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Abstract This study evaluated the response of pea
(Pisum sativum cv. Trapper) to arbuscular mycorrhizal
fungi (AMF) and Rhizobium leguminosarum bv. viceae
strains varying in their effectiveness on pea. Plants were
inoculated with the AMF species Glomus clarum NT4 or
G. mosseae NT6 and/or ten Rhizobium strains, and grown
for 90 days in soil containing indigenous AMF and
rhizobia. The effectiveness of the Rhizobium strains on
the growth (P <0.046; r =0.64) and N nutrition (P <0.04;
r =0.65) of 6-week-old pea grown under gnotobiotic
conditions was correlated with the growth and N nutrition
of 90-day-old pea grown in natural soil for all strains
except LX48. The growth and yield response of pea to co-
inoculation with AMF and Rhizobium strains depended on
the particular AMF-Rhizobium strain combination. In
some cases, the yield and N nutrition of pea inoculated
with a superior Rhizobium strain was significantly
(P <0.05) enhanced by an apparently compatible AMF
species compared to the Rhizobium treatment. On the
other hand, an apparently incompatible AMF species
significantly (P <0.05) reduced the performance of an
effective Rhizobium strain. In general, treatments with
effective Rhizobium strains or co-inoculation treatments
with effective Rhizobium strains and a compatible AMF
species produced the best results. Changes in total shoot
dry matter production was significantly (P <0.05) corre-
lated with the total shoot N (P <0.0001; r =0.95) and P
content (P <0.0001; r =0.87), indicating that this response
was mediated by enhanced N and P nutrition. Growth,
yield and nutrition of pea were not related to AMF
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colonization of roots. Our results suggest that careful co-
selection of AMF species and Rhizobium strains can
enhance pea yield and nutrition.

Keywords Pea - Arbuscular mycorrhizal fungi -
Rhizobia - Interactions

Introduction

Legumes form intimate associations with arbuscular
mycorrhizal fungi (AMF) and rhizobia. These associa-
tions are referred to as tripartite symbioses. The signif-
icance of the tripartite association between AMF, rhizobia
and legumes is twofold, the accrued plant benefits and the
C drain on the host. In general, plant benefits include
plant growth and yield increases, improved N and P
nutrition, drought resistance, disease control and P
solubilization. Various workers have assessed the influ-
ence of many AMF species on the growth of nodulated
legumes (lanson and Linderman 1993; Ibijbijen et al.
1996; Saxena et al. 1997). For example, Ianson and
Linderman (1993) suggested that a specific interaction
occurs between AMF and the Rhizobium strain which
influences nodulation and AMF colonization of roots, but
not host P nutrition. Saxena et al. (1997) reported that the
nodulation and growth of Vigna radiata inoculated with a
Bradyrhizobium sp. varied significantly depending upon
the co-inoculated AMF species. Several workers have
examined the interactions between different AMF species
and Rhizobium spp. strains (Ames et al. 1991; Azcon et al.
1991; Ruiz-Lozano and Azcon 1993; Ahmad 1995;
Redecker et al. 1997; Xavier and Germida 2002). The
basis for selecting these Rhizobium strains was strain
availability (Azcon et al. 1991), effectiveness on host
(Ames et al. 1991), or not specified (Ruiz-Lozano and
Azcon 1993; Ahmad 1995; Redecker et al. 1997). In all
cases, growth and productivity of the legumes were
dependent on the specific combination of AMF and
rhizobia, indicating that synergistic interactions between
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Table 1 Sources of the Rhizo-

h : . Strain Effective®  Source
bium leguminosarum bv. viceae
strains and isolates used, and 175P4 No Nitragin inoculants, Liphatech Corporation, Milwaukee, W1
their effectiveness on pea LX13, LX36, LX51 No Saskatchewan pea fields®
RGP2¢ Yes MicroBio Rhizogen Corporation, Saskatoon, SK
PB101¢ Yes Philom Bios, Saskatoon, SK

LX1, LX43, LX48, LX57 Yes

Saskatchewan pea fieldsP

* Effectiveness was determined based on the ability of the Rhizobium strains to enhance pea (cv.
Trapper) %rowth and N content after 6 weeks of growth. Germinated pea seeds were inoculated with

around 10
nutrient solution

colony-forming units per ml and grown in Leonard jars (Leonard 1943) containing a N-free

b All LX isolates were obtained from the nodules of pea plants collected from inoculated fields at

Bellevue or Allan, Saskatchewan

¢ Commercial inoculant

compatible microsymbionts resulted in growth and yield
increases.

Despite the reality that most if not all legume crops are
inoculated with appropriate Rhizobium sp. strains and
readily colonized by AMF in the field, factors that
regulate this tripartite association are yet to be clearly
defined. In a recent study (Xavier and Germida 2002) we
found that the response of lentil (Lens culinaris L.) to two
dominant AMF species isolated from Saskatchewan soils
and nine R. leguminosarum bv. viceae strains isolated
from field-grown lentil varied significantly depending on
Rhizobium strain. Furthermore, we found that for lentil an
incompatible AMF association could reduce the efficacy
of an effective Rhizobium strain, and that a compatible
AMF association could enhance the efficacy of an
ineffective Rhizobium strain. Other studies examining
tripartite relationships between legumes, AMF and rhi-
zobia have not reported this phenomenon. It was unclear
from our study whether this response is unique to lentil or
similar in other legumes. To answer this question we
hypothesized that the tripartite response noted in lentil to
AMF and effective and ineffective Rhizobium strains
would be similar in pea. Here, we assessed the interac-
tions between the AMF species Glomus clarum and G.
mosseae and R. leguminosarum bv. viceae strains varying
in efficacy on pea, on the growth, yield and nutrient
content of pea grown in soil containing indigenous AMF
and rhizobia.

Materials and methods
AMF inocula

Monospecific cultures of the AMF species G. clarum Nicolson and
Schenck (INVAM no. SA101) NT4 and G. mosseae (Nicolson and
Gerdemann) Gerdemann & Trappe (INVAM no. SA103) NT6
which are dominant in Saskatchewan soils (Talukdar and Germida
1993), were produced in a (1:1) soil:sand mix using maize as host.
The AMF strain G. clarum NT4 has been recently renamed
(Kennedy et al. 1999), but the original nomenclature has been
retained here for cross-reference to our published work. The AMF
inocula consisting of spores, external mycelium and AMF-
colonized roots were stored at 4°C. The G. clarum NT4 inoculum
contained 330 propagules per 50 g, whereas the G. mosseae NT6
inoculum contained 390 propagules per 50 g, as determined using
the “Most probable number” assay of Porter (1979).

R. leguminosarum bv. viceae strains

The Rhizobium strains and isolates used in this study are listed in
Table 1. The Rhizobium isolates LX1, LX43, LX48 and LX57
enhanced the growth and N content of 6-week-old pea under
gnotobiotic conditions, whereas isolates LX13, LX36, LX51 and
strain 175P4 were ineffective on pea. The Rhizobium cultures were
prepared by inoculating a loopful of cells from a stock culture into
100 ml YEM broth and growing on a gyrotory shaker (150 rev min™!)
at 28°C for 72 h. The Rhizobium cultures contained around
10% colony forming units per ml (cfu ml™").

Soil

The loamy sand soil used in this study was collected from
Bradwell, Saskatchewan. The soil was air-dried, passed through a
4-mm sieve, and the nutrient content determined at the Enviro-Test
Laboratories, Saskatoon, Saskatchewan, using the following chem-
ical extractants: N and S, 0.001 M CaCl,; P and K, 0.25 N
ammonium acetate, 0.015 N ammonium fluoride and 0.25 N acetic
acid; micronutrients (except B), 0.005 M EDTA, 0.01 M CaCl, and
0.1 M triethylamine; B, 0.01 M CaCl,, organic matter, concentrated
H,SO4, 0.4 N potassium dichromate; pH and conductivity, 1:2
soil:water slurry. Select nutrient characteristics of the soil were as
follows (ug g'l): N 10; P 13; K300; S9.4; B 0.72; Cu 0.56; Fe 11.2;
Mn 9.6; Zn 3.18; pH 8.1; EC 0.2 mS/cm, organic C 1.1%; organic
matter 1.9%. The soil was mixed 1:1 (w/w) with silica sand and 2 kg
potted into 15-cm diameter pots. About 200 ml distilled water were
added to each pot and the soil:sand mixture was thoroughly mixed.
The soil:sand mix was allowed to equilibrate for 10 days before
planting. The number of indigenous rhizobia and AMF propagules
in the soil:sand mix were 5.5 per g and 170 per 50 g, respectively,
as determined using the most probable number technique of
Somasegaran and Hoben (1994) for rhizobia and Porter (1979) for
AMEF.

Inoculation and plant growth

For all the treatments, four pea seeds (cv. Trapper) were planted at
5-cm depth from the soil surface. For the Rhizobium treatments,
2.0 ml Rhizobium culture were added over the seeds. For the AMF
treatments, 10 g appropriate AMF inoculum (i.e., NT4 or NT6) was
placed at 5-cm depth over which pea seeds were placed. For the
AMF + Rhizobium treatments, 10 g AMF inoculum were placed at
5-cm depth over which pea seeds were planted, and 2.0 ml
appropriate Rhizobium culture was added. After seedling emer-
gence, plants were thinned to two per pot. Autoclaved polypropyl-
ene beads were applied on the soil surface to prevent cross
contamination and top soil drying. Plants were grown in a growth
chamber with the following conditions: 25°C, 16 h day and 20°C,
8 h night; 375-400 um m™ sec™! of irradiance and around 60%
relative humidity. Soil was maintained at around 60% moisture



holding capacity, and pots randomized and repositioned once a
week.

Parameters

Plants were grown for 90 days and harvested. The above-ground
plant material was separated into shoot and seed, dried (65°C, 48 h)
and weighed. Roots were washed thoroughly in running tap water,
dried (65°C, 48 h) and weighed. The %AMEF root colonization was
determined using a modified gridline intersect method (Giovanetti
and Mosse 1980). The N and P concentration of the shoot and seed
material was determined using a mixture of H,SO4-H,0; (Thomas
et al. 1967). The P use efficiency was expressed as grams shoot or
grain dry weight per gram P absorbed.

Statistics

Percentage values were arcsine-transformed before statistical
analysis. The general linear models procedure and least significant
test in SAS were used for data analysis. Correlation coefficients
were obtained using Pearson’s correlation analysis in SAS (SAS
Institute 1997). Unless indicated otherwise, all treatment means
were tested for significant differences at P <0.05.

Results

Dry matter production

The shoot dry weight of pea was not affected by G.
clarum NT4 compared to the control, and was signifi-
cantly lower than that of G. mosseae NT6-inoculated
plants, irrespective of the Rhizobium strain, i.e., AMF
main effect (Tables 2, 6). The effect of the Rhizobium sp.
strains on the shoot growth of plants varied depending
upon the strain, irrespective of the AMF species, i.e.,
Rhizobium main effect (Tables 2, 6). For example, the
Rhizobium strains 175P4 and LX48 were significantly
less effective at stimulating shoot growth compared to
other inoculants such as LX43 and LX57. The efficacy of
most Rhizobium strains under gnotobiotic conditions
(Table 1) was similar to that in soil, except for strain
LX48. The effectiveness of the Rhizobium strains on the
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shoot dry weight (P <0.046; r =0.64) and N nutrition
(P <0.04; r =0.65) of 6-week-old pea grown under
gnotobiotic conditions was correlated with the growth and
N nutrition of 90-day-old pea grown in natural soil for all
strains except LX48. Co-inoculation of pea with NT4 or
NT6 resulted in significantly different effects on the shoot
growth of plants inoculated with the same Rhizobium
strain for half the number of Rhizobium treatments
(Table 2). For example, the shoot growth of pea
inoculated with the NT4 + PB101 combination was
significantly greater than the NT6 + PB101 combination.
In contrast, the NT6 + LX57 combination increased the
shoot growth of pea by 30% relative to the NT4 + LX57
combination, indicating that interactions between pea, the
Rhizobium strains and the AMF species were specific.

Irrespective of the Rhizobium strain used, the total root
dry weight of plants inoculated with NT4 or NT6 was not
significantly different from each other (Tables 2, 6). Most
of the Rhizobium treatments except 175P4 significantly
increased the total root dry weight of plants relative to the
control, irrespective of the AMF species (Tables 2, 6).
Co-inoculation of pea with AMF and rhizobia signifi-
cantly increased (NT4 + LX51, NT6 + LX51), decreased
(e.g., NT6 + LX43, NT6 + LX1), or had no effect on the
total root dry weight of pea inoculated with the same
Rhizobium strain (Table 2).

The effect of the NT4 inoculant on the seed yield of
pea was inferior to the native AMF and NT6 (Tables 3, 6).
Inoculation of pea with the Rhizobium strains significant-
ly altered the yield of pea plants, and regardless of the
AMF species, most inoculants (7 of 10 Rhizobium strains)
increased grain yield relative to the uninoculated control
(Tables 3, 6). The AMF species had very different effects
on the yield response of pea to inoculation with the same
Rhizobium strain (Table 3). For example, the NT4 + LX43
combination resulted in higher yields than the NT6 +
LX43 combination (Table 3). This yield increase was
around 116% higher than the control plants, 34% higher
than plants inoculated with LX43, and 48% higher than
the NT6 + LX43 combination. In contrast, the NT6 +

Table 2 Mean (n =4) shoot and

; Rhizobium treatment
root dry weight (nodule + root) <

Shoot dry weight (g/pot)*

Root dry weight (g/pot)®

of pea plants inoculated with

AMF treatment

the arbuscular mycorrhizal fun-

gi (AMF) species Glomus clar- None NT4 NT6  Mean (A) None NT4  NT6  Mean (A)
””Zi/NT“ ong.. mosseac NT6  None 380 327 469 395 166 088 229 161
an q or ten : ’Zgolg’” St.ra‘“s.l 175P4 442 422 439 434 197 068 123 129
an tg.f".W“. 05. ayl‘&;‘” g LX13 454 462 430 449 1.65 222 191 193
le.n a];‘.““%;“ lg“j;"“sf a;‘] LX36 486 375 561 474 247 197 296 246
rhizobia. ean ( )Rr;.erz.t‘” ¢ LX51 558 543 461 521 197 249 252 233
“ganto dfwmam 2 ’Z§ th RGP2 506 485 431 474 254 255 194 234
cifect and Mean r;a)in“j&s}: °  PpBIOI 490 519 428 479 195 240 239 225
effect (LSD least Significant LX1 493 519 531 5.4 327 336 278  3.14
Gifforence) LX43 536 546 561 548 395 395 343 378
LX48 426 368 478 424 232 238 128 199
LX57 491 474 616 527 251 291 194 245
Mean (B) 479 458 491 239 234 224

21L.SD values for AMF main effect =0.23 g, Rhizobium main effect =0.44 g, interaction effect =0.76 g
> LSD values for AMF main effect =0.13 g, Rhizobium main effect =0.24 g, interaction effect =0.42 g
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Table 3 Mean (n =4) seed yield
and harvest index of pea plants
inoculated with the AMF spe-

cies Glomus clarum NT4 or G.

Rhizobium treatment

Seed yield (g/pot)*

Harvest Index®

AMF treatment

mosseae NT6 and/or ten Rhizo- None NT4 NT6 Mean (A) None NT4 NT6 Mean (A)
biura Strains and grown for - Nope 219 169 357 248 36 35 43 38
di engus AMF 2nd rhizo%ia 175P4 1.68 155 223 182 27 27 34 29
g © o LXI3 227 224 263 238 33 33 38 35
Mean (A) refers to the mean of 'y 3¢ 339 216 362 306 41 37 39 39
the main Rhizobium effect and LX51 3'33 3‘26 3‘68 3‘42 37 38 14 40
Mean (B) refers to the mean of  pisp, 311 277 314 301 38 36 4 39
the ain Al(\fg effect (LSD least  ppjg 270 301 275 282 36 37 39 37
significant difference) LX1 381 346 322 350 44 40 38 41
LX43 352 473 319 381 40 47 36 41
LX48 252 190 243 228 37 35 34 35
LX57 321 280 280 293 40 37 31 36
Mean (B) 288 269 302 37 36 38

#1L.SD values for AMF main effect =0.14 g, Rhizobium main effect =0.27 g, interaction effect =0.46 g
b 1.SD values for AMF main effect =2, Rhizobium main effect =4, interaction effect =7

Table 4 Mean (n =4) total

shoot (shoot + seed) N and P of Rhizobium treatment

Total shoot N (mg/pot)*

Total shoot P (mg/pot)®

pea plants inoculated with the

AMF treatment

AMF species Glomus clarum

NT4 or G. mosseae NT6 and/or None NT4 NT6  Mean (A) None NT4 NT6  Mean (A)
ten Rh’f(’bg”o’”d“rams a“.‘lj None 773 633 1199 868 1.1 93 158 121
fgfi‘;vivn“ i‘;rdi eng‘z: X‘I\f[(};‘ afl‘(’in' 175P4 76.0 613 805 726 11.8 106 132 119
e bg. Mg ) refers to the  LX13 101.8 887 935 947 135 136 133 135
rzo “}- 0 ean ( )Rr;. erz.o © 1X36 1295 913 1433 1214 155 107  16.1 14.1
“}?ano dfwmamB ’Z‘f’ ’”T LX51 137.1 1286 1262 1306 13.6  14.1 14.1 13.9
teheefli;::l of f}fg’éla)inrlﬁlz 0 RGP2 1175 988 999 1054 135 134 131 133
effect (LSD least sienificant PB101 103.4 1240 90.6 106.0 122 151 114 129
difference) g LX1 143.8 1482 121.6 1379 145 145 156 149
LX43 1333 1912 1545 159.6 136 169 141 149
LX48 869 689 91.6 825 122 110 134 122
LX57 1267 102.0 1374 122.0 148 121 146 138
Mean (B) 112.1 1060 1144 133 128 141

4 LSD values for AMF main effect = 6.26 mg, Rhizobium main effect =12 mg, interaction effect =21 mg
> LSD values for AMF main effect =0.85 mg, Rhizobium main effect =1.6 mg, interaction effect

=2.8 mg

175P4 combination produced a higher grain yield than the
NT4 + 175P4 combination. However, the yield of plants
inoculated with NT6 + LX43 was around 43% higher than
the NT6 + 175P4 combination, indicating that although
AMEF inoculation increased the yield of an inferior
Rhizobium-inoculated pea, the yield was higher for pea
co-inoculated with a superior Rhizobium strain.
Regardless of the Rhizobium strain, there were no
significant differences between the proportion of dry
matter allocated to seed or harvest index (HI) in any of the
AMF treatments (Tables 3, 6). However, there were
significant differences between the Rhizobium strains,
irrespective of the AMF species used (Tables 3, 6). For
example, the HI of pea plants inoculated with LX1 or
LX43 was significantly higher than that of plants
inoculated with 175P4. Co-inoculation with the AMF
species NT4 or NT6 caused significant changes in the HI
for plants inoculated with the same Rhizobium strain (e.g.,
175P4, LX43 and LX51; Table 3). It appeared that the
effectiveness of the Rhizobium strain had no impact on
the HI of the co-inoculated plants. It was noteworthy that

the NT4 + LX43 combination significantly increased the
HI by around 28% compared to the NT6 + LX43
combination and by around 17% compared to LX43. The
HI was dependent on the specific combination of AMF
and Rhizobium strain, and not on the efficacy of either
microsymbiont, as noted for other parameters. A signif-
icant positive relationship was noted between HI and total
shoot dry weight (P <0.0003; r =0.59), total shoot N
(P <0.0001; r =0.64) and total shoot P (P <0.0011;
r =0.54).

Nutrient parameters

Statistical analyses revealed that, irrespective of the
Rhizobium strain, pea inoculated with G. mosseae NT6
had significantly higher total aboveground dry matter N
compared with plants inoculated with G. clarum NT4
(Tables 4, 6). Regardless of the AMF treatment, pea
inoculated with most of the effective Rhizobium strains,
except LX48, had significantly higher levels of total shoot



Table 5 Mean (n =4) percentage of AMF colonized root of pea
plants inoculated with the AMF species Glomus clarum NT4 or G.
mosseae NT6 and/or ten Rhizobium strains and grown for 90 days
in soil containing indigenous AMF and rhizobia. Mean (A) refers to
the mean of the main Rhizobium effect and Mean (B) refers to the
mean of the main AMF effect (LSD least significant difference)

Rhizobium treatment ~ AMF-colonized root length (%)*

AMF treatment
None NT4 NT6 Mean (A)

None 19 42 36 32
175P4 36 22 32 30
LX13 34 29 21 28
LX36 17 40 25 27
LX51 24 21 25 23
RGP2 20 26 13 19
PB101 17 29 23 23
LX1 19 33 22 25
LX43 47 62 19 42
LX48 24 18 15 19
LX57 23 24 19 22
Mean (B) 25 31 23

21LSD values for AMF main effect =2, Rhizobium main effect =4,
interaction effect =7

N compared to the control plants or those inoculated with
an inferior Rhizobium strain (Tables 4, 6). For the same
Rhizobium strain, the shoot N content of pea co-inocu-
lated with the two AMF species was significantly
different in 7 of the 11 Rhizobium treatments, indicating
a specific interaction. For example, the total shoot N of
pea co-inoculated with the AMF G. clarum NT4 and the
Rhizobium strain LX43 was 24% greater than pea co-
inoculated with G. mosseae NT6 and 1.X43, and 43%
greater than pea inoculated with only LX43 (Table 4).
Furthermore, a significant positive correlation was noted
between total shoot dry weight and total shoot N
(P <0.0001; r =0.95).

Regardless of the Rhizobium strain in combination, the
AMF treatments had a similar effect on total shoot P as
that of total shoot N (Tables 4, 6). Similarly, regardless of
the AMF treatment, the effect of the various Rhizobium
treatments on total shoot P content was similar to that
noted for total shoot N (Tables 4, 6). The P response of
pea to co-inoculation with AMF and Rhizobium strain was
not as pronounced as that noted for total shoot N content
(Table 4). For example, pea co-inoculated with NT4 and
PB101 had a 24% greater level of shoot P than plants
inoculated with PB101 alone and 33% more total shoot P
than pea co-inoculated with the NT6 + PB101 combina-
tion. A significant positive relationship was noted
between total shoot dry weight and total shoot P
(P <0.0001; r=0.87), similar to that noted for total shoot N.

AMF colonization
Irrespective of the Rhizobium strain, inoculation of pea

with NT4 significantly increased the AMF colonization
levels compared to NT6 and the control (Tables 5, 6).

Table 6 Analysis of variance for the shoot and total root dry weight, seed yield, harvest index, total shoot N and P content and AMF colonization of pea inoculated with the AMF species
Glomus clarum NT4 or G. mosseae NT6 and/or ten Rhizobium strains and grown for 90 days in soil containing indigenous AMF and rhizobia (MS mean square, F F ratio, P probability)

AMF colonization

MS

Total shoot P

MS

3.79 0.0258 16.882 4.19 0.0180 871.72 38.93 0.0001

Total shoot N

MS

df  Harvest Index

Seed yield

MS

Total root dry weight

MS

Shoot dry weight

MS

AMF (A) 1.2318 4.18 0.0181 0.2434 2.77 0.0675

Source

MS

2 0.0035 1.65 0.1979
4.1793 39.05 0.0001 10 0.0135 6.32 0.0001 8,280.8 37.82 0.0001 13.192 3.27 0.0011 545.05 24.34 0.0001

830.8

1.2575 11.75 0.0001

Rhizobia 2.7661 9.38 0.0001 5.5843 63.57 0.0001

(R)

11.608 2.88 0.0003 316.82 14.15 0.0001

2.39 0.0025 1,397.3 6.38 0.0001

0.0001 20 0.0051

9.21

0.9861

0.9118 10.38 0.0001

1.0866 3.68 0.0001

A xR

265
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Inoculation of pea with some Rhizobium strains enhanced
(e.g., LX43) or restricted (e.g., RGP2, LX48) AMF
colonization of roots relative to plants not inoculated with
rhizobia, irrespective of the AMF species (Tables 5, 6).
The AMEF inoculants NT4 and NT6 had different effects
on the AMF colonization of plants inoculated with the
same Rhizobium strain (Table 5). For example, NT4
increased the mycorrhizal colonization of pea inoculated
with RGP2 and LX43, but reduced that of 175P4. None of
the measured plant parameters were correlated with the
AMF colonization of pea roots.

Discussion

Studies examining the link between the nod and myc
symbioses show that a high level of similarity exists
between both symbioses (Duc et al. 1989; Gianinazzi-
Pearson 1996). Recently, Harrison (2000), using pea and
alfalfa mutants blocked in the Nod signaling pathway,
showed that the processes of nodulation and mycorrhizae
formation do not occur in these mutants, indicating that
the Nod signaling pathway is shared in both processes.
Due to the intimacy of the relationship between the AMF
and rhizobia, the nature of AMF-Rhizobium interactions
can determine the efficacy of the tripartite symbiosis in
terms of enhancing plant yield. Therefore, depending
upon the AMF-Rhizobium interaction, the response of a
legume host to a given set of AMF-Rhizobium sp. partners
may or may not be favorable for plant growth depending
on the interaction of the symbionts. This study demon-
strated that there were synergistic interactions between
compatible AMF species and rhizobia which were
manifested as growth, yield and tissue N and P content
increases. However, these growth and yield increases
were not restricted to the effective AMF species or
rhizobia.

Many workers have shown that the growth and yield of
legumes are influenced by interactions between AMF
species and rhizobia (Ames et al. 1991; Azcon et al. 1991;
Vejsadova et al. 1992; Ianson and Linderman 1993; Ruiz-
Lozano and Azcon 1993; Ahmad 1995; Redecker et al.
1997; Xavier and Germida 2002). Notably, Azcon et al.
(1991) found that alfalfa growth was enhanced by the
specific combination of Glomus and Rhizobium meliloti
strains. Similarly, in comparing the effects of interactions
between G. pallidum, G. aggregatum and Sclerocystis
microcarpa and four R. phaseoli strains on the growth and
yield of three kidney bean cultivars, Ahmad (1995) found
that the symbiotic efficiency was ‘“dependent on the
particular combination” of the AMF species, Rhizobium
strain and even the host cultivar. The growth, yield and
nutrition of pea were dependent on the specific combi-
nation of AMF species and Rhizobium strain, also
reported by Azcon et al. (1991) and Ahmad (1995) for
alfalfa and kidney bean. However, in contrast to other
studies, wherein only effective rhizobia were included,
ineffective Rhizobium strains were also included in order
to appreciate the role of rhizobia in the tripartite

symbiosis. It was noted that the efficacy of a superior
Rhizobium isolate such as LX43 was dramatically
enhanced in terms of yield, HI, and N and P content
when co-inoculated with an apparently compatible AMF
species such as NT4. Furthermore, the yield of pea
inoculated with a less effective Rhizobium strain was
enhanced when combined with an apparently compatible
AMF species such as NT6. However, this enhanced
productivity was still significantly lower than that of an
effective Rhizobium or AMF-Rhizobium combination. We
noted a similar response in lentil co-inoculated with
effective and ineffective Rhizobium strains and AMF
(Xavier and Germida 2002).

The role of AMF in tripartite symbiosis as a mecha-
nism for supplying the crucial levels of P may be
important in soils with a low available P content as N
fixation is restricted by an inadequate P supply. The
growth and yield increase of legumes inoculated with
AMF and rhizobia is generally due to enhanced N and/or
P uptake (Manjunath et al. 1984; Pacovsky et al. 1986;
Azcon et al. 1991; Ruiz-Lozano and Azcon 1993; Xavier
and Germida 2002). The yield increase observed for pea
was associated with increased total shoot N and P content,
and therefore suggests that the yield increase noted in
compatible AMF + rhizobia treatments was probably due
to enhanced N and P uptake.

Correlation analyses revealed no significant relation-
ships between the AMF colonization levels and yield or
nutrient levels. Many reports suggest that AMF coloni-
zation may not be related to the ability of the fungi to
absorb and translocate nutrients to the host (Azcon et al.
1991; Ruiz-Lozano and Azcon 1993). It is possible that
the enhanced nutrient uptake by pea inoculated with some
co-inoculation treatments was mediated by the activity of
the external mycelium, the P absorbing organ of the AMF
(Jakobsen et al. 1992), and therefore not directly related
to the colonization of roots by AMF.

Xavier and Germida (2002) found that for lentil an
incompatible AMF association could reduce the efficacy
of an effective Rhizobium strain, and that a compatible
AMF association could enhance the efficacy of an
ineffective Rhizobium strain. This study confirms our
hypothesis that this phenomenon occurs in other legumes.
Nevertheless, there were subtle differences between the
two legumes in terms of their response to symbionts.
Most important was the fact that the magnitude of growth
and yield response to co-inoculation with a compatible
AMF-rhizobia association was much higher for lentil than
pea.

This study demonstrated that by carefully co-selecting
for AMF and rhizobia which are compatible with each
other and with the host plant, the growth, yield and
nutrition of the legume host can be dramatically enhanced
even in non-sterile soil containing indigenous AMF and
rhizobia. In addition, co-inoculation with one AMF
species significantly increased plant productivity over
the other for the same Rhizobium strain or isolate,
irrespective of its effectiveness on the host. The applica-
tion of this co-inoculation strategy for agriculture still



appears to be limited due to the non-culturable nature of
AMEF. However, the applicability of this research strategy
for legumes in various other situations, such as in
phytoremediation (Wiltse et al. 1998), revegetation of
disturbed land (Requena et al. 2001), and forestry
(Stamford et al. 1997), is high.
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