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Summary. Yesicular-arbuscular mycorrhizal (YAM) fungi 
affect diverse aspects of  plant form and function. Since 
mycorrhiza-mediated changes in host-plant responses to 
root colonization by different VAM fungi vary widely, it 
is important  to assess each endophyte for each specific ef- 
fect it can elicit f rom its host as part  of  the screening pro- 
cess for effectiveness. Three species of  VAM fungi and a 
mixture of  species were compared with non-VAM con- 
trols for their effects on soil organic matter  contents and 
on nutrition and morphology in two varieties (native and 
hybrid) of  corn (Zea mays  L.) and one of  sunflower 
(Hef ianthus annuus  L.) in P-sufficient and N-deficient 
soil in pot  cultures. Differences in soil organic matter  due 
to the fungal applications were highly significant with all 
host plants. Native corn responded more to VAM coloni- 
zation than the hybrid did; differences in treatments were 
significant in leaf area, plant biomass, and roo t : shoo t  
ratio in the former, but not in the latter. Responses in the 
sunflower were similar to those in the native corn. Signifi- 
cant VAM treatment-related differences in shoot N and P 
contents were not reflected in shoot biomass, which was 
invariant, Correlations between plant or soil parameters 
and the intensity of  VAM colonization were found only 
in soil organic matter  with the native corn, in specific leaf 
area in the hybrid corn, and in plant biomass in the sun- 
flower. The presence of the different endophytes and not 
the intensity of  colonization apparently elicited different 
host responses. 

Key words: Hel ian thus  annuus  - Mycorrhiza - Soil or- 
ganic matter  - VAM response - Zea mays  

VAM fungi have been called biological fertilizers because 
of  their effects on plant P nutrition (Azcdn de Aguilar et 
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al. 1979). Some are considered to be effective when they 
stimulate plant growth more than others (Abbott and 
Robson 1981). A definition of VAM effectiveness was in- 
troduced by Koide and Elliott (1989), and applies to P ac- 
quisition and utilization, in keeping with the important  
role of  VAM fungi in plant P nutrition. However, the em- 
phasis on P has masked other VAM effects, which are 
mentioned only in passing in VAM cost-benefit analyses 
(Raju et al. 1990). Another  measure of  VAM effects, 
mycorrhizal dependency, is based on plant dry weight 
(Bagyaraj 1992). Neither measure is helpful in evaluating 
VAM-fungal isolates for many other physiological and 
morphological  effects on the host plant, or on the biotic 
and abiotic characteristics of  the host soil. Root coloniza- 
tion is often used to relate the extent of  the VAM condi- 
tion to VAM effectiveness, because this parameter  is easi- 
ly measured, but the relationship between colonization 
and its contribution to VAM effectiveness (Vierheilig and 
Ocampo 1991) is often tenuous. A focus on plant growth, 
P uptake, and colonization is prevalent in the evaluation 
of  VAM experiments. As a result, other VAM effects that 
may be present and important  are often disregarded. 

The purpose of the present experiment was to deter- 
mine VAM effects in different host-endophyte combina- 
tions on plant and soil parameters in a soil sufficient in 
P, and to determine whether correlations occurred be- 
tween plant and soil VAM responses and VAM root colo- 
nization in addition to those between plant P content and 
dry mass. 

Materials and methods 

The experiment was a 3 × 5 factorial with plants and VAM fungi as fac- 
tors. The 15 treatments, each representing a different plant-fungus 
combination, were replicated five times. The results were evaluated by 
analysis of variance (actual probability values associated with the F sta- 
tistic) and Duncan's multiple range test to show differences between in- 
dividual treatments (at the arbitrary 5 % level). In keeping with accepted 
practice (Nelson 1989), our interpretation of significance was not limit- 
ed by the 5% level. 

The growth medium was a mix of washed river sand and soil (1 : 1, 
v/v) with a final texture consisting of 75% sand, 1007/0 silt, and 15% clay 
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and an organic matter content of 0.8°70 and pH 8.3. Nutrient concentra- 
tions were total N, 0.6 g kg-1; NaHCO3-extractable (Olson) P, 21 mg 
kg-1; and Ca, K, and Mg (cmol kg-t),  30.3, 0.7, and 5.8, respectively. 
The soil was low in organic matter, N, and Ca, high in K, Mg, and P, 
and was not fertilized during the experiment. A P-sufficient soil was 
used because the VAM P-response can mask other effects in P-deficient 
soils. The plants were grown in pot cultures (1.5 kg soil pot -1) under 
greenhouse conditions as described previously (Espinoza-Victoria et al. 
1992). 

Infectivities of VAM-fungal inocula were determined in a prelimi- 
nary experiment by the infection-unit method (Franson and Bethlen- 
falvay 1989), in order to apply inocula with equal numbers of pro- 
pagules to all treatments, except to the non-VAM control plants. Two 
corn cultivars (Zea mays L., cv. Zac-58 SM18 Precoz, and cv. H-30, a 
hybrid) and one sunflower cultivar (Helianthus annuus L., cv. Scikus) 
were used. Zac-58 was of the natice race C6nico-Nortefio (Wellhausen 
et al., 1951), and H-30 was a hybrid from the germplasm collection of 
the Centro de Gen6tica, Colegio de Postgraduados, M6xieo. Mycor- 
rhizal plants were inoculated with one of the three VAM fungi Glomus 
etunieatum Becker and Gerdeman, G. mosseae (Nicol. & Gerd.) Gerd. 
and Trappe, or G. pallidum Hall, or with all three of the fungi. Plants 
were harvested (corn 45 days and sunflower 40 days after planting) at 
growth stages when the soils in the pots were not yet root-bound, and 
following the lag phase of mycorrhizal development. Previous work had 
shown that the lag phase lasted 3 - 4  weeks under the conditions em- 
ployed. Thus, VAM colonization and of plant responses were evaluated 
within the early stage of growth where VAM effects are particularly im- 
portant for the development of annual plants. 

Soil organic matter was by the wet combustion - volumetric meth- 
od, plant N by Kjeldahl analysis, and plant P by the molybdenum blue 
method (Chapman and Pratt 1982). Plant biomass was determined after 
drying the material for 2 days at 70°C. Leaf area was measured with 
a LI-COR, Inc., Lincoln, Nebraska, USA) leaf area meter. Specific leaf 
area was calculated as leaf area/leaf dry mass. 

Table 1. Effects of vesicular-arbuscular mycorrhizal (VAM) fungi on 
plant and soil parameters 

Treatment Leaf area Root dry mass Root: shoot Organic matter 
(cm 2) (g) ratio (070) 

Native corn 
Ge 366 ab 0,92 ab 0.34ab 1.49 ab 
Gm 339 b 0.89 u 0.39 a 0.62 c 
Gp 410 a 0.94 ab 0.35 ab 1.69 a 
Mix 323 6 1.03 a 0.37 ab 1.21 ab 

Control 358 ab 0,70 c 0.31 b 0.56 c 
P value 0.046 <0.001 0.162 <0.001 
Hybrid corn 

Ge 376 a 0.83 a 0.35 a 1.39 a 
Gm 373 a 0.79 a 0.32 a 0.50 b 
Gp 321 a 0.88 a 0.38 a 1.01 a 
Mix 338 a 0.83 a 0.37 a 0.54 b 

Control 350 a 0.66 a 0.35 a 0.58 b 
P value 0.714 0.757 0.615 < 0.001 
Sunflower 

Ge 200 b 0.24 ab 0.16 a 1.54 a 
Gm 312 a ' 0.25 ab 0.17 a 0.42 c 
Gp 225 b 0.27 a 0.16 a 0.77 b 
Mix 216 b 0.21 b 0.13 b 1.51 ab 

Control 227 ab 0.12 c 0.09 c 0.58 c 
P value 0.072 < 0.001 < 0.001 < 0.001 

Plants were colonized by the VAM fungi Glomus etunicatum (Ge); G. 
mosseae (Gin); G. pallidum (Gp); their mixture (Mix); or were non- 
VAM (Control). Numbers are the means of five replicates and are not 
significant (P>0.05) by Duncan's multiple range test when followed 
(vertically) by the same letter. Probability values indicate levels of 
significance among VAM effects not restricted to the arbitrary 5% level 

Resul t s  

T h e  e x p e r i m e n t  p r o v i d e d  in ter -  a n d  in t r a spec i f i c  c o m p a r -  
i sons  fo r  p l a n t  r e sponses  to  V A M  fungi .  N a t i v e  c o r n  was 
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Fig. 1. Plant dry mass in native and hybrid corn and in sunflower colo- 
nized by different vesicular-arbuscular mycorrhizal (VAM) fungi in 
comparison with non-VAM control plants. Values are means and SE of 
five replicates. C, control; Gin, Glomus mosseae; Ge, G, etunicatum; 
Gp, G. pallidum; Mix, mixture of the three Glomus spp. 

m o r e  r e spons ive  to  c o l o n i z a t i o n  by V A M  fung i  t h a n  hy- 
b r i d  c o r n  (Table 1). I n  h y b r i d  corn ,  l e a f  area,  p l a n t  b io -  
mass ,  a n d  r o o t : s h o o t  ra t ios  were  i n v a r i a n t  w i th  V A M  sta- 
tus,  wh i l e  s i gn i f i c an t  d i f fe rences  were  f o u n d  b e t w e e n  the  
t r e a t m e n t s  o f  na t ive  c o r n  in t he  th ree  pa rame te r s .  T h e  
s u n f l o w e r  r e sponse  was  un l ike  t h a t  o f  corn ,  in t h a t  t he  
t r e a t m e n t s  p r o d u c e d  h igh ly  s ign i f i can t  ( P <  0.001) d i f fer -  
ences  in  r o o t : s h o o t  ra t ios .  L ike  na t ive  co rn ,  t he  s u n f l o w e r  
v a r i e d  in r e s p o n s e  to  t he  fung i  in  l ea f  a r ea  a n d  r o o t  d ry  
mass ,  b u t  t h e  o rde r  o f  r e sponse  to  t he  fung i  was d i f fe ren t .  
T h e r e  were  s ign i f i can t  d i f fe rences  in d ry  we igh t  b e t w e e n  
the  na t ive  a n d  h y b r i d  c o r n  p lan t s  in all  b u t  t he  G. 
m o s s e a e  t r e a t m e n t  (Fig.  1). T h e  r o o t  zones  o f  all  th ree  
p l an t s  showed  h i g h l y  s ign i f i can t  v a r i a t i o n s  in soi l  o r g a n i c  
m a t t e r  c o n t e n t  due  to  t he  p re sence  o f  d i f f e r en t  fungi ,  o r  
to  the i r  absence  (Table 1). S i g n i f i c a n t  co r r e l a t i ons  wi th  
V A M  c o l o n i z a t i o n  for  any  o f  t he  p a r a m e t e r s  m e a s u r e d  
were  f o u n d  o n l y  fo r  soi l  o r g a n i c  m a t t e r  w i th  na t ive  corn ,  
spec i f i c  l e a f  a r ea  in h y b r i d  corn ,  a n d  p l a n t  d ry  m a s s  in 
s u n f l o w e r  (Fig.  2). T h e  va lues  were  sca t t e red  in al l  o t h e r  
cases,  i n d i c a t i n g  t h a t  c o l o n i z a t i o n ,  a n d  n o t  its intensi ty ,  
e l ic i ted  v a r i a t i o n s  in o t h e r  p l a n t  responses .  

H i g h l y  s i gn i f i c an t  ( P < 0 . 0 0 1 )  d i f fe rences  in s h o o t  N 
c o n t e n t  were  m a i n l y  due  to  t h e  e f fec t  o f  G. e t u n i c a t u m  

in  b o t h  var ie t ies  o f  co rn ,  a n d  to  t h a t  o f  t he  th ree  fung i  
m i x e d  in t he  s u n f l o w e r  (Table 2). D i f f e r ences  in P c o n t e n t  
were  less p r o n o u n c e d ,  a l t h o u g h  s ign i f i c an t  
(0.1 > P >  0.07). As  w i t h  N,  V A M - m e d i a t e d  d i f fe rences  in 
P c o n t e n t  were  f o u n d  b e t w e e n  s o m e  o f  t he  t r e a t m e n t s  in  
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Fig.  2. Relationships between root colonization by vesicular-arbuscular mycorrhizal (VAM) fungi and plant and soil parameters 

all three plants. Differences in shoot nutrient contents did 
not bring about significant differences (Duncan's multi- 
ple range test at 5°70) between any of the treatments in 
shoot dry weight. Shoot 

Analysis of  variance (Table 3) showed significant Biomass N content 
plant effects except for VAM colonization, and signifi- (g) (mg) 
cant fungal effects except for leaf area. For the root:shoot 
ratio, the effect was mainly due to the presence or absence Native corn 
of  a VAM fungus, and not to differences among fungi. Ge 2 .72  a 64 .4  a 

G m  2.27 a 24 .6  b 
The significant interactions for shoot N content, root G p  2.71 a 27 .6  b 
biomass, root:shoot ratio, and VAM colonization indicat- Mix 2 .82  a 26 .6  b 

ed that for these response variables incremental changes Control 2.24 a 22.6 b 
due to one factor were not accompanied by similar P value 0.067 <0.001 
changes due to the other factor. In the case of  N content, Hybrid corn 
for instance, high levels of N associated with G. Ge 2.36  a 53 .2  a 

G m  2.41 a 21 .6  b 
etunicatum in corn, but not in sunflower, followed a dif- Gp 2 .32  a 23.8  b 
ferent pattern from that of N content associated with the Mix 2.28 a 22 .8  b 

three fungi mixed (high in sunflower, low in corn). Thus, Control 1.83 a 16.4 b 
the direction of  change in N response was reversed, ac- P value 0.544 <0.001 
counting for the high significance (P = 0.006) of  the sunflower 
plant x fungus interaction for N. For P, however, the Ge 1.47 a 30 .2  ab 

G m  1.45 a 23 .4  b 
trend was similar in all three plants; levels of P tended to 

G p  1.67 a 31.6  ab 
b e  high for G. pallidum and the mixture, low in the con- Mix 1.60 a 57 .4  a 

trols, and intermediate in G. etunicatum and G. mosseae, C o n t r o l  1.35 a 22 .8  b 

accounting for the low significance ( P  = 0 . 3 6 8 )  of  the in- P 'value 0 .388  0 .003 

teraction for P.  

Discussion 

Mycorrhizal fungi are not a monolithic group, affecting 
plants only by their presence or absence, but highly vari- 
able organisms (Morton 1990) that can elicit a variety of 
host responses (Stahl et al. 1990). One effect of  VAM fun- 
gi, of  interest to both plant biology and agro-ecology, is 
a broadening of  the ecological niche of  plants (Allen et 
al. 1984) through changes in the availability of  nutrients. 

Our data show that the potential h o s t - p l a n t  niche 
response mediated by VAM fungal is not limited to im- 
proved uptake of nutrients but may extend to alleviation 
of  the effects of  mineral excesses. Effects of  individual 
VAM-fungal isolates on the uptake or exclusion of miner- 
al elements other than P (Kothari et al. 1990) or on the 

Table 2. Shoot biomass and nutrient contents of plants colonized b y  

different vesicular-arbuscular mycorrhizal (VAM) fungi 

Treatment 

P content 
(rag)  

3.98 ab 

3.98 ab 
4 .26  ab 

4 .96  a 
3 .44  b 

0 .072  

3 .52 b 
4 .16  ab 

5 .58 a 
6 .00  a 
4 .82  ab 

0 .074  

4 .50  b 

4 .52  b 

6 .60  a 

5 .08 ab 
4 .24  b 

0 .0964  

See footnotes to Table 1 

Table 3. Analysis of variance of host-plant and vesicular-arbuscular 
mycorrhizal (VAM) fungal effects on plant and soil parameters 

Parameter Effect 

Plant Fungus Interaction 

Leaf Area < 0.001 0 .300  0 .108  
Shoot biomass < 0.001 0 .043  0 .748  

Shoot N content 0 .025  < 0 .001 0 .006  
Shoot P content 0 .038  0 .013  0 .368  
Root b i o m a s s  < 0 . 0 0 1  0 .021 0 .010  

Plant biomass < 0.001 0 . 0 2 4  0 .779  
Root : shoot ratio < 0.001 < 0 .001 < 0 .001 
V A M  c o l o n i z a t i o n  0 .113  < 0 . 0 0 1  0 .009  
Organic matter < 0.001 < 0 .001 < 0 .001 

Numbers denote probability values 
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alleviation of heavy metal toxicities (Heggo and Angle 
1990) have been reported. A complete evaluation of VAM 
effects on plant nutrition by several isolates acting in con- 
cert is more elusive, because affinities of the isolates for 
each other and for the host plant must be considered, in 
addition to the nutritional effects each isolate may have 
on a given host individually (Allen 1991; Stahl and 
Christensen 1991). Superimposed on host-endophyte re- 
lationships, the tolerance of the fungi to soil conditions 
must be also be taken into account. 

The importance of the soil factor is shown by the not 
yet fully appreciated VAM influence on plants that is me- 
diated indirectly by improving soil structure (Tisdall 
1991). Recent insights even suggest that there is special- 
ization among VAM fungi in functions affecting plant vs. 
soil nutrition; VAM-fungal species of the genus 
Gigaspora appear to favor fluxes of C compounds from 
plants to the soil biota, resulting ultimately in enhanced 
soil aggregation, while Glomus spp. tend to favor plant 
growth through improved mineral nutrition (Miller and 
Jastrow 1992). Contributions by the fungi to soil organic 
matter play a key role in rhizosphere biology (Jakobsen 
and Rosendahl 1990), and therefore in nutrient availabili- 
ty (Marschner et al. 1987). Measurable changes by our 
VAM-fungal isolates on soil organic matter, even in this 
short-term experiment, suggest that they eventually affect 
plant nutrition not only through a direct regulation of 
mineral nutrient uptake or exclusion, but indirectly 
through a modification of soil structure. 

Conclusions 

Evaluations of VAM fungi should take into account the 
effects of individual isolates on specific plant and soil re- 
sponses. These responses can vary even if the plants are 
grown in P-sufficient soil. Tests for VAM plant and soil 
responses under controlled conditions are necessary prior 
to field trials for specific VAM effects. 
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