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NEWCOMB. W.. R. L. PETERSON, D. CALLAHAM. and J .  G. TORREY. 1978. Structure ant1 host-ac- 
tinomycete interactions in developingroot nodulesof Cotnptotricrperrgri~~tr. Can. J .  Bot. 56:  
502-53 1. 

Correlated fluorescence, bright-field, transmission electron, and scanningelectron microscopic 
studies were made on developing root notiules of Co~~rptot l ia perrgritler (L.) Coult. (Myricaceae) 
produced by a soil actinomycete which invades the root and establishes a symbiosis leading to 
fixation ofatmospheric tlinitrogen. After entering the host viaa root hair infection. the hyphae of 
the endophyte perforate root cortical cells by local deg~ldation of host cell walls and penerration 
of the host cytoplasm. The int~xcellular hyphae are always s~~rrounded by host plasma membrane 
ant1 a thick polysacch:wide material termed the capsule. (For convenience. term intl-acellular 
refers to the endophyte being inside a Co~~~pro~r ic r  cell as disting~~ished from being intercellular, 
i.e.. between host cells. even though the former is actually extracellular as the endophyte is 
separated from the host cyroplasm by the host plasmalemma.) Numerous profiles of vesic~llate 
rough endoplasmic reticulum (RER) occur near the growing hyphae. Although the c a p s ~ ~ l e  shows 
21 positive Thiery reaction indicating its polysaccharide nature. the fibrillar contents of the RER 
tlo not. leaving ~~ncertain whether the capsule results from polymers derived from the RER. 
Amyloplasts of the cortical cells lose their starch deposits during hyphal proliferation. The 
hyphae branch extensively in specific layers of the cortex. penetrating much of the host cyto- 
plasm. At thisstage, hyphal ends become swollen and formsept>~tecll~b-shaped vesicleswithin the 
periphery of the host cells. Lipid-like inclusions ant1 Thiery-positive particles, possibly glycogen. 
are observed in the hyphae at this time. Associated with hyphal development is an increase in 
average host cell volume, a l tho~~gh nucle;~rvolume appears to remain constant. Concomitant with 
vesicle maturation. the mitochondria1 population increases sharply, s~lggesting a possible reln- 
tionship to vesicle function. The intimate interactions between host and endophyte during 
tlevelopment of the symbiotic relationship are emphasized throughout. 

NEWCOMB, W.. R. L. PET-ERSON, D. CALLAHAM et J .  G.  TOKREY. 1978. S t r~~c tu re  and host-ac- 
tinomycete interactions in developing root nodules of Cotnptot~icrp~rc~gr i t~n. Can. J .  Bot. 56:  
502-53 1. 

Les auteursont reuni les rechniques de la microscopie photonique, en fluorescence et s ~ ~ r f o n d  
clair, ainsi que de la microscopie electronique par transmission et r'l balaynge, pour et~ltlier le 
tleveloppement des nodules mcinaires chez le Co171ptotritr pc'rrgri~ro (L.) Co~llt. (Myricaceae), h 
la suite d'une invasion des !>cines par une actinomycete du sol, l e q ~ ~ e l  entl-aine la formation d'une 
symbiose q ~ ~ i  conduit h la fixation de I'azote atmosphCrique. Apres Otre entres dans I'h6te en 
infectant un poi1 absoi-bant. les hyphesde I'endophyte perfosent lescellules corticales de 1;11-;1cine 
en degradant localement les parois cellulaires de I'h6te et penetrent subsCquemment dans son 
cytoplasme. Les hyphes int~.acelIulaires sont t o~~ jou r s  entouris p~u- le plasmalemme de I'h6te 
ainsi que par un m;~ttriel polysaccharidique epais appele Incapsule. On observe. au voisinage de 
I'hyphe en croissance, de nombreux profils de  reticulum endoplasmique rugueux (RER) 
vesiculeux. Bien q ~ l e  la caps~lle soit positive au reactif de Thiery, denot;~nt sa nature polysac- 
charidique. les contenus fibrillaires du RER ne le sont pas ce qui laisse planer un doute sur la 
possibilitk que les polymeres de 121 capsule proviennent du RER. Au cours de la prolif61xtion des 
hyphes, les amyloplastes de cellules corticales perdent leu[-s reserves d'aniidon. Les hyphes se 
ramifient extensivement dans certaines couches du cortex et penetrent une bonne partie du 
cytoplasme de I'hGte. A c e  stade, les extremites des hyphes se gonflent et forment des vesicules 
allongees B la periphkrie du cytoplasme descellules h6tes. Des inclusionsd'npparence lipidique et 
des particules positives ~ L I  reactif de Thiery, possiblement du glycogene, se retrouvent dans les 
hyphes i ce stade. ALI cours du developpenient de I'hyphe on note une augmentation du volume 
moyen de lacellule de I'h6te bien que le volume nuclkaire semble demeurer constant. Simultane- 

'Present address: Department of Biology, Queen's University, Kingston, Ont., Caned21 K7L 3N6. 
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NEWCOMB ET AL 

ment B la maturation des vCsicules, la population de mitochondries augmente fortement ce qui 
suggere une relation possible avec le fonctionnement des vCsicules. Les auteurs insistent s11r les 
interactions Ctroites q ~ ~ i  existent entre I'h6te et son endophyte tout all longde I'etablissement de 
la relation symbiotique. 

[Trad~~i t  pal- le journal] 

Introduction Materials and Methods 
Conzptonicr peregrina (L.) Coult. (Myriccr 

crsple11ifolicr), commonly called sweet fern, is a non- 
leguminous angiosperm bearing nitrogen-fixing 
root nodules which contain an actinomycete-like 
organism (Becking 1975, 1977; Bond 1974, 19760). 
The resulting symbiosis,which leads to the fixation 
of molecular nitrogen (Ziegler 1960; Ziegler and 
Hiiser 1963; Stewart et 01. 1967; Fessenden et (11. 
1973), allows Cot~lprotzicr to carry out a pioneering 
role in the revegetation of denuded land. I t  is com- 
monly planted along highways in Massachusetts for 
this purpose. 

In view of the wide distribution of the 157 species 
of angiosperms having root nodule symbioses with 
actinomycete-like organisms (Bond 1976cr) i t  is 
surprising that most of the research has involved 
the genus Alnus. Consequently there have been 
many ultrastructural studies of Aln~rs nodules 
(Becking et (11. 1964; Gardner 1965; Lalonde and 
Knowles 1975cr, 19756: Lalonde and Devoe 1976; 
Van Dijk and Merkus 1976) and fewer studies of the 
remaining genera. The nodules of Hippopllcrk 
rllclmnoicles have been studied (Gatner and Gard- 
ner 1970; Gardner and Gatner 1973). Myrica ceri- 

,fit.cr nodules were first described by Silver (1964) 
and st~~died again by Gardner (1976), who also 
showed some ultrastr~~ctural details in the nodules 
of M.  gal^, C~~rnotlzrrs ~~elrrlinus, and Ccrsuarina 
crrnningllru?liertcr. Chandler and Dart (1971) briefly 
reported on the endophyte of Crrsucrri~lcr, while the 
nodules of Culleticr parcrdoxcr and Prrrshicr tridctz- 
tata have been carefully examined by Bond (19760, 
19766). 

As part of a research program on nodule de- 
velopment in legumes (Newcomb 1976; Sy6no er 
crl. 1976; Newcomb et (11. 1977) and nonlegumino~~s 
species (Torrey 1976; Bowes et ~ l l .  1977; Callaham 
and Torrey 1977), a project to study the fine struc- 
ture of Comptonicr root nodules was initiated. This 
paper describes the anatomy and fine structure of 
developing Cot?~ptotzia root nodules with emphasis 
on the development of the endophyte and the in- 
fected host cells in relation to the whole nodule. 

Pltrrrl Mtrlo.itrl 
Seeds of Corii/)iorritr / ) c r e g r i ~ ~ n  were collected prior to fruit 

abscission. scarified, soaked for 24 h in 500 ppm gibberellic acid 
(GA,) (Del Tredici ant1 Torrey 1976), and planted in washed 
sand. Young seedlings were transplanted to aeroponic cu l t~~re  
tanks (Zobel or rrl. 1976) and inoculated with s~~spensions pre- 
pared from old root nodules taken from Cortr~)ior~ia plants also 
grown in aeroponic culture: thus, this inoc~~lum was milch 
cleaner than if taken from the nodules ofsoil-grown plants. The 
seedlings were placed with roots suspended in  a mist of one- 
eighth-strength Hoagland's solution (Hoagland ant1 Amon 1950) 
lacking nitrogen, and were grown in the greenhouse at Harv;u-d 
Forest with day and night minini~~m temperatures of 21°C and 
16°C respectively. 

c'roscopy 
Younrr nodules. 2-3 weeks after inoculation. were fixed in 

2.5% gll~taraldehyde in  0.025 M cacodylnte buffer at room tem- 
perature for 2-4 h. After rinsing several times in buffer, the 
tissue was postfixed in  1% os~iiii~ni tetroxide on ice for 2-4 h.  
washed several times with buffer, slowly dehydrated in 10% 
increments of acetone. and (flat) embedded in  Alxldite (New- 
comb 1976). Initially. many other fixation schedules were tried 
without success on tissue obtained from older nodules (which 
were also diflicult to section). Yoi~nger nodules which generally 
contain fewer deposits of phenolic compounds than older 
nodules, can be fixed and sectioned relatively easily. Phenolics 
and tannins may hindel. good fixation and thin sectioning as 
suggestecl by Gardner(1976) on the basisofherst~~dies with root 
nodules of nonleguminous species. 

Sitri17i17g ri11t1 Hi.srocher~~is/ry 
Sections for light microscopy were cut at 0.5-1.0 ~nicl-ons 

( ~ i n i )  and stainecl with 0.05% toluidine blue O in 1% sodium 
tetraborate (borax) over an alcohol lamp. Sections for t~xnsmis- 
sion electron microscopy (TEM) were cut with glass knives. 
stained for 30 niin with a sa t~~rated solution of ~rranyl acetate in 
50% ethanol followed by 5-10 min in 0.02% lead citl-ate (Venable 
and Coggleshall 1965). and examined with a Philips EM 200 
microscope. 

Histochemical techniques for the demonstration of carbohy- 
drates were also carried out. For bright-field light microscopy, 
sections were stained by the periodic acid-Schiffs technique 
(Federand O'Brien 1968); however, the wall material surround- 
ing the endophyte was too thin to permit enough reaction for 
photomicrography. To utilize the atldilional sensitivity of the 
epifluorescence microscope, 0.5 Frn sections were mounted on 
glass slides, placed in sodium methoxide (Erlandson el (11. 1973) 
for45 min to remove the Arzlldite, rinsed in I% periodic acid for 
10 rnin. stained with the fluorescent Schiff reagent (Culling 
1974), examined with a Leitz epifluorescence microscope using 
a broad band filter system (BG12 exciting filter and a K515 

Observations based on bright-field and fluores- suppression filter). and photoglxphed using Kodak Tri-X film. 

cence light m~croscopy are correlated with  scan- Cell walls, starch grains. and other polysaccharides fluoresced a 
bright yellow-gold color. For TEM, gold-color sections were 

ning and placed on stainless steel grids and stained forthe Thiery reaction 
(TEM) in this investigation. using the periodic acid - thiocarbohydrazide (TCH) - silver 
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504 CAN. J. BOT. VOL. 56 ,  1978 

ABBREVIA.~IONS USED ON FIGURES: A. amyloplast; B. branch o f  hypha; BEH,  broken endophyte hypha; C, capsule; Co, 
cortex; Cp, cell plate; CW. cell wall; DS, tlense substance; Eve ,  early vesicle; EH,  encapsulated hypha; F. fibril; G, granule; 
H. hypha: HC. heterochromatin: IS, intercellularspace: L,  lipitl; M.  mitochondrion; MVB,  multivesicular body; N .  nucleus; 
Nc. nucloid; N H ,  newly infected cells; N M ,  notlule lobe rneristem: Nu. nucleolus; P, proplastid; Pa, papilla; Pd, plas- 
modesma; Ph, phenol; Pr, perforation; RER, rough entloplasmic reticul~rm; RH.  root hair: S, starch: Sb, striated body: Sp. 
septum: St, stele: T, tear. UC. uninfected cells; V. vacuole: Ve, vesicle. 

FIG. 1 .  ((1). Scanningelectron micrograph (SEM) o fa  multilobetl Cot,~pror~itr nodule and the lateral root to which the nodule 
lobes are attached. A cap-like s t r ~ l c t ~ ~ r e ,  rhe papilla (small arrows) is evident at the tips o f  some nodl~le lobes. A young nodule 
root (large 21rrow) lackinga papilla is shown. x 80. (h).  Higher magnification o f  four nodule lobes, illustrated in Fig. Irr. three 
of which have p~.orninent papillae (arrows) at their tips. Root hairs are evident at lower left. x 230. 

proteinate rnethotl (Freuntllich ant1 Robards 1974). th ree con- c o m ~ l e x .  The nodules. which mav attain a diam- 
trols were used: first, oxidation in periotlic acid not followed by eter '  of several cen t imet res ,  are comprised of 
'I'CH but stained with silver proteinate: second, no treatment 
with periodic acitl or TCH prior to staining with silver nLlmeroLIs swollen, radially symmetrical, pointed 
"roteinate: and third. no oxitlation bv oeriodic acid but treated lobes from whose tips negatively geotl-o~ic roots , . 
L i t h  T C H  and silver proteinate. Fine electron-dense silver p a -  grow (Figs. la and h).  Such roots are referred to as 
t icks occurred over carbohydrates in the treatment but not in roots (Bond 1952, 1974) and remain unin- 
any o f  the controls. fected except at their bases (Torrey 1976). Initially 
7'issr1e Prenrrroriorr for- Sr.ritrtlirrp fi'loctrorr Micro.scon\~ the nod~iles have onlv a few lobes. but endo~hv te  . . 

Whole nod~rles and notlule slices were fixed in 2% glutaral- 
tlchyde ant1 0.5% o s m i ~ ~ m  tetroxitle in tlistilletl water at room 
temperatllre for I to 2 h, washed 5 times in distilled water at 
room ternpel-atlrre for 1 h, placed in 1 %  TCH for 15 min, re- 
washetl, postfixetl in 0.5% osrni~im tetroxide in distilletl water at 
room tempelxtllre for I h, rewashed. tlehydratetl over 3 h in 
acetone. and tlrietl by the critical point method (Kelly or t r l .  
1973). The preparations were rnountetl on stubs, coated with 
gold and palladil~rn with a Techon Hummer I I  sputterer and 
examined with an ETEC scanning electron microscope. I t  was 
necessary to retrim the specimen so that cleanly c ~ i t  cells free o f  
tlebris wcre present. Examination o f  the n o d ~ ~ l e  tissue fixed as 
slices proved to be difficult beca~~se the preservetl host cyto- 
plasm obscuretl the entlophyte. Notlules which were fixed whole 
were sectioned after critical point tlrying, revealing a white 
interior, indicating that the osmium did not penetrate to the 
inside o f  the organ. These preparations were coatetl and sub- 
sequent examinations revealetl many infected cells in which the 
entlophyte was not obscuretl by the host cytoplasm a l t ho~~gh  
phenolic tleposits and starch grains were still present. 

Results 
E,rternnl Strrrctlrre 

The root nodules of Cornptorzicr are structurally 

. - 
stimulated proliferation of cortical, pericycle, and 
endodermis cells in the adjacent root tissue results 
in the formation of more n o d ~ ~ l e  lobes (Bowes et 01. 
1977; Callaharn and Torrey 1977). 

Tissire Organization 
While the arrangement of tissues within each 

nodule lobe shows many similarities to those oc- 
curring in normal roots, there are some obvious and 
important differences. Each n o d ~ ~ l e  lobe contains a 
meristematic area (the nodule lobe meristem) lo- 
cated near the tip or distal end (Fig. 2). By con- 
tinued mitotic activity this meristem gives rise to 
the other tissues: the epidermis, the nodule cortex, 
and the endoderrnis surrounding the centrally lo- 
cated vasc~~ la r  cylinder. Only the middle cortical 
cells of the nodule lobe become infected by the 
actinomycete (Fig. 2); the cortical cells adjacent to  
the endodermis and epidermis remain free of the 
endophyte. Likewise, the endophyte has never 
been observed in the vacular tissues, the nodule 
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NEWCOMB ET AL. 505 

lobe meristem, or the epidermis (other than in the 
root hair through which the endophyte enters the 
root). 

The invasion by the endophyte into the root hair, 
early formation of the prenodule and s ~ ~ b s e q ~ ~ e n t  
spread of the endophyte into cortical tissues of the 
nodule lobes was described by Callaham and Tor- 
rey (1977). By following a series of infected cortical 
cells basipetally, the developmental sequence of 
host cell and endophyte differentiation may be ob- 
served (Fig. 2). Near the nodule lobe meristem the 
infected cells are relatively small and the en- 
clophyte is hyphal in morphology (Fig. 3). In in- 
fected cells progressively more basipetal, the 
amount of endophyte hyphae Increases so that 
much of the central cytoplasm is ~nvaded by the 
actinomycete (Figs. 2,4, 5 ,6 ,7 ,  1 I ,  12, 13. 21, and 
23). At the periphery of the host cell the hyphal t ~ p s  
become swollen (Figs. 7, 8, 13-16, and 380) and 
eventually form elongate, club-shaped septate 
structures termed vesicles (Figs. 9, 10, 17, 40, and 
41b). The host cells containing the vesicle stage of 
the endophyte are much larger than the newly in- 
fected cortical cells and adjacent uninfected corti- 
cal cells (Fig. 2). Many of the uninfected cortical 
cells contain amyloplasts with large starch granules 
and large vacuoles w ~ t h  phenolic deposits (Figs. 2, 
3,7,8,9,24,25,and4lb).  

The nod~~le  lobe is covered by a tissue compr~sed 
of phenol-containing cells in the epidermis and 
outer layers of the cortex (Fig. 2). At the tips of the 
nodule lobes this ttssue forms a cap-like structure, 
referred to as a papilla (Bowes et trl. 1977), which is 
several cell layers thick because of the activity of 
the lobe merlstem. In Alr~rr~ this outer covering has 
been termed a superfic~al cork layer or periderm 
(Hawker and Fraymouth 195 1 ; Gardner 1965; Bond 
1974; Dalton and Naylor 1975) and in Myricn gtrle, 
the cork exoderm (Fletcher and Gardner 1974). In 
young nodule lobes of Comptoriicr, epidermal and 
cortical tlssues remain intact; later a corky layer 
forms (Callaham and Ton-ey 1977). 

Development trr~cl Dijyi.rentitrtion c$Ir!fi.cteci Cells 
The ontogeny of the infected cells involves 

mitoses in the nodule meristem, invasion of host 
cells by the actinomycete-like organism, encapsu- 

. . . . . . . . . . . . . . . . .  .... . . . . . . . . .  ................... . . . . . . . . . . . .  . . . . . . . . . . . .  . . . .  
lation of the endophyte, and growth and differen- 

. . . _  ._ ... .., ....... . . . . . . . . .  . . . . . . . . . .  
. . ...................... tiation of both the host and endophyte cells. 

Notlrrle Meristern 
Continued mitotic activity within the nodule lobe 

meristem is essential for nodule growth since most 
of the nodule cells are derived from this meristem. 
Infected nodule cortical cells do not undergo 
mitosis. The nodule lobe meristem is never invaded 

by the endophyte but whether this is beca~~se  mito- 
tic activity of the nodule meristem occurs at a faster 
rate than growth of the endophyte or because of the 
existence of subtle physiological barriers to infec- 
tion is unknown. Typically, nodule lobe meristem 
cells contain a large nucleus with a single nucleolus, 
amyloplasts often possessing multiple starch 
granules. numero~is mitochondria with many cris- 
tae, small amountsof endoplasmic reticulum, many 
free ribosomes, a few polysomes, and many small 
vacuoles (Figs. 2,3,26tr, and 26b). Plasmoclesmata 
are common and may be unbranched or branched 
joining with a median sin~ls of Mittelknoten 
(Juniper 1976) located in the middle lamella (Figs. 
260 and 2 6 ~ ) .  Generally, mitotically active nodule 
meristem cells are free of or contain only small 
amounts of phenols (Fig. 260). However. cells with 
large phenolic deposits, us~~ally located in vac- 
~ ~ o l e s ,  do O C C L I ~  in and near the nodule meristem 
(Figs. 2.3.24, and 25); occasionally these cells are 
observed undergoing mitosis (Fig. 25). These cells 
niay remain uninfected because of the presence of 
these phenolic substances; newly infected cells 
rarely contain large phenolic deposits (Figs. 3-6 
and 270). 

In~~trsion of'thc Host Cells 
One of the remarkable aspects of the Corr7p- 

tonicr-actinomycete symbiosis is the growth of the 
endophyte through the host cell wall. Str~ictural 
details of the initial root hair deformation and inva- 
sion of the host by the soil-borne organism are to be 
reported elsewhere. Once inside the epidermal cell, 
the endophyte grows invasively into cortical tis- 
sues, causing cell hypertrophy and cell division in 
advance of it (Callaham and Torrey 1977). Fl~lores- 
cence and light microscopic observations (Figs. 
3-6, 8, 9, and 1 1-16) clearly demonstrate the pas- 
sage of nunierous endophyte hyphae through the 
host cell wall, parallel to the host wall, or in the wall 
itself. When the hyphae are oriented more or less 
perpendicular to the host cell wall, they usually 
pass through the wall without gross1 y disrupting the 
shape ofthe wall (Figs. 4-6, 11-13, 15, and 16), i.e., 
the host wall is not distorted as would be expected if 
the penetration of the hyphae were achieved 
merely by physical force or pressure. When the 
hyphae are oriented parallel to the host cell wall, 
there may be some distortion in the wall (Figs. 5 
and 6). 

In newly infected cells the n~~cleus  and most of 
the cytoplasm are located in the central region of 
the host cell (Figs. 3-6, 1 I ,  and 12). The hyphae 
grow through the host cell wall into the central 
region of cytoplasm (Figs. 5-7, 1 I, and 12); al- 
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FIG. 2. Light micrograph montage showing two lobes of a young Co~,iproliicr roo1 nodule. Both the younger. small. 
medianly sectioned lobe on the right and the older, large, rangentially sectioned lobe on the left illustrate the acropetal pattern 
of development and differentiation: an ~~ninfected nodule lobe rneristem (NM). a region of large uninfccred cells derived from 
the rneristem (UC), newly infected cells (NH) containing only a few hyphal strands of endophytc. cells containing more 
strands of hyphae (H), and cells containing the vesicle (Ve) stage of the endophyte. Note that the infected cortical cells are 
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NEWCOMB ET AL. 

locatetl between two layers of uninfected cortical (Co) cells. The incompletely differentiated stele (St). is seen in the centre of 
the larger lobe. which in tangential section does not show its connection to the vascular tissue of the root to which i t  is 
attached. The infected cells are nearly continuous in their distribution from the base into each nodule lobe. The outer 
epidermal cells include a root hair(RH) and large phenolic (Ph) deposits. Epidermal cells and derivativesof the meristern form 
the cap-like stl.ucture, the papilla (Pa) at the tip of the nodule lobe. x 165. 

C
an

. J
. B

ot
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
H

A
R

V
A

R
D

 U
N

IV
E

R
SI

T
Y

 H
E

R
B

A
R

IA
 o

n 
08

/3
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



508 CAN. J. BOT. VOL. 56, 1978 

though the hyphae often grow near the nucleus, the 
endophyte was never observed within the host nu- 
cleus. In tissue stained with the fluorescent PAS 
reagent. there is an obvious PAS-positive layer, 
continuous with the host cell wall, surrounding the 
endophyte (Figs. 11-17). This layer is called the 
capsule. As the number of hyphae increases in the 
central region of cytoplasm, the PAS-positive cap- 
siile surrounding the endophyte fuses into one con- 
tinuous structure (Figs. 1 1 and 12), which appears 
flattened in the SEM (Figs. 21 and 22). 

TEM observations confirm that hyphae oriented 
more or less perpendicular to the host cell wall pass 
through a hole or opening in the host wall, causing a 
minimum amount ofdistortion to the host wall itself 
(Figs. 2 7 ~ 1 .  28. and 29). The endophyte hyphae is 
bounded by its own plasmalemma and cell wall and 
is separated from the host cytoplasm by the host- 
produced capsule and the host plasma membrane 
(Figs. 33, 35, and 37). The capsule, which com- 
pletely surrounds the actinomycetous endophyte, 
is continuous with the host cell wall and is similarto 
it in density and fibrillarsubstructure (Figs. 27b, 28. 
29. and 31~1) .  The hyphae oriented parallel to the 
host cell wall usually grow in the region of the 
middle lamella between adjacent cell walls (Figs. 28 
and 30). Such hyphae may occur in pairs within 
these walls (Fig. 28);  they may also branch within 
the host cell wall, giving rise to encapsulated 
hyphae which penetrate another host cell (Fig. 30). 

The manner by which the endophyte penetrates 
the host cell wall is not known. The host cell wall is 
usually not thinner near the site of hyphal penetra- 
tion although occasional thin spots are observed at 
these sites (Fig. 31a; Fig. 12 in Callaham and Tor- 
rey 1977). Some of the thin spots occur in associa- 
tion with unknown bodies which are bounded by a 
membrane and contain an electron-dense sub- 
stance (Figs. 310 and 31b). In addition, a fibrillar 
material occasionally is observed at the site of wall 

sions to accommodate the endophyte hyphae, are 
numerous and often associated with a cylindrical 
tube of wall protruding into the cell from the host 
cell wall (Figs. 18-20). While these tubes probably 
represent broken hyphal capsules resulting from 
specimen preparation. the surface of the end is 
unusually regular for a broken surface (Fig. 20). 
Growing hyphal tips appear to be tapered (Figs. 
2 1-23). Protrusions of wall material are frequently 
observed on the wall surfaces of newly infected 
cells (Figs. 18-20), which may represent endophyte 
just completing penetration of the host cell wall. 

Encaps l~ la t ion  of the Enclopltyte 
The intracellular endophyte is always sur- 

rounded by the capsule (Figs. 270-41a), which is 
cell wall material similar to that of the host cell wall 
(Figs. 27b-30) and probably produced by host cell 
organelles. After invasion by the endophyte, the 
host cell nucleus and nucleolus are similar in size 
and structure to those observed in uninfected de- 
rivatives of the nodule meristem (Figs. 3-9). The 
host cell has a few amyloplasts with small starch 
granules. a few proplastids, many mitochondria 
and free ribosomes, a few polyribosomes. abun- 
dant profiles of vesicular rough endoplasmic re- 
ticulum (RER), a few Golgi bodies, and numerous 
small vacuoles (Figs. 3-6, 27u, 27b, and 32-35). 
The RER usually contains a fibrillar material (Figs. 
27b, 29, and 32-35) which often is near or appearing 
to fuse with the capsule (Figs. 29. 32. and 34). 
Similarly, multivesicular bodies and smooth vesi- 
cles are often located near the capsule (Fig. 29). In 
sections upon which the Thiery reaction for 
polysaccharide was performed (Figs. 42-45), the 
capsule, endophyte and host-cell walls. endophyte 
septa, starch grani~les of the amyloplasts, and small 
electron-dense granules in the endophyte all 
reacted positively. The vesicular RER did not con- 
tain positive reacting substances. 

degradation (Fig. 3 1 c). Hyp l l a l  F ine S t r ~ ~ c t u r e  
SEM studies clearly demonstrate the occurrence The fine structure of the hyphal stage of the ac- 

of perforations in the host cell wall (Figs. 18-20). tinornycete reveals three distinct regions: a bound- 
These perforations which are of the proper dimen- ary layer of plasma membrane and cell wall; a large 

FIG. 3. Light micrograph o f  newly infected cells with hyphae (H) and uninfected cells near the notlule rneristem. Note the 
low numbers o f  mitochondria and proplastids(small arrows) in these cells (cf. Figs. 5 , 6 ,  and 7)and hypha passing through cell 
(large arrow). Also shown are cells with phenolic (Ph) deposits. x 1400. F1c.4. Light micrograph o f  infected cells with hyphae 
passing through cell walls (large arrows) and numerous hyphae in the central area o f  cytoplasm. Note the large number of host 
organelles(small arrows), mainly mitochondria, whichoccur near the endophyte. and the increase in host cell size(cf. Fig. 3). 
x 1330. FIG. 5. Light micrograph o f  cells illustrating the hyphal (H) stage o f  the endophyte. When the endophyte passes 
through cell walls (large single arrows), i t  causes littledistortion to the host wall: however, hyphae can grow between walls in 
the middle lamella(double large arrow) and distort wall contours. Amyloplasts (single small arrows) are present in uninfected 
cells. x 1300. FIG. 6. Light micrograph showing four hyphal strands passing through a small area ol'cell wall (single arrows) 
without distorting the shape o f  the host wall. Also shown is a hypha (double arrow) growing in  the middle lamella between 
adjacent cell walls which have become distorted. x 1300. 
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electron-dense area located at the cell periphery 
containing numerous ribosomes and electron- 
dense, rosette-shaped granules (probably gl yco- 
gen); and smaller. centrally located. less dense nu- 
cloid regions containing numerous fibrils, presum- 
ably DNA, and many vesicles, some of which con- 
tain lipid-like substances (Figs. 33,35-37). The cell 
wall appears to consist of an inner, less dense layer 
and an outer, thicker, more dense layer (Figs. 33, 
35,  and 37). The hyphae contain cross walls or 
septa which are thicker in the middle than at the 
ends at thejunction with the cell wall (Fig. 37). The 
septa also contain two different densities of wall 
material. 

Growtll nrlrl Di&r-entierriot1 cdthr. Erlrlophyre 
Morphogenesis and growth of the endophyte are 

responsible for the full ramification of the hyphal 
stage within the host cytoplasm and the si~bsequent 
formation of vesicles, the club-shaped swellings 
which develop at the ends of the hyphae at the cell 
periphery. The hyphae frequently branch (Figs. 15. 
16, and 30) and bear numerous spherical protuber- 
ances along their length (Figs. 21 and 22) .  Only 
occasionally are these protuberances located ter- 
minally. Since vesicles are only formed at the ends 
of the hyphae. the laterally occurring protuber- 
ances probably are the sites of hyphal branching. 
Eventually most of the host cytoplasm is occupied 
by theendophyte hyphae (Figs. 7 , 8 ,  and 23). 

When the endophyte has penetrated most of the 
host cytoplasm of infected cortical cells, the 
hyphae form terminal club-shaped vesicles. The 
ends of the hyphae increase in diameter and be- 
come swollen (Figs. 7 ,  8 ,  13-16, 38cr, and 38b).  At 
this stage, the hyphae contain numerous PAS- and 
Thiery-positive areas (Figs. 13, 14, 16, and 42-45) 
and areas which are unstained with toluidine blue 0 
(Figs. 7 and 8 ) ;  in the TEM, numerous small 
electron-opaque areas occur in the hyphae (Figs. 
38cr, 38b, and 39). A few septa occur mainly in the 
hyphal regions in the central portion of the host cell 
(Figs. 13, 16, and 38rr). However, ~ ~ n l i k e  the en- 
dophyte occurring in Hippopl7~rl; nodules (Gardner 

and Gatner 1973; Gardner 19761, the presumptive 
vesicle is not separated from the hyphae by a sep- 
tum. Septa soon begin to form within the develop- 
ing vesicle which increases in diameter and length 
(Figs. 14,41,42cr, and 42b) .  The septa which grow 
toward the center of the hyphae. are often crooked 
or incomplete as a result of freely g~-owing cell 
walls. Most of the PAS- and Thiery-positive mate- 
rial and electron-opaq~~e areas are absent when the 
vesicles are septate (Figs. 14, 15, 17 ,44~r ,44c ,  and 
45).  The cytoplasm of the vesicles is very electron 
dense and appears to be devoid of ~nesosomes (Fig. 
46) .  a characteristic feature of the actinomycetes 
found in other nonleguminous root nodules. 
Striated structures similar to the striated bodies 
observed in Alrl//s and Hippopher? (Gardner 1976; 
Becking 1977) are present in the vesicles (Fig. 46) .  
Small, less dense nucloid regions are present in 
most of the compartments of the vesicles. The 
centrally located regions of hyphae contain many 
areas which appear empty (Fig. 41cr). 

Clzcrngc~.~ it1 Ir!fi>cted Host Cells 
The organelles ofthe host cell undergo numerous 

changes during the morphogenesis of the en- 
dophyte. The nucleus, which still contains a single 
prominent nucleolus. becomes lobed, perhaps due 
in part to the penetration of the sur-rounding cyto- 
plasm by the endophyte. Many of the previously 
small vacuoles f ~ ~ s e ,  forming larger vacuoles lo- 
cated at the periphery of the cell (Figs. 8 ,  9, 14-17, 
38cr. 40. and 41cr). Some of these vacuoles contain 
phenolic compounds (Figs. 40 ant1 41tr). A few 
small vacuoles may still be present in the central 
portion of the cell (Fig. 41cr). The mitochondria 
undergo a tremendous increase in number at about 
the time that the vesicles become septate (Figs. 40 
and 41cr). FI-equently, the mitochondria occur in 
pairs or in groups of three or four, possibly because 
of recent divisions (Fig. 416) .  Often the niitochon- 
dria are adjacent to the capsule (Figs. 41cr and 41 b ) ,  
although this may be a function of the extensive 
I-amification of the endophyte which leaves no area 
of host cytoplasm far removed from it. Very few 

FIG. 7. Light micrograph montage showing the transition o f  the hyphal (H) form to the vesicle (Ve)form o f  the endophyte. 
The hyphal stage has penetrated most o f  the centl-a1 cytoplasm in the cells at the upper portion o f  the figure. Swollen hyphal 
tips (single arrows) denote the beginning o f  the transition and subsequent growth results in the fc~rrnation o f  club-shaped 
vesicles. The endophyte remains hyphnl in the centre o f  the cell and becomes less dense (i.e., stains less intensely) than 
earlier stages o f  the hyphae or the vesicles. Numerous small nonstaining areas (doi~ble arrows) Form in endophyte during 
vesicle formation. Uninfected cells contain amyloplasts (A)  and phenolics (Ph) and are smaller than infected cells. X 1600. 
FIG. 8. Light micrograph o f  cells containing immature vesicles (single small arrows) and mature vesicles (double small 
arrows). Note entlophyte passing through cell wall (single large :u-rows). x 1230. FIG. 9. Light micrograph o f  two adjacent 
cells containing endophyte with vesicles (small arrows) ant1 two adjacent hyphae (single large arrows) passing throi~gh the 
host cell wall with a minimum o f  distortion. Two vesicles (double large arrows) are clearly ~on t i nuo~ rs  with the central 
hyphae. x 880. FIG. 10. Light micrograph o f  infected cells containing vesicle (Ve) stage o f  endophyte. Vesicles are 
continuous (large arrows) with hyphal (H) stl-antls. The central hyphae cut in transection appear empty. X 780. 
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FIG. I I. Fluorescence micrograph of infected cells showing hyphae (H) penetrating central area of cytoplasm near the 
nucleus (N). All polysaccharides appear bright by this method. Note continuity of hyphal boundary and cell wall (arrow) and 
presence of phenolics (Ph) and large amyloplasts (A) in uninfected cells. x 1400. FIG. 12. Fluorescence micrograph of 
infected cells showing a hypha traversing (single arrows) a host cell and the fusion of hyphal capsules into a continuous 
structure (double arrows). x 1380. FIG. 13. Fluorescence micrograph montage of infected cells in which the endophyte is 
undergoing the transition from hyphal (H) to vesicular(Ve) form. Note close appression orendophyte to host nucleus (N), 
penetration (arrows) of hyphae through host cell wall, and phenolic (Ph) deposits and amyloplasts (A) in the neighboring 
uninfected cells. x 1400. 
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FIG. 14. Fluorescence micrograph of infected cells containing endophyte showing two stages of vesicle development. 
Upper cell contains vesicles with afew septa (small sing1earrows)and numerous PAS-positive deposits(small doublearrows) 
while vesicles in lower cell have more septa and few PAS-positive inclusions. x 1220. FIG. 15. Fluorescence micrograph of 
infected cells containing endophyte with numerous septa (single small arrows) in the vesicles (Ve) and a few PAS-positive 
inclusions (double small arrows). Also shown is branched configuration of hypha (B). x 1220. FIG. 16. Fluorescence 
micrograph montage of infected cells with endophyte vesicles (Ve) in early stage of development and containing numerous 
PAS-positive inclusions. Note branching (B) of hypha and the abundance of amyloplasts (A) in the neighboring uninfected 
cells. x 1400. FIG. 17. Fluorescence micrograph of an infected cell containing endophyte with mature septate (arrows) 
vesicles (Ve) at the cell periphery, hyphae (H) in the centre of the cell, and no PAS-positive inclusions. X 1220. 
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profiles of vesicular RER are present but free ribo- 
somes are abundant. The amyloplasts and proplas- 
tids appear to degenerate and become very electron 
dense (Figs. 40.41ir, and 45).  

The vesicles of the endophyte are surroi~nded by 
capsule which is continuous with the material en- 
capsulating the hyphae (Figs. 40.41ir. 44ir-45). The 
capsule surrounding the vesicles is PAS-positive 
(Figs. 15 and 17) and reacts positively in the Thiery 
reaction (Figs. 421, 42b, 43, 44~1, 44c, and 45). 
However, a void space, presi~mably due to shrink- 
age during fixation and dehydration (Lalonde et crl. 
1976), occurs between the vesicle wall and capsule 
(Figs. 44b and 44c). 

Senescence of the infected cells was not studied 
but older portions of nodules were sectioned in an 
attempt to find granulae similar to those reported in 
A l ~ i i s  (Van Dijk and Merc~ls 1976) and other genera 
(Gardner 1976). No such structul-es were observed 
in the Comptonilr nodule material examined. 

Discussion 
The symbiotic association between a soil ac- 

tinomycete and certain nonlegumino~ls plants re- 
sults in the development of root nodules. Profound 
structural and physiological changes occur in the 
roots following a series of complex interactions 

between the prokaryotic endophyte which con- 
tains the genetic information for nitrogenase 
(Skeffington and Stewart 1976) and the eukaryotic 
host organism which presumably contains most of 
the genetic information for noclule morphogenesis. 
I t  is apparent that both symbiotic partners influence 
the development of these complex nodular stnlc- 
tures. The invasion of theendophyte, via a root hair 
into the root cortex. triggers mitotic activity in cor- 
tical cells, resulting in the forniation of a prenodule 
(Callaham and Torrey 1977). Subseqilent mitotic 
activity at numerous sites results in the formation 
of several to many primary nodule priniordia which 
in turn give rise to other nodule lobes, resulting in 
the development of the mature lnultilobed nodule 
(Callaham ancl Torrey 1977; Bowes et ill. 1977). 
The endophyte is restricted by unknown chemical 
or physiological factol-s to the middle layers of the 
nodule cortex and does not invade the nodule 
meristem. Pres~~mably. the control of infection 
sites is exerted by the host. The host cells further 
control the infection process by encapsulating the 
endophyte in a polysaccharide capsule. probably 
pectinaceous (Lalonde and Knowles 1975b), which 
is sul-rounded by the host plasma membrane. 
Studies of freeze-etched preparations from Aln i~s  
crispa have established the similarity between the 

FIG. 18. SEM of Coifrplorric~ cell wall (CW) ofan infected cell with encapsulated hyphae (EH) growing on surface, broken 
endophyte hyphae (BEH), and perforations (Pr) penetrating the cell wall. The pel-forations and the encapsulated hyphae have 
similar diameters. The hyphae do not distort the wall surface near the penetration. The growing ends of the encapsulatetl 
hyphae are pointed (large arrows) and sniall protrusions (sniall arrows) of wall may be sites of incomplete penetration by the 
endophyte. X 3840. FIG.  19. SEM of Coitrploi~ic~ cell wall of an infected cell perforated by many broken encapsulated hyphae 
(BEH). Capsule material surrounding each individual hypha appears to have fused into one interconnected structure 
(arrows). The cell wall is not distorted near the sites of penetration. X 5000. FIG. 20. SEM of Co~trp~ot~io cell wall penetrated 
by several broken encapsulatetl hyphae. A broken hyphae (BEH) is next to its perforation site (large :u.row) in the host cell 
wall. The sniall protrusions (small arrows) may be sites of endophyte penetration. x 7700. FIG. 21. SEM of an infected cell 
containing numerous hyphae (H). The growing ends (single sniall arrows) of the hyphae are tapered and the hyphae bear 
spherical structures (small double arrows) which are the presumptive sites of branching. Hyphae have penetrated (large 
arrows) the host cell wall. Note plate-like appearance of fused capsule material (double large arrows). x 1950. FIG. 22. SEM 
of an infected cell illustrating the growingends (single arrows) of the hyphae and the latelxl bulges (double arrows) which are 
presuniptive branch primordia. x 2600. FIG. 23. SEM of an infected cell containing large number ofendophyte hyphae prior 
to vesicle formation. x 1300. 

FIG. 24. Transmission electron micrograph (TEM) of ~~ninfected cells located near the nodule lobe meristem. The cells 
contain amyloplasts (A) with starch grains (S) near the nucleus (N). Vacuoles containing phenolic deposits (Ph) commonly 
cuase tearing (T) during sectioning. Some vacuoles (*) lack phenolics. x 10440. FIG. 25. TEM of an uninfected cell in 
metaphase of mitosis located near the nodule lobe meristem. The vacuole contains large amounts of phenolics (Ph) which 
have been torn (T) in the sectioning process. x 7060. FIG. 26((1). TEM illustrating a nodule meristem cell in telophase. 
Numerous amyloplasts (A), mitochondria (M) and vacuoles (V). a cell plate (CP), microt~rbules (an-ows) of the spindle 
apparatus, newly forming nuclei (N), branched plnsmodesmata (Pd). and 21 large intercellular space (IS) are present. X 9160. 
(h )  Higher magnification of a portion of Fig. 260 showing an amyloplast containing two large starch (S) grains. X 18 220. ( c )  
Higher magnification of a portion of Fig. 26a showing elaborately branched plasmodesmata with a middle sinus (arrows). 
x 22 080. 

FIG. 27. ((I) TEM of newly infected cells containing numerous hyphae (H), a nucleus (N) with a prominent nucleol~~s (NLI), 
many sniall vacuoles(V) some ofwhich contain phenolics (Ph), and a few amyloplasts (A). x 3 140. ( b )  Higher magnification of 
area outlined in Fig. 27n. Shown are hyphae (H) growing in the middle lamella between adjacent cell walls (CW) and 
protruding into host cytoplasm. The hyphae are surro~~nded by a polysaccharide capsule (single small arrows) which is 
bounded by the host plasma membrane (double small arrows). Numerous profiles of vesiculate rough endoplasrnic reticul~ini 
(large arrows) containingan electron-dense fibrillar matrix are present. X 1 1  800. 
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host cell plasma membrane and the membrane sur- 
rounding the endophyte (Lalonde and Devoe 1976). 

11l1w.sion ofthe Host Cells by the Enclopl~ytc 
One of the intriguing aspects of nodule mor- 

phogenesis is the intracellular establishment of the 
enclophyte without damage or death of the host 
cells. The present study suggests that the en- 
dophyte of Colnptoniu nodules passes through the 
host cell wall by means of localized chemical de- 
gradation which allows penetration of the hyphae. 
Chernical changes in the cell wall may also be in- 
volvecl to some degree in  the fonnation of the cap- 
sule. Root nodules of Allz//s gl//ti~zo.scl are the sites 
of high pectolytic activity (Lalonde 1977). SEM 
obsel.vations of Al17//.s crispa (Lalonde and Devoe 
1975) and those made on Col77ptolli~1 clearly dem- 
onstrate the presence of regular perforations of 
the proper clirnensions to be occ~lpied by the en- 
dophyte. I t  is eqi~ally clear from TEM and SEM 
that the contours of the host cell wall are not dis- 
turbed when the endophyte penetrates the wall. 
This observation agrees with previous suggestions 
(Silver 1964: Lalonde and Knowles 1975~) that the 
penetration of the endophyte is not due to mechani- 
cal forces. The occasional occurrence of thin re- 
gions of host cell wall presumably results from 
endophyte-secreted enzymes which degrade the 
wall. I t  is possible that the dense membrane-bound 
silbstance we observed (Figs. 310, 31b, and 31c) is 
involved in the repolymerization of the degradation 
products into the capsule. 

Encups/rlution cft/lc Encloplz~te 
The similarity between the infection thread of 

Ieg~lminous nodules (Dart 1975; Newcomb 1976) 
and the capsule of the endophyte in  nodules ap- 
pears to be a s~lperficial one. The current interpre- 
tation of the rhizobial infection thread is that it is 
formed as an invagination of the host cell wall. 
Although the presence of cellulose in the wall of the 
infection thread suggests that it is derived from the 
host cell wall. it is not clear how the latter can 
become so extended (Newcomb 1976). In  addition. 
rhizobia are distributed to host cells via the thread 
and rhizobia multiply within the thread. In  con- 
trast. the actinomycete endophyte grows into each 
host cell silbjected to infection and is always silr- 
rounded by the capsule. Thus. endophyte and cap- 
sule growth occur at similar rates. The capsille is 
not an invagination of the host cell wall: rather, i t  is 
composed of pectin and contains no cellulose 
(Lalonde and Knowles 19756). 

The source of the components for the capsule is 
~lncertain. In  young nodules of Colnptollie~ a 
marked proliferation of RER occurs in newly in- 
fected cells. The RER is located near the growing 
hyphae and often appears to fuse with the capsule 
(Figs. 27b, 29, 32, 33, and 34). Significantly. very 
little RERis present after hyphal growth hasceased 
(Figs. 38b, 40, and 41cr). While the capsille reacts 
positively in the Thiery reaction, the fibrillar mate- 
rial within the RER does not. Since the Thiery 
reaction does not detect sugars with p-1,3 linkage 
the possible involvement of RER in capsule forma- 

FIG. 28. T E M  showing two hyphae (H) in longitudinal section penetrating the cell wall (CW) with little distortion and 
anotherhyphacut in transection growing in thecell wall and distortingthe shape ofthe wall. Note thecapsule(C)surrounding 
the endophyte. vesiculate rough endoplasmic reticulum (arrows) in process o f  fusing with capsule, transverse septllm (Sp) in 
the hypha, electron-dense granules (G), and plasmodesmata (Pd) in the host cell wall. x 29 770. FIG. 29. T E M  showing 
hyphae (H) penetrating the host cell wall (CW), a niultivesicular body (MVB)  containing many smaller vesicles, numerous 
small vesicles(large arrows) that may be about to fuse with host plasma membrane (double small zu-rows) surrounding capsule 
(C), some vesicles that have already fused (single small arrows) with host plasma menibl-ane, and profiles o f  vesicular rough 
endoplasmic reticulum (RER) containing a fibrillar matrix. x 3 1 570. FIG. 30. T E M  showing hypha (H) growing between 
adjacent cell walls (CW) and branching in two directions into cells. Plasniodesmata (single iirrows) and a transverse septum 
(double arrows) are also illustrated. x 1 1  140. 

FIG. 3 1. ( 0 )  T E M  showing portions o f  two infected cells in which the host cell wall (CW) is thinner at the centre than at the 
ctlgesof the cell. One area (arrow) o f  the wall appears to be absent, possibly due to degladation associated with penetration o f  
the endophyte. Several areas o f  niembl-ane-bound electron-dense substance (DS)are located adjacent to the host cell wall and 
capsule. x 13 3 10. ( b )  Higher magnification of  portion outlined in Fig. 31~1, demonstrating that membrane-bound, electron- 
dense substance (DS) is continuous (arrows) with both the host cell wall and the capsule (C). x 28 230. ( c )  Higher magnification 
o f  outlined portion o f  Fig. 3 11~ illustrating fibrillar material (arrows) near degraded portion o f  cell wall. x 67 250. 

FIG. 32. T E M  of  an infected cell showing hyphae (H)  (sectioned transversely) surrounded by a capsule (C). Numerous 
profiles o f  vesic~llate rough endoplasmic reticulum (RER) containing a fibrillar material are present and often appear to fuse 
(large arrows) with the capsule. Also shown are a few microtubules (small arrows). x 29 450. FIG. 33. T E M  of  two hyphae 
s~~rrounded by acaps~lle (C) which is bounded by the host plasma membrane (double large arrows). Endophyte is bounded by 
its plasma membrane (large single arrows) and two layers o f  wall, the outer layer (small single arrows) being the denserof the 
two. Internally, the hyphae show an outer dense cytoplasm containing many ribosomes, a n ~ ~ c l o i d  area with fibrillar (F) 
material, and many small vesicles ("). Also shown is a microtubule (do~lble small arrow) and a vesicle (triple small arrows) 
that niay'be fusing with the capsule. x 45 950. FIG. 34. T E M  o fa  newiy infected cell showing hyphae (H) sectioned obliquely 
and longitudinally. numerous prof i lesofro~~gh endoplasmic reticulum (arrows), and a nucleus (N)containinga nucleolus (Nu) 
iind dispersed heterochromatin (HC). x 7530. 
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FIG. 35. TEM showingcontinuity ofcapsule(C) which sur ro~~ndsf ive  hyphae (H) of theendophyte. Note the small vesicles 
(:':) within the endophyte, the plasma membranes of the endophyte (single small arrows) and of the host (double small arrows). 
and the two layers of the endophyte cell wall (large arrows). x 34 360. FIG. 36. TEM of endophyte showing numerous 
electron-dense granules (G) and capsule (C). X 71 070. FIG. 37. TEM of endophyte illustrating a cross septum (Sp), the outer 
(single small arrows) and inner (tlouble small arrows) layers of the endophyte cell wall. the plasma membranes of the 
endophyte (single large arrows) and host (double large arrows), and fibrillar (F). lipid (L), and vesic~llar ('9 inclusions in the 
endophyte. Wall material may be firsing(:'::':) with the capsule. x 57310. 
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FIG. 38. ((1) T E M  o f  infected cell in which the ends o f  the hyphae have become swollen (large arrows). The endophyte 
contains numerous electron-opaque inclusions that may be lipid (L). The capsule (small arrows) is more extensive in the 
centre o f  the cell than at the periphery o f  the cell near the hyphal tips. A few septa (double small arrows) are present in the 
hyphae. x 4000. (0) Higher magnification o f  outlined area in Fig. 380 showing the swollen hyphal tipsor early vesicles (Eve). 
the continuity o f  the capsule (C) around thc cndophytc. the numerous electron-opaque, lipid-like inclusions (L), and many 
mitochondria(M). x 6960. FIG. 39. T E M  ofacel l  similar to that shown in Fig. 38ci in which the hyphae. located in the central 
part o f  the cell, contain numerous lipid-like electron-opaque inclusions (L). x 24 170. 
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FIG. 40. TEM of an infected cell containing the early vesicle stage of the endophyte. The vesicles have elongated (cf. Figs. 
380 and 38h) and a few septa (single arrows) are present. Note the thickness and continuity of the capsule (C) around the 
endophyte. Degenerate electron-dense proplastids (P), numerous mitochondria (M), and small amounts of phenolics (Ph) are 
present in the vacuoles (V). x 7260. 
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FIG. 41. ( ( 1 )  TEM of infected cell packed with developing vesicles (Ve) containing numerous complete and incomplete 
septa. Note convoluted shape of nucleus (N) which still has a prominent nucleolus (Nu). numerous groups of mitochondria 
(M),  degenerate proplastids (PI, and small deposits of phenolics (Ph). There is a marked difference in density between the 
central endophyte hyphae (H) and the terminal vesicles. x 4740. (b)  Higher magnificationofoutlined area in Fig. 410 showing 
mitochondria that are possibly dividingand two pairsofjoined mitochondria which may havejust finisheddividing. x 10200. 
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FIG. 42. ( ( 1 )  TEM of infected cells with developing vesicles (Ve) of the endophyte stained with Thiery reaction for 
polysacch:u.ide which stains black. The host cell wall (CW), numerous granules (G) of the entlophyte, enclophyte cell walls 
(small arrows), and capsule (large arrows) have reacted positively x 6330. (17) Higher magnification of area o~rtlined in Fig. 
420. demonstrating positively reacting capsule (C). granules (G) within endophyte. and cell walls (CW) ant1 septa (Sp) of 
cndophyte. Note void space (arrows), presumably a fixation artefact between the capsuleand endophyte cell wall. x 21 040. 
FIG. 43. TEM section stained with Thiery reaction showingan early vesicle of the endophyte. Numerous granules (G). the 
endophyte cell wall (arrows), the capsule (C) ,  and the host cell wall (CW) reacted positively Note void space between capsule 
and endophyte cell wall. x 37 800. 
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FIG.  44. ( ( 1 )  TEM of section stained with Thiery re;~ction showing an infected cell containing mature vesicles (Ve) of the 
endophyte. Note that the positive-reacting capsule (>u.rows) is thicker near the hyphae (H)  than near the vesicles. x 3 150. (1,) 
Higher magnification of small area outlined in Fig. 44~1. The capsule (C) and septum (Sp) both reacted positively. Some areas 
of the capsule p ~ ~ l l e d  away from the endophyte cell wall, creatinga small void space (arrows). A lipid-like inclusion (L) reacts 
negatively although material at the edge of these inclusions does react positively. x 32 160. (c) Higher magnification of large 
area o ~ ~ t l i n e d  in Fig. 44~1. Capsule (C). endophyte cell walls (small ;u-rows), and septa (Sp) have reacted positively. Note void 
space (large arrows) due to capsule pulling away from endophyte cell wall during tissue preparation. x 16470. 
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FIG. 45. TEM of Thiery-stained section illustrating positive-staining granules (G) in hyphae (H) and immature vesicles 
(Ve). Lipid-like (L) inclusions did not react. Positive-reactingcapsule is pulled away from endophytecell wall (large arrows). 
X 12 620. FIG. 46. TEM of mature vesicle showing complete and incomplete septa (Sp), striated bodies (Sb), and nucloid 
(Nc) areas. x 35 550. 
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tion cannot be l-~lled out. It is also possible that 
low-molecular-weight, soluble sugar polymers 
were lost during fixation and dehydration. The in- 
volvement of host organelles in  the formation of the 
capsule in Alt7cis oispa has been suggested 
(Lalonde and Knowles 19756). However, it should 

. . .  . . . . . . . . .  . , . . . . . .  . . 
. . . . . . . . . . .  .\ be pointed out that the endophyte could also be 

. . . .  . . . . . . .  . . .  . . . . . . . . . . . . . .  . . . . . . . .  involved in the synthesis of the carbohydl-ates of 
the capsule. The capsule is very extensive and re- 
sults in the formation of a large contin~~ous plate- 
like structure in  the center of infected cells (Figs. 
12, 15.21.22, and40). Thefunction ofthe capsule is 
not known: presumably its presence and complete 
encasement of the endophyte exerts :I limitation on 
~~ncontrolled proliferation of the endophyte within 
the host. 

. . 
. . 

D~f~c~t.c~17tinrio/7 of'the l t ! f i ~ t c ~ /  Cell 
I n  addition to the proliferation of RER mentioned 

above, the invasion of the endophyte and its sub- 
sequent morphogenesis coincide with an increase 
in cell size. an increase in numbers of mitochon- 
dria, and loss of starch from the amyloplasts. The 
size of the nucleus and nucleolus remains stable 
during the mot-phogenesis of the endophyte; in 
other actinoniycete-nodulated species, it has been 
demonstrated that the nodule meristem cells are 
diploid (Bond 1977). This is unlike the 
legume-rhizobium symbiosis in which the host 
nucleus often becomes polyploid (Mitchell 1965; 
Dart 1975). The increase i n  the rnitochondrial popu- 
lation appears most obvious during the formation of 
septa in  the vesicles; at this time mitochondria may 
be observed in apparent division or clumped to- 
gether in groups of two or three (Figs. 4 la and 41h). 
The amyloplasts lose their starch shortly after the 

. . . . . . . . . . . .  . . . . . . .  . . . . . . . . . .  invasion of the endophyte (Figs. 3-6 and 27/71 and 
. . . . . . . . . . .  . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . .  the proplastids are degenerate when the vesicles 

are maturing (Figs. 41cr and 45). The utilization of 
. . starch and an increase in  mitochondrial number 

may corl-espond with increased energy require- . . .  

ments for growth and nitrogen fixation. Becking 
(1977) claimed that in nodules of Alt~rrs nitrogenase 
activity occurs in vesicles of the endophyte rather 
than in simple hyphal stages, and Akkermans 
(1971) showed that vesicles are sites of high reduc- 
ing activity. Organelle changes in  the host cells 
would appear to fit these proposals. Conclusive 
evidence for the presence of active nitrogenase 
only in vesicles is lacking. 

Differet7ricrtion of the Etldophytc 
The formation of the vesicles occurs only after 

the hyphal stage of the endophyte has penetrated 
most of the host cytoplasm exclusive of the cell 
periphery, which is largely composed of numerous 

vacuoles (Fig. 7). Furthermore. in Co/,~ptotzicr the 
vesicles only develop near the cell periphery. The 
development of septate, club-shaped vesicles coin- 
cides with the appearance of numerous lipid-like 
inclusions and Thiery-positive granules within the 
endophyte. Most of the lipid-like substance is 
confined to the hyphae, but the rosette-shaped 
granules which appear similar to glycogen may also 
be present in the early stages ofvesicle formation as 
well as in the hyphae. Only small amounts of either 
substance are present after the vesicles are mature. 
These substances may serve as substrates for 
growth and differentiation of the septate vesicles. 

Role c?f'P/re/7olics 
The amount of phenolic substances in the va- 

c ~ ~ o l e s  of ~~ninfected cells i n  mature nod~~les  of non- 
leguminous plants judgecl from histological strain- 
ing reactions is ~~sual ly  large. While young nodules 
contain only small amounts of phenolics, old 
nodules may have very high levels. During the 
course of this study. numel-011s bacteria and fungi 
were observed on the surface of Co/,~pto/ritr 
nodules. but no organisms other than the en- 
dophyte were found inside the nodule. Phenolic 
substances could be important in  preventing sec- 
ondary infections of the nodules and might function 
to retard the feeding of animals on the nitrogen- and 
carbohydrate-rich noclules. Such a role has been 
suggested for the occurrence of phenolics in the 
root meristem and cap of the fern Op/rioglos.s~o,~ 
pctiolatrlt7r (Brisson et trl. 1977). 
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