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STARK-URN AV, M., and MENDGEN, K. 1993. Differentiation of aecidiospore- and uredospore-derived infection structures on 
cowpea leaves and on artificial surfaces by Uromyees vignae. Can. J. Bot. 71: 1236-1242. 

Aecidiospores and uredospores are the two dikaryotic spore fonus of the cowpea rust fungus Uromyees vignae. After 
germination they can be induced to develop a series of infection structures including appressoria, infection hyphae, and 
haustorial mother cells. Haustoria are then fonned within host cells. The differentiation of infection structures was compared 
on polystyrene membranes with defined topographies, on- scratched polyethylene membranes, and in ·planta. On polystyrene 
membranes with defined topographies both sporelings showed highest rates of differentiation on ridges 0.3 J!m high but 
aecidiosporelings responded less efficiently to this stimulus than uredosporelings. On scratched polyethylene membranes, 
almost 90% of both sporelings differentiated appressoria, but only 10% fonned haustorial mother ceUs; haustoria were not 
observed. On the host plant, by contrast, only 50% of the sporelings differentiated appressoria, but most of these fonned 
haustorial mother ceIls and haustoria. In planta haustorial mother cell development occurred approximately 6 h earlier than 
on inductive membranes. Infection structures fonned on artificial membranes and on host plants were similar in morphology 
and nuclear condition. 
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STARK-URNAV, M., et MENDGEN, K. 1993. Differentiation of aecidiospore- and uredospore-derived infection structures on 
cowpea leaves'and on artificial surfaces by Uromyees vignae. Can. 1. Bot. 71 : 1236-1242. 

L'ecidiospore et l'uredospore sont deux types de spores dicaryotiques qu'on retrouve chez le champignon de la rouille du 
pois chiche, I'Uromyees vignae. Apres germination, on peut les amener a developper une serie de structures d'infection 
incluant des appressoriums et des ceIlules meres d'hausteries. Par la suite les hausteries se fonnent aI'interieur des cellules 
de I'hote. La differenciation des structures d'infection a ete comparee sur- membranes de polystyrene avec topographies 
defmies, sur membranes de polyethylene rayees et sur la plante. Sur les membranes de polystyrene avec topographies definies, 
la gennination des deux types de spore montre les plus forts taux de differenciation en presence de raies hautes de 0,3 J!m, 
mais les gennes des ecidiospores reagissent moins fortem~nt a ce stimulus que ceux des uredospores. Sur les membranes 
de polyethylene rayees, environ 90% des deux types de spore conduisent ala differenciation d'appressoriums, mais seulement 
10% ont fonne des cellules meres des hausteries; aucune hausterie n'a ete observee. Sur la plante hote, au contraire, seule­
ment 50% des spores gennees ont donnee des appressoriurns mais la plupart de celles-9i ont fonne des cellules meres des 
hausteries ainsi que des hausteries. Dans la plante, le developpement de la cellule mere de I'hausterie survient environ 6 h 
plus tot que sur membranes induetrices. Les structures d'infection fonnees sur membranes anificielles et sur plantes hotes 
montrent une morphologie et un arrangement nucleaire identiques. 

Mots eMs: rouille du pois chiche, noyau, appressorium. 
[Traduit par la r&!action] 

Introduction In contrast with the well-studied process of infection structure 
The cowpea rust fungus, Uromyces vignae (Barclay), is an differentiation of uredospores, only a few reports on aecidio­

autoecious rust fupgus that produces two dikaryotic spore types, spore germination and infection structure formationare avail­
aecidiospores and uredospores. Both spore forms differentiate able. In these studies differentiation. of infection structures of 
a series of infection structures to penetrate the host plant via Arthuriomyces peckianus (E. Howe) Cummins and Y. Hirutsaka 
stomata (Littlefield and Heath 1979). Germ tubes of Uromyces (syn. Gymnoconia interstitialis Lagerh.) (Pady 1934) and ger­
appendiculatus (Pers.: Pers.) Unger uredospores elongate until mination of Cronartium quercuum (Berk.) Miyabe ex Shirai 
an appropriate thigmotropic stimulus is perceived. Then germ f.sp.fusiforme (syn. Cronartiumfusiforme Hedge. & N. Hunt) 
tube growth ceases and the formation of appressoria is initiated (Walkinshaw et al. 1967) were described by light and electron 
(Boch et al. 1987; Hoch and Staples 1991). The topographic microscopy. More recently Swann and Mims (1991) reported 
characteristics of stomata, inductive for thigmo-differentiation on the presence of four nuclei in the appressoria of the auto­
of uredosporelings, can be mimicked by oil-collodion mem­ demicyclic rust fungus A. peckianus grown in vitro. However, 
branes, scratched polyethylene membranes, or microfabricated there is a lack of sufficient morphological information of 
topographies (for review, see Read et al. 1992). Dimensions nuclear behavior and infection structure development of aecidio­
of microfabricated topographies that induce maximal rates of spores. Since V. vignae can reliably be cultivated under green­
appressorium differentiation correspond closely to dimensions house conditions and since teliospores of V. vignae do not 
of the lips of stomatal guard cells (Terhune et al. 1991). After require a resting period (Freytag et al. 1988), we perfonned 
appressorium formation a penetration hypha produces a sub­ this study with aecidiospores and uredospores of the cowpea 
stomatal vesicle in the substomatal chamber of the leaf that rust fungus. 
then elongates to form a young infection hypha (Mendgen and Our work shows that infection structures formed by aecidio­
Deising 1993). After the formation of haustorial mother cells, spores and uredospores in planta or on artificial membranes 
haustoria develop in host cells. are identical in morphology, sequential development, nuclear 

behavior, and response to topographical signals. However, the 
IAuthor to whom all correspondence should be addressed. timing and efficiency of differentiation steps are different in both 
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FIGS. 1- 12. Nuclear conditions of aecidiospores and aecidiospore-derived infection structures shown by fluorescence microscopy after stain­
ing with DAPI -diethanol on scratched polyethylene membranes (Figs. 1-8) and in the host plant (Figs. 9-12). Fig. 1. The aecidiospore 
is binucleate. Fig. 2. The two nuclei migrate into the genu tube. Fig. 3. The genu tube tip swells and the two nuclei start to divide. Fig. 4. 
The appressorium contains four nuclei, and a septum separates it from the genu tube. Fig. 5. In the subsIomata! vesicle a second round of 
mitosis takes place. Fig. 6. A substomatal vesicle with eight nuclei. Fig. 7. An infection hypha elongates from the substomatal vesicle. Fig. 8. 
A trinucleate haustoria! mother cell is delimited from the infection hypha by a septum. Fig. 9. A haustorial mother cell with three nuclei 
(arrows), observed in the host tissue. Fig. 10. A binucleate haustorium isolated from leaf tissue. Fig. 11. A haustorium and a haustorial mother 
cell observed in the host tissue 20 h. after inoculation under (a) UV light and (b) interference contrast microscopy. Fig. 12. Secondary haustoria! 
mother cells in the host tissue 24 h. after inoculation. Scale bar = 10 !Lm. sp, spore; gt, genu tube; s, septum; ap, appressorium; ssv, ·sub­
stomatal vesicle; ih, infection hypha; hmc, haustoria! mother cell; ha, haustorium. 
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FIG. 13. Sequential differentiation of Uromyces vignae infection structurys. (a) Aecidiospore-derived infection structures on scratched poly­
ethylene membranes. (b) Uredospore-derived infection structures on scratched polyethylene membranes. (c) Aecidiospore-derived infection 
structures in planta. (d) Uredospore-derived infection structures in planta. A minimum of 400 sporelings per point of time of four different 
experiments were counted. Vertical lines represent mean deviations. gt, germ tube; ap, appressorium; ih, infection hypha; hmc, haustorial 
mother cell; ha, haustorium. 

spore fonns in planta and on scratched polyethylene membranes. 

Materials and methods 

Propagation of rust spores 
Initials of the u'redinial culture of U. vignae (Barclay) were kindly 

provided by M.C.lHeath, University of Toronto. Teliospores were 
increased on susceptible cowpea (Vigna sinensis L. cv. California 
Blackeye) in growth chambers as previously described for the bean 
rust fungus (Gold and Mendgen 1983). To induce their germination, 
teliosporeswere rehydrated by moist filter paper and incubated with 
a daily photoperiod of 16 h at 21°C and 100% RH. Three days after 
rehydration, the fIlter paper with activated teliospores was mounted 
onto the lid of a Petri dish on top of primary leaves of l4-day-old host 
plants so that basidiospores were released from the germinated telio­
spores onto the host leaves. After 10 days pycnia were observed, and 
after 21 days aecia had developed. Aecidiospores were collected and 
stored at -70°C. 

Induction of infection structures 
To obtain infection structures in vitro two types of inductive mem­

branes were prepared: scratched polyethylene membranes and poly­
styrene membranes. Polyethylene membranes (Melitta-Werke Bentz & 
Sohn, Minden, Germany) were scratched with a brass brush. Scratches 
on polyethylene membranes were arranged 2-40 p.m apart and had 
a roughly semicircular shape, with scratch heights ranging from 0.1 
to 5 p.m. Polystyrene membranes were kindly provided by H.C. Hoch. 
Polystyrene membranes were prepared as replicas from silicon wafers 
bearing corresponding negative topographies that had been produced 
by electron beam lithography according to Allen et al. (l99Ia, 199Ib). 
Polystyrene membranes with seven different ridge heights, i.e., 0.18, 

0.23, 0.3, 0.42, 0.69, 0.89, and 1.53 p.m, were used. Each mem­
brane had a uniform pattern of a single ridge height, 2 p'm wide and 
60 p.m apart in a grid pattern. Aecidiospores or uredospores were 
dusted either on primary leaves of the host plant, or onto membranes, 
and lightly misted with water. Samples were incubated at 20°C and 
100% RH in the dark for 4-24 h. Haustoria were isolated from 
infected plants (5 days after inoculation) according to the method 
described by Hahn and Mendgen (1992). 

Microscopy 
Infection structures on membranes were studied with differential 

interference contrast microscopy after staining with 0.1 % trypan 
blue in lactophenol- glycerol- water (I: 1:1). Infection structures 
in planta were studied by fluorescence rnicroscopy using a modified 
method of Kuck et al. (1981) with the exception that the fungus was 
stained with 0.2 % (w/v) diethanol (Uvitex 2B, Ciba Geigy, Basel, 
Switzerland). Nuclei were stained after fixation with 2 % glutaralde­
hyde in 0.05 M phosphate buffer, pH 7.2, for 30 min, with 0.05% 
(w/v) 4,6-diamidinophenyl-indol . 2HCI (DAPI; Serva, Heidelberg, 
Germany) in the same buffer for 5 min, and subsequently treated with 
0.02% (w/v) diethanol for 2 min and mounted in 50% (v/v) glycerin. 
Observations were made with a Zeiss incident fluorescence micro­
scope. A 365-nm excitation fIlter and 420-nrn barrier filter were used. 
The diameter of the nuclei was measured with an ocular-micrometer. 

Results 

Development of infection structures 
On scratched polyethylene membranes, uredospores (results 

not shown) and aecidiospores (Fig. 1) produced germ tubes 
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FIG. 14. Distribution of nuclei in aecidiospore and uredospore infection structures. At each point of time at least 200 infection structures 
(100 in e) of four different experiments were evaluated for their nuclear condition. Solid bars indicate aecidiospore-derived infection structures, 
hatched bars indicate uredospore-derived infection structures, and vertical lines represent mean deviations. 

into which both nuclei migrated (Fig. 2). After perception of 
a thigmotropic stimulus the germ tube tip swelled to form an 
appressorium, and the two nuclei underwent the first round of 
mitosis (Fig. 3). Appressorium development was accompanied 
by septum formation between germ tube and appressorium 
(Fig. 4). Next the penetration hypha developed and grew 
through the stomatal opening to form the substomatal vesicle. 
The appressorial nuclei migrated into the substomatal vesicle, 
and a septum was formed between penetration hypha and sub­
stomatal vesicle (Fig. 5). Then the substomatal vesicle elongated 
to form a young infection hypha. After a second round of 

nuclear division the infection hypha contained up to eight nuclei 
(Figs. 6 and 7). Primary haustorial mother cells contained simi­
lar numbers of nuclei, not only on scratched polyethylene mem­
branes (Fig. 8) but also in the host mesophyll tissue (Fig. 9). 
Haustoria (Figs. 10 and 11) and secondary haustorial mother 
cells (Fig. 12) were observed in planta. 

The series of infection structures derived from both aecidio­
spores and uredospores occurred in a similar sequence (Fig. 13). 
There were differences between infection structure develop­
ment on scratched polyethylene membranes (Figs. l3a and 
l3b) and on the host plant (Figs. l3c and l3d). On scratched 
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FIG. 15. Size of nuclei within the different infection structures. From a minimum of 200 nuclei per infection structure of four different experi­
ments the maximal diameter was measured. Solid bars indicate aecidiospore-derived infection structures, hatched bars indicate uredospore­
derived infection structures, and vertical lines represent mean deviations. 

polyethylene membranes nearly 90% of the sporelings devel­
oped appressoria, whereas on the host plants, only 50 % of the 
sporelings developed appressoria. Infection hyphae were formed 
between 8 and 16 h after inoculation. On the host plant almost 
every infection hypha produced haustorial mother cells and 
haustoria. On scratched polyethylene membranes only 10% of 
the infection hyphae differentiated haustorial mother cells. 
Differentiation of haustorial mother cells occurred in vivo 
approximately 6 h earlier than in vitro. On scratched poly­
ethylene membranes, no haustoria were observed. In phmta, 
haustoria and secondary haustorial mother cells were formed 
16 h after inoculation. 

The number of nuclei in uredospore- and aecidiospore-derived 
infection structures is shown in Fig. 14. About 20% of the 
primary haustorial mother cells in planta and about 40 % of the 
primary haustorial mother cells on scratched polyethylene 
membranes contained three or four nuclei (Figs. 14d and 14e). 
Haustoria in planta contained one or two nuclei (Figs. 10 and 
141). In vitro the nuclear diameter was reduced from an aver­
age of 10 /Lm in germ tubes to an average of 5 /Lm after the 
first round of mitosis in the appressoria (Figs. 15a and 15b).
 
This size remained similar after the second round of mitOSis
 

. in the infection hyphae (Fig. 15c). In haustorial mother cells
 
the size of nuclei was 3 /Lm in vitro and in vivo (Figs. 15d and
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FIG. 16. Formation of appressoria in response to polystyrene ridges 
ranging in heights from 0.18 to 1.53 ~m. At least 300 germlings 
were evaluated for each ridge height in three different experiments. 
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15e). Nuclei of haustoria, on the other hand, had a diameter 
of about 4 j.tm (Fig. 15!). 

Determination of optimal signal dimension for differentiation 
of appressoria 

The optimal response for both types of spore1ings to differen­
tiate appressoria was best at a ridge height of about 0.3 j.tm 
(Fig. 16). There was a difference in efficiency of appres­
sorium formation between the two types of spores. About 85 % 
of the uredospore-derived germlings but only about 60% of 
the aecidiospore-derived gerrnlings differentiated appressoria 
on polystyrene replicas with the optimal ridge height. On 
host plants, however, about 50% of both aecidiospore- and 
uredospore-derived germlings produced appressoria (Fig. Bc 
and 13d). 

Discussion 

Appressorium formation can be induced in vitro by chem­
ical, temperature, or physical stimuli (Hoch and Staples 
1987). Examples for thigmotropically effective membranes are 
scratched polyethylene membranes or microfabricated topog­
raphies (AlIen et al. 1991b; Read et al. 1992). Infection struc­
tures induced by various triggers differ in several aspects. 
They exhibit different expression patterns of proteins after heat 
shock or thigmotropic induction (Bhairi et al. 1990). DzO and 
taxol are inhibitory to chemically induced but not to thigmo­
tropically induced cell differentiation (Hoch and Bourett 1986). 
Therefore in planta and on inductive membranes infection' 
structure development and nuclear behavior may also differ. 
Our results indicate that scratched polyethylene or ridged poly­
styrene membranes result in a higher degree of appressorium 
differentiation than the host-specific stomatal lips of guard 
cells. This might be due to a higher density of inductive stimuli 
on artificial membranes compared with the lower surface of 
primary leaves of V. sinensis. Ridges on polystyrene mem­
branes were arranged in a 60-j.tm grid pattern, whereas stomatal 
guard cells on the host plant were separated from each other 
by two epidermal cells. Thus the probability for aecidiospore 
and uredospore gennlings of finding an inductive stimulus is 
much higher on artificial membranes than on the host plant. 

Compared with uredospores, aecidiospores showed a lower 
efficiency of appressorium differentiation on microfabricated 
polystyrene membranes (Fig. 16). On scratched polyethylene 

membranes aecidiosporelings and uredosporelings differentiated 
similar rates of appressoria (Figs. 13a and l3b). This differ­
ence between the two artificial surfaces might be due to well­
defined steplike, rectangular ridges with 0.18-1.53 j.tm ridge 
heights on polystyrene membranes and roughly semicircular 
scratches on polyethylene membranes with scratch heights 
ranging from 0.1 to 5 j.tm. 

The results concerning the appressorium differentiation rate 
of uredospore germlings on polystyrene membranes (Fig. 16) 
closely correspond to those obtained by AlIen et al. (1991a). 

On the host plant appressorium differentiation almost inevita­
bly led to formation of infection hypha, haustorial mother cell, 
and haustorium. Under in vitro conditions few haustorial mother 
cells and no haustoria were formed, and the haustorial mother 
cells appeared approximately 6 h later than under in vivo con­
ditions. This might be due to premature senescence or even 
death of the haustoria! mother cells (Heath and Perumalla 
1988) because they lack mono- and di-saccharides, amino acids; 
or other nutrients preserit in the leaf apoplast (Kaminskyj and 
Day 1984). Differentiation of haustoria on arti~cial membranes 
could only be induced by addition of autoclaved driselase or 
certain sugars (Heath 1989, 1990). 

Kuck et al. (1981) describe staining methods with diethanol 
to visualize fungal hyphae in the host tissue. These methods 
include clearing of host tissue before staining, and therefore. 
DAPI-stained nuclei can hardly be identified. By fixing the 
host tissue without clearing before staining with DAPI and 
diethanol, we were able to identify nuclei of infection struc­
tures growing within the host tissue. Since haustoria were not 
stained by this procedure, they were isolated from infected 
plants (Hahn and Mendgen 1992) prior to staining and analysis 
(Fig. 10). 

Our results indicate similar nuclear conditions in both 
aecidiospore- and uredospore-derived infection structures. The 
nuclear behavior and septum formation in appressoria of 
U. vignae resembled that described for U. appendiculatus 
(Staples et al. 1984; Bourett and Hoch 1987; Kwon and Hoch 
1991). A second round of mitosis always occurred in the 
young infection hypha. Here we report for the first time on 
multinucleate primary haustorial mother cells studied in vivo. 
Multinucleate haustorial mother cells have been observed mostly 
in vitro (Deising et al. 199t; Maheshwari et al. 1967), and 
only Chong et al. (1992) reported on multinucleate secondary 
haustorial mother cells in Puccinia striiformis Westend. in planta. 
Our studies indicate that multinucleate primary haustorial 
mother cells are not an artifact of in vitro conditions (Figs. 14d 
and 14e). Aecidiosporec and uredospore-derived primary hau­
storial mother cells exhibited a different distribution pattern of 
the number of nuclei (Figs. 14d and 14e). 

Studies on nuclear diameter (Fig. 15) revealed a reduction 
of size after the first round of mitosis. This size is maintained 
within appressoria and during the second round of mitosis in 
the infection hypha. The diameter of nuclei in infection hyphae 
revealed a very broad distribution pattern. We interpret this as 
the consequence of nuclei being in different stages of the repli­
cation cycle (Staples et al. 1984). Haustorial mother cells con­
tained smaller nuclei with a maximal nuclear diameter of 3 j.tm 
(Figs. 15d and 15e) and haustoria contained nuclei with diam­
eters of 4 j.tm. This confirms studies of Heath and Heath (1978) 
who observed similarly small nuclei in haustorial mother cells 
and haustoria. 

Artificial surfaces are generally used to investigate fungal 
appressorium differentiation (Read et al. 1992) and differenti­



1242 

-I 

CAN. J. BOT. VOL. 71, 1993 

ation of fungal proteins (Deising et al. 1991). Therefore it was 
important to test if there were any observable differences 
between infection structure development in planta and infec­
tion structure development on artificial surfaces. Our study 
shows that the higher density of inductive stimuli on artificial 
surfaces compared with the lower surface of the leaf might be 
the reason for a higher differentiation rate of appressoria. As 
soon as the rust fungus is within the host tissue its development 
is obviously supported by the plant cells. 
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