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ABSTRACT

Interactions and growth responses in soybean [Glycine max (L.)
Merr.] and sorghum [Sorghum bicolor (L.) Moench] colonized by
the vesicular-arbuscular mycorrhizal (VAM) fungi [Glomas fasci-
culatum (Thaxt. sensu Gerd.) Gerd. and Trappe] or [Glomus mosseae
(Nicol. & Gerd.) Gerd. and Trappe] as grown in three northern Cal-
ifornia soil types were investigated in a 2 by 2 by 3 factorial exper-
iment. Growth and development of both symbiotic partners were
significantly influenced by all three factors (host plant, endophyte,
soil). Growth responses to VAM-fungal colonization varied with soil
type from —10 to 400%. Phosphorus concentrations increased sig-
nificantly in all soybean and some sorghum plants relative to non-
VAM controls as a result of VAM-fungal colonization. Shoot dry
matter as percent of fresh weight increased significantly in only
those VAM plants which had also experienced a significant growth
enhancement, Root/shoot ratios of most VAM plants were lower
than those of the controls. Changes in root/shoot ratios were in-
versely related to changes in dry weight. The results show that soil
type, as well as the host-endophyte combination, is a significant
factor in modifying the VAM growth effect independently of mineral
nutrient availability,

Additional Index Words: Glomus, sorghum, soybean, plant nu-
trition, plant symbiosis, mycorrhiza-soil interactions.
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THE ECOPHYSIOLOGY of vesicular-arbuscular my-
corrhizal (VAM) associations has been subject to
increasingly intensive study in recent years (14, 19,
33). Some of the interest is based on the premise that
enhanced nutrient uptake by the VAM fungal sym-
biont and the resulting growth enhancement of the
host plant may be utilized in agriculture (1, 17, 29).
Although most crop plants require VAM fungi to
achieve maximum growth in nutrient-poor soils, com-
mercial use of the fungi in modern agricultural prac-
tice is limited at the present time (17). In developing
couniries, however, where fertilizer availability is re-
stricted, applied research involving VAM fungi in crop
growth is of major interest (24).

The dependence of plants on VAM fungi for opti-
mal growth in a given environment (12, 23) appears
to be influenced by factors in addition to the com-
patibility of the symbionts (14). Important among these
1s the edaphic environment of the VAM association
(15, 28). The proper selection of efficient VAM fungi
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(25) for the right crop and soil therefore appears to be
a key to successful applications of mycorrhizal re-
search to crop productivity (34).

Although proof of the usefulness of selected VAM
fungi in enhancing crop growth can come only from
their introduction into untreated soils under field con-
ditions (1), experimentation under controlled condi-
tions will aid in pinpointing combinations of interest
for further testing. The purpose of this work was to
determine if different soil types affect host plant growth
response to VAM fungi under equalized nutritional
conditions.

MATERIALS AND METHODS

Experimental Design

Two plant species (a grass and a legume), two species of
VAM fungus, and three soils were used in this 2 by 2 by 3
factorial experiment. Plants not colonized by VAM fungi
were grown as controls with each of the 12 treatment com-
binations. Five replications were used for a total of 120 units.
A unit consisted of one legume or two grass plants. The
design was completely random and plants were rotated reg-
ularly to avoid any positional effects.

Biological Materials and Soils

Soybean [Glycine max (L.) Merr, cv. Amsoy] and sorghum
[Sorghum bicolor (..) Moench cv. (766] seeds were surface
sterilized (2), and planted in soil inoculated with the VAM
fungi [Glomus fasciculatum (Thaxt. sensu Gerd.) Gerd. and
Trappe] or [Glomus mosseae (Nicol. and Gerd.) Gerd. and
Trappe], or grown in uninoculated soil as controls. The G.
Jasciculatum inoculum was originally purchased from Ab-
bott Laboratories (Long Grove, IL 60047) as the Gerdemann
isolate obtained from croplands. The G. mosseae isolate was
collected from a desert site (6) and recultured in the green-
house on sorghum.

To provide wide variety, the soils were selected from dif-
ferent orders (Ultisoils, Entisoils, and Alfisoils). All soils were
collected from a depth of 0- to 25-cm, sieved (10-mm mesh)
and sterilized with ethylene oxide. One soil from Mendocino
County, California was a reddish-brown, medium textured,
acid (pH 5.4) loam in the Josephine series (Mesic Typic
Haploxerults), developed from sandstone and shale. It was
moderately aggregated, of subangular, blocky structure and
slightly sticky when wet. This soil was limed (10 g CaCO,
kg™! soil) to alleviate Mn toxicity to the plants (22). Soil pH
after liming was 6.9. The other two soils used were from
Yolo County, California. The Balcom-series silty clay loam
(Typic Xerorthents) was light brownish gray, fine textured,
moderately alkaline (pH 8.0), of moderate, subangular blocky
structure, and friable, slightly sticky with plastic consistency
when moist, and derived from sandstone and shale, The
Corning-series soil (Typic Palexeralfs) was a reddish-brown,
gravelly, moderately acid (pH 6.1) loam, of medium, angular
blocky structure, and hard, friable, slightly sticky with plas-
tic consistency. Corning soils are formed in softly consoli-
dated, mixed, gravelly alluvium.

1164

. St e A



BETHLENFALVAY ET AL.: HOST, ENDOPHYTE, AND SOIL EFFECTS ON MYCORRHIZAL PLANTS

1165

Table 1. Nutrient levels in Corning, Baleom, and Josephine soils.

Soil data
Plant available nutrientst Total nutrients} Other soil data
Soil type P K S0 B Cu Fe Mn Mo Zn Ca§ Fe K N P S pH§ OM Salts§
mg/kg soil % gkg? dS/m
Corning 3.5 85 1.0 020 23 20 30.6 0.02 200 0.9 29 076 009 007 0,01 6.1 10 01
Balcom‘ 3.3 114 60 039 16 4 3.6 001 38 222 397 130 007 008 001 8.0 7 0.3
Josephine 4.6 328 <1.0 041 25 34 166 <001 1.3 082 425 099 019 008 0.03 6.9 57 1.0

t Extractants were: 1 M KCl for SO,-S, hot water for B, and NH, HCO,-diethyl triamine penta acetic acid for all others (21},

1 Total nutrients were extracted in hydrofluoric-perchloric acid (21),

§ Calcium and pH values of the Josephine soil reflect the effects of liming (10 g CaCOy/kg soil), pH and salts were determined ina 1:1 (w/w) water extract.

Levels of key available and total nutrients, pH, organic
matter (OM) and electrolytic conductivity of the soils are
described in Table 1.

Growth Conditions

Plants were grown in 1.5-L white plastic pots in a green-
house at Albany, CA, March through August and harvested
after 56 d. Automatic heating and cooling systems were op-
erational at temperatures above 25°C and below 18°C, min-
imizing temperature variations. Daylength was extended to
16 h by General Electric 1000 W metal halide lamps mounted
vertically in parabolic reflectors, and providing supplemen-
tary photosynthetic photon flux density of 500 pmol m~2s™!
at the soil surface level.

Soybean seeds were germinated in an incubator (2 d, 28°C)
and selected for uniformity at planting. Three soybean seed-
lings and several sorghum seeds were planted, and thinned
to one and two plants, respectively, at 14 d. The VAM-
fungal inoculum added per pot consisted of approximately
100 colonized root segments and 500 spores for G. mosseae,
and 50 root segments and 750 spores for G. fasciculatum,
in scil. The inocula were mixed into the soil to a depth of
5 cm. Control plants were initially watered with washings
of the inoculum free of VAM fungi. The soil was covered
by a reflective 2-cm layer of white perlite. Plants were watered
with a nutrient solution without P twice every 7 d for the
first 35 d of growth and as needed to prevent wilting during
the final 21 d. The solution consisted of 1.3 mM Ca(NQO;),,
1.3 mM KNO,, 0.25 mM MgSO,, and 0.02 mM Fe (chelate).
Micronutrients were according to Johnson et al, (16) at one-
quarter strength.

Evaluation and Assays

Plant parts were weighed immediately after harvest, and
after drying at 80°C for 2 d. Phosphorus contents of all roots,
sorghum shoots, and soybean leaf blades were determined
according to Allen (3). Total and available soil P was de-
termined according to Shelton and Harper (30) and Watan-
abe and Olsen (36), respectively. Other soil parameters (Ta-
ble 1) were determined according to standard analytical
methods (21) by the Soil Testing Laboratory, Colorado State
Univ., Fort Collins, CO 80523.

The chitin [poly-8-(1,4)-N-acetylglucosamine] content of
extraradical mycelia of G. fasciculatum and G. mosseae and
of VAM roots was determined spectrophometrically (5, 7).
A standard curve based on purified chitin was used in the
assay of fungal mycelia. To account for contamination by
chitin-containing organisms other than VAM fungi, root
material from the non-VAM controls mixed with chitin was
used in the standard curves of the VAM-root chitin assays
(5). Separate standard curves were constructed for each soil-
host combination, Intraradical VAM-fungal biomass was
calculated from the chitin content of the VAM-fungal my-
celium and the VAM roots. Control plants were checked for
chance contamination by VAM fungi by staining. The

amount of dry matter in the shoots relative to fresh weight
was calculated as percentage dry matter.

Percent change between VAM and control plants in any
plant parameter was calculated as [(VAM — control)/con-
trol] X 100. Controls and VAM plants were ranked for each
parameter and replicates of equal ranking were paired. A
separate percent change value was calculated for each pair.
Means and SE were derived from these values. Differences
between shoot parameters were evaluated for significance by
Student’s t-test (host or endophyte effects) or Duncan’s mul-
tiple range test (soil effects). The significance of main effects
and interaction between factors was determined by analysis
of variance on total plant growth enhancement and percent
VAM fungal biomass within the VAM roots.

RESULTS

Shoot Dry Weight

Colonization of soybeans by either VAM fungus re-
sulted in large, positive changes (enhancement) in
shoot dry weight when grown in Josephine soil, in-
termediate levels of enhancement in Balcom, and no
significant change in Corning soil (Table 2). Differ-
ences due to VAM-fungal species were not significant,
In sorghum, there was no significant difference be-
tween VAM plants and controls in Corning soil. In
the other two soils, the growth response pattern was
more complex: in Balcom soil the response of sorghum
to G. mosseae was seven times higher than the re-
sponse to G. fasciculatum, while in Josephine soil this
response was reversed, The effect of host-plant species
on growth enhancement in Josephine soil was signif-
icant with both endophytes. The change due to colo-
nization was over 400% in soybean, and variable (30
and 300%) in sorghum. In Corning soil, host effects
were not significant. Host effects of soybean and
sorghum in Balcom soil were significantly different
only with G. fasciculatum but not with G. mosseae as
the endophyte.

Root/Shoot Ratios

The root/shoot (R/S) ratios of VAM plants were
significantly (p < 0.05) lower than those of controls
except for soybean and sorghum grown with G. fas-
ciculatum in Corning soil (Fig. 1). Enhancement of
total dry weight by VAM fungi was largest when the
change in R/S ratios was most negative (Fig. 1). In
soybean, the largest positive change in dry weight and
the largest negative change in the R/S ratio for both
fungi was in Josephine soil. In Balcom soil the two
parameters were nearly identical for both soybean-en-
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Table 2. Changes in plant leaf parameters as a result of
colonization by VAM fungi.t

Soil type
Plant leaf
parameter Corning Balcom Josephine
% change
Soybean
Dry weight
G. mosseae 6 aAx 228%** gAy 425%%* gA 7
G. fasciculatum -3  aAx 228**%% g Ay 468*%* a Az
P concentration
G. mosseae 39.8%%%g A x 31.4%%*gA xy 28.8%%%gA y
G. fasciculatum 18,4%**h Ax 32.6%%%g Ay 47.6%%%h Az
Dry matter]
G. mosseae 1.8 aAx 11.0%* aAxy 13.3%**gA y
G. fasciculatum 1.6 aAx 17.3%%%p Ay 12.6** b Ay
Sorghum
Dry weight
@. mosseae 4 aAx 268*%% aAy 29% aBz
G. fasciculatum -9 b Ax 37* bBy 292%** LBz
P concentration
G. mosseae —-9.2* aBx -22 aBx 21.8%* aAy
G. fasiculatum 56 bBx 22.0%* b By 94 bBx
Dry matter}
G, mosseae -89 aAx 18.2* aAy 2.1 aBx
G. fasciculatum -1.8 aBx -51 bBx 18.4* bAy

* k% k¥ Sionificant differences at 6, 1, and 0.1%, respectively, between
VAM and control plants from which percent change was cal-
calculated,

T Numbers denote percent enhancement or inhibition (—) of VAM
plants relative to controls [(VAM plant-control)/control] x 100.
Differences among endophytes (within same host and soil type)
are not significant (p > 0.05) for values followed by same letter
{a, b). Differences among hosts (within same endophyte and soil
type) are not significant (p > 0.05} when followed by same letter
(A, B). Differences among soil types (within same host-endophyte
combination) are not significant (p > 0.05) when followed (hori-
zontally) by same letter (x, y, z).

+ Dry matter was calculated as a percentage of fresh weight.
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Fig, 1. Percent change in root/shoot ratio and total dry weight in
vesicular-arbuscular mycorrhizal (VAM) plants relative to non-
YAM controls. Four symbiotic combinations between soybean (S)
and sorghum (Sg) plants and the VAM fungi Glomus mosseae
(Gm) and Glomus fasciculatum (Gf) were grown in Corning (Cor),
Balcom (Bal) and Josephine (Jos) series soils. Bars denote stan-
dard errors of the mean,
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Fig. 2. Percent change in root dry weight and R/S ratio in VAM

plants relative to non-VAM controls. Annotations are as in Fig,
1.

dophyte combinations. In Corning soil, no significant
(p >0.05) growth enhancement was observed for either
host.

Greatest depression of R/S ratios and greatest en-
hancement of dry weight in sorghum was found in
Josephine soil with G. fasciculatum, and in Balcom
soil with G. mosseae. The relationship between the
increase in root dry weight and the decrease in R/S
ratios of VAM vs. control plants was inverse (Fig. 2).
Large increases in root weight were accompanied by
large decreases in the R/S ratios. Analysis of variance
of plant growth enhancement by VAM fungi showed
highly significant main effects for soil and host, and a
significant effect (p <0.055) for the endophyte factor.
Soil-host and soil-endophyte interactions were highly
significant.

Fungal Biomass

Percent VAM-fungal biomass in roots was lowest in
all four host-endophyte combinations when grown in
Corning soil, coinciding with the lowest depressions
of R/S ratios (Fig. 3). Fungal proliferation was greatest
in Balcom so1l for both hosts and endophytes. There
was less VAM-fungal biomass in the roots of both hosts
in Josephine than in Balcom soil, but the drop in the
R/S ratios of plants in Josephine soil was greater than
that in Balcom soil. The analysis of percent fungal
biomass showed highly significant main effects and
interactions for all three factors.

Phosphorus Concentration

Enhancement of P concentration increased with in-
creasing percent fungal biomass in the VAM roots for
the soybean-G. mosseae and sorghum-G. fasciculatum
combinations (Fig. 4). In the other two host-endo-
phyte combinations the linear relationship of these
two parameters was not repeated.

Phosphorus concentrations in the shoots were sig-
nificantly higher for VAM plants than controls for all
soybean-endophyte-soil combinations (Table 2), but
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. 3. Percent change in R/S ratio in VAM plants relative to non-
’AM controls as a function of VAM-fungal biomass in host-plant
oot. Annotations are as in Fig, 1.

ly two of the sorghum combinations were enhanced
P content. In sorghum, the enhancement of shoot
y weight and P concentration did not always agree
relative magnitude. Dry matter concentration in
AM plants was significantly higher than in controls
almost all cases where significant enhancement of
y weight had also occurred (Table 2).

DISCUSSION

A determination of the host and soil preferences of
riven species of VAM fungus appears to be a key to
potential agricultural utilization (10, 15). While a
:k of host specificity and an inverse relationship be-
een plant growth response to VAM fungi and avail-
le soil P are generally observed, deviations from
ch rules (9, 11, 25) make a determination of the
fluence of plant, soil, and endophyte on the overall
>wth response of interest. In this study, the analysis
the effects and interactions of the factors indicates
at plant, soil, and endophyte individually and in
mbination influence the level of biomass produc-
mn of both symbionts.
Comparability of the effectiveness of the two inoc-
1 used was shown both by the similarity in response
 soybean and by the dissimilarity in sorghum in
Ucom and Josephine soils (Table 2). Lack of re-
onse to either fungal species by either host in Corn-
2 soil indicated [according to the characteristics of
AM-fungal efficiency suggested by Abbott and Rob-
n, (1)] that the fungi were unable to form extensive
ycelia in this soil. This suggestion is supported by
e relatively low levels of intraradical VAM-fungal
omass found in roots growing in Corning soil. The
le of mineral uptake by VAM fungi in relation to
il nutrient levels was investigated by Menge et al.
8) in several California soils. They found that soil
itrient levels could be used predictively in deter-
ining the dependence of Troyer citrange on its fun-
1 endophyte. In the present experiment, growth ef-
-ts could not be attributed to differences in nutrient
ailability, as all soils had similarly low levels of

FUNGAL BIOMASS IN VAM ROOT (%)

Fig. 4. Percent change in P concentration in VAM plants relative
to non-VYAM controls as a function of VAM-fungal biomass in
host-plant root. Annotations are as in Fig. 1.

available P, and received the same complete nutrient
amendments (without P), These amendments were
calculated to exceed the levels of available nutrients
(Table 1) by an order of magnitude. As all soils were
initially sterilized and inoculated with the microflora
from the VAM inoculum, differences in biological in-
teractions were minimized. Differences in the physical
characteristics of these soils appear to be responsible
for the variation observed in the biological responses.
These differences were mainly textural, but are likely
to have included structural features not destroyed by
the potting procedure, such as water-stable micro and
macro aggregates.

Environmental factors are known to affect R/S ra-
tios markedly (35). Development of roots and shoots
is balanced, and the partition of assimilates con-
trolled, to provide optimal utilization of resources to
the CO, assimilation and nutrient- and water-uptake
functions of the above- and below-ground organs of
the plant. This balance is often altered in the presence
of VAM fungi due to changed uptake capability of
VAM roots (31). As a result, R/S ratios are an im-
portant parameter in evaluating growth responses in
VAM associations,

The relatively low levels of VAM-fungal develop-
ment in Corning soil were associated with a trend
towards small changes in the R/S ratios (Fig. 4) and
the absence of growth enhancement (Fig. 1). Con-
versely, large increases in dry weight (Fig. 1), large
decreases in R/S ratios, and high levels of VAM fungal
colonization in Balcom and Josephine soils (Fig. 3)
suggested the presence of a symbiotic mechanism ef-
ficient at absorbing P (26). Although large increases in
VAM-root weights relative to controls occurred in
these soils, these changes were accompanied by large
decreases in the root/shoot ratios (Fig. 2) indicating
the VAM plant’s ability to channel energy to increased
shoot production when a large root mass was not re-
quired, corroborating similar findings by Nemec (20).

The low R/S ratios generally observed in VAM
plants (27) may serve as indicators of VAM-fungal
effectiveness, i.e., the capability of the fungus to sub-
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stitute for relatively large amounts of root matter in
P uptake. Intraradical VAM fungal biomass, however,
may be an unreliable measure of P uptake by the ex-
traradical hyphae (4, 13). Thus the large percentages
of intraradical VAM fungal biomass found in Balcom
soil (Fig. 3, 4) may not have translated into compar-
ably large decreases in the VAM R/S ratios (Fig. 4) or
increases in root P concentrations (Fig. 4) because of
a lesser degree of extraradical development of the up-
take hyphae. Measurement of these hyphae by the chi-
tin method (5) was not feasible in these soils. Such
soil-dependent imbalances in the development of the
intraradical and extraradical mycelia of G. fascicula-
tum and G. mosseae may have contributed to the dif-
ferences in growth response and P concentrations of
sorghum shoots in the Balcom and Josephine soils
(Table 2).

The significant increase in dry matter concentra-
tions of only those VAM plants which have also ex-
perienced growth enhancement as a result of coloni-
zation (Table 2) does not confirm previous
observations by others (32). The physiological basis
for this phenomenon is obscure. It is suggested that
the leaves incorporated C which would otherwise be
exported to the relatively large root systems of unen-
hanced VAM plants. The similar R/S ratios and shoot
dry matter concentrations of plants grown in Corning
soil support this view. Further support is offered by
Buwalda and Goh (8) who found that the C content
of grass shoots was lowered in plants under growth
depression. These observations indicate an increase in
shoot dry matter content when the VAM symbiosis is
mutualistic and a decrease when the endophyte acts
as a parasite in competing for C.
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