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The response of legumes to inoculation with rhizobia can be affected by many factors. Little work has beenundertaken to examine how indigenous populations of rhizobia affect this response. We conducted a series ofinoculation trials in four Hawaiian soils with six legume species ((;cine mhe.x, Vigna unguicalata,Phaseoluslunatus, Leucaena leucocephala, Arachis hypa'aca, and Phaseolus wilgaris) and characterized the nativerhizobial populations for each species in term!; of the number and effeutiveness of the population for aparticular host. Inoculated plants had, i-i average, 76%. of the nodules fovimed by the inoculma strain, whicheffectively eliminated competition from native strains as a variable between soils. Rhizobia populations rangedfrom less than 6 x 100/g of soil to I x 104/g of soil. The concentration of nitrogen in shoots of inoculated plantswas not higher titan that in uninoculated controls when the most probable number NIPN counts of rhizobiawere at or above 2 x 10'/g of soil unless the native population was completely ineffective. 'rests of randomisolates front nodules of uninoculated plants revealei that within most soil populations tiere was a wvide rangeof effectiveness f)r N, fixation. All populations had isolates that were ineffective in fixing N,. The ,noculunstrains generally did not fix more N2 titan the average isolate from the soil population in sitgle-isolate tests.Even when the inoculum strain proved to be a better symhiont than the soil rhizobia, there was no response ?oinoculation. Enhanced N2 fixation after inoculation was related to incrtae,ed nodule dry weights. Althoughinoculation generally increased nodule number when there %%ereless than I x 1()2 rhizobia per g of soil, thereisas no corresponding increase in nodule dry weight i0heu native populations were effective. Most speciescompensated for reduced nodnlation in soils with few rhizobia by increasing the size of nodules and thereforemaintaining a nodule dry weight similar to that of ir.ocala:cd plants with more nodules. Even when conpetitionby native soil strains was overcome with a selected inoculuin strain, it is not always possible to enhance N2fixation when suil populations w,'re above a threshold imtnmier and had some effective strains. 

Soils may vary considerably in the nature of their estab-
lished rhizobial populations. Popukltions of Rhizobittm may
contain a number of species, and within a species, strains 
may exhibit a range of symbiotic l1'ectiveness with a legume
(2, 5). In addition, 'the number of naturalized rhizobia varies 
betweer soils by many orders of magnitude (10). The num-
ber of rhizobia in soil is determined by both physiochemical
and biological factors (for a review see Lowendorf 181):
however, no systematic study on the determinants of the
number of rhizobia in soil or their effectiveness has been 
undertaken. 


Agricltnlural legumes are commonly 
 inoculated with se-
lected strains of rhizobia in the expectation that inoculation 
will increase nitrogetn fixation and crop yield. While dramatic
increases in yield from inoculation are pos..ible (1), many
factors limit the full expression of the inoculation response:(i) failure to establish the inoculum at normal inoculation 
rates due to competition from native soil strains (4, 7) or 
reduced inoculum viability due to stresses such as tempera-
ture (9) and desiccation (16): (ii) plant yield potential may be
limited by environment, so that N demand is met by avail-
able soil N or through N, fixation by less effective soil 
rhizobia (13); and (iii) a sufficient population of soil rhizobia 
may exist to meet host demand for symbiotic N, Under
nonlimiting growth conditions for the host, 

While much effort has been expended to identify strains of 
Rhizobtium that are superior in N, fixation (6) and tolerant to 
a variety of' soil stresses (for a review see Lowendorf 181).
There is little understanding of how native populations of 
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rhizobia detcrmine legutne N, fixation potential. We con
ducted a series of inoculation trials with legumes in soils with 
a diversity of native rhizobial populations. Soil populations 
were characterized in terms of tihe number of invasive
rhizobia and the effectiveness ot the population on a legume
host. Other factors which may condition the response to 
inoculation such as inoculation failure, low plant demand for 
nitrogen, and available soil N were eliminated as variables in 
these experiments. We therefore were able to examine how
the nature of soil rhizobial populations affects our ability to 
obitain a response to inoculation with selected rhizobia and
deline what constitutes a sufficient population of rhizobia to 
meet host N demands. 

MATERIALS AND METlO)S 

General experimental approach. Greenhouse inoculation 
trials of dilfercnt legume species carried out in fourwere 
different soils. These experiments had three main compo
nents: (i) each species was inoculated with large numbers of 
a selected strain of' Rhizohiuln or not inoculated: (ii) the 
number of native soil rhizobia for each species was 
determined at planting; and (iii) the average ellectiveiness of 
native soil strains was determined by conductiing strain tests
of isolates made l'ronl the uninoculated control for each 
species. As a measure of' yield potential in the system, one 
species for each soil was provided with 600 ing of N per kg
of soil as a positive N control. The inoculation trials were 
carried out in N-free soil conditions by immobilizing soil N 
with sugarcane bagasse. 

Site selection, soil sampling, and preparation. Soils fromFour sites on the island of' Maui. Hawaii, were selected for 
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TABLE 1. Site and characteristics of four Hawaiian soils 

Annual Mean 

Site Sl Elevat rainfall soil H Legume(m) (cm) temp species at site 

ecr ) 

Haiku Humoxic 305 165 21 4.8 Desmodium, 
tropohumult Indigofe'ra, 

Crotalaria 
Makena Aridic 30 38 24 6.5 Prosopis 

hap1stoll 

huplustoll Crotalaria, 

Leucaena 
Keahua Typic torrox 420 51 23 7.1 Desmodium, 

Leuicaena, 
P.-osopis 

-

these experiments ('Tabie 1). None of the sites are used for 
agriculture, and all the legumes at the sites were growing 
wild. The top 2 cm of soil was removed from a sample site, 
and the soil was mined to a depth of 20 cm and passed 
through a 6.5-mam screen. The screened soil was removed in 
plastic buckets for storage and used as soon as possible. 

Bulk soil was mixed with screened sugarcane bagasse
(6.5-nim screen) at 101g/kg of soil (oven dry basis, 65C). The 
Haiku soil was amended with 3.0 g of Ca(OH ,per kg of' soil 
to bring the pH to 5.8. The other soils remained at their 
existing pH with 50 mg of Ca isCaSO 4 added as a nutrient. 

Air-dricd soil (7.0 kg of' Haiku. 7.3 kg ofMakena, 7.0 kg of 
lao, and 7.11 kg of Keahua. oven-dried weight basis 110'C) 
was placed in 11.4-liter plastic pots. Soils were brought to 
0.01 MPa tension (corresponding to 370. 411. 370. and 320 g 
of' HO per kg of soil for Haiku, Makena, lao. and Keahua 
soils, respectively) by adding liquid nutrient stocks and 
water. Nutrients added (in milligrams per kilogram of soil): 
P,600; K. 750: Mg, 100: S.133: Fe. 7.5: Fn, 2.5: 13.1.8; Mo, 
0.2: Cu. 0.8: Mn. 2.3: Co, 1.2. Sources were KHPO4, 
MgSO 4 ' 7HO,and micronutrients from a liquid concen-
trate (Monterey Chemical Co.). Soil was allowed to equili-
brate for 2 to 3 days before planting. 

Plant culture. Seeds of' four legume species were surface 
sterilized in 217 sodium hypochlorite for 2 min, rinsed, and 
planted in sterile vermiculite. Planting began when the 
radicles were 2 to 3 cm long. 'Tlen planting holes were made 
in the wet soil to a depth of 2 to 3 cm with a glass rod: 1 nil 
of' a turbid YEM broth culture of' the inoculant strain (15) 
was placed in each plaiting holc. Radicles (2 cm) were 
placed in the planting hole, and enough sterile water was 
added to each hole to ensure root-soil contact. 'lh,surface 
of' the pots was then covered with 1 cni of' sterile aquarium 
gravel. Pots were maintained at field capacity (0.001 mPa) on 
a daily basis by applying water passed through a 20
niolecular-weight revese osmosis system. 

The positive nitrogen control for each soil type received a 
total of 600 mg of N per kg of' soil as NH 4NO 3 illwater in 
equal applications at planting and 21 days later. 

Plants were thinned to seven per pot 1week alter planting. 
Pots were arranged in the greenhouse in a randomized 
complete block design. 

Early harvest. An early harvest of three plants was per-
formed between 16 and 26 days after planting, depending on 
the time of'year and tie species being tested. Three random 
plants were cut at the soil surfatce, and tie leaf area of the 
most recently expanded trifoliolate was determined. For 
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plants in Haiku and Makena soils, a leaf area meter was 
used. For the Keahoa and lao soils, the plants were kept
turgid by being placed in plastic bags. The trifoliolates werephotocopied, the leaf area was cut out, and the area wasdetermined by weighing the paper cut-out. Plants were dried 

(65'C), weighed, ground, and digested in H2S0 4, and NH 4 
was determined by the micro-Kjeldahl test. 

Late harvest. The remaining plants were harvested be
tween 30 and 43 days after planting, depending on the time of 
the year and the species. Plants were cut at the soil surface, 
oven dried (65'C), ground, and digested in H2S0 4, and NI-I4 
was determined by a micro-Kjeldahl assay. Roots were 
removed from the pots at harvest, placed in 2-liter plastic 
containers, and incubated for 0.5 h in 5% C2H 2 (vol/vol) in 
air. Ethylene production was determined by gas chromatog
raphy. Root systems were washed free of soil, and nodules 
were removed and counted. Random subsamples of nodules 
from uninoculated pots were selected for isolation. 
Subsamples had at least 25 to 60 nodules per species from 
the four replications. At least 50% of the total nodules were 
sampled when the total number was below 50. All nodules 
were sampled for plants with fewer than 25 nodules. The 
weight of fresh nodules and subsamples was recorded. All 
nodules except subsamples for isolation were dried (65°C) 
and weighed. 

Inoculum strains and plant cultivars. Strains used for 
inoculation were GI'cie max USDA110 (U.S. Department 
of Agriculture, Beltsville, Md.), Phaseolhfs lunatus TAL22 
(NiITA L Project. Paia, Hawaii), Phaseohlts vtgeris TAL182 
(NiITAL Project), Vigta unguictlata TAL209 (NiITAL 
Project), Leucaena leccocephala CIAT1967 (Ccntro 
Internacional Agricultural Tropical, Cali, Colombia),
Arachis Itvpog~wa TAL169 in lao soil (NiITAL Project), and 
TALIOI for others (NitTAL Project). Ctiltivars used were 
G. max cv. Davis, P. lunatus cv. Henderson Baby, L. 
lucoephala cv. lK-8, P. vtulgaris cv. Bluelake, V. 

unguiclatia cv. Vita-5 (from International Institute for 
Tropical Agriculture, Ibadan, Nigeria) for Haiku soil and cv. 
California Blackeyc lor the remaining soils, and 4. /iywogaea 
cv. 	Burpec Spanish. 

Characterization of native soil populations. Before plant
ing, soil cores (2 cm) were taken from random pots, mixed, 
and subsampled for moisture determination. A 50-g (oven
dried basis, 110'C) subsample ofsoil was diluted in 450 nil of 
sterile water, except Keahua soil for P. lunatus, which was 
diluted in 151 nil of water. Serial 1:1(0 dilutions (1:4 for P. 
linatUs in Keahua soil) were thenimade. 

Most probable nuhmber (MPN) determinations for the 
number of rhizobia in the soil (15) for each species were 
made by applying a 1-mil portion of' each dilution to f'our 
replicate plants growing in plastic growth pouches (Ameri
can Scientific Products) (17) with 30 ml of an N-free nutrient 

TABLE 2. Proportion of nodules formed by inoculated strains" 
_ 

% of total nodules 
G. A. P. V. P. L.
 

Soil G hpogaea .nat.%tngticuthta vgaris Le.tocephaha 
Haiku 100 79 97 57 
Makena IOU 98 100 96 
lao 100 94 53 100 
Keahua 100 88 88 76 

" Nodulating strains were identified by immunofluorescence microscopy. 
Nodules having both inoculum and soil strains counted as nodules formed by 
the inoctilurn. 
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TABLE 3. Total shoot N content
 

Shoot N content (mg/plant)"
 

G. max A. P.htnatus V. lguictdata 
Soil " 

I U I U I U I u 

Haiku 49" 14 67 61 55 59 67 75 
Makena 83" 10 65" 18 45" 7 98" 31 
lao 54" 6 74 77 59 71' Keahua 77 14 78" 62 118 108 

'I. Inoculated; U, uninoculated.
 
Significant increasc (P = 0.001).

Significant increase (P = 0.05).
 

solution (12). Pouches were scored for nodilation 14 to 21 
days aftcr inoculation. 

Isolates from randomly selected nodules of uninoculated 
plants were made by surface sterilizing nodules in 2.75% 
sodium hypochlorite for 1 to 3 min (depending on nodule 
size) and rinsing then in sterile water. Nodules were crushed 
in sterile water and streaked onto a plate of' YEM agar
containing bromthynol bhte (15). Single-colony isolates 
were picked frotn plates. numberted, and stored on YEM 
agar slants. Randol isolates (15 to 23 or 259; of the isolates, 
whichever was less) were sclectcd and tested for effective-
ness in comparison to the itioculuni strains for each test plant 
grown in a soil with invasive rhizohia. The one exception 
wvs P. vulgaris in lao soil, for which the MPN analysis
indicated that invasive rhizobia were present but the host 
failed to nodulate effectively (isdetermined by C-1, reduc-
tion) in the soil pots. Isolates from nodules of' the MPN 
plants indicated that these rhizobia were slow-growing, 
alkali-producing organisms not characteristic of Rhizolmlm 
phascoli. 

Effectiveness tests were carried Out in 1-liter plastic pots
(Lab Tek Products) filled with wet vermiculite. The lid of the 
pot had four 1.25-cm holes punched in it. The hole in the 
center was to receive a weighted drip irrigation enlitter, and 
there were three planting holes around the center hole. A 
similar hole was punched inthe bottom of' each vessel. A 
planting hole wts Made in tileverniculite and inoculated 
with a 2-nil suspension of ctlture fron agar slants of' tile 
appropriate isolate or inocultm strtin or with an invasive. 
nonfixing staitin for controls. Pots were planted with gernii-
natcd seedlings (radicle length. 2 to 3 cm). tdrip irrigation 
en;;tter was placed in the center hole, and the holes were 
covered with sterile aquarium gravel. Plants were thinned to 
two per pot 1 week af'ter planting. harvested 28 to 40 days
after planting (depending on species), dried. and weighed. 

TABLtE 4. MPN" of rhizobia 
No. of rhizohia/g of soil 

Soil G. .. L.G.Soi 1P.1111111111A. v hulo-ma/It o utguiiilat phalavido .,l 
' ! t
Haiku 0" 6 x 1 x 102 2.0 x lot 

0' ('
Makena <6 x 10)" <6 x 10" 1.0 x 10)')
tao 0" 1 x 102 5.8 x 101 1 x 10" ' 
Keahua 0" 7.2 : 10(' 3.0 x 11 3 x I' 

,Fidcial limits arc detertined by dividing or multiplying tumbers b 3.8
for all plants except P. honatus in Keahtia soil. which had i factor of 2.7. 
,Significant increase due to inocttlation (11'0.001).

Significant increase due to inoculation WP = 0.05). 

P.rtearis leuoc. Controls (N supplied) 
' ih/t 

I U I U G.
IMIXl~ 

1. 
hinluls 

A.
h~lpogaea 

L.
lehtuonephala 

449 
682 

115" 10 122 
14 16 35 

Each pot received 100 ml of N-free nutrient solution (12) per
day by timed pump from a 335-liter reservoir for the first 3 
weeks. After 3 weeKs, pots received two 100-nol nutrient 
solution applications per day. All isolates selected for testing
nodulated their hosts. There were three replications for each 
isolate. 

Success of inoculum strain. Dried nodules from inoculated 
plants (at least 35 nodules or 5 4; of the total, whichever was 
greater) in the soil pot tests were selected at random for 
serological identification. Nodules were rehydrated for 2 to 3 
h in sterile water, a toothpick was inserted into the bacteroid 
zone, and a small smear was heat-fixed on a glass slide. 
Nodule snmears were treated with gelatin-rhodamline isothio
cyanate (3) and then with a drop ofrabbit antiserum specific
for the inocultUm strain. Homologous controls were from 
YEM agar slants (15). Slides were incubated lor 30 min in a 
moist chamber, rinsed in saline, and then tre-aed with goat
anti-rabbit flutorescent antibody conjugated by the method of 
Schmidt et al. (11). Positive reactions were determined by
epifluorescence microscopy. From 20 to 30 nodules from 
uninoculated pots w%'ere tested for cross-reaction with anti
sera against the inoctlum strains. Cross-reaction was less 
than 14?,-. except for I'. vtularis in lao soil: however, the 
only nodulating organisms in that soil were ineffective 
cowpea rhizobia. 

)ata analysis. )ata were analyzed by analysis of variance: 
each soil was treated as a separate randomized complete
block design. 

RESULTS AND DISCUSSION 
The nature of soil rhizobial populations may affect the N2

fixation potential of' legumes. First, the number of available 
invasive rhizobia may be insufficient to nodulate the host 
atdequately. Second, tileaverage effectiveness of the popu
lation may be inadequate to support the host's fixed-N, 
requtirements. When one or both conditions are present, we 
might reasonably expect that successful inoculation with an 
effective Rhizohitn strain would enhance N2 fixation. 

By increasing the number' of' rhizobia inoculated to soy
bean plants (G. ,uta.v} and (18, 19) in-Weaver Frederick 
reased nodule Occupancy by the inoculum strain. Nodule 

nutiber was increased in their experiments by increasing theinoculum when there were less than 103 rhizobia per g of soil. 

However, Weaver and Frederick (19) did riot observe an 
increase in' plant yield with inoculation even when there 
were less than 1.1 x 10' soil rhizobia per g of' soil and the 
inocflum strain fornied the majority of nodules. They attrib
uted the lack of inoculation response to restricted growth
conditions in which available soil N was not a limiting factor.
However, tilenative populations may have been suflicient to 
meet tile yield potetll under their expe'inmentl conditions. 
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TABLE 5. Effectiveness of native populations of rhizobia" 
A. hypogaea P. bitu s V. uutguicuulaba L. h'ucocephala

Soil 
SD Range SD Range SD Range SD Range 

Haiku +0.63 3.3 -1.79 3.1 -0.07 1.5Makena -0.24 4.4 +0.32 1.7 +0.76 7.7
lao -0.66 3.1 -0.23 4.6Keahua +0.51 6.4 -0.36 1.6 +1.47 

The effectiveness of the inoculum strain was compared with the average effectiveness of the native soil populations. SD is the difference (in standarddeviations) of shoot dry weight between plants receiving an inoculum strain and plants teceiving single cultures of random nodule isolates from the soilexperiments. Range was calculated by dividing the shoot dry weight of the highest-yielding soil isolate by that of the lowest-yielding isolate. P. vtdgaris was 
ineffective in lao soil. 

The experiments presented in this paper attempt to further 
define a suficient rhizobial population in terms of number 
and ability to meet host N requirement!;. Our experimental
approach has the advantagc of eliminating other potentially 
confounding variables such as restricted growth, site-
dependent soil N availability, and site-specihc competition 
from native soil strains. 

Table 2 indicates the high frequency of nodules in iitoci-
lated plants that were formed by the inoculum strain. This 
success rate is much greater than that observed in the field 
with normal inoculation rates in the presence of native soil 
rhizobia (7, 19). Our inoculation methods effectively elimi-
nate competition from native rhizobia as atvariable in these 
experiments, 

Inoculation significantly increased shoot N in 507( of the 
species-soil combinations (Table 3). Soybean responded to 
inoculaton in every soil with at least a fourfold increase in 
shoot N. All other species tested responded in Makena soil, 
whereas only one other species in the lao and Keahlta series 
responded to inoculation. The response to inoculation of 
lima bean (P. hunatus) in Kcahua soil was significant but 
substantially less than in Maketia soil. The response of 
inoculated cowpea (V. unguictdata) in Keahta soil was 
slightly greater than that of the uninoculated control (P !s 
0.1), whereas in Makena soil the inoculated cowpea had 
three times more N than the uninocuated plant. Kidney
bean (P. tulgaris) responded significantly to inoculation in 
lao soil. 

Essentially all shoot N was derived from fixation in these 
experiments, since soil N was immobilized by the incorpo-
ration of ground sugarcane bagasse (K. G. Cassman, Ph.D. 
thesis, University of Hawaii, Honolulu. 1979). Uninoculated 
soybean generally remained unnodulated and was N defi-
cient in all soils (less than 18 g of N per kg of dry tissue, data 
not shown). 

One species was selected for each soil to serve as a 
positive nitrogen control to demonstrate the lack of other 
limiting factors in the growth system. These controls re-

Soil G. max.r 

U 

Haiku 42" 1 
Makena 3)b 2 
lao 33" 2 
Keahua 64" 0 

1, Inoculated; U, uninoculated. 
Significant increase (P = 0.001).
Significant increase (P = 0.05). 

mained unnodulated whether or not soil thizobia were 
present. These four legumes (Table 3) have a substantial 
advantage in early growth when supplied with large amounts 
of mineral N compared with inoculated plants relying com
plctely on symbiosis for nitrogen nutrition. 

Early-harvest data for shoot N and leaf area of the most 
recent fully expanded trifoliolate (data not shown) were 
generally consistent with the responses to inoculation and 
applied N at the final harvest. One exception was in the 
Haiku soil. Cowpea. peanut (A. hyipogata). and limit bean 
had increased shoot N and leaf area at 18 days after planting 
in this soil, but their responses were not Sustained until 
harvest. Visible dilfferences between inoculated and in
inoculated plants disappeared within 2 to 3 days after the 
early harvests. There 'ere no early responses to inoculation 
in the lao soil. 

Native soil populations of rhizobia can be characterized 
functionally for N2 fixation potential by determining their 
species composition, number, and ability to fix N, MPN 
counts of native soil rhizobia are given for each species and 
soil in Table 4. There were no Rhizobitt .japoniwttn orga
nisms in any of' the soils. The other soils ranged from less 
than 6 x 10"1 to 1 x 10" rhizobia per gram of soil. 

In Makena soil, responses to inoculation with slow
growing cowpea-type orgatnisms were consistent, and the 
number of invasive rhizobia was a futll log lower than in 
Kaehua soil, in which the magnitude of the response to 
inoculation was greatly attenuated. Except for bean (P. 
vugaris) in lac soil, there was no response to inoculation 
when there were more than) 2 x 10 rhizobia per gram of soil. 
The MPN count for bean in lao soil is an artifact of the MPN 
system, since all rhizobia forming nodules on these plants in 
growth pouches were slow growing and produced an alkaline 
reaction in YEM agar with bromthymol blue not character
istic of R. phaseoli (15) and uninoculated plants in lao soil 
were not well nodulated. Lima bean had a greater response 
to inoculation in Keahta soil than did cowpea. The MPN 
count for limia bean was 1 log lower than that for cowpea and 

TABLE 6. Effect of inoculation on number of nodules 

A. hypogaea 

I U 

70" 45 
62" 25 
68" 86 

No. of nodules/plant" 
P. hilatllis V. un1gtic'htta P. vulgaris L. htwocephalt 

I U I U I U I U 
62 
90" 

142" 

69 
2 

41 

30 
71" 
55 

138" 

30 
14 
64 
72 

75" 8 
43 44 



17 

VOL. 51, 1986 INOCULATION RE'SPONSE AND INI)IGENOUS R[IIZ0IIA 1117 

TABLE 7. Effect of inoculation on nodules dry weight 
Dry wt of nodules (rg/plant)"

Soil G. max A. hypogaea P. hnarts V. ttnguil ,:1a P. vu'l ari.s L. h'tteru''phtla 
U 

Haiku 127" 10 
Makena 174" 9 
lao 140 b 14 
Keahua 165b 0 

"1,Inoculated; U, unino.ulated. 
h Significant increase (P = 0.001)..
"Significant increase (P = 0.05). 

I U I 

66 63 85 
61 43 172" 
49 61 

181" 

below what appeared to be the minimum threshold number 
(2 x 10') required for maximum N, fixation in these exper-
iments. 

The strains of rhizobia that ,take up a native soil popula-
tion may vary considerably in their effectiveness with a 
particular host. Effectiveness of soil populations has been 
reported to follow a normal distribution (2). Nodule isolates 
from uninoculated plants in soils with native rhizobia ranged
considerably in effectiveness with their respective host
plants (Table 5). Low-N.-fixing isolates were found in every
soil and produced shoot dry matter yields similar to those of 
ineffectively nodulated and uninoculated control plants. Al-
though peanut, lima bean, and cowpea cross-inoculate, the 
range of eflctiveness for the three species within a soil was
different. Inoculum strains for the most part were not more 
effective than the average of the soil population (Table 5).
Only the inoculum strain for L. leiuocephala in Keahua soil 
proved to be better in N, fixation than the average soil 
isolate. The low relative effcctivenes:: of the inoculum 
strains for peanut and cowpea in lao soil and Ir lima bean 
and cowpea in Haiku soil may explain the slight reduction in
N, fixed by the inoculated plants in these soils. These two 
soils had sufficient native rhizobia to meet the yield potential
of symbiotic plants. Because the great majority of' nodules 
were occupied in these experiments with a moderately
effective inoculum strain, certain highly effective soil strains 
may not have been able to establish themsolves, and there-
fore yield was reduced slightly. It has been suggested that 
the host selectively apportions photosynthate to effective 
lodules (14). This mechanism is functional in uninoculated 
plants nodulated by soil rhizobia with a range of effective-
ness but not in plants nodulated almost entirely by a rood-
erately effective inocultim strain. L. le'cocphala did not
respond to inoculation in Keahua soil despite the superiority 
of the inoculum strain over the soil population and the factthat the inoculum formed 76% of the nodules. 

Even moderately effective strains can elicit large re-
sponses when native soil poputlations are extremely low in 

U I U I U I U 

80 109 10 
26 427" 69 

159 159 184" 
138 386 h 205 15 13 

number, as in Makena soil. or w\,hen the population is 
completely ineffective, as it was for bean in lao soil. It 
appears that very high occupancy of nodule sites by strains 
of less than average effectiveness may slightly suppress N,
fixation when there are more than 2 x 101 rhizobia per g of 
soil. The converse of this situation, high frequency of nodule 
formation by t superior inoculum strain, does not guarantee 
a response to inoculation when the soil population is sufli
cient and contains some highly effective strains. These two 
observations can be reconciled by examining the nodtlation 
data generated by these experiments. Except for the anom
alous results with bean in lao soil. inocutlation did not
enhance nodtule nunber when the number of* invasive native 
rh~zobia was -- I X 102 per g of soil, whereas inoculation 
always increased nodule number when the number was 
below 6 x 101 per g of soil (Table 6). Nodules in uninoculated 
soybean plants were shown by serological identification to 
be due to contaminants from inoctilated pots. Increased 
nodule formation due to inoculation was variable and depen
dent on soil and species when the number of rhizobia was 
about 01g of soil. There were more nodtles in tninoculated 
lima beans and cowpea in Keahua soil than in Makena soil. 
whereas the number of invasive rhizobia in Keahua soil was 
approximately 1 log greater than in Makena soil. The addi
tional 30 to 40 rhizobia per g of' soil available to lima bean 
and cowpea root systems resulted in a 5- to 20-fold increase 
in nodule number. 

A significant increase in nodule number did not necessar
ily mean better N2 fixation. Inoculation significantly in
creased nodule number for peantit in Haiku soil and 2owpea
in Keahua soil without a corresponding increase in N,
fixation. In general, inoculation increased N, fixation only
\when inoculatcd plants had 2.5 times more nodules than the
uninoctilated control, as was the case with peanut in Makena 
soil. 

Nodule dry weight measurements were better related to 
inoculation response than nodule number (Table 7). except
for cowpea in Keahua soil and peanut in Makena soil. It may 

Soil G. max 

I U 

Haiku 3.0 10.0 
Makena 4.5 9.0 
lao 4.2 7.0 
Keahua 2.6 

"1, Inoculated; U, uninoculated. 

TABLE 8. Effect of inoculation on average nodule weight 
Avg nodule wi (rmg)"

A. hIypoga'a P. htnalus V. imngwiculat P. vulgaris L. h'uc ',hala 
I U I U I U I U I U 

0.9 1.4 1.4 1.2 3.6 3.7 
1.0 1.7 1.9 13.0 6.0 4.9
0.7 0.7 2.9 2.5 2.5 

1.3 3.4 2.8 2.8 0.3 0.3 
2.1 
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be that low numbers o'native rhizobia delayed nodulation in 
1ninoctllated plants. 'he Iayed fixation asdel Onset of N2 
e videnced by shoot N concentration in early harvests dat a 
not shown) was signilicanlt 881,'; tle soils-speciesin ,it' 
conibinations when native rhizobia pop'llatitons were at or 
below I x 102/g of'soil. Early responses to inoctlation were 
not observCl when there were 103or more rhizobia. The 'act 
that early tespotises were not always Sustained illlater 
harvests even when low%, numbers of'soil rhizobiat reduced 
rodullttion below thai ill ino0ctlated thepl;itS Stlgges tS thiti 
host may compensate lmr low tlitlbers of'soil rhizobit. 


Singletorn knd Stockitiger (14) denstrated that when
competion ani 	 d ontd t.inectivetrain14) ?.em 
competition fo'trn inefsfctive stbiys ol'jatier icm reduced 

the number of noule1Cs folmned by effective rhizoblia, soybean

conlpeisated for this by selectively apportioning photo-
svnthate to the eflective nodules for growt Il and develop-
mein. This mechanism tlends to keep effective nodule dry 
w%-eight constait as the nuIlber of"lodttles decines. A siililar 
effeet wIs seen in these expcrimntms. W hell avatilablIe 
rhizobia were IeIw. nil Soy-iidivid odtlIes o1' LininoCtlalted 
bean, peanut. .1rtd linia bean planits tended toIbe larger than 
thle tits on iniocutlated pltts whien large numtbers of' 
Ilizobit wee . to thile ('lTble 8). Cowrei did notpplicd roots 

respotid illa siiilir I'lashiont. 


From these experiments we conclude that nltive rhizobial 
poplt)lttions vary consider'ably betweeii Soils. Poputlati s 
can be delinted interms of1' ilt betin 111d cIeCtieSS 1*'r it 
partictlar host. atnd the se char'cteli sics determini wieltlier 
inoculation will enhantce N, Iixt ion. The number o'il,vasive 
ntive rhizobia counted in hese experiments varied by m 

o rder's o' agtilttle dpentillen1 ontintillwas.le bothithe soil and 
the species usd in the MPN couint. The tunber of hizobia 
in these soils tended to be positively asSociateL with atnttal 
rainfal,lb. Early response bv legunics to inoculatlion with 
rhizoia in these soils depended mainlv on tile ntumber of 
invasive rhizobia iof the test species. Signilicant IF " 0.051 
responses to itoculation were iolt obtatined when tile ltlliber 
ol'nllt s'i s--2 x 1(l1/g soil ulCss tile soil
iye soil rlizob iit ol' 
population was conpletelv ineffective. 

The Stlains i these Soil vptptionS ranged widely intheir 


symbiotic efl'ectis'cness wih the test hosts. All ptpulations 
had some ineflective strains. The eliectiseness of iiiman\y 
inocth1n1stra:ns used pllrovd It be riodil'et'erlit thanrt tit' 
tileit'elilge niltiVse Striin fotlbld ir?r"'e Ctive popliaI tills' 
Fven When tile iOcItIttnl ntStrilill \%'its Superior to soil st'ains 
tllt forlned the ,aSt iaiorit v 01' nOdlies. there ss ni 
iesponrise Ill ile ul at1iti 'heln lie titiibet' ti i'hiizobi 'above 2 x ling ofloi anl tihe plpulinohtl stlm'e effective 
above 2-tai 

Itcrteasing notilLle \\'eigliby inocttlalii ss'as generally .i 
prerequisite ilr increasinSgN, lixatiion. AIIhough inoctlait i 

'reLluentlyincl'eased nollle nti was not neces-
tllilbel'. tihere 

Sit rily a correspolnding itcCeCe ii ll tille s'eighit. Plant-
controllel mechauisms appeir to Collmpensatte 'or redhtced 

ollllioitin whlen there ztre I'e\srlizobia in the soil by 
incrcasing tlie atvelrage size of'nodtle above that ll' iloc u-
lated plants with more nouiles. Other mechlnisnms, such as 
selective partiliolin of* pholosynttte to highly effective 


noldules Ol Lininiculated plaints nodulateld by soil rhizobia 
having it range oll'ellectivetiess, may -tlis explain why even 
stIccessftll inociat ion with stperior st'at ins does iot ieces-
sarily res,'t in enhanced N, ixation. 
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