A CYTOLOGICAL STUDY OF HOST-PARASITE RELATIONS
OF VENTURIA INAEQUALIS ON APPLE LEAVES '
By CHARLES J. NUSBAUM, formerly research assistant in plant pathology y and G. W.
KEITT, professor of plant pathology, Wisconsin Agricultural Experiment Station
INTKODUCTION

Venturia inaequalis (Cke.) Wint. is representative of a group of
phytopathogenic fungi characterized by a very distinctive type of
parasitism. Though its invading mycelium is characteristically
limited to a subcuticular position, nevertheless the fungus has intimate relations with the underlying host tissues, from which it derives
substantial nutriment and upon which it exerts important influences.
The end results of infection in terms of the efficiency of fungous nutrition and the range of congeniality of host-parasite relations are very
similar to those, of invasion by many of the so-called obUgate parasites.
Though excellent cytological studies have been made on the hostparasite relations of various phytopathogenic fungi, especially the
Uredinales (e. g., 5, 4, 24, 27, 28, 29),^ comparatively üttle attention
has hitherto been given to similar studies within the group of which
Verduria inaegualis is typical. The classical contributions of Aderhold (Í, 2) laid the foundation for such investigations. Wiltshire's
{33) excellent study substantially supplemented Aderhold's work,
especially with reference to the details of penetration of the cuticle
and the early phases of estabhshment of the parasite in the subcuticular
position. little detailed consideration, however, has been given to the
distinctive phenomena of parasitism and pathogenesis in the later
stages of the host-parasite relations.
The investigation reported herein {15) was undertaken in the hope
of contributing to the description and interpretation of the phenomena
of parasitism of VeTúuna irmequalis and the resistance offered by certain of its hosts. This work is an outgrowth of a series of studies of
apple scab and related problems that has been in progress at Wisconsin for some years (7, 8, 11, 12, 14,16, 17, 19, 20, 21, 32), and is a
companion study to an investigation on apple rust {18), in which is
given a brief review of literature pertinent to both lines of work.
Discussions of Hterature relating especially to the initial stages of
infection by V. inaequalis are given by Wiltshire {33) and Keitt and
Jones {14)' Brown and Harvey {6), Brown {5), and Kice {23) have
reviewed the literature of the broader field of host-parasite relations.
MATERIALS AND METHODS

Two monoconidial isolates of Venturia inxiequalis were employed.
These cultures were originally isolated by Palmiter {20), and his
designations are retained m this paper. Isolate 17 was obtained from
1 Received for publication October 6, 1937; issued May 1938. This work was supported in part by
grants from the Wisconsin Alumni Research Foundation and the Joseph Henry Fund of the National Academy of Sciences.
2 Reference is made by number (italic) to Literature Cited, p. 617.
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infected Fameuse apples (Malus sylvestris Mill.) and 22 from infected
Delicious apples, both from Wisconsin orchards. These isolates
were chosen because they sporulated well on artificial culture media
and differed in their capabilities of infecting the foliage of certain
apple varieties.
Having been carried in culture for several years without host passage, each isolate was inoculated on apple leaves, and monoconidial
reisolations were made by Keitt's (10) method. The reisolates conformed closely to Palmiter's descriptions, except that they sporulated
more abundantly in culture and seemed to show certain differences
from his results in degree of infection. The latter are attributable in
part to differences in the methods of classification employed. However, the possibihty that the isolates may have undergone some
change in culture is recognized.
The apple varieties employed were Fameuse, Yellow Transparent,
and Missouri Pippin. These had been included in Palmiter's infection studies and found to react differently when inoculated with the
two isolates mentioned above. Preliminary infection experiments
with the reisolates showed that these varieties were suitable for the
present investigation.
Two-year-old nursery apple trees were placed in galvanized-iron
containers in about 8 kg of soil (3 parts compost soil and 1 part sand),
adjusted, and held at 70 percent of the maximal water-holding capacity {31, V. 1, p. 150). After being rooted in a cool basement for 2 to
3 weeks, they were placed on a greenhouse bench. All trees were
kept in the same greenhouse under comparable environmental conditions. Two shoots were allowed to develop on each tree. When
the shoots were about 15 to 20 inches long and showed 14 to 18 leaves,
they were inoculated. At the time of inoculation, a bit of string was
tied about the petiole of the youngest leaf of each shoot to facmtate
identification of the inoculated leaves after further growth had occurred. Fumigation was employed as necessary to control insects.
The spores used for inocidation were produced by cultures grown on
cheesecloth 'Vicks" saturated with nutrient solution in 12-ounce
medicine bottles. A 15- by 8-cm strip of cheesecloth was placed in
each bottle with about 10 cc of nutrient solution (3 percent Trommer's malt extract), so that it formed a closely adherent lining for one
of the walls. The bottles were then sterilized in an autoclave. About
10 days before the spores were needed, the sterile nutrient solution in
the bottles was seeded with a few drops of a suspension of conidia^
introduced by means of a sterile pipette. The bottles were laid in a
horizontal position for about 30 minutes to allow the spores to settle
on the cheesecloth, then placed, upright in an incubator at 20° C. for
6 days, and after that transferred to a 16° incubator where they
remained for from 4 to 6 days. The lower temperature favored
sporulation.
When a spore suspension was needed for inoculation, the pieces of
cheesecloth were removed from the bottles and the spores washed off
by atomizing with water. The suspension thus obtained was centrifuged, the supernatant Hquid decanted, and water added. In this
way a suspension of washed spores relatively free from fungal staling
products or nutrient materials could be obtained in any desired concentration. Sterile distilled water and sterile glassware and atomizers were used.
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During the greenhouse season six series of inoculations were made,
the first on March 23 and the last on May 6. Series 1, 2, 3, 4, and 6
were made with conidia from culture. Series 5 was made with
spores washed from sporulating scab lesions on apple leaves infected
with the designated isolates for comparison. In each case the inoculations with the different isolates were made separately and suitable
precautions were taken to insure against contamination.
Each inoculation was performed in duplicate or quadruplicate,
depending on the material available. With the exception of series 2
and 4, four trees of each variety were inoculated with each isolate. In
each lot 2 trees were heavily inoculated (a drop of spore suspension
when placed on a glass sUde under the microscope showing approximately 150 spores per low-power field) and the remaining 2 were
lightly inoculated (10 spores per low-power field). The heavily
inoculated leaves were intended for study of the early stages of
infection, whereas the light inocidation was planned for studying the
older lesions. One of the lightly inoculated trees of each isolatevariety combination was reserved for study of macroscopic development of the disease.
Prior to the application of inoculum each tree was thoroughly
washed with a fine spray of tap water from an angled spray nozzle,
gently shaken to remove the larger drops, and allowed to dry.
The spore suspensions were applied to the upper, or ventral, surface
of all the leaves on each shoot by means of a De Vilbiss atomizer which
had previously been throughly cleaned and steamed for 15 minutes.
Only one tree was inoculated at a time in a room remote from the
greenhouse in which the remaining trees were kept. After inoculation
the trees were placed for 36 hours in a moist chamber described by
Keitt et Sih (IS, fig. 20) at 16° C. They were then returned to the
greenhouse.
Fixations were made at regular intervals after inocidation. Material was collected daily for the fet 6 days and at longer intervals for
the next 4 weeks. Two earlier collections were made at 14- and
20-hour intervals, respectively, after inoculation in order to obtain
the early stages of penetration. To promote uniformity of results
daily fixations were made at 4 p. m. and material was always taken
from the third or fourth leaf below the one marked with string.
In a preliminary experiment, various fixatives were tried in combinations with different methods of dehydrating and staining. A
formal-chrom-acetic mixture (1-percent aqueous solution of chromic
acid, 100 cc; glacial acetic acid, 4 cc; 40-percent aqueous solution of
formaldehyde, 50 cc; freshly prepared for each fixation) suggested in
correspondence by G. H. Conant gave the best results and was used
throughout. The n-butyl alcohol method of Zirkle (34) was employed
for dehydration and embedding. Sections were cut 6/x thick. Heidenhain's iron-alum haematoxylin was a satisfactory stain for the early
stages of penetration because it brought out the infection hypha
clearly. A modification of Flemming^s triple stain consisttQg of
safranine, gentian violet, and fast green was best for the study of
host-parasite reactions. In studying the relationships of the fungus
to the cuticle and the walls of the epidermal cells, sections stained in
Delafield's haematoxylin and Sudan IV and mounted in glycerin
were usefid.
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A modification of the cleared-leaf method of Peace {^2) was well
adapted to a survey of certain aspects of conidial germination, direct
cuticular penetration, and the establishment of the fungus beneath
the cuticle, as it afforded a means of observing these phenomena in
to to on relatively large areas of leaf surface. Bits of leaf were collected
14, 24, 48, 96, and 144 hours, respectively, after inoculation, fixed in
acetic alcohol, cleared in cídoral hydrate, and stained with acid ■
fuchsin in lactophenol.
After each inoculation, material was collected for fixation and Í
clearing as described above. The data reported in this paper, how- i
ever, are taken chiefly from series 3 because of the very favorable
circumstances that attended this experiment. The trees were growing
uniformly and vigorously and were entirely free from greenhouse I
insects.
MACROSCOPIC OBSERVATIONS ON LIVING LEAVES

At suitable intervals after inoculation, data were taken on the
appearance and development of infection on the individual leaves of
one shoot from each of the trees that were set aside for this purpose.
The residts, shown in table 1, are also representative of the infection
that developed on the trees from which material was taken for
microscopic study.
Isolate 22 was highly pathogenic on Yellow Transparent, strikingly
less virulent on Fameuse, and only slightly pathogenic on Missouri
Pippin.
On the young leaves of Yellow Transparent, infection became
macroscopic the ninth day following inoculation, and the incubation
period on the older leaves was progressively longer (14)* These spots,
at first small, indistinct, and slightly olivaceous, increased rapidly in '
diameter and began to produce conidia abundantly on about the
fourteenth day after inoculation. Necrosis began to appear in the
middle of these lesions about 5 days after the first sporulation. The
necrotic area spread rapidly for the next 10 days, after which nearly
all of the visible lesion was dead. Necrosis always followed sporulation and neither phenomenon occurred on leaves below the sixth (the
one marked with string being no. 1). Development apparently
ceased in all the lesions in from 30 to 36 days after inoculation.
On Fameuse, infection first appeared about 12 days after inoculation,
and was confined to the younger leaves near the tip of the shoot. The
lesions remained small (less than 5 mm in diameter), produced no
conidia, and necrosis was not apparent. About 3 weeks after inoculation, development apparently ceased, and the lesions began to change
somewhat, becoming bronzed or reddish brown.
On the leaves of Missouri Pippin, no macroscopic signs of infection
were detected untü 18 days after inoculation, when minute, barely
visible flecks appeared.. These flecks seemed to be more or less
grouped together in small patches a millimeter or less in diameter.
These manifestations might easily have been confused with certain
insect punctures. Because the plants studied were free from insects,
however, it was thought, and later proved by the cytological study,
that the flecks actually were scab lesions.
The symptoms that developed when isolate 17 was used with the
same three varieties were distinctly different from those just described.
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In the case of Yellow Transparent and Fameuse, the degree of
severity of infection by isolate 17 was just the converse of that by 22,
17 being intermediately or mildly parasitic on the leaves of Yellow
Transparent and highly parasitic on Fameuse. Infections by 17 on
Fameuse and 22 on Yellow Transparent were closely similar with
reference to mcubation period, sporulation, and general development
and appearance of the lesions. Infections by 17 on Yellow Transparent and 22 on Fameuse were also comparable in the degree of
development. Missouri Pippin was decidedly resistant to isolate
17 as well as 22, although the manifestations of resistance were different m these two isolate-variety combinations. As mentioned above
isolate 22 induced minute flecks on Missouri Pippin leaves about 18
days after inoculation. In contrast, isolate 17 on the leaves of this
variety induced macroscopic lesions in from 12 to 15 days after inoculation. These lesions were irregular and diffuse in outlme and attained
a diameter of 1 cm or more. They were pale green and easily discernible, in contrast to the dark-green color of the normal Missouri
Pippm leaf. Apparently there was no sporulation or development
of necrosis.

EARLY STAGES OF INFECTION
CLEARED-LEAP STUDY

The phenomena of the germination of conidia, formation of appressoria, and penetration of the cuticle, as observed on cleared leaves
examined in toto, appeared to be similar in all the isolate-variety
combinations. Following penetration, however, there were distinctive differences in the extent and nature of the development of the
mycelium in the subcuticular position. Kesults from microscopic
counts and measurements made on material of each isolate-variety
combination collected at intervals of 14, 24, 48, and 96 hours, respectively, after inoculation are shown in table 2.
At the end of the 14-hour period, germination of most of the conidia
had begun. The conidia of both isolates were usually two-celled.
In this eariy stage of germination, the distal cell of the spore had
expanded and developed a slight protuberance. The spore waU, however, remained intact, forming a thin, shghtly stained membrane
about the protuberance.
At the end of the 24-hour period, the process was decidedly farther
advanced. The rudimentary germ tubes, usually from the distal cell
as described above, had bulged at the tip to form characteristic
appressona, closely adherent to the cuticle. Occasionally a germ
tube branched to form two distinct appressoria, each of which functioned in actual penetration of the host. Penetration from the proximal cell of the conidium was less common. It was observed to take
place in some cases without the development of a germ tube or characteristically differentiated appressiorium (14), the cell itself being
modified to function as an appressorium (fig. 1, D),
EXPLANATORY LEGEND FOR FIGURE 1
^íSí?L^-~^®^°^^°^^^®^ of conidia, formation of appressoria, and early development of infection from
cleared leaves exammed m toto: A, Isolate 22 on Yellow Transparent 24 hours after inoculation; spore («),
appressorium with penetration pore (a), and young amoeboid primary hypha {ph). X 900. B, Isolate 22
«fnil^rS"^ JT^Pf f^''* ^ ÄS.^'^'Ä^^ inoculation; proliferation of cells in primary hypha (¿A), young
f,1S5r^^Ä^^ ^'^^' ? ^- . <^'Isolate 22 on Yellow Transparent 4 days after inoíulatiiS; primar!
ÍM^OÍH o^^^ ^I^^' secondary lateral branches forming at so, stolonlike hyphae («0, lateral branch initials
(6), and secondary stromata (ss) X 400. D, Isolate 17 on Missouri Pippin 4 days after inoculationprimary stromata (ps) and stolonlike branches ist) less vigorous in appearance than those in C. X 400
,^^ni?H wint.^^ vS^^/V^P/^.^ ?F^ ^^i^^ inoculation; epidermal cells showing necrosis are represented

nrA¿'r¿praeZd fn s'Äf^^^^^
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1.—Germination of conidia, formation of appressoria, and early development of infection from
cleared leaves examined in toto. (For explanatory legend see opposite page.)
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In the wall of the appressorium in contact with the leaf surface a
characteristic transparent porelike area, usually about 2/z in diameter
(p. 603), indicated the place of direct cuticular penetration. In some
preparations very careful focusing with an oü-immersion objective
seemed to show the presence of the infection hypha itself at or near
the middle of the transparent area. This image, however, was not
distinct enough to be interpreted with absolute certainty. The
appearance of the primary hypha beneath the cuticle, however, was
definite proof that penetration had occurred. At the end of the 24hour period, the isolate-variety combinations of 22 on Yellow Transparent and Missouri Pippin and 17 on Fameuse and Missouri Pippin
showed high percentages of completed penetration. In cleared-leaf
preparations, the primary hypha was hyaline and only very slightly
stained with the acid fuchsin. Unless it protruded beyond the overlying appressorium, it was masked by this structure and, consequently,
overlooked. In view of this fact, the figures in table 1 recording the
occurrence of primary hyphae represent the minimal rather than the
maximal number of actual entries that had occurred at the time. A
typical case showing a germinating conidium, appressorium, pore and
primary hypha is shown in figuré l^ A,
The singlercelled, irregularly shaped primary hyphae, which were
found in most 24-hour-old preparations, rapidly increased in size, due
to cell proliferation and enlargement, and developed into pnmary ,
fungal pads or stromata. Secondary hyphal branches radiated out
from the periphery of the primary stromata. A 36-hour preparation
(fig. 1, B) illustrates these phenomena.
Data taken at the end of the 48-hour period show that the development of each isolate on its most susceptible host variety had markedly
exceeded that of the same isolate on less susceptible varieties. For
example, with reference to the size of the primary stromata, the number
of secondary hyphae, and the diameters of the lesions, isolate 22 on
Yellow Transparent, closely followed by 17 on Fameuse, was much
more advanced than 17 on Yellow Transparent or 22 on Fameuse.
Thus far, each of the isolates had developed only very feebly on the
resistant variety Missouri Pippin. With isolate 22 on this variety,
epidermal cells underlying the spreading hyphae showed brown discoloration, a manifestation of necrosis that will be discussed in detail
later. The position of the collapsed epidermal cells in relation to the
feeble, somewhat gnarled hyphae is shown in the two camera lucida
sketches in figure 1, E and F. Isolate 17, however, did not induce
collapse of the underlying epidermal cells (fig. 1, D),
In contrast to their feeble mycelial growth on Missouri Pippin, both
isolates developed in a typically dendritic fashion on Yellow Transparent (fig. 1, C) and Fameuse. Proliferation of the cells of the
primary stroma (ps) continued and from its periphery long slender,
stolonlike hyphae (st) radiated outward. These hyphae at first were
single and unbranched, with widely separated septa. Lateral branches
arose at very sharp angles as shown at sb or at right angles (b). The
former type radiated out in the same fashion as the stolonlike secondary hyphae, while the latter type developed feebly to intensify
the network or lattice arrangement of the fungal pattern. After the
stolonlike hyphae had reached a distance of from 50/x to 100/z from
the primary stroma, secondary stromata were produced.. From these,
tertiary branches radiated still farther. This process was repeated
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several times during the spread of the lesion. In the isolate-variety
combinations of 22 on Yellow Transparent and 17 on Fameuse, proliferation of the cells of these individual stromata often resulted in
the development of a structure several cells thick, and it was from
these stromata that conidiophores penetrated the cuticle and produced
spores in large numbers. In the combinations of 22 on Fameuse and
17 on Yellow Transparent, many conidiophores were formed but no
conidia were observed.
At the end of the 96-hour period the most significant differences
were apparent in the average diameter of the lesions. The differences
that have been pointed out with reference to the material collected at
the end of the 48-hour period were increased. In addition, the hyphae
were robust in all lesions except on Missouri Pippin, on which they
were slender and feeble.
PHENOMENA OF PENETRATION

The germinating conidia of Venturia inaequalis penetrated the
cuticle of the apple leaf directly. The process was similar in all
details for all isolate-variety combinations. There was no cytological
evidence to show that the cuticular barrier of young leaves in any
way hindered the establishment of the fungus, even in the least compatible isolate-variety combinations studied.
Actual cuticular penetration as well as the sequence of events preceding it were best observed and interpreted in preparations of
material collected 20 hours after inoculation. For convenience several processes involved in penetration will be described separately as
follows:
GERMINATION OF CONDIUM

As described under the '^cleared-leaf study'' the germ tubes were
very short or lacking and were usually observed as mere protuberances
from the distal, or pointed, end of the spores. During the'germination process, each cell of the spore contained one nucleus (fig. 2, G).
The distal, or germinating, cell became densely filled with protoplasm,
whereas the proximal cell appeared to be partly evacuated (fig. 2,
FORMATION OF APPRESSORIUM

The advancing tip of the germ tube soon became closely adherent
to the leaf surface and developed into a more or less clearly differentiated appressorium. Viewed in cross section, the appressoria appeared to be oval or rounded in outline and densely filled with cytoplasm (fig. 2, A, B). The protoplasm stained heavily, and in some
cases the nuclei could not be identified. Longitudinal sections (fig.
2, (7, Ej Fj G, K) clearly show that the appressorium is a swollen,
modified germ tube tip, closely appressed to the cuticle. In many
cases, owing to the retardation of apical elongation because of the
tenacious adherence of the appressorium, the germ tube arches as
shown in figure 2, (7, E, F, G, H, J.
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M /^ (^

2.—Various stages of penetration from material fixed 20 hours after inoculation with isolates 22 and
17: ^, 22 on Missouri Pippin; B, 22 on Fameuse; C, 22 on Yellow Transparent; D, 17 on Missouri Pippin;
E-Q, 22 on Fameuse; H, 22 on Yellow Transparent; /, 22 on Missouri Pippin; J, 22 on Fameuse; jfiT-X, 17
on Missouri Pippin. Spore, s; germ tube, gt; appressorium, a; mucilaginous sheath, sh; pore, p; primwry
hypha, pÄ. X 1.620.
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MUCILAGINOUS SHEATH

The appressoria were apparently held fast to the leaf surface by a
mucilaginous sheath. The fixed remains of this structure were usually
found in the cytological preparations (fig. 2, A, B), The sheaths,
however, could not be demonstrated in connection with germinating
conidia on glass slides by the dilute india-ink method, and they were
not seen with certainty in the cleared-leaf preparations {14, SS).
CIRCULAR THICKENING AND PORE

A circular, disklike area of thickening, usually about 6/* in diameter,
occurred in the wall of the appressorium that was in contact with the
leaf surface. In the middle of this structure was a circular, transparent, thin-walled, porelike area about 2/i in diameter. For convenience, these structures are subsequently referred to as the circular
thickening and the pore (fig. 1, A, B, and fig. 2, especially A, B, D,
INFECTION HYPHA

At or near the center of the pore, a minute infection hypha pierced
directly downward or slightly obliquely through the cuticle (fig. 2,
C, Ej Gj J). Such structures appeared in most of the 20-hour-old
preparations in each isolate-variety combination. None was found
in 14-hour preparations nor in 48-hour or older ones. In view of
these facts and taking into account the stage of development in most
20-hour preparations, it is assumed that actual penetration began
about 16 to 18 hours after inoculation, and that the infection hyphae
disappeared or were not sufficiently stained to be seen shortly after
infection had been estabhshed.
PRIMARY HYPHA

As soon as the infection hypha reached the epidermal cell wall it
began to flatten into an irregularly shaped primary hypha (fig. 2, C,
Fj 6, H). Further development of the fungus and the reactions of the
underlying host tissues were different in the various isolate-variety
combinations. Consequently, they will be discussed separately.
DEVELOPMENT OF INFECTION

A description of phenomena resulting from the different host-,
parasite reactions in the several isolate-variety combinations follows.
The two combinations that favored aggressive parasitism are discussed
first, and the reciprocal combinations, in which there was a strikingly
lower degree of parasitism, are treated comparatively. The combination of each isolate with the resistant variety is discussed separately,
because the host-parasite relations were decidedly different in the
two cases.
AGGRESSrv^E PARASITISM

Isolate 22 was aggressively parasitic on Yellow Transparent and
17 was equally aggressive on Fameuse. These infections were characterized by the vigorous development of the fungal hyphae, the formation of relatively thick stromata in the subcuticular position, prolific
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sporulation of the parasite, and extreme impoverishment of the
underlying host tissues, culminating in their death and collapse.
As previously described in the cleared-leaf study, the primary
hyphae were at first single-celled and somewhat amoeboid or irregular
in shape. A 24-hour-old preparation (fig. 3, E) shows that the
primary hypha {jph) has expanded until it nearly covers the underlying
epidermal cell and appears to contain a nuclear division figure,
probably its first. A prominent nucleus remains in the appressorium
(a). The underlying host tissues show no ill effects of fungal invasion.
Another 24-hour-old infection (fig. 3, B) shows a young stroma
developing beneath the thick cuticular layer in an epidermal hair
socket. Many instances of penetration at the base of epidermal
hairs were encountered.
A.median section of a 2-day-old lesion (fig. 3, A) illustrates the
rapid proliferation of the primary hypha to form a multicellular
stroma (pa), from which a slender stolonlike branch (si) is beginning
to radiate. The fungal cells are uninucleate, the nuclei being comparatively large and prominent. These young fungal cells in the primary stroma, although appearing hyaline in cleared-leaf preparations,
are filled with very dense cytoplasm which stained heavily in cytological preparations. In fact, in some preparations the cytoplasm is so
dense that it masks the nuclei almost completely. The host nuclei
in the underlying epidermal cells retain their normal shape and
staining reaction. The cells, however, appear to be slightly plasmolyzed. This plasmolysis is attributed to the fixative, rather than
to any deleterious fungal activity, because epidermal cells considerably
removed from infected regions are similar in this respect.
Throughout the incubation period, during which the fungus became
firmly established and widespread in the subcuticular region, there
was marked congeniality between the parasite and host. The fungus
developed very rapidly and the underlying epidermal and palisade
cells remained normal in appearance. The host tissues beneath a
vigorously expanding stolonlike hypha in a 6-day-old infection
(fig. 3, iO are just as normal in appearance as those beyond the area
of infection. All nuclei retain their normal structure, staining
reaction, and position. In addition, the palisade cells apparently
contain the full complement of normal chloroplasts.
Coincident with the macroscopic appearance of the lesions, about
9 or 10 days after inoculation, impoverishment of the upper paHsade
layer appeared in the middle of the lesion. This depletion was
manifested chiefly by the disappearance of plastids and by marked
vacuolation as shown in plate 1, P.
EXPLANATORY LEGEND FOR PLATE 1
Ay Isolate 22 on Yellow Transparent 20 hours after inoculation. The original photomicrograph, taken
from the same lot of material as figure 2, C, was enlarged approximately X 2 with a photographic projector.
Spore («), appressorium (a), mucilaginous sheath (ßh), infection hypha penetrating the unstained cuticle
at the pore (p). X 8iX). JB, Isolate 22 on Yellow Transparent 6 days after inoculation. Stolonlike hypha
(ßt) near the periphery of lesion; underlying epidermis (ép), palisade (p/), and spongy parencli3^ina {spr)
apparently normal. X 330. C, Isolate 17 on Fameuse 16 days after inoculation; young stroma (jstr) about
midway between the center and the periphery of the lesion; upper epidermis {ep) and palisade ipl) impoverished; spongy parench5ana {spr) showing full complement of normal plastids. X 330. D, Isolate
17 on Fameuse 10 days after inoculation: Stroma (sir) in the center of the lesion; upper epidermis (ep)
and palisade layer {pi) vacuolate; spongy parenchyma region {spr) normal. X 330. E, Isolate 17 on
Fameuse 16 days after inoculation: Peripheral stroma (sir) above impoverished upper epidermis {ep)
and palisade layer {pl)\ underlying spongy parenchyma region {spr) normal; arrow points to extreme
peripheral hypha which lies just above the line of demarcation between impoverished and normal host
tissues. X 330.
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Impoverishment of the pahsade region usually became coextensive
with the lesion on the fourteenth or fifteenth day after inoculation.
A small portion about midway between the center and the periphery
of a 16-day-old lesion is shown in plate 1, C. The highly vacuolate
upper palisade cells, which are practically devoid of plastids, appear
in decided contrast to the spongy parenchyma cells below, which
contain a full complement of apparently normal chloroplasts. The
margin of a similar lesion (pi. 1, E) shows that the region of impoverishment coincides with or even extends a short distance beyond the
area of fungal invasion.
Following impoverishment of the host tissues, death and collapse
of the affected cells gradually ensued. First, the remaining contents
of the cells lost their organized structure and became aggregates of
small globules, which appeared to be homogeneous and stained
heavily with safranine. These globules coalesced into larger irregularly
. shaped masses, and finally the cell walls collapsed. The cells later
lost their identity completely. Progressive stages of this process are
shown in plate 2, Aj B, C, In A, death of cells is just beginning to
occur and is manifested first in the epidernial layer. In the mesophyll
tissues beneath, an arrow points to the line of demarcation between
the region of extreme impoverishment on the left and that of death
and incipient collapse on the right.
In plate 2, B, all of the mesophyU cells are dead and their protoplasts disorganized. Very few of the cell walls have collapsed,
however, and they still retain their avidity for the acid stain. In C,
an arrow indicates the margin of a totally collapsed area near the
center of a 30-day-old lesion. Rhomboidal cells (re), typical of
wound reaction, are formed between the region of collapse and that
of extreme depletion.
Injury or death of fungal cells followed the collapse of the host tissues beneath. In the two instances shown in plate 2, A, Bj the
subcuticular mycelium (str) is still alive while in C the mycelium at
CO has collapsed.
When the lesions attained the age of ai)proximately 1 month, spread
of infection practically ceased. The typical margin of an old lesion is
shown in plate 2, D, The region of palisade cell depletion, which is
indicated by an arrow, is coextensive with the area invaded by the
fungus. The outpost hyphae, however, as well as the epidermal cells
(co) beneath them, have collapsed. A narrow zone of fungus (str) a
short distance back from the periphery remains alive. The occurrence
of this zone of living fungal tissue is common, but not universal, and
is often associated with the larger veins.
EXPLANATORY LEGEND FOR PLATE 2
A, Isolate 17 on Fameuse 21 days after inoculation. Living stroma (str) above collapsed upper epidermal
layer; arrow points to line of demarcation between region of incipient collapse on the right and that of
extreme impoverishment on the left. B, Isolate 17 on Fameuse 21 days after inoculation. All mesophyh
cells are dead and beginning to collapse; fungal cells of stroma (str) still living. C, Isolate 17 on Fameuse
30 days after inoculation. An arrow points to the line of demarcation between the region of total collapse
on the right and that of extreme impoverishment on the left; rhomboidal cells (re) at the Ime of demarcation indicate cork formation; collapsed fungal stroma (co) associated with necrotic leaf tissue. Z>, Isolate
22 on Yellow Transparent 36 days after inoculation. Arrow indicates margin of lesion, which corr^ponds
with the region of palisade impoverishment; peripheral hyphae and underlying epidermal calls have
collapsed at co- a narrow zone of fungus (str) a short distance back from the periphery remains alive.
All X 330.
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INTERMEDIATE PARASITISM

In contrast to the manifestations of aggressive parasitism just
described, the reciprocal isolate-variety combinations (22 on Fameuse
and 17 on Yellow Transparent) showed a significantly lower degree.
Fungal development was less vigorous, impoverishment of underlying
host tissues was less severe, necrosis of host tissues was much less
apparent, and conidia were not produced.
Further study of material from these intermediately parasitic combinations indicated that the host-parasite reactions differed from those
of the aggressive combinations in degree rather than in kind. In
yoimg infections the cells of the mycelium were robust, normally
developed, and apparently unharmed. The underlying host tissues
were not noticeably affected until about 14 days after inoculation,
when impoverishment of the upper palisade layer began to be evident.
In older infections, the impoverished area usually became coextensive
with the lesion and involved the whole mesophyll. Necrosis was ~
usually confined to the epidermal layer immediately beneath the
fungal stroma. Ultimately the epidermis and superimposed fungal
stroma collapsed and lost their identity (pi. 3, 5).
PHENOMENA OF RESISTANCE

Missouri Pippin was resistant to each of the two isolates, but the
host-parasite reactions following infection by 22 were distinctly
different from those following infection by 17.
ISOLATE

22

The epidermal cells of this resistant variety were hypersensitive to
attack by isolate 22, collapsing soon after the fungus became established
beneath the cuticle. The primary hyphae (fig. 3, D, ph) of a 2-day-old
infection is composed of several small cells, each of which contains one
conspicuous nucleus. The appressoiium {a) is still attached to the
cuticle, and the pore (p) in its lower wall indicates the point of penetration, although the infection hypha cannot be seen. The epidermal
cell (de) beneath the primary hypha has collapsed and the nuclei (in)
in adjacent epidermal cells show signs of disorganization. The palisade cells beneath show no deleterious effects.
The fungus continued to spread feebly, however, sometimes forming
a lesion 2 mm in diameter. Along the paths of the rather feebly
developed hyphae scattered groups of epidermal cells succumbed.
The fact that dead epidermal cells were frequently found near the
margin of a lesion is further indication that the cells of the epidermis
were highly intolerant of the parasite. A photomicrograph of the
central part of a 16-day-old infection (pi. 3, C) shows a hyphal strand
(str) in cross section, and beneath it are two collapsed epidermal cells
(co). A similar view of a fungal strand in longitudinal section in a
24-day-old infection (pi. 3, E) shows that most of the epidermal
cells (co) along the path of the fungus have died and collapsed.
EXPLANATORY LEGEND FOR PLATE 3
A, Isolate 17 on Missouri Pippin 24 days after inoculation. Longitudinal section of hyphal strand (str)
near the center of the lesion; underlying mesophyll tissues apparently normal. B, Isolate 22 on Fameuse
30 days after incculation. Fungal stroma and upper epidermis collapsed at co. C, Isolate 22 on Missouri
Pippin 16 days after inoculation. Cross section of fungal strand (str) near the center of the lesion; two
underlying epidermal cells collapsed at co. D, Isolate 17 on Missouri Pippin 16 days after inoculation.
Cross section of fungal strand {str) near the center of the lesion; underlying leaf tissues normal. E, Isolate
22 on Missouri Pippin 24 days after inoculation. Longitudinal sections of fungal strand (str) n^r the
(^nter of the lesion; fungal cells and epidermis collapsed at co; underljing palisade region injured
Alix 330.
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3.—The development of the early stages of infection: A, Isolate 22 on Yellow Transparent 2 days
after inoculation; spore (s), prunary stroraa (p«), stolonlike bypha (st); underlying epidermal cells normal,
f ' isolate 17 on Fameuse 24 hours after inoculation, showing hair-socket infection: spore (s), appressorium
(o), pore (p), primary hypha (ph). C, Isolate 17 on Missouri Pippin 2 days after inoculation: spore («).
appressorium lost m sectioning, primary hypha (ph). D, Isolate 22 on Missouri Pippin 2 d^s after
inoculation; appressorium (a), mucüagmous sheath (sh), pore (p), primary hypha (ph), epidermal ceU
collapsed at de, nuclei in adjacent cells at in mjured. E, Isolate 22 on Yellow Transparent 24 hours after
inoculation; appr^orimn (o), pore (p), prmiary hypha (ph). F, Isolate 22 on Yellow Transparent:
stolonlike hyphal branch (st) at the periphery of a 6-day^ld infection. All X 1060.
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Although the underlying palisade cells showed very little depletion,
they were apparently injured. The plastids remained and no abnormal vacuolation appeared. As indicated in the upper palisade layer
of plate 3, Ey and shown in detail in the drawing taken from a 16-dayold infection in figure 4, JE', ci, aggregates of small globules appeared in
the cytoplasm. These intracellular bodies have been found commonly
in certain plant cells parasitized by various fungi and also in cells
normally senescent. It is generally believed that they are probably
disintegrative products of host cells {24-, p. S7),
In the central portions of older lesions, where the mycelium was
oldest, injured and sometimes dead fungal cells were found. In figure
4, Ej the fungous cells, ih had become highly vacuolate and the one
at dh was dead, whereas the cells h were apparently still robust and
healthy. Observations of many similar cases lead to the interpretation that the hyphae live for some time directly superimposed upon
dead epidermal ceUs, but finally they become injured and die.
ISOLATE

17

The young leaves of Missouri Pippin were decidedly imfavorable
for isolate 17. The primary stroma developed very feebly, as shown
in a 2-day-old infection in figure 3, (7. The fungus, however, was able
to push out long slender hyphal branches which sometimes involved an
area of leaf surface 6 mm in diameter in one lesion. These hyphae
were but sparsely branched, and robust secondary stromata were not
found. A cross section of one of these hyphal strands near the center
of a 16-day-old infection is shown in plate 3, D, The strand {sir) is
made up of about four hyphae and each cell appears to be empty.
A longitudinal section of a hyphal strand from a 24-day-old infection
is shown in plate 3, A, The fimgal cells {sir) are sparsely septate and
nearly empty, except for inconspicuous nuclei. A drawing (fig. 4, C)
taken from near the center of a 24-day-old infection shows the details
of these host-parasite relations. The hyphal cells {str) are long and
slender, and contain inconspicuous nuclei {n). The underlying host
tissues here, as well as those shown in the photomicrographs, are
apparently unharmed.
RELATIONSHIP OF THE PARASITE TO THE EPIDERMAL MEMBRANES OP THE HOST

The differential staining of the cuticle and the outer wall of the
epidermal cell afforded a means of studying the relationship of the
apple scab parasite to these membranes. By treating fixed, sectioned
material first with Delafield's haematoxylin and then with Sudan IV
and moimting in glycerin, the walls of the host cells and of the fungus
EXPLANATORY LEGEND FOR FIGURE 4
4.—Certain host-parasite reactions: A, Isolate 22 on Yellow Transparent 16 days after inoculation;
advancing stolonlike hypha (rf) cleaving its way between the cuticle (c) and epidermal cell wall (w>, the
fungus closely adherent to the epidermal cell wall even over the junction of two cells 0) where the cuticle
is thickest, i?, Isolate 22 on Yellow Transparent 16 days after inoculation; stolonlike hyphal branch (si)
near the periphery of the lesion closely adlierent to the epidermal cell wall even over the junctions of
epidermal cells at,/ where the cuticle is thickest. C, Isolate 17 on Missouri Pippin 24 days after inoculation :
cells of the stroma istr) in the central part of the lesion nearly empty except for small nuclei (w); underlying host tissues normal. D, F, Q, Isolate 22 on Yellow Transparent 24 days after inoculation, showing successive stages of piercing of cuticle by conidiophores; cuticle (c), epidermal cell wsU («7), conidiophore (cp),
stroma {str), closely fitting collar (c/) formed by pierced cuticle about the base of the conidiophore. JS7,
Isolate 22 on Missouri Pippin 16 days after inoculation; collapsed epidermal cells {de) underlying a strand
of fungus near the center of the lesion, dead fungal cell {dh), injured fungal cell {ih), apparently healthy
cells (h), palisade cells slightly impoverished and showing globular inclusions at d, H, Isolate 17 on
Fameuse 30 days after inoculation; gaps {g) in the fungal stroma {str) bridged by the cuticle, impoverishment of underlying palisade cells shown by depleted plastids {dp) and thin cytoplasm Ccv). All X 1,060.
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stained bright blue, whereas the cuticle, being fatty in nature, stained
red. The Une of demarcation between the cuticle and the epidermal
cell walls, in older leaves and over portions of the leaf where the cuticle
was relatively thick, was quite sharp. In younger leaves the cuticle
was decidedly thinner and was underlaid by a very thin layer that
stained reddish purple, indicating that it contained a mixture of fatty
and cellulosic materials. This subcuticular layer was sharply set off
from the pure blue of the cellulose wall of the epidermal cells but
graded off more gradually into the red of the cuticle proper. In older
leaves the cuticle always was thickest over the junction of epidermal
cells. It was too, thin to permit accurate measurements. In the
material studied there was no evidence of significant varietal differences
in its thickness.
The fungus lay imder the cuticle and in intimate contact with the
cellulose walls of the epidermal cells. When advancing hyphae were
viewed longitudinally, their tips appeared to be wedging or cleaving
the cuticle from the epidermal cell wall. Even when passing over
the jxmcture of two epidermal cells the hyphae dipped below the
thickened cuticle. These phenomena are illustrated m two drawings
made at-and near the periphery of a 16-day-old lesion (fig. 4, A, B).
Rarely, and only in preparations of the isolate 22-Missouri Pippin
combination, has the fimgus been observed to pass through these
dentate thickenings of the cuticle. In such cases very small masses
of red-staining material appear below the hyphae at the junction of
cells.
Even in very old infections where the fungal stroma had become
quite thick, the cuticle remained intact, except where conidiophores
ruptured it, and acted as a protective covering for the fungus. In
order to function in this manner, the cuticle must possess a high)
degree of elasticity and tensile strength. Indirect evidence to demon-'
strate these qualities is seen in figure 4, H, and the three drawings
showing details of the way in wmch the conidiophores rupture the
cuticle (fig. 4, Dj Fj G), In H the increase in size of the fungous cells
created such a stress in the area between different stromata that the
cuticle was locally ripped from the epidermal cell walls. Consequently, the cuticle bridged the gaps shown at g. This phenomenon
was very common in older infections in aggressively parasitic isolatevariety combinations. In figure 4, Z>, an expanding conidiophore is
stretching the cuticle outward. In F and G the cuticle has finally
been penetrated and the conidiophore is free. The perforated cuticle,
however, forms a closely fitting collar about the neck of the conidiophore at cL
DISCUSSION

The results of the present investigation as they relate to spore
germination and penetration of the parasite to the subcuticular position are in general agreernent with those of Aderhold (i, 2) and Wiltshire (88) j though they differ in certain particulars. The emanation,
in some cases, of the infection hypha from a germ tube or spore without the formation of a characteristically differentiated appressorium
has been described in an earlier section of this paper {14)- The
development of the characteristic circular thickening and pore in the
basal wall of the appressorium or its equivalent, as herein described,
seems not to have been reported by the earlier investigators. In size
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and form, the infection hyphae observed by the present writers differ
much from those figured by Wiltshire {33), being so slender that they
were very near the limit of visibility under the oil-immersion lens at
a magnification of 1,425 diameters. These slender infection hyphae
are very similar to those of Gymnosporangium juniperi-virginianae (18)
and Puccinia graminis {29), While the possibility of occurrence of a
minutely local solvent action on the cuticle by materials emanating
from the fungus can scarcely be disproved by the technique employed,
the present investigation yielded no convincing evidence that Venturia
inaequalis exerts a solvent effect on the cuticle of its host. This finding is at variance with the conclusions of Wiltshire. There would
seem to be greater probability of a similar action on the subcuticular
layer, but the preparations studied by the writers did not show convincing evidence on this question.
As was pointed out in the introduction, parasitism of Venturia
inaequalis is very distinctive, yet strikingly similar in many respects to
that of many obUgate parasites, such as certain of the rust and powdery niildew fungi. Notwithstanding the fact that the leaf-invading
mycelium in its parasitic phase is limited to the subcuticular position,
the fungus is able to derive its nourishment from the underlying host
tissues so efficiently that it can develop a very substantial thallus
and produce conidia abundantly. It is capable of inciting profound
changes in host tissues many cells removed, in some cases leading to
their death. As is common among the higher parasites, the species
V, inaequalis is made up of many variant bio types {19, 20, 25, 26, 30)
with different pathogenic capabiUties, some of which are able to live
for many weeks in intimately balanced relations with the living tissues
of a congenial host. Although in its parasitic phase the fungus is
usually limited to subcuticular invasion, the efficiency of its nutrition
seems to compare favorably with that of many fungi that freely invade
the intercellular spaces ar the living cells of the host. The mycelium
in close contact with the cellulose walls of the epidermal cells is evidently very efficient in gaining nourishment through them. The subcuticular invaders of the type of V, inaequalis may therefore be regarded as a distinctive group among the higher parasites. The fact
that they can readily be cultured in vitro and that at least one of them
can be controlled genetically by breeding technique {16) makes them
attractive subjects for further studies in the field of parasitism and
disease resistance.
Though the cytological technique does not afford a basis for determination of the nature of resistance of apple varieties to Venturia
inaequalis, it contributes to the foundation for further studies of this
problem. It is noteworthy that spore germination and penetration
of the cuticle of young leaves occurred freely, withoiit reference to the
isolate or the host variety used. These results, which are in general
agreement with the work of Wiltshire {33), Johns tone {9), and Schmidt
{26), indicate that resistance in young apple leaves is attributable
primarily to relations of the fungus and materials emanating from the
host tissues, rather than to mechanical barriers. Some possibihties as
to the nature of similar host-parasite relations have been discussed by
one of the writers (Jf5, p. 591). The fact that substantially different
reactions occurred when different incompatible host-isolate combinations were employed in the present work suggests the need for more
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extended studies before these reactions can be satisfactorily characterized. It is noteworthy that in one of the combinations studied
there was clear evidence of hypersensitiveness of the host, resulting
in local necrosis of epidermal cells, while in the other, with another
isolate on the same host, there was no evidence of hypersensitiveness.
The present study, in which two monoconidial isolates were employed on three apple varieties, has included four distinct types of
host-parasite reaction. The observed variations in reaction are
thought to be due partly to differences in the degree and partly to
differences in the kind of phenomena concerned. It is to be expected
that use of a wider range of biotypes of host and parasite would increase the range of variation in host-parasite relations. The knowledge that Venturia inaequalis is heterothaUic and the availability of
technique for breeding it (17) point the way to further studies of hostparasite relations, with genetically controlled isolates. Such work
is in progress.
SUMMARY

The host-parasite relations of two monoconidial isolates of Venturia
inaequalis on the leaves of three apple (Malus sylvestris) varieties were
studied by cleared-leaf and cytological techniques. The six isolatevariety combinations employed showed four distinct types of host
reaction, very susceptible, intermediate, and two types of resistant.
Spore germination, formation of appressoria or functionally equivalent structures, and direct penetration of the cuticle occurred in all
cases, without being perceptibly influenced by isolate-variety combinations. A very tenuous infection hypha emanated from a minute
pore surrounded by a circular thickening in the basal wall of the
appressorium or its functional equivalent (sometimes a spore or germ
tube), and pierced the cuticle without visible change in the thickness
or staining reaction of the latter. The distal end enlarged to form a
primary hypha when it reached the cellulose wall, and the fungus
developed beneath the cuticle in close contact with the outer walls
of the epidermal cells.
In very susceptible leaves host cells showed little abnormality until
about 10 days after inoculation. Then progressive depletion of plastids and cytoplasm, attended by increasing vacuolation, began to
appear in the upper palisade region at the center of the lesion. This
impoverishment gradually spread throughout the area underlying the
fungus, and was followed by necrosis. The fungus showed no apparent injury until the host cells had died. In leaves of intermediate
susceptibility, the fungus developed less vigorously, impoverishment
of the host cells was less rapid and severe, and little necrosis occurred.
In resistant leaves, growth of the fungus was sharply restricted, the
resistant variety employed showing hypersensitiveness to one isolate
but not to the other. The resistance of young leaves is attributed
primarily to relations of the fungus and materials emanating from the
host tissues, rather than to mechanical barriers.
It is shown that in suitable isolate-variety combinations the fungus,
though confined to the subcuticular position, is able to derive its
nourishment efficiently from the underlying host tissues and to incite
a wide range of pathological effects therein.
In its mode of penetration of the cuticle, diversity of isolate-variety
reactions, and abiUty to live efficiently for many weeks in intimately
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balanced relations with the living cells of a congenial host, Venturia
inaequalis is considered to be strikingly similar to many of the socalled obligate parasites, and the subcuticular invaders of its type are
regarded as a distinctive group among the higher parasites.
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