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Infectivity and effectiveness of Glomus intraradices 
on micropropagated plants 

Abstract Colonization by Glomus intraradices takes 
place very early within the root system of micropropa- 
gated plantlets of strawberry (var, avanta, elsanta), 
raspberry (var. himboqueen, Zeva I), and hortensia 
(var. leuchtfeuer). The arbuscular mycorrhizal fungus 
(AMF) did not colonize roots of the different hosts to 
the same extent, and considerable differences were ob- 
served between the varieties. The results reported here 
confirm that endomycorrhizal root colonization is af- 
fected by the host-fungus combination. The effects 
ranged from mutualistic (hortensia), through neutral 
(strawberry var. avanta, raspberry var. Zeva I) to nega- 
tive (raspberry var. himboqueen and strawberry var. el- 
santa). Non-mycorrhized (control) plants of strawberry 
produced more runners than mycorrhized plants under 
controlled growth conditions (phytotron). Transfer of 
the potted plants to the field resulted in drastic altera- 
tions in overall growth and development within 4 
weeks. Mycorrhized plants became healthy, and my- 
corrhized strawberry plants produced many stout run- 
ners. The number of the runners and their biomass 
were almost the same (var. avanta) and treated plants 
produced even more runners than the controls (var. el- 
santa). The authors have demonstrated the need to de- 
termine the specific effects of each species of AMF on 
individual prospective host plants prior to their utiliza- 
tion in the micropagation of plantlets. 
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Introduction 

Mycorrhizas are mutualistic associations occurring be- 
tween most plant species and several groups of fungi. It 
has been postulated by several workers that the earlier 
the arbuscular mycorrhizal fungi (AMF) develop, the 
sooner the host micropropagated plants benefit from 
the symbiosis (Branzanti et al. 1992; Fortuna et al. 1992; 
Gianinazzi et al. 1990; Ravolanirina et al. 1989). AMF 
penetrate the living cells of plant roots without harming 
them, and their hyphae at the same time range far into 
the bulk soil (Sieverding 1991; Varma 1994), estab- 
lishing equally intimate contacts with microbiota of soil 
aggregates and microsites. Thus, these fungi link plants 
with the soil and its biota. Micropropagation is an ex- 
cellent tool for the production of homogeneous, geneti- 
cally improved orchard and ornamental crops. Howev- 
er, this technique completely eliminates or at least dras- 
tically reduces the population of beneficial organisms 
present in the soil (Lovato et al. 1994), e.g. symbiotic 
endomycorrhizal fungi and plant growth-promoting rhi- 
zobacteria. The fungus may heavily colonize the roots 
without a proportional promotion of plant growth. A 
high level of infection may thus result in a drain of pho- 
tosynthates without a compensatory improvement in 
the mineral nutrition of the host plant (Clapperton and 
Read 1992; Koide 1985; Lovato et al. 1992). Conse- 
quently, arbuscular mycorrhizas may influence the flow 
rate and the composition of root exudates, and a sub- 
stantial proportion of root-derived organic C in the soil 
will be located in the mycorrhizal network (Bethlenfal- 
vay 1992). A high level of root colonization is in princi- 
ple desirable, since it means that sites for the entrance 
of microorganisms into the roots are already occupied; 
this is the basis of potential resistance to pathogenic mi- 
croorganisms (Gianinazzi et al. 1990). 

The effectiveness of AMF on m!cropropagated 
plants has been studied previously (Gianinazzi et al. 
1986; Morandi et al. 1979; Pons et al. 1983; Ravolaniri- 
na et al. 1989). To the authors' knowledge, no one has 
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eve r  t e s t ed  the  effect  of  ea r ly  m y c o r r h i z a t i o n  of  mic ro -  
p r o p a g a t e d  p lan t s  in po t s  u n d e r  con t ro l l ed  g rowth  con-  
d i t ions  ( p h y t o t r o n )  and  a f te r  the i r  s u b s e q u e n t  t r ans fe r  
to the  f ield.  H e r e  we r e p o r t  the  in f luence  of  ea r ly  my- 
c o r r h i z a t i o n  on  m i c r o p r o p a g a t e d  p l an t l e t s  o f  smal l  
fruits ,  ( s t r awber ry ,  r a s p b e r r y  and  the  o r n a m e n t a l  p l an t  
h o r t e n s i a )  in the  p h y t o t r o n  and  in a f ie ld  s i tua t ion .  T h e  
pos i t ive  ro le  o f  m y c o r r h i z a l  fungi  in su s t a inab l e  hor t i -  
cu l tu re  is d iscussed.  

Materials and methods 

Host plantlets 

Micropropagated plantlets of raspberry (var. himboqueen), 
strawberry (var. avanta, early maturing, and elsanta, late matur- 
ing), and hortensia (var. leuchtfeuer) were obtained from Pro- 
plant AG, Mikrovermehrung, Neukirch-Egnach, Switzerland, and 
plantlets of raspberry (var. Zeva I ) from Biotechnology Labora- 
tory, Swiss Federal Research Station, W~idenswil, Switzerland. 
Raspberry and strawberry plantlets were obtained on agar root- 
ing medium while hortensia plantlets were obtained 2 days after 
transfer onto the substratum (turf). 

Turf (growth substrate) 

Gamma-irradiated (Co 6~ 10.5 kGy) turf substratum (Brill Erde, 
Torfwerke Brill, Georgsdorf, FRG) was used for the pot experi- 
ments. The nutrient contents were: (M3/g): N, 210; PzOs, 240; 
K20, 270; CaCO~, 7000; pH 5.5. 

Natural microflora were rejuvenated by sprinkling unsterile 
tap water onto the sterile turf substratum and incubating it spread 
on plastic trays in the greenhouse for 72 h. The intention was to 
cultivate a diverse microflora in the substrate in order to avoid a 
microbial vacuum and to minimize microbial imbalance (Allen et 
al. 1993). Soil free of AMF was mixed with experimental soil to 
provide homogeneous rhizospheric microorganisms. 

Inoculum 

The crude AMF inoculum consisted of inoculated expanded clay 
obtained from maize (Zea mays L.) pot cultures and inoculated 
with Glomus intraradices Schenck and Smith in a greenhouse for 
3-4 months. Roots were cut into segments of 2 cm length and 
then mixed with sand and expanded clay containing spores and 
hyphae. Mycorrhizal treatments consisted of 20 g inoculum per 
200 g turf substratum (each inoculum dose contained hundreds of 
spores, a substantial amount of infected root fragments plus an 
unknown amount of external hyphae) mixed uniformly with soil 
substratum. Control treatments received an equal amount of au- 
toclaved inoculum to provide similar physical and chemical condi- 
tions in all experiments but excluding indigenous AMF. 

Growth conditions 

Acclimatization of strawberry and raspberry plantlets was done 
by washing the rootlets with sterile deionized water to remove 
rooting nutrient agar medium and then potting on to growth sub- 
stratum in washed (2% sodium hypochlorite for 20 min) rectan- 
gular plastic trays (300 ml). For the first 5 days, plantlets were 
grown in a greenhouse with day-night temperatures ranging from 

16-21 ~ C. Day length was extended to 16 h by cool white fluores- 
cent lamps at 2000 lx. Plantlets were watered (deionized water) 
on alternate days. For the first 5 days, the trays were covered with 
glass to maintain adequate humidity (see flow diagram in Fig. 
1). 

In one set of strawberries (128), the roots were allowed to 
grow for 5 days in sterile substratum without AMF inoculum. The 
roots were then shortened to 1 cm, and the plants replanted into 
the respective acclimatization trays described above with active 
AMF inoculum. Plantlets after acclimatization (2 weeks) were 
transplanted individually into sterile clay pots (one plant per pot 
containing 250 g of turf) and allowed to grow in a phytotron (day 
20.5 ~ C, night 16 ~ C; light 16 h/day, 320 p~E/m; s-~; 65-70% rela- 
tive humidity). Each pot was watered uniformly with deionized 
water (40 ml per day) by means of a Tropf Blumat device (Wein- 
inger KG, Austria). Pot plants were fertilized every 15 days with a 
100-fold diluted Hewitt nutrient solution without phosphate (He- 
witt 1966). After 12 weeks, the potted plants (except hortensia 
and Zeva I) were planted into the field. The field soils were 
"Braunerde", rich in silts and scattered small stones, pH 5.8-6.0. 

Step 1 (4-6 weeks) 

Young plantlets 

Nutrient medium 

Step 2 (5 days) 

Washed with deionized water 

Glass plate 

L~:. ~ ~ (~ ~ ~ ~ (~ ,~ |  Tape water pre-incubated 
........ ~(z:~. ~,~... ,'~.~. turf (72 h/20 ~ 

:~1"~-- Tap water preqncubated 
turf (72 h/20~ 

Step 3 (2-3 weeks) 

Step 4 

~ l ~ / ~ f ~  ( ~ / ~  Tape water pre-incubated 
y y  N~  "{Y / t u r f  (72 h/20~ 

~ ; ~ ' ~ ; ~ < ; ~  AMF act,re/sterile 
~,,:; ::.:~ :~- l& :~.'! ~'.F~.:~g! ~:.:~-:~ (~.t~':-:'. ~! :~ :~ ~ ~! (! :~- ~-:ffl  ~ ~=-~! ~ n e , ~ - u  u m  

Tap water pre-incubated 
turf (72 h/20 ~ 

Fig. 1 Flow diagram showing the acclimatization of plantlets re- 
generated from tissue culture. Well-washed plantlets were trans- 
ferred to sterile trays and allowed to grow in the greenhouse. Af- 
ter 5 days the glass sheet was removed in several steps to maintain 
adequate moisture and prevent sudden exposure to direct nonfil- 
tered light. After transplanting to clay pots, the plants were cul- 
tured in the phytotron 



Table 1 The effect of AMF inoculation (Glomus intraradices) on 
host plant height (cm, mean+SD). The pot experiments were 
conducted in the phytotron. Plant height for strawberries was 
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measured as the length of the longest leaf, and for raspberries as 
shoot apex 

Strawberry Raspberry Hortensia (n=41) 

Avanta (n=61) Elsanta (n=63) Himboqueen (n=62) Zeva I (n=39) 

6 weeks 10 weeks 6 weeks 10 weeks 6 weeks 10 weeks 4 weeks 8 weeks 6 weeks 10 weeks 

Control(sterile) 9.1+1.0 11.9+1.8" 9.8+0.5* 12.0+1.6" 19.1+2.0" 44.0-+5.7* 11.4+1.4" 28.0+2.8 10.1-+2.0 14.1-+1.4" 
Active inoculum 8.2+0.8 10.5+2.5" 8.1+0.67" 9.6+4.0* 13.6+1.5" 34.0-+7.7* 12.8-+1.2" 27.2+3.1 13.8-+1.9 21.9-+1.5" 

* Significant difference between the treatments at each harvest time, P = 0.05; n number of plants 

Assessment of AMF colonization 

A portion of the rootlets was harvested and stained with 0.01% 
trypan blue in lactic acid (modified from Phillips and Hayman 
1970). Infected root pieces selected under the dissecting micro- 
scope (Wild Photo Makroskop, M-400, Heerbrugg, Leitz) were 
mounted on a slide and the morphology was examined using a 
Leitz Diaplan microscope. AMF colonization (as percent total 
root length) was determined by the gridline intersect method 
(Ambler and Young 1977) by observing about 200 root intersec- 
tions to reduce the error to below 3 perent (Giovannetti and 
Mosse 1980). Samples in which root colonization was difficult to 
quantify due to inadequate staining were treated with 0.05% try- 
pan blue and mounted on a slide for more detailed observation 
using a compound microscope (Dodd and Jeffries 1986). 

Biomass estimation 

The growth of hortensia and raspberry plant heights was deter- 
mined as the height up to the apex and that of strawberry as the 
length of the leaves. Runners were counted, removed from the 
mother plants, dried at 90 ~ C for 48 h and weighed. 

Statistical treatment 

Means were analysed in pairs by applying the t-test. 

Results 

The  p ropo r t i on  of  plants  surviving accl imat izat ion was 
100%. N o  differences were  appa ren t  in the g rowth  of  
cont ro l  and inocula ted  plants  at the t ime of  t ransplant-  
ing to clay pots;  shoot  apices were  active. N o  differ- 
ences were  no t ed  be tween  s t rawberry  plantlets  with 
roots  shor t ened  to 1 cm and those  with un t r ea t ed  roots.  
The re fo re  the da ta  are p re sen ted  as the means  of  all 
plantlets  measured .  

Wherea s  s t rawberry  var. avanta  showed  no signifi- 
cant  d i f ference in the heights  of  plants  be tween  the 
t rea tments ,  a significant dif ference was r eco rded  for  
var. elsanta (Table  1). Cont ro l  plants  of  the later varie- 
ty (elsanta) a t ta ined a grea ter  length than  those  which 
received active A M F  inoculum.  Raspbe r ry  var. h imbo-  
queen  was severely r e t a rded  as a result  of  mycor rh iza-  
tion, bu t  no  such effect was obse rved  for  var. Z e v a  I, 
Ident ica l  g rowth  was observed  in the  4-week-old  hor-  
tensia in b o t h  sets, bu t  mycor rh i zed  plants  cons iderably  

i m p r o v e d  by 10 weeks.  Lea f  counts  were  not  marked ly  
different  be tween  the t r ea tmen t s  (data  not  given). Ap -  
parent ly ,  the g rowth  of  some  hosts was depressed  by  
heavy  colonizat ion pressure  (Tables  1 and 4). 

On  t ransfer  of  the po t t ed  plants  to the field, straw- 
be r ry  plants  r ecovered  cons iderably  in height,  with the 
differences r eco rded  earlier in the p h y t o t r o n  be tween  
t rea ted  plants and the controls  e l iminated within 4 
weeks  (Table 2). The  effect  on  raspber ry  var. h imbo-  
queen  was par t icular ly  marked .  A M F - i n o c u l a t e d  plants  
b e c a m e  heal thier  and grew as tall as cont ro l  plants (Ta- 
ble 2). 

R u n n e r  fo rma t ion  showed  some very  interest ing 
t rends  (Table 3). T h e y  appea red  after 5-6  weeks  (in the 
phy to t ron) ,  and the  n u m b e r  per  plant  was m u c h  higher  
for  n o n m y c o r r h i z e d  plants  (5-11 per  plant)  than  those  
which received active A M F  inocu lum (0-3 per  plant).  

Table 2 Host plant height (cm, mean + SD) after transfer of the 
potted plants (phytotron) to the field, measured after 4 weeks. 
Plant height for strawberries was measured as length of the long- 
est leaf, and for raspberries as shoot apex 

Strawberry Raspberry 

Avanta Elsanta Himboqueen 
(n =62) (n =62) (n =57) 

Control (sterile) 14.5+3.2 17.2+2.2 57.3+13.5 
Active inoculum 15.4+2.3 16.8+2.2 61.4+ 9.1 

Table 3 The effect of AMF inoculation on the total runner bio- 
mass (g dry wt) of the host strawberry plants). Assessments were 
made from the pot experimental plants (phytotron) and after 
transfer to the field. Runners were removed from the mother 
plants, counted and dried for 48 h at 90 ~ C 

Phytotron Field 

Avanta Elsanta Avanta Elsanta 
(,~ = 30) (n = 30) (n = 30) (n = 30) 
12 weeks 12 weeks 4 weeks 4 weeks 

Control (sterile) 34.3 25.3 131.0 27.9 
Active inocolum 14.8 7.9 109.1 64.8 
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Table 4 Mean (+ SD) percent AMF (Glomus intraradices) root 
colonization of host plants. Infection analysis made 6 weeks after 
inoculation, observed with trypan blue (a % arbuscule formation, 

m % hyphal infection along with vesicles, n total root segments 
counted) 

Strawberry Raspberry Hortensia (n =238) 

Avanta Elsanta Himboqueen Zeva I 
(n = 173) (n = 191) (n = 273) (n = 194) 

m a m a m a m a m a 

Control (sterile) 0 0 0 0 0 0 0 0 0 0 
Active inoculum 41.2+13.7 15.9-+11.5 96.7+44.8 28.4+33 91.9-+12.1 29.8-+27.1 52.2+18.1 22.3+14.2 81.4-+18.7 33.8+29.7 

This difference in number (data not given) and in the 
total biomass were much greater for var. avanta than 
for var. elsanta (Fig. 2; Table 3). Runner biomass 
weight and number per mother plant in phytotron con- 
ditions correlated significantly with root colonization 
by AMF. The higher the percent root colonization the 
lower the runner biomass for var. elsanta; however, the 
reverse was observed for var. avanta (Tables 3, 4). 

After transfer of the potted plants to the field, run- 
ner formation underwent interesting changes. Within 4 
weeks, there was considerable production of runners by 
each mother plant and the differences between controls 
and mycorrhized plants observed in the phytotron de- 
creased considerably (Table 3). Mycorrhized plants 
produced more runners per plant (data not given) and 
increased in total biomass (Fig. 2). Plants inoculated 
with AMF produced many larger and stouter runners 
than the controls and also showed a higher capacity for 
runner production relative to plant size. The very large 
differences in runner production observed in the phyto- 
tron between the different treatments of var. avanta 
were greatly reduced. However, mycorrhized plants of 
var. elsanta exceeded the total biomass of control (Ta- 
ble 3). Runners showed a distinct tendency to establish 
in the soil and rooting early without any sign of mycor- 
rhizal infection. With strawberries, flowers failed to ap- 
pear in the phytotron; however, on transfer to the field, 
uniform flower and fruit setting (about 40-50%, middle 
June-early July) commenced in both treatments of var. 
avanta. Plants of Zeva I and hortensia were not trans- 
ferred to the field. 

Two weeks after inoculation, G. intraradices had al- 
ready infected the roots, and many appressoria were 
clearly visible on the surface of strawberry var. elsanta, 
raspberry and hortensia roots (Fig. 3a-c). The number 
of appressoria per millimetre of root was high except in 
var. avanta (data not given). Percent mycorrhizal infec- 
tion varied from high for strawberry var. elsanta, rasp- 
berry vat. himboqueen and hortensia through moder- 
ate for raspberry var. Zeva I to relatively low for straw- 
berry var. avanta (Table 4). A progressive increase in 
mycorrhizal infection at 10 weeks was recorded for all 
the hosts (data not given). Roots of elsanta, himbo- 
queen and hortensia produced a large number of dis- 
tinctly stained vesicles (Fig. 3d), most of which trans- 

formed into spores after 10-12 weeks. More detailed 
inspection of these roots under a compound micro- 
scope revealed unstained vesicles and fungal mycelium 
containing characteristic lipid droplets inside the roots. 
Roots of strawberry var. avanta showed less develop- 
ment of intercellular hyphae and retained the ability to 
stimulate preinfection stages as well as appressorium 
formation. Appressoria frequently formed in the fur- 
rows between epidermal cells (Fig. 3b). Penetration of 
the epidermal cells occured via a narrow hypha that de- 
veloped beneath the appressorium (arrowed in Fig. 3b, 
c). This hypha regained its normal diameter within the 
cell but narrowed again before penetrating the outer 
wall of the hypodermal layer. Hyphal coils occured in 
the subepidermal cells of the hypodermis (exodermis). 
An abundance of vesicles were observed in the roots of 
raspberry and hortensia (Fig. 3d). Hyphal transforma- 
tion into vesicles was considerably delayed in the straw- 
berry varieties. In general, arbuscule formation was 
limited in all the hosts. It is important to note that roots 
of control plantlets were free of AMF hypha (Fig. 3e). 
However, their root surfaces were invariably colonized 
by other fungi, notably species of Rhizopus and Phialo- 

"phora, and occasionally Rhizoctonia. Nonmycorrhizal 
infections on the root surfaces of AMF-treated plants 
were rare and were only seen on the lower portion of 
the heavily coiled roots produced by the physical limi- 
tations to expansion and growth in the clay pots. 

Discussion 

A literature survey shows that the effect of mycorrhizal 
inoculation on the overall growth of a large number of 
micropropagated host species was either stimulatory 
(Chavez and Ferrera-Cerrato 1987) or had no effect 
(Kiernam et al. 1984) or a negative effect (Hrselova et 
al. 1988). A positive growth response to mycorrhizae in 
micropropagated strawberry has been reported by sev- 
eral authors (Holevas 1988; Vestberg 1992; Vosatka et 
al. 1992). However, in other experiments an adverse ef- 
fect of inoculation by a Glomus sp. was found, although 
an increase in runner formation by inoculated plants 
was observed (Hrselova et al. 1989). In the present 
study, a similar range of positive (hortensia), no effect 



Fig. 2a--c Runner production. 
The plants on the left received 
the active inoculum (AMF+) 
and those on the right re- 
ceived sterilized inocula 
(AMF-). The upper photo- 
graphs show the total runners 
detached from the mother 
plants whilst in the phytotron; 
the middle and lower photo- 
graphs show the total runners 
4 weeks after transfer to the 
field, a, b Elsanta; c avanta 
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(strawberry var. avanta and raspberry var. Zeva I), or 
negative effect (strawberry var. elsanta and raspberry 
var. himboqueen)  was recorded in controlled growth 
conditions (phytotron).  Several authors claimed that 
the technique of in vitro propagation, where plants are 

grown in sterile media and then transplanted into arti- 
ficial substrata lacking AMF,  strongly reduced or did 
not allow the formation of mycorrhizas. Inoculation 
with A M F  appears to be critical for the survival and 
growth of microplants (Branzanti et al. 1991, 1992). 
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Fig. 3a-e Stages of root infection by Glomus intraradices of mi- 
cropropagated plantlets after 6 weeks, a The early stages of root 
colonization (raspberry vat. himboqueen). Preinfection branching 
and development of coils in the sub-epidermal cell layers, b Ap- 
pressoria formation and penetration of epidermal and hypoder- 
real cell walls (arrows). Note intercellular hyphae, c Formation of 

a coil in the hypodermal cell layer (arrows). d Longitudinal 
squash of a root of hortensia showing development of vesicles 
and intercellular hyphae, e Longitudinal squash of roots of rasp- 
berry vat. himboqueen; no fungal colonization by AMF; stained 
with trypan blue 
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Fortuna et al. (1992) reported that control (non-my- 
corrhized) plum plants showed blocked apical growth 
just after transplanting, and shoot apices failed to re- 
sume activity ("transplant shock") during the entire ex- 
periment. Micropropagated plantlets died on transfer 
to the substratum (Caron 1989; Williams et al. 1992); 
however, these authors did not observe the reported 
blocked apical growth phenomenon in any of the host 
plantlets investigated, possibly because of initial reju- 
venation of natural microflora in growth substrata dur- 
ing acclimatization (see Allen et al. 1993). 

Most of the published results suggest that mycorrhi- 
zas enhance plant growth at low soil nutrient levels and 
that this effect is lost with higher nutrient availability 
(Schubert et al. 1992). In the present study, the fertili- 
zation levels of the substratum, the fungal inoculum 
and other growth conditions were identical for all the 
test hosts. However, carbon drain was considered to oc- 
cur as a function of Glomus species and variety of hosts 
in controlled conditions. It seems, therefore, that sub- 
stratum nutrient level is not the only critical factor for 
plant growth. A better insight into the physiological 
events in the plant during acclimatization, such as 
growth of roots and photosynthesis, will considerably 
increase the potential for AMF inoculation of micro- 
propagated plantlets (Bethlenfalvay and Linderman 
1992). A more thorough understanding of the impor- 
tance of organic carbon and rhizodeposition in the fun- 
gal network (external/internal) of treated plants in rela- 
tion to non-hyphal carbon derived from roots will re- 
quire further measurements. This is an important con- 
sideration with respect to mycorrhizal ontogeny and 
factors determining rates of turnover of fungal compo- 
nents (hyphae, arbuscules, vesicles) as a result of early 
mycorrhization in tissue culture-propagated plants. 

To our knowledge there is no record of runner num- 
ber and biomass from micropropagated strawberry 
plantlets within controlled (phytotron) conditions. 
However, in agreement with our results, Niemi and 
Vestberg (1992) and Williams et al. (1992) showed that 
mycorrhized plants produce more runners per plant in 
the field. There are several possible explanations of this 
phenomenon, such as improved nutritional status or al- 
terations in hormonal balance in the field-grown plants 
and physiological stress and/or uneven photosynthate 
distribution for runner production in the mycorrhized 
plantlets. This change may be due to alterations in cyto- 
kinin level which can affect vegetative reproduction of 
strawberry. Nitrogen is known to influence the synthe- 
sis of cytokinins (Wagner and Michael 1971), and high 
levels of nitrogen application are routinely used to en- 
hance runner production. AMF are known to increase 
the uptake of nutrients, mainly phosphorus but also ni- 
trogen (Frey and Schaepp 1993), and have been shown 
to change the level and flux of cytokinins in different 
plants (see Allen 1992). The observed stimulation of 
runner formation in the inoculated strawberries may 
thus be a phytohormone-mediated mycorrhizal effect 
on reproductive physiology. The reduction in runner 

production in mycorrhized plants compared to the con- 
trols in the phytotron may be due to physical limitation 
of space for root expansion and the maintenance of op- 
timum metabolism. 

Niemi and Vestberg (1992) have reported fewer but 
larger runners in commercially grown strawberries ino- 
culated with G. mosseae compared to controls. Con- 
trary to their observations, in our experiments G. intra- 
radices produced a large number of long and healthy 
runners on transfer to the field. Strawberry is routinely 
propagated from runners or by micropropagation, and 
from a commercial point of view such an effect of AMF 
on runner production after transfer to the field may 
provide a suitable technique for mass propagation of 
pathogen free, healthy mycorrhized plants, and assist 
strawberry farming. 

Recent results suggest that there is specialization 
among AMF in functions affecting plant nutrition 
(Bethlenfalvay and Linderman 1992). AMF species of 
the genus Gigaspora appear to favour fluxes of C com- 
pounds from plants to soil biota, resulting ultimately in 
enhanced soil aggregation, while Glornus spp. tend to 
favour plant growth through improved mineral nutri- 
tion (Espinoza-Victoria et al. 1993; Miller and Jastrow 
1992). Measurable effects of AMF on micropropagated 
plantlets, even in our short-term experiments, suggest 
that they eventually affect plant nutrition not only 
through the direct regulation of mineral uptake or ex- 
clusion but also through the modification of photosyn- 
thate utilization. The contribution of the fungi to soil 
organic matter plays a key role in rhizosphere biology 
(Bethlenfalvay 1992). Where the response is negative 
(raspberry var. himboqueen, strawberry var. elsanta), C 
lost by the host plant enters the soil, to the ultimate 
benefit of the plant-soil system as a whole (Quintero- 
Ramos et al. 1993). 

Mycorrhizal infection with G. mosseae has been re- 
ported to be similar but rather low (10-15%) in several 
cultivars of commercially grown strawberries (Niemi 
and Vestberg 1992). This observation does not agree 
with the relatively high AMF infection obtained for all 
the hosts tested by the present authors (see Table 4). In 
another experiment, Vestberg (1992) reported higher 
root colonization and sporulation in four early cultivars 
(22-42%) than late cultivars (22-34%). Contrary to this 
observation, in our experiments early var. avanta had a 
lower response to AMF than late-maturing var. elsan- 
ta. 

The intraradical component of the mycosymbiont 
may constitute up to 16% of root dry weight, and the 
mycosymbiont may consequently consume substantial 
amounts of host C (Jakobsen 1993). The use of C by 
the mycosymbiont is often compensated by increased 
photosynthesis. The lack of any compensation of this C 
drain would lead to serious growth depression (Eissen- 
stat et al. 1993; Peng et al. 1993). The higher below- 
ground C allocation in mycorrhized than in non-my- 
corrhized plant is used for growth and maintenance of 
root and mycosymbiont. Greater construction costs of 
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the lipid-rich roots and greater  root  biomass allocation 
could explain most  of the additional C use of  roots in 
s t rawberry var. elsanta and raspberry  var. h imboqueen  
and other  exper imental  plant hosts with similar chemi- 
cal and physical status. The  efficiency of C product ion 
seems to be actually slightly lower in mycorrhizal  than 
non-mycorrhizal  plants of similar status because of 
greater  C allocation to root  biomass and below-ground 
respiration, which was not compensa ted  by increased 
net assimilation. Net  t ransfer  of hexoses f rom plant to 
fungus is st imulated by rapid t ransformat ion into lipids, 
present  in hyphae,  vesicles and spores and constituting 
95-100% of the C pool  in spores ( Jakobsen and Rosen-  
dahl 1990; Jakobsen  1994; Martins 1992). Our  experi- 
ments  have demons t ra ted  that  G. intraradices modifies 
the plant nutrient  status regardless of  the soil nutrients. 
Hos t  plants to a great  extent  in turn modif ied the A M F  
effects both  in the phyto t ron  and in the field. 

Micropropagat ion  techniques have been applied to 
plants for use in revegetat ion p rogrammes  (Salamanca 
et al. 1992). It is envisaged that  A M F  act as mediators  
of nutrient exchange in the soil-plant system. In fact, 
the A M F  mycel ium acts as a key componen t  in a close 
"cause and effect interchange" of mineral  nutrients, C 
compounds ,  signals be tween the plant and rhizosphere 
populations,  and soil aggregation (Linderman 1986). 
As these authors argued, the maintenance  of an opti- 
mal  biological balance in the soil is critical for sustaina- 
bility. It  is obvious that coordinated manipulat ion of 
A M F  and sustainable microorganisms is the only way 
to restore the biological componen t  of sustainability. 
The fast growth recovery and active runner  product ion 
by mycorrhized strawberries and the accelerated shoot 
growth in mycorrhized raspberry  var. h imboqueen  on 
transfer  to field conditions are in complete  agreement  
with the system proposed  by several  authors (Azcon- 
Aguilar  et al. 1992; Barea  et al. 1993; Bethlenfalvay 
1992; Bethlenfalvay and L inderman  1992; L inderman  
1992). 

Highly mycotrophic  plants are characteristic of sta- 
ble, sustainable ecosystems and any a t tempts  to convert  
non-sustainable ecosystems to sustainable ones must  
consider the mycorrhizal  component .  As the data show, 
A M F  are an impor tant  componen t  of the soil, since 
they colonize the roots of virtually all crop plants with 
diverse effects on plant nutrition. Because of the diver- 
sity of these effects, selection mechanisms need to be  
developed before  A M F  can be used effectively to pro-  
mote  biotechnologically developed plants to the soil. 
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