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ABSTRACT

ALDWINCKLE, H. S., and J. L. PRECZEWSKI. 1976. Reaction of terminal shoots of apple cultivars to invasion by Erwinia

amylovora. Phytopathology 66:1439-1444.

Young trees of 92 apple (Malus pumila) cultivars were
trained to single shoots in a field nursery. After 8 weeks’
growth the shoot tips were inoculated with a virulent isolate
of Erwinia amylovora by injection. Resultant fire blight
lesions were measured 6 weeks after inoculation when
infection had ceased to extend visibly. Statistically significant
differences in cultivar reaction were observed, especially in
resistant cultivars. In 79 apple cultivars tested similarly in the
greenhouse, statistically significant differences in cultivar
reaction also occurred, but with greater separation of the
susceptible cultivars. There was a strong correlation between
the results of the field and greenhouse tests. Some of the
resistant cultivars also possessed other desirable characters

and should be considered for use in apple breeding.
Discolored streaks were observed in the xylem extending in
advance of the visible cortical lesions, particularly in many of
the resistant cultivars. Gram-negative, rod-shaped bacteria
were observed in the xylem streaks, and pathogenic E.
amylovora was isolated from them. Length of xylem streaks
from the point of inoculation was not correlated with cortical
lesion length; but, the length of xylem streaking in advance of
the cortical lesion was correlated with the standard error of
the lesion length. Xylem streaking may indicate a potential
for occasional severe infections in normally resistant
cultivars.

Additional key words: disease resistance, apple cultivars, Malus sylvestris.

Fire blight, which is incited by Erwinia amylovora
(Burrill) Winslow et al., is a serious bacterial disease of
apple (Malus pumila Miller), pear (Pyrus communis),
and rosaceous ornamentals in the United States and
England, and it is spreading into continental Europe (10,
24). After a century of research, control measures still are
inadequate although useful control can be achieved by
combining good cultural practices, sanitation, and
chemical sprays (24, 29). Resistant cultivars would greatly
supplement these practices.

No commercial cultivars of apple or pear are
completely resistant to fire blight (10, 29) but great
differences in susceptibility exist. There have been several
reports on the incidence and severity of fire blight in
different apple cultivars (1,4, 16, 19, 26), apple rootstocks
(9, 14), and pear cultivars (19, 20).

There are several objections to assessments of cultivar
susceptibility based on the severity of natural infections.
Variation in rootstock (14), tree age (25), nutrition (2, 21),
orchard topography, and soil type (11) may obscure
cultivar differences even when cultivars are grown in the
same area or under the same climatic conditions.
Inoculum pressure probably depends on the proximity of
overwintering cankers (5) and on epiphytic populations
of E. amylovora (27), and is unlikely to be uniform on all

trees. .
Vegetative susceptibility ultimately determines the fate
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of a cultivar as far as fir blight is concerned. If infections
can readily progress into older tissue, trees may be
severely damaged and rapidly killed. A cultivar that
resists extension of infections into older tissue may
sustain many blossom or shoot infections that result in
only a light pruning effect and perhaps some loss of yield
in that year. Therefore, it is equally as important to
predict the severity of infections as to know the
probability of new infections. To eliminate the effects of
inoculum pressure and to attain 100% infection it is
necessary to use a massive dose of inoculum.

Artificial inoculation of pear seedlings (15, 32), pear
cultivars (20), apple seedlings (18), and apple clonal
rootstocks (22) has been reported. Shaw (25) reported the
reaction of 25 apple cultivars in the greenhouse to
artificial inoculation with E. amylovora. Many of those
25 cultivars are now rare, and only three of the 13
cultivars that make up over 90% of current United States
apple production (28) were tested. Shaw’s (25) results
were not statistically analyzed.

Fire blight infection of vegetative tissue usually has
been equated with visible cortical lesions. Infection of
xylem extending further than the visible lesions was
reported by Rosen (23) and Shaw (25) but with little
information on cultivar differences.

We report the results of artificially inoculating 92 apple
cultivars in the field and 79 cultivars in the greenhouse
with E. amylovora under uniform conditions. Included
were the 13 most important U.S, cultivars (28) and many
promising introductions.
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MATERIALS AND METHODS

Apple cultivars were bench-grafted on domestic
seedlings (seed parent: cultivar Delicious). Fifteen
replicates of each cultivar were planted as three five-tree

" blocks in a field nursery on 2 May 1974. Each was trained
to a single shoot for maximum uniformity and
maintained in vigorous growth by regular fertilization
and pest control. On 25 July 1974, plants were inoculated
by a modification of a method used by others (22, 30).
Erwinia amylovora strain 27-3, a virulent isolate from
apple in New York (obtained from S. V. Beer) was grown
in nutrient broth at 22 C for 24 hours. The broth culture
(determined by dilution plating to contain approximately
10" cells/ml) was used directly as inoculum. Because of
inherent cultivar differences in stem diameter, a standard
volume of inoculum was not used. A 0.46-mm diameter
(26-gauge) hypodermic needle was inserted through the
stem just above the youngest unfolded leaf. Sufficient
inoculum was introduced to fill the wound and leave
visible drops at both ends of the wound. Lesion length
and total shoot length were recorded on 5 September
1974, when all lesions had ceased extending. The mean
daily temperature after inoculation was 19.9 C (9.4-30.6
C) with a mean daily relative humidity (RH) of 77%.

Another group of similar grafted plants was planted in
a peat-perlite-vermiculite (1:1:1, v/v) mixture in 13-cm
diameter plastic pots and grown in a greenhouse.
Following a first flush of growth, when the plants were
well established, each was cut back to one bud and trained
as a single shoot. After 8 weeks’ growth, the shoot tips
were inoculated as above, Lesion and shoot lengths were
determined 6 weeks after inoculation. The mean daily
temperature during the experiment was 19.7 C (14.4-24.4
C) with a mean daily RH of 51%. Shoots were dissected
and the extent of visible discoloration in the xylem was
recorded. Transverse sections of shoots with discolored
xylem were examined microscopically, both after staining
with acid fuchsin and unstained, with oil-immersion
optics at X1,000.

Isolation of E. amylovora from the discolored tissue
was attempted by plating out segments of flamed pieces
on nutrient dextrose agar. Resulting bacterial colonies
were suspended and diluted in sterile distilled water and
plated on modified Miller-Schroth medium (MSS) (17,
27). Colonies morphologically typical of E. amylovora on
MSS were transferred to nutrient broth and incubated for
24 hours at 22 C. To test pathogenicity, shoot tips of
potted Rome Beauty and Jonathan apple trees were
inoculated with the broth culture as described above and
observed for typical fire blight symptoms. Additionally,
drops of the same cultures were placed on the surface of
immature Jonathan apple fruits. The epidermis was then
pierced several times through the drop. Pathogenicity was
indicated by subsequent ooze production.

For both field and greenhouse tests the mean
percentage of the total new shoot length affected (percent
lesion length) was calculated. Lesions that extended into
previous season’s growth were recorded as 100%. The
cultivar means for percent lesion length were separated by
Duncan’s multiple range test after arc-sin transformation
for normality. Relationships between field and
greenhouse percent lesion lengths; between length of
xylem streaking and cortical lesion lengths; and between
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length of xylem streaking and the standard error of the
mean of the cortical lesion length were determined by
calculating correlation coefficients.

RESULTS

The mean lengths of fire blight lesions and the percent
lesion lengths on 92 apple cultivars and selections were
determined in the field test (Table 1). Many cultivars were
very severely blighted and the most susceptible 42
cultivars did not differ significantly in percent lesion
length. The resistant cultivars such as Britemac, Quinte,
Primegold, NY 55140-19, and Priscilla showed greater
differences in percent lesion length.

Symptoms developed in the greenhouse test involving
79 cultivars were less severe (Table 1), perhaps because of
generally lower RH and less favorable edaphic conditions
than in the field. Greater differences among the
susceptible cultivars such as Burgundy, Twenty Ounce,
Rome Beauty, York Imperial, and McIntosh were noted.

The positive correlation between percent lesion lengths
of cultivars in the field test and those of the same cultivars
in the greenhouse test was highly significant (r=0.56; P=
0.01). Thus, the two tests complemented each other.
However, in Table | the cultivars are ranked separately
for each test according to their mean percent lesion length
for ease in interpreting the statistical differences.

During evaluation of lesions in the greenhouse test it
was observed that many individual shoots had
longitudinal dark brown streaks in the stele extending
further than the visible cortical lesion. Histological
studies indicated that the streaks were confined to the
primary xylem. The length of xylem streaking inadvance
of each cortical lesion was determined for each cultivar
(Table 1).

There was no significant correlation between length of
xylem streaking and length of cortical lesion in either the
greenhouse test or the field test. There was, however, a
highly significant positive correlation (r =0.32; P=0.01)
between length of xylem streaking and the standard error
of the mean of the cortical lesion length in the field test.

Short, Gram-negative rods were observed in the lumen
of xylem vessel elements and tracheids of sections of
streaked tissue. Pathogenic E. amylovora was isolated
from such tissues.

DISCUSSION

All apple cultivars tested were susceptible to E.
amylovora in the sense that infection took place fol lowin%
inoculation with a massive dose (approximately 10°10
cells). The data reported gave a measure of the
susceptibility of vegetative tissue to lesion extension.
These data cannot be compared directly with
observations of incidence and severity of natural
infections, the only other information available on
cultivar susceptibility, since natural infections depend on
many uncontrolled factors. The data at best can be
regarded as the potential of a cultivar to be damaged by
fire blight under field conditions most favorable for the
disease.

Nevertheless, it is evident that the relative susceptibility
ranking of well-known cultivars in our controlled tests
was generally in the same order that would be expected
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TABLE 1. Relative reaction of terminal shoots of field- and greenhouse-grown apple cultivars to artificial inoculation” with
Erwinia amylovora

Greenhouse-grown

Field-grown

Xylem
Cortical lesion length” Cortical lesion length’ streaking’
Cultivar (em) (%) Cultivar (cm) (%) (em) (%)
York Imperial 42.3 100.0 a Burgundy 402 952 A 0 0
Yellow Transparent 43.3 100.0 ab Opalescent 28.8 83.7 AB 40 135
Idared 51.8 100.0 abc Twenty Ounce 379 82.7B 0 0
MclIntosh 46.2 100.0 abe Yellow Newtown 38.7 81.7B 0 0
Milton 46.6 100.0 abc Grimes Golden 24,7 71.7 BC 4.1 116
Niagara 43.8 100.0 abc Rome Beauty 30.3 70.9 BCD 30 6.6
Opalescent 43.6 100.0 abe Niagara 32.0 70.1 BCDE 6.8 20.1
Rhode Island Idared 29.0 69.6 BCDE 2.1 6.1
Greening 44.8 100.0 abe Tolman Sweet 18.0 68.3 BCDEF 3.0 17.0
Rome Beauty 39.7 100.0 abe York Imperial 32.0 67.6 BCDEF 56 20.6
Summerred 51.4 100.0 abc Jenkins 19.3 64.4 CDEFG 1.0 27
Tolman Sweet 46.7 100.0 abe Julyred 24.6 62.1 DEFG 50 164
Tydeman’s Early
Worcester 39.9 100.0 abe Monroe 28.4 59.5 DEFGH 38 108
Virginiagold 53.8 100.0 abe Yorking 25.6 58.8 DEFGH 3.7 111
Wagener 48.3 100.0 abe Jonagold 25.5 57.1 DEFGHI 6.0 134
Wayne 53.6 100.0 abe Jonnee 26.0 56.5 DEFGHI 82 220
Wealthy 42.3 100.0 abe Barry 24.6 54.8 EFGHI 0 0
Yorking 43.0 100.0 abed Baldwin 19.0 51.4 FGHLJ 72 227
Honeygold 47.2 100.0 abed Yellow Transparent 24.7 51.2 FGHLJ 30 62
Mollie’s Delicious 472 99.9 abed VPI 6 27.1 51.1 FGHLI 0 0
Puritan 53.2 99.9 abed Lodi 23.0 50.5 FGHILJ 0 0
Yellow Newtown 41.5 99.8 abed Wagener 20.0 50.1 FGHLJ 36 156
Lodi 549 99.7 abed Tydeman’s Early
Worcester 20.4 49.1 FGHIJK 88 39.1
Twenty Ounce 46.1 99.6 abed Milton 24.3 48.8 FGHIJK 4.1 99
Macoun 33.6 99.5 abed Honeygold 17.3 48.4 FGHIIK 5.1 193
Burgundy 58.2 99.4 abed Jonamac 24.1 47.3 FGHLIK 9.1 21.2
Macspur 48.4 99.3 abed Webster 21.0 46.8 FGHIJKL 50 105
Jonathan 47.1 99.1 abed Nured Mclntosh 24.8 46.7 FGHIJKL 6 94
Webster 434 98.9 abed Jonalicious 17.0 46.6 FGHIJKL 3.3 89
Julyred 404 98.7 abed NY 18491 15.0 46.4 FGHIJKL 155 525
Scotia 39.3 98.6 abed Macoun 143 45.8 GHIJKL 112 393
Paulared 42,5 98.1 abed Magnolia Gold 23.3 449 GHIUUKL 80 175
Mutsu 488 97.4 abede Spigold 15.9 43.6 HIJKL 10.7 311
Grimes Golden 449 97.4 abcde Spartan 16.0 42.3 HIJKL 73 230
Duchess of Oldenburg 339 97.0 abedef Mutsu 17.3 40.1 IJKL 87 254
Jerseymac 49.2  97.0 abedef Ben Davis 16.3 39.7 LUKLM 8.8 276
Ben Davis 42.8 96.5 abedef Sungold 14.1 37.5 JKLMN 10.1 327
Sungold 33.1 96.4 abedef Holly 19.8 37.2 JKLMNO 165 39.5
Monroe 48.5 95.9 abedef Summerred 134 36.1 JKLMNO 9.2 289
Jonagold 31.5 95.5 abedef Jonadel 16.6 36.1 JKLMNO 7.8 250
Spigold 39.6 95.5 abedef Mclntosh 16.7 35.7 JKLMNO 14.1 362
Nured Mclntosh 34.5 95.3 abedef Scotia 12.6 35.7 JKLMNO 8.2 22.1
Magnolia Gold 458 94.9 abedef Turley 14.1 35.3 JKLMNO 200 60.5
Gravenstein 38.0 94.6 bedef Paragon 13.7 324 JKLMNOP 9.0 26.7
NY 58553-1 41.5 93.7 cdefg NY 58553-1 15.9 32.3 JKLMNOP 11.8 266
Ring’s Wealthy 39.5 93.5 cdefg Jerseymac 10.5 32.2 JKLMNOP 172 620
Jenkins 37.9 92.1 cdefgh Ozark Gold 14.1 32.0 KLMNOP 1.7 39
Horton Twenty Ounce 36.6 92.0 cdefghi Wealthy 134 31.9 KLMNOP 13.8 390
Empire 39.3  91.2 cdefghi Northern Spy 12.7 31.0 KLMNOP 6.3 23.0
Jonnee 36.9 91.1 cdefghi Wayne 12.7 29.4 LMNOP 17.1 478
Jonamac 339 91.0 cdefghij Cortland 11.8 28.3 LMNOP 185 573
Golden Delicious 39.8  90.7 cdefghij Purdue 187-6 14.3 27.5 LMNOP 274 62.0
Spijon 370 90.6 cdefghij Spijon 11.6 26.4 LMNOPQ 30 69
Early McIntosh 39.0 90.1 cdefghij Mollie’s Delicious 10.0 25.9 LMNOPQ 146 395
Holly 328 89.3 cdefghijk Golden Delicious 11.0 24.0 MNOPQ 57 140
VPI 6 42.6 86.4 defghijk Winesap 10.4 23.4 MNOPQR 17.8 516
Ozark Gold 45.0 84.2 efghijk Melrose 12.2 23.1 MNOPQRS 74 134
Spartan 30.4 84.0 efghijk Starkspur Golden
Delicious 11.1 22.9 NOPQRS 42 13.2

Arkansas Black 28.1 83.9 efghijk Primegold 9.6 21.5 NOPQRS 29:6 72.5
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TABLE 1. continued
Greenhouse-grown
Field-grown Xylem
Cortical lesion length* Cortical lesion length’ streaking”
Cultivar (cm) (%) Cultivar (em) (%) (em) (%)
NY 18491 39.9 83.5 fghijk Puritan 9.0 21.4 NOPQRS 1.6 322
Nured Rome 349 834 fghijk Prima 9.7 20.6 OPQRS 83 257
Turley 349 82.7 fghijk Early MclIntosh 8.9 16.5 PQRS 19.1  50.1
Northern Spy 30.3 823 fghijkl Delicious 8.8 16.3 PQRS 88 25.5
Paragon 41.1  78.6 ghijklm Purdue 1279-2 7.2 14.6 PQRS 351 823
Delicious 36.0 77.7 hijklm Empire 6.3 13.8 PQRS 128  36.2
Young America 29.1 77.1 hijklmn Carroll 6.3 13.8 PQRS 13.8  37.1
Prima 30.8  76.1 hijkimn Wellington 4.3 12.9 PQRS 30 125
NY 55140-9 34.6  76.0 hijkimn NY 55140-19 4.0 12.6 QRS 178 715
Baldwin 34.1 753 ijklmn Ring's Wealthy 5.3 124 QRS 203 67.8
Wellington 30,9 73.5 ijkimn Hawaii 55 11.8 QRS 53 112
Melrose 347 722 jklmn NY 55158-2 5.1 109 RS 252 618
Vermont Spur Northwestern
Delicious 23.8  70.9 jklmn Greening 39 94 RST 210 604
Starkspur Golden
Delicious 32.1 68.9 klmno Quinte 35 92RST 247 67.2
Starkrimson
Carroll 27.4  60.9 Imnop Delicious 3.3 8.4 RST 20,6 70.5
Priscilla 25.0 60.4 Imnop Crimson Beauty 23 82RST 13.6  57.1
Winesap 22.3  57.1 mnopq Priscilla 37 80ST 26.0 638
Stayman 25.0 56.5 nopq Viking 30 73ST 21.7 630
Viking 18.1 47.3 opgr Britemac 1.0 18T 216 796
NY 55140-19 22.2 442 pgr Ottawa 523 16 18T 38.0 854
Starkrimson
Delicious 12.1  42.7 pgrs
Dolgo 21.6  38.7 pars
Jonadel 178 32.5 grs
Primegold 144 324 grst
Northwestern
Greening 156  31.7 rst
Hawaii 16.9 29.2 rst
Jonalicious 11.7  28.8 rst
Quinte 129 228 stu
Purdue 1279-2 12.1  19.7 stu
Crimson Beauty 6.5 11.3 tuv
Britemac 109 9.7 uv
NY 55158-2 6.7 8.8 uv
Ottawa 523 73 55w
Purdue 187-6 39 44v

“Inoculation was by direct injection of a nutrient broth culture (22 C for 24 hours containing ~ 10"
0.46-mm diameter (26-gauge) hypodermic needle through the stem just above the youngest unfolded

the inoculum suspension as the needle was withdrawn.

cells/ml) applied by inserting a
leaf and filling the wound with

“Means of 15 replicates of each cultivar. Percent (%) = [lesion length (cm)]/[total shoot length (cm)] X 100. Percent lesion lengths

followed by same letter did not differ significantly (P = 0.05)according to

(within field test only).

Duncan’s multiple range test on arc-sin transformed data

*Means of seven replicates of each cultivar. Percent (%) =[lesion length (cm)]/[total shoot length (cm)] X 100. Percent lesion lengths
followed by same letter did not differ significantly (P = 0.05) according to Duncan’s multiple range test on arc-sin transformed data

(within greenhouse test only).

“Means of seven replicates of each cultivar. Length (cm) of discolored streaking in xylem that extended further than cortical lesion.
Percent (%) = [length of xylem streaking (cm)]/[total shoot length (cm)] X 100.

from field observations based on natural infection (1,26).
For example, Jonathan, Rhode Island Greening, Rome
Beauty, and York Imperial were highly susceptible in
both tests, while Delicious, Stayman, and Winesap were
resistant,

Of more immediate interest to horticulturalists is the
performance of cultivars recently introduced (6).
Britemac, Hawaii, Priscilla, Quinte, and Viking were very
resistant; Carroll, Melrose, Prima, and Primegold were

resistant. They may be useful in breeding (7) although
there is no information on the heritability of their
resistance. Resistance to fire blight in other apple
cultivars and Malus species is variable in its mode of
inheritance (12). Burgundy, Honeygold, Julyred, Lodi,
Milton, Monroe, Niagara, Summerred, Tydeman’s Early
Worcester, Virginiagold, and Webster were
conspicuously susceptible.

Some of these cultivars are resistant to other diseases.
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Prima and Priscilla are resistant to Venturia inaequalis,
the incitant of apple scab (7). Priscilla is also resistant to
Gymnosporangium juniperi-virginianae, the incitant of
cedar apple rust, as are Britemac, Carroll, Hawaii,
Melrose, and Viking (3).

Spur type sports generally were less susceptible than
their parent cultivars. In the field test, Starkrimson
Delicious was significantly less susceptible than
Delicious, and Starkspur Golden Delicious significantly
less susceptible than Golden Delicious. Since these
differences were based on percent lesion length, they were
independent of any reduction in actual shoot length in the
spur types.

In this research, streaking in the xylem was observed to
extend beyond visible cortical lesions in many cultivars
(25). Bacterial cells were observed microscopically (8, 23)
and pathogenic cells of E. amylovora were isolated (13,
25). The bacteria presumably gained access to the xylem
vessels of the stem via the needle puncture at the time of
inoculation (8). The positive correlation of the xylem
streaking with the standard error of the cortical lesion
supports the concept that xylem-transmitted E.
amylovora might initiate invasion of the cortex (25). This
may explain why cultivars that usually produce short
cortical lesions but long xylem streaks will occasionally
develop much longer cortical lesions. Interestingly, in
many of the least susceptible cultivars extensive xylem
streaking did occur, although there was no negative
correlation between streak length and cortical lesion
length. Similar xylem streaking has also been observed in
naturally infected shoots in the field (13, Preczewski,
unpublished).

Although E. amylovora appears to invade the cortex
from the xylem only rarely (25) and activation of internal
bacteria has not been achieved, internal E. amylovora was
suggested (13) as the source of inoculum for fire blight
following hail-damage to healthy trees and in an outbreak
in an extremely isolated planting of Magness pears (31).

The possibility that xylem streaking may initiate severe
branch, trunk, or rootstock lesions on normally resistant
cultivars calls for further investigation. Account must be
taken of this phenomenon in breeding and selecting apple
cultivars for resistance to fire blight.
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