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Nodulation and nodule distribution of RiRj,-gcnot~Y1Je soybean cultivar eNS infected '\-ith 
Rradyrhizobiwn japo'nirum strain Is-34 which is a compatible strain with this genotype 
cultivar or B. japonicum Is-l which is an incompatible strain were investigated. Nodule 
formation and distribut.ion were quite different patt.erns between t\~lO type strains. On 
28--day-old roots, the number of ineffective nodules of roots in{x~ulated ~rith Is~ 1 \vas more than 
five times of that of effective nodules of roots with 1s-34. Although nodules on the single 
inoculation of Is-I were abnost ineffective, a small numher of effective nodules were obsenred. 
HO\vever, this strange phenomenon was not observed on mixed inoculation of Is-34 and Is-I. 
Many root hairs curled on the epidermis of roots inoclllaled with either Ts-::l4 or Is-l. Cortiral 
cell division, however, initiated only in roots inoculated ~rith 15-34, but did not in those vilith 
ls-1 at seven days after inoculation. These results show the first step of discrimination of 
ineffective nodule fomliltion from effective nodule formation may be the initiation of indue Lion 
of root cortical cell division on roots inoculated \\ith Is-I. 

INTRODUCTION 

Soybean cultivars (Glycine = L. Merr.) are infected solely with Bradyrhizobium 
japonicum and nodulate on the root. The specific signal exchange between rhizobia and 
host plant during nodule formation is involved in the infection of rhizobia and nodule 
formation (Stacey et al., 1995). It is, however, observed that some soybean cultivarS can 
not form nodules or do ineffective nodules that can not fix nitrogen by infection of some 
strains of B. japonicum which exhibit certain physiological and genetical properties. It 
was reported that some soybean cultivars harbor nodulation-conditioning genes 
(Rj-genes) and nodulation takes place only with certain strains of B. japonicum. 
Rj-genes ofthese soybean cultivars were calledry" Rj" Rj" Rj, (Caldwell, 1966; Caldwell 
ef al., 1966; Caldwell and Vest.. 1968; Vest, 1970; Vest and Caldwell, 1972). Soybean 
cultivars harboring nts (nitrate-tolelant symbiosis) gene are supernodulating mutants 
because autoregulatory responses are lacki.ng in nts-cultivarsand fonn a great number of 
nodules (Caetano-Anolles and Gressoff, 1993). Furthermore, the rhizobia can be 
classified into three nodulation-types, A, B, and C, based on the compatibility with 
Rj-soybean cultivars (Ishizuka et al., 1991a,b). Nodulation type A can form effective 
nodules on soybean cultivars excepting rjl-cultivars. Nodulation type B can not form 
effective nodules on Rj4- and rjl-cultivars. Nodulation type C can not form effective 
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nodules on R.iJt.ir and rjJ-cultivars. Therefore, there is a probable selective host 
spe cificity between two symbionts . Up to date, hawever , mechanisms involved in 
compatibility between Rj-soybean cultivars and B. japonicum strains were still wlclear. 
In this study, we compared nodule formation and distribution in relation to host 
specificity between two symbiont5, Rj tRj.,-soybean cul tivar, eNS and B . japonic'Um 
strain, of nodulation type G or nodulation type B. 

MATERIALS AND METHODS 

Plant and rhizobia 
Soybean cultivar eNS was used as Rj~f,-genoLype soybean. This cultivar can form 

effective nodules Oil roots by B. japon,ic'Um~ strains of nod ula tioll lype C, but cannot by 
strains of nodulation type B. B. japonicum strains 15- 34 (nodulation t.ype C) and 18- 1 
(nodulation type B) were used (Ishizuka at aI. , 1991b) . These strains were stored on 
YMA slants (Vincent, 1970) at 4 ·C. 

Plant growth and nodulation 
CNS seeds were sterilized with 70% ethanol and 5% sodium hypochlorite solut ion. 

Sterilized seeds were so .... m in 3 L sterilized vermiculite wetted to 50% water content with 
culture solution containing 1.6 mM K,HPO " 2.0 mM CaG]" 2.5 mM MgSO, (1shizuka et ai ., 
1991a) us ing al5000 pots. After so",ing, each seed was inoculated with 2 mL ofa baderial 
suspension diluted to 10 ' cells per mL with sterile 0.15 !vi NaGL As uninoculated control , 2 
rnL of sterile 0.15 M NaCI wa..< supplied per seed. Plant culture was done at 25 ' C and 70% 
relative humidity under natural light conditions in Biotron Institute Kyushu University. 
Plant roots were harvested on 7, 14, 2 1 and 28 days after smving. Shoot grO\vth was 
estimated by means of fresh weight of 4 to 12 plants. Nodule number on a primary root. 
wa~ counted in each 1 em root section of Ole primary root, and these positions was 
presented as root length from the base of root.s. Nodule numbe r on late ral fUolg were 
counted on the lateral roots emerging in each 1 em of a primary root up to 5 em and in t"he 
primary root longer than 5 em from the base of root.s, and thesc positions were designated 
as Lateral root 0- 1, Late ral root 1- 2 , Lateral root 2-3, Lateral root 3-4, Lateral root 4-5 
and Lateral r oot 5-, respectively (Fig. J). Nodules were classified to effective or 
ineffecitve based on the size and color uf the interior of the nodules. Small nod\l1?s in 
which the interior was white and tlUTIor- like struct.ures were classified as ineffective. 

Nodulation specificity by mixed inoculation 
Nodulation specificity was examined by mixed inoculation and the serological 

identification method. Bacterial suspensions of 18-1 and 18-34 diluted to 10" cells per mL 
with sterile O.15M NaCI were mixed at a ratio of 1:1. OKS seeds were SOW~l as diseribed 
above and inoculated with the rhizobial strain mixture. Plant culture was done for 28 days 
as described above. The antisera against Is- lor 1s-34 WCfe produced by i I~j ecti on to 
rabbit.s Yo/ith cell suspensions of B. japonic'l.tm strains as somat.ic antigens according to 
the procedure 01 Vincent (1970). Serological identification of bacteroids was done as 
follows (Ishizuka et at., \ 993). The antisera were diluted to 1/500 with , terile 0.15 M NaGI 
containing 0.05% sodium azide before usc. Afte r 28days of plant groy..1;h, the nodules 
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Fig. 1. Schemat.ic prese ntation of distri­
b ut io n of nodules in differ ent 
reg ions o n the primary root and 
lateral roots. 
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were harvested, washed and put into a test tube containing 0.1 5 M NaC!. The test tube 
was heat ed in boHing water for 30 min. After cooling, each nodule was separately 
transferred Lo small test tubes and a small volume of sterile 0.15 M NaCI containing 0.05% 
sodium azide was added. The each nodule was crushed with a glass rocl and dispersed 
using a vibrator. After precipita tion of the n odule debris, each urup uf the bacteroid 
sllspensiun and the diluted antiserum were put into a well of all- bottom microtiter assay 
plate (Becton Dickinson and Co., USA). The plate was covered with a thin polyethylene 
fi lm and ulCubated at 37'C for I h followed by keeping at 4 'C oV8f1ught. The agglutination 
reaction was observed by comparison with the bacteroid-saline control. 

Microscopic observation of root hair and root section 
Root- hair curling with inoculation and root sections \vere observed on the primary 

root of 7-day--old seedlings. For root- hair observation, samples were prepared by barking 
a root epidermis and the epidermis was settle rl on a slide glass. To prepare the samples of 
root sec Lions, thf' upper parts of tap root were cut into rOlmd slices as thin as possible using 
a razor blade. The sliced roois were settled on a slide glass for microscopic observation. 
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RESU LTS 

Plant growth 
Plant growh was recorded by fresh wight of shoot (Pig. 2). Shoot. growth was not 

d ifferent significantly until 21 days after sowi ng among plants inoculated with Is-34 or 
Is-I and uninoculated plants . Since 21 days after sowing, however, the leaf color of plants 
uninocolated and inoculated with Is- I was becoming pale. 0 11 28 days, plants inoculated 
with Is-34 grew normally, while plants uninoculated and inoculated \\1th Is- 1 showed a 
typical nitrogen deficiency symptom. Futhermore, the 5th trifoliate leaf was emerging 
only on plants inoculated with Is-34 at 28 days after sowing. 

Nodule formation and distribution 
Time course of noclule formation was shown in Table 1. On t he roots of control 

plants, effective or ineffective nodules were not observed even on 28----day- old roots. 
Nodule form at ion was observed at first. at 14 days wh en [s- 34 wa s inoculated. The 
nonllip-s 011 roots inoculated with 18-34 wer e all effective. At 14 days in roo ts inoculated 
with Is-I, even ineffective nodules were not formeo. Effective nodules were not formed 
but ineffective nodules were formed at 2 1 days v{hen 18- 1 was inoculated. The numher of 
effective nodules formed by 18- 34 inoculation was almost the same number as that of 
ineffective nodules formed by Is- l inocolation. Effective nodoles increased at 28 days on 
roots inoculated with 15- 34. On the other hand, about two hundred ineffective nodules 
were formed by Is- l inoculation but only a few effective nod ules on the middle regions of 
28--day-{)ld roots (Table 1). 

Nodule distribution was estimated on 14, 21, 28-day-{)ld roots inoculated with Is-1 
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Fig. 2. Time course of shoot gwwth of eNS soybean 
with or without inoculation of Brady,-hizohium 
j aponicum. Each value is a mean ± standard 
er ror. 
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Table 1. Changes in nodule number of eNS root inoculated ,,,i lh R'f'(}.(i lJrh izobium 
japonicurn . 

Culture period rnoclI Jant .c; trai n 

(days) 15-34 Is-I 

7 
14 
21 
28 

Effective 

N.D. 
25.8 ± 1.o 
28.fi l 2.1 
36.6 + ~6 

Ineffective Effective 

ND. N.D. 
N.D. ... . v . 

~.D . N.D. 
N. l). 1.4 ±O.5 

Effective: nitrogen fixing nodule, [ncffective: non-nil rogen fixing w.xlule 
Each V;:lhH:' is .'1, Ill PfI.Il (Pf\T plant.) .± standard error , N.D.: not detedp-d 

Nodule number (per plant) 
o 2 4 6 8 10 

o 
1 

7 
Fig. 3. 

Primal")' root 
Laterar root 0-1 
Lateral root 1-2 
Lateral root 2-3 

Nodule distribution on 14- day-old eNS roots 
inoculated with Bradyrhizobium- japo'1"ticum 
strain 18- 34. Each value is a mean of 6 plant.::; . 

Inerrectivp. 

N.D. 
... Tn n.v . 

30.;1 ±7.2 
205.8 ± 44.4 
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Fig. 4. Nodule distribution on 21-day-old eNS roots inoculated v,rith 
Bradyrhizobium japonicum strains Is-34 and Is-I. Values of eNS 
roots inoculated \vith fs-34 are means of6 plant') , and those \\ilh 15-1 are 
means of (1 plants. 

and 15-:34. Sixty four % of effective nodules on 14-day-old roots inoculated with Is-34 
were formed on a primary root and 90.5% of nodules were fanned up to 4 em from the 
base of roots (Fig. 3). On 21-day-old ,roots inoculated "ith Is-34 the nodulation pattern 
was similar to that of 14-clay-old roots (Fig. 3 and 4). Fifty five % of nodules was 
observed on the primary root and 91 % of noclules\vas fanned up to 4 cm from the base of 
roots. On the other hanu, unlike the nodule number mentioned above, the nodulation 
pattern \vas quite different between Is-l and Is-;)4 inoculation (Fig. 4). In Is-l 
inoculation, only 13.3% of ineffective nodules were present on the primary root and 
47.6% of nodules were absenTed up to 4cm from the base of roots. Most of ineffective 
nodules were formed the vvide region on lateral roots_ At 28 days, effective nodules were 
formed more on the upper regions of lateral roots inoculated ,"vith Is-34 (Fig. 5). Norlulps 
of the primary root occupied 41.1 %cif total nodules and 69.3% of nodules wpr€ observed 
up to 4 cm from the base of root. In 18-1 inoculation, many ineffective nodules were 
formed mainly on lateral roots and the ineffective nodules formed on a primary root 
occupied only 4.3% of total nodules. Therefore, eNS inoculated with 18-34 nodulated 
both on the upper region of the primary root and on the base of lateral roots emerging 
from the upper region of the primary root. On the other hand, the region of ineffective 
nodulation on roots of eNS inoculated ,vith Is-l was mainly limited to lateral roots. 
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Nodule number (per plant) 
20 18 16 14 1210 8 6 4 2 0 0 2 4 6 8 10 

15-1 15-34 

Primary root 
Laterar root 0-1 
Lateral root 1-2 
Lateral root 2-3 
Lateral root 3-4 
Lateral root 4-5 
Lateral root 5- Root length (em) 

Fig. 5. Nodule d istribut.ion on 28- day- old eNS root s inoculated wi th 
Rradyrhizobium japonicum strains 15- 34 and Is- 1. Values of eNS 
roots inoculated WiOl Is-.'14 art'! mf!an." of 12 plants, and those with Is- l 
are means of Bplant.s. 

Nodulation specificity by mixed inoculation 
A small number of effective nodule formation were observed on roots inoculated 

soJcly with incompatible strain Is-l after 28 days plant culture. To confinn specificity 
between eNS and compatible strain 1,-34 or incompatible strain Is- I , nodule occupancy 
of root inoculated wit.h mixed bacterjal suspensions was investigated by an immunologjcal 
method using antisera against B. ja.ponicu,m 18-1 and Js- 34. All nodule bacteroid 
suspensions were crossreacted "With the antiserum against B. japOTtl-CUm Is--34. There 
\vas no nodule infected \-vith incompat.ible strain Is- 1 on roots inoculated \\rith mixed 
bac terial suspension (data not shown). 

Root-hair curling and cell division of cortex 
Many root- hair curlings on ro ot epidermis were found on root.s inoculated with 

rhizobia regardless of their compatihility (Fig. 6A). Cortical cell division for formation of 
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A 

B 

Is-34 inoculated Is-l inoculated Uninoculated 

Fig. 6. Microscopic photograph of eNS root inoculated or uninoculated with Hrculyrh:iz()!Jiunl. 
japmu:cum sLrains Is-34 and Is-I. A: Hoot cpidcnnis of primary root of C.:-.rS inoculated 
or uninoculated \\ith B. japou'icmn (BOjr=G0.urn). B: Cross section of primary root of 
eNS inoculated or uninoculated \'r'ith I3. jap(YrlicuUi (Bar=1 OOp:rn). 

vascular tissue vigorollsly took place in roots inoculated ,,\i.th Is~34, while it \vas \veak in 
roots inoculated with Is-l (Fig. 613). 

DISCUSSION 

In this study, we compared nodule formation, distribution and specificity to make clear 
host specificity betv.reen tvvo symbiont,s, RjtRJ~-genotype soybean cult.ivar eNS and H 
japorl'iclfln strains 18-34, nodulation type C or Is-I, nodulation type B. At 14 days when 
cffccitive nodules "\vere formed on roots inoculated "'lith Is--.'34, any ineffective nodule was 
Ilut yet observed on roots inoculated with Is-1. Furthermore, though a small l1lrrnber of 
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effective nodules were formed on the roots inoculated solely \"ith incompatible strain 
Is-I, compatibility between eNS and compatible strain Is-.'34 was enhanced by inoculation 
of a mixture of compatible and incompatible strains. These results suggest some selective 
function of a host plant might work against Is-l which is an incompatible strain during 
nodule development. Indeed, microscopic observat.ion revealed brisk cortical cell division 
in roots inoculated -with 18-34 and weak cortical cell division in those inoculated "\lith Is-l 
for nodule development at seven days after inoculation. On the other hand, root-hair 
curlings were invariably observed on roots inoculated with tv-'O different rhizobium strains 
regardless of the difference in their compatibility. Therefore, it is considered that the 
first selective action of eNS in the determination of effective or ineffective nodule 
formation against incompatible strain Is-l may be the induction of cortical cell division. 
Generally, Nod factors that rhizobia produce induce root-hair curling and cortical cell 
division (Mylona et al., 1995). \%y the cortical cell division \-vas retarded and weakened 
on the root inoculated \vith 13-1 n~gardless of normal root-hair curling? We SllPPOSP two 
possibilities. First, Nod factors may have different active sites for induction of root-hair 
curling and for cortical cell division, then Nod factors of these rhizobia have a corrunon 
active sit.e for root-hair curling but different active sites for cortical cell division. The 
second possibility may be that the host receptor of eNS has a different sensithity against 
a range of concentrations of Nod factors produced by these compatible or incompatible 
strains. Furthermore, nodule number and distribution on roots were quite different 
patterns between them. Differences of nodule nwnber and distribution betvveen eNS 
inoculated with 18-34 and eNS inoculaLec1 with Is-1 are similar La those bet\veen Bragg 
and it's supernodulat.ing mutant nts 382 lacking autoregulation response (Caetano-Anolles 
and Gresshoff, 1993). Because autoregulation of host plant is related v.lith control of 
nodule number, the present results on ineffective nodule number and it's distribution 
suggest that autoregulation may not vwrk on the eNS roots inoculated vvith incompatible 
strain Is-I. 
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