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E k olog ick á  ú loha m yk orh izn i sym b iózy  a původ su ch ozem sk ých  rostlin  fí

M ilan G ryndler

P hosphorus p lay s  essen tia l role in regulation  anil physio logy o f  recent endom ycorrh izas ind icating  possib le  
evo lu tionary  m echan ism , invo lved  in o rig in  o f  sym biosis, based  on im proved  phosphorus supply  o f  first land  |
p lants. A n evo lu tionary  scenario  o f  the o rig in  o f  the endom ycorrhizal sym biosis  (G lom ales, Z ygom ycetes) is 
constructed . P hosphorus w as availab le  in coastal anox ious sed im ents o f  D evonian  and  Silurian  w ater reservoirs.
T hen the p lan ts  rad ia ting  to  land lacked an effective  m echanism  for phospho rus accum ulation  in the ox idative  
env ironm ent. The cooperation  betw een p lants and  fungal m icroorgan ism s w ould  have resolved  th is  problem .
P artners  then  d eveloped  regu lato ry  m echan ism s balancing  the nu tritional re la tionsh ip  betw een  them  and  fo rm ed  
the in tegra ting  struc tu res (a rbuscu les), responsib le  fo r m ass and  s ignals  in terchange.

F osfo r hraje dů ležitou  úlohu v regu lačn ích  vazbách a ve fyzio logii recen tn ich  m ykorh iz, čím ž je  naznačena 5
i m ožnost ex istence evo lučn ího  m echan ism u, zúčastněného  při vzniku sym biózy , jen ž  byl založen  na z lepšené 
výživě p rvn ích  su chozem ských  rostlin  fosforem . Byl pro to  form ulován evoluční scénář vzniku endom ykorh izn í 
sym biózy  (G lom ales, Z ygom ycetes). V bezkyslíka tých  pobřežn ích  sed im entech  devonských  a s ilu rských  vod byl 
dosta tek  p ro  rostliny  d o stupného  fosfon i. P ro to  rostliny , které p ron ika ly  na souš, postrádaly  efektivní 
m echan ism us, k terým  by m ohly  akum ulovat fo sfo r v ox idativníin  p rostředí. T en to  p roblém  m ohl být řešen  
kooperací rostlin  s houbovým i m ikroorgan ism y. Partneři pak  rozvinuli regu lačn í m echan ism us, který vyvažoval 
je jich  výživu a vytvořili in tegru jíc í struk tu ry  (arbusku ly), zabezpečující vým ěnu hm oty  a signálů  m ezi nim i.

I .  I n t r o d u c t i o n

A rbuscu lar m ycorrh izal sym b iosis is form ed in root tissues o f  m any plan t taxa. K now n 

arbuscu lar m ycorrh izal fungi are m em bers o f  the heterogen ic  o rder, G lom ales  (M orton  and 

B enny 1990). T he im m ense phy logenetical age o f this m ysterious g roup  and its occurrence 

in fossilized  p reh isto rical p lan t root tissues (com piled  by P irozynsk i and D alpe 1989) o ffer 

the exp lana tion  o f  the land p lan ts orig in  as a result o f  sym biosis betw een  plan t and fungus 

(P irozynsk i and  M alloch  1975, P irozynsk i 1981).

T he vascu lariza tion  o f  p lan t o rgan ism  w as probably  one o f the m ajor adap tive  factors 

enab ling  their rad ia tion  on to  dry  land. T he first vascu lar p lan ts appeared  in the fossil record  ^

in late S ilu rian  (O brhel 1962). P irozynski and M alloch (1975) in terpre t the phy logenetica l 

age o f  the first vascu lar land p lants to be approx. 400 m illions years. T hey  assum ed  that 

these p lan ts w ere p robab ly  liv ing  in sym biosis w ith fungi. W e could  specu la te  about 

w hether sym b iosis  w as the m ost im portant factor enabling  the developm ent o f  the land 

p lan ts o r the o rig in  w as ’’fungus in d ep en d en t”  and only  facilita ted  by sym biosis. A nother 

essential question  is: w hat possib le  m echanism  favoured the sym bio tic  coex is tence  o f  both  

o rgan ism s during  the ir transfo rm ation  to  dry land inhabitants. T h is w ill be the topic o f  this 

article.

    —
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I I .  S c e n a r i o
M orton  (1990) p resum es: ” VA  m ycorrh izal sym biosis  arose  from  con tact betw een  host and  fungus  that w as 

not m aladap tive  to  either. C lonal reproduction  in bo th  partners  insured  fa ithfu l rep lica tion  and  fixa tion  o f 
favorab le  gene com bina tions. . . . G enetic  change in c lonal geno types  are d irec ted  by  selec tion  p ressu res 
op tim iz ing  fitness o f  bo th  pa rtne rs , an d  th is  is expressed  in m ycorrh izal p h en o ty p es .”  I shou ld  like to deal w ith 
th is  idea from  the eco log ica l po in t o f  view . T he o rig in  o f  the  endom ycorrh iza l sym biosis  o f  p lan ts  w ith  
g lom alean  fung i shou ld  be exp la inab le  as  an  ecological adap tation  o f  b o th  o rgan ism s to  the  ch an g es  o f  
env ironm en ta l param eters  du ring  expansion  to dry land.

In the la test S ilu rian , an  ox ida tive  atm osphere  w as the m ost universal env ironm ent. Iron , m anganese  and 

som e o ther e lem ents w ere  co nverted  in to  the ir " m o d e m ”  ox id ized  form s (F e3 t). The a tm osphere  con ta in ed  h igh, 
slow ly  increasing  concen tra tion  o f  oxygen  titilizable by  liv ing  o rgan ism s (C loud and  G ibor 1970). R elatively  
advanced  p lan ts  lived  in coasta l w aters o f  Silurian  seas. T hey  p roduced , like recen t p lan ts , o rgan ic  litter, fo rm ing  
a s tou t layer o f  a nox ious sed im ent.

The p lan ts , becom ing  vascu larized , rad ia ted  to the land. P rog ression  on  land  w as re ta rded  by lack  o f 
adap tations to env ironm ent, e. g. by unsuffic ien t ab ility  to abso rb  som e nu trien ts  in the fo rm  o f  ox id ized  
m inerals. A  typical exam ple  o f  such  nu trien t is phosphorus. T he sed im en ts, fo rm ed  in ox ida tive  aquatic  
ecosystem s, act as phosphorus  trap  due to the sed im enta tion  o f  particu la te , dead  o rgan ic  m atte r w hich  is 

! m inera lized  in the sed im en t and  to the p rec ip ita tion  o f  m etallic  phosphates. In anaerob ic  o rgan ic  detritus-
con ta in ing  sed im en ts, phosphates  arc reduced , releasing  so lub le  o rthophosphate  (F enchel and  B lackburn  1979, 

i P ierrou 1976), availab le  to  p lan ts . T hen p lan ts , g row ing in anox ious sw am p  layer, d id  not need  to d evelop  (or
j lost ?) adap tations enab ling  abso rp tion  o f  poorly  so lub le  phosphate  w hat w as a serious barrie r to  expansion  to

te rrestrica l areas.
That p rob lem  cou ld  have been reso lved  by cooperation  o f  p lan ts  w ith  aerob ic  o rgan ism s o f  upper, aerob ic  

layer o f  w ater reservo irs . Phosphate  w as p resen t there  in very low  concen tra tion  and  then  these  o rgan ism s had  to 
have e ffec tive  absorp tion  m echanism . T hese o rgan ism s w ere p robab ly  coenocy tic , m icroscop ica l au to trophs. On 
becom ing  to  sym bio tic  they  had  lost the pho tosyn the tic  apparam s and  adap ted  the ir energy m etabo lism  to  u tilize  
com pounds p roduced  by p lants.

T he  h y po the tical cooperation  o f the first land p lan ts  taxa w ith  possib le  sym bio tic  m icroo rgan ism s w ou ld  have 
resu lted  in the state, in w hich  phosphate  w as absorbed  in su ffic ien t am ount by the m icroorgan ism  and transpo rted  
and  d istribu ted  in  the  p lan ts  w ith  vascu la r system .

B oth  partners  then  d eveloped  adap tations, supporting  the to tal b iom ass p roduction  and  p lan t rh izom es 
receptiv ity  (b iochem ical adap tations  to  in fection) including the life-cycle  con tro l m echan ism  o f fungal sym bion t 
ancesto r (necessary  fo r succsessfu l regu la tion  o f developm ent o f fungal partner in sym biosis). Such state o f 
coex istence  rep resen ted  serious  success in expansion  ability  o f  bo th  p artners, w hen  com pared  w ith the ir in itial 
features. T hese changes resu lted , being  conserved , in to  the developm ent o f m odem  endom ycorrh iza l sym biosis  
o f  a rbuscu la r type.

I I I .  T h e  c o i n c i d e n c e  o f  t h e  p o s t u l a t e d  a s s u m p t i o n s  

w i t h  t h e  r e c e n t  k n o w l e d g e

T he coenocy tic  sym b ion ts are w idespread  in vascu lar p lan ts (N ew m ann  and R eddell 

Š 1987). It supports the idea o f  endom ycorrh izal sym b iosis o f  a rbuscu la r type  as a com m on

and  ancien t phenom ena. B ecause fungi fo rm ing  o ther k inds o f  en dom ycorrh izas  and 

ec tom yco rrh izas (e. g. ascom ycetes and basid iom ycetes) appeared  later than coenocy tic  

endosym bion ts cu rren tly  c lassified  in Z ygom ycetes  (deduced  from  C avalicr-S m ith  1986 

and P irozynsk i 1981), they  w ill not be considered  further.

|  T he fo rm ula tion  o f  above m en tioned  scenario  w as insp irated  by tw o re levan t facts: (i)

p hosphate  availab ility  strong ly  depends on the absence  o f  oxygen  in the en v ironm en t 

(P ierrou  1976, S tum m  1973), and (ii) phosphorus m etabo lism  p lays a key regu la to ry  ro le 

in m odem  arbuscu lar m ycorrh izas (E lias and Safir 1987, G ian inazzi-P earson  et al. 1989).

T he p resum ption  o f  effec tive  phosphate  absorp tion , m ediated  by the presence  o f  sym bio tic
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m icroorgan ism s is suppo rted  by in teractions observed  in recent arbuscu lar m ycorrh izal 

sym biosis. M ycorrh izal fungi enhance abso rp tion  o f less so lub le  form s o f  phosphorus 

(M urdoch , Jackobs and  G erdem ann 1967) and im prove exp lo ita tion  o f  availab le  

phosphorus in soil (G ian inazzi-P carson  et al. 1981).

T he fungus ancesto r is postu la ted  to have been adap ted  to  aerob ic  environm ent. R ecent 

arbuscu la r m ycorrh izal fungi also  arc aerobes, sensitive  to  decreased  oxygen  |

concen tra tions in soil (S a if 1981, 1983). Spore germ ination  is strong ly  depressed  at low 

oxygen  concen tra tion , o r at e leva ted  levels o f  carbon d iox ide w hich is a com m on p roduct 

o f anaerob ic  b iochem ical p rocesses (L eT acon , Sk inner and M osse 1983). In norm ally  

aera ted  soil, the anaerob iosis  occurs only  in very lim ited  area o f  roo t tip  and  elongation  

zone (F ischer, F lessa and  S challer 1989). The anaerob iosis is p resum ed to occur 

particu larly  in flooded, unacratcd  so ils. U nder such cond itions, the popu la tion  o f  infective 

p ropagu les o f  a rbuscu la r fungi is generally  depressed  (Ilaq et. al. 1987). A nalogous resu lts 

w ere ob ta ined  by L odge (1989), w ith  ectendom ycorrh izal p lants. T hese observations 

support p resum ption  o f  non-m ycorrh iza l sta tus o f  w ater inhab iting  p lants, includ ing  land g

plan t ancestors.

T he m ycorrh izal in fection  p rocess in the root is non-destructive , cu lm inating  in the final 

e lim ination  o f  fungal s truc tu res (arbuscu les) from  host p lan t cells (T oth  and M iller 1984).

It suggest that the p lan t can  rccogn ize  the fungal partner and that it is ab le  to  regu late  the 

p rocess o f  in fec tion  (K oide and  Li 1990). T he fungal partner is stric tly  dependen t on  the 

host. A ttem pts to  cu ltiva te  arbuscu lar m ycorrhizal fungi axen ica lly  w ere generally  

unsuccessfu l even  though  the fungi p robab ly  possess active com ponen ts o f  energetical 

m etabo lism  (M acdonald  and  L ew is 1978, B eilby  and K idby 1982).

IV . P o s s i b l e  c e l l  c y c l e  r e g u l a t o r y  m e c h a n i s m  

i n  g l o m a l e a n  f u n g i

A ccord ing  to the scenario , the expand ing  com m unities o f  land p lan ts u tilized  phosphate  

affo rded  by the co -expand ing  sym b io tic  m icroorgan ism s, ancesto rs o f  arbuscu lar fungi. W e 

could  p resum e th ree  paralle l p rocesses evo lv ing  u nder se lec tion  p ressu re  o f  new ly 

co lon ized  ecosystem : (i) both  partners in sym biosis developed  the anatom ical in teg ra tion  

structu res (responsib le  for phosphate  flux into p lant organ ism ). T hat fact p robably  enab led  

also  (ii) the deve lopm en t o f  m echanism  for effic ien t exchange o f  carbon- and energy-rich  

com pounds betw een  p lan t and  fungus. T he th ird  p rocess is the m ost im portan t for the 

understand ing  o f  re la tionsh ip s betw een  both  sym bionts: (iii) the  evo lu tion  o f  regu latory  

m echan ism s in sym biosis.

In v itro , the m ycelium  o f  recent VA m ycorrhizal fungi in the p resym bio tic  state 

(= germ  tubes w ith o u t con tac t w ith  liv ing  root) does no t show  nuclear d iv ision  and  D N A
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I  ......

G r y n d l e r : T h e  e c o l o g ic a l  r o l e  o f  m y c o r r h iz a l  s y m b io s is



syn thesis (B u rgg raaf and  B eringer 1989). The inh ib ited  cell cycle is p robab le  exp lana tion , 

o rgan ism  ” is w a itin g ”  for a p lan t signal. W e can in terpre t it to be the result o f  the 

regu la to ry  m echan ism  function , p reven ting  the sap ro troph ic  g row th  o f  the fungus in the 

absence  o f  plant. T he ecolog ical and evo lu tionary  im portance  o f  th is is ev ident. 

M icroorgan ism , regu larly  supp lied  w ith carbon  and energy  via specia lized  o rgans in host 

tissue, cannot successfu lly  com pete  w ith sap ro troph ic  m icroorgan ism s in the soil: the 

regu la to ry  m echan ism  defect causes the im m ediate  e lim ination  o f  d efec tive  ind iv idual. W e 

p resum e that such an im portant regulatory  m echanism  w ould  be h igh ly  conserved .

V. R u s t  f u n g i  - a n  a n a l o g y  i n  c c l l  c y c l e  r e g u l a t o r y

m e c h a n i s m ?

It fo llow s tha t the sap ro troph ic  grow th o f  the g lom alean  fungus could  be observed  only 

! w hen  com petition  for energy  and  carbon  is e lim inated  for su ffic ien t tim e (to cum ulate  cell

cycle  regu la to ry  m echan ism  defective ind iv iduals). In the case o f  m ycorrh izal fungi o f 

arbuscu lar type no in fo rm ation  w as accum ulated  in this field  (V ery  rarely  is reported  the 

axenic cu ltiva tion  o f  a rbuscu la r m ycorrhizal fungus - B arrett 1947, Janardhanan , G upta 

and H usain  1990 - but such resu lts are no t reproducib le). B ut there are very in teresting  

reports about axen ic  cu ltu res o f  o ther ob liga te  b io trophs, the rust fungi ( U red ina les). In 

general, it is not possib le  to  m ain tain  the m ycelium  o f  rust fungi in serial cu ltu re . But w hen 

m assive inocu lum  o f u red iospores o f  P uccin ia  g ra m in is  w as incubated  on a proper 

m edium , the g row th  o f  several fungal co lon ics w as observed  after a long period  o f 

incubation  (M aclean  1982). T he m ycelium  in these co lon ies w as subcu ltu rab le , un inuclear 

(in con trast to  the norm al, d icaryotic  cond ition ) and p robably  genetically  d is tinc t from  the 

parent fungus. W e could  presum e the ex istence o f  som e defect in the m echanism  o f cell 

cycle  regulation .

T he m echan ism s o f  cell cycle  regu lation  in eucaryo tes consist o f  period ical ac tiva tion  o f 

expression  o f  d ifferen t regulatory  genes responsib le  for D NA  syn thesis  and o ther p rocesses 

connectcd  w ith cell p ro lifera tion  (Johnston 1990). The m echan ism s o f  ac tiva tion  of 

regulatory  genes in m ycorrh izal fungi o f arbuscu lar type is not yet know n. T hese  fungi, 

a lthough  being  phy logenetica lly  o lder and probably  better adap ted  to b io trophy  than the 

rust fungi, cou ld  dem onstra te  in axenic cond itions som e sim ilarity  to sap ro troph ic  form  o f 

rust fungi. T here  is the opportun ity  to destroy  p resum ed cell cyclc  regu la to ry  genes using 

m utagenesis in the env ironm ent lack ing  pressure o f  com petition  for the energy  and carbon 

w ith any o ther partner. It w ould  allow  us not only to m aintain  arbuscu lar fungi in axenic 

cu ltu re , but also  p resent a m ore com plex view  o f  sym biosis , invo lv ing  regu latory  

m cchan ism  o f  m ycorrh izal sym biosis o f arbuscu lar type.
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V I .  C o n c l u s i o n  

In th is artic le  a specu la tive  scenario  o f  the evolu tion  o f arbuscu lar m ycorrhizal 
sym b iosis w as constructed  on the basis o f  facts derived  from  stud ies o f recent arbuscu lar 
m ycorrhiza. It aim s to  explain  the influence o f inv-ironmental factors in the orig in  and 
stab ility  o f  sym biosis. T he cooperation  betw een plants, lack ing  su ffic ien tly  effective 
phosphate  ab so rp tion  m echan ism  (radiating  from  phosphorus rich anoxic w ater ecosystem s 
to land) and  m icroorgan ism s inhab iting  ox idative  env ironm ent m ay have so lved  the 
p rob lem  o f  lim ited  p lan t phosphorus supply  in new  oxidative  conditions. T he regu la to ry  
m echan ism , balanc ing  the re la tionsh ip  betw een  the tw o partners probably  p lays an I

essential ro le  in the phytogenetica l stab ility  there. It m ay also explain  the uncu ltu rab ility  o f  I
a rbuscu la r fungi under axen ic  conditions.
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