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MORPHOGENESIS OF EFFECTIVE AND INEFFECTIVE ROOT NODULES 

IN PHASEOLUS VULGARIS L. 

LISA MORRISON BAIRD AND BARBARA D. WEBSTER 
Department of Agronomy and Range Science, University of California, Davis, California 95616 

Seedlings of Phaseoltsvulgaris, inoculated with an effective strain of Rhizobium phaseoli (CIAT 73) oran ineffective strain (14c), were maintained on an N-free nutrient solution in sterilized sand. Acetylenereduction was measured periodically, and nodules were harvested for light and electron microscopy. Inplant host cells infected with CIAT 73, there was an increase in cell volume, nucluar size, and mitochondrial length as bacteria multiplied and became bacteroidal. Golgi activity and rough endoplasmic reticulum(RER) were sparse at nodule maturity, but close associations of amyloplasts and elongated, energizedmitochondria were observed. Nitrogen ,:xation peaked at 5 wk and dropped sharply coincident with flowering. Plant host cells infected with 14c typically contained numerous mitochondria; Golgi bodies and RER were conspicuous throughout nodule development. By the time the bacteria became bacteroidal, plantshoots were chlorotic, and under nitrogen stress the apex had made the transition to flowering. Data suggest that such ineffective nodulation may accelerate the process of normal nodule senescetce. 

Introduction 
For nearly a century it has been known that 

strains of Rhizobium vary in ability to nodulate and 
benefit a legume host. Ineffective root nodules that 
do not fix molecular nitrogen may be the result of 
environmental factors or mutations in the host or 
bacterial genome. Such nodules reportedly differ 
physiologically and/or anatomically from effective 
nodules on the same species (HOLL 1973; PANK-
HURST 1974; BERGERSEN 1974, NEWCOMB, SY6NO, 
and TORREY 1977). 

Studies of ineffective nodulation suggest that 
establishment of an effective legume-Rhizbium 
association can fail at any one of several stages 
BERGERSEN (1957), e.g., described an association in 
which bacteria were not released from the infection 
thread. However, if infection occurs, the symbiosis 
usually breaks down either sometime after bacterial 
release from the thread and prior to transformation 
to the bacteroidal form, or immediately following 
transition to the bacteroidal form (CHEN and 
THORNTON 1940; MACKENZIE and JORDAN 1974; 
BASSETT, GOODMAN, and NOVACKY 1977a, 1977b). 

Early research on nodulation in Phaseolus vul-
garisL., the common bean, indicated that all plant/ 
rhizobial interactions were ineffective (FRANK 1890; 
SCHNEIDER 1892; DAWSON 1900). On the basis of 
cytological and histological data, McCoY (1929) 
suggested that ineffectiveness was ultimately caused 
by bacterial malnutrition as a result of large amounts 
of starch stored in the nodule cortex. This starch was 
supposedly unavailableueirtrnvalaetionto the bacteria andsuppoedl thusith bacteriand ths 
limited their transformation inte bacteroids. Effec-
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tive nodulation in P. vulgaris was reported by 
WILSON and LELAND (1929) aid SEARS and CLARK 
(1930), but subsequent research indicated that most 
strains of Rhizobiun phaseoliwere of little benefit to 
the plant (FRED, BALDWIN, and McCoy 1932; 
GRAHAM and HALLIDAY 1977). 

Few attempts have been made to examine 
effective and ineffective nodulation in P. vudgaris 
(LIMA NOGUEIRA, MARTINS DA SILVA, and SAITO 
1979), and there are no comprehensive studies 
relating ultrastructural changes during nodule 
morphogenesis to whole plant development. 

This research was undertaken to compare the 
ultrastructural characteristics and nodule and plant
morphogenesis in effectively and ineffectively nodu
lated plants of P. vulgaris. 

Material and methods 

Seeds of Phaseolusvulgaris L. 'Red Kidney' were 
surface sterilized in a solution of 0.2% HgC1 + 60 
mM HCI for 3 min, imbibed for 8 h in distiiled 
water, and germinated on wet paper towels until the 
radicle was 10-15 mm long. Seedlings were planted 
in sterilized sand and inoculated with either a pure 
culture of Rhizobiun phaseoli strain CIAT 73 (an 
effective strain) or with 14c (an ineffective strain, 
isolated from P. coccineus by Dr. DONALD MUNNS). 
Plants were maintained on a nitrogen-free nutrient 
solution at 25 C for a 16-h day with a 20 C night 
temperature in a growth chamber. Light was 
supplied at 550 1AE m- s- fromfluore3cent and incandescent sources. a mixture of 
loecnidicaesntoue.At 3-day intervals after inoculation, root segments 
and nodules were collected for light (LM) and 

electron microscopy (EM). For LM observation of 
infection threads, segments from the root hair zone 

were fixed for 12 h in Carnoy's solution (6:3: 1),
rinsed in 70% ethanol, and stained for 3-5 s in 
.05% toluidine blue (PHILLIPS 1971). Nodule 
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samples for LM were fixed and processed according 2 14C 20 
to standard procedures (BROOKS, BRADLEY, and t-wWTMIJ.P PI- -sts 
ANDERSON 1950). . S.,,.0o


For EM observation, nodules were sliced to , _T__ - SOOTS 
facilitate penetration of the fixative, 3% glutaralde- Io  o.0 
hyde in a 0.1 M cacodylate buffer, pH 7.2. After 101 .k .... -- -l 
12-h fixation at room temperature, segments were W E OPN: 0'L,

postfixed in 2% OsO 4 in the same buffer for 2 i, Of--WHT P " s - 3oL 

rinsed, and slowly dehydrated through a graded U, CAT 73 = 
ethanol series. Infiltration into SPURR'S (1969) .2 /20.w 

wepoxy resin was carried out over a 2-day period. / I
Tissues were then transfe7-.d to fresh resin in flat / ,o1 
embedding molds and all( v'ed to infiltrate under
 
vacuum for 24 h prior tt polymerization in a 
 0


0 I 2 3 4 5 6 7vacuum oven at 60 C for 24 h. Sections were cut at AGEINWEEKS 
IW _ 600-900 A on a diamond knife in an LKB IV L__JNFNOD"S~q FLRI tFUM OS 

ultramicrotome, mounted on ancoated copper grids, THRE INITIAIONOE 
and stained in a saturated uranyl acetate solution APEX 

Firo. l.-Comparative plant and nodule development folfor 30 mnin, followed by 30 min 
in lead citrate lowing of.'ction with the CIAT 73 or 14c strain of Rhizobium(REYNOLDS 1963). Specimens were examined in a phaseoli. Note differences in nodule maturation and nitrog-
JEOL 100S electron microscope at 80 kV. enase (acetylene reduction) activity as they correspond to 

For increased resolution in LM observations, dry-weight accumulation in roots and shoots and the time of 
some nodules fixed for EM were dehydrated to 95% floral initiation. 
ethanol and embedded in JB-4 plastic (Poly
sciences). Semithin sections (1-2 pm) were made through the cytoplasm (fig. 3). In LM and EM 
with a glass knife in an ultramicrotome and stained cross sections, rod-shaped bacteria of the thread 
with toluidine blue. appear embedded in a matrix bounded by a cell 

At weekly intervals plants were harvested for wall and plasma membrane which are continuous 
determination of dry weight and apparent N2 with those of the host cell (figs. 3-5). Segments of 
fixation. Dry weight of plant parts was measured rough endoplasmic reticulh'm (RER) and mito
after 72 h at 70 C. Apparent N2 fixation was deter- chondria are frequently observed in close association 
mined on intact root systens of harvested plants, with developing intracellular threads (figs. 4-6).
using the C2H4 reduction assay (HARDY et al. 1968). Bacteria and portions of the thread matrix are 

Results released from the infection thread at unwalled
regions at or close to the thread tip (fig. 4). This 

EFFECTIVE NODULATION bacteria-matrix complex remains surrounded by 
INFECTION PROCES.-The first microscopic evi- host plasma membrane and forms an unwalled 

dence of root nodule initiation in Phascolus zwlgaris droplet. Invagination and "pinching off" of the 
inoculated with CIAT 73 is the presence of infection plasma membrane ultimately release bacteria from 
threads in root hairs 6-9 days after inoculation (figs. the droplet.
1, 2). Infected hairs are frequently straight or only NODULE Dl'VELOPMl' NT.-Bacterial release into 
slightly curved at the tip; when stained with cortical cells stimulates cell divisions, and infected 
toluidine blue, the hair is blue to purple while the cells stain densely (fig. 7). Divisions initially occur 
infection thread is brilliant red. The thread contains randomly and subsequently become localized in a 
a tightly packed co!umn of bacteria, and the apex broad band of cells which forms the nodule apex.
of the thread is usually closely associated with the Cell divisions and differentiation of Frocambial cells 
root hair nucleus. Although threads may branch near the stele of the root give rise to vascular 
after entering the root cortex, multiple infection tissue which s-tpplies the developing nodule. Pro
threads were not observed within a single root hair. liferation of cortical parenchyma cells between the 
Within the cortex, infection threads grow both stele and the in'fected cortical area results in pro
intra- and intercellularly to invade five to eight trusion of a nodule on the root surface. In P. 
layers of cells. As the threads elongate between vulgaris, small 0hite nodule protrusions are first 
adjacent cells, host cell walls and plasnalemmae evident 9-12 days after inoculation (fig. 1).
invaginate, giving rise to intracellular infection Two to 3 wk following inoculation, plants are in 
threads. Intracellular infection threads frequently the second to third plastcchron. Nodules are pale
distort the thin host cell wall, creating a funnel- to rosy pink and 1-2 nin in diameter. Bacteria 
shaped thread-wall junction. Threads often curve or within cortical cells continue to increase by fission 
branch within a cell, passing near but not through until most of the cytoplasm is occupied by the endo
the nucleus, and semithin sections of incipient phyte (fig. 8), and the cortical cells increase in size. 
nodules reveal portions of the thread scattered Increase in the cellular area occupied by the endo
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2-7.--LM 
root hair stained with tolui(line blue to show infection thread (arrows) traversing the hair aMd clselV associaled with the hair
nucleus. Note curvature of hair tip; X 2,400. Fig. 3, Seniithin (1-2 pi) section of newh* infected rint cortical cells showing infection 
threads extending hoth intra- and intercelhluarly (arrows); X 3,500. Fig. 4, Intracti lular infection thread comp rised of bacteria
and matrix, bounded Iycell wall material, here discontinuous at the thread lip(arrow) and plasma memlbrant of the infected 
cell. Note numerous mitochondria close to infection thread; X 26,000. Fig. 5, Infection threads invading and within (arrow
heads) cortical cell and released bacteria containing pi )l- -hydroxylho yratI, surrounded Iy a memlbirane en velope (small arrow).
Note mitochondrion and segments of R ER near itifection thread. 1:g. 6, (haracteristic organelles (fthe cytoplasm of infected
cells, including long, slender profiles of NER, mitochondria, anti newly released hacteria surrounded Iv a mrnrane envelope
(arrows); X 13,000. Fig. 7, Early nodule development and protrusion, showing densely stained infecte(i 

Fir.s. andI EM views of infectivity and effective early nodule development in Phascolus r'ulgaris. Fig. 2, Whole 

cells (arrowheads) and 
initial
stages of procambiial development adjacent t(othe stele (arrow); X 1,100. B = hacterium,/(;= infected cells,11 = mito
chondrion, N = nucleus, PIUB = Pioly--hydrixylittvrate RER = rough endi)llasmic reticulum,IM = plasma memlrane, 
TM = thread matrix, It' = cell wall. 
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FIGS.8-10.-LM and E'M views of effective nodule maturation in Phaseolitsvulgaris. Fig. 8, Montage of infected cells (left and
lower right) and adjacent uninfected cells. Note numerous bacteroids within peribacteroid membranes interspersed with long
segments of RFER (arrows). AmNviolplasts and mitochondria are confined to margins of the cyvtoplasnm. In adjacent uninfected cellsnote large amyloplasts, broader conspicuous strands of RE.R, and nmitochondria; X 10,000. Fig. 9, Mlature nodule comp~rised of 
a core of large, densely stained infected cells interspersed with smaller, faintly stained uninfected cells; cortical cells, t'ersed 1)),vascular tissue and bounded 1)y.m endodermis (arrows); and an outer region comprised ofrlarge, loosely packed parenchyma cells;
X 2,0)00. Fig. 10, Large, densely stained infected nodule cells characterized 1)), prominent central nuclei ain(nucleoli and smaller,faintly stained uninfected cells with peripheral nu~clei (arrowheads); X 4,000. 1l= amyloplast, Bd = bacteroid, C = n1odu!e 
cortex, IC = infected cell, IS = intercellular space, Al = mitochondrion, Nr = nucleus, it = nucleolus, PlUM = lperibacteroid
membrane, P'C = parenchyma cells, RER = rough endolasmic reticulumn, V-C = uninfected cell, V"= vatcuole, r'b= vascularbundle,It'= cell
wall.
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phyte confines most host cell organelles to the 
peripheral cytoplasmic regions of the cell, although /' ". " , 
short segments of RER remain scattered through 
the cytoplasm. Two to seven rhizobia are usuall- " 
grouped within a peribacteroid membrane. A lipid
like storage product, poly-fl-hydroxybutyrat2, accit-
mulates within the 1acteria. 

. 
A "' } r 

Adjacent uninfected cortical cels are smaller and " 
more vacuolate than infected cells (fig. 8). They 
characteristically have long strands of RER paral- . 
leling the cell wall adjacent to an infected cell, anti 
plasmodesmata are abundant in these wall regions. 
The most striking feature of uninfected cells, how
ever, are the large ovoid amyloplasts which virtually 
fill the cytoplasm. 

NODULE MATRI'Y.-Nodules reach structural 
Hi 

and functional maturity 3-5 wk after inoculation. 
Acetylene reduction can first be measured 3 wk 
after inoculation; the rate increases rapidly, reaching 
a maximum at 5 wk (fig. 1). Nodules are 2-3 m 
in diameter and deep pink with protruding ridges of 
white callus-like cells which are actually loosely 
packed parenchyma. SubLending the parenchy'ma is 
a single layer of endodermal cells. Small rectangular
crystals, termed styloids by. FRAZER (1942), are 

, 
1. W 

.jt?. 
I .• 

abundant in adjacent :ells. Vascular tissue and 
parenchyma cells comprise the nodule cortex. Each 
vascular bundle is comprised of a central core of " -
xylem surrounded by phloem and bounded by an 
endodermis. No transfer cells are observed in these " 
bundles, but several densely cytoplasmic cells are . -, -

present between the xylem and phloem. Parenchyma Old 
cells of the nodule cortex are filled with starch as 
long as the nodule is viable; remobilization of 
starch begins with nodule senescence. ..,, - . 

The central portion of the nodule is comprised of . 
both infected and uninfected cells. The bacteroid- " ' -

filled, densely stained infected cells are large and . 
round with small or no vacu'les, a centrally located-" ,6 
prominent nucleus, and a darkly stained nuclcolus . * 

(figs. 9, 10). The uninfected cells are small and 
rectangular with peripherally located nuclei, a /-'", . , 
single large vacuole, and several large oval amylo- -.. (('h / 
plasts. " ., 

Mature infected cells are filled with membrane- . "7. 
bound, rod-shaped bacteroids (fig. 11) which contain ' , , 

FIGS. 11-13.-EM views of effective mature and senescing A 
nodules of Phascolus vulgaris. Fig. 11, Mature nodule cell " 
contairing bacteroids with abundant depositions of poly- OVAt 
fl-hydroxybutyrate, elongate mitochondrion cupped around . " ,b *(" 
amyloplast, and conspicuous short segments of RER; X 21,000. -
Fig. 12, Early nodde senescence, typified by localized disrup

' A'p Itions of the peribacteroid membrane (arrows) and flocculent 
appearance nf the cytoll,asm; X 13,000. Fig. 13, Late nodule. .. 
senescence, typified by disappearance of peribacteroid me.m- 1 
brane and breakdown of cytoplasm. Note persistence of bac- Ilef
teroids; X 9,000. A = amyloplast, Bd = bacteroid, M = N-,"
 
mitochondrion, PH1B = poly-f-hydroxybutyrate, RER = 
ro igh endoplasmic reticulum. 
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large amounts of poly-l-hydroxybutvrate. The host 
cell cytoplasm is dense and contains few strands of 
RER. Near the periphery of the cell elongated
mitochondria form close, cuplike associations with 
amyloplasts (fig. 11). 

NODULE SENESCENC.-The mature, functional 
nodule is relatively short lived. Between 5-6 wk
after inoculation, acetylene reduction declines sharp-
13 (fig. 1), and nodules begin to turn ,reen. I-lost 
cells become increasingly vacuolate, n,:clei become 
lobed, and the cytoplasm begins to degenerate 
(figs. 12, 13). After a general increase in electron 
opacity, the cytoplasm appears flocculent. Mito-
chondria and plastids degenerate, and the peri-
bacteroid membranes rul)ture. However, bacteria 
do not appear to undergo any significant ultra-
structural changes until a large region of the nodule 
senesces. 

INEFFECTIVE NODULATION 
INFECTION PROcEI'.s.-InfectivitY with the ineffec-

tive strain of Rhizobaum phaseoli (14c) occurs in a 
manner similar to that observed with the effective 
strain (CIAT 73); i.e., the infection thread pene-
trates and elongates through a root hair (fig. 14),
branches extensively within the root cortex, and 
grows both inter- and intracellularly (fig. 15).
Invaginations of the host cell wall give rise to intra-
cellular infection threads from which membrane-
bound droplets of thread matrix and bacteria are 
ultimately released into the host cytoplasm by
invagination and "pinching off" of the surrounding
host cell membranes. Bacteria vary in electron 
opacity and are frequently irregularly shape(d (fig.
16). In most, a network of I)NA fibrils of the 
nucleoid is visible, and occasionally electron-lucent 
areas develop within tile bacteria. Some newly
released bacteria are enclosed by an intact membrane 
(fig. 17); around other )acteria the membrane is 

partially disrupted (fig. 17).


Long and short strands of RER are scattered 

throughout the cvtoplasm of newly infected cells,

often lying close to infection threals and unwalleci 

droplets (fig. 16); some segments of RE:R appear

swollen or sel)arated (figs. 16, 17). \l itochondria are 

numerous and often closel'y associated with un-

walled droplets (fig. 16). (;olgi 1bodies are con-

spicuous, and numerous vesicles are 
 scattered 

throughout the cytoplasm. l'lastids 
 are small and
contain small depositions of starch. The nucleus is 
approximately three times larger than that of 
adjacent uninfected cells and tends to he lobed with 
a prominent nucleolus. ('ytopllasmic vacuolation is 
mininial. 

NODULEI DEVELOPMENT AND MATUIIrN'.-Four 
weeks after inoculation, ineffectively nodulated 
plants are chlorotic and about one-half the height of 
effectively nodulated plants; the leaf area of these
plants is similarly reduced. The maximum rate of 

acetylene reduction occurred at 4 wk (fig. 1). Most 
ineffectively nodulated plants also make the transi
tion to flowering at 4 wk. The oldest nodules are 
pale pink, and their cellular organization is similar 
to that of effective nodules. Cells of ineffective 
nodules, however, typically show vacuolated in
fected cells and lobed nuclei. 

Ultrastructurally, the cytoplasm of infected cells 
in an ineffective nodule is nearly electron lucent. 
There are few free ribosomes, but many strands of 
partially dilated RER are evident. Golgi bodies are 
prominent, and small vesicles are scattered through
the cytoplasm. Numerous mitochondria and starch
free plastids are clustered near the cell walls and 
intercellular spaces. 

Bacteroids are scattered throughout tile cvto
)lasm, but they are less numerous and lack the 

large accumulation of inly-1-hydroxbutyrate ob
served in effective nodules. Bacteroids are fre
quently bound by partial membrane envelopes
which often have associated numerous membrane 
fragments and vesicles (fig. 18). Segments of RER 
are often in close proximity to the membrane 
envelopes (figs. 18, 19). Occasionally bacteria 
appear t,, be released into cytoplasnlic vacuoles 
(fig. 19). This process involves invagination of the 
tonoplast and liberation of three to five free bacteria 
and membrane fragments within tile vacuole.
 

Uninfccted cortical cells surround the central 
core 
of the nodule and are numerous within the central 
bacteroid zone; short, stacked segments of RER 
frequently parallel cell walls adjacent to walls of 
infected cells. Few mitochondria and Golgi bodies 
are present in uninfected cells. Such cells charac
teristically have a small nucleus usually confined to 
the periphery of the cell, a large central vacuole, and 
several amvioplasts which contain large ovoid 
starch grains (fig. 18). 

NoDui,: SEN SCEcE.-letween the fourth and 
fifth week after inoculation, cells within the nodule
begin to degenerate (figs. 20-23). The cytoplsm
becomes electron lucent with a few short strandsi of
 
RER andI C oigi hodies and degenerating mito
chondria and plastids.Me mbrane envelopes 
 sur
roundling the bacteria are rul)ture(], and membrave
 
fragments and vesicles arc albundant. Most bacteria
 
appear ultrastructurally unchanged during these
 
initial stages of nodule breakdown. 

Discussion 
Numerous studies document tile development of 

effective root nodules in peas (BoNn 1948; NEw
comn 1976), soybeans (IlIEEIIRF 1938; GOOD
cmitl)and BIIGcoRFEiN 1966; WERNER and AMiuscmiCm. 
1978), and alfalfa (JORDAN, GRINV'iR, and COULTER 
1963; BALssE'rTr et al. 1977a, 1977b). In some respects, 
effective nodule (levelopment in l'haseolus vulgaris
resembles that in these better-researched genera. In 
P. vulgaris, newly released bacteria contain little 
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Ias. 14-1IO.-IA!fan(I EM'views of in fect ivi tv a 0(1 ineffective11)c dev\eloljnme}l in I'Iwscplus l'ulgwris. Fig. 14, WVhole root
hair stained with toluidljne Iloc to show infection thread (arrow, in curvedI root hair; >( 4,1(1. Fig. 1.5,Scmithito (I-2 pmn)seCtion 
of newly infected root cortical cells with extensivel" b~ranchedl infection thread( arrows) growing intter- and mt rarellularly; X 4,600.
Fig. 16, Unwalled dIrolet withbin host cytplani o)fnewl" infected cortical cell. ole irregzular shapes of bacteria wit hin the un
walled droplet, the applarent partial disruption o)fthe memblrane sturroundingz released( lacteria (arrows) 10(1 proxinoty to (Irolt s 
of niltochondria and 1I1:P,;X 16,01(10. Jig. 17, Typical infected host cell cytop~lasm tilledI with bacteria surroojoled( by"a tenuo)us 
or locally (liSCootinuous membrane (arrows). Note numgerous Golgi b~odlis, mitoclomndria, IE; X jig
cells (left and( above,) and adjacent uniofcctedI cell 3 wk after in(;culat ion. Note plastid.s andI mitochondIria clustered necar walls,
strandIs of 14 IRin infectedI cells, and large ov\ate amylolast tylpic( of uninfected cells; X 12,(tt00. Iig. 19, .l\ppare'nt release of
bacteria into vacuole of host cell, 3 wk after ino)culation. N ote characteristic ho st cell organdets, in~cludling (;olgi, 14ER, and mito
chondria ; X ,501(). .,= amy loldlast, B = b~acteritum, C = ce~rtex, (;= (;olgi apparatus, Mt = nmitlioihnorion, 1' plasu.idI,
RELR =rough en(loplasmie reticulum, RIIi = root hair, .'C= uninfcted cell, CD 

mnI R4 I15,(}(10.I8,Infected 

= unwallcd dIropMe, V"= vacuole, I1" cell 
wall. 
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IGS.20-23.--j views of mature and senescing cells of ineffective nodules. Fig. 20, ]lactcroids after 4 wk, enclosed in tenuous
membranes which are frequently disrupted. Cy toplasm appears nearly translucent, with mnitochondria and plastids clustered near
the cell wall; X 11,000. Fig. 21, 96 hiafter fig. 20, showing strands of RER and vesicles (small arrows) scattered through the
thin cytoplasm. Note numerous discontinuities of peribacteroid membrane (large arrows); X 13,000. Fig. 22, Senescent nodulecell with bacteria still intact in a thin, vesicle-filled cyvtopflasm; X 11,000. Fig. 23, Same stage as fig. 22, showing disrupted mem
branes of bacteria and membrane fragmients and vesicles scattered through the electron -1Lucentcy'toplasm; X 14,000. Bd = bac
teroid, Al = mitochondrion, nf =me..mbrane fratgment, P1= p~lstd, RER = rough enhdllasmic'reticulum. 
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storage product, and release of bacteria is accom-
panied by a transitory increase in host cell RER, 
mitochondria, and Golgi bodies. These charac-
teristics have been noted frequently in other legumes 
(DART and MERCER 1964; GOODCHILD and BERGER-
SEN 1966; NEWCOMB 1976). Although plastids in 
infected cells of P. vulgaris accumulate more starch 
as nodule development progresses, the number and 
size of the infected cell amyloplasts contrast sharply 
with the large, rectangular deposits of starch in 
infected pea cells (NEwcOMB 1976) and with the 
large ovoid ainy!,plasts in soybean (WERNER and 
M6RSCHEL 1978). Most starch storage in P. vulgaris 
nodules occurs in uninfected cells of the bacteroid 
zone and in cortical cells. 

In P. vulgaris, probably the most remarkable 
structural change in host cell organelles during 
effective nodulation occurs in mitochondria. These 
become extremely elongated and closely associated 
with starch-filled plastids near the periphery of the 
cell. The elongation and plastid-mitochondrial 
associations are first observed 16 days after inocula-
tion and are most conspicuous between 3-5 wk. As 
plant cells increase in volume, bacteria multiply 
and become bacteroidal, and ultimately, peak 
nitrogen fixation (as indicated by acetylene reduc-
tion activity) is reached. All of these activities 
require a high energy turnover, which is perhaps 
facilitated by apposition of mitochondria and plas-
tids. 

Similar associations of mitochondria and plastids 
were observed in soybean nodules by WERNER and 
MbRSCHEL (1978), who suggested, on the basis of 
correlation of electron microscopic data with mea-
surement of nitrogenase activity, that this associa-
tion could be considered a cytological marker for 
peak nitrogen fixation. They likened the elongated 
mitochondrion and its expanded cristae to those 

observed in cardiac muscle (FAWCETT 1966), in 

which high energy turnover is a necessity. 


Elongated, dumbbell-shaped mitochondria such as 
those observed in Phaseolus and Glycine nodules 
have also been noted in cells of other metabolically 
active tissue (STEMPAK 1967; BAGSHAW, BROWN, 
and YEOMAN 1969). On the basis of serial sections, 
STEMPAK (1967) proposed a three-dimensional cup-
shaped model for the bell-shaped mitochondrial pro-
files and suggested that they might represent stages 
in mitochondrial division. While the cup-shaped 
mitochondrion-amyloplast complex in nodules could 
represent an efficient high-energy conformation, it is 
also conceivable that this configuration is a prelude 
to mitochondrial fission and/or a mechanism to 
increase the surface area of mitochondrial mere-
branes in response to a high energy requirement. 

Comparison of morphogenesis of effectively and 
ineffectively nodulated plants suggests that in-
effective nodulation may accelerate the process of 
normal nodule senescence in P. vulgaris. Infection 

with the 14c strain of Rhizobium phaseoli and early 
nodule development resemble in many respects the 
initial stages of development of an effective nodule. 
Some bacteria appear irregularly shaped at the time 
of release from the infection thread and are sur
rounded by a complete or nearly complete membrane 
envelope. The presence and integrity of this mem
brane have been considered critical in the establish
ment of nitrogen fixation in the nodule (KIJNE 1975; 
VERMA, HUNTER, and BAL 1978). As nodule develop
ment continues in P. vulgaris, membrane fragments 
or vesicles are observed adjacent and adhering to the 
membrane envelope, which frequently becomes dis
continuous or disrupted. Disruption is often oh
served in very old, effective nodule cells of peas and 
has been associated with nodule senescence (TRU-
CHET and COULOMB 1973; KIJNE 1975). 

In host cells of ineffective nodules of P. vulgaris, 
the accumulation of RER and the profiles of Golgi 
apparatus are conspicuous throughout nodule de
velopment. This contrasts ,Lrikingly with effective 
nodules in P. vulgaris and other species in which 
only short segments of RER and a minimal number 
of Golgi bodies are noted once the nodule attains 
maturity (MACKENZIE and JORDAN 1974; WERNER 
and M6RSCHEL 1978). Numerous mitochondria are 
present in cells of ineffective Phascolusnodules, both 
in association with unwalled droplets and along 
cell walls and intercellular spaces; however, the 
elongated mitochondrion-amyloplast complex in 
effective nodules of Phaseolusand soybean (WERNER 
and M6RSCHIEL 1978) has not been observed in 
ineffective nodules. Extensive RER development 
and numerous mitochondria have been associated 
with ineffective nodule development in alfalfa 
(MACKENZIE and JORDAN 1974) and have been 
related to host cell response to nitrogen starvation. 

By the time nitrogen fixation is measured in in
effectively nodulated P. vzlgaris plants, the shoots 
are chlorotic, lower leaves have abscised, and tinder 
nitrogen stress, the plant has made the transition 
to flowering. The onset of flowering in ineffectively 
nodulated plants coincides with the beginning of 
rapid nodule degeneration. This degenerative process 
is similar to that in effectively nodulated plants and 
does not appear to involve rejection or selective 
autolysis of the bacteria, as in soybeans (BASSETT 
et al. 1977b) and alfalfa (MACKENZIE and JORDAN 
1974). 

From our observations, we speculate that carbo
hydrate and/or nitrogen partitioning may be the 
basis of the lack of coordination between the plant 
and bacterium in ineffective symbiosis. The ima
portance of such l)artitioning in a symbiotic relation
ship is supported by studies suggesting that size and 
longevity of nodules in ineffective symbioses is 
related to carbohydrate deficiency due to stunted 
plant growth (JORDAN and GARRARD 1951). JORDAN 
and GARRARD attributed cytological disruption in 
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such ineffective nodule cells to bacterial attack on 
the host cell. Subsequent work on alfalfa (MACKEN-
ZIE and JORDAN 1974) indicated that ineffective 
nodulation was only an acceleration to a greater or 
lesser degree of the degenerative processes which 
occur in an effectively nodulated plant. MACKENZIE 
and JORDAN considered the presence of ineffective 
bacteria less important than the evidence of nitrogen 
starvation in the host cell, and they stated that 
normal breakdown of nodule tissue in effectively 
nodulated plants might also be the result of nitrogen 
starvation resulting from the demand for nitrogen 
during pod filling. 

Recent work on the translocation of IC photo-
synthate during reproductive development in P. 
vulgaris (WATrERs et al. 1980) suggests that leaves 
at the lower nodes are primarily responsible for 
carbohydrate supply to the nodule. Yellowing or 
abscission of these leaves results in reduction of the 
photosynthate supply to the nodule. In our study, 
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the chlorosis of lower leaves, coupled with the early 
transition to fiowering, could have severely restricted 
carbohydrate and nitrogen in the nodule and, 
therefore, accelerated the process of senescence. 
Research is currently in progress to investigate 
both carbohydrate and nitrogen partitioning in 
effectively and ineffectively nodulated plants to 
determine the relative c-ntributions of each to the 
maintenance of nodule integrity. 
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