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The location of prune dwarf virus (PDV) and Prunus

necrotic ringspot virus (PNRSV) in pollen and seed

from infected and healthy sweet cherry trees pollinated

with infected pollen was investigated. Virus-like

particles were observed in the cytoplasm of pollen

grains from PDV-infected cherry trees using trans-

mission electron microscopy. No particles were observed

in pollen from trees infected with PNRSV or from non-

infected trees. Polystyrene spheres conjugated to PDV

antiserum densely coated the exterior of pollen from

PDV-infected trees. Polystyrene spheres conjugated to

PNRSV antiserum coated pollen from PNRSV-infected trees

less densely. Enzyme-linked immunosorbent assay (ELISA)

was used to determine the distribution of the viruses in



fruit and pollen tissues. PDV was detected in higher

concentration in the seed than in the mesocarp in

immature fruit from PDV-infected trees. At fruit

maturity, PDV was uniformly distributed throughout

the fruit. PNRSV was detected in higher concentration

in the mesocarp than in the seed of immature fruit

from PNRSV-infected trees, but at fruit maturity it had

decreased substantially in the mesocarp as compared with

the seed. Both viruses were detected in all parts of

fruit from infected trees pollinated with pollen from

healthy trees. Both viruses were detected in the embryo

and endosperm tissues, but not in the mesocarp of fruits

from caged healthy trees pollinated with infected pollen

and in infected fruits of healthy orchard trees polli-

nated with pollen from infected trees. Steadily

decreasing levels of antigen were detected in the buffer

from successive washings of pollen from PDV-infected

trees. A low level of antigen was detected only in the

buffer from the first wash of pollen from PNRSV-infected

trees. High antigen levels were recorded for pollen

samples that had been washed and then ground in buffer,

even when they had been treated before grinding with

antiserum to bind all available antigenic sites.
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LOCATION OF PRUNE DWARF AND PRUNUS NECROTIC RINGSPOT
VIRUSES IN SWEET CHERRY POLLEN AND FRUIT

GENERAL INTRODUCTION

In 1950, Milbrath (27) at Oregon State University

reported a study of the effects of Prunus ringspot virus

(PRSV) on cherry trees and demonstrated the importance

of this virus to the nursery industry. He found that

the growth of nursery trees after grafting onto infected

rootstock (grown from infected seed) was reduced by 30%.

Previous studies by other researchers (7,9) had already

shown that the virus was seed transmitted, and subsequent

studies (13,19,20,37) proved that seed infections could

result from pollination with pollen from infected trees.

In an attempt to avoid the problems caused by this

virus, both in commercial nursery plantings and in the

orchards in which the trees were ultimately planted, a

virus certification program for Oregon was initiated in

the late 1950's by the nursery industry in cooperation

with Oregon State University and the Oregon Department

of Agriculture. The program included the production of

virus-free trees to supply budwood for grafting, and

attempted to ensure that the seed and rootstocks were

as free from virus as possible. Efforts were made

simultaneously to eliminate virus-infected trees from
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commercial orchards and to replace them with trees

from the certification program. Because of the diffi-

culty of visually distinguishing between symptoms

caused by PRSV infection and those resulting from

infection with prune dwarf virus (PDV), undoubtedly

many trees infected with one or with both viruses

were eliminated. This program was moderately success-

ful, however, it was soon noted that virus-free trees

interplanted into commercial orchards became infected

with PRSV or PDV about 1 to 2 years after reaching

bearing age.

In 1963, George and Davidson (17) presented evidence

of tree-to-tree spread of PDV by pollen. Therefore,

PDV was not only capable of moving from pollen into

the developing seed, but also into the mother tree.

Because PDV and PRSV are very similar in physical

and serological characteristics as well as host range,

it seemed likely that PRSV could also be transmitted

in this way, and indeed the trees used in the

original study may well have been infected with

both viruses.

This explained the infection of virus-free trees

in interplanted orchards, but some trees in plantings

which appeared to be completely virus-free subsequently

became diseased, and the question of how these trees had
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become infected remained unanswered. One explanation was

the introduction of "foreign" pollen on bees supplied by

commercial bee keepers. The majority of cherries grown

in Oregon are sweet cherries, which require cross

pollination. Weather during bloom in western Oregon and

Washington is often poor for bee activity, and pollination

services are regularly purchased by commercial growers to

ensure adequate fruit set. Bee keepers in Oregon and

Washington traditionally take a portion of their hives

to California each spring where they supply pollination

services to almond growers. Beehives are transported

by truck and placed in the orchards until petal fall.

Most of the hives are then split into two hives and trucked

back to Oregon or Washington where they are placed in

cherry orchards. The return trip is usually accomplished

in one night (17 hrs or less) and thus bees that foraged

in the almonds of California one day, may be pollinating

cherries in Oregon the next. Based on observations, by

Dr. G. I. Mink, of increased occurances of the rugose

strain of PNRSV (also known as almond calico virus in

almonds) in Washington cherry orchards that traditionally

use bees returning from California, it was suggested that

bees might be carrying infected pollen, from either

almond or cherry orchards in California.



4

Cherry pollen on bodies of bees is still capable

of germinating on cherry stigmas after transport to

Oregon or Washington because of the short travel time

(G. I. Mink, personal communication). Almond pollen

will not fertilize cherry flowers, and therefore a

primary question to be addressed was the location of

the virus associated with the pollen. If it is

located on the exterior of the pollen and is capable

of infecting the flower stigma, then almond pollen

may be capable of infecting cherries. If, however,

the virus is carried within the pollen, and fertilization

is required, almond pollen would not be infective to

cherry.

Substantial gaps exist in the current knowledge of

pollen transmission and subsequent seed transmission

Many previous studies demonstrated that transmission

did indeed occur, but failed to give any indication

of how that transmission was accomplished. These

studies consist of 3 major types: 1) proof of

transmission, 2) statistical analysis of the percentage

of infected seeds or seedlings produced by infection of

one or both parents, and 3) direct evidence of the

presence and location of the virus in the gametes of

infected plants. The lack of more detailed information
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on the exact mechanism of pollen transmission, restricts

our ability to design control measures for these

diseases. Similarly, while it is commonly accepted

that viruses capable of infecting seed are sometimes

inactivated by some, as yet undefined, mechanism, and

that healthy seedlings may be grown from infected seed,

our limited understanding of virus activity in seeds

restricts our ability to take advantage of this

phenomenon in disease control.

This study was initiated to determine the precise

manner in which PDV and PNRSV are transmitted by pollen

and seed.
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LITERATURE REVIEW

The study of pollen transmission of viruses came

about as a logical extension of the study of seed trans-

mission. Because of the obvious close relationship

between pollination and seed production, it was

suggested as early as 1918, by Reddick and Stewart (33)

that virus could be carried in pollen and that virus

moving from the pollen and passing through the germ

tube into the style of the flower might produce infection

in the resulting seed. In 1921, Blakesley (3) demonstrated

that Datura seed could be infected with "Q" disease

either by the pollen or the mother plant, and Reddick

(32) in 1931 and Nelson and Down (29) in 1933 showed

that bean mosaic virus could be transmitted by pollen

grains. Cochran (9) presented evidence of seed trans-

mission of Prunus ringspot virus (PRSV) in peach seed,

while Cation (7,8) demonstrated that prune dwarf virus

(PDV) and PRSV were transmitted through cherry seed and

that seedlings grown from infected seed were severely

stunted. Milbrath (27), Millikan (28), and Gilmer (18)

reported similar results for PRSV and pointed out the

importance of seed infection and reduced tree growth

to the nursery industry. The growth and yield reductions

caused by these viruses are compounded by their detrimental
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effects on pollen morphology and physiology. Basak (2)

and Nyeki and Vertesy (30) found that infected trees

produced pollen that was less viable and that many grains

were abnormal in appearance and failed to germinate.

In 1954 Gold et al. (22) reported the first direct

evidence for seed and pollen transmission of a virus.

Working with barley false stripe virus in barley, they

dissected infected seeds, ground the various parts, and

examined the homogenates in the transmission electron

microscope after shadow-casting. Particles were observed

in homogenates of embryo, endosperm and pollen tissues.

They assumed that the virus was inside the pollen, but

their techniques did not exclude the possibility of

exterior contamination of the pollen.

In 1957, Ehlers and Moore (13) found that Prunus

viruses could be carried by pollen. While all previous

studies in Prunus had only examined seed produced by

infected mother trees, they also examined seed resulting

from controlled pollination of healthy trees with pollen

from infected trees. Unfortunately, the viruses were

not specifically identified, but it is highly likely

that they included PDV or PRSV or both. These studies

were duplicated and extended by Way and Gilmer (37,38)

and Gilmer and Way (19,20) in a series of experiments.

Working with PDV and PRSV in sour cherry they demon-
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strated that these viruses were capable of infecting

seed by way of pollen, both in the orchard and in

controlled greenhouse conditions. They also suggested

the possibility of back-infection of the healthy mother

tree from embryos infected by pollen. This was subse-

quently shown by George and Davidson (17) to be the

case for PDV. Until this time, some doubt still existed

as to the importance of pollen transmission of these

Prunus viruses in field conditions, as the possibility

of arthropod vectors remained unexplored. Swenson and

Milbrath (34) in an exhaustive study using many thousands

of insects and mites, failed to transmit PNRSV and they

concluded that no arthropod vector existed. Beginning

in 1967, a number of researchers reported more detailed

examinations of seed and pollen in attempts to determine

the precise method by which transmission was accomplished.

Gilmer and Wilks (21) found tobacco mosaic virus to be

associated with the seed coats and embryos in apple seeds,

while Megahed and Moore (25), in attempts to transmit PDV

from various parts of cherry seeds taken from infected

mother trees, reported transmission from seed coats and

cotyledons but not from plumules, hypocotyls, or radicles.

In an extensive series of electron microscope studies,

Carroll (4,5,6) and Mayhew and Carroll (24) reported

observations of barley stripe mosaic virus in barley
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embryos and unfertilized egg sacs. They also confirmed

the earlier work of Gardner (16) in observing virions

in the nuclei and cytoplasm of vegetative and sperm

cells of infected pollen. A similar study of bean

pollen by Hamilton et al. (23), however, demonstrated

that southern bean mosaic virus is carried only as an

external contaminant of bean pollen. Recently, Cole

et al. (10) have reported studies done or almond and

cherry pollen. They used enzyme-linked immunosorbent

assay (ELISA) techniques to determine the location of

PRSV carried by the pollen and concluded that the

virus is external.
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PART I

Part I is presented in its entirety as submitted

for publication in Phytopathology.
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LOCATION OF PRUNE DWARF AND PRUNUS NECROTIC RINGSPOT
VIRUSES ASSOCIATED WITH SWEET CHERRY POLLEN AND SEED

R. D. Kelley, Graduate Research Assistant, and H. R.

Cameron, Professor, Department of Botany and Plant

Pathology, Oregon State University, Corvallis, Oregon

97331.

INTRODUCTION

A number of viruses are known to be pollen trans-

mitted (2), but relatively little information is avail-

able concerning the way in which this is accomplished.

Studies have shown that prune dwarf virus (PDV) and

Prunus necrotic ringspot virus (PNRSV) are transmitted

by pollen in both squash (7,15) and cherry (10,11,18),

and that infected pollen can cause infection of the mother

plant (10).

Two mechanisms of virus entry into the mother plant

from infected pollen seem plausible (1,2): infection of

the stigma from virus carried on the pollen surface (12),

or direct infection of the embryo during fertilization

by virus carried within the pollen (4), followed by

infection of the mother plant (6).

A common characteristic of many pollen transmitted

viruses, including PDV and PNRSV, is that they are also
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seed transmitted (10). The percentage seed transmission

of PDV and PNRSV is extremely variable and infected

seeds quite commonly produce some seedlings in which

neither virus is detectable. This study was undertaken

to determine the location and behavior of these viruses

relative to the pollen and seed of sweet cherry. Dif-

ferences in the location of the virus within cherry

seed, depending on whether the virus originated from

the mother plant or the fertilizing pollen, were also

examined.



13

MATERIALS AND METHODS

Pollen Collection. Flowers were collected from

mature sweet cherry trees infected with PDV, PNRSV, or

both viruses (doubly-infected), as determined by

enzyme-linked imulunosorbent assay (ELISA), using PNRSV

antiserum prepared against isolate "G" from R. W.

Fulton, and PDV antiserum prepared against the "B"

isolate by R. W. Fulton, and purchased from ATCC.

These antisera have been shown to be capable of

detecting 31 of 34 isolates of these viruses (13).

Flowers were also collected as controls from trees

containing neither virus. Anthers were collected by

rubbing flowers over a screen. Pollen was then separated

from the anthers after drying. All samples were checked

for viability by plating a subsample on water agar and

examining after 24 hrs.

Scanning Electron Microscopy. Samples of pollen

from trees infected with PDV, PNRSV, or both viruses,

and pollen from noninfected trees, were dusted onto

double-sticky tape and covered with a suspension

containing antiserum to either PDV or PNRSV (0.D. =

1.4, 1:500 dilution) conjugated to 0.790 1-m diameter

polystyrene spheres (Ted Pella, Inc., Irvine, California
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92714). Samples were maintained at 37°C and 1007

relative humidity for 4 hr, after which they were

washed with phosphate buffer (pH 8.0) and processed

for examination by freeze drying in liquid nitrogen

under vacuum for 1 hr. Tapes were mounted on stubs,

coated with 20 nm of gold/palladium (40/60) and

examined in an Amray 1000A scanning electron microscopy

(Amray, Inc., Bedford, Massachusetts 01730) operated at

20 kV.

Washed Pollen. Weighed samples (0.1 g) of pollen

from noninfected cherry and cherry infected with PDV,

PNRSV, or both viruses, were each suspended in 3 ml

PBS-Tween-PVP buffer and shaken by hand for 1 min,

then centrifuged at 6K rpm for 10 min. A 1 ml sample

of the supernatant was taken for ELISA analysis, the

remainder discarded, and the pellet resuspended in 3

ml buffer. This procedure was repeated four times,

after which the pellet was ground with a mortar and

pestle, resuspended, and again washed repeatedly.

Approximately 80% of pollen grains appeared disrupted

in light microscope examination of ground samples. An

identical set of pollen samples were processed similarly

except that the samples were first washed for 10 min. in

100% ethanol to remove exterior lipids which might contain
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embedded virus particles, followed by a buffer wash

to remove any excess ethanol, and then incubated in

buffer containing antiserum to either PDV or PNRSV

(0.D. = 1.4, 1:4 dilution) for 1 hr to block all

accessable antigenic sites.

Virus in the Fruit. Fruit from noninfected trees

and trees infected with PDV, PNRSV, or both viruses

were collected. Five cherries from different limbs

were gathered from each tree on May 5, May 17, and

June 24 of 1982. The seeds were removed from May 5

and 17 fruit, a seed-sized piece of each mesocarp was

cut, and the remainder of the fruit discarded. The

five samples from each tree, either mesocarp or seeds,

were combined and ground in 5 ml PBS-Tween-PVP buffer

and examined by ELISA. The June 24 samples were treated

identically except that the seeds were further dissected

into cotyledons, hypocotyl-radical, and testa-nucellar

tissues (see Figure 18, Appendix B). Hypocotyl-radical

and testa-nucellar tissues were ground in 2 ml buffer.

Absorbance values for 405 nm wavelength light (A405)

generated by p-nitrophenol in ELISA reactions were

recorded using a Gilford PR-50 EIA Automatic Analyzer

(Gilford Instrument Laboratories, Inc., Oberline, Ohio

44074).
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Controlled pollination in cages: Four sweet

cherry trees (2 Lambert and 2 Bing), which contained

neither PDV or PNRSV, were each enclosed in a cage

4.9 m (16 ft) long by 2.4 m (8 ft) wide by 3.7 m

(12 ft) high (Figure 1). Each cage was internally

divided in half, with half the tree canopy in each

half-cage. At the popcorn stage of bloom development

a hive of bees was placed in each half-cage. Branches,

with unopened flowers from noninfected Black Republican

cherry trees or from trees of the same variety infected

with PDV or PNRSV, were placed in buckets of water in

each half-cage as pollen sources. These branches were

replaced every 2 days for 10 days. On May 5, May 17,

and June 24, five fruit from each half-tree were

collected and tested as described above.

Controlled pollination in the orchard: In

1983, 7 orchard trees determined by ELISA to be free of

virus were pollinated by hand with pollen collected from

trees infected with either PDV, PNRSV, or both viruses

(205, 201, and 211 flowers were pollinated and 9, 52,

and 50 fruit were produced, respectively). Eight

infected trees were also hand pollinated with pollen

collected from noninfected trees (697 flowers were

pollinated and 37 fruit were produced). In addition,
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6 noninfected trees were pollinated (481 flowers pollinated

and 12 fruit produced) with a combination of pollen from

PNRSV-infected almond and noninfected cherry by covering

half the stigma with almond pollen and the other half

with cherry pollen. Pollinated flowers were either

enclosed in screens covering the limb or all petals and

anthers were removed, leaving only the gynecia. Fruit

were harvested at maturity and dissected and tested as

described above.
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RESULTS

Transmission Electron Microscopy. Virus-like

particles, approximately 45 nm diameter, were observed

in sections of pollen from trees infected with PDV

(Figures 2, 3, and 4) or with both viruses (Figure 5).

Although present throughout the cytoplasm of the

pollen, particles appeared in greatest concentration

in the areas beneath the pores at each corner of the

grain (Figure 2). Particles were not observed in pollen

from PNRSV-infected (Figure 6) or healthy (Figure 7)

trees. Subsequent examination of pollen from PDV-

infected trees, prepared similarly except for fixation

in 4% glutaraldehyde and post-fixation in osmium tetrox-

ide, showed similar particles, but measuring approximately

25 nm in diameter. This fixation procedure, however, gave

very poor quality specimens. Attempts to specifically

stain particles in potassium permanganate-fixed sections

with ferretin-tagged PDV and PNRSV antisera were

unsuccessful.

Scanning Electron Microscopy. Pollen from trees

infected with PDV or with both viruses were heavily

coated with polystyrene spheres conjugated to PDV

antiserum (Figures 8 and 9, respectively). Pollen

from PNRSV-infected or doubly-infected trees were
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lightly coated with polystyrene balls conjugated to

PNRSV antiserum (Figures 10 and 11, respectively),

and pollen from healthy trees retained very few

balls conjugated to either virus (Figure 12).

Washed Pollen. A405 values by p-nitrophenol gen-

erated in ELISA reactions were compared among all

treatments.

PDV: Supernatant fluids from buffer washings

of pollen from PDV-infected trees (Figure 13C) contained

progressively less antigen after each successive washing.

A405 values were maximal in supernatant from the first

washing and declined steadily with each wash. When

these samples were ground, however, values increased

4-fold over those of the preceeding wash. Values for

washings after grinding again declined with each wash

and the value for the last wash was not higher than for

pollen from noninfected controls. A405 values were not

above those of noninfected controls for the first four

washings of pollen pretreated with ethanol and antiserum

(Figure 14C). Values increase 5-fold over the previous

wash when these samples were ground, but this increase

appeared to be less pronounced than for similar samples

which had not been pretreated with antiserum. Values

for washings after grinding were progressively less,

but were still higher than for noninfected controls.
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PNRSV: Supernatant fluids from washings in

buffer of pollen from PNRSV-infected cherry and almond

trees (Figures 13A and 13B, respectively) contained

some antigen in the first wash, were no more antigenic

than noninfected control samples by the third wash,

and were maximal when ground. No antigen was detected

in supernatants of washings of pollen pretreated with

ethanol and antiserum (Figures 14A and 14B). However,

significant increases in antigenic activity over the

preceeding wash (200 and 20-fold increases for cherry and

almond pollen respectively) were observed when these

pollen samples were subsequently ground. The response

to grinding of pollen from PNRSV-infected almond was

nearly as large for antiserum treated samples as for

those receiving no antiserum. The response of pollen

from PNRSV-infected cherry, however, was not as large

for antiserum treated as for untreated. Supernatant

values of washings after grinding were not higher than

for noninfected controls.

PDV and PNRSV: Pollen from cherry trees infected

with both PDV and PNRSV demonstrated patterns of antigen

activity in the washes similar to those described above

when tested against PDV or PNRSV antiserum. However,

A405 values of tests for PNRSV in these samples were

always much lower than in tests for PNRSV in samples

from trees infected with PNRSV alone.
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Virus in the Fruit. A405 levels of ground suspen-

sions of PDV-infected fruit collected May 4 and May 17

(Figure 15A) and tested for the presence of PDV were

consistently higher for the seed than for the mesocarp

when infected with PDV alone or when doubly-infected,

but lower values were recorded for seed than for meso-

carp when testing for PNRSV in fruit infected with

PNRSV or doubly-infected (Figure 15B). No antigen to

either virus was detectable in May 5 and May 17 fruit

samples from caged trees. In samples taken from PDV-

infected and doubly-infected orchard trees on June 24

(Figures 16A and 16B, respectively), PDV was distributed

uniformly throughout all tissues tested, but in PNRSV-

infected fruit (Figure 16C) less antigen was detected

in the mesocarp than in mesocarp of similarly infected

fruit tested May 5 and May 17. In addition, PNRSV in

doubly-infected seeds was concentrated in the testa-

nucellar tissues and, to some extent, in the mesocarp,

with very little virus detected in the cotyledons and

hypocotyl-radical tissues (Figure 16D).

Controlled pollinations in cages: No virus

was detected in mesocarp tissue of fruit from caged

half-trees fertilized with pollen from infected trees,

but high A405 values were recorded for testa-nucellar,

cotyledons, and hypocotyl-radical tissue suspensions
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(Figure 17). No virus was detected in the fruit from

the halves of caged trees fertilized with pollen from

healthy trees.

Controlled pollinations in the orchard: Distri-

bution within fruit of noninfected orchard trees pollinated

with pollen from trees infected with either PDV or PNRSV

was identical to that in fruit from caged trees, with

virus detected only in daughter tissues. However, no

PNRSV was detected in fruit on noninfected trees polli-

nated with pollen from trees infected with both viruses,

while PDV was readily detected. Antigen was detected

in all parts of fruit from virus-infected trees

pollinated with pollen from healthy trees. No infected

fruit were produced from pollination with pollen from

PNRSV-infected almond trees mixed with pollen from

healthy cherry. It was generally observed that

hand pollination was more successful when the flowers

were subsequently enclosed in cages than when the petals

were removed and the flowers not caged.
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Figure 1. Design of cage for controlled pollination
of sweet cherry trees. A hive of bees
(boxes shown) was placed in each half of
cage (divided by screen shown) with flowers
from compatable cherry trees supplied in a
bucket of water. One half of each cage
received flowers from infected trees while
the other half received flowers from healthy
trees. Flowers were changed every 2 days
for 10 days. (Note: Cage is shown here
without the external screen which covered
the frame.)
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Figure 1.
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Figure 2. Virus-like particles (arrows) in trans-
mission electron micrograph of pollen
from prune dwarf virus-infected sweet
cherry tree. Bar = 1 Pm.
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Figure 3. Virus-like particles (arrows) in trans-
mission electron micrograph of pollen
from prune dwarf virus-infected sweet
cherry tree. Bar = 1 um.



28

Figure 3.
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Figure 4. Virus-like particles (arrows) in trans-
mission electron micrograph of pollen
from prune dwarf virus-infected sweet
cherry tree. Bar = 1 um.
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Figure 4.



31

Figure 5. Virus-like particles (arrows) in trans-
mission electron micrograph of pollen
from a sweet cherry tree infected with
prune dwarf and Prunus necrotic ringspot
viruses. Bar = 100 nm.
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Figure 6. Transmission electron micrograph of pollen
from Prunus necrotic ringspot virus-infected
sweet cherry tree. Particles at arrows may
be the virus. Bar = 1 Pm.



34

Figure 6.



35

Figure 7. Transmission electron micrograph of pollen
from non-infected sweet cherry tree.
Bar = 1 um.
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Figure 7.
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Figure 8. Scanning electron micrograph of a pollen
grain from a prune dwarf virus (PDV)-infected
sweet cherry tree, after incubation with poly-
styrene spheres (0.790 m diameter) conjugated
to PDV antiserum. Bar = 10 um.
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Figure 8.
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Figure 9. Scanning electron micrograph of pollen
grains from a sweet cherry tree infected
with prune dwarf virus (PDV) and Prunus
necrotic ringspot virus (PNRSV), after
incubation with polystyrene spheres
(0.790 pm diameter) conjugated to PDV
antiserum. Bar = 10 pm.
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Figure 10. Scanning electron micrograph of a pollen
grain from a Prunus necrotic ringspot
virus (PNRSV)-infected sweet cherry tree,
after incubation with polystyrene spheres
(0.790 um diameter) conjugated to PNRSV
antiserum. Bar = 10 um.
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Figure 11. Scanning electron micrograph of pollen
grains from a Prunus necrotic ringspot
virus (PNRSV)-infected sweet cherry
tree, after incubation with polystyrene
spheres (0.790 pm diameter) conjugated
to PNRSV antiserum. Bar = 10 pm.
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Figure 11.
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Figure 12. Scanning electron micrograph of a pollen
grain from a non-infected sweet cherry
tree, after incubation with polystyrene
spheres (0.790 um diameter) conjugated
to Prunus necrotic ringspot virus and
prune dwarf virus antisera. Bar = 10 um.
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Figure 12.
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Figure 13. WITHOUT ANTISERUM PRETREATMENT. Absorbance
values for 405 nm wavelength light by
p-nitrophenol generated in ELISA reactions
of supernatant from successive washings,
grinding, and further washings of sweet
cherry and almond pollen samples. A. Values
for pollen from Prunus necrotic ringspot virus
(PNRSV) infected cherry trees tested for PNRSV
antigen. B. Values for pollen from PNRSV-
infected almond trees tested for PNRSV antigen.
C. Readings of pollen from prune dwarf virus
(PDV) infected trees tested for PDV antigen.
Tests were performed 3 times. Values shown
are averages of 3 replicate wells. See Table
2, Appendix A for exact values.
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Figure 14. WITH ANTISERUM PRETREATMENT. Absorbance
values for 405 nm wavelength light by
p-nitrophenol generated in ELISA
reactions of supernatant from successive
washings, grindings, and further washings
of sweet cherry and almond pollen samples
which had been pretreated by washing in
100% ethanol for 10 min., washed in buffer,
and incubated with antiserum to either
prune dwarf virus (PDV) or Prunus necrotic
ringspot virus (PNRSV) for 1 hr. A. Readings
for pollen from PNRSV-infected cherry trees
tested for PNRSV antigen. B. Readings for
pollen from PNRSV-infected almond trees
tested for PNRSV antigen. C. Readings for
pollen from PDV-infected cherry trees tested
for PDV antigen. Tests were performed 3
times. Values shown are averages of 3
replicate wells. See Table 3, Appendix
A for exact values.
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Figure 15. Absorbance values for 405 nm wavelength
light by p-nitrophenol generated in ELISA
reactions of fruit gathered from infected
orchard trees on May 5 and May 17.
A. Reactions to prune dwarf virus (PDV)
antiserum. B. Reactions to Prunus necrotic
ringspot virus (PNRSV) antiserum. PDV =
Fruit from PDV infected trees; PNRSV =
Fruit from PNRSV-infected trees; D.I. =
Fruit from trees infected with both
viruses. Tests were performed 3 times.
Values shown are averages of 3 replicate
wells. Standard deviations were less than
0.03 for all values.
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Figure 16. Absorbance values for 405 nm wavelength
light by p-nitrophenol generated in ELISA
reactions of fruit gathered from infected
orchard trees on June 24. A. Reaction of
fruit from prune dwarf virus (PDV)-infected
trees to PDV antiserum. B. Reaction of
fruit from trees infected with PDV and
Prunus necrotic ringspot virus (PNRSV)
to PDV antiserum. C. Reaction of fruit
from PNRSV-infected trees to PNRSV anti-
serum. D. Reaction of fruit from trees
infected with both viruses to PNRSV anti-
serum. ME SO = mesocarp; COT = cotyledons;
H/R = hypocotyl/radical tissues; T/N =
testa/nucellar tissues. Tests were
performed 3 times. Values shown are
averages of 3 replicate wells. Standard
deviations were less than 0.03 for all
values.
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Figure 17. Absorbance values for 405 nm wavelength
light by p-nitrophenol generated in
ELISA reactions of fruit gathered on
June 24 from healthy caged trees which
had been pollinated with pollen from
infected trees. PNRSV = Reaction to
Prunus necrotic ringspot virus (PNRSV)
antiserum of fruit from trees pollinated
with pollen from PNRSV-infected trees;
PDV = Reaction to prune dwarf virus
(PDV) antiserum of fruit from trees
pollinated with pollen from PDV-infected
trees; M = mesocarp; C = cotyledons;
H/R = hypocotyl/radical tissues; T
= testa-nucellar tissues. Tests were
performed 3 times. Values shown are
averages of 3 replicate wells. Standard
deviations were less than 0.03 for all
values.
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DISCUSSION

Transmission electron microscope observations of

virus-like particles within pollen grains and exterior

labeling and washing experiments suggest that PDV is

carried both internally and externally by cherry pollen.

Observed virus-like particles were about twice the

diameter reported for PDV in purified extract (8), but

the following observations suggest that these particles

are, indeed, PDV: (A) they were observed only in pollen

from PDV-infected trees, (B) potassium permanganate

is known to attack protein (16) and cause swelling of

some organelles (3,9,14) and could thus cause a

partial dissociation of the particles, and (C) glutar-

aldehyde/osmium fixation resulted in small particles

which were also observed only in pollen from PDV-infected

trees.

The high A405 values of the first wash of pollen

samples from PDV-infected and doubly-infected trees,

followed by a steady decline to near zero, indicates

that the virus is external and can be washed off while

the subsequent large increase after disruption by

grinding indicates that virus was released from inside

the pollen. The A405 values for washes from pollen

pretreated with antiserum were not higher than for pollen
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from healthy trees, indicating effective blockage of

all accessible antigenic sites. However, values

increased 4 to 200-fold after grinding, further

substantiating the hypothesis of an internal location

for these viruses. The dense attachment of conjugated

polystyrene spheres also supports the hypothesis of an

exterior location for PDV.

PNRSV was not observed in the electron microscope.

This is most probably due to disruption of the virus

during the preparation process. However, labeling

and washing experiments suggest that it is carried

both internally and externally. The number of conju-

gated polystyrene spheres attached to PNRSV-infected

pollen was only slightly greater than for healthy

controls, indicating that little or no virus occurred

externally, or that the virus was removed during

processing. Washing experiments, however, suggest

that some virus is on the exterior of the pollen, while

the significant increase in antigenic activity after

grinding, even when treated with antiserum, indicates

internal virus was released. These results do not

agree with those of Cole et al. (5), but in repeated

tests we were unable to duplicate their results. The

distribution of virus within the fruit from infected

trees was different for the two viruses and changed
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with time. In all fruit samples tested, the A405 values

for PNRSV were significantly lower when PDV was also

present. All pollen samples from trees infected with

both viruses also carried less detectable PNRSV than

pollen from trees infected with PNRSV alone. In con-

trast to reports for petal tissues (17), it appears

that PNRSV is either inhibited by or in competition

with PDV in pollen and fruit tissues.

The distribution of virus within fruit from healthy

trees fertilized with pollen from infected trees was

markedly different from that within fruit from infected

mother trees. No virus was detected in fruit produced

by pollen from infected trees until maturity, and no

virus was detected in the mesocarp tissue from any

mature fruit sample. Because the mesocarp is derived

from mother tree tissue while the hypocotyl-radical

tissues and cotyledons are products of fertilization

(see Appendix B, Figures 19, 20, and 21), it seems

plausible that this distribution pattern is caused

by transmission of the viruses through the germ

tube of the fertilizing pollen and direct infection

of the egg cell. Testa-nucellar tissue samples

consist of both daughter (endosperm) and mother (nucellar)

tissues, and these parts were found to be infected in
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fruit from infected trees and in fruit from pollination

with pollen from infected trees; a distribution pattern

not inconsistent with an hypothesis of transmission by

fertilization. In addition, the consistently high

levels of antigenic activity associated with these

tissues suggest direct infection of the endosperm at

fertilization. No fruit developing from pollination

with pollen from PNRSV-infected almond trees mixed

with pollen from healthy cherry contained any detectable

virus. This suggests that fertilization with infected

pollen is required for transmission and that virus on

the pollen surface plays little or no role in tree-to-

tree spread.

The results of this study have shown a marked

difference in distribution of these two viruses

associated with the fruit and pollen of sweet cherry.

In addition, PDV seems to compete with PNRSV within the

limiting environment of the pollen or seed. Continued

studies of these viruses within germinating pollen and

developing embryos are underway and should yield a more

complete picture.
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PART II

Part II is presented in publication form, although

it has not been submitted for publication.
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THE INCIDENCE OF PRUNE DWARF AND PRUNUS NECROTIC
RINGSPOT VIRUSES IN HIVE-STORED POLLEN

R. D. Kelley, Graduate Research Assistant, and H. R.

Cameron, Professor, Department of Botany and Plant

Pathology, Oregon State University, Corvallis, Oregon

97331.

INTRODUCTION

Each spring, Oregon and Washington commerical

bee keepers take a portion of their bee hives to

California to supply pollination services to almond

growers. After petal fall in almonds, the hives are

loaded onto trucks and returned to Oregon and Washington

to supply pollination services in sweet cherries, and

this transition from almond to cherry orchard can be

accomplished in one night. It has been suggested in

recent years that prune dwarf virus (PDV) and Prunus

necrotic ringspot virus (PNRSV), which are transmitted

by pollen, and cause diseases in both almond and cherry,

may be introduced into Oregon and Washington cherry

orchards by bees returning from California. A severe

strain of PNRSV known as cherry rugose when it occurs

in cherry, and as almond calico when it occurs in

almond, has caused concern in Washington where it

has been observed to occur with higher frequency in



65

those cherry orchards which purchase pollination services

from beekeepers returning with their hives from California

almond orchards. This study was initiated to determine

the incidence of these viruses in bee hives in selected

California almond orchards, and the amount of pollen

likely to remain on the bodies of returning bees.
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MATERIALS AND METHODS

Eight bee hives in each of three different 10 year

old almond orchards (24 hives total), located in the

Modesto area of California, were randomly sampled.

Each hive was opened and examined, and pollen samples

were removed from 10 cells. Pollen samples were

individually ground in 3 ml PBS-Tween-PVP buffer

using a mortar and pestle and then analyzed by enzyme-

linked immunosorbent assay (ELISA) to determine the

presence of PDV or PNRSV antigen. Antisera used in the

tests were made against isolate "H" of PNRSV = 1.4,

dilution = 1:500) and isolate "B" of PDV (0.D. = 1.4,

dilution = 1:500) as characterized by Barnett and Fulton

(1), and were purchased from the American Type Culture

Collection (Bethesda, MD).

Twelve adult worker bees were collected at random

from various hives after two days of high winds and

rain had kept the bees from foraging. The bees were

killed and returned to the lab where each bee was

shaken by hand in 5 ml of distilled water. Pollen

grains in the water were counted using a hemocytometer.
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RESULTS

All 240 pollen samples tested positive for PNRSV

antigen, but no PDV antigen was detected. The average

number of pollen grains washed from each worker bee

was 556 (standard deviation = 27.117).
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TABLE 1. POLLEN GRAINS WASHED FROM WORKER BEES.

Bee # # of Grains

1 560

2 580

3 502

4 570

5 568

6 530

7 574

8 532

9 544

10 584

11 535

12 592
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DISCUSSION

These data strongly suggest that PNRSV occurs

almost universally in mature almond orchards in

California, and that it is present in the stored

pollen within the hives returning to Oregon and

Washington.

Weather conditions at the time of sampling

were such that it is doubtful that sacrificed bees

had foraged for at least 48 hr, and therefore all

efforts by these bees to remove pollen from their

body hairs should have been completed. The presence

of a substantial number of pollen grains on these

"cleaned" bees substantiates the hypothesis that a

significant amount of pollen may be introduced into

an orchard when the bees are relocated.
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GENERAL SUMMARY

Examination by ELISA of hive pollen in California

almond orchards showed that PNRSV, but not PDV, was

common in those orchards and that bees were gathering

pollen which was antigenic to PNRSV antiserum. These

bees were further found to have an average of 500

pollen grains on their body hairs, even when they had

not foraged for approximately 48 hrs. All attempts to

transmit infection from almond to cherry by almond

pollen, however, were unsuccessful. Therefore, although

pollen from infectedtrees is present on bees in quantities

which would be adequate to introduce infection into a cherry

orchard after transport, these results indicate that PNRSV-

infected almond pollen does not appear to pose a threat to

cherry orchards. The possibility exists, however, that

virus infected cherry pollen may also be present on trans-

ported bees, and this may constitute a significant source

of inoculum.

Controlled pollination experiments showed that when

the mother tree is infected, all fruit parts are infected.

When the mother tree is healthy and the pollen parent is

infected, however, the resulting fruit are infected only

in daughter tissues. Therefore, fertilization appears to

be required for transmission of these viruses from pollen
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to the embryo. In addition, infection of the mother

tree does not seem to occur by infection of the stigma

and style with circumvention of the embryo, but rather,

requires fertilization to occur with subsequent movement

into the mother tree from the seed tissues.

PDV was observed in the cytoplasm of pollen and

indirect evidence suggests that it is also carried

externally. This is the first reported observation

of this virus in situ. Indirect evidence is presented

that PNRSV is also located both internally and externally

in pollen.

ELISA analyses of fruit and pollen suggest reduced

levels of PNRSV when PDV is present, therefore PDV and

PNRSV appear to compete in these tissues. In addition,

in controlled pollinations using pollen from trees

infected with both viruses, fruit were produced which

contained PDV but not PNRSV.

Further research on transmission of these viruses

should include the following experiments:

1) Examination by transmission electron

microscopy of germinated pollen for the

presence of virions in the germ tubes.
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2) Repetition of the conjugated polystyrene

ball experiments, using ferretin tagged

antisera and x-ray analysis in the

scanning electron microscope to detect

iron. This test would be more sensitive

than those using polystyrene balls.

3) ELISA analysis of flower peduncles and

spur cambium to detect movement of the

virus into the healthy mother tree.

4) Separation of the testa from the nucellar

tissues and separate ELISA analysis of

these parts.

5) ELISA analysis of half-seeds and culturing

of the other half in media with subsequent

EILISA analysis of the resulting seedlings.

Quantification of the percentage of healthy

plants growing from infected seeds.

6) Washing of many bees to yield enough pollen

for ELISA analysis. An experiment which

took bees from a hive returning from Cali-

fornia and periodically sampled pollen

washed from the bees, using both ELISA

and indicator plants would give much

valuable information.

Note: Experiments 2, 3, 5 and 6 were attempted

by the author, but the data were not

conclusive.
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TABLE 2. ABSORBANCE VALUES GENERATED IN ELISA TESTS OF POLLEN WASHED AND GROUND
IN BUFFER, WITHOUT ANTISERUM PRETREATMENT.

Wash #

Without Antiserum Pretreatment

CherryPNRSV Almond-PNRSV Cherry-PDV

Mean (N=3)1
Absorbapce Standard
Reading' Deviation

Mean (N=3)
Absorbance
Reading

Standard
Deviation

Mean (N=3)
Absorbance
Reading

Standard
Deviation

1 .859 1.9E-04 3 1.06 1.4E-02 2.134 1.4E-02

2 .108 9.0E-05 .422 1.5E-03 .608 2.0E-03

3 .047 7.0E-06 .310 7.0E-04 .551 1.0E-03

4 .015 1.6E-05 .141 2.7E-03 .448 2.0E-03

5 2.259 3.4E-03 2.72 3.2E-03 2.066 9.0E-03

6 .211 2.8E-05 .580 2.8E-04 .733 4.0E-03

7 .034 1.4E-05 .375 7.1E-03 .492 7.0E-03

8 .022 9.3E-06 .230 4.1E-03 .273 3.0E-03

Healthy .051 2.0E-03 .27 2.0E-03 .271 3.7E-05

1Values listed are averages of 3 replicate wells. co

2Absorbance readings of 405 nm light by p-nitrophenol generated in ELISA reactions.
3E-04 is 10-4 (i.e. 1.9E-04 = 1.9 X 10-4)



TABLE 3. ABSORBANCE VALUES GENERATED IN ELISA TESTS OF POLLEN WASHED AND GROUND
IN BUFFER, WITH ANTISERUM PRETREATMENT.

With Antiserum Pretreatment

Wash #

Cherry-PNRSV Almond-PNRSV Cherry-PDV

Mean (N=3)1
Absorbance
Reading2

Standard
Deviation

Mean (N=3)
Absorbance
Reading

Standard
Deviation

Mean (N=3)
Absorbance
Reading

Standard
Deviation

1 .085 2.6E-05 3
.032 6.1E-05 .330 3.4E-04

2 .05 9.0E-06 .033 5.7E-05 .185 2.2E-04

3 .06 1.4E-05 .026 3.2E-05 .196 2.2E-04

4 .05 2.4E-05 .027 2.2E-05 .178 1.2E-04

5 .505 2.7E-04 2.222 2.7E-03 .976 3.5E-04

6 .035 2.3E-06 .096 1.4E-05 .633 5.2E-05

7 .02 1.7E-05 .028 1.0E-05 .429 1.2E-04

8 .009 3.1E-05 .027 7.0E-06 .312 3.6E-05

1Values listed are averages of 3 replicate wells.
2
Absorbance readings of 405 nm light by p-nitrophenol generated in ELISA reactions.

3E-05 is 10-5 (i.e. 2.6E-05 = 2.6 X 10-5).
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Figure 18. Dissected cherry fruit, showing parts
analyzed with ELISA. MESO = mesocarp
tissue cut to equal weight as cotyledons;
H/R = hypocotyl-radical axis; TIN =
testa and nucellar tissues; COT =
cotyledons.



84

T/NN- COTa

Figure 18.
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Figure 19. Typical flower and pollen, showing
germination of pollen and growth of
pollen tube during fertilization.
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Figure 20. Megasporogenesis showing the derivation
of the nucellar tissues.
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Figure 20.
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Figure 21. Embryogenesis from fertilization to
mature seed, showing formation of
the endosperm.
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