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ABSTRACT

Colonization of roots by vesicular-arbuscular mycorrhizal (VAM)
fungi afTects host-plant growth and nutrition, but standard methods
to evaluate VAM effects are lacking. The Diagnosis and Recom-
mendation Integrated System (DRIS) may serve this purpose, and
an analysis of mycorrhiza-mediated nutrient-uptake effects on soy-
bean {Glycine max L.) Merr. cv. Hobbit] plants by DRIS is pre-
sented. Plants were grown either colonized by one of three geograph-
ical isolates of the VAM fungus Glomus mosseae (Nicol & Gerd)
Gerd and Trappe or as nonVADMI controls in a nutrient-deficient soil.
Plant development and nutritional status differed among the treat-
ments. Analysis by DRIS confirmed that N, P, and K were limiting,
and established different rankings in the degree of deficiency for
each nutrient. Nitrogen was least limiting in all four treatments and
K or P were most limiting in each of two treatments. The analysis
permitted a ranking of the G. mosseae isolates as to their effects on
the uptake of each nutrient. Evaluation of VAM-mediated nutrient-
uptake effects by DRIS and by nutrient-dilution and concentration
analyses could become useful in the selection of specific VAM fungal
isolates for their specific crop responses.

TILIZATION of VAM fungi with maximum effec-
tivencss in large-scale agricultural applications
will necessitate an evaluation of fungal effects on crop
plants. Therefore, all criteria which promise to have
an impact on such an cvaluation should be explored.
The best-known VAM effect on plants is nutritional.
When mediated by VAM fungi, nutrient enhancement
is a more complex phenomenon than that obtained
with chemical fertilizer applications. The fungi may
inhibit as well as enhance nutrient uptake from soil
(Ames and Bethlenfalvay, 1987; Stribley, 1987) or
from biological N, fixation (Bayne and Bethlenfalvay,
1987). Because of such differences, there is general
agreement on the need to screen isolates for specific
applications (Sylvia and Burks, 1988). One experi-
mental plan for the selection of VAM inocula was pro-
posed by Abbott and Robson (1985). In includes cri-
teria for the collection and culture of the fungi under
different edaphic conditions, and for evaluation of
physiological and ecological responses.

The DRIS has served as a useful tool in diagnosing
and predicting nutricnt disorders in plants (Walworth
and Sumner. 1987) since its introduction by Beaufils
(1973). Analysis by DRIS is based on nutrient balance
ratios. [ts usc minimizes morphogenic and genotypic
effects on the accuracy of deficiency diagnoses, and
predicts which nutrient 1s most limiting to yield.
Treating dry matter (DM) as a mineral nutrient in
DRIS calculations permits determining whether any
of the tissue nutrients are limiting (Hallmark et al.,
1987). Thus. plant nutritional responses to VAM fungi
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in a given soil may be evaluated for each nutrient
affected. Comparisons between such evaluations can
provide a ranking for limitation by each nutrient as
well as an order of preference for fungal inocula most
suited to counteract that limitation.

The purpose of this report was to test the applica-
bility of DRIS in evaluating soybean nutritional re-
sponses to VAM fungi, and to compare DRIS with
another system of evaluation based on nutrient con-
centrations (Jarrell and Beverly, 1981).

MATERIALS AND METHODS

Three isolates of Glomus mosseae were grown on Hobbit
soybean inoculated with Bradyrhizobium japonicum, Nitra-
gin strain 61A118 (Nitragin Co., Milwaukee, WI) as a bac-
terial suspension in yeast-mannitol broth (10° cells mL-!, 10
mL pot*). The fungal isolates were collected from California
and Nevada (isolate numbers WRRC-1 and WRRC-2) or
obtained from the International Culture Collection for VAM
Fungi, University of Florida, Gainesville (isolate INVAM-
156). They are referred to as CAL, NEV and FLO and were
described elsewhere (Bethlenfalvay et al., 1989). Soybean
plants not colonized by a VAM fungus were used as
(nonVAM) controls. Propagule densities in the VAM-fungal
nocula were determined by a method (Franson and Bethlen-
falvay, 1989) which relies on a direct count of discreet in-
fection units formed in roots during a 14-d growth period.
Inocula of equal potential, in amounts calculated to produce
10¢ infection units kg!' of root fresh mass, were applied.

Plants were grown 1n a growth chamber under a day/night
regime of 16/8 h, 27/21 °C, 60/90% relative humidity and
photosynthetically active radiation of 800 umol m-2 s-!. The
soil used was a heavy silt loam (Balcom Series Typic Xe-
rorthent) mixed with fine sand (2:1, v/v, soil/sand). After
sterilization by autoclaving, the soil mixture (pH 8) had
plant-available P and K concentrations (extracted with
NHHCO,-diethyltriamine pentaacetic acid) of 1.7 and 131
mg kg!, respectively, and total N of 0.47 g kg-!. The VAM
inoculum was evenly mixed into the soil, and a wash of the
combined inocula, sieved free of VAM propagules (43-um
screen), was applied to all treatments to minimize differences
in the microbiota of the treatments. The plants were grown
in 1.5-L pots, watered with deionized water twice per week,
harvested at 50 d and evaluated as part of a larger experiment
(Bethlenfalvay et al., 1989).

The nutrient status of plants was assessed using DRIS by
comparing ratios of element concentrations with the same
ratios (reference norms) from high-yielding (in excess of 2700
kg ha-!) soybean crops. Reference norms were presented by
Hallmark et al. (1987) and were derived from 1535 trifoliate
leaf samples at the early reproductive stage. From these com-
parisons a DRIS index was computed for each nutrient, in-
cluding DM. The indices were ranked, with the most neg-
ative index indicating the most limiting nutrient. The indices
for N, P, K and DM were calculated according to Hallmark
et al. (1987) as

N index = [f(N/P) + f(N/K) + f(N/DM))/X,
Pindex = [—f(N/P) + f(P/K) + f(P/DM)}/X,
Kindex = [—f(N/K) — f(P/K) + f(K/DM)}/X, and
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DM index = [—f(N/DM) — f(P/DM) —
S (K/DM))/X

with X equal to the number of functions in the numerator.
The functions of the nutrient ratios were derived from the
formulae (Walworth and Sumner, 1987)

S(N/P) = [(N/P)/(n/p) — 1]}(1000/CV),
when N/P > n/p

and f(N/P) = [1 — (n/p)/(N/P)](1000/CV),
when N/P < n/p,

where capital letters refer to the nutrient concentrations of
the sample tissues, lower case letters to the concentrations
of the reference norms, and CV is the coefficient of variation
of the respective concentration-ratio norms.

RESULTS AND DISCUSSION

A comparison of the nutrient concentrations of the
present experiment (Table 1) with critical values used
in the literature (42.6, 2.6 and 17.1 mg/g for N, P, and
K, respectively; Small and Ohlrogge, 1973) revealed
severe nutrient deficiencies in our soil mix. This poor
growth medium provided a good test vehicle for the
analysis of changes in leaf nutrient content (Table 1)
and total plant dry mass (Table 2) in response to col-
onization by G. mosseae isolates. Differences between
colonization by the isolates (CAL, 43.5%; FLO, 38.2%;
NEV, 41.2%) were not significant (P > 0.05, Duncan’s
multiple range test).

When nutrients such as N, P, and K are applied as
fertilizers, changes in the concentration of a given ele-
ment are difficult to predict. Concentration of a nu-
trient depends on the influence of the other nutrients
available in the soil and on the effects of the applied
nutrient on plant growth (Munson and Nelson, 1973).
However, when nutrient input is mediated by VAM
fungi, the mechanisms responsible for observed plant
responses are not limited to a single element (Jarrell
and Beverly, 1981).

In this study, the CAL isolate increased uptake and

Table 1. Leaf dry mass and nutrient content, concentration and con-
centration ratios. Nodulated soybean plants were grown with one
of three isolates (CAL, FLO, NEV) of Glomus mosseae or without
(nonVAM control).

G. mosseae isol. Norm
Leaf isolate? NonVAM b
parameter CAL FLO NEV control SE  Mean CV
Content (mg)

K 752 23¢ 2.2 3.1h 0.102

N 245a 16.3b 16.8b 14.3b  0.053

P 0.88a 0.58b  0.65b 0.49¢ 0.012

Dry mass (g) 1.10a 0.72b 0.79b 0.73b 0.048

Concentration (mg g')§

K/DM 682 32c 28¢ 42b 0094 1.96 199
N/DM 2232 22.6a 21.3ab 19.6b 0044 480 119
P/DM 0.80a 0.80a 0.82a 0.67b 0011 0331 214
Nutrient concentration ratio

N/P 27.87a 28.26a 26.15a 29.49a 2.887 1492 169
N/K 33Ic 7.07a 17.67a 465> 0460 256 196
P/K 0.1192 0.257¢ 0.293c 0.158b 0.103 0.174 249

+ Numbers are the means of six replications, and when followed by the same
letter are not significantly different (P < 0.05, Duncan’s multiple range
test). SE is the standard error of the treatment means.

$ Means and coefficients of variation (CV, %) of the norms were adpated from
Hallmark et al. (1987).

§ Nutrient concentrations of the norms are expressed as percentage of dry
matter (DM), rather than in SI units.

- concentration of K and P, while the FLO and NEV

isolates increased P but decreased K relative to the
control (Table 1). In the case of legumes depending
on N, fixation for their N input, effects of other nu-
trients on nodule activity may influence N stress. In
the plants colonized by the CAL isolate, a 20% increase
in leaf P concentration was accompanied by a signif-
icant 14% increase in N concentration over that of the
nonVAM controls. Conversely, the change in N was
not significant (9%, P > 0.05) in the plants colonized
by the other two isolates, apparently due to growth-
limiting K concentrations in host tissues.

Conventional plant tissue analysis reveals only one
deficiency at a time, while other nutrients in short
supply may accumulate due to reduced growth caused
by the primary deficiency (Ulrich and Hills, 1973).
Therefore, such analysis is of limited utility in ana-
lyzing effects of VAM colonization. Jarrell and Beverly
(1981) clarified the interpretation of shifts in nutrient
concentration by pointing out the need to evaluate
these concentrations in relation to plant responses in
biomass and elemental content. A decrease in con-
centration is interpreted as dilution when both nu-
trient content and dry matter simultaneously increase,
but as antagonism when nutrient content or nutrient
content and dry matter decrease.

In the present case, for instance, the decrease in K
concentration of the plants colonized by the FLO iso-
late relative to the controls (Table 1) could be erro-
neously interpreted as dilution in view of significantly
greater plant biomass (Table 2), if all factors were not
considered simultaneously (Table 3). Consideration of

Table 2. Total plant dry mass, DRIS indices and the order of nutrient
requirement including dry matter (DM) in VAM and nonVAM
soybean. Notation and statistics as in Table 1.

DRIS index
Plant Order of nutrient

Treatmentt K N P DM drymass, g requirement
NonVAM -78 -5 -81 164 2.9¢ P>K>N>DM
CAL -30 —-10 -72 113 5.1a P>K>N>DM
FLO -122 17 ~61 166 356 K>P>N>DM
NEV —146 15 —52 183 33b¢c K>P>N>DM
SE$ 0.26

+ CAL, FLO, and NEYV refer to isolates of the VAM fungus G. mosseae.
t SE = standard error of treatment means.

Table 3. Changes in leaf nutrient content, dry mass, and nutrient
concentration in VAM and nonVAM soybean. Treatment effects
due to colonization by the G. mosseae isolates (increase = +;
decrease = —; no change = 0) relative to the nonVAM contrels
are interpreted according to Jarrel and Beverly (1981).

G. mosseae Nutrient Dry Nutrient

isolate content mass concentration  Effect
Potassium

CAL + + + Synergism
FLO - 1] - Antagonism
NEV - 0 - Antagonism
Nitrogen

CAL + + + Synergism
FLO 0 0 + Concentration
NEV 0 0 0 No effect
Phosphorus

CAL + + + Synergism
FLQ + 0 + Synergism
NEV + 0 + Synergism




304 AGRONOMY JOURNAL, VOL. 82, MARCH-AFRIL 1990

Table 4. Treatment comparisons of nutrient limitagi(.)n in VAM and
nonYAM soybean. Nutrients become more limiting from left to
right. Notation as in Table 1.

Nutrient Order of limitationt

Potassium CA! < Control < FLO < NEV
Nitrogen FLO < NEV < Control < CAL
Phosphorus NEV < FLO < CAL < Control

Dry matter CAL < Control < FLO < NEV
t Control, nonVAM plants; CAL, FLO, and NEYV are isolates of G. mosseae.

all variables (nutrient content, dry mass, and concen-
tration) indicated a synergistic effect of nutrient con-
tent and dry mass on nutrient concentration in the
plants colonized by the CAL isolate for all nutrients,
but only for P in the other two VAM treatments. Thus,
the role of P in enhancing plant growth appears to be
the same for all three isolates, but is modified by the
differences in K uptake.

Computation of the DRIS indices (Table 2) revealed
the relative importance of P and K in VAM-mediated
growth responses in soybean. Phosphorus was more
limiting in plants colonized by the CAL isolate and in
the nonVAM controls than K, while K was more lim-
iting in the plants colonized by the FLO and NEV
isolates. Nitrogen was least limiting in all treatments.
However, since the N-indices were lower than the DM-
indices, N was also diagnosed to be deficient (sensu
Hallmark et al., 1987). Plants colonized by the CAL
isolate showed the best nutrient balance (the lower the
sum of DRIS-index values irrespective of sign, the
more the nutrients are balanced, Jones et al., 1986),
and this was clearly related to their significantly greater
biomass (Table 2). Of course, the same conclusion can
be reached by simply comparing the nutrient concen-
trations of Table | with critical values found in the
literature. But such direct comparisons would be
biased by differences in cultivars, plant age and leaf
position, and would not provide relative rankings in
terms of nutrient requirements (Sumner, 1977).

With special regard to VAM treatments, the DRIS
indices also permit a ranking of the organisms them-
selves as to their effects on plant nutrient status (im-
provement or aggravation of deficiencies or alleviation
of toxicity). Such a ranking (Table 4) is expected to
apply only to specific host-endophyte combinations in
the test soil. Rankings also need to be verified in field
applications, where competition by the introduced
fungus with the native VAM mycoflora (Hepper et al.,
1988) and other environmental effects (Smith and
Roncadori, 1986) are likely to be factors. Nutrient im-
balances created in the soil by overfertilization have
been addressed as to their effects on plants (Kadar and
Pusztai, 1983), but their differential impact on indi-
vidual members of the VAM mycoflora are still un-
known.

In order to utilize VAM fungi as biological fertilizers
(Azcon et al.. 1979) in sustainable agriculture (Mosse,
1987), a complex screening and selection phase of dif-
ferent isolates will be needed to proceed with the uti-

lization of these organisms on more than a hit-or-miss
basis. The DRIS (Beaufils, 1973) and the dilution-con-
centration (Jarrel and Beverly, 1981) analyses are two
complementary methods which will be useful in the
screening of VAM fungi for beneficial nutritional host-
plant responses.
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