l so  recov e r e d  

from pe t io l e s  of inocula t ed  p lants .  Spec ies  of Fusarium ( ot h e r  than F .  oxysporum, 

and F .  so lan i ) ,  Pen ic i l l ium, Trichoderma, and zygomycetes  were  also i so l at e d  

from the  s egments c u t  from the  r o ot s  i n  a l l  t r eatm ents .  P ercent  frequ e n cy of 

i so lat ion of these non- inoculat e d  fungi d id  not d iffe r  s ignif icant ly among t h e  

treatment s  ( P  > 0.05 ) .  
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Table 6 - 2 - 1 . P ercent frequency o f  i so l at i on o f  f unga l  c o l on i e s  
from 1 - 2  mm segments cut from the surface ster i l i sed tap roots 
and peti o les of red clover p lants 7 weeks a fter transplanti ng 
into the f i e l d . 

Treatments Parts o f  Fung i i so l ated 
p lants Ino1  Pen2 Tri 2 Z yg2 Fsp2  

Control Roots 3 5 . 0  5 . 0  1 0 . 0  2 2 . 5  
� - destructans Roots 4 7 . 5  1 7 . 5  5 . 0  1 5 . 0  1 0 . 0  
QJ_ .  sco:r2arium Roots 6 5 . 0  1 5 . 0  2 . 5  7 . 5  1 5 . 0  
_E .  OXYSJ20rum Roots 7 5 . 0  1 5 . 0  5 . 0  1 0 . 0  
_E . sol an i Roots 9 3 . 3  7 . 5  2 . 5  1 7 . 5  
Q .  roseum Roots 6 0 . 0  2 2 . 5  5 . 0  7 . 5  
_T .  bas i cola Roots 7 2 . 5  1 0 . 0  2 . 5  2 2 . 5  1 7 . 5  
y_ . dah l iae Ste l es 8 7 . 5  2 2 . 5  2 . 5  1 0 . 0  7 . 5  

Petiol e s  9 2 . 5  1 2 . 5  1 2 . 5  

1 • Ino, Fungi inocu l ated; 

2: Pen, Penicillium spp. ;  Tri,  Trichoder m a  spp. Z y g ,  Zygomyces;  F sp, Fusa rium spp . .  

6 .2 .3 .2  P lant  survival 

From t h e  25 p lants p laced in e ach f ie ld p lot  about 2 0 - 2 1  plants  of the  

control ,  and those  inoculated with .C. destructans, F .  oxysporum, F. solani ,  and  Q. 
roseum, were present 62  weeks  aft e r  plant ing .  Sl ightly few e r  ( 18 )  p lants  

i n o culated wi th  V .  d ahl iae remained i n  the  plots ,  but this  was n ot s ignif icant ly 

d ifferent  from the  control  (Fig .  6 -2- 1 ) . Numbers  of plants  i noculated wi th  .c.y. 

scoparium or T. basicola were s ignificantly lower  than those  in the  control  p lots  

at  a l l  harvests ( Fig .  6-2- 1 ) .  

6 .2 .3 .3  Plant growth 

Plants i no culate d  with V. dahl ia(;"! had produced signif icant ly l e s s  shoot  d ry 

w e ight  than control  p lants when harve sted  aft e r  8 weeks ,  but no  s ignif icant  

d iffe rences  w e re found thereafter except  at  39 weeks ,  where  the weight  was  
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s ignifican tly h igher  (Tab l e  6-2-2 A ) .  P lan ts inocu lated with C .  d estructans ,  F .  

oxysporum, F.  so l ani ,  o r  .Q. roseum had produced  similar amounts  of d ry m atter  

as control  p lants  a t  al l harve sts (Tab l e  6 -2 -2  A ) .  Significant ly fewer  shoots  than 

controls  were produce d  from the p lants  i nocu lated with V.  dah l iae  at 8 we e ks ,  F .  

so lan i  or G.  rose urn at 1 6  and 39  wee ks ,  and  F .  oxysporum at 39 w e e ks ,  (Tab l e  6 -

2-2 B) .  

Table 6 - 2 - 2 . Mean dry weights ( A ) and numbers ( B )  o f  shoots p e r  
r e d  c l over p lant harvested from f ie l d  plots on f ive occas i ons . 

A .  Dry we ights ( g ) 

Fungal i noculum 
8 

Control 3 . 8 6 al 
� - destructans 3 . 3 8 ab 
f . oxys.Qorum 3 . 9 1 a 
f . s o l  ani 3 . 6 5 ab 
� .  roseum 3 . 8 6 a 
y_ . dahl i ae 2 . 00 b 

B .  Numbers o f  shoots 

Fungal i noculum 
8 

Control 8 . 3 8 a 
� - destructans 8 . 1 8 a 
f . OX,¥S.QOrum 7 . 0 3 a 
f . s o l  ani 6 . 57 ab 
� .  roseum 7 . 20 a 
y_ .  dah l i ae 4 . 89 b 

Weeks a fter plant i ng 
1 6  3 9  4 9  

1 1 . 8 7 ab 9 . 5 1 b 1 9 . 5 2 
1 3 . 6 2  a 8 . 8 4 b 1 9 . 4 8 
1 0 . 7 2 b 7 . 8 3 b 1 6 . 0 0 
1 1 . 2 0 b 9 . 1 1 b 1 5 . 7 7 
1 1 . 7 7 ab 7 . 0 1 b 1 5 . 9 2 
1 0 . 0 1 b 1 4 . 8 2 a 2 1 . 3 3 

Weeks after planti ng 
1 6  3 9  4 9  

1 6 . 1 2 a 1 9 . 55 a 2 3 . 7 0 
1 6 . 5 1 a 1 7 . 0 5 ab 2 4 . 3 2 
1 4 . 1 1 ab 1 5 . 1 0 b 2 0 . 17 
1 2 . 8 6 b 1 4 . 57 b 2 1 . 1 5 
1 3 . 1 4 b 1 3 . 90 b 2 2 . 1 5 
1 3 . 8 1 ab 1 7 . 95 a 2 5 . 3 5 

6 2  

a 2 1 . 8 5 a 
a 1 7 . 4 8 a 
a 2 0 . 80 a 
a 1 6 . 4 2 a 
a 2 0 . 4 8 a 
a 2 6 . 1 3 a 

6 2  

ab 1 8 . 3 3 ab 
ab 1 6 . 0 0 b 
b 1 7 . 7 5 ab 
ab 1 5 . 7 5 b 
ab 1 9 . 0 8 ab 
a 2 2 . 3 8 a 

1 :  For each sampling date,  means followed by the same letters were not signif icantly different a t  5% 

probabili ty level. 
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Plate 6- 1 a-b Leaf (a )  and root (b )  symptoms o n  red c lover  plants  inoculated  wi th  
Vert ic i l l i um dah l iae by the root d ip  method  after  12 weeks  growth i n  the fie I d  p lo t s .  
N ote the  marginal pa le  ye l l ow les ions  and areas of necros i s  and wi l t ing o n  some 
leaves ( arrows) ,  and  dark brown d i sco lourat ion throughout root  stele .  
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6 .2 .3 .4 So i l  t emperature s  and  ra infal l  

Mean da i ly so i l  temp e r atures at  10 and 20 cm depth and da i ly ra infa l l  for 

the exp e r ime ntal  p e riod were s im i l a r  to the 30 year  ave rage except for  the p e r iod  

9 - 1 6  weeks aft e r  planting,  when so i l t emperature s at both  d epths  were  l oC lower ,  

and ra infal l was 1 . 1  mm h igher ,  than  those  of 30 year  ave rage (Append ix  6 -2- 1 ) .  

6 .2 .4  D iscussion 

The h igh mortal i ty of p lants inocu latedwi th  T. bas ico l a  i n  th is  exp e riment  

sugge s ts that th i s  fungus could affect  s u rv ival of r ed  c lover  i n  the  fie l d  i n  o t h e r  

a r e a s  where t h e  pathogen occurs n atura l ly s u c h  as the  Waikato and  N o rth  

Auckland ( R.A.  Skipp and M . J .  Chr i s tensen ,  p e rs .  comm. )  where  the  c l imat e  i s  

s imi la r  to that record e d  f o r  the  exper imental  p e ri od  (Appen d ix 6-2- 1 ) .  

Cyl i ndrocladium s coparium had  been found to  be more  pathogen i c  than 

T .  b as icola in  prev ious  g lasshouse tes t s  ( Skipp et  a l . ,  1 9 86 ) ,  but  th is  was  no t  

apparent  h e re ( Fig .  6 -2- 1 ) , poss ib ly b ecause a l ow l eve 1 of i noculum of  f:2t. 

s coparium had  been u sed .  Cylindrocl ad ium scopari u m  h a s  n o t  b e e n  recorde d  i n  

r e d  c love r  from pasture s .  

The densi ty of the  swards p l anted in  th i s  exper iment  was  s imi lar  t o  that  

n ormal ly u s e d  for grazing  t ri a l s  on red c lover  and  p lants  were  suffic i ent ly c l o s e  to  

a l l ow compet i t ion ( R . J . M .  H ay per s .  comm . ) .  The  method was  su i tab l e  to  s tudy 

e ffects o n  growth caused  by r e l at ive ly w e ak pathoge ns  such a s  spec i e s  of 

Fusarium,  which d id  not  kil l  p lants ,  but  no t  the  more v i ru l ent p athoge ns ,  T .  

bas icola  and f:2;.. scoparium, which k i l l ed  the p l ants  rap id ly thus changin g  t h e  

p lant d e n si ty .  As  reported  for  prair ie  grass inf e ct ed  with the  h e a d  smut fungus  

Usti lago bul lata Berk . ,  p lants  remain i ng aft e r  a proportio n  of the populat i o n  h ad 

been  ki l l e d  by d i sease  were  n o  l onger comparab l e  wi th  the  contro l  p lots  ( Fa l l o o n  

a n d  Hume ,  1988 ) .  

R e duced  shoot  d ry matter product ion of  p lants  inoculated with  V .  dahl i a e  
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8 weeks afte r  p lant ing in to the f i e l d  (Table 6-2-2 A )  support s  t he  f ind ings of 

previous g lasshouse  s tud ies  ( Skipp et a l . ,  1 986 )  that the  fungus is pathogen i c  to 

red clove r. The y i e l d  reduct ion  was assoc iated  with the  product ion of fewer  

shoots by the  i noculated p lants ( Table  6 -2-2 B) .  Number  of  shoot s  is  known t o  be  

an important y i e l d  component  of  r ed  c l over  ( Hay, 1 985 ) . No y ie ld  reduct ion was 

detected l ate r in the  e xpe r ime nt d esp i te  the appearance of l e af symptoms and 

ste le  browning ( Plate 6- 1 )  wh ich  sugge s t ed  that  the  invad ing fungus had affected 

the phys io logy of the  h ost  p lant .  The effec ts of V. dah l iae  on  growth  of r ed  c lov e r  

n e e d  to  b e  stud i e d  ove r  a l onger  p e r iod  to  e stab l i sh  whe the r t he  fungus h a s  

de le teri o us effects  o n  t h e  growth or  l ong t e r m  pers i s tence  o f  t he  p l ant .  

V e rt i ci l l ium dahl iae has  bee n i so la ted  from roots  of r ed c love r p lants  

grown in  both  I s lands  of  New Zealand ( R .A.  Skipp and M.J .  C hr is tensen ,  pers .  

comm. ) .  I t  can  attack more than l OO spec ie s  of  host  p lants  i n  �ew Zealand 

( Pe nnycook ,  1 9 8 9 )  and causes cons ide rable economic  l os se s  i n  some  crops  ( Smi th, 

1 9 65 ) .  A lthough i so lat e s  obta ined from r e d  c lover  i n  the  pre s e nt study were no t  

t e st e d  for  p athogen icity on o the r  h o s ts ,  o the r  work  ( Mi l to n  a n d  I saac,  1976 )  h as 

d emonstrated  that  i so lates  f rom red  c l over  can attack o ther  crops .  I t  i s  sugges t ed  

that r ed  c lover  shou ld  no t  be  rotat ed  wi th  o ther  crops which are  k nown suscepti b l e  

to  V.  d ah l i ae s u c h  a s  potatoe s  and  tobacco . C .  d e structans ,  F .  oxysporum, F .  

solani ,  and  .Q. roseum caus e d  n o  d e t e ctab le  reduct ion in  d ry m att e r  product ion  

but  d id  reduce the  numbers  of  shoo t s  produced dur ing  e arly s tages  of  growth  

(Tab l e  6-2-2) . 

I n  conclusion,  the  r e su l t s  of Exper iment  6 d e mo nstrated  that ,Cy.. 
scopar ium, T. basicola, and V. d ah l i ae  are pathogen ic  to  r e d  c love r  unde r  f i e l d  

condi t ions .  H ow ever ,  the  f i e l d  p l o t  t e ch nique as  used  h e r e  suffers  f rom the  

d isadvantages in  that i t  d o e s  no t  : 

1 .  provid e  prolonged expo sure of p lant  roots t o  ino culum ; 

2 .  indicate  effects  o n  e stabl ishmen t ;  and  

3 .  eas i ly a l low measuremen t  of effects under  condi t ions  of changing p lant  

dens i ty. 
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6 .3  E X P ER I M ENT S EVEN : E FFECTS O F  ROOT- I N VA D I N G  

FUNGI ON T H E  G R O WTH O F  R E D  CLOVER PLA NTS IN  T H E  

G LASSHOUSE A N D  M I CROPLOTS 

6 .3 . 1 I n trod u ct i o n  

Although the p lot  exper iment  descr ib e d  above ( Experimen t  6 )  conf i rmed 

the  fie ld  pathogen ic i t i e s  of  several fungi  t o  r ed  c lov e r, the  d i s advantag e s  l i s ted  

above sugges ted  that this  type  of  expe r imen t  might  not  give the  most  re l iab le  o r  

r e l evant information about the  poss ib l e  effects o f  p art icular fungi  o n  r ed c l ov e r  

growth .  Fie ld microplo t s  e stabl ishe d  i n  c l ay t i l e s  offered a su i table  a l te rnat ive . 

As  d i scusse d  i n  Chapter  2 the  techni que has b e e n  used to s tudy i nt e ract ions  of 

fungi  with n e matodes ( M art in  et a l . ,  1 98 2 ;  R owe et al . ,  1 985 ; R i e d e l  e t  a l . ,  1 985 ; 

Francl e t  al . ,  1 987 ;  Starr  e t  a l . ,  1 9 8 9 ) ,  and  e nv i ronmental factors  ( Chun and 

Lockwood ,  1 9 8 5 ) .  It has  also been used to s tudy root morphology of wh i t e  c lover  

by p lant bre ed e rs in  Grass lands  Div i s i on ,  DSIR ( C aradus and W oo dfi e l d ,  1 9 8 6 ;  

Woodfield and  Caradus ,  1 987) . T o  da t e ,  microplots  have n o t  b e e n  u s e d  t o  asses s  

y i e ld  los s  of r e d  clover  from root- i nvad ing  fung i .  

Although i t  i s  b e l ieved that the  h eal th of  the  p lant wi l l  affec t  t h e  symbio t i c  

b alance of  p lant and rhizobium (Tu and  Ford ,  1 984) , l i t t l e  i nformat ion i s  

avai lable  o n  effects of  s oi lborne fungi o n  nodulat ion and  n i t rogen  f ixat ion of 

forage legumes  apart from a pap e r  by S awada  ( 1 983)  who report e d  that lucerne  

grown i n  s o il i nfes ted with .E .  oxysporum had fewer nodules  t h a n  p lants  i n  

s ter i l i sed  s o i l .  

The obj ectiv e s  of t h i s  exp e ri m e n t  were  t o  assess  effec t s  o f  roo t - invad ing  

fungi on:  

1 .  e stabl ishment  of seed l i ngs  in the  g lasshouse and f i e l d  microplots ; 

2 .  nodulat io n  and n i trogen f ixat ion of p lants  in the  glasshous e ;  

3 .  growth of p l ants  in  the  g lasshouse  a n d  f ie ld microplo t s .  
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6 .3 .2  M a t e r i a l s  a n d  m e t h o d s  

Isolates of .Qy_ .  �copanum,  F .  oxysporum, F .  s olani , and T.  bas icQla 

obtaine d  from the  roots  of  red c lover during the  previous experiments  were used  

in bo th  glasshouse and f i e ld  microplot  stud i e s .  The  cul tures  were  mainta i n e d  on  

PDA med ium at zooc i n  the  dark .  Cultures for  i noculum were p repared  by 

inoculating moist ,  s ter i l i sed ,  cracked whole  corn kerne l s  ( H e al theri e s  of N . Z. 

Ltd ) with 9-day-old cul ture s of the  tes t  fungi  and  growing  for 2 weeks  at 2 0oC i n  

t h e  d ark .  

Seed use d  in both glasshouse and fi e ld  m icroplot  studi e s  was  inocu la ted  

w i th rhizobium immed iate ly b efore  sowing by  s oaking the  s e ed s  in  4 -day-o ld  

cultures  of  rhizobium ( Rhizobium tr ifo l i i  Dangeard 1 926 ,  Biotechno lo gy D iv i s ion  

Culture Collec t ion  NZP5 7 8 )  for 30 min .  

6 .3 .2 . 1 Glas shouse s tud i e s  

Soi lfrom the  p asture  b lock ,  wh ich  had been  fumigated and i no cula ted  w i th  

cultures of the  d iffe r ent t e s t  fungi o n  co rn  kerne l  m edium, as d escr ib e d  fo r  t h e  

microplot exper iment  ( s e e  be low ) ,  was transferred t o  t he  laboratory .  T h e  

m ixtures  of fum igated s o i l  a n d  corn ke rn e l  i noculum were  p l a c e d  i n to  

unperforated  p las t ic  pots ( 9 5  mm d iam .  x 1 1 0 mm) ,  at the  rate of 4 5 0  g pe r  pot ,  1 5  

pots  per  treatme n t .  Ten  s e e d s  were  sown in to  e ach  pot  and c ove red  t o  a d e p t h  of 

1 0  mm with 50 g fum igate d  s o il .  The p ot s  were  wate red  to 60% WHC a n d  p l aced  

i n to temperature contro l led  waterbaths at  20°C.  So i l  moisture con ten t  i n  t h e  p ot s  

was  maintai n e d  at  60% W H C  b y  weighing da i ly a n d  adding wat e r  as  requi r ed .  

A .  Counts  o f  numbers o f  s e ed l i ng s  

Two w e e ks aft e r  sowing, the  numbers  of s e edl ings per  po t  w e r e  count e d  

from 1 0  pots o f  e a c h  t reatment  cho s e n  at  random.  The numb e rs of s e e dl ings i n  

t h e  same p o t s  were  recounted 6 w e e k s  l a t e r  ( 8  w eek s  aft e r  sowing ) .  
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Assays  were  unde rtake n 4,  8 ,  and l 2  weeks  afte r sowmg.  On e ach 

occasion,  5 pots per  t rea tment  w e re used .  Number of s eed l i ngs per pot  was  

counted .  A l l  s eed l ings,  and  the  so i l  a d h e ring to the i r  roots ,  were  removed  f rom 

e ach pot, excess  so i l  s haken  off careful ly ,  and  pl aced in  a s ea l ed  g lass  j a r .  The  

vo lume of the  jars u s ed  was  5 0 0  m l  at 4 and 8 weeks ,  and  1 000 ml  at 1 2  weeks .  T e n  

percent o f  g a s  ( by vo lume ) w a s  w i thd rawn from t h e  s e a l e d  j ars  contain ing  t h e  

p lants a n d  replaced w i th  acety l ene  us ing a hypodermic  syr inge .  Afte r  6 0  m i n .  

i ncubation ,  dupl i cate 1 m l  g a s  samp l e s  w e r e  tak e n  from e a c h  j ar with separate  

d isposable  plast i c  sy r inges .  The samp led  gas  was  s eal e d  w i thin the  syr inges  by 

stabbing the  syr inge n e e d l e s  i nto  a rubbe r bung.  0 . 5  ml of samp led  gas from o n e  

of the dup l i cate syr in g e s  was  u sed  to  assay for e t hy l ene  content  us ing a gas  

chromatograph (Se ri e s  204  Pye U n i cam ( Phi l l ips )  Ltd) i n  the  So i l  Fer t i l i ty 

Laboratory of Grass l ands  Div i sion ,  Palmerston North . 

A b lank test  cons i s t ing  of a jar  containing 1 0% acety l e n e  i n  a i r  but  wi thout  

plant mat er ia l  w as inc luded on e ach  occas ion .  Thi s  provid e d  a check  of  whe t h e r  

contaminat ing sources  of e thyle n e  h a d  b e e n  in t roduced i nto  t h e  acety l e n e  o r  

re leased  from the oth e r  sources .  A s econd control  was used a t  8 a n d  1 2  w e e k s .  

This  cons is ted of a j ar contain ing  plants  b u t  without acety l e n e  a d d e d  to  t e s t  f o r  

the poss ib i l ity of e thyle n e  product ion occurring by m e a n s  oth e r  than th rough 

ni trogenase  activ i ty ( i . e .  d i re ct ly from the plant  o r  inocu lu m ) . Very l i t t l e  

ethy l ene  was produced  i n  the se  contro l s  ( l e s s  t han  3 nmo les/h/p lant )  a n d  n o  

d iffe rence  was de tec ted  be tw e e n  the  t reatments .  N o  correct ion was  made f o r  th i s  

source o f  ethy lene  i n  the  f i nal ca l culati on .  

Afte r  the  ga s  sample  had been  wi thdrawn, t h e  r ea l  ga s  volume of  e ach  j ar 

was m easured by d i sp lacement  wi th  wate r. The amount of e thy len e  produc e d  

(flmol e/h/pot)  = e thyle n e  sample  cu· X (Vol .  gas i n  jar  I Vol .  gas assayed  i n  G C )  

x incubating t ime (hour )  x K . .  - Blank C U  x (Vol . gas i n  b lank  jar  I Vol .  ga s  

assay e d  in  GC)  x K 

*: CU = Chart units used to measure peak height ( mm) 

**:  K = Conversion factor obtained u sing a standard ethylene gas mixture to calibrate the  
chromatograph. In th is  tes t  K was obtained from Grasslands D ivision .  
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Ethy l ene  product ion pe r pl ant = ethy l e n e  product ion p e r  pot  I no .  of 

p lants p e r  pot .  

At 8 and 12  weeks ,  two roots  f rom e ach  treatment  were take n and  the  

number  of nodules  per  root  were  counted .  

C .  Measurements  of fresh  we ights 

Afte r  each acety l ene  assay,  t h e  p lants  were wash e d  free from so i l .  Shoots  

and roots  were  s eparated wi th  a scal p e l  and b lo t ted  d ry. Fresh weights of shoot s  

and  root s  per  plant were d e termine d .  

Fungi were r e  i so lat ed  from roots  afte r  4 weeks  by taking two p lants  from 

e ach po t  and  process ing them by the  roo t  segment  method to  conf irm the  pre sence  

of the  i noculated fungus .  

6 . 3 . 2 . 2  Fie l d  m icrop lo t  stud i e s  

T h e  exp er imental  area w a s  s i tuated i n  t h e  pasture block.  T h e  s ee d b e d  was 

prepared as  i n  Exper iment  5 and  d iv i ded  in to  f ive ,  1 .2 x 16  m s tr ips ,  1 .5 m apart .  

The bas ic  repl icate  was a s ingle  microplot  ( s e e  b e l ow ) .  Each t reatmen t  cons i s ted  

of  20  repl i cate d  microplots  arranged as a r an domise d  comple te  b lock d e s ign 

among the  s t r ips .  The microplots ,  60  cm apart ,  were e s tab l i sh e d  i n  e ach str ip by 

p lac ing open-ended ,  unglazed ,  c l ay dra in  t i l e s  (38  cm long  x 1 0  c m  in te rna l  

d iamete r )  in ho l e s  dug to  30-35 cm depth  wi th  a pos t  ho l e  bore r .  The  top e dge  of 

e ach t i l e  was about 5 cm above  so i l  level ( Pl at e  6 -2 ) .  
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a 

Plate 6-2 a-b Estab l i shment  of microplots .  
a .  Genera l  v iew of the exper imenta l  s i te ;  d igging the holes  for the  c lay t i les  with 
a post  ho le  borer .  
b .  F i l l ing the m icroplots wi th  fumigated so i l  p lus  fungal  inocu lum.  
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The str ips ( s o i l  + t i l e s )  were sea led  with p las t i c  sheets  and then fumigated 

wi th  " I s rael  hromi ne "  as d e scr ibed in Expe r iment  6 on the  9th  of  Nov .  1 987 .  E ight  

day:-, afte r  fumigat i on  the  shee ts were  remov e d  and p lots  a l low e d  to ae rate  fo r  7 

days .  Fumigated so i l  was  co l l e ct ed  from the s t r ips ,  w e ighed ,  and mixed .  R e qu i r ed  

amounts of corn k e rn e l  m edium cultures  of the  i n d iv idual t e s t  fungi were  added  

to the  so i l  to  g ive  i no cu lum leve l s  of 0 . 1 and  1 %  ( i . e .  g i noculum per  1 0 0  g f resh  

fie l d  so i l ) .  The inocu lum and  so i l  were  mixed thoro ughly by hand .  The i nfe s ted  

so i l  ( about 3 . 8  kg  p e r  t i l e ) was  then  p laced  in to  e ac h  appropriate t i l e . Fumigated  

fie ld  so i l  alone and fumigated fi e l d  so i l  + 1% s t e ri l i s ed  corn  kerne l  med ium were  

used as contro l s .  The  remain ing  infes ted  so i l  was  p l aced  in  p la s t i c  b ins  [ 50  x 3 2  

x 2 2  ( depth)  cm ) f o r  t ransfer  t o  the  laboratory and  u s e d  for the  g lasshouse  s tudy 

( s e e  above ) .  The so i l  in the t i l e s  was a l lowed to s e t t l e  for  3 days ,  and then  the so i l  

l eve l  w as adjust e d  t o  about  5 cm be low the  top edge  of  the  t i l e s .  

Twenty s eed s  w e r e  sown in to  each  t i l e  on  the  26th o f  N ov .  1 987 and  

cov e r e d  with approx imate ly 5 0  g fumi gat e d  s o i l .  S eed s  were a l so  sown ( at 60  cm 

in t e rva l s )  around  each s t r ip as guard rows.  

A. Measur e m e n t  of surv ival  and growth  of p l ants .  

S ix weeks  aft e r  sowing the  numbers  of  s e e d l i ngs i n  each t i l e  w e re counted ,  

and  s e e dl ings were  t hen  th inned  to  one  pe r  t i l e .  The  excess  s eed l i ngs were  

co l l ec ted  and the i r  tap  roots  u s ed  for fungal r e i so lat ion as descri b e d  abov e .  

Plant grow t h  w a s  measured o n  6 occasi o n s  a t  20,  4 6 ,  54 ,  5 9 ,  67 ,  and  7 6  

wee ks after sowing.  Each  t ime ,  the  numbers  of surv iv ing  p lants  i n  the  to ta l  of 2 0  

t i l e s  were coun ted .  The  l ength of the longest shoot  i n  the  each t i l e  was  m e as u r ed .  

Plants  were the n  cut  t o  8 - 10  cm wi th  h and  shears ,  d ri e d  overnight a t  9 0°C ,  a n d  the  

mean d ry weights p e r  plant were  d etermined .  On the  last  h arves t  shoot s  were  

rem oved  at crown l ev e l .  

On two o f  t h e  s ix occasions,  5 9  a n d  67 w e e ks after  sowing, 1 0  p lants  were  

randomly se lec ted  from the guard rows, and the  l ength and  d ry we ight  of  s h oots  

per  p lant were  d e t e rm i n e d  as  above .  The d ata  were  compared  with  those  fro m  
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contro l  micropl ots ( so i l  w i t hout amen d e d  corn kerne l ) .  

Percentage accumu lated  y i e l d s  per  plant a s  compared w i th the  contro l  

were  ca lcu lated .  

B .  Assessment of symptoms and  measurement  of d ry weight of  roots 

At the last harve s t  ( 7 6  weeks  after  sowing) ,  the  t i l e s  ( i nc lud i ng the  p l ant  

and the so i l )  were dug out .  The  roots w e re remov e d  carefu l ly by washing off the  

so i l  w ith a j e t  of  tap wat e r .  They  we re  then  washe d  free  f rom so i l ,  and brought to  

the  l aboratory for  ass e s s m e nt of  symptoms.  Afte r  examin ing  the  exte rna l  

symptoms,  the  tap roots w e re c ut through l ongi tudinal ly to a s se s s  crown  rot  and  

s t e l e  browning .  The  symptoms were  s cored  for roo t  rot ,  c rown  de te riorat ion  and  

s t e l e  brown ing, respect iv e ly ,  u s i ng  the  i ndices  giv e n  i n  Tab l e  6-3- l .  

Segments  bear in g  l e sions  were  cut from roots  of contro l  p lants ,  and f rom 

p l an ts inoculated wi th  F .  oxysporum,  and F .  solan i .  The  cortex and  s t e l e  w e re 

s e parated ,  and both  p ar t s  w e re u sed  for fungal i so lat ion by the root  s egm e n t  

m e thod .  N o  i so lation w a s  m a d e  from roots of plants  i nfected wi th Cy. .  scopar ium 

or  T .  bas i cQla ,  because of the  compl e te deter i orat i on  of  the  t i s sues .  

Dry weight of t h e  roots  was t h e n  determined  a s  abov e .  

C .  Growth o f  p l an t s  afte r  transplant ing in to  microplots 

Expe ri ment  6 had  showed  that ,C,y_. scoparium can k i l l  s e e d l ings  of r e d  

c l over  rapidly ,  thus i t  w a s  un l ike ly that growth m e asurements  could continue f o r  

v e ry long i n  microplot s  i n oculated w i th this fungus .  A tt empts w e r e  therefore 

made to  prolong the pe r iod  avai lab le  for  growth  m e asurement by us ing m or e  

m ature p lants  transpl an t e d  into growth medium inoculated with t h e  fungus .  

Seven  weeks  after the  exper iment  had been  s e t  up ,  5 -w e e k-o ld  red  c l ov e r  p lant s  

grown in  pots  contain ing  a peat - sand potting m ix in  the  g las sh ouse w e re remov e d  

from the i r  pots  and t h e i r  roots carefully washed  free o f  pott ing mix .  O n e  plant  

was  transplanted into  e ach of  1 0  control microplots  which  had b e e n  e s tab l i s h e d  

f o r  t h i s  purpose  among the  5 str ips o f  t h e  exper imenta l  b l ock .  P lants w e re a l so  
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transfe rred t o  10 microplots of e ach �· scoparium treatment i n  wh i ch s e e d l i ngs 

had a l ready been k i l l ed  by the pathog e n . The  pl ants we re  wat e r e d  da i ly wi th  a 

hose wi th a rose attachment dur ing the  f irst  1 0  d ays afte r plant ing .  Measurement  

of  plant growth was un der ta k e n  at the  same t ime  as  for  the  o the r  microp lo ts i . e .  

1 3 ,  3 9 ,  4 7 ,  52,  60, and 6 9  wee ks after  p lant ing .  

Dur ing the w h o l e  experimenta l  per iod (25th  of  N ov.  1 98 7  t o  1 1 th  of  May 

1 989 )  the  plots were hand weeded  as neces sary . 

Tab le  6-3- 1. Scoring ind ices  for  exte rnal  and  i n t ernal  root  symptoms of p l ants  
grown in the f ie ld microplots  76  weeks  aft e r  sowing.  

Root rot  index 

0 Roots  white - without  l es ions  
1 Some smal l  brow n  l e s i ons 
2 Smal le r  late ral  roots  ro t ten  and/  o r  sup e rf i c ial l e sions  > 1 cm long  o n  t ap root  
or  l arge l ateral roo t s  
3 Tap root  or  l a rger la te ral  r oots ro t te d  through t o  s te l e  i n  some  p l ace s  
4 Extens ive rott ing of  who le  depth  of t ap r o o t  and large la te ra l  roo t s  
5 Main  roo t s  d e ad ( exc lud ing  adven t i t ious  roots )  

Crown de te r iorat i on  i n d ex 

0 Pale  c ream throughout  
1 In te rnal  breakdown up to  4 mm2 
2 Interna l  breakdown > 4 mmZ, n o  c av i ty 
3 Cav i ty without chan n e l  t o  outs id e  
4 C avi ty and chan n e l  . 
5 Cavity extend ing  in to  root  s tel e  

S te l e  browning i n d ex 

0 White 
1 Fain t  f lecking o r  t race  of b row n i ng in  ou te r  s te l e  
2 B rown - outer  s te l e  on ly 
3 B rown - whole  s t e l e  
4 Dark  brown - who le  s t e l e  
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6 . 3 . 2 . 3  Stat is tical analys is  

Analys i s  of var iance (LSD tes t )  was p e rformed after  arcs i ne  

transformatio n  fo r  s eed l ing emergence  da ta .  A s im i lar analys is  w as carri e d  o u t  

f o r  the weight d a t a  obta ined  in t h e  gl asshouse  excep t  that data were n o t  

transform e d .  A n alysis o f  variance w a s  carr i ed  o u t  for  we ight a n d  he igh t d a t a  

o btained  in f i e l d  m i croplots  as unbalanced  d ata.  

6 .3 .3  R e s u l t s  

In  a l l  t reatments  the  fungus u sed  a s  i noculum was re i so la ted  f r o m  4-

w eek-old p lants  grown in  the  pots and 6 -w e ek-old p lants grown i n  t he  

microplots .  

6 .3 .3 . 1 .  G lasshouse  studies 

A.  S eed l i ng e m e rgence 

Numbers of  s e edl ings per  po t  w e re s ignificant ly f ew e r  in  the pots  

contain ing 0. 1 %  corn kerne l  cul tures  of F .  so lan i or  T. basico la ,  and  e i t h e r  

i noculum l ev e l  o f  .Q.¥.. s coparium than tho se  i n  contro l  pots 2 w e e ks aft e r  s ow i ng 

( Fig.  6-3- 1 ) .  A l l  s e ed l i ngs  in  the  pots  conta in ing � .  scoparium h a d  d i e d  8 w ee ks 

aft e r  sow i ng .  S e edl ings e stabl i shed in  t h e  pots  i noculated wi th  any i no cu lum l ev e l  

of F .  solan i  or  T.  basico la  were  fewer  than those  in  the  controls  a t  8 w e e ks (Fig .  

6-3 - 1  ) .  

B .  A c e ty l e n e  reduction and n odu lat ion 

Ethy l e n e  product ion  did not  d iff e r  s ignificantly among the trea tment s  at  

4 weeks,  h ow ev e r, the amount of e thyl e n e  produced by plants  i nfec ted  w ith  T.  

basicola was much l ow e r  than that produced by c ontrol  p lants  and  n o  e thyle n e  was  

detec ted  f rom p lan t s  i nfec ted  wit h .{4.. scoparium (Table 6 -3 -2  A) .  P lan t s  i nfe c t e d  
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with F. solan i  or T. bas i co la  produced  l e ss e thyl e n e  than  contro l s  at  8 w e e ks ,  bu t  

no  sign i f i cant d iffe ren c e s  were found  a t  1 2  weeks (Tabl e 6 - 3 - 2  A ) .  

Nodulation of r e d  c l over  s e e d !  i ngs was adver se ly affected by t h e  pathog e n s  

(Table 6-3-2 B ) .  P lants  i nfected w i t h  T .  bas i co ! a  produced  fewer n odu l e s  t h a n  t h e  

control s .  

Table 6 - 3 - 2 . Mean ethy l en e  producti on ( A )  and number o f  nodu l e s  
( B )  per red clover p l ant grown in the pots a t  2 0°C and 6 0 %  WHC o n  
three occas ions a fter sow i ng . 

A .  Ethyl ene product ion ( �molesjh/plant ) .  

Fung i and 
inoculum l eve P 

Control 
Control I I  
Qy . scoparium ( 0 . 1 % )  
Qy . scoparium ( 1 % )  
F .  oxysporum ( 0 . 1 % )  
f . oxysporum ( 1 % )  
f . s o l an i  ( 0 . 1 % )  
f . solani ( 1 % )  
T .  bas icola ( 0 . 1 % )  
_T .  bas icola ( 1 % )  

B .  Number of nodu l es . 

Fungi and 
inoculum level 2  

Control 
Control II 
Qy. scopari um ( 0 . 1 % )  
Qy .  scopari um ( 1 % )  
F .  oxysporum ( 0 . 1 % )  
f .  oxysporum ( 1 % )  
f. .  solan i  ( 0 . 1% )  
f . solani ( 1 % ) 
x .  bas ico l a  ( 0 . 1 % )  
x .  bas icol a  ( 1 % )  

4 

0 . 1 3 
0 . 1 5 
0 . 0 0 

0 . 3 6 
0 . 3 3 
1 . 0 3 
0 . 2 4 
0 . 0 1 
0 . 0 7 

Weeks after s ow i ng 
8 

az 1 6 . 3 3 a 
a 1 0 . 4 7 a be 
a 

a 1 5 . 8 4 ab 
a 9 . 7 6 a be 
a 8 . 4 7 c 
a 9 . 57 be 
a 7 . 4 6 c 
a l .  2 1  d 

Weeks after sowing 
8 1 2  

1 3 0 . 2  a2 2 7 2 . 1  
1 0 4 . 6  ab 2 3 4 . 9  

3 - - -

1 3 3 . 8  a 1 8 2 . 4  
8 1 . 2  b 196 . 0  
9 1 . 9  ab 2 3 3 . 5  
7 3 . 4  b 1 8 6 . 9  
3 6 . 4  c 9 5 . 7  
2 3 . 2  c 9 9 . 7  

1 2  

1 7 . 4 4 a 
1 0 . 5 4 a 

1 3 , 06 a 
1 4 . 2 0 a 
1 6 . 2 5  a 
1 8 . 19 a 
1 1 . 26 a 
1 2 . 5 6 a 

a 
ab 

b 
ab 
ab 
b 
c 
c 

1 :  Control, Fumigated soil only ; Control I I ,  Fumigated soil + 1 %  sterilised corn kernel (w /w) ; 
0 .1  %, Fumigated soil + 0 . 1 %  w /w of inoculated corn kernel m edium. 
1%, Fumigated soil + 1 %  w Jw of inoculated corn kernel medium .  

2 :  For each sampling date,  means f oil owed by the same l etters were not significantly different at  5 %  
probability level. 
3: Plant dead 
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Treatm e n t s  

g u re 6 - 3 - l .  M e a n  n u m b e rs o f  s e e d l i n g s  p e r  p o t 2 a n d  
8 w e e ks a fte r s o w i n g 1 0  s e e d s  i n t o e a c h  p o t  c o n ta i n i n g 
f u m i g a t e d  s o i l  p l u s  0 . 1 o r  1 %  o f  c o r n k e r n e l  c u l t u re s  o f  
d i f f e r e n t  f u n g i . e p o t s  w e re ke p t  i n  w a t e r  b a t h s  i n  a 
g l a s s h o u s e  a t  2 0oC a n d  6 0 %  W H C .  S t a t i st i c a l  a n a l y s e s  
w e re p e rf o r m e d  a ft e r  a rc s i n e  t r a n sf o r m a t i o n .  C,  C o n t ro l ;  
F a ,  £. o xysporu m ;  F s ,  £.. s o l a n i ;  T b ,  I- b o s i c o l a ;  
C s ,  �- s c o p a r u m ;  I a n d  1 1  i n d i c a t e d  t h a t  O . l %  a n d 1 %  
c o r n  K e r n el b e a n n g  e i n o c u l u m  h o d  a d d ed ,  w h i l e  C l l  
w a s  s o i l  + 1 %  s t e r i l i s e d  c o rn k e rn e l  m e d i u m . 

1 4  
� 1 2  a a 

a a c 
� 1 0  
Q) 
(I) 

'-'- 8 
0 
(I) 6 '--
(l) 

.D 
E 4 :J 

z 
2 

0 

Fig u re 6 - 3 - 2 .  M e a n n u m bers o f  seed l i n g s  p e r  m i c r o p l o t  
6 w e e k s  a f t e r  s o w i n g 2 0  s e e d s  i n to each  m ic rop l o t  
con ta in in g  f um ig a te d  so i l  p l u s  0 . 1 or  1 %  o f  co rn kern e l  
c u lt u re s  o f d i f f e re n t  f u ng i .  Ba rs w i t h  t h e  same  l e t t e rs 
w e re n ot s i g n i f i c a n t ly d i f fe re n t  i n  a n  a n a lys is  o f  
t ra nsfo rm e d  v a l u es (a rcs i n e ) .  Fo r a bb revot i o n s  see  F ig .  
6 - 3 - 1 .  
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C. Shoot a n d  root we ights 

1 4 3  

Mean fresh  we ights of shoots  per  plant d iffe red  among  the  treatme nts  

(Table 6-3-3  A) .  P lants grown in  the  pots i n oculated with e i ther  level  of  T. 

bas ico l a  had produced  less  h erbage than t h e  control (Tabl e 6-3-3  A )  a t  e ach 

harves t ,  s imi larly ,  p l ants  from the high F .  so lan i  inocu lum t reatm e n t  ( 1 % ) had 

pro du c e d  le ss herbage than the control at 4 and 8 wee ks .  

Root f r e sh  weights were r educed  by e i ther  i noculum l eve l  of T.  bas i cola 

and the 1 %  inocu l u m  of F .  solan i ,  a s  compared wi th  control ,  at  a l l  ha rvests  ( Table  

6 -3 -3  B ) .  

P lants grown i n  the pots conta in ing fumigat e d  so i l  + 1 %  corn  kerne l  

med ium ( Control  I I )  had produced  les s  shoot mater ia l  than  the  control  l ack ing 

corn kerne l  med ium at 4 weeks ,  and  l e s s  root  mater ia l , at a l l  the  h arves t s .  

6 .3 .3 .2  F i e l d  m icroplot s tudi e s  

A .  Surv iva l  

Numbe r s  of  s e e d lings es tab l i shed  in  the m i croplots i nocu la ted  wi th  e ithe r  

i nocu lum lev e l  o f  CJ:. scoparium, or the  1 %  i n oculum lev e l  of T.  bas i co la  o r  F.  

solan i ,  were s i gn if i ca ntly l ower  than controls  6 weeks  afte r  sowing ( Fig .  6-3-2) .  

Plants i nfec ted  wi th  CJ:. scopar ium or  T .  bas ico la  cont inu e d  dying .  By 20 

w eeks ,  percentage s urvival of p l ants was 70  for T. bas ic o l a  ( 1 %  ) ,  25  f o r  CJ:. 

scoparium ( 0. 1 %  ) , while  no  plants  su rv iv e d  in  the  m icrop lo t s  inocu la ted  wi th  CJ:. 

s coparium at the  h igh leve l of corn k e rne l  inoculum ( 1 %  ) .  In  the  o ther  t reatmen ts 

85 - 1 00% plants  remain e d  a l iv e .  By the  e n d  of exper iment  ( 7 6  w e e ks )  p ercentage 

s u rv ival  of p l ants  for  each treatments were : control ,  75 ; c o n tro l  + 1 %  s te r i li s e d  

co rn kern e l, 80;  F .  oxysporum (0. 1 %  ) ,  75 ;  F. oxysporum ( 1  % ) ,  6 5 ;  F .  sol a n i  

( 0. 1 % ) ,  50 ;  F .  solani ( 1 %) ,  70; T. bas icola ( 0 . 1 %) ,  50; T. bas i co la  ( 1 %) ,  45 ; CJ:. 

scopar ium ( 0 . 1 %  ) , 20.  



Table 6 - 3 - 3 . Mean fresh we ights o f  shoots ( A ) and roots ( B )  
per red c l over seed l i ng grown i n  pots at 2 0°C and 6 0 %  WHC o n  
three occas i ons after sowing . 

A .  Shoots ( gr ams ) . 

Fungi and 
inoculum l eve l 1  

Control 
C ontrol I I  
� ·  scopa r i um ( 0 . 1% )  
� ·  scopa r i um ( 1 % )  
F .  oxysporum ( 0 . 1 % )  
f .  oxysporum ( 1 % )  
f .  solani ( 0 . 1 % )  
f .  s olani ( 1 % )  
T ·  bas i eo l a  ( 0 . 1% )  
T .  bas i c o l a  ( 1% )  

B .  Roots ( gr ams ) . 

Fungi and 
inoculum l eve l1 

Control 
Control I I  
� ·  scopar i um ( 0 . 1 % )  
� ·  seopar i um ( 1 % )  
F .  oxysporum ( 0 . 1 % )  
f .  oxysporum ( 1 % )  
f .  sol a n i  ( 0 . 1 % )  
f .  s o l an i ( 1% )  
T .  basi co l a  ( 0 . 1% )  
T ·  basi e o l a  ( 1 % )  

Weeks 
4 

0 . 1 8 ab• 
0 . 0 7 de 
0 . 0 1  f 

0 . 20 a 
0 . 1 3 be 
0 . 2 0 a 
0 . 0 5 e 
0 . 1 2 de 
0 . 0 4 e 

Weeks 
4 

0 . 1 3 a• 
0 . 0 7 be 
0 . 0 1 e 

0 . 1 2 a 
0 . 0 9 ab 
0 . 1 3 a 
0 . 05 cd 
0 . 06 be 
0 . 0 2 de 

1 2 
I See Table 6-3-2 for explanation . 

a fter s ow i ng 
8 1 2  

0 . 97 ab 3 . 1 5 a 
0 . 86 be 2 . 8 1 ab 

3 

1 . 2 1 a 3 . 4 3 a 
0 . 8 6 be 2 . 89 a 
0 . 84 be 3 . 7 5 a 
0 . 6 4 c 3 . 4 7 a 
0 . 7 3 c 2 . 06 be 
0 . 4 5 d 1 . 9 1 e 

a fter sowing 
8 12  

0 . 5 2 a 1 . 8 6 a 
0 . 3 4 be 1 . 3 4 c 

3 

0 . 55 a 1 . 55 be 
0 . 3 6 be 1 .  4 9  be 
0 . 4 2 ab 2 . 0 7 a 
0 . 2 8 c 1 .  4 3  be 
0 . 27 c 0 . 8 4 d 
0 . 1 6 d 0 . 9 0 d 

1 4 4  
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Table 6 - 3 - 4 . Mean length ( A )  and dry wei ght ( B )  o f  shoots per red 
c lover plant grown i n  the micropl ots measured on s i x  occas ions 
a fter sow i ng . 

A .  Length ( cm ) . 

Fungi and Weeks a fter s owing 
i noculum 2 0  4 6  5 4  5 9  6 7  7 6  
l eveP 

c 3 1 . 5  a2  3 9 . 9  ab 5 2 . 2  a 5 6 . 4  a 4 9 . 3  a 2 6 . 8  a 
c I I  2 5 . 5  b 4 2 . 1  a 5 1 . 4  ab 5 6 . 1  a 4 8 . 6  a 
CS ( 0 . 1 % )  1 2 . 6  d 2 5 . 4  c 4 0 . 2  d 5 9 . 3 a 4 3 . 3  a 
Cs ( 1 % )  
Fo ( 0 . 1 % )  3 1 . 0  a 4 1 . 7  a 5 1 . 4  ab 5 3 . 7  a 4 8 . 7  a 
Fo ( 1% )  2 1 . 4  be 3 6 . 9  a be 4 8 . 4  a be 5 6 . 1  a 5 0 . 0  a 
Fs ( 0 . 1 % )  2 7 . 7  ab 3 6 . 7  a be 4 8 . 1  a be 5 1 . 3  a 4 5 . 7  a 
Fs ( 1 % )  2 2 . 4  be 3 3 . 8  be 4 5 . 7  cd 5 7 . 8  a 4 6 . 0  a 
Tb ( 0 . 1 % )  2 1 . 4  be 3 5 . 1  be 4 6 . 8  bed 5 0 . 8  a 4 2 . 9  a 
Tb ( 1 % )  1 8 . 9  c 3 1 . 3  c 4 1 . 3  d 5 5 . 6  a 4 6 . 2  a 

B .  Dry weight ( gram ) . 

Fungi and Weeks after s ow i ng 
i nocul um 2 0  4 6  5 4  5 9  6 7  
l evel1 

c 2 5 . 4  a2 3 9 . 4  a 6 1 . 7  a 6 4 . 0  a 5 8 . 1  a 
c I I  1 0 . 3  c 3 9 . 3  a 5 6 . 6  ab 5 9 . 2  ab 5 2 . 1  a 
Cs ( 0 . 1 % )  1 . 7  d 6 .  2 c 2 7 . 5  d 3 9 . 0  cd 2 3 . 2  c 
Cs ( 1 % )  
Fo ( 0 . 1 % )  17 . 9  b 2 8 . 0  ab 5 6 . 7  ab 5 3 . 5  a be 3 8 . 3  be 
Fo ( 1 % )  9 . 1  c 2 0 . 2  be 4 4 . 6  bed 6 0 . 4  ab 4 5 . 3  ab 
Fs ( 0 . 1% )  1 6 . 4  b 3 0 . 9  ab 4 9 . 5  bed 4 4 . 6  bed 3 1 . 6  be 
Fs ( 1 % }  8 . 3  c 1 6 . 0  be 4 0 . 9  cd 5 7 . 9  ab 4 5 . 4  ab 
Tb ( 0 . 1 % )  9 . 1  c 1 8 . 0  be 3 7 . 2  cd 3 4 . 9  d 2 6 . 4  c 
Tb ( 1% )  5 . 1  d 1 1 . 8  c 3 4 . 1  d 3 9 . 4  cd 2 4 . 5  c 

1 :  C, Control; Fo, f. oxysporum; Fs, f. solani ;  Tb, I. basicola; Cs, �· scoparium; 
Others see Table 6-3-2. 

\ 3: See Table 6-3-2 for explanation. 

2 7 . 1  a 
2 2 . 5  a 

2 5 . 1  a 
2 6 . 9  a 
2 2 . 9  a 
2 8 . 0  a 
2 5 . 5  a 
2 2 . 0  a 

7 6  

4 5 . 4  a 
4 5 . 8  a 
2 0 . 5  be 

3 1 . 6  b 
3 0 . 0  b 
3 1 . 6  b 
3 3 . 9  b 
1 6 . 4  c 
1 6 . 5  c 
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a 

Plate  6-3  a-b Red c lover  p lants  i n  microplots  54 weeks after  sowing.  
a .  G e neral v iew. 
b.  Reduced growth in m icroplots i noculated  wi th  T_ri�ho�Jagium basicola (Ce )  
compared wi th  a control  p lan t  ( rear ) .  
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B. · Shoot lengths and dry weights 

Mean shoot le ngths of plants infected with .Q:. scoparium (0 . 1 %  ) ,  T. 

basicola (0. 1 or 1 % )  (Plate 6-3 ) ,  or F. solani ( 1 %) at 20 and 54 weeks,  and of those 

i nfected with {4. scoparium (0. 1 %) or  T. basicola ( 1%)  at  46 weeks ,  were 

significantly shorter  than controls (Table 6-3-4 A),  but no s ignif icant  diffe rences  

were  found thereafter. 

Shoot d ry weight s  of plants grown in the microplots inoculated wi th  .{4. 

scoparium (0 . 1 %  ) , or T .  basicola (0 . 1 or  1 %  ) , were consisten tly lower  than 

controls (Table  6-3-4 B ) .  Yields were a lso lower at some harvests  in  microplots  

i noculated with F. solani  and F. oxysporum. 

Similar l engths and dry weights of  shoots per  plant were obta ined  from 

p lants grown in the guard rows and in  the  microplots contain i ng so i l  wi.t hout 

added corn kernel medium (Table 6-3-5 , Plate 6-3 ) .  

Table 6 - 3 - 5 . Mean height and dry weight of shoots per red 
clover plant grown in the micropl ots containing s o i l  without 
added corn kernel medium and in the guard rows 59 and 67 weeks 
after sowing . 

Weeks 

5 9  

6 7  

Treatments 

Guard row 
Micropl ot 

Guard row 
Microplot 

See Table 6-3-2 for  explanation. 

Hei ght ( cm )  

5 8 . 2  a2 
5 6 . 4  a 

5 4 . 3  a 
4 9 . 2  a 

Dry wei ght ( g )  

6 8 . 9  a 
64 . 0  a 

6 2 . 6  a 
58 . 1  a 

The cumulative y ie ld  of plants infected with .Q:. scoparium or  T. basicola 

was reduced by more than 50% i n  comparison with plants from un inoculated 
I 

control microplots ( Fig .  6-3-3) .  Reductio n  in  cumulative y ie ld  i n  microplots 

i noculated with F. oxysporum and F. solani ,  was about 25 and 30%, respect ively.  

Addit ion of 1 %  corn kerne l  to the soil  (Control 11) caused a 1 0 %  reduct ion .  
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F ig u re 6 - 3 - 3 .  Percenta g e  c u m u lat ive y ie ld  p e r  red 
c l over p l a n t in m ic rop lots con ta i n i n g  f u m iga ted  
so i l  p l us  0 . 1 or  1 %  of  corn  kerne l  c u l t u res of 
d if feren t  f u n g i  a s  com p a red  w i th c o n t ro l .  Fo r 
abbrevat i ons  of treatments  see  Fig . 6 - 3 - 1 . 
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Fig u re 6 - 3 - 4 .  Mean  d ry root weig h t  per  red c l ove r  
p l a n t i n  m ic ro p l ots  conta i n i n g  fum iga ted so i l  
p l u s  0 . 1 or  1 %  of corn  kerne l  c u l t u res of  d i f feren t  
f u ng i ,  7 6  weeks after sowi n g .  Ba rs with the  same  
l etters were n ot s ig n if i c a n t ly d i fferen t  a t  5 %  
p robab i l i ty l eve l .  For a b b revat ions  of treatm ents  
see  Fig . 6 - 3 - 1 .  
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C. Root dry weights and symptoms 

Root dry we ights of the plants grown in  the microplots conta in i ng any 

fungal inocu lum were s ign ificantly lower than those of the control s  76 weeks after  

sowing (Fig. 6-3-4 ) .  

Varying degrees of external a n d  inte rnal symptoms were s e e n  o n  t h e  roots 

(Table 6-3-6 ) .  Tap roots and major l ateral roots of most plants i nfected wi th  T. 

basicola or .{4. scoparium were comple tely rotted and s loughed off, advent i t ious 

and late ral roots had deve loped around t h e  crown and upper  parts of the tap 

roots, and dark brown les ions were seen  on the remaining parts of tap roots and 

the major lateral  roots .  I n  contrast, p lants grown i n  the control  m icroplots or in  

those inoculated wi th  F .  oxysporum or  F. solani  had wel l  deve loped  tap roots .  

However, superficial brown lesions were present on  the tap roots and major  

l ateral roots, and some smal ler  lateral  roots  were rotten .  I nternal breakdown was 

common and appeared as a con ica l  brown n ecrotic area in  the p ith of the crown.  

Cavities developed in  the central t i ssue of  the upper  tap roots of  p lants  from al l  

treatments (Table  6-3-6) .  Symptoms seen  in  the ste le  of  tap roots  and  the major 

lateral roots of plants i nfected with d ifferent  pathogen were as fo l lows  : control  

and F. oxysporum, most were white or  cream in colour, but traces of browning  

were seen i n  the oute r  regions;  F. solani ,  b rowning of outer areas was  common, 

but occasiona l ly the w hole stele was brown;  .{4. scoparium o r  T.  basicola, 

d i sorganised and brown i n  colour (Table 6-3-6 ) .  

Fungi  isolated from les ioned t issue  on  the roots of control  p lants were F.  

culmorum, Codinaea fertil is, Gliocladium roseum, species of Penic i l l ium, 

Cladosporium, Chaetomium, Rhizoctonia (b inucleate ) ,  and i nfrequent ly, F .  

sol ani .  Fusarium spp . were the predominant  species i n  the roots from microplots 

inoculated with F. oxysporum or F. solani ,  together with the  fungi wh ich  were  

common in  control p lant s  ( l isted above ) .  The  major i solate from the brown ste l e  

t issue o f  roots inoculated with F.  solani was this fungus, together  with a few 

colonies  of Codi naea fertilis and Geotrichum sp . .  



Table 6 - 3 - 6 . Mean root rot , crown rot , and ste l e  browni ng 
indices o f  red clover plants grown for 7 6  weeks i n  the 
m icrop l ots . 

Fungi and 
i noculum 
l eve l 1  

Root rot• Crown rot Stel e  browni ng 

Control 
Control I I  
� - scopa r i um ( 0 . 1 % )  
� ·  scopa r i um ( 1 % )  
F .  oxysporum ( 0 . 1 % )  
E .  oxysporum ( 1 % )  
E ·  solani ( 0 . 1 % )  
E .  sol an i  ( 1 % )  
T .  bas i c o l a  ( 0 . 1% )  
T .  bas ic o l a  ( 1 % )  

2 . 1 0 c 2 
2 . 1 0 c 
4 . 4 0 a 

3 

2 . 4 0  be 
2 . 6 0 be 
3 . 0 0 b 
2 . 5 0 be 
4 . 3 0 a 
4 . 2 0 a 

l 2 , 3 :  For explanation see Table 6-3-2. 

•: For details see Table 6-3- 1.  

2 . 6 0 
3 . 2 0 
2 . 2 0 

2 . 8 0 
2 . 7 0 
3 . 5 0 
2 . 9 0 
3 . 8 0 
4 . 0 0 

a 1 . 0 0 
a 1 . 6 0 
a 4 . 0 0 

a 1 . 3 0 
a 0 . 9 0 
a 2 . 2 0 
a 1 . 50 
a 4 . 0 0 
a 4 . 00 

D .  S hoot l engths a n d  d ry weights  o f  transplanted p l an t s  

c 
be 
a 

be 
c 
b 
be 
a 
a 

1 5 0  

Plants  i n  t h e  microplots  contain ing  t h e  high i noculum l eve l  of �

scoparium ( 1 %) were dead during the first 4 weeks after transplant ing .  The shoot  

l engths  of surviv ing  p lants from microplots  i noculated wi th  the  lower  rate  of �

scoparium (0 . 1 %) were shorte r  than those of p lants  from control  m icroplo t s  on  

most  occas ions (Table  6-3-7 A ) ;  they had  a l so  produced l e s s  d ry matter than  

controls  at a l l  harvests  (Table  6-3-7 B ) .  
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Table 6 - 3 - 7 . Mean height ( A )  and dry we ight ( B )  of  shoots per 
red clover plant on 6 occasi ons a fter transplanti ng 5-we ek-o ld 
plants into the microplots . 

A .  Hei ght ( cm )  

Weeks after 
planting 

1 3  
3 9  
4 7  
52 
60 
69  

B .  dry wei ght ( g ) . 

Weeks after 
planting 

1 3  
3 9  
4 7  
52 
6 0  
69  

c 

3 5 . 3  a2 
4 6 . 6  a 
5 6 . 7  a 
5 4 . 0  a 
55 . 2  a 
3 0 . 3  a 

c 

1 7 . 4  a2 

3 7 . 1  a 
7 2 . 2  a 
71 . 8  a 
6 5 . 1  a 
75 . 0  a 

Fungi and i noculum leve l1  
C I I  C s  ( 0 . 1 % )  Cs ( 1 % )  

3 0 . 6  a 1 5 . 9  b - --3 

3 9 . 0  a 2 9 . 9  b 
55 . 9  a 3 8 . 9  b 
6 0 . 0  a 5 3 . 9  a 
5 6 . 0  a 4 2 . 4  b 
2 4 . 0  a 2 2 . 5  a 

Fungi and i noculum l evel1  
CII Cs ( 0 . 1 % )  Cs  ( 1 % )  

1 3 . 0  a 2 . 6  b - - -3 

2 7 . 3  a 7 . 6  b 
6 9 . 4  a 2 3 . 7  b 
7 2 . 0  a 3 0 . 2  b 
6 3 . 4  a 1 7 . 4  b 
7 8 . 2  a 1 6 . 5  b 

3 : For explanation see Table 6-3-2. 

6.3.4 D iscussion 

Seedli ng e stabl ishment was reduced by .{4. scoparium, T. basicola, and 

F.  solani both in  the glasshouse ( Fig .  6-3- 1 )  and field microplots (Fig.  6-3-2 ) .  

Stand reduction caused by F .  sol ani i n  the  glasshouse has been reported e l sewhere 

(Kilpatrick e t  a l . ,  1954;  Fulton and Hanson,  1 960 ;  Chi ,  1965 ; El l iott  et  a l . ,  1969) .  

However, the  effects of  T .  basicola have been less  wel l  documented 
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although t he re have been brief re ports of the possible role of Th ie laviopsis 

basi cola ( = Trichocladi um basicola)  (Hey, 1 946) ,  or a species  of T h ie laviopsis 

(Tverskoiet a l . ,  1 950) in red clover s eed l i ng fai lure .  Effects of �- scoparium on  

seel..l l ing surv ival of red  c lover have not  been  previously reported, but isolates 

from spruce ( Bugbee, 1 962;  Bug bee and Anderson,  1 963 ) ,  and Agonis  flexuosa 

(Wi l ld . )  Schau .  (Bertus,  1 976) ,  caused dampi ng-off of red clove r and/or  lucerne 

i n  host range tests .  Cyl indrocladi um scoparium was the most v i ru l ent of the three 

seedl ing pathogens from roots of red  c lover and it k i l led seed l ings  i n  the  pots 

rapidly ( Fig .  6-3 - 1  ) .  Such rapid k i l l i ng may reflect the  presence in the pots of 

condit ions favourable for deve lopment of the pathogen (Exper iment 2 ) .  

The  acetylene reduction te s t  provides a d i rect method of  measuring 

n i trogenase activity, which reflects  the capacity of nodules to f ix atmospher ic  

n i trogen ( Hardy et a l . ,  1 968) . This  techn ique has not  been previous ly employed 

to assay changes in  n i trogen f ixat ion  of  forage l egumes resu l t ing from i nfect ion 

by soi lborne fungi but i t  has been used to s tudy effects of  i nfect ion of white clover 

mosaic virus on red c lover  (Khadhair  et  a l . ,  1984 ) .  There was some ind i cation i n  

t he  present results t ha t  t he  nitrogenase activi ty o f  red clover  was reduced by T. 

basicola ( 8  weeks;  Table  6-3-2 A ) .  It i s  k nown that ethylene can be  produced by 

soi l  micro-organisms (Lieberman, 1 979 ) ,  or by plant t i ssues i n  response to various 

stress factors  ( Primrose,  1979; Bo i l e r, 1 988 ) .  This possible source of e rror was 

e l iminated by use of appropriate contro ls .  

Nodulation of  red  clover as wel l  as ethylene product ion was reduced by T. 

basicola (Table 6-3-2 B ) .  This effect commonly occurs fo l lowing v i rus ( Guy et a l . ,  

1980; Tu and Holmes ,  1 980; Khadhair  et  a l . ,  1 984) ,  or fungal ( S awada, 1 983)  

infect ion o n  forage legumes. Reduced nodulat ion may have been associated with  

the rotti ng of  the tap and lateral roots  by T. basicola (Table 6-3-6 ) ,  o r  changes in  

root exudate which reduced the attraction  of R h izobium to the roots (Vance and 

Johnson, 1 98 1 ;  Tu and Ford, 1 984) .  R educt ion in  nodule number can ofte n  be 

accompanied  by a compensatory i ncrease in  nodule s ize (Tu et a l . ,  1 970; Nutman, 

1 958) .  Thus the production of s imi lar amounts of ethylene by roots of red c lover 

infected wi th  T.  basicola and controls (Table 6-3-2 A )  at 12 weeks reflects  greater 

activ i ty by nodules on  diseased roots .  
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The d iscrepancy between  e thy lene  production (Table 6-3-2 A )  and 

numbers of nodules  (Table  6-3-2 B)  supports the suggestion that nodule  number 

is not a good index of the be nefit which the host is receiving from the Rh izobium 

symb iosis ( Burton ,  1 985 ) ,  and as a s ingle factor is  an inadequate i nd ication of the 

effect of fungal invasion on ni troge n fixa t ion .  

The survival of plants infected wi t h �. scoparium or T. bas icola was poor.  

In the present  exper iment  and Expe r iment  6 the stands decl i n e d  most rapid ly 

during the first  20weeks .  This suggested that  plants were very vu lne rable at  early 

s tages of the i r  growth.  I nfected plants  which survived beyond th i s  s tage mainly 

rel ied on the development  of lateral and  advent i t ious roots. This  s eems to  be a 

common si tuat ion for red  clover whose tap roots have complete ly ro tted (Taylor 

e t  al . ,  1962; Cressman,  1 967; R.A.  Skipp and M.J.  Christensen,  pers .  comm.) ,  and 

i t  also has been seen on  subterranean clover  (Barbetti e t  al . ,  1 986 a ) .  The abi l i ty 

of red clover  to  p roduce v igorous lateral  roots and advent i t ious roots  when the tap 

roots are destroyed could be a useful i ndex for se lect ion of more pers i s tent  plants .  

Productivi ty of red clover was reduced markedly by both .{4. scoparium 

and T. basicola (Table 6-3-3,  6-3-4, 6-3-7,  Fig. 6-3-3, 6-3-4) as found in  previous 

s tudies (Skipp et  al . ,  1986;  Exper iment  6 ) .  Yield reduct ion a lso occurred in 

microplots i noculated with F. oxysporum and F. solani (Table  6-3-4 and Fig. 6-3-

3 and 6-3-4) in contrast to Experiment  6 where a d ifferent inoculat ion method had 

been used .  Sowing seeds  into soi l  i noculated with corn kerne l s  bearing the fungal 

i noculum allowed the plants to have  more prolonged exposure to the pathogen 

than fol lowing the root dipping method .  

Incorporat ion  i nto soil  of fungal i noculum grown o n  cereal  grain s  or  the 

seeds of other plants  has been commonly used in  studies o n  effects of soilborne 

pathogen s  on  plant growth (Chapter 2 ) .  In most of these studies ,  o n ly unamended  

soil  has been used  for  the  control . In  the present  experiment, a second control, 

soil + steri l i sed corn kernels (Control  11), was i ntroduced .  Addit ion  of steri l i sed  

corn kernel  medium to fumigated  so i l  caused a reductio n  i n  the  growth of  red 

clover plants  i n  comparison with the  unamended con trol .  The effect was 

particu larly marked  during the early s tage of growth (Table  6-3-3 and 6-3-4 ) . It 

is  unl ikely that the soi l  propertie s  had been changed by adding the small amount 
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of corn kernel  medium (B.E . Cloth ier  pe rs. comm. ) ,  and a more probab le  

explanat ion was that t he  medium provi ded  a substrate for t he  growth of  micro

organisms which inh ib i ted growth of red c lover seed !  ings .  A separate expe ri ment  

showed that  the  corn kerne l  medium became heavi ly colonised by fungi  such as  

species of  Mucor and Penic i l l ium . These fu ngi can cause discolorat i o n  of red 

c lover seed l ings (Fezer ,  1 96 1 )  and affect plant growth at an early s tage (Lynch ,  

1 976) .  This  seems to be a common probl em when  nutr ient  substrate is  adde d  to 

the soi l (Ostazeski ,  1 957;  Pett i t  e t  a l . ,  1 969) ,  and raises the quest ion of what are 

the most val id con tro l s  for inoculat io n  experiments .  Presumably the corn kerne l  

medium used in Contro l  11 was more readi ly colonised by microbial contaminants  

than that  present  in  the  inocula becaus e :  (a)  there were no fungal  compet i tors 

already present  and (b )  nutr ients  had not  been deple ted by fungal i nocu l um.  Thus 

i t  seems l ikely that growth medium effects  would  have been greater  i n  the  control  

1 1  than in  the i noculum treatments .  Comparison of data from i noculum 

treatments  with the control lacking nutr ients  woul d  appear  to be more 

appropriate than w i th  Control 1 1 .  More suitable inoculum and controls  wou l d  

result from addit ion o f  min imal amounts of nutr ients  to t h e  so i l .  

Of  the  fungi  i solated from the  roots of  control  plants a t  the  terminat ion  

of the experiment ,  some were common root invaders of rye grass and whi te  c lover  

(Skipp and Christensen ,  1 989 a and b ) ,  and  others were ubiqui tous rhizosphere  

fungi .  I t  i s  l ikely t he  source of contamination was  root  debris  from the  non

fumigated area of  t he  b lock (origi n al ly a rye grass-white clover  pasture ; Chapter  

3 ) ,  which over a long period of  exposure could have been  spread t o  the  control  

microplots  by wind ,  rain splash ,  or  during activ i t ies  of  f ield management  e tc. 

Fungal i nvasion of roots of control plants grown in  the f ie ld  seems a lmos t  

unavoidable .  The emphasis of th i s  type  experiment  should be on  successful  

establ i shment  of the tes t  fungi  rather  than the complete s ter i l i ty of control p lants .  

The f ie ld  m icroplo t  sys tem used i n  the  p resent  exper iment ,  a l though 

laborious, combines  the advantages of the tradit ional glasshouse and f ie ld s tudy 

met hods, which a l lows for the precise experimental control of the i noculum l eve l ,  

wi th  growth of p lants  under natural  f ie ld  conditions .  Most  prev ious work i n  which 

microplots have been e stabl ished in  clay t i les  concerned annual  crops ( Mart in  et  

al . ,  1 982;  Rowe e t  al . ,  1 985 ; Riedel  et  a l . ,  1985 ; Franc! et  al . ,  1 987 ) ,  or pere n n ial  
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crops grown f o r  one  season (Caradus and Woodfield ,  1 986 ;  Woodf ie ld  and 

Caradus, 1 987 ) .  In  t he  present exper imen t, red clover plants were grown in  the  

microplots for  76 weeks .  A yield comparison detected n o  d iffe rence between 

plants grown i ns ide  and outside microplots at  a late stage of the  experiment  

(Table 6-3-5 ) .  This  i nd icated that  t h e  t i l e s  d id  not restrict p lant  growth and 

development,  and t hat th is  type of  microplot could be used for longe r term 

studies .  

In  conclus i on ,  the  present  experiment  demonstrated that the  seedl ing 

establ i shme n t, survival,  and productiv i ty of red clover were adversely affected by 

the major  root-invading fungi of red c lover from the  plant breed e r' s  evaluat ion 

block. N adulation  and n i t rogen fixat ion  were also affected by one  of the fungi  . 

I; " I 



1 5 6  

CHA PTER 7 

EXPER I M ENT 'EIG HT: LIGHT AND ELECTRON M IC R O S COPY 

S T U D I E S O N  I N V A S I O N  O F  R E D  C L O V E R  R O O T S  B Y  

TRICHOCLADIUM BASICOLA, A N D  EFFECTS OF B E N O M YL A N D  

PROCHLORAZ. 

7. 1 I NTRODUCTION 

Trichocladium basicola attacks roots of a wide range of p lants i ncluding 

the forage legumes .• red clover (Skipp et  al . ,  1 986) ,  lucerne (Close e t  a l . ,  1 982) ,  

birdsfoot trefoil (Ostazeski,  1966) ,  and  sainfoin (Sears et  al . ,  1 975)  and it was a 

major pathogen of red clover  roots in the plant breeder's  evaluation  block 

(Chapters 4 - 6 ) .  As discussed i n  Chapter  2, Light microscopy and scann ing 

electron microscopy studies have b e e n  carried  out on i nvasion by T. basicola of 

roots of p lants other than red clover ,  but l i t t le  information i s  available on host 

cell  reaction to the presence of the fungus .  

Application  of  prochloraz, and to a le s ser  extent benomyl ,  to f ie ld  p lots 

in  the p lant breeder' s  evaluation block reduced i nvasion of roots by T. basicola 

and some other fungi ( Experiment 5 ) .  Ultrastructural studies should  he lp  provide 

an understanding of  the effects of  fungicides  on the fungus, and the host/fungus 

relationship. Ultrastructural studie s  have been carried out on effects of benomyl 

on fungi in cul ture  and in  host  p lants (see Chapter 2 ) ,  but n o  i nformation i s  

available on i t s  effect on T .  basicola, or on the effects of prochloraz o n  the  fine 

structure of any fungus .  

The object ives of  th i s  exper iment  were to provide informat ion us ing both 

l ight m icroscopy and transmission e lectron microscopy on : -

1 .  invasion of red clover  roots  by T. basicola and reactio n  of host  cel ls  to 

fungal invasion.  

2. effects of p rochloraz and benomyl on red clover  seedl ings, and T. 

basicola. 
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7 . 2  MATERIALS A N D  M ETHODS 

7 .2 . 1 Fungus 

A n  isolate of T. bas i cola obta ined  from red clove r roots dur ing  a previous 

exper iment  was used. Cultures were e stabl i shed from a s i ngle e ndocon id ium and 

maintai ned  on  PDA at 20°C in  the  dark .  

7 .2 .2  Fungicid e s  

Prochloraz (Sportak 4 5 %  EC, FBC Ltd ) and benomyl  (Benlate 5 0 %  WP, 

Du Pont Ltd) were used in the exper iments .  In  the study of effects of fungici des  

on f ine structure of  the fungu s  grown i n  vitro, the concentrations  used were 0 .0 1 

and 0 .06 11g a. 1 .  per m l  of cul ture medium for prochloraz and benomyl ,  

respect ively.  In  the  study of  effects of  fungicides on  fungal i nvas ion and 

developmen t  in the host, the concen t rations  used were 1 and 1 0  11g a. i .  per ml  of 

culture medium for prochloraz, and 10  11g a . i .  per ml  of cul ture med ium for 

benomyl.  

7.2.3 Seedlings and inoculation 

Seed l i ngs were produced fol lowing the method of Chr is tensen et  al . 

( 1 988 ) .  Plates ( 9  cm d iam.)  of 2% water agar, with or without fungicides  were 

prepared.  Ten surface-ster i l i sed  red  clover  seeds ( 1 0  m i n  in 0.2% sodi u m  

hypochlori te solution, fol lowed by five r inses  in  steri l e  water) were placed on  t h e  

surface of the agar i n  a row across t h e  centre of each p late.  Plates were bound 

together  with adhesive tape in  batches  of  5 and placed on  edge i n  a constant 

envi ronment cab inet (20°C and 16 h l ight/day at 46.7w/m2 l ight i ntens ity ) wi th  

the rows of  seeds  al igned horizonta l ly to ensure that the roots of  the germi nati ng  

seed l ings grew across the surface of the agar towards the  edge of  the p late .  

Fungal cultures were i noculated by s treaking PDA plates  wi th  a suspens ion 
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of endocon id ia  and i ncubated at 20°C i n  the dark for 8 - 1 0  days .  Endocon id ia  

were harvested by flood ing the surface of the med ium with ster i l e  d i s t i 1 1 e d  water .  

The endocon id i al suspension was f i l te red through four layers of s ter i l i sed  mus l i n  

and the concentrat ion adjusted t o  1 06 spores p e r  ml . 

Five days after  sowing, see d l i ngs of uniform l ength,  and free from 

microbial contaminat ion,  were co 1 1ected ,  r insed with ster i l i sed water ( 5  changes ) ,  

and blotte d  d ry with ster i l i sed fi l ter paper .  The seed l ings were i noculated by 

dipping the  roots i n  the endocon id ial suspension for 30 min ,  and then were 

transferred to water agar plates (5  seedl ings per  plate ) .  The p lates  were bound 

and replaced i n  the constant environment  cabinet .  

7 .2.4 Effects of the fungicides on the fine structure of the  fungus 

grown in cul ture 

Plates contain ing corn meal  agar (CMA Difco ) , with or wi thout fungic ide ,  

were p re pared as described i n  Experiment 3 .  They were i noculated with three,  4 

mm d iam.  agar p lugs taken from the margin of 1 0-day-old  fungal colonies  on PDA 

medium,  and incubated  in the dark a t  20°C for 9 days. Small p iece s  ( approx. 2 x 

5 mm) of agar and mycelium were taken from the colony margin and p rocessed for 

transmiss ion e lectron microscopy (see below) .  

7 .2.5 Assessment of disease symptoms 

Areas of les ions  on roots of 20 seed l ings per treatment  were measured 5 

and 8 d ays  afte r  i noculation, and results were expressed as the  percentage of the  

root surface covered by the  les ions .  

7.2.6 Sampl ing  for histological stud ies  

For studie s  on conid ial germinat ion and penetrat ion by l i gh t  microscopy 

of cleared and stained whole roots,  5 roots were sampled  per  treatment, 1 6  and 24 

h afte r  inoculat ion .  For studies  on fungal development within the host by l ight  
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and transmiss ion e l ectron rni croscopy 5 roots p e r  treatme nt were sampled 1 ,  3 ,  5 ,  

and 8 days afte r i noculation. Samp l e d  roots were cut into 1 cm le ngth segments 

before p rocess ing (see below),  the top 1 cm segment  of each root being used fo r 

quan t i tative studies .  

7 .2 .  7 Light  m icroscopy 

7 .2 .7 . 1 Conidia l  germinat ion and penetration 

Each 1 cm length segment  of red c lover root was placed in a we l l  of a 

Milton-Boerner Micro Test S l ide ,  and  covere d with a combined clearing/stain ing 

solutio n  overnight.  The solut ion contained  0 .005 g Trypan blue (Aldr ich ) ,  1 5  ml  

disti l l e d  water, 45 g chloral hydrate ,  15  g phenol,  12 .5  ml 90% lactic ac id  ,and  30  

rnl 95 % ethanol  (R.A. Ski pp, pers .  comm . ) .  The stained  segments were p laced on 

microscope s l ides and mounted i n  l act ic  acid - glycerol solution ( lact i c  acid 

glyce rol  : water, 1 :2 : 1 by weigh t ) .  

The  total number of endoconidia, and  their % germinat ion ,  was 

de termined for each segment examined .  After segments were removed from the 

stain ing wells,  the number of  endoconid ia  remaining i n  the Trypan blue solut ion ,  

and the i r  germination was a lso de termined .  Results are  presented as percentage 

germi nation of all endoconid ia  per  treatment .  Numbers of penetrat ions are 

expressed as a percentage of the total number  of germinated spores per segment .  

The  proportion of  penetration  s i tes  a t  which pap i l lae were formed in  host ce l l s  i s  

expressed as  a percentage of  the total  number of penetrations per segment .  

Twenty hyphae wi th in  the  t issue of each segment were further  examined and the  

number  of  cel ls  per hypha counted .  

7 .2.7.2 Fungal development  within the  host 

Segments were processed using a modification of a method developed for 

clearing  and stain ing ryegrass l e aves for examination of rust fungi (R.A. Skipp, 

pers.  comm.) .  The roots were cleared for 1 - 2 days i n  the above clearing soluti o n  
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(from which Trypan blue was omitte d ) .  After cleari ng, the segments  were stai ned 

in a solution of chlorazo l e  black ( S igma, 1 mg/ml )  in chloral hydrate ( chloral 

hydrate : d i s t i l led water, 2 .5  : 1 by weight) for 6 - 8 h, r insed in 50% ethanol and 

destained in  chloral hydrate for 2 h before mounting on a microscope s l ide with 

lactoglycerol .  

Numbers of e ndoconidiophores  and chlamydospores per 1 mm length of 

root were counted on three 1 mm length uni ts  per  segment .  Roots were observed 

using a Leitz Dialux 20 microscope conjoint  with a Leitz  Combiphot - automatic 

system came ra. Other observations were made with a Re ichert m icroscope f i t ted 

with a d iffe rential in terference contrast l ens .  

7 . 2 . 8  Transmission e lectron microscopy (TEM) 

Small  p ieces  (0 .5 - 1 mm) of root  t issue,  or agar medium bearing fungus ,  

were f ixed in 3 %  glutaraldehyde + 2% formaldehyde in  0 . 1 M phosphate buffe r 

(pH 7.2)  (Karnovsky, 1 965 ) for 2 - 3  h at room temperature . Vacuum-infi ltrat ion 

was used if the spec imens tended t o  f loat ;  specimens were transferred to fres h  

primary fixative immediately afte r  vacuum-infiltration.  The pr imary fixed  

specimens  were washed three t im e s  for 30 min in  buffer and  post-fixed  for 0 .5 - 1 

h i n  1 %  osmium tetroxide (Os04) at room temperature .  Following three buffer  

washes, the fixed  material was  d e hydrated i n  a graded acetone ser ies  (25 %, 50%,  

75 %, 95 %, 100%,  100%),  i nfil trated with Polarbed 8 12 epoxy res in ,  and cured in  

s i l i cone rubber moulds for  48 h at 60°C to complete e mbedding.  

One pm sections for l ight  microscopy were cut us ing a glass knife, and 

transferred to a drop of d is t i l led water  o n  a microscope s l ide .  The s l ides  were 

p laced on a hot  plate to evaporate the water  drop and cause  sect ions to adhere t o  

t h e  glass surface .  A drop of 0.05 % toluid ine blue i n  0 . 1 M phosphate buffer ( p H  

7.2)  was added ,  and the s l ides  heated a t  approximately 80 - 90°C for 10  sec .  For  

TEM, sect ions ( ea.  90nm;  s i lver  to pale gold interference colour)  were cut  w i th  a 

DDK d iamond knife on a ultramicrotome (Reichert Ultracut E )  and mounted o n  

400 mesh copper  grids .  Grid-mounted sections were double-stained for 5 - 7 m i n  

with saturated uranyl acetate i n  50% ethanol ,  fol lowed by lead citrate ( V  enable  
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and Coggeshal l ,  1 965 ) ,  washed w i t h  d i st i l l e d  wate r and examined with a 

transmiss ion electron microscope ( Ph i  l ips  EM 201 C) . 

7.2.9 Stat i s t i ca l  analys i s  

Analysis o f  variance was carr ied out afte r  square root transformat ion .  

Means were compared among d ifferent  treatments for each sampl ing t ime using 

an LSD test .  

7 .3 RESULTS 

7 .3 . 1  Invasi on of red c lover roots  by T. basicola and effects  o n  hos t  

cel l s  

7 .3 . 1 . 1  Course of  infect ion 

The sequence and t iming of infection by T.  basicola of both chemical

treated (benomyl or p rochloraz) and non-treated red clover seed l ings was s imilar .  

The account refers to both unless otherwise stated.  

Most conidia germinated within 24 h to produce a short  germ tube .  This 

e ither penetrated an epidermal cel l  d irectly by means of a s lender  pen etrat ion 

peg, without the format ion of appressorium (Plate 7 - 1  a ) ,  or  branched  

dichotomously to produce two hyali ne  hyphae.  The hyphae grew on  the root 

surface for some distance , then either penetrated epidermal cel ls as described 

previously, o r  became superficial ,  ramifying mycelium. Some conidia developed 

a cylindrical or  knob-like structure ( Plate 7- 1 b, c) instead of producing a short 

germ tube. These structures produced superficial hyphae, p enetrating hyphae 

and/ or endoconidiophores (Plate 7- 1 d ) .  
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Plate 7- 1 .  a - d .  Germinat ion and d evelopment  of endoconidia o n  the root  
surface . 

a .  A s lender  penetration peg  has  d eveloped from an end ocon id ium on  the  
root  surface (arrow) ,  and d irectly p en etrated the  ep idermal cel l .  No te  the papi l la  
s t ructure (P)  and a chain  of  beaded fungal cel l s  wi th in  the t i s sue  ( 1 6  h ,  prochl oraz 
1 ,ug/ml ,  x 1475 ) .  

b .  A swol len  cyl indrical s t ructure (arrow) has ari sen  from an 
e n d oconidium and a long hyal ine hypha  has  grown across the root  surface ( 1  day,  
control,  x 3200) .  

. I 
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Plate 7 - 1  cont .  c. A s hort e ndoconidophore (C) and long, septate hypha 
d eveloped from a knob- l ike structure (arrow)  on  an e n d oconidium on the  root 
surface ( 1  day,  control ,  x 25 60 ) .  

d .  A n  endoconidium has  germinated on the  root surface to  form two 
e nd oconid iophores  (C)  and a hypha .  A penetration peg  ( arrow) ari s ing  from the  
hypha has penetrated the root  ha ir  and formed an i ntracel lu lar  hypha.  N ote t he 
papi l la  (P) surround ing the  p enetration peg  ( 1  day, control ,  x 1 525 ) . 

· 
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After penetration, the  tip of the penetration peg e nlarged into a pyriform, 

or sometimes a sphe rical structu re, from which developed a chain of thin-wal l ed  

ce l l s  which were constricted a t  the ir  septa (P late 7 -2  a ) .  These were the  

characteristic "beaded hyphae" of T. basicola (Christou,  1 962) .  The ave rage 

diameter of beaded hyphae was 3.0 .u rn (2 .3-4.2 11m) .  The ultrastructure of the 

cytoplasm and ce l l  wall of  the i ntrace l lular beaded hyphae ( Plate 7-2 b) was 

s imi lar to that described by DelVecchio e t  al .  ( 1 969) . Beaded hyphae continued 

growth by increasing the number of ce l l s  a long the i r  l ength, and by profuse 

branching. Branching also occurred at the base of the first  cel l  formed after  e nt ry 

of the penetration peg ( Plate 7-2 a) .  There were up to 1 3  cel l s  per  beaded hypha 

24 h after i noculat ion.  The hyphae eve ntual ly fi l led  the whole l u men of a host ce l l  

( Plate 7-2 c ) .  When a beade d  hypha penetrated an adjacent hos t  cel l  wal l ,  i t  ofte n  

became closely appressed to  t h e  host c e l l  and formed a b lunt infection p e g  which 

penetrated the host  cel l  wa l l  ( Plate 7-3 a ) .  The wal l  of penetrating hypha wi th in  

the host ce l l  wall was ind i st inct, sometimes wi th  an i rregular  out l ine .  S l ight 

d issolut ion of the host cel l wal l  occurred around the penetrating hypha ( Plate 7-

3 b ) .  Penetration of  wal l s  occurred i n  a s imi lar manner  i n  cel ls  which were  

moribund (Plate 7-3 c ) . 

As developmen t  of beaded hyphae proceeded ,  they became narrower, and 

were less  obv iously const r i cted at the septa. The ave rage diameter of the straight ,  

n on-constricted hyphae which developed from the b e aded hyphae was 1 .9 .u rn  

( 1 .4-2.5 ,.,m) . They had a s im ilar ultrastructure to the beaded hyphae and grew 

s ingly in  the cortical ce l l s  p arall e l  t o  the long axi s  of the root .  Neighbouring 

cortical cel ls  were penetrated fol lowing formation of s lender penetratio n  pegs 

( Plate 7-4 a)  which gav e  r i se  to beaded hyphae in the  cel l  lumen as descr ibed 

previously. Thus, i nvas i o n  by the fungus increased both i n  area and depth.  
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Plate 7-2. a - c .  Dev e l opment  of intracel lu lar  beaded hyphae . 
a .  A pyriform cel l  has formed i n  an epidermal ce l l  at the  t ip  of a 

penet rat ion peg (arrow) ,  and  produced several other  ce l l s  e ach constricted at the  
septum to form a typical b e aded hypha  ( 1 day,  benomyl 10  Jlg/ml,  x 905 ) .  

b .  A septate beaded hypha  ins ide  a cortical cel l .  The cel l  wall i s  composed 
of an el ectron-dense  outer  l ayer  (OC)  and an e lectron-lucent inner  layer  ( IC ) .  
The cytoplasm con tai n s  m itochondria  ( M ) ,  vacuoles  ( V ) ,  and endoplasmic  
re t icu lum (ER ) .  Woroni n  bod ies  (WB)  occur near  the septum,  c lose  to the  septal 
pore . Note the d i sorganisat ion of cytoplasm ( arrows)  of the host cell (5  days,  
control ,  x 20000) .  
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Pl ate 7-2 cont .  c .  Beaded  hyphae fi l l i ng the lume n of a cortical ce l l .  N ote 
constrict ions in hyphae at septa  (arrows ) (8 d ays,  proch loraz 1 0  flg/ml ,  x 5 000 ) .  
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Plate 7-3.  a - c. Penetrati on of adjacent  ce l l s .  

a. A blunt  penetration peg i n  the  process of  penetrat ing a host  ce l l  wall 
( HW ) .  A hemispherical papi l la ( P) has formed (3 days,  control ,  x 3 1 800) .  

b. A pene trat ion peg wi th  i rregular outl ine  originat ing  f rom a hypha I t ip 
(Ph ) .  D i ssolut ion  of the host cell  wall  has occurred around the  penetrat ion peg.  
Note the reg ions  having d iffe rent stai n ing p rope rties in the papil la ( P) ( 1 day,  
prochloraz 10 ,ug/ ml, x 1 1 200) . 
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Plate 7-3 cont .  c .  A n  i nt race l lular hyp ha pass ing th rough a ce l l  wall  into an 
adjacent  cortical ce l l .  The hypha is const r i cted at the penetrat i o n  s i te ,  atta ins  
normal d i mensi o n s  soon afte r leaving the ce l l  wal l ,  and forms a beaded hypha in  
the newly i nvade d  ce l l .  N ote d i sappearance of the host  cel l  conte nts and abse nce 
of a pap i l l a  at t he p enetrat ion s i te  (3  d ays ,  contro l ,  x 8700) .  
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Three days after inoculation,  a th i rd type of hypha was seen to have 

deve loped from the in trace 1 1  ular st rai ght hyphae. This was non-constr icted,  th ick

wal led ,  brown in  colour, and was much wider (average d iamete r 4 .7 11m, 2.8 - 8 .5 

.urn)  than the other two types of hypha.  The th icked-walled,  p igmented hyphae 

grew both horizontal ly and verti cally within the ce l ls .  Eventually ,  they eme rged 

from the  root and formed e ndoconid iophores and chlamydospores on the  root 

surface . These hyphae were named reproductive hyphae (Christou, 1 962) .  N o  

in tercellular hyphae o r  e ndocon id iophores were observed  within plant t issues .  

Five t o  eight days after i noculat ion,  root surfaces were covered  w i t h  endoconid ia  

and chlamydospores (Plate 7 -4  b) .  However, eve n  at th i s  advanced stage of 

infection, only a few chlamydospores had been formed with in  the  plant t issue . 

They were smaller (usually 2 -3 ce l l s )  than those formed on  the surface and 

occurred singly rather than i n  clusters (Plate 7-4 c) .  

All  regions of the root  were i nvaded by T.  basicola except the root cap.  

Root hairs were sometimes infected.  Init ial penetrat ion  took place at the junctio n  

between the root hai r  and t h e  tap root surface, shortly after t h e  conidium h a d  

germinated ( Plate 7- 1 d ) .  

Tissues colonised by t h e  fungus included  t h e  epidermis,  cortex and 

e ndodermis.  Occasionally ,  hyp hae were detected i n  the vascular  system. 

7 .3 . 1 .2 React ion of host  cel l s  to  fungal invasion 

Where a fungal hypha was closely appressed to the wall of a host  ce l l ,  as  

during attempted to penetration (see above) ,  the p lasmalemma of the host  ce l l  

became i rregularly invaginated (Plate 7 -5  a ) .  Varying amounts of  wal l  appos i t ion 

m ateri al were seen between  the  plasma membrane and ce l l  wal l  at  individual s i tes  

of  penetration. Continued accumulation of  apposit ion material  resulted i n  the  

formation of  hemispherical ( Plates 7 -3  a, 7-5 b)  or conical (Plate 7 -3  b)  papi l lae .  

Layers could be distinguished  with in  papil lae, differ ing in  texture and s ta in ing 

properties, which probably ind icated successive deposit ion of  material of  d iffer ing 

composition (Plate 7-5 b) .  
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Plate 7-4. a - c .  Formation of i n tracel lular  straight hyphae,  e n d ocon id ia  
and chlamydospores .  

a .  A straight hypha i n  the upper cel l  has produced a s l ender, peg- l ike  
s t ructure ( arrow) ,  wh ich deve loped into  beaded hypha i n  the lower ce l l  ( 3  days ,  
control ,  x 1 640) .  

b.  Masses  of e ndoconid ia  and cha ins  of  chlamydospore s  on  the  root 
surface. Note the cha in  of chlamydospores is composed of five th ick  wal led  dark 
ce l l s  p lus  1 th in  wal led  hyal ine  basal ce l l  ( 5  days ,  control ,  x 425 ) .  

C .  A chlamydospore has formed wi th in  corti cal t i s sue  close to  t h e  vascular 
system, and appears to be separat ing .  Note the spore has on ly three brown ce l l s  
and one basal ce l l  ( 8  days ,  control,  x 2560) .  
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Plate 7-5 . a - d .  Response of host  ce l l s  to the fu ngal i nvas ion .  
a .  A hos t  cel l  wall  adjacent  to  a closely appressed hypha show ing 

i nvagi nat ion of the  plasma membrane i n  the adjacent cell  (arrows ) .  N ote the 
presence apical ves ic les  (A V) at the hyphal apex ( 8  days, control ,  x 48600) .  

b. A hemi spheri cal  pap i l la  (P )  wi th  a layered structure has formed a t  a 
poi n t  w he re a hypha  i s  abutt i n g  the wal l  (HW)  i n  the adjace nt ce l l .  N ote the 
i nvagi nat ion of the plasmalemma around  the pap i l la  ( arrows)  (3  days,  control ,  x 
2 1 200) .  



1 72 

p late  7-5 cont .  c. Si te  of fungal penetrat ion between 2 corti cal ce l l s .  In  the 
newly- invaded cel l  the  hypha i s  surrounded by cytoplasm conta in ing  abundant 
m i tochondria ( H M )  and vesicles .  Note the presence of a matrix layer  (arrows) 
cons is t ing of e lectron-dense pap .i l la  mate rial at the penetration s ite (8 days,  
control ,  x 7800 ) .  

d .  A papi l la  ( P) h as b e e n  penetrated by a s lender  hypha  ( arrow ) .  A cluster  
of beaded hyphae i n  a d igitate form have d eveloped i n  the new ly i nvaded ce l l  (5  
days,  control ,  x 2560) .  
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Although pap i l la  formation was common i n  i nvaded host ce l l s ,  i t  d i d  no t  

seem to  halt invas ion .  Narrow hyphae grew through t he deposit  then eme rged  

and  expanded within the ce l l  lume n ( Plates 7-3 d ,  7-5 c ,  d ) .  

At a n  early stage of i nfect ion ,  t h e  cytop lasm of host ce l l s  conta in i ng  a n  

i nfection hypha appeared s imi lar t o  that i n  uninfected  ce l l s  (Plate 7 - 6  a ) ,  form ing  

a th in  dense layer l i n i ng  the fungal ce l l  wall ( Plates  7 -3  d ,  7 -6  b ) .  In some ce l l s , 

the i nvading hypha was surrounded by a mass of host  cel l  cytoplasm, which  had 

become rich i n  mitochondr ia  and vesicles  (Plate 7-6 c) . Such changes appe ared  

to be associated wi th  papi l la  deposition .  Approx imately 24  h after  i noculat ion ,  

breaks became v i s ib le  i n  the tonoplast and p lasm al emma of  i nfected cel l s ,  which 

suggested that ce l l  contents had began to dege n e rate ( Plate 7-6  d ) .  Three d ays  

after  inoculation, ce l l  contents had become greatly d isorgani sed  and memb ranes  

of  host  nucle i  had broken (Plate 7-6  e) .  By 5 d ays ,  the contents of  i nvaded  hos t  

cel ls  had become comple tely d isorganised ,  forming an e lectron-dense matr ix i n  

which n o  organe l le s  could be recognised (Plate 7 - 6  f) . 

Each i nfected ce l l  followed a s imi lar  s equence of events ;  an in it ia l  

tolerance of apparently benign parasi t ism fol low e d  by gradual degenerat ion and 

final ly cel l  death .  Thus in  one cel l  could have d i sorganised cytoplasm wit h  only 

membranous debris  remaining, whi le an adjace n t  ce l l  retained the ultrastructural 

characteristics of un infected,  or recently- infect e d  ce l l s  (Plate 7-6 g) . 

Macroscopic  symptoms first became evid e nt 3 days after  inoculat ion as 

scatte red l ight b rown flecks on the root surface .  The f lecks coalesced into d ark 

brown to black le s ions 5 - 8 days  afte r  i noculat ion .  The outer  epidermis  often 

sloughed off and somet imes the whole  cortical t i ssue collapsed  ( Plate 7-6 h ) .  
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Plate 7-6 .  a - h .  Degeneration  of infected ce l l s .  

a .  A longitu dinal sect ion of  host cel l s  from uninoculated root  t i s sue .  
Cel l s  are  l ined wi th  a thin lay.e r  of  cytoplasm. Note  the tannin l ike  material (dark 
spot) ,  and plast ids  ( arrow) (x 5200) 

b.  A host cortical cel l  containing a transverse section of a hyphal ce l l .  
The  th in  layer  of  the  cytoplasm of  the host ce l l  (arrow) surrounding the  hyph a  i s  
s imi lar i n  appearance to that i n  Plate 7-6 a ( 3  days ,  prochloraz 1 11g/ml ,  x 2 1 200) .  
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Plate 7-6 cont .  c .  A cortica l  ce l l  containing a hypha .  The host cytoplasm 
e nve loping the hyp h a  contains many mitochondria ( H M ) ,  vesicl e s .  Note the 
deposi t ion of pap i l l a  m aterials  on the host  cytoplasm (arrow) ( 3  days , benomyl l O  
11g/ml ,  x 7800 ) .  

d .  Breaks i n  t h e  plasmalemma ( arrows) of a cortical cell  conta in ing 
beaded hyp h a .  Note the  uniform thicknes s  of the fungal ce l l  wal l throughout  ( 1 
day,  control ,  x 1 5 3 0 0 ) .  
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Plate 7-6 cont .  e. A cortical cel l  containing hyphae (Ph)  seen in longi tudi nal and 
t ransverse sect ion ,  showing a d isorganised nucleus ( HN) and a broken nuclear  
membrane (arrows) .  Note the ce l l  contents  are d isorganised (3  days ,  benomyl 1 0  
JJg/ml ,  x 7800) . 

f. A d isorganised cortical ce l l  f i l led  with  hyphae and e le ctron-dense  
material  (5 d ays, control ,  x 7800) . 



1 77 

Pl ate 7-6  cont .  g .  Two adjacen t  cortical ce l l s .  The upper one containing a hypha 
i s  dying  as  i ndicated by  i t s  d i ss ipated l oose contents and membranous debris 
( arrows ) .  The l ower one containing newly-i nvaded�hyphae appears t o  have 
coherent cytoplasm which e nve lops the hyphae .  N ote the expansion of the hypha 
after  growth through a papi l la  (P)  (5  days, p rochloraz l ��g/ml ,  x 8 1 00) . 

h .  A longi tudinal  semi-thin section of root t issue containing abundant 
hyphae and col lapsed cel ls  (5  days, control ,  x 425 ) .  
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7.3.2 Effec t s  of fung i c i d e s  o n  red c lover  s e e d l i ng s  a n d  T.  basicola. 

7.3 .2 . 1  Effects of fungici d e s  on root rot development and papi l l a  

formation.  

Percentage area of root surface covered by les ions caused by T. basicola 

was significantly lower on seedlings grown on agar containing prochloraz ( 1 and 

10  pg/ml) ,  than on  untreated seedl ings or those grown on agar containing 

benomyl, both at 5 and 8 days after i noculation ( Fig. 7-3 - 1 ) .  

More papil lae were produced by seedl ings treated with either benomyl 

or prochloraz than untre ated seedl ings at both 16  and 24 h after inoculation ( Fig.  

7-3-2) .  No d ifferences were found be tween the chemical treatments .  

No protoplasmic abnormality was detected in ce l l s  of red clover seedl ings 

treated with benomyl or prochloraz when examined by l ight and electron 

mtcroscopy .  

7.3.2.2 Effects of  fungicides on spore germination, hyphal penetration, 

and growth on the root surface 

Percentage germination of endoconidia on the root surface of red clover  

seedlings was s imilar among the treatments {Table 7-3- 1 )  although benomyl  

treatment gave the lowest germination at 1 6  h. 

Less hyphal penetration occurred, and there were fewer cells per beaded 

hypha in  the seedlings treated with prochloraz, than in  control seedl ings or those 

treated with benomyl (Table 7-3- 1 ) .  
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Table 7-3-1 . Mean percentage spore germinat i on , hypha! 
penetration , and mean number of cel l s  per i nvaded hypha of T ·  
bas ico l a  on roots of red c l over seed l i ngs grown on water agar 
amended with benomyl or prochloraz .  

Treatments Germination % Penetrati on % No . ce l l s  

1 6  h after i noculation 

Control 7 9 . 7 2 ab1 57 . 1 6 a 5 . 3 4 a 
Benomyl 10 IJ.g/ml 7 1 . 2 3 b 5 1 . 7 7 ab 5 . 2 9 a 
Prochloraz 1 IJ.g/ml 8 7 . 0 7 a 3 6 . 66 be 3 . 8 6 b 
Prochloraz 10 IJ.g/ml 7 6 . 9 7 ab 2 1 . 6 1 c 2 . 3 2 c 

2 4  h after i nocu l at ion 

Control 8 6 . 6 6 a 6 1 . 1 7 a 7 . 9 9 a 
Benomyl 1 0  IJ.g/ml 9 1 . 6 2 a 5 8 . 3 2 a 7 . 0 8 a 
Prochloraz 1 IJ.g/ml 9 0 . 0 1 a 2 9 . 6 8 b 4 . 2 3 b 
Prochloraz 1 0  IJ.g/ml 8 8 . 1 0 a 2 5 . 6 2 b 3 . 9 5 b 

1 •  Means followed by the same letters were not significantly different at 5% probability level in an 

analysis of transformed value (sq .  rt.) .  

Chemical treatment  affected sporulation ofT. basicola on the root surf ace.  

N umbers of endoconidophores produced per 1 mm of roots  treated with benomyl ,  

o r  e ither concentrati o n  of prochloraz were s ign ificantly less  than those  on  

untreated roots from 5 days  after i noculation (Table 7-3-2) . No differences were  

detected among the chemical  treatments.  

No chlamydospores were found on roots until  5 days afte r  inoculati o n  

when fewer were present o n  roots treated with prochloraz o r  benomyl, than o n  

control roots (Table  7-3-2 ) .  
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Table 7-3-2 . Mean numbers of con i d iophores and chlamydospores 
per 1 mm length on the surface of roots of red clover seed l i ngs 
grown on water agar amended with benomyl or prochl ora z .  

Treatments 

Control 
Benomyl 1 0  �gjml 
Prochloraz 1 �gjml 
Prochloraz 1 0  �gjml 

Control 
Benomyl 1 0  �gjml 
Prochl oraz 1 �gjml 
Prochloraz 1 0  �g/ml 

See Table 7-3-1 .  

Days after inoculation 
1 3 5 

o .  53  a1 
0 . 2 0 a 
0 . 4 0 a 
0 . 1 3 a 

0 . 00 
0 . 0 0 
0 . 0 0 
0 . 0 0 

Conidiophores 

2 5 . 3 3 a 
1 5 . 3 3 ab 

7 . 8 7 b 
1 0 . 0 0 b 

59 . 2 7 a 
3 6 . 8 7 b 
3 3 . 6 7 b 
3 2 . 4 0 b 

Chlamydospores 

0 . 00 1 1 . 0 0 a 
0 . 0 0 2 . 2 7 b 
0 . 00 1 . 7 3 b 
0 . 0 0 2 . 6 0 b 

8 

6 6 . 5 3 a 
3 8 . 7 3 b 
3 5 . 6 7 b 
3 4 . 8 7 b 

3 8 . 1 3 a 
3 7 . 5 3 a 
1 4 . 7 3 b 
1 6 . 7 3 b 

7 . 3 . 2 .3 Effects of fungicides  on the fine structure of the fungus grown in  

culture and  in the  host .  

Similar abnormal i t ies  were found in fungal ultrastructure following 

treatment with prochl oraz or  benomyl  i n  culture and in  the host .  R eference i s  to  

both unless  otherwise stated .  

A. Effects of  benomyl 

Lomasome formation was common in  cells  of mycel ium treated with 

benomyl, and the plasmalemma became more convoluted ( Plates 7-7 a, 7-7 b )  than 

in cel ls  of  untreated hyphae,  i n  which it was homogeneous,  and closely and 

regularly appressed to the ce l l  wal l  (Plate 7-2 b ) .  In  addit ion,  membraneous  
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complexes formed from endoplasmic  ret iculum ( ER) occurred in  some cel ls  of 

myce lium from t reated cultures ( Plate 7-7 c) . In the most ext reme s i tuation,  

internal fi ne  structure was lost co mpletely and only vesicles and f ragments of 

membranes remained,  and the plasmalemma and lomasomes became el ectron 

opaque (Plate 7-7 d) .  However, in  cells of most  hyphae t reated with benomyl, 

organelles remained i ntact and the cytoplasm showed l i tt le s ign of 

disorgani sat ion.  

B.  Effects of prochloraz 

The cell walls of hyphae from t reated mycelium were general ly of greater 

and more uneven th ickness than those of controls  ( Plates 7-8 a, b ,  compared with 

Plate 7-6 d) .  In some cel ls ,  several  addit ional  wall  layers deve loped, with the 

inner  l ayers usual ly being undulated ( Plates  7-8 c, d )  and the outer l ayers  

sometimes appearing fragmented (P late 7-8 e ) .  

Mitochondr ia  i n  some cel l s  within host  t i ssue became swol len a n d  the i r  

cri s tae were  disorganised (Plate 7-8  c) . 

Necrotic hyphae were common i n  culture (Plates 7-8 b ,  d )  and i n  the host  

( Plate 7-8 f) . S imi lar  necrosis  was seen i n  hyphae and endoconidia  on the root 

surface.  
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Plate 7-7.  a - d .  F ine  structure of fungal ce l l s  treated with benomyl .  

a .  A growing hypha with several lomasomes ( arrows)  i n  a cortical ce l l .  
Other  o rganel les  incl u d i ng mitochondria ( M ) ,  endoplasmic reticulum ( ER) ,  and 
vacuoles (V)  in  the fungal  ce l l  appear  to be normal.  Note e lectron-dense mate r ial 
in  the diso rganised cortical  ce l l  ( 3  days,  benomyl 1 0  11g/ml ,  x 15300) .  

b.  An endocon id ium with s everal lomasomes  (arrows) on the root  surface .  
A t  one  end  of  the con id ium the  ce l l  wall  protrudes  into  the  cytoplasm ( Pr ) .  The 
cell  wall  of the con id ium consi sts of 2 1ayers ( 1  d ay, ben omyl l 0 11g/ml , .x 7800) . 
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Plate  7-7 cont .  c .  A hyp h a  from a cul ture grown on medium contain ing benomyl 
in w h i ch lomasomes are  v i s ib le  ( arrows ) ,  and  endoplasmic  ret iculum has 
o rgan i sed into a membrane  complex ( MC) .  Other  organe 1 1 e s  appear to  be normal 
(9 d ays ,  benomyl 0 .06 1�g/ ml ,  x 1 5300 ) .  

d .  A hypha from a cul ture grown o n  m e d i u m  contain i ng benomyl shows 
convolut ions  of the p lasmalemma due  to the  formation of lomasomes ( arrows ) .  
The  cytoplasm is  e l ect ro n-opaque a n d  no organe l le s  are recognisable ( 9  days, 
benomyl 0 . 06 pg/ ml, x 2 1 200) . 
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Plate 7-8 .  a - f. F ine  s tructure of fungal cel ls  treated with prochloraz.  
a. A hyph a  with uneven thickness of cel l  wall (arrows)  in a cortical  cel l  

of the host .  Note the  contents of fungal ce l l  appeared unchanged  (5 days,  
prochloraz l pg/ml,  x 7800) .  

b. A hypha from a culture grown on med ium con tain ing prochloraz shows  
uneven thickening walls (arrows) and  necrosis of the  ce l l  con tents (9 days ,  
p rochloraz O.Ol pg/ml ,  x 21200) . 
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Plate 7-8 cont .  c. A hypha growing on  the root surface conta in ing  d i ste nded ,  
d i sorgani sed  mitochon d ria  ( M ) .  The cell wall has seve ral layers, the  i n n e r  layer  
be ing undulat ing .  (3  d ays ,  prochloraz 1 1tg/ ml, x 2 1 200) . 

d .  A hypha from a cul ture grown on medium containing proch loraz .  The  
ce l l  wall i s  s imi lar  i n  appearance to that i n  Plate 7-8 c.  Note the  ce l l  content s  are  
d i sorganised (9  days ,  p rochloraz 0.0 1 11g/ml ,  x 3 1 800) . 
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Plate 7-8 cont .  e .  Part of a hypha from a cul ture grown on med ium conta i n ing 
prochloraz shows  an uneve nly th i ckened ce l l  wal l compr i s ing  several l ayers ,  the  
outer of  which i s  fragmented (arrows ) .  The cel l  contents  are d i sorgan i sed  (9  days,  
prochloraz 0 .0 1 11g/ml ,  x 3 1 800) .  

f .  A necrot i c  hypha in  the  cort i cal ce l l  of the  host .  Note  a pap i l l a  ( P) 
containing a hyphal sect ion and d i sorganisat ion of the  host  cel l  contents  ( 3  days ,  
prochloraz 10 11g/ml ,  x 7800) .  
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7.4 D ISCU S S ION 

The use  of  i nocul ated seed l i ngs grown on agar, and a n ew method for  

clearing and stain ing whole  root  segments without the need for heating, h as 

helped provide information about pre-pene tration events  which was not  avai lab l e  

in  the l i terature . Endoconidia germi nated t o  produce long hyphae that d eve loped  

i nto ramify ing mycel ium,  or conidiophores which expe l led  masses of  e ndocon id ia  

on the  root surface . These events  occur in  cul ture (Stover ,  1 950)  but  the  

formatio n  of  the cyl ind rical or knob- l ike ( Plates 7- 1 b, c)  structures has  not  been  

reported previously. 

Direct penetration of red clover  roots by T. basicola occurred without the  

formation of  appressoria and is  consisten t  wi th  other  reports ( Christou, 1 962;  

Pierre and Wilkinson,  1 970; Wick and  Moore,  1 983;  Lim and Cole ,  1 984) ,  but i s  

contrary to M auk and Hine's ( 1 988)  f ind ing  that appressoria are  i nvolved  i n  

infection  of cotton roots by T. basicola. 

The development  of in tracel lular hyphae with a characte rist ic beaded  

appearance following penetration has  been  reported for  o ther  hos t s  i n  the  stud i e s  

cited above . However, colonisat ion  of red  clover roots by the 'straight' and  

'reproductive' hyphae which developed from beaded hyphae was  exclusive ly 

intracellular.  In bean (Christou, 1 962 ;  Pierre  and Wilkinson,  1 970)  and citrus 

(Tsao and Van Gundy, 1 962) ,  ' s traight  and I or 'reproductive' hyphae were 

interce llular as wel l  as intracel lular.  
·� 

There was n o  previous information  avai lable about whe ther  host ce l l  

penetr ation is  achieved mechanically or  enzymical ly, but T. basicola produces 

wall -degrading e nzymes during i nfection of bean roots (Lumsden and Bateman,  

1 968) .  Penetration of cortical cel l  wal l s  seemed to be med iated  by enzymic  

degrad at ion because a sharp, c lean  pore ,  wi thout curle d  edges ,  was  made at the  

s i te  of  penetrat ion .  Dissolution of  the hos t  cell  wa l l  around the  penetrating 

hyphae  was also i ndicated by changes in  i ts  staining propertie s ,_which probably 

resul t e d  from chemical modificat ion  by e nzymes.  As with obligate biotroph ic  

fungi, d egradat ion  of the  cell  wall was highly local i sed around the  i nfection  peg ,  
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suggest ing that the e nzymes responsible are bound to the hypha!  wall ,  or are 

rapidly inactivated  (Keon et al . ,  1 987) . 

The most com mon host response to penetration was the  aggregation of 

host cytoplasm and the formation of papil lae .  These formed in  the paramural 

space adjacent to the invad ing hypha through a process which involved  

invagination of the host plasmalemma ( Plate 7 -5  a) ,  and  aggregation of  e lectron

dense mater ial (Plate 7-5 b) .  Papi l la  formation is  a wel l  known re sponse of l iving 

plant cells to attempted pene tration  by fungi, or  to mechanical wounding caused 

by insert ion of microneedles or fee d i ng by ne matodes (Aist, 1 976 ;  1983 ) .  The 

formation of papil lae i n  plant roots in response to fungal i nvasion has been  

reported for white clover  infected by T.  basicola (Lim and Cole ,  1 984) and othe r  

fungi ( Skipp and Chri stensen,  1982) ,  and  other host and pathogen interact ions  

(Griff i ths, 1 97 1 ;  Skipp e t  a l . ,  1 974; B ishop and Cooper,  1 983) .  

The chemical n ature of papi l lae  has been  of interest  largely because of the  

poss ible  implications regarding  to  any role i n  resistance.  No attempt has  bee n  

made t o  identify the chemical const itue nts of the papi l la  i n  the  present study . 

However ,  the  most common chemical  components foun d  i n  other  stud ies  are 

cal lose and l ignin (Aist ,  1 976 ) .  Other constituen ts i nclude prote i n ,  pect in ,  s i l icon ,  

e tc. Some workers h ave  reported that i nvading hyphae became complete ly 

encase d  by papil lae ( Griffi ths, 1 97 1 ;  Bishop and Cooper,  1 98 3 ;  O'Connel l  e t  a l . ,  

1985 ) ,  and thus were prevented from e nteri ng the ce l l  lumen .  This was not  the  

case in  the presen t  study where hyphae were  often  see n  to  h ave grown through 

papi l l a  deposits (Plates 7-5 c, e,  7-6 g) . However,  observat ions i nd icated  that 

formation of some papi l lae occurs prior to host cell  wall penetrat ion and they 

may functio n  to s low colonisation  of host t issue.  

The beaded hyphae which formed in  epidermal and cort ical cel ls  followin g  

direct penetrat ion of t h e  cel l  wall resembled haustoria, i n  t h at they completely 

i nvag inated,  but d id  not  rupture,  the  host plasmalemma and were e nveloped by 

a th i n  layer  of apparen t ly unaffected host cytoplasm. The sequent ial occurrence 

of th i s  benign phase fol lowed by gradual degeneration and d e ath of e ach i nfected 

host  ce l l  reflected the dual biotrophic and necrotrophic activ i t ies  of  the fungus 

with in  the same i nfection  s i te . These f ind ings suggest that T.  basicola behaves as 
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a hemibiotroph l ike Col lectrochum l i ndemuthianum (Ski pp and Deveral l ,  1 972 ; 

O'Conne l l  et al . ,  1 985 ; Keon e t  al . ,  1 987) .  However,  the biotrophic  phase of T.  

basicola i s  short- l ived .  Breaks in the plasmalemma of red c lover  ce l l s  became 

vis ible at 24 h,  and macroscop ic symptoms appeared 3 days after  inoculat ion .  

Pre-treatment of seed l i ngs with benomyl or  proch lo raz i s  a su i table 

technique to study effects of fungici d e s  on fungal invas ion and on  f ine structure .  

The fungic ide in the W A  must trave l systemica l ly through the host  to reach the 

fungus, thus allowing i nvestigat ion of  fungicidal  activity in  host  t i ssue .  The 

observat ions from root t issue were further  confirmed by the resul ts  obtai ned from 

cultures treated with e i ther fungi c ide at conce ntrations which i nh ib i ted ,  but d i d  

not complete ly stop, mycel ium growth .  

Seedl ings treated wi th  e i ther  chemical p roduced more papi l lae  i n  response 

to i nfection than those which had not been treated (Fig. 7-3-2 ) .  As d iscussed  

above,  papil lae were actively deposi ted by the hos t  p rotopl ast .  Benomyl has  

cytok in in-l ike activ i ty (Gayed ,  1 970 ; Skene ,  1 972),  and EBI  fungicides  can  induce 
.s 

plan to produce cytokin in  (Fletcher, 1 985 ) although generally they act as growth 
I 

retardants .  It i s  not  clear whether the  i ncreased proportion of i nfect ions with  

pap i l l ae reflected st imulat ion of p api l l a  p roduction or a s lowing of  fungal 

penetration which a l lowed more cells to respond by producing  papi l lae .  

Nei ther fungicide e l iminated fungal i nvasion at the conce n trations used .  

However ,  d isease symptoms were greatly reduced by prochloraz treatment ( Fig.  

7-3- 1 ) ,  and the t reatments affected fungal growth on and in root t i s sues  (Table 7-

3 - 1  and 7-3-2) .  These effects were accompanied by changes  i n  fungal 

ultrastructure which appear to have been induced by the fung icides .  

Lomasomes ,  formed abundant ly i n  fungal ce l l s  of mycel ium treated with 

benomyl ( Plate 7) ,  may have been the result  of fixat ion artefacts as  suggested by 

Bracker ( 1 967) . However, i t  seems more l ikely that  they refle cted effects of 

benomyl on fungal cel ls  s ince al l  speci mens were proces sed  using the same 

procedure , and lomasomes were abundant only in benomyl-treated mycel ium. 

Sim i l ar i ncreases in  l omasome formation have been reported  for Botrytis fabae 

grown in  cultures containing benomyl at a sublethal concentrat ion ( Richmond and 

Pri ng,  1 9 7 1 ) .  Lomasomes only occur i n  wal led cel ls  where  they are most 
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frequently found in  areas active i n  wal l synthes is  (Bracker, 1 967;  Hawes and 

Beckett, 1 977) . The ch ange in appearance of e ndoplasmic ret iculum seen i n  some 

ce l l s of benomyl treated mycel ium in Yi.1.r..Q may be related to lomasome formati on  

( Marchant et  a l . ,  1 967 ) .  

Disorganisation of cel l  contents was found i n  benomyl -treated myce l i um 

from cultures (Plate 7 -8  d ) ,  but no t  i n  root t i ssue treated with much highe r  

concentrations  of the same fungicide . Benomyl decomposes t o  methyl 2 -

benzimidazolecarbamate within plants ,  which is  rapidly exported from roots to  

leaves via the xylem ( Peterson and Edgington ,  1 970) .  Thus the  conce ntrati on  of 

fungic ide remaining i n  the t issue at the  t ime of i nfect ion  may have been much 

lower than that encountered in  the agar plates .  

The most  strik ing effect of p rochloraz o n  the  fine structure of  the  fungus 

was the i rregular and randomly d istributed thicken ing in  ce l l  walls ( Plate 7-8 a ,  

b ) .  S imi lar results have  been reported for other EBI fungic ides  i n  a varie ty of 

fungi grown in culture ( Stiers e t  al . ,  1980 ;  Borgers et al . ,  198 1 ;  H ippe and  

Grossmann,  1982 ; Richmond, 1984;  H ippe, 1 984 a and b ;  Dahmen e t  a l . ,  1 988 ;  

Sanchol le  e t  al . ,  1 988 ) ,  and  in  the  hos t  (Pring,  1 984 ;  Smolka e t  al . ,  1988 ) .  

O n e  unusual f inding from t h e  pre sent study was the format ion  of 

addi t ional  l ayers of ce l l  wall in some cel ls ,  and the subsequen t  separation and  

fragmen tation of these layers (Plate 7-8 c-d ) .  These effects have also been  

observed  i n  Coccidioides immitis Rixf. and  Gi lch treated with miconazole  

(Borgers e t  al . ,  1 98 1 ) ,  and  Taphrina deformans treated with propiconazo le  

(Sancholle e t  al . ,  1 988) . Thus effects which occurred i n  ce l l s  of T. basicola app e ar 

to be common to  EBI fungicides rather than t o  p rochloraz alone .  

Cel l  wall th ickening may have  been the  fi rst d etectable abn ormal i ty i n  

fungal cel ls  affected by prochloraz i n  a ser ies  of changes which led  t o  cel l  d e ath .  

This i s  supported by the  findings tha t  some fungal cells with unevenly th icken e d  

cell walls had relatively unchanged cytoplasm ( Plate 7-8 a ) ,  whereas others had  

completely disorgan i sed  cell contents  (plate 7 -8  b ) .  Borgers e t  a l .  ( 1 9 8 1 )  report e d  

that c e l l  d e ath i n  fungal cultures occurred with in  24 h of treatmen t  with imidazole  

chemicals, even at concentrat ions which d id  not  completely i nhibit  growth .  I n  

the present  study, cultures were i ncubate d  for 9 days before being processed for  
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electron microscopy . Even though the fungus grew s lowly during th is  pe riod i t  is  

not surpr is ing that cel ls  examined under the e l ectron mi croscope were nec rot ic .  

These obse rvations support the view that  p rochloraz has fungi cidal  activity as  

ind icated in Chapter  5 .  

The occurrence  of necrotic hypha  cel ls  o n  the root surface and in  the root 

tissue, treated with prochloraz ( Plate 7-8) suggested that fungicidal 

concentrations of p rochloraz were present  in root ti ssues .  Thi s is consistent with 

the reduced fungal growth and symptom deve lopment  on p rochloraz-treated roots 

(Fig. 7-3 - 1 ;  Table 7-3- 1 ;  7-3-2) .  

Differences in  the ultrastructural abnormal it ies of  the funguswhen treate d  

with prochloraz o r  benomyl were probably related to the d iffe ri ng  modes of actio n  

of the two fungicide s .  A s  suggested i n  other studies  (Richmond a n d  Pring, 1 97 1 ;  

Simons ,  1 975;  Dahmen et a l . ,  1 988 ;  Sancholle e t  al . ,  1 988 ) ,  however ,  

abnormali t ies  caused by e i ther of the fungicides could be i nterpreted as secondary 

effects. 

Although many cells from treated mycelium appeared abnormal ,  

particularly afte r  exposure to prochloraz, some hyphae showe d  no  such effects and 

probably functioned  n ormally .  This variat ion in response may h ave resulted from 

uneven d i stribut ion  of fungicide  within the root or  differ ing  sens i t iv i ty of 

i ndividual hypha! cel ls .  

In  summary,  T. basicola penetrated roots of red clover  d irectly and  

colonised ti ssue by  beaded and straight hyphae,  which l ived hemibiotrophical ly 

with in  epidermal and  cortical cel ls .  E ndoconidia and chlamydospores were  

produced on  the root surface . Pre-treatment of seedl i ngs with  benomyl o r  

prochloraz d id  not  change the sequence or  t iming of fungal penetration ,  but 

reduced fungal growth .  Changes in fungal ul trastructure result ing from benomy l  

treatment  were an  i n creased frequen cy of lomasome production ,  and  occasionally 

a disorganisatio n  of cell  contents .  Changes resulting from prochloraz treatment  

includ e d  thicken i ng and fragmentation of  ce l l  wal ls, and necrosis of  hyphal ce l l s .  
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8 . 1 M EASUR E M ENT O F E FFECTS O F ROOT- INVA D I N G  F U N G I  

O N  RED CLOVER GROWTH 

While the impact of root pathoge ns in  pasture remains poorly understood ,  

there is l i tt le ince ntive to seek improve d  productivi ty through p lant  bre e ding  or  

other measures aimed at control of  root d isease . Th i s  study was p rimari ly 

undertake n  to  provide the means to study the effects of soi lborne ,  root- invading  

fungi o n  plant growth and persi s tence i n  pasture by manipulating microbi a l 

populat ions  in soil  and roots, whi le  monitoring the exper imentally- induced 

changes i n  populations of targe t and n on-target organisms.  

The study showed the value  of us ing fungicide  soil  d re nches to modify 

levels of viable fungal b iomass i n  so i l ,  and i n  roots .  Prochloraz proved  most  

suitable for  th is  purpose of  the 1 1  fungicides  tested .  I t  had a broad spectrum of 

antifungal  activ i ty, was highly active against  all the major root- invading fung i  

found i n  the  plant breeder's evaluat ion block, had  low toxic i ty to Rhizobium 

trifoli i ,  and  had the  least  retardant effect on  red  clover  growth.  Efficacy in  so i l  

was demonstrated in glasshouse and  fie ld  exper iments  (Experiment  4 and  5 )  

where p opulations  of root-invading fungi i n  soi l ,  and i n  red clover roots, were  

lower fol lowing drench treatment  wi th  prochloraz than  in  untreated controls .  I n  

the f ie ld  tr ial  (Experiment  5 )  quantitat ive d ifferences i n  internal  mycoflora of r ed  

clover roots in  treated and  untreated plots were s t i l l  detectable 45 weeks aft e r  a 

s ingle fungicide appl ication following sowing.  Mainten ance of reduced 

populat ions  for  a prolonged period made i t  possible to estab l ish relationsh ip s  

betwee n  root i nvasion by fungi and  resultant plant  y i e l d .  Use of more than  o n e  

fungic ide drench cou ld  prolong effects on  fungal populat ions  even furthe r  to  

faci l itate l onger term studies on red clover and other perenn ial  pasture p lant s .  

Throughout the  study, root maceration and p lating was  used  to quant ify 

fungal i nvasion  of red clover roots. The method detected a s imi lar range of fungi  

to that found by plating segments,  but yielded more colonies  and showed  l e ss 
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variat ion .  Using standardised amounts of t issue and blending t imes (2  g a n d  6 0  

o r  1 2 0  sec) ,  d ifferences i n  fungal populations i n  roots subjected to d iffe re nt 

treatments were read i ly detected.  This  method appears sui table for rout ine 

stud ies  on  infection of roots by complexes of root-invading fungi . 

Expe riment 5 il l ustrated some of the possible s ide effects arising from 

fungi c ide application .  These included retardant effects on p lant growth 

(Experi ment 3 ;  4 ) ,  and increased populati ons of bacteria and fungicide 

insensi t ive fungi such a s  Penici l l ium spp . ( Experiment 4) in treated so i l .  

Furthe rmore,  the  fungicide application method does  not  provide information 

about damaging effects caused by individual fungal species .  This is more readi ly 

studied by the microplot method where exposure of red clover  plants to the  

environmental stress of f ie ld  condi t ions should  also al low expre ss ion of  chronic  

damage caused by weak pathogens. 

One problem which arose in the microplot exper iment was that the amount 

of fungal b iomass, and of nutr ients  present  i n  the i noculum, influenced the  

amount  of  root damage . As seen in  Exper iment  7,  the presence of nutr ient in  the  

inoculum medium can stimulate growth of contaminant fungi  particularly i n  

fumigated soi l .  These fungi may i nfluence plant  growth or i nvasion by the test  

organi sm .  However, while i t  may be d ifficult to estimate possible losses in  

produ ct ion which might  occur in  the f ie ld from microplots ,  the method d i d  

prov ide  evi dence of t h e  field pathogenicity of several fungi , a n d  ind icated t h e i r  

relative aggress iveness .  

Red clover  is  mainly rel iant  on a tap root for sustained  product iv i ty .  

Methods  developed and tested during th is  s tudy o n  red  clover  would be read i ly 

appl icable to othe r tap-rooted forage plants such as lucerne and sainfoin and ,  

more generally, to  many horticultural and fie l d  crops. Further applicat ions 

include  microplot investigations on  the interactive effects of nematodes  and 

soi lborne pathogens, and an extension to pure swards and mixed  pastures of 

s tud ie s  on the relationships betwe e n  plant y ie ld  and levels of fungal inoculum in  

so i l  a n d  root t issue .  
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8 . 2  INVASION O F  RED CLOVER ROOTS BY FUNGI  

The study also provided information about the  internal mycoflora of r ed  

clover roots, the method,  site and  t iming of fungal infection, the  ro l e  of individual 

pathoge ns in the development of symptoms of root disease, and the influence of 

envi ronmental facto rs on root invas ion .  

Of  the  40 fungal species found in roots  of red clover grown in  the p lant 

breede r's  evaluat ion block, those most frequently i solated were Fusarium sol an i,  

Vertici l l ium dahliae, F.  oxysporum, Trichocladium basicola, Cylindrocladium 

scoparium, Cylindrocarpon destructans, and Gl iocladium roseum (Exper iments  

1 ;  2; 4 ;  and 5 ;  see also Skipp e t  al . ,  1 986) . Many of these fungi have also been  

reported from red  clover and other forage legumes elsewhere i n  New Zealand 

and in other  countr ies  ( Chapter 2) . The s imi larity of  the  root-invading mycoflora 

of red clover and other  forage legumes in d ifferent  parts of the world may refle ct 

the ubiquitous d i s tribution of some soi lborne fungi, and a suitabi l i ty of roots  of 

the plants as a subs trate for growth of those fungi . This in turn may expla in  why 

root rot  of forage l egumes occurs wherever  they are grown. 

Verticill ium dahliae, T. basicola, and .{4. scoparium h ave not  previously 

been considered as  part of the root rot complex of red clover or  other  forage 

legumes ,  although they have been occas ional ly isolated from roots of these crops 

(Chapter 2).  Isolates of these fungi were among the most pathogenic obtained  

from plants grown in  the  plant breeder 's  evaluation b lock ( Exp e riment  6 and 7 ;  

Skipp e t  al . ,  1986)  a n d  many plants grown in  soi l  from the block became infected 

by the m .  This  raise s  the question of whether the evaluation b lock,  which had been  

maintained a s  a red clover monoculture to  e ncourage development  of  high i nocula 

of p athogenic fungi,  had an unusual mycoflora.  Yerticill ium dahliae and T .  

basicola have been  found in roots of red clover from farms in  New Zealand ( R.A. 

Skipp and M.J. Christensen,  pers .  comm. )  which may suggest that  in th is  country ,  

t h e  root rot complex of r e d  clover may involve more fungal species than are 

cons idered els ewhere .  All three fungi have a wide host range ( Pe nnycook, 1 989 )  

thus pasture soi l s  containing red clover  may harbour pathogens which could 
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seriously affect subsequent  crops of othe r  plants .  

Invas ion  of red clover roots hy fungi can occur at  an early stage of plant  

growth ( Skipp et  a l . ,  1 986 ;  Exper iments  1 ;  2 ;  4 ;  5 ;  6 ;  7 ;  8 )  and the  extent  of th is  

early colonisat ion may have a cr i t i cal i nf luence on the cou rse of root 

deteri oration in the l ife of the p lan t .  Detai led stud ies  wi th  T.  basicola 

(Exper iment 8 )  showed that seed l ing  roots could  become i nfected wi th in  1 day of 

germination of endocon id ia  on the surface .  Under favourable cond i t ions  ce l l s  of 

the ep idermis ,  cortex, and endodermi s  were co lonised by beaded and straight 

hyphae which formed vis ib le l es ions,  and in i t iated fo rmat ion of e ndoconid ia  and  

chlamydospores, about a week la ter .  Fusarium solani ,  F. oxysporum, and other  

Fusar ium species, are also able to  i nvade  uninjured roots of red  clover  (Chi  e t  al . ,  

1 964; S iddiqui  and Hal i sky, 1 968 b ) .  In  a pre l iminary exper iment  in  the presen t  

study, F.  solani  was seen to penetrate epidermal cells d i re ctly w i thout the 

formation of appressori a .  Fol l owing p e netrat ion,  the hyphae b ranched and grew 

extens ively through the epidermal and  cortical t issue.  Even tual ly ,  the cortex was 

complete ly colonised ,  and xylem t issue was also i nvaded.  S imi larly, con id ia  of V .  

dahliae germinated and penetrated  epidermal ce l ls  d i rectly wi th in  24 h of 

inoculat ion.  Seven days after inoculat ion ,  hyphae were seen in the xylem t issue,  

and microscl erotia had formed in  the cortex. Other fungi i so lated from red clover  

roots were also found to be able to  p e netrate un injured t issue and form necrot ic  

lesions  on roots of red clover seedl ings ( Skipp e t  al . ,  1 986) .  

As seed l ing growth proceeds ,  most  d i rect  fungal penetration of  uninjured 

roots p robably occurs through young t issues of the root t ips,  and  newly developed  

lateral roots .  This is  supported by  observations that some plants  from f ie ld  so i l  

were seen to  have lost  the lower  part  of  the ir  tap root through root  rot  whi le  the  

upper  part remained in tact, presumably as secondary th icken i ng countered les ion  

development .  Lateral roots often became rotten and were sloughed  off. Fungal 

invasi on also could have occurred through wounds caused by nematodes or i nsects 

(Chapter 2),  or through the deep n e crotic les ions caused by T.  basicola and �

scoparium. Infection of the ste le  could have occurred by internal spread of fungal 

mycel ium, from external necrotic l e s ions ,  or through wounds in stems or the crown 

caused by cutt ing or internal breakdown.  Thus by one avenue  or another, roots 
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of red clover plants eventual ly become infected by fungi which can cause root 

deteri orat ion .  This process appears to start shortly afte r emergence, progre ss 

gradual ly and increase in  seve rity as plants age . Root symptoms associated w i th  

fungal infect ion were cort ical rots, and  s t e  l e  browni ng. (Exper ime nts 1 ;  2 ;  4 ;  5 ;  6 ;  

7 ) .  

The most common cortical ro t  symptom seen  on roots from 4 weeks 

onwards  were superf ic ial ,  local i sed ,  brown les i ons .  Fusarium spp. ,  and some oth e r  

soi lborne  fungi  commonly isolated from roots i n  th is  study such a s  .G. roseum, .C. 
destructans etc. ,  are frequently associ ated wi th  th i s  type of symptom ( Fezer,  1 96 1 ;  

Ylimaki ,  1 967 ;  Leath e t  al . ,  1 97 1 ;  Rufle t ,  1 986 ;  Sk i  pp et  a l . ,  1 986 ;  R.A. Sk i  pp and  

M.J. Chr i stensen,  pers .  comm. ) .  Somet imes  the  l e s ions covered the  whole surface 

of the tap roots and were often accompan ied  by root let rott ing ( Exper iments 1 ;  2 ;  

4 ;  5 ;  6 ;  7 ) .  

Black sunken les ions caused by T .  basicola or �· scoparium occurred to  

a lesser  extent  but  were the most destructive .  The  lower part of  the tap  root  of  

i nfected  p lants was  often  girdled or los t  completely. The  fungi have b e e n  

reported  to cause s im i lar symptoms on  other forage legumes ( Hi l l ,  1 979 ; Ooka 

and Uchi da, 1 982;  Lim and Cote ,  1 984) .  

S te le  browning  was seen i n  roots of pot-grown red clover  plants from 8 

weeks o nwards, and f ie ld-grown plants from 1 0  - 1 2  weeks.  A dark b rown 

d iscolouration  throughout the whole ste le was attr ibuted to i nfect ion  by V .  

dahl iae;  s im i lar symptoms were seen  i n  pathogen ic i ty tests w i th  th i s  fungus ( Sk i  pp  

et  al . ,  1 986 ;  Exper iment  6 ) .  Faint d i scolourat ion  i n  the outer regions o f  the  s te le  

occurred in  roots where Fusarium spp.  but no  Y. dahl iae cou ld  be i so lated .  A 

redd i sh  b rown, rather  than dark brown d iscolourati on  of the whole stele was s e e n  

occas i onal ly and w a s  associated with F .  sol ani .  The f ind ing that Y. dahl iae was 

the major  cause of ste le d i scolourat ion  ( present  study and Skipp e t  a l . ,  1 986 )  

contrasts  w i th  reports from other parts of  the world where Fusarium spp.  are  

thought to  be the major  cause of  th i s  symptom ( Fezer, 1 96 1 ;  Y l imaki ,  1 967 ;  El l i o t t  

et  a l . ,  1 969 ;  Ruf let, 1 986) .  

Another  typ e  of  symptom cons is tent ly seen  was i nternal breakdown of 

crown t i ssue.  Thi s  is regarded  as a "phys iogen ic  d i sease" (Graham et al . ,  1 960 ) ,  
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result ing from a "mal ignant cytologi cal di sturbance" (Cressman,  1 967) .  The 

relative importance of in ternal breakdown as a cause of pl ant death i s  not clear,  

but it can provi de access for pathogen i c fungi from the soi l  into the stele of the tap 

root, and con tribute substantial ly to the deter iorat ion  of the tap root (Newton and 

Graham, 1 960 ;  R . A .  Skipp and M.J .  Christensen ,  pers .  comm . ) .  

Fungal invasion  was affected by plant age, so i l  temperature and m oisture 

(Experiment 2) .  The total  fungal b iomass i n  the root (expressed as n umbers of 

colonies per root)  i ncreased gradual ly from the seedl ing stage onwards .  However, 

the concentration of pathogens (expressed as n umbers of co l o n ies  per  gram root 

t i ssue) actual ly decl i ned  between 4 weeks and 8 weeks which meant that the  

concentrat ion dynamics of  p ropagules  in  the roots showed an i n crease - decrease 

i ncrease pattern. Further research i s  needed to moni tor  the dynamics at more 

frequent i nte rvals dur ing early stages of plant  growth which appear  cri t ica l  i n  

determining the course of root deter ioration .  Generally, more colonies were 

i solated from roots of  plants  grown at 20 and 25°C than at 10  and 1 5°C, and from 

60 and 80% WHC than at 40% WHC. 

8.3 S IGNIFICANCE OF ROOT-INVADING FUNG I IN PASTORAL 

AGRICULTURE 

There was considerable evidence from the present s tudy that soi lborne  

fungal pathogens can  adversely affect survival and  productivi ty of  red clover i n  the  

f ie ld .  

The f irst  effect  of fungal i nvasion on red clover plants was l ower seedl ing 

emergence (Experiments  2 ;  4 ;  5 ;  7 ) .  Seedl ing emergence in  t he  f ie ld  microplots  

containing inoculum of F.  solani o r  T.  basicola was 20-25 % lower,  and in  those 

containing �. scoparium was 83-92% l ower, than in  control  microplots  

(Experiment  7) .  The application  of prochloraz or benomyl drenches to f ie ld plots  

in  the plant  breeder's evaluat ion b lock was accompanied by 25-50% i ncreases i n  

seed l ing  emergence ( Experiment  5 ) .  Thi s  also suggested that fungi affected  

seedl ing emergence .  No attempt was  made i n  this study to test the  effects o f  .C. 
destructans, .G. roseum, and Y. dahliae on seedling establ i shment, however, .G. 
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roseum has been reported to reduce eme rge nce of red clover seedl ings (K i lpatr ick 

et al . ,  1 954 ;  Fulton and Hanson, 1 960) . 

The emerged seedl i ngs faced a conti nuous struggle with  root-invading 

fungi for survival . Twe nty weeks after  s owi ng, populations of  p lants grown i n  the 

fi eld microplots had been reduced nearly 20% by T. basicola, and 7 1 %  to 1 00 %  

(dependi ng o n  inoculum level used)  by i4. scoparium. By 76 weeks, the percent 

of plants remain ing i n  microplots inoculated with T. basicola, i4. scoparium, or  

F .  solani ,  were on ly 60,  24, and 67% respectively, of those i n  the controls ,  

( Experiment 7 ) .  Plants i nfected with V.  dahl iae i n  field plots ( Experiment  6 ) ,  and 

with F. oxysporum in  microplots ( Experiment 7 ) ,  also survived less  wel l  than 

control p lants .  

Infected plants which survived i n  the microplots often produced less  dry 

matte r y ie ld than those i n  the control treatment.  Over a period of 76 weeks ,  the  

percent reduction i n  cumulative y ie ld  per  p lant  caused by the i ndiv idual fungal 

species were : i4. scoparium, 60- 1 00 ;  T. basicola, 52-55 ;  F. solan i ,  30, and F.  

oxysporum, 20 (Experiment ?) . A 42% yie ld  reduction was recorded for V. dahl iae 

i n  field plots (Experi ment 6)  8 weeks after transplanting i nto the f ie ld .  

Increases in y ie ld in  fi e ld  plots  treated with prochloraz also gave some 

i ndication  of the potential of so i lborne fungi to reduce productivity of red clover 

(Exper iment  5) .  Six weeks after app l i cation  of prochloraz drench at 3 .46 g/m\ 

shoot and root weights were 95 and 40%,  respectively, greater than i n  u ntreated 

control plots .  Forty f ive weeks after  the drench treatment, the respective weights  

were 29 and 35% h igher  than i n  control  plots .  

The root rot  complex, as  show n  i n  the  present study,  can adverse ly affect 

seedling e stabli shment,  plant surviva l ,  and productivity of red clover.  It  seems 

that the problem wi l l  continue to p lague red clover growers for some t ime because 

of the variety of fungi associated ,  and the complexi ty of in teract ions  of 

envi ronmental and b iological factors .  H owever, information  obtained in the 

present  study should aid understanding of root deteriorat ion in red clover,  and 

provide a sound methodological basis for further research . 
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APPEND I CES 

Appendix 4 - 3 - 1 . Mean numbers of colonies ( xl 03 ) per gram fresh 
roots i n  tota l , and of the ma j or fungal spec ies isolated from tap 
and lateral roots o f  red c l over plants grown in pots , as a f fected 
by soil temperatures ( A )  and moi stures ( B )  8 and 1 2  weeks a fter 
sowing . 

A .  Temperatures ( oC )  

Temp . Total Vd1 Fs Fo Tb CS Other 

Tap roots -- 8 weeks 

1 0  57 . 7 5 a 1  0 . 3 7 a 4 2 . 0 9 a 0 . 4 8 a 0 . 00 b 0 . 1 0 c 1 4 . 7 1 a 
1 5  1 3 . 3 1 a 0 . 4 2 a 1 . 6 2 b 0 . 3 4 b 3 . 9 0 a 2 . 0 9 b 4 . 9 3 b 
2 0  29 . 6 4 a 0 . 9 8 a 1 2 . 7 5 b 1 .  7 0  a 5 . 1 8 a 5 . 3 4 a 3 . 6 9 b 
2 5  2 8 . 8 7 a 2 . 07 a 1 3 . 2 5 b 2 . 8 3 a 7 . 0 1 a 2 . 1 3 b 1 . 5 8 b 

Tap roots -- 1 2  weeks 

1 0  4 6 . 5 8 be 0 . 00 b 3 5 . 7 8 b 0 . 14 b 0 . 00 b 0 . 0 0 c 1 0 . 66 a 
1 5  8 . 9 7 c 0 . 1 4 b 4 . 5 5 b 0 . 2 3 b 0 . 7 2 b 0 . 8 2 b 2 . 5 1  b 
2 0  5 9 . 0 3  ab 2 . 18 a 2 7 . 3 1 b 3 . 3 3 a 3 . 3 2 b 1 2 . 4 7 a 1 0 . 4 5 a 
2 5  8 5 . 9 0 a 1 . 99 a 57 . 8 9 a 4 . 51 a 8 . 2 2 a 2 . 0 0 b 1 1 . 2 9 a 

Lateral roots -- 8 weeks 

1 0  3 . 7 3  a 0 . 0 3 a 0 . 1 0 c 0 . 6 2 a 0 . 00 b 0 . 0 0 d 2 . 9 8 a 
1 5  1 . 56 a 0 . 0 2 a 0 . 1 1 c 0 . 3 8 a 0 . 2 6 a 0 . 0 8 c 0 . 7 1 b 
2 0  1 . 9 4 a 0 . 05 a 0 . 4 7 b 0 . 29 a 0 . 1 8 a 0 . 55 a 0 . 4 0 b 
2 5  2 . 3 6 a 0 . 06 a 1 . 0 4 a 0 . 3 6 a 0 . 3 5 a 0 . 2 3 b 0 . 3 2 b 

Lateral roots - - 1 2  weeks 

10 1 . 7 6 b 0 . 0 2 a 0 . 4 0 b 0 . 07 b 0 . 07 a 0 . 00 b 1 . 20 b 
1 5  1 . 86 b 0 . 0 3 a 0 . 1 6 b 0 . 12 b 0 . 1 1 a 0 . 1 2 b 1 . 3 2 b 
2 0  4 2 . 00 a 0 . 0 2 a 20 . 0 1 a 4 . 44 a 0 . 44 a 8 . 96 a 8 . 1 3 a 
2 5  3 3 . 9 7 a 0 . 0 1 a 2 1 . 0 8 a 2 . 6 9 a 0 . 4 7 a 1 . 8 2 b 7 . 8 9 a 
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Appendix 4 - 3 - 1  continued 

B .  Moistures ( %  WHC ) 

Mois . Total Vd Fs Fo Tb Cs Other 

Tap roots 8 weeks 

4 0  5 3 . 9 7 a 0 . 8 8 a 3 8 . 8 6 a 1 . 7 4 a 4 . 5 8 a 1 . 4 4 b 6 . 2 9 a 
6 0  17 . 7 0 a 1 .  7 5  a 5 . 4 3  b 0 . 8 1 a 1 . 1 5 a 0 . 5 3 b 8 . 0 2 a 
8 0  2 5 . 7 0 a 0 . 2 5 a 7 . 9 9 b 1 . 4 6 a 6 . 3 4 a 5 . 2 7 a 4 . 3 7 a 

Tap roots 1 2  weeks 

4 0  2 6 . 3 9 b 1 . 0 6 a 9 . 3 1 b 1 . 6 3 a 2 . 7 9 a 1 . 4 3 b 1 0 . 1 7 a 
6 0  2 0 . 79 b 2 . 0 7 a 9 . 4 2 b 1 . 3 3 a 2 . 0 5 a 0 . 9 8 b 4 . 9 4 b 
8 0  1 0 3 . 1 8 a 0 . 1 0 a 75 . 4 2 a 3 . 1 9 a 4 . 3 5 a 9 . 0 7 a 1 1 . 05 a 

Lateral roots 8 weeks 

4 0  2 . 57 a 0 . 0 6 a 0 . 80 a 0 . 7 3 a 0 . 3 5 a 0 . 1 7 a 0 . 4 6 a 
60 2 . 4 3 a 0 . 0 4 a 0 . 2 1 b 0 . 1 6 a 0 . 1 1 b 0 . 1 7 a 1 . 7 4 a 
8 0  2 . 1 9 a 0 . 0 2 a 0 . 2 8 b 0 . 3 3 a 0 . 1 3 b 0 . 3 1 a 1 .  2 2  a 

Lateral roots 12 weeks 

4 0  9 . 6 3 b 0 . 0 3 a 4 . 77 b 1 . 1 8 a 0 . 4 8 a 0 . 7 8 b 2 . 3 9 b 
6 0  6 . 4 2  b 0 . 0 2 a 3 . 8 6 b 0 . 95 a 0 . 1 4 a 0 . 5 1 b 1 . 0 2 b 
8 0  4 3 . 65 a 0 . 0 1 a 2 2 . 6 2 a 3 . 3 6 a 0 . 20 a 5 . 8 9 a 1 0 . 57 a 

1: Data for one factor were averaged over all levels of the other factor. Means f allowed by the same 
letters for each fungus at each harvest date were n ot significantly different at  5% probability level in an 
analysis of transformed values (sq.rt .) .  

1 :  Vd: V .dahliae, Fs: .E. Wruil, Fo: .E. oxysporum Tb: I. basicola, Cs: �· scoparium. 
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Appendix 4-3-2 . Mean numbers of colonies ( x1 03 ) per root i n  tota l , 
and of the ma jor fungal species isol ated from tap and l ateral roots 
of red c l over plants grown in pots as af fected by soi l temperatures 
( A )  and moistures ( B ) 8 and 1 2  weeks after sowing . 

A .  Temperatures ( oC )  
Temp . Total Vd2 Fs Fo Tb CS Other 

Tap roots 8 weeks 
1 0  0 . 7 4 bl 0 . 0 1 b 0 . 5 2 ab 0 . 0 1 b 0 . 0 0 a 0 . 0 1 c 0 . 2 1 a 
1 5  0 . 6 3 b 0 . 0 2 b 0 . 0 7 b 0 . 0 2 b 0 . 1 6 a 0 . 0 1 c 0 . 2 6 a 
2 0  2 . 51 a 0 . 1 1 ab 1 . 0 9 a 0 . 1 4 a 0 . 4 3 a 0 . 3 9 a 0 . 3 4 a 
2 5  2 . 52 a 0 . 2 1 a 1 . 1 0 a 0 . 2 3 a 0 . 6 4 a 0 . 1 9 b 0 . 1 4 a 

Tap roots 12 weeks 
1 0  1 . 7 3  b 0 . 0 0 a 1 . 1 9 b 0 . 0 1 b 0 . 0 0 a 0 . 0 0 b 0 . 5 3  b 
1 5  1 . 4 7 b 0 . 0 3 a 0 . 6 9 b 0 . 0 4 b 0 . 1 3 a 0 . 1 4 b 0 . 4 5  b 

. 2 0  1 0 . 4 1 a 0 . 4 4  a 4 . 7 0 a 0 . 6 3  a 0 . 59 a 2 . 2 5 a 1 .  7 9  a 
2 5  1 2 . 51 a 0 . 3 4 a 8 . 1 1 a 0 . 6 1  a 1 . 6 7 a 0 . 2 5 b 1 . 5 3  a 

Lateral roots 8 weeks 
1 0  0 . 1 5 c 0 . 0 1 a 0 . 0 1 c 0 . 0 4 b 0 . 0 0 b 0 . 0 0 b 0 . 1 1 a 
1 5  0 . 3 9 b 0 . 0 1 a 0 . 0 4 c 0 . 0 9 ab 0 . 0 7 ab 0 . 0 2 b 0 . 1 7 a 
2 0  0 . 7 8 a 0 . 0 3 a 0 . 1 9 b 0 . 1 3 a 0 . 0 8 ab 0 . 2 0 a 0 . 1 8 a 
2 5  0 . 9 7 a 0 . 0 2 a 0 . 3 6 a 0 . 1 5 a 0 . 16 a 0 . 1 1 a 0 . 1 6 a 

Lateral roots 1 2  weeks 
1 0  0 . 3 6 b 0 . 0 1 a 0 . 0 7 b 0 . 0 1 b 0 . 0 2 a 0 . 00 c 0 . 4 6 b 
1 5  1 . 7 5 b 0 . 0 3 a 0 . 2 1 b 0 . 1 3 b 0 . 1 0 a 0 . 14 be 1 . 1 6 a 
2 0  1 1 . 3 3 a 0 . 0 2 a 5 . 7 3 a 1 . 1 7 a 0 . 1 5 a 2 . 0 2  a 2 . 2 4 a 
2 5  1 0 . 68 a 0 . 0 1 a 6 . 75 a 1 . 3 1 a 0 . 2 8 a 0 . 4 6 b 1 . 8 6 a 

B .  Moi stures ( %  WHC ) 
Mois . Total Vd Fs Fo Tb Cs Other 

Tap roots 8 weeks 
4 0  1 . 3 8 a 0 . 0 4 b 0 . 79 a 0 . 0 8 a 0 . 2 2 a 0 . 0 7 b 0 . 1 8 b 
6 0  1 . 5 3 a 0 . 2 1 a 0 . 6 4 a 0 . 1 0 a 0 . 1 5 a 0 . 0 6  b 0 . 3 6 a 
8 0  1 . 8 8 a 0 . 0 1 b 0 . 66 a 0 . 1 2 a 0 . 55 a 0 . 3 8 a 0 . 1 6 b 

Tap roots 1 2  weeks 
4 0  3 . 3 5 b 0 . 1 3 b 1 . 2 5 b 0 . 2 1 a 0 . 4 8  a 0 . 2 3 b 1 . 0 5 a 
6 0  5 . 4 3 b 0 . 4 7 a 2 . 8 3 b 0 . 3 0 a 0 . 7 2 a 0 . 2 4 b 0 . 8 8 a 
8 0  1 0 . 80 a 0 . 0 1 b 6 . 9 4 a 0 . 4 6 a 0 . 59 a 1 . 50 a 1 . 2 9 a 

Lateral roots 8 weeks 
4 0  0 . 6 6 a 0 . 0 2 a 0 . 2 4 a 0 . 1 2 a 0 . 1 1  a 0 . 06 a 0 . 1 2 a 
6 0  0 . 57 a 0 . 0 3 a 0 . 1 3 b 0 . 1 0 a 0 . 0 8 a 0 . 1 1 a 0 . 1 3 a 
8 0  0 . 4 8  a 0 . 0 1 a 0 . 08 b 0 . 07 a 0 . 0 5 a 0 . 08 a 0 . 2 1 a 

Lateral roots 1 2  weeks 
4 0  5 . 3 9 a 0 . 0 2 a 2 . 57 a 0 . 6 4 ab 0 . 2 6 a 0 . 5 0 a 1 . 4 1 a 
6 0  5 . 7 2 a 0 . 0 2 a 3 . 3 5 a 0 . 9 3 a 0 . 1 4 a 0 . 5 3 a 0 . 9 3 a 
8 0  6 . 98 a 0 . 0 1 a 3 . 66 a 0 . 4 0 b 0 . 0 2 a 0 . 9 4 a 1 . 9 5 a 

2 . See Appendix 4-3-1 for explanation . . 
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Appendix 5 - 2 - 1 . Mean percentage i nhibition of spore germination 
of seven fungal species on corn meal agar contai ning f our 
concentrati ons ( �g/ml ) of d i fferent fungicides 2 0  h a f ter 
i noculation . 

Fungic ides Concen . Tb Cd Cs Fs Fo Gr Vd 

EBI 
Fenarimo l  0 . 1  0 . 3  2 . 0  0 2 . 0  0 . 3  1 . 9  1 . 6  

1 0 . 3  2 . 7  0 3 . 7  0 . 3  1 . 7  24 . 1  
1 0  3 . 0  5 . 2  0 8 . 7 1 . 7  9 . 0  7 1 . 8  

1 0 0  7 . 0  3 4 . 8  0 1 3 . 3  0 7 2 . 5  6 7 . 8  
Flutriafol 0 . 1  2 . 8  1 . 4  0 1 . 0  1 . 0  2 . 0  0 

1 1 . 4  1 . 7  0 0 1 . 7  1 . 0  0 
1 0  1 . 4  1 . 4  0 3 . 7 0 . 7  2 . 0  56 . 4  

1 0 0  1 9 . 3  4 . 0  0 6 . 4  3 3 . 1  1 0 0 . 0  6 6 . 0  
Prochloraz 0 . 1  3 . 1  2 . 0  0 3 . 7  2 0 . 2  8 5 . 9  3 9 . 4  

1 2 . 1  4 . 3  0 7 . 0  2 0 . 7  9 7 . 0  55 . 8  
1 0  3 . 1  4 . 4  0 6 . 7  2 3 . 1  1 0 0 . 0  70 . 4  

1 0 0  3 . 8  4 . 0  2 9 . 2  5 . 4  40 . 1  1 0 0 . 0  7 2 . 5  
Propiconaz o l  0 . 1  4 . 5  2 . 7  0 1 . 7 1 . 3  1 1 . 8  1 0 . 0  

1 7 . 3  2 . 7  0 3 . 7 2 . 7  8 4 . 8  4 9 . 7  
1 0  5 . 9  5 . 0  0 8 . 7  1 3 . 9  9 3 . 3  5 2 . 2  

1 0 0  5 . 5  3 . 7  0 9 . 7  26 . 7  9 1 . 3  4 5 . 5  
Tri adimefon 0 . 1  7 . 6  2 . 7  0 1 . 0  1 . 7  6 . 4  5 . 7  

1 5 . 9  1 . 4  0 1 . 3  0 . 7  8 . 4  3 . 8  
1 0  4 . 4  3 . 4  0 2 . 6  1 . 3  5 . 8  4 . 7  

l O O  6 . 9  1 . 7  0 1 1 . 7  2 . 0  4 2 . 5  6 . 8  
Triadimenol 0 . 1  5 . 9  1 . 4  0 2 . 0  1 . 0  3 . 0  3 . 0  

1 3 . 1  0 . 7  0 3 . 7  1 . 4  3 . 7 1 0 . 8  
1 0  3 . 8  2 . 7  0 3 . 4 1 . 7  1 . 7  5 3 . 2  

1 0 0  4 . 5  1 . 3  0 1 2 . 3  1 . 7  2 2 . 4  5 2 . 0  
Other systemics 
Benomyl 0 . 1  1 . 1  2 . 0  0 4 . 4  1 . 3  5 . 2  3 . 6 

1 3 . 1  1 . 4  0 3 . 7 0 9 . 9  2 . 7  
1 0  0 . 4 2 . 4  0 3 . 7  0 8 . 7  4 . 3  

1 0 0  1 . 4  1 . 3  0 3 . 4 0 . 3  9 . 5  4 . 3  
Iprodi one 0 . 1  4 . 4  2 . 3  0 1 . 0  0 2 . 4  0 . 2  

1 2 . 1  1 . 0  0 1 . 7  0 3 . 7 0 
1 0  2 . 0  1 . 0  0 1 . 4  0 1 7 . 1  7 1 . 2  

1 0 0  1 . 4  0 . 7  0 1 . 0  0 2 4 . 7  3 2 . 7  
Metalaxyl 0 . 1  0 0 . 7  0 2 . 0  0 . 3  4 . 3  1 . 1  

1 0 1 . 0  0 1 . 7  0 1 . 7  2 . 2  
1 0  0 . 7  2 . 0  0 2 . 0  0 . 7  4 . 2  1 . 1  

1 0 0  1 . 1  1 . 0  0 2 . 4  0 2 . 5  8 . 4  
Protectants 
Captafol 0 . 1  1 . 3  7 6 . 6  0 1 6 . 0  4 8 . 2  8 0 . 8  2 5 . 7  

1 1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  9 3 . 1  
1 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  

1 0 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 00 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  
Thiram 0 . 1  2 7 . 3  1 . 3  0 1 . 0  0 4 . 1  3 . 2  

1 50 . 0  3 . 0 0 1 6 . 0  3 9 . 4  1 0 0 . 0  4 . 3  
1 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 00 . 0  

1 0 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  



2 0 4  

Appendix 5 - 2 - 2 . Mean germination percentage of red c l over 7 days 
a fter sow i ng 1 0  seeds in each petri di sh1 on f i lter papers soaked 
with four concentrati ons of d i fferent fungicides . 

Fungicides 

Control 8 3 . 3  9 0 . 0  

EBI 

Fenarimol 96 . 7  9 3 . 3  
F lutriafol 76 . 7  8 6 . 7  
Prochloraz 93 . 3  9 0 . 0  
Propiconaz o l  8 0 . 0  8 0 . 0  
Triadimefon 96 . 7  9 0 . 0  
Triadimenol 90 . 0  8 6 . 7  

Other systemics 

Benomyl 86 . 7  9 0 . 0  
Iprodione 90 . 0  9 3 . 3  
Metal axyl 90 . 0  9 3 . 3  

Protecants 

Captafol 86 . 7  9 3 . 3  
Thiram 80 . 0  1 0 0 . 0  

8 3 . 3  9 0 . 0  

9 3 . 3  9 3 . 3  
8 0 . 0  9 0 . 0  
9 6 . 7  9 3 . 3  
7 6 . 7  8 6 . 7  
8 3 . 3  9 3 . 3  
8 6 . 7  8 6 . 7  

8 6 . 7  9 0 . 0  
8 3 . 3  9 0 . 0  
9 3 . 3  9 3 . 3  

7 6 . 7  8 3 . 3  
8 3 . 3  9 0 . 0  

1 0 0  IJ.g/ml 
2 5°C 1 5°C 

8 3 . 3  9 0 . 0  

8 6 . 7  8 6 . 7  
8 3 . 3  7 3 . 3 * 
8 6 . 7  8 0 . 0  
50 . 0 * 8 6 . 7  
4 3 . 3 * 9 0 . 0  
7 3 . 3  8 3 . 3  

8 6 . 7  9 0 . 0  
7 6 . 6  9 3 . 3  
70 . 0  9 0 . 0  

90 . 0  8 6 . 7  
9 3 . 3  9 0 . 0  

1 
The petri dishes were incubated in the dark at 15 or 25•c. 

1 0 0 0  IJ.g/ml 
2 5°C 1 5°C 

8 3 . 3  9 0 . 0  

8 0 . 8  8 3 . 3  
7 3 . 3  6 6 . 7 * 2  
6 3 . 3  8 6 . 7  
8 0 . 0  8 0 . 0  
5 0 . 0 * 6 3 . 3 * 
7 6 . 7  8 3 . 3  

9 0 . 0  9 0 . 0  
8 3 . 3  8 3 . 3  
5 3 . 3 * 7 3 . 3  

8 0 . 8  9 3 . 3  
1 0 0 . 0  8 6 . 7  

2• The symbol * indicated that means were significan tly different from control at  5% probability level in an 
analysis of transformed values (arscine). 
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Appendix 6 - 2 - 1 . Mean daily s o i l  t emperatures at 1 0  and 2 0  cm depth , 
and rainfa l l  over f ive periods between harvests and o f  3 0  year 
average . 

Weeks after Soi l temperatures ( oC )  Rainfa l l  
planting Date 1 0  cm 2 0  cm ( mm )  

o--8 Currently 1 8 . 1  1 9 . 5  2 . 3  
3 0  years 1 8 . 0  1 8 . 8  2 . 4  

9--16 Currently 1 4 . 8  16 . 0  3 . 4  
3 0  years 1 5 . 9  17 . 0  2 . 3  

1 7-- 3 9  Currently 9 . 3  1 0 . 3  2 . 0  
3 0  years 8 . 7  10 . 4  2 . 8  

40--49  Currently 1 3 . 6  14 . 4  2 . 3  
3 0  years 1 3 . 2  1 3 . 8  2 . 5  

5 0--62 Currently 1 7 . 6  1 8 . 8  2 . 8  
3 0  years 1 7 . 8  1 8 . 6  2 . 6  
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