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CHAPTER 1 

HAUSTORIA AND INTRACELLULAR 
H Y P H A E*) 

Introduction 

Light microscopic studies have indicated that haustoria of ured,al and . 
telial stages of rusts differ structurally from those of pycnial and cecial 

stages. Rice (1927), for example, described haustoria of the uredial and 

tel ial stage as saccate to extensively lobed, and those of the pycnial and 

aecial stag.e as generally coiled and filamentous. 

Most ul trastructural studies of rust haustoria have thus for been restricted 

to the uredial stage. The uredial haustorium is described and illustrated 

as an intracellular saccate or lobed organ, connected by a narrow penetration 

\' '. 
tube to .an extracellular haustorial mother cell (Bracker & Littlefield, 1973; 

CoHey, Palevitz & Allen, 1972; Ehrlich & Ehrlich, 1971; Hardwick, 

Greenwood & Wood, 1971; Heath, 1972; Heath & Heath, 1971; Littlefield 

& Bracker, 1972). However, details concerning the ultrastructural nature 

of intracellular structures associated with aecial and pycnial rust stages are 

lacking and this p.art of the investigation was, therefore, undertaken to 

compare intracellular structures formed by monokaryotic and dikaryotic 

mycelia . 

. Materials and M.ethOds 

The two host - r:ust associations selected for intensive studies were the 

pycnial stage of Puccinia sorghi Schw. on inoculated Oxalis corniculata L., 

*) An article based on this chapter has appeared in Phytopathology 63: 
281-286. 
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and the uredial stage of Hemileia vastatrix Berk. & Br. on Coffea arabica L. 

Other readily available rusts examined were unidentified aecial stages on 

Calendula officinal is L. and Senecio madagascariensis Poir., the aecial stage 

of p. sorghi on O. corniculata, and a pycnial stage recently reported · 

(Truter & Martin, 1971) on An~irrhinum majus L. Material was processed at 

the first sign of sporulation on young, fully expan"ded leaves of plants growing 

in a greenhouse at 20-26°C day and 17-20oC night temperatures. 

Infected tissue was fixed for 6 hr with 6% glutaraldehyde in 0,05 M 

Na-cacodylate buffer at pH 7,2-7,4, postfixed for 2 hr with 2% osmium 

tetroxide in 0,05 M Na-cacodylate buffer at 7,2-7,4, dehydrated in an 

alcohol series, transferred to propylene oxide, and embedded in Araldite. 

Sections, cut with glass knives on a Porter-Blum MT -1, were stained for 

5.0 min with 2% aqueous uranyl acetate, for 20 min with undiluted lead 

citrate (Reynolds, 1963), and examined with a Hitachi HU-llE. 

Callose staining. for light microscopy was effected with resorcinol blue 

(Johansen, 1940) and fluorescent aniline blue (Currier & Strugger, 1956). 

ObservatJo!ls 

Intercellular cells of the uredial stage of H. vastatrix, including haustorial 

mother cells, are bounded by a triplex wall (Fig. 1), the middle layer 

being more electron-opaque than the inner and outer. The presence of a 

distinct layer between two hyphae, or between hypha I and host cells (Fig. 

1 - open arrows), suggests nonspecific intercellular bonding. In the young 

binucleate haustoria I mother cell a thick electron-opaque layer is apposed 

against the wall in contact with the host cell (Fig. 1). An early stage in 
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Fig. 1-2. Hemileia vastatrix. 1) Localized electron-{}ense layer (ED) and early stage in formation of inner, less dense zone 
(solid arrows) in young haustorial mother cell. Wall of haustorial mother cell is composed of inner (WI), middle (WM), and 
outer (WO) layer. Abutting cells are separated by' substance that is possibly adhesive (open arrows) (X 31,000).2) Penetration 
tube (PT) with collar (e) and neckband (NB) sub tending haustorial body. Note thin wall (lW) of haustorium and merging 
(arrows) of inner (lSL) and outer (OSL) sheath layer (X 20,000) . IS = intercellular space; M = mitochondrion; N = nucleus; V 
= vacuole; W = host cell wall. 
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Fig. 3-6. Pycnial stage of Puccinia sorghi. 3) Cross section of intercellular hypha with triplex wall (WI, WM, WO). Outer 
wall layer (WO) is reflexed where it abuts on other surfaces (X 37 ,000).4) Early stage in host cell penetration by intercellular 
hypha (IRH) (X 37,000) . 5) Degradation (arrows), apparently enzyme-induced, of host wall by penetrating hypha (IRH). 
Apparent constriction of hypha is due to glancing plane of section (X 35,000).6) Micrograph showing wall continuity 
between intercellular (IRH) and intracellular (IAH) hypha. Note collar/sheath (CS) and absence of neckband (X 11,000). CHL 
= chloroplast; IS = intercellular space; LO = lomasome; M = mitochondrion; N = nucleus; V = vacuole; W = host cell wall. 
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Fig. 7·10. Pycnial stage of Puccinia sorghi. 7) Micrograph showing interrelationship between intercellular (lRH) and 
intracellular (lAH) hypha. Note collar/sheath (CS). and absence of prepenetration layers and neckband (X 10 ,500) . 8) 
Intracellular septate (S) hypha (IAH) (X 12,000). 9) Cross section of coiled intracellular hypha (IAH) (X 14,900). 10) 
Intracellular hypha (lAH), showing two fungal wall layers (WM, WI) enveloped by electron-dense inner (ICS) and 
electron-lucent outer (OCS) collar/sheath layer (X 88,000). CHL = chloroplast; M = mitochondrion; N = nucleus; PM = 
plasmalemma; S = septum; V = vacuole; W = host cell wall. 
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the development of a thin, less dense zone, constituted over the electron

opaque layer, is also visible (Fig. 1 - sol id arrows). Continuity between 

any of the deposited or pre-existent layers and the wall of the penetration 

tube could not unequ ivocally be demonstrated . 

Coffee leaf cells respond to the presence of a haustoria I penetration 

tube by producing a voluminous collar (Fig. 2). Immediately beyond the 

neckband, situated at or near the point of emergence from the collar, the 

penetration tube swells to form the body of the haustorium (Fig. 2). The 

binucleate saccate haustorium is bounded by a thin wall, similar to the 

penetration tuhe wall, and a sheath consisting of an electron-dense inner 

and an electron-lucent outer layer. The two sheath layers in places appear 

to merge (Fig. 2 - 'arrows). It was found that thick haustorial sheaths, 

present in degenerating cells only, stain deeply with callose-specific stains, 

whereas collars react weakly if at all. The majority of haustoria, however, 

. are thin-sheathed, associated with cells of normal appearance, and are 

neg.ative in r.eaction. 

The wall of intercellular hyphae of P. sorghi is three-layered (Fig. 3). 

The outer layer is reflexed where it abuts on other surfaces, possibly attaching 

hypha I cells to the host and to other hyphae . At penetration, no special ized 

layers are apposed internally against the wall in contact with a host cell 

(Fig. 4). Host wall degradation around the penetrating hypha (Fig. 5 _ 

,arrows) intimates that penetration is at least partly enzymatic. The wall 

of the intercellul ar mycel ium, with the exception of the outer layer, is 

continuous with the wall of the intracelIular fungal structure (Figs. 4, 0, 

7). Typically, there is no pronounced reduction in the diameter of a 
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penetrating hypha at the point of ingress, and neither a penetration tube nor 

a neckband is present (Figs . 6, 7) . The hypha invaginates the host 

plasmalemma, becomes septate (Fig . 8) , and may coil extensively around 

host organelles (Fig. 9). The two layers of fungal origin are enveloped by 

a duplex layer (Fig . 10) in which no distinction between a collar and sheath 

can be made (Figs. 6, 7) . The collar/sheath consists of a granular inner 

and an electron-lucent outer zone (Fig. 10). 

Discussion 

Triplex intercellular hyphal walls have previously been found in Melampsora 

larici""populin,! (Rijkenberg, 1972), H. vastatrix, Uromyces phaseoli, and 

the pycnial stage of P. sorghi (Rijkenberg & Muller, 1971). The outer 

layer possibly has adhesive properties (Hardwick, Greenwood & Wood, 1971; 

Rijkenberg & Muller, 1971) . A layer, perhaps of a mucilagenous cementing 

nature, has 01 so· been observed between the haustorial mother cell wall and ' 

the host cell wall in wheat infected with Puccinia graminis f. sp. tritici 

(Ehrlich & Ehrlich, 1971), and in other host - rust relationships (Bracker & 

Littlefield, 1973.). 

Considerable thickening of the rust .haustorial mother· cell wall immediately 

adjacent to the penetration pore has been described and/or shown in micro

graphs by several authors (Bracker & Littlefield, 1973; Ehrlich & Ehrlich, 

1971; Hardwick et al., 1971; Heath & Heath, 1971; Littlefield & Bracker, 

1970; Li ttl efi eld & Bracker, 1972; Manocha & Shaw, 1967; Rijkenberg 

& MUlier, 1971; Shaw & Manocha, 1965), Other investigations (Br.acker 

& Littlefield, 1973; Littlefield & Bracker, 1'72; Rijkenberg & MUlier, 
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1971) and the results of the present study show that such thickening is due 

to localized deposition against the inner wall . littlefield & Bracker (1972) 

observed a cont inuity between the less dense zone, laid down over the 

local ized opaque layer in haus.tori al mother cells of M . I ini, .and the fungal 

wall of the penetration tube. Such continuity was also dlpparent in several 

micrographs published earlier (Coffey, Palevitz & Allen, 1972; Hardwick 

et 01., 1971; Heath & Heath, 1971; littlefield & Bracker, 1970), and 

Bracker & littlefield (1 973) , in a comprehensive review, consider that claims 

for its absence in the penetration pore of rusts have not been substantiated 

by rei iable ultrastructural eviPence .. 
, 

It is evident from electron micrographs of Erysiphe graminis f. sp. hordei 

(Bracker, 1968; Edwards & All en, 1970; McKeen & Bhattacharya, 1970) 

that cell penetr.ation by this fungus is similarly accompanied by deposition 

in the .haustorial mother cell against the wal l in contact with the host. The 

depo~ited La.)l.e.r is continuous with the wall of the penetration tube . Local ized 

deposHlon is also characteristic of germ tube initiation by spores of Fusarium 

culmorum (Marchant, 1966) and bud initiation of Rhodotorula glutinis 

(Marchant & SmHh, 1967) . The presence of localized apposition in such 

diverse structure~ .as rust and powdery mildew haustorial mother cells, . fusarial 

sp.ores, and yeast cells, suggests that a w.ell-established mechanism of 

speciaLiz.ed b)lpbal emergence ex.ists in Ascomycetes and Basidiomycetes. 

The large. host coJJar surrounding the penetration tube of H. vastatrix, 

,COIlt.rcuy to .e.vicie.r.lce Qdduced by Hardwick et 01. (1971) in respect of U. 

app.end.icula.tus., cea¢s-wedkly, if at all, to call ose-speci fi.c resorcinol blue 

and flu~rescent anil ine blue stains. Thick-sheathed haustoria of H. vastatrix 
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react in a callose~positive manner to both staining procedures, but the majority 

of haustoria are thin -sheathed and give a negative reaction. Recent 

histological studies on cowpea leaves, immune to rust infection, · suggested 

that the main body of the haustorial sheath is composed of a callose-I ike ma

terial, but the collar, in a few instances, did not react in a callose-positive 

manner (Heath, 1971) . Since in the coffee - H. vastatrix relationship (i) 

gradation in reaction type is virtually absent and (ii) there appears td be a 

positive correlaHon between haustoria I stainabil ity and degeneracy of cells in

vaded by them f it seems that callose apposition is associated with incipient 

necroHzalion. On the basis of the classification of host - symbiont interfaces 

presented by Br.acker & littlefield (1973), the interface between host cells 

and intracellular structures of H. vastatrix and P. sorghi, is of the common 

IT 24. t}q).e. 

IntraceUular str..uctures formed by pycnial and aecial stages of P. sorghi 

on O. corniculata are found in epidermal cells, as a result of direct host 

penetration by germin9ting basidiospores (Allen , 1934; Rice, 1933), and 

in mesophyH ceUs, arising from in tercellular hyphae (Rice, 1933). At the 

I.i..gbt microscope level, such structures in mesophyll cells of O. corniculata 

were described as abundant, arising from a short slender entrance stalk, 

frequ.elltly possess1ng more than one nucleus, evidently invaginating the host 

cytop.lasm., rarely sh.eathed, branched, and much coiled - often around the 

host nucleus (Rtce,. 1933). Observations made during the course of the 

present inv.es.t.igatiOJ") support and supplement preliminary ultrastruttural findings 

concernill9 interceUular hyphae and intracellular prol iferations of the P. 

sorgh i pycn ial stage (Ri jkenberg & MUll er, 1971). The intercellular mycel ium, 
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apparently at least partly by enzymatic degradation, enters leaf cells where 

it becomes surrounded by a duplex collar/sheath layer. It is evident that 

intracellular proliferations and their initiation differ in several important 

respects when those of pycn ial and uredial thaI! i are compared: (i) Pre

penetration layers are not formed in the pycnial intercellular hypha against 

the wall in contact with a host cell, and the inner wall layers of the 

intercellular hypha are continuous through the host cell wall with the wall of 

the penetrating hyphp. In the uredial haustorial mother cell the special ized 

inner zone, formed prior to penetration, becomes continuous with the fungal 

wall of the penetration tube. (ii ) Penetrating hyphae do not constrict into 

narrow penetration tubes, although these were purported to be present in 

the pycnial stage of P. sorghi (Rice, 1933), nor can neckbands be dist

inguished. (ii i) Penetrating hyphae do not become saccate or lobed, as do 

uredial haustoria, but develop into filamentous, often septate structures that 

may coil extensively around host organelles . 

Preliminary ultras.tructural investigations of unidentified aecial rusts on 

C. officil'1aLis and S . madagascariensis, the aecial stage of P. sorghi on O. 

corniculata.and Q py..cnial stage on A. majus, showed that the type of cell 

p.enetr.alion by, and intracellular growth of, the pycnial stag.e of P. sorghi 

r:na.y we.!.1 be typ.ical no.t only of many pycnial, but also aecial stages. 

Furthermore, each py.cnial and aecial stage examined thus far has been 

char..a.cterized b.y a well-developed intercellular thallus and a relative dearth 

of intracellular structures. Evidently, these rust stages have either a very 

efficient mechanism of nutrient transfer from intracellular structures to inter

cellular hyphae or, more likely, an intercellular thallus that is abl e to 
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subsist largely on substances diffusing from host cells , 

In many respects, therefore, intracellular structures of the pycnial and 

aecial stages, examined du ring the course of this investigation, are strikingly 

different from haustoria of uredial stages . Since a haustorium is generally 

defined as a feeding organ which is markedly special ized in structure, the 

author proposes that the intracellular pycnial and aecial prol iferations be 

designated "intracellu la r hyphae II and not "haustoria". Generally, intracel

lular hyphae of other parasitic fungi do not appear to be surrounded by 

sheaths or collars (Calonge, 1969; Hess, 1969; Kazama & Fuller, 1970), 

but a sheath-I ike structure around intracellular hyphae of Phytophthora para

sitica f. sp. nicot ianae in tobacco roots has been reported (Hanchey & 

Wheeler, 1971). 

The relatively unspecialized growth habit of pycnial and aecial mycelia 

may point to their p.otential culturability on axenic media, and may explain 

the wide host range of some pycnial and aecial rusts in contrast to the 

extreme host-specificity of uredial and telial stages. 
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CHAPTER 2 

SPOROGENESIS IN THE PYCNIAL 

S TAG E 0 F PUC C I N I A S 0 R G H 1*) 

Introduction 

Detailed light microscopic studies of pycn iospore ontogeny in Gymnospor

angium clavariiforme Rees (Blackman, 1904) and G. clavipes Cooke & Peck 

(Olive, 1944) have been made . Blackman observed the formation of a 

septum between the pycniospore and its sporophore, and, at the distal end 

of the sporophore, noted a ring-like thickening that stained with Congo 

red. According to 01 ive, the young pycniospore is formed by budding 

and pushed through an open collar at the tip of the sporophore enlarging 

just above the rim of the collar. The mature pycniospore is then cut off 

by basal constriction and displaced by the succeeding pycniospore bud. 

Hughes (l97Q) ~ in an account of the ontogeny of spore forms in the 

Uredinales, expr.essed the opinion that, on the basis of the description by 

Olive (1944), the sporogenous cells in G. cJavipes are clearly phial ides 

and suggested that perhaps the sporog enous cell s of all pycn i a are ph ial ides. 

In Hughes' account no mention was made of the description of pycniospor-

ogenesIs by Blackman (1 904). 

In this part of the study pycniosporogenesis of maize rust, Puccinia sorghi 

Schw., on the alternate host, Oxalis corniculata L., is described. 

M.a.t.e.d.als aod Methods 

Leaf tiss.ue of g.lasshouse-grown, artificially inoculated O. corniculata 

plants, bearing young erumpent pycnia, was fixed, dehydrated and embedded 

""" A . • I 
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as described in Chapter 1. Embedded material was sectioned with an LKB 

UM3 uitrotome, using a diamond knife . Sections were stained with 2% 

aqueous uranyl acetate for 50 min followed by undiluted lead citrate (Rey

nolds, 1963) for 20 min, and examin ed with a Hitachi HU-llE electron 

microscope. 

Observations 

Tbe P¥cnium is bounded by a pseudoparenchymatous layer in which 

component celts are often vacuolate Fig. 1) and possess three-layered walls 

(Fig. 2). The outer layer of the wall is thick and confluent with the outer 

layer of adjacent cell walls (Figs. 1, 2) . Septal pores were sectioned 

infrequently in septa of the pycnium, but more commonly in inter- and intra-

cellular hyphae. A pulley-wheel apparatus (Fig. 3) was evident in all 

median cro-ss-sections of pores. 

Pycniosporopbores are unicellular , slightly tapered towards the apex and 

filled with densely staining cytoplasm (Fig. 1). Vacuoles, when present, 

are m.ai.nly situated in a proximal position (Fig. 1). Sporophores contain a 

single nucleolate nucleus (Fig. 1), many mitochondria (Fig. 8) and a few 

lipid bodi.es (Fig_. 7),. 

After division of the sporophore nucleus, a daughter nucleus m-igr.ates 

into the spore primordium and a complete septum is laid down centripetaUy 

(Figs. ~ 4" 6). •. The septum is composed of two electron-opaque wall.s separated 

by an electron-lucent lamella (Fig. 5). Against the periclinal wall the 

septal walls wi·den considerably, assuming a nearly triangular appearance in 

cross-section (Fig. 5). Wall deposition continues after septum formation I 
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Figs. 1-3. 1) Section through spore-bearing region of pycnium. Note outer layer of pseudoparenchyma
tous cell wall (LO) and nucleolate nucleus (N) of sporophore (SP) (x 3,100). 2) Wall of pseudoparenchyma
tous cells showing inner (Ll), middle (LM) and outer layer (LO) (x 27,000). 3) Pore with pulley-wheel ap
paratus (PW) between pseudoparenchymatous cell and pycniosporophore (x 120,000). IS = intercellular spa
ce; P = pycniospore; PS = pseudoparenchymatous cell; SL = septal lamella; SW = septal wall; V = vacuole. 
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Figs. 4- B. 4) Centripetal formation of pycniospore - sporophore septum (arrows) (x lB. 600). 5) Widening 
(arrows) of septal walls (8W) against periclinal wall (x 32.400). 6) Complete pycniospore - sporophore sep
tum (8). Absence of annellation suggests this is primary pycniospore (x 17. 900). 7) Early stage in depo
sition (arrows) of localised wall in sporophore tip. Note lipid bodies (L). annellations (A) and primary an
nellation (PA) (x 17. BOO). B) Extension of localised wall (LW). Note (i) primary annellation (PA) and an
nellation (A) that has resulted from tearing of previous periclinal wall. and (ii) continued development of frac
ture (arrow) at lower septal wall (8W) (x 22. BOO). A = annellation; M = mitochondrion; N = nucleus; NU = nu-
cleolus. PA = primary annellation; 8L = septal lamella: l' = tllhll1p_,..nnto;n;n~ ~+-,~ .. , -- . 
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Figs. 9-10. 9) U-shaped nucleus (N) in pycniospore. Note debris (D), attached electron-opaque remnant 
of lower septal wall (SW), electron-lucent septal lamella (SL) and ridge-like frill (R) of hilum (x 23,200). 
10) Section through arms of U-shaped pycniospore nucleus (N) (x 30,000) . ER = endoplasmic reticulum; 
L = lipid body; M = mitochondrion. 
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and a localised wall is laid down against the existing w~1I of the 'sporophore 

tip (Fig . 7) . Spore release is effected by the development of an anticlinal 

fracture plane at the lower septal wall (Fig. 8) and the rupture of the 

pericl inal wall at the .septal periphery. The newly formed local ised wall 

of the sporophore tip extends beyond the remnants, or annellation, of the 

pericl inal wall, developing into a succeeding pycniospore primordium (Fig. 

8). At the ,spore hilum the septal lamella, a remnant of the lower septal 

waU, .ar:ld a poorly dev~loped basal frill, possibly derived from the ,widened 

part of the septal walls, are retained (Fig. 9). After secession the spore 

wall increases in thickness from ± 45 nm to "±' 85 nm. 

The detachm.ent of successive pycniospores gives rise .to a series of an

ne.llations which are borne at approximately the same lev~1 on the sporo

phore (Hg.. 7).. The outer annellation results from the formation of the 

sporophor.e 's. pdmaryspore and is the most substantial (Figs . . 7, 8), 

Pycl'liospores ar.e released into the pycnial cavity where they I ie closely 

packed (FIg.. 1) in a matrix containing a considerable quant.ity of debris 

(E..igs .. 9, 10).. The. .spores possess a single nucleus with a small nucleolus 

(F.i.gs .• 6, 7).. Ih mature pycniospores the nucleus often assumes aU-shope 

(Fig ... 9) and sectio,ned ~pores may, therefore., appear to contain two nuclei 

(Fi.g. 10).. Spor:emltochotldria ar~ .short with . predominantly plate-I ike 

crls.tae (F..tgs,. 9, 1.0).. Tuhvl e.-conta.in ing str.uctur.es (fig. 4), many ribosomes., 

some endoplasmic. reJic.iJlum and a paucity of lipid bodies (Figs. 9, 10) 

characterize spore cytoplasm. 
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Discussion 

The wall of pseudoparenchymatous cells in the pycnium, I ike that of inter-

cellular hyphae (Chapter 1), is th ree-layered. The thick and confluent 

character of the outer wall layer of pseudoparenchymatous cells in the pycnium 

has also been observed in primordial cells of Uromyces appendiculatus uredia 

(Muller, Rijkenberg & Truter, 1974a). The function of such thick wall layers 

in rust fructifications is not known, but may relate to the water balance of 

th ese stru ctu res. 

A pulley-wheel apparatus was observed in all median cross-sections of 

pores. It could not be determined if the scarcity of sectioned pores in 

pycnia indicates that, in addition to those between spore and sporophore, 

other sepJa in the pycnium are complete. If a pulley-wheel apparatus 

should also be present in septal pores of flexuous hyphae and their hyphal 

connections with aecial primordia, considerabl e modifications would be ne

cessary to allow nuclear migration. 

In g.ecer.a.l, py .. cnjospor:e formation and secessjon, as described here, does 

not differ signifIcantly from the light micr.oscopic observations of G. clavari

ifor.me made by Blackman (1904) . The ontog-eny of P. sorghi pycniospores, 

and po~ibly that of G. clavariiforme pycniospores, is annellophoric, suc

cessive spores on a sporophor.e seceding at approximately the same level,and 

does not dIffer markedly from annellophoric spore development in some Fung.i 

Im.per.£.e.c.ti (Sulton & Sapdhu, 1969) . However, the criterion that in annel

lophor.icdevelopment the septum delimiting the conidium from the conidio

pbore spl.i.ts, so that the subsequent prol iferalion of the annellophore involves 

the exposed half septum (Hughes, 1971), is not fully met, since the septal 
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lamella and remnants of the lower septal wall remain attached to the hilum 

of a detached pycniospore. That Olive (1944) described a phialidic de-

velopment of pycniospores in G. clavipes, can possibly be ascribed to limi-

tations imposed by I ight microscopy. By referring to II ... buds which enlarge 

to full size and are then separated by constriction ll , Arthur (1929), in a 

general description of pycniospore ontogeny, similarly implied phialidic 

development. 

The IIcurious ring of thickening ll (Blackman, 1904) and the IIcollarll 

(Olive, 1944)observedonpycniosporophores are, rn all probability, annel-

lation zones. When, as in Fig. 5, an annellation zone cannot be disHng-

uished, the developing spore is probably the fi rst spore formed in the basi-

petal sequence 0 

01 ive (1944) considered that cell wall formation around the pycniospores 

of G. clavipes lIappears to be a secondary phenomenon, associated with the 

transfer of the spermatium from a I iquid medium to the airll. In the present 

studY'-it - is ' shown that pycniospores of P. ' sorghi have a well-defined wall 

from their inception. Other characteristics of P. sorghi pycniospores include 

a small nucl.eolus in a commonly U-shaped nucleus, an appreciable volume 

of cytoplasm and short mitochondria with predominantly plate-like cristae. 

The inabil ity of pycniospores to germinate may be related to the paucity 

of lipid bodies in these spores. Other spore stages in the Uredinales, viz. 

aec.iospores (W.a.lkinshaw, Hyde & Van Zandt, 1967), uredospores (Sussman, 

Lowry, Dur:kee & Maheshwari, 1969) and teliospores (Muller, Rij~enberg & 

Truter, 1974b) germinat.e. well and contain many fat globules. No function 

can, as yet., be assigned to the tubule-containing structures' commonly ob-

~\l~-\ 
'( \) 

'. II • 
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served in this pycnial stage, but reference to similar structures ill the P. 

sorghi aecial stage will be made in Chapter 3 . 
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CHAPTER 3 

THE AECIAL STAGE OF 

PUCCINIA SORGHI 

Several comprehensive light microscopic investigations have been made 

of the aecial stage of maize rust, Puccinia sorghi Schw., on the alternate 

hosts, Oxalis spp . (Allen, 1934; Rice, 1933; Savile, 1939), but no ultra

structural studies of this stage have thus far been publ ished. 

The purpose of this aspect of the work on P. sorghi was to examine the 

aecial stroma, the peridium and sporogenesis in the aecium. 

Materials and Methods 

UsIng a r:nLcro.p.ipette, pycnial exudate was collected from a numb_er of 

infections on inoculated leaves of Oxalis corniculata L. and, after mixing, 

applLed to pycrda of these infections to achieve fertilization. As confluent 

p.ycn ia m igbt have compl icated the ul trastructural interpretation, only pycn ia 

occurring singly on leaflets were fertil ized in this experiment. The host 

plants were kept in a greenhouse at 20 - 26°C day and 17 - 200 C ni.ght 

temper.atures. When young aecia became erumpent approximately 6 days 

later, infected tissue was fixed, dehydrated, embedded, sectioned, stained 

and examined as described in Chapter 2 , 

Observati.ons 

Walls of cells in the base of the pi ectenchymatous stroma (Fig. 1) are 
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Figs . '-4. 1) Section through aecium of Puccinia so~. Montage of three electron micrographs showing 
host cell (H), cells (S) of basal stroma, sporophores (SP), aeciospore initials (AI), intercalary cells (lC) and 
aeciospores (A). Host cell contains coiled intracellular hypha (IH) in cross-section. Note aecial matrix 
(AM) from which spores emerge into aecial cavity (K). 2) Parts of cells (S) of basal stroma showing inner 
layer ('NI), middle layer ('NM) and outer layer ('NO) of wall. Outer layer is confluent between cells. 3) 
Section of cells in basal stroma, illustratina manokorvotir IN) "'"rl ,,~~,,~I~._ 1\/\ ___ ..1 •• , _ _ _ t .L_. 
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Figs . 5-8. 5) Micrograph showing relationship of host cell (H) to vacuolate prosenchymatous cells (J),layer 
of compressed cell residue (R), obi iquely sectioned layer of peridial cells (PC) and aedal cavity (K) . Note 
spines (5) and electron-transparent processes (PR) embedded in peridial cell walls. 6) Part of peridial cell 
bordering on aecial cavity . Note glycogen deposits (G), spines (S), short mitochondria (M) and spherical 
nucleus (N) with centriolar plaque (CP) . 7) Section of peridial cell. Note spherical shape of nuclei (N), 
small nucleoli (NU), fat globules (F). soines (S) nnrl olo~"~ _ _ ' __ _ • ___ · _ · -
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Figs. 9-11. 9) Aeciosporophores showing developmental stages in production of aeciospore initials (AI). After 
division daughter nuclei (N) have migrated to apical part of sporophore (SP1). Centripetal cross-wall (X) 
formation (SP2) resul ts in del imitation of aeciospore initial from sporophore (SP3). Wall of sporophore base 
is thicker than wall of distal pa rt. Note intercalary cells (I C), aeciospores (A) and aecial matrix (AM). 
10) Septum of sporophore - aeciospore initial, showing electron-lucent septal lamella separating electron-
opaque septal walls (XW) that widen considerablv at illn,..ti"n ",:+h ~~.:~I : __ 1 ... _ 11 1 _ .. 



27 

Figs. 12-14. 12) Early stage of spine development in aeciospore. Spine initials (SI) form between plasmalemma 
(PL) and cell wall 0NJ. ER lamellae lie in close proximity to initials. 13) Tangentially sectioned pore (P) 
in aeciospore - intercalary cell septum . Note binucleate (N) condition of intercalary cell, and, in aeciospore 
wall, funnel-shaped channel leading to pore. 14) Section of immature aeciospore showing vesicle-containing 
structures (T) closely associated with vacuoles (Y), and membrane-enclosed (FM) and non-enclosed (F) fat 
globules . Note intercalary cell (IC) and holes in section . AM = aecial matrix; N = nucleus; NU = nucleolus . 
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Figs. 15-17. 15) Young aeciospore after emergence from aecial matrix (AM) into aecial cavity (K). Spines 
have become separated from plasmalemma by wall deposition. Nucleoli (NU) at this stage are still clearly 
resolvable. Note holes that appear to have fonned at electron-dense granules (arrows) in small vacuoles. 
16) Part of young aeciospore showing vacuoles (V) containing electron-opaque granules (0). 17) Off-centre 
section of septum between young aeciospore and intercalary cell. Channel (CH), leading to pore, in wall 
of aeciospore is filled with cytoplasm. Note nonnal appearance of cytoplasm and cytoplasm ic components of 
intAr,..,.,I, .... ,.t .... ..,.11 fir, A - - - - , - -
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Figs. 18-22 . 18} Retraction of cytoplasm from aeciospore channel (CH) at stage when cytoplasm of intercalary 
cell (lC) becomes degenerote. 19) Early stage in seal ing off of aeciospore channel (CH) by wall apposition 
(open arrow). Note (i) advanced cytoplasmic degradation and incipient wall disintegration of intercalary cell 
(I C), (ii) disintegration (D) of wall material between , and covering, aeciospore spines, and (iii) granules 
(arrows) associated with wall disintegration . 20) Parts of two mature aeciospores showing that wall layers 
fail to fuse (arrows) in vicinity of channel. Note traces (lCR) of intercalarv cell rA<irlil" ... nrl ;"rlO"'~':~-



30 

three-layered (Fig. 2) . The outer layer is substantial and confluent with 

outer layers of contiguous cells . Many of the basal cells are uninucleate 

and vacuolate (Fig. 3) . Similar cells extend around the aecium (Fig. 4), 

grading into extensively vacuolate prosenchymatous cells that are separated 

from the peridium by a residue of compressed cell debris (Fig. 5). 

The peridium tS composed of a singl e layer of binucleate cells, the walls 

of which are markedly thickened where they adjoin the compressed residue 

(Fig. 5). In these thickened parts of the wall are embedded electron-trans

·parent processes that are bizarrely shaped with forked and more or less 

curved, tapering tips (Figs . 5, 7). On the peridial walls bordering the 

aecial cavity, spine.-Iike projections extend from the plasmalemma through 

the wall and protrude into the cavity (Figs. 6, 7). Nuclei in peridial 

cells are .almost spber:i.c+J1 (Figs. 6, 7) and nucleolate (Fig. 7). The cyto

.plasm indudes.glycogen, ribosomes, many fat globules and short mitochondria 

(Fig •. 6.) .• 

Amongst the unin~c1eate cells in the aecial base, and in the zone between 

the b.ase and sporophor.es, large irregularly shaped mul tinuc1eate cells, that 

contahl electron-dense inc1us.ions., are found (Fig. 8). 

The ·waJJ of a .mature sporopbore is tbicker in the proximal than in the 

dlslal region (Fi.g .. 9) .. Aft.er division of the two prominently nucleolate spo .... 

rophore nudei,. t.he daugb.ter nuclei migrate to th.e distal part of the sporo

pho,r.e (Fig, .• 9 - s.p 1) and a crosswall deHmitin~ the aeciospore initial 

(Eig. 9 - s.P 3) ,is. laId down centr.ipetaJ Iy be.tw,een the two sets of nuclei 

(Fig,. 9 - SP 2)... A central pore, in which a pulley-wheel app.aratus has 

in some instances been observed, is retained (Fig. 10). The cytoplasm sur-
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rounding pores is devoid of organelles (Fig . 10) . Where the electron-dense 

septal walls, separated by an electron-transparent lamella, join the pericl inal 

wall they widen considerably. The lower septal wall is continuous with the 

inner layer of the sporophore wall (Fig. 10) . This layer extends to form a 

subsequent aeciospore initial in the basipetal chain and ruptures the pericl inal 

wall which then flares outwards. Detachment of successive aeciospore 

initials g.ives rise to a series of wall remnants, or annellations, that are 

borne at approximately the same I evel on a mature sporophore (Fig. 11). 

After formation of a septum that cuts off the aeciospore initial, nuclea~ 

division takes place in the preceding initial and a septum is laid down 

delimiting a you.ng binucleate aeciospore from a small wedge-shaped binu-

cleate intercal.ary cell (develapmental stag-es are shown in Fig. 1).~ We 

.could not establish whether the pore of this septum has a pulley-wheel 

appar.atus. Soon after septum farmatian dev.elopment of electron-lucent 

spi.nes is. initiated be.twe~ the plasmalemma and the wall of the immature 

ae.c.i.ospo.r..e.. ER lamellae I ie in tbe spore cytapLasm in close proximity t.o 

the. de.v.el.oping spIn.es (Fig. 12), wbich .remain env..eloped by progr.essive ap-

p.ositi.on .of w.aJl maJerial. Eventually the spin-es become separated from the 

plasmaLemma by a wall layer (Ei.g .• 15.) which incre.ases in thickness even 

after sp.ore r.el ease in t..o the aed al cav i ty . The sep-tal wall tapers t.o the 

p.o.:e. f.onning a futHlel-shaped channel (Fi.gs. 13, 18) .. 

Wh.ile the a.e.ci.o.sp.oroph.ore base. is markedly vacu.ol.ale (Fig. 9), distally 

the. spoJ-Opbo.re c.ontains small vacuales and some fat gl.obules (Fig. 11). 

The small vacuoles increase in size in the aed.ospore initial and in the 

young aeciospore until spine development has been completed . The enlarging 
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vacuoles and vesicle-containing structures are often associated with membrane

enclosed or non-enclosed fat globules (Fig. 14) that increase greatly in 

number during this stage of spore development. Electron-dense granules are 

common in vacuoles during this developmental stage (Fig. 16). Almost 

invariably holes appear in sections of developing aeciospores (e.g. Figs. 

13, 14, 15) and seem to originate at the site of electron-dense granules 

(Fig~ 15). 

Aeciosporophores, aeciospore initials, intercalary cells and immature 

spores are embedded in a matrix which, in electron-density, resembles the 

aforementioned outer layer of cell walls in the aecial base. Degradation 

of intercalary cells (Fig. 18) and of the inter- and supraspinal wall of 

ae.ciospores (Fig. 19) commences prior to spore release from the matrix into 

the.. aecial cav.ity. Small, well-defined granules are. found in parts of the 

wall tbat are undergoing disin.t.egrotjon (Fig. 19 - arr:ows). The cytoplasm of 

the funnel-shaped channel in the ae.ciospore wall (Fig. 17) retracts during dls

integ.ration of the in.tercalary cell (Fig. 18) . Cell wall deposition continues 

(Fig .. 19) and in the pr.ocess the channel is sealed off by a thick wall layer 

that fails to fuse with the material previously apposed around the channel 

(Fig... 20). At the centre of this area, opposite the channel, the thick 

inner layer is consistently indented (Fig. 20). 

Nucleol i, still easily recogn.izahle in spores' qpproa.ching release (Fig. 

15), fade in ele.c.tr.on-density upon spore se.cession and are progressively dif

ficul.t to demonstrate as aeciospores mature (Fig. 21.). Aeciospore cytoplasm. 

contains many fat globules, ER, ribosomes and short mitochondria. Germ 

pores, in which the normal wall matrix is interspersed with electron-lucent 
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material, are formed in the spore wall (Fig. 22). 

Inter- and intracellul ar hyphae of the aecial st~ge are often very vacuol ate 

and frequently contain degenerate cytoplasm. 

Discussion 

The wall of cells in the base of the aecial stroma was found to possess 

a thick outer layer which resembles that of pseudoparenchymatous cells of 

Uromyces appendic.uJa.tus uredia (MUlier, Rijkenberg & Truter, 1974~ a) and 

Puccinia. sorghi PYCI'lia (Chapter 2). As mentioned in the previous chapter 

such thi.ck w.all layers may playa role in the water balance of rust fructi

fications. Wans of peridial cells, markedly thickened where they adjoin 

compressed cell residue, may contribute to such a rol e in aeci a. The cell 

debris presumably originates from compression of fungal and host cells by 

the post-fertil ization development of the aecium. 

The. uninuclea.te nature of (i) many cells in the base of the stroma, and 

(ii) prosenchymat.ous cells around the layer of cell d.ebris, indicates that 

these cells are derived fr.om pre-fert.i1 ization monokaryotic mycelium. Allen 

(1934) has averred tha.t, during. fertil ization, pycniospore nuclei of P. sorghi 

IImultip.ly and spread rapidlyll from the po.int of entrance into the haploid 

thallus, and found, presumably from a random survey, that diploidization 

had been achie.ved in 6D.% of all thaJius cells 2.4 hr after pycniospore ap

pi i.ca.t.ion. We found no ev.idence of such diploidization in vegetative 

hyphae; th.e binucleate condition, with few exceptions, appears to be. r.e

stricted to cells found in the aecium. 

Savile (1939) reported that IIstaining reactions show that much of the 

ergastic material in cells that have performed their function or that have 
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only a mechanical function, such as the peridial cells, is removed for use 

in the more active cells ll
• In the present study it was found that cells 

which have performed their function are extensively vacuolate, but the 

cytoplasm of peridial cells is densely filled with organelles and fat globules. 

Continued metabol ism of peridial cells ensures the manufacture of the thick 

wall that characterizes this cell type. The electron-lucent processes em

bedded in thickened parts of peridial cell walls appear as striations when 

entire cells are viewed . under a light microscope. The manner in which 

these processes originate is similar to that of the spine-like projections on 

the part of the walls facing the aecial cavity. 

In the present study multinucleate cells were very evident. This type 

of cell will be discussed in detail in Chapter 4. 

In essence the findings concerning aeciospore development reported In 

the pr..esent study agree with the excellent ligbt microscopic description of 

this process in the same fungus by Sovile (1939). It is difficult, however, 

to correlate this author ls observations regarding the nuclear "endo- II and 

"ectospbere
ll 

with the electron micr.ogr:aphsshown in the present study. No 

compadsonsof mitoti.c figures are possible for, altbo.ugb hundreds of sporo

pbores were scanned, the present author could find no division figures of 

nuclei. The interphase nuclei of sporophores, dearly shown in Fig. 11, 

are. of the lIexpa.nded ll type described by Savile... Such lIexpanded ll nuclei 

measure approximately 5 - rin diameter and possess Ii> roportionally large 

nudeol i ,. measur.ing approximately r in diame.ter. If lIectosphere mem

brane
ll 

be equated w.ith nuclear membrane and lIendosphere ll with nucleolus, 

a membrane su rrounding the nucleolus, as suggested by Savile, was not 
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observed in the present investigation. "Unexpanded" nuclei, in sections 

of which small nucleol i are often observed, are found in monokaryotic, 

intercalary and peridial cell~ and measure 3 - 7 in diameter. 

Spore ontogeny is unusual in that, in addition to aeciospores, intercalary 

cells are formed from aeciospore initials that arise as percurrent prolifera-

tions. Remnants of periclinal walls, formed by the secession of successive 

aeciospore inHials, are borne at approximately the same level on the sporo-

phore and constitute a collar around mature aeciosporophores. These rem-

nants, or annellations, are comparable to those of P. sorghi pycniosporophores 

described in Chapter 2. 

In a description of aeciospore ontogeny based on several light m icro-

scopic studi.es., Hughes (1970), as most other authors, referred to the aecio-

'5po.rophore as a II basal cell II from whi.ch, by successive elongation and 

division, a ,basipetal su.ccession oJ aeciospore initiaLs is formed; .On this ba-

sis he classified aeciospores as meristem' arthrospores, belongi'ng ·to Section V 

(Hu.gbes.,. 1.253) oJ the conidiophor..e/conidi.um groupings. On account of its 

well-d.eveloped collar oJ aonellations the present author considers develop-

ment oJ aeciospor:e in.iti.a.ls to b.e annellophoric, and proposes that the desig-

nation "ae,ci.osporophore", rather than "basal cellI! be used. 

In light microscopic studies of P. sorghi (Allen, 1934; Rice, 1933; 

Savile, 1939) no. ment.ion is made of the matrix that envelops sporophores, 

aeciospore initial.s, intercalary cells and young spores. The present author 

also could not resolve this component in a preliminary light microscopic 

investigati.on of P. sorgh i aecia (unpubl ished observations) and ascribes this 

to a lack of resoJving power rather than to the fixation or wax-embedding 
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techniques employed . No function can be assigned to this substance, but 

it may be similar to the "intercellular material II in the aecial stroma of i.: 

podophylli (Moore, 1963 a) and strongly resembles the "thick primary wall" 

of P. ~arum described and shown by Henderson, Prentice & Eudall (1972). 

The terminal phase of intercalary cell disintegration coincides with its 

emergence from the aecial matrix and releases the s~re into the aecial 

cavity. From electron micrographs of Uromyces caladii aecia published by 

Moore & McAlear (1961) it is obvious that cells they labelled "disjunctor 

cells" retain their cellular integrity in the aecial cavity. 

It is interesting that the occurrence of enlarging granule-cont.aining 

vacuoles, and closely associated vesicle-containing structures, coincides with 

a considerable numerical increase of membrane-enclosed and non -enclosed 

fat g.lobuJes in their immediate vicinity. While it is not possible at this 

s.tage to p.ropose a mecbanism for the formation of fat globules, the asso-

ciated cytoplasmic compon.ents appear to mediate, or at least be implicated 

in, the increase i.n their number. It is noteworthy that there is a close 

structural similarity between vesicle-containing structures of this stage and 

those that contain tubuLes in the pycnial stage (Chapter 2). 

Wall ornament.at.ion of aeci~res at the ultrastructural level has been 

weU documented and illustrated by a number of authors (e. g. Grand & 

Moore, 1972; Hender.son, Prentice & Eudall, 1972; Hiratsuka, 1971; 

Moore & McAlear, 1961; Von Hofsten & Holm, 1968; Walkinshaw, Hyde 

& Van ZClldt, 1967) .. The development ofaeciospore spines in P. sorghi 

is similar to that. of uredospore spines in Melampsora lini (Littlefield & 

Bracker, 1971) in as far as (i) spine in itials are first observed as electron-
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lucent areas between plasmalemma and wall, and (ii ) ER lamellae are close

ly associated with developing spines . Henderson, Prentice & Eudall (1972) 

have described and illustrated the association of ER with developing spines 

of P. poarum aeciospores . Unlike the spines of M . lini (Littlefield & 

Bracker, 1971 ) and U. appendiculatus (MUlier ~. , 1974 a) uredospores, 

spines of P. poarum (Henderson, Prentice & Eudall, 1972) and P. sorghi 

aeciospores do not push through the wall. The latter authors refer to inter

spinal aeciospore wall and aecial matrix collectively as the IIprimary wall 11 , 

which, in their opinion, is removed, probably by reabsorption into the spore. 

In P. sorghi only wall material between, and covering, spines is removed. 

In these inter- and supraspinal parts of the wall, granules occur that are 

similar to those associated with the development of teliospore ornamentation 

(Henderson, EudaJI & Prentice, 1972) and tel iospore germ pores (Henderson 

et al., 1972; MUlier et al., 1974 b) and appear to be involved in enzy

matic wall degradation. 

Aeciospore spin.es. b.ecome separat.ed from the plasmal emma by wall appo

siti.on, wher.eas in peddial cells such apposition does not occur . The chan

nel that leads to the septal pore of the spore base is partially plugged by 

an electr.on-dense. substance in uredospor:es of Uromyces appendiculatus (Mul

Ier et aI., 19'74 a) but the funnel-shaped channel in P. sorghi aeciospores 

is sealed off by cell wall deposition . Germ pores of P. sorghi aeciospores 

are not as pr.ominent as those shown in micrographs of some other rusts (Von 

Hofsten & Hotm, 1968). Spore cyt.oplasm, and the. organelles it contains, 

is sim iI or. to tha.t found in other types of rust spores. No reason can be 

advanced for the fading in electron-density of nucleoli in mature aeciospores. 
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No dictyosome-resembl ing membrane complexes of the type occ\.ming in P. 

podophyll i (Moore, 1963 b) were observed in P. sorghi . 

The vacuolate and often degenerate nature of cells that constitute the 

inter- and intracellular hyphae, and the outer zone of the P. sorghi aeciurn, 

probably indicates that accumu lated food reserves in the aecium require 

I ittle or no supplemen tation during sporulation . To investigate this aspect 

further it might be interesting to assess the extent and du ration of sporula

tion by young aecia after thei r dissection from host tissue . On the other 

hand,. the possibil ity cannot be discounted that, as has been suggested in 

the case of intercellular hyphae (Chapter 1) , the aecium utilises host diffu

sates. 
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CHAPTER 4 

CELL FUSION IN THE AECIUM OF 

PUCCINIA SORGHI 

Introduction 

Allen (1934) , Rice (1933) and Savile (1939) have observed multinucleate 

cells in the base of aecial primordia and/or aecia of Puccinia sorghi Schw. 

Allen (1934) stated that: II Rarely , and under conditions I ittle understood, 

a haploid aecium attains greater size and development before degeneration 

sets in. In these aecia occur monstrous teratological, mul tinucleate cells 

of most irregular form and indeterm inate growth. These cells soon die and 

the aecium as a whole degenerates". She f!IIade no reference to the occur

rence of su.cb cells in the spore-producing aecium, nor to cell fusion in 

P. sorgbi. According to Rice (1933) , who studied the same species, "Bi

rmd.eat.e cel.\s are seen early in the very base of the aecidium while among 

them Olld abo¥e tbeOl multir.:aucleat.e cells also appear. early in the develop

ment of the anlage. I did not find evidences of Chri.stman fusions. There are 

many fusions and occasional migrating nu.clei between irregular lobes of the 

crowded cell.s". SaviLe (1939) could find no evJdence of septal dissolution 

in any material of the Oxal.is stage of this fungus and did not observe cells 

that contained more than four nuclei. In Chapter 3 it has been reported 

that, at the ultrastructural level, multinucleate cells in aecia of this species 

were very evident. 

In the present chapter a more detailed description of the multinucleate, 
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or fusion, cell type and its relationship to aeciosporophores is given. 

Materials and Methods 

Material embedded to study the aecial stage was used to exam ine cell 

fusion, and procedures similar to those described in Chapter 3 were followed. 

Observations 

In a cross-section of the aecial base (Fig . 1) four main cell types can 

be clearly differentiated : (i) uninucleate, often vacuolate cells that are 

common in the base of the stroma (Fig . 1 - B), (ii) binucleate sporophores, 

with thick walls (c of. Chapter 3) and electron-lucent cytoplasm, sectioned 

longitudinally (Fig. 1 - SP 1), obliquely (Fig . 1 - SP 2) and occasionally 

through a proximal extension, or foot (Fig . 1 - SP 3), (iii) multinucleate 

fusion cells, recognisable by thei r often irregular shape, nuclear condition, 

dense cytoplasm and elei:tron-opaqu~ cytoplasmic inclusions (Fig. ] - F), 

and (iv) cells with degenerate cytoplasm and la rge vacuol es containing a 

granular residue (Fig . 1 - G) . 

In many multinucleate cells remnants of septa are discernible. The 

structure of septa and infolded walls, or pseudosepta, in P. sorghi is in all 

respects similar to that of Uromyces qppendiculatus described by Muller, 

Rijkenberg & Truter (1974) . The structu ral diffe rences between septal rem

nants and infolded walls a re schematically shown in Fig . 2 . 
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Fig . I . Section through aecial stroma of Puccinia sorghi. Four cell types can be clearl y differentiated: 
(i) monokaryotic vacuolate cells (B) in base of aecial stroma , (ii) binucleate (N) sporophores {SPI),several 
of which (SP2) have been sectioned obliquel y or sectioned through their basal extensions (SP3), (iii) fusion 
cells (F) and (iv) cells (G) with degenerate cytoplasm and residue-containing vacuoles. IH = intracellular 
hypha; IS = intercellular space; H = host cell. 
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[a] [b] 

Fig. 2. Schematic comparison between (a) infolded wall and (b) septum or septal remnant. Note how, ~n 
infolded wall , middl e layer \:NM) follows contour of inner layer \:NI) , and outer layer \:NO) coalesces In 

fold. At septum. or septal remnant, middle \:NM) and outer \:NO) wall layer are not infolded, and septal 

walls (XW), separated by septal lamella (XL), are continuous with inner laye r \:NI). 

Usually not all identifying characteristics can be clearly distinguished, but 

in most instances, compare for example septal remnant in Fig. 3 with 

infolded wall In Fig. 11, differentiation is not difficult. Septum dege-

neration does not necessarily commence at the pore, but is often initiated 

eccentrically (Fig. 3 - double-headed arrow). Partial breakdown of septa 

allows the migration of nuclei from cell to cell (Fig. 4). 

While the exact number of cells that partake in the formation of a fusion 

cell could not be ascertained, it is evident from serial sectioning that at 

least three consecutive cells may be involved. Figs. 5, 6 and 7 are serial 

sections showing apparently entire septa (Fig. 5) which, In another plane 

(Figs. 6,7 - arrows), are partially degraded. Partial septa are occasional-

Iy irregular in shape and/or manner of attachment to a periclinal wall (Fig. 

7). Up to seven nuclei per cell have been seen in sections of fusion cells. 
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Figs. 3-4. 3) Section of septum in fusion cell (Fl) boxed in Fig. 1 . Pore (P) is enveloped by hemispherical 
zone (Z) of organelle-free cy toplasm. During fusian, aperture has formed in septum against pericl ina I wall 
(double-headed arrow) . Note septal walls (XW) and lamella (XL), and proteinaceous structures (PT 3 and 4). 
4) Migration of nucleus (N) between cells after partial dissolution of septum (X). 
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Figs . 5, 6 (montage) and 7. Serial sections of fusion cell (F) separated by septum (X) from sporophore (SP). 
Continuity of periclinal wall (between white ·arrows) at sporophore-fusion cell septum in Fig. 5 ind icates 
sporophore is derived from fusion cell . Septa (X *) shown as entire in Fig . 5 are partiall y degraded in Figs . 
6 and 7, and have large apertures (arrows) . In Fig . 7 septal remnants in fusion cell are irregular in shape 
and manner of attachment . Note proteinaceous structures (PT 1 - 3), nuclei (N), one of which (N *) in Fig . 
7 appears to be miaratina thrnllnh «",t,.,1 ,.,"a.''' '~ __ oJ C" _ .. , 
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Figs. 8-11. 8) Part of fusion cell showing electron-opaque proteinaceous structures (PT2 and 3) and ER
enclosed (arrows) aggregate (L) of lip id bodies. 9) Part of fusion cell showing el ectron -opaque prote inaceous 
structures (PT 2) and ER-enclosed (arrows) aggregate (L) of I ipid bodies, of which several possess one or more 
electron-transparent lacunae. 10) Part of fusion cell showing ER-enveloped (arrows) aggregate (L) of lipid 
bodies each with large central lacuna. Note mitochondria (M) in close association with I ipid bodies. 1 J) 
Part of fusion cell showinn FR_An"AI~~~-J 1 ___ _ ~ 
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Figs. 12-14. Serial sections of fusion cell (F2) of which part is shown in Fig. 1 . Multinucleate (N) cell 
is separated by septa from two cells (G 1 and 2) with degenerate cytoplasm , and two sporophores (SP1 and 2) 
Note pore (P) connecting SP1 to SP3 in Fig. 12 . 
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Figs. 15-17 . 15) Section of septal pore in base of aecial stroma plugged with electron-dense material (E). 
16) Zone of organelle-free cytoplasm (Z), with associated crystal-containing vesicles (V) at periphery, after 
withdrawal from pore (P) which is tangentially sectioned. 17) Multinucleate (N) fusion cell (F) with typical 
cytoplasmic components (L and PT 4). Note sporophore - sporophore septal pore (open arrow). Pore (black 
arrow), between fusion cell and vacuolate sporophore extension, has been covered by wall lovpr InCA. ~t 
serial section of boxer! nr .. n n. h:~I... __ --- ' 'r' 



The cytoplasm of fusion cells contains two characteristic types of comp

onents . One type of inclusion is, initially, an aggregate of typical lipid 

bodies su rrounded by lamellae of endoplasmic reticulum (Figs. 8, 11). Each 

I ipid body in the E~veloped aggregate develops electron-lucent lacunae 

(Figs. 9, 17) which progressively coalesce to form one central lacuna (Fig. 

10). In some instances mitochondria, together with I ipid bodies, are also 

enclosed by lamell ae of endoplasmic reticu lum (Fig . 10) . These aggregates 

were also occasionally seen in monoKaryofic .hyphae in the immediate vicin ity 

of the aec.ium. A second type of cell component, which is sometimes clear

ly membrane-bounded (Fig. 11 ) , shows the following variations: (i) an e

lectron-opaque angula r to near-spherical structure (Figs. 5, 7, 9 - PT 1), 

(ii) less electron-opaque forms (Figs. 5, 7, 8, 11 - PT 2), (iii) large roun

ded bodies with gr.anular contents (Figs . 3, 5, 8, 9 - PT 3), and (iv) va

cuole-I ike structures containing loose electron-dense aggr.egat.es (Fi.gs .. 3, 

17 - PT 4) . These s.tr.l)ctures may enfold others (Fig •. ll ) . 

A multinucleate ceJl in Fig . 1 (F2) is shown at a higher magnification 

in Figs... 12, 13 and 14 which are micrographs of serial sections. Separated 

from this cell by a septum is the aforementioned cell type (G) with degen

erate cytoplasm and lar,ge vacuoles containing granular residue . Also se

parated fr..om the fusion cell by a septum ar.e two cells (SP 1 and 2) which, 

on the basis of the characteristics or the wall and cytoplasm, are sporo

phore extensions (Fig... 12) . Separ.ation of a sporophore from a fusion cell 

by a sep.tum is also evident in Figs. 5, 6 and.7. Spor.ophore extension 

SP 1 in Fig .• 12 is, in turn, connected by a pore to another sporophore ex

tension, SP 3. Such sporophore - sporophore pores were often seen (see also 
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Fig. 17) . In the aecial stroma, pores may become plugged by an electron

dense substance (Fig. 15) , and the, in rusts commonly occurring, hemis

pherical zone of organelle-free cytoplasm with crystal-containing vesicles 

may withdraw from the pore area and become near-spherical (Fig. 16). 

In some instances a plugged pore between a vacuolate sporophore base and 

a multinucleate cell is sealed off in the latter cell type by a layer of wall 

material (Fig . 17 and inset) . 

Discussion 

The present investigation furnishes ev idence of cell fusion in the aecial 

stroma of Puccinia sorghi and shows that fusion may be followed by nuclear 

m ig.ratton . 

Blackman (1904) first described the role of nuclear migration in the 

dikaryotisation of aecia. In a comprehensive cytological study of Phragmi

dium violaceum (Schultz) Wint. he found the aecial primordium immediately 

beneath the leaf epidermis to consist of a layer of cells, each cell forming 

a distal sterile cell, the proximal or "fertile" cell becoming "fertilised" 

by migration into it of the nucleus of an undifferentiated mycelial cell at 

its bas.e. The mycel ia! and "fertile" cell were either consecutive cells in 

a hypha or cont.iguous cells of different hyphae. Although he did observe 

the migr.aHon of the nu.c1eus as a narrow thread during its passage from one 

cell to another, the apertu re, due to its small size, could not be resolved. 

Normally two, rarely three, on one occasion four, nuclei were observed 

in a "fertile" cell, which, soon after nuclear migration, commenced a 

series of rapid divisions, forming aeciospore initials . 
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A different type of dikaryotisation was described by Christman (1905) 

who examined the aecial stages of three other rust species. In an early 

developmental stage he observed division of vertically orientated cells into 

a sterile cell and a larger basal cel l. Unl ike Blackman (1904) he fre-

quently saw, after such division, the formation of a IIpore ll between two 

adjoining basal cell-s and the union of the upper halves of protoplasts by 

gradual enlargement of the pore, the binucleate structure, after conjugate 

nuclear division forming aeciospore initials . 

Both Blackman (1904) and Christman (1905) considered the processes they 

described to be sexual fusions in homothall ic organ isms , A flurry of papers, 

in which workers reported similar fusions in other rusts, appeared during the 

subsequent two or three decades and it seemed that the vexing problem of 

sexuality in the Uredinales had been solved . Olive (1 908) showed how the 

seemingly diver-gent accounts of Blackman and Christman could be reconciled 

and contributed the following important consideration: liThe apparently 

normal and regular occurrence at the base of certain young aeci.dia of one 

to many multinucleated cel ls, points to the necessity of a broader conception 

as to the mode of development of the aecidium-cup than that held by either 

Blackman or Christman. While the part which these multinucleated cells 

take in the development of the aecidium is as yet somewhat obscure, the 

evidence appear.s to point .to the conclusion that they are sporophytic struc

tures and that they result from the stimulated growth which follows the 

sexual cell fusi.ons II . 

Multinudeate cells in the ae.cial base have been reported frequently 

~ee Allen (1930) and Rice (1 933) fo r discussions on this topic]. In an early 
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developmental stage of Puccinia sorghi aecia, Rice (1933) found "many fusions 

and occasional mig rating nuclei between the irregular lobes of the crowded 

cells II but could find no evidence of the regular type of fusions described 
I 

by Blackman and Christman . Whereas Rice (1 933) reported the occurrence 

of mul tinucleate cell s in the binucleate stage, Allen (1934) found no evidence 

of fusion in the same species and saw multinu cl eate cells in the monokaryotic 

stage only, while Savile (1939) observed neither septal dissolution nor cells 

containing more than fou r nuclei . Allen (1 930) in an investigation on ~ 

graminis and Rice (1933) in her study on P. sorghi presented evidence that 

the "basal cell II of the dikaryotic aecial stage arises from a multinucleate 

cell. 

Allen (193.4) has shown that multinucleate cells of P. sorghi originate 

in the monokaryotic aecial primordium and the multinucleate condition, 

therefore, is not dep.endent on the introduction of a pycn iospore nucleus into 

the th.allus. The present au.thor found that multinucleate cells in young 

aeci.a may a rise from fusion of at least three., and probably more, sequential 

cel ls, and up to seven nuclei pe r cell have been seen in sections of these 

cells. Whereas All en (1934) reported that multinucleate cells, seen by her 

in aedal primordia only, soon died, the present author considers that the 

state of the cytoplasm indicates that considerable metabolic activity cha-

rac.te.dses suc.h c.ells in aecia. 

Andrus (1 933), in a study on Uromyces spp., stated that the degree 

of dissolution of c.ell walls during c.ell fusi .on in cecial primordia is almost 

complete, and that in the dikaryoti sed aecium only localised dissolution, 

or rupture, of cell walls is evident when cells fuse . The present author 
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found that septal degenerat ion in fusion cells of young P. sorghi aecia is, 

generally, in an advanced stage . From observations in the present inves

tigation it is evident that septal degeneration is an important mechanism in 

the formation of fusion cells, but the possibil ity that infolded walls, prevalent 

in the stroma and in mul tinucleate cells, are remnants of contiguous cell 

walls, may not be excluded. The irregular structu re, and the manner of at

tachment to pericl inal walls, of some septal remnants cannot be explained. 

Cells (Fig. 13 - G) , attached to multinucleate cells and characterised by 

degenerate cytoplasm and residue-containing vacuoles, may be cells of the 

original hypha that were not incorporated in the fusion cell, or IIsterile ll 

cells similar to those referred to by Blackman (1904) and Christman (1905). 

From her observ.ations Rice 1933) inferred that aeciospore chains of P. 

sorghi orig.inat.e from lobes of multinucleate cells. The present study shows 

that spor.opbores are initially produced by fusjon cells, and the presence 

of sporophore - sporophore septa and pores indicates that such primary 

sporophores, by basal branching, form secondary sporophores . Since it is 

the fusion ce.1I that gives rise to primary sporophores, and as it is generally 

accepted tbat spor.ophore nuclei are geneticall y di.ffe r-ent and complementary, 

it seems obvious that the. pycniospore nucleus finds its way from the point 

of entrance 00 a flexuous hypha to this cell in a manner still requiring 

e.luci.d.a.tloo, but enta.iI ing I ittle, if any, dikaryotisation of the mycel ium 

through which it passes c .f. Chapter 3) . Previously, Craigie (1959) and 

Craig.i.e & Gre.e.n (19fl2), in st.udies on P. hel ianthi aod P. graminis respec

tiv.e.ly, had indi.cat.e.d that division of the introdu.ced pycniospore nucleus 

during its passage probably occurs rarely. As a multinucleate cell gives rise 
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to more than one sporophore, it is probable that the pycniospore nucleus 

undergoes division in this cell type . Whether multinucleate cells in an aecial 

primordium requi re introduction into the thallus of one or several pycniospore 

nuclei is not known, but it is interesting to note that 01 ive (1908) observed 

nuclear migration between multinucleate cells of P. cnici. Cytoplasmic 

continuity between a fusion cell and an associated sporophore may be severed 

by the deposition of a wa ll layer over the pore site . 

Although ER-enveloped aggregates, composed of lipid bodies possessing 

el ectron-transparent lacunae, were occasionQlly seen in monokaryotic hyphae 

in the immediate vicinity of the aecium, they are more frequently found to 

be cytoplasmic components of multinucleate cells. It would appear that, 

during thei r active metabol ism, these cells mobil ise the core of the I ip1id 

body as an ener~HI sou rce, while a shell of I ipJd is retained . The electron

opaque proteinaceous st ructu res, observed in fu.sion cells only, in appearance 

resemble Iysosomes found in Ceratocyst.is fimbriata (Wilson, Stiers & Smith, 

197.Q), but a re also s.imilar to structu res such as secretory granules in rabbit 

parotid (Castl.e., Jamieson & Palade, 1972) and many other types of glancfular 

cells.., as w.ell as yolk platelets in eggs (e .g . Schroeder, 1972). Whether 

these cytopl .asmjc components serve in the storage of protein, or whether 

they are tru.e Iy..sosomes and play an enzymatic role, fo r example in the break

down of sept.a, remains to be establ ished. These cytoplasmic inclusions have, 

as far as is known, not previously been observed in ultrastructural invest

igations of rusts. 

Excep.t for sorne noteworthy exceptions in the 1930 - 1940 period, research 

on cell fusions and mult inucleate cells in aecial stages has been largely 
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neglected since Craigie (1927) demonstrated the function of pycnia and pyc

niospores. Furthermore, it is surprising that, almost half a century after 

Craigie's findings ! the manner in which the pycniospore nucleus reaches 

the aecial primordium and initiates dikaryotisation still remains obscure. 

The present study sheds no I ight on this aspect, but does indicate that 

cell fusion plays an important role in the terminal phase of the dikaryoti

sation process. 
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GENERAL SUMMARY 

Prior to cell penetration by Hemileia vastatrix, a thick electron-opaque 

layer is formed in the haustorial mother cell against the wall in contact with a 

host cell. A thin, less dense zone is subsequently laid down over this 

layer. Coffee I eaf cells respond to the presence of a haustorial penetration 

tube by producing a large host collar that reacts weakly, if at 011, to callose

specific staining.. Callose apposition onto the body of the haustorium appears 

to he linked to incipient necrotization, since only haustoria in senescent 

cells stain callose-positively. These haustoria have thick sheaths, where

as haustoria associated with cells of normal appearance are thin-sheathed 

and read neg.otiv.el y for callose . 

In the py_cnial intercellular hyphae of Puccinia sorghi no prepenetration 

layers are apposed ag.ainst the wall in contact with a host cell . Penetration 

is a.ppa.r.entl.y at least pat:tly enzymatic-, and the middle and inner layer of 

the waJl are conHnuous with the innermost layers of intracellular fungal 

structur.es. The latter are filamentous, often septate, and may coil extensively 

ar-Ound host organ.elles. Penetration tubes, neckbands, and haustorium -like 

d.il.a.t.ions a re absent. A dearth of intracellular fungal structures, relat.ive 

to a well-developed intercellular tballus, suggests that efficient use is made 

of nutrients diffusing from host cells.. Prel im inary studi.es on one other pycn ial 

and three ae.c.ial stages indicate that these characteristics may well be 

typical of many p.ycnial and aec.ial stages. On the basis of the presented 

evidence, it is proposed that intracellular structures of this type be designated 

"intracellular hyphae ll rather than IIhaustoria ll • 
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Sporogenesis in pycnia of P. so rghi is annellophoric, but at secession 

the spore retains the septal lamella and at least part of the lower septal 

wall. Pycniospores are bounded by a thin (±" 85 nm) wall and contain 

a nucleolate nucleus, endoplasmic reticulum, tubule-containing . structures, 

several short mitochondria with predominantly plate-like cristae, many ribo-

somes and a few I ipid bodies. Septal pores were sectioned infrequently 

in pycnia, but more commonly in inter- and intracellular hyphae. All were 

equjpped wHh a pulley-wheel appa ratus. 

In the aecium of P. sorghi the substantial outer layer of cell walls in 

the base of the stroma, together with the thick wall of peridial cells where •. 

they adjoin the compressed cell debris, may playa role in the water balance 

of the fruiting str.ucture . With few exceptions binucleate cells a re found 

only in the aecium . Cytoplasm of the binucleate peridial cells is densely 

filled with organelles and fat globules. Lar:ge multinucleate cells with in-

elusions, that a re apparently proteinaceous in nature, are found in the aecial 

base. The ontog.eny of aeciospor.e injtia ls isannellophoric and aeciospo-

ropbor.es ha.ve a well developed coUar consjst.ing of annellations. Spo-

rophor.es, aec.iospor.e initials, intercalary cells and young aeciospores are 

enveloped by a matrix . During ae.c.iospore ontog.eny fat globules are formed 

in the imm.edjate vidnity of enlarging vacuoles and v.esiele-containing struc-

tures, sug.gesti.ng that the formation of fat globules is associated with these 

cy.topl.asmic components. There is a close structural similarity between the 

vesicle-containing structu res of this stag.e and those that contain tubules in 

the pycnLal stag.e. Spine initials a re fi rst observed as electron-lucent areas 

between the plasmalemma and the wall of immature aeciospores. During 
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fu rther development the in te r- and supraspinal wall of the spore is degraded, 

a process in which small, well-defined granules appear to be implicated. 

The spines become separated from the plasmalemma by wall apposition. 

Apposition also seals off the channel leading to the septal pore in the aecio

spore base . The spore wall contains several germ pores . The vacuolate and 

often degenerate nature of inter- and intracellular hyphae in thai I i with young 

sporulating aecia points to accumulation of food reserves in young aecia. 

Ultrastructural evidence of cell fusion , and associated nuclear migration, 

in the aecial stroma of P. so rghi is presented and the observations are dis

cussed in relation to I ight microscopic investigations conducted by other 

authors. Fusion is effected by degeneration of septa and at least three 

consecutive cells may be involved . The mul tinucleate fusion cell is, pre

sumably, the site of d ivision of the pycniospore nucleus before the cell 

forms binucleate sporophores. Cytoplasmic continuity between a fusion cell 

and an associated sporophore may be severed by the deposition of a wall layer 

over the pore site . Proteinaceous structures and ER- enveloped aggregates, the 

latter composed of I ipid bodies that typically possess one or more lacunae 

each, are common cytoplasmic components of multinucleate cells. 
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