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Lynn L. Hoefert and

Ernest M. Gifford, Jr.

Grapevine Leafroll Virus-History
and Anatomic Effects'

HISTORY OF THE DISEASlE
LEAFROLL OF GRAPEVINE has been rec
ognized as a disease for more than a
century, but the first indication of its
viral nature "vas given by Scheu (1936)2
when the disease was shown to be seed
and graft transmitted. In California,
Harmon and Snyder (1946) described a
disease with symptoms of leafrolling
that produced white berries in normally
red-fruited grapevines of the variety
Emperor. They accomplished graft
transmission of the "white Emperor"
disease to healthy grapevines. White
Emperor was later proved identical to
leafroll diseases of Germany and
France, all of which were recognized as
viral in origin (Goheen, et al., 1958;
Vuittenez, 1958).

Early descriptions of the disease
Leafroll is known by several names

in the French literature; early stages
are referred to as "rougeau or Haves
cence" (Vidal, 1943) and later stages
are termed "brunissure" (Cook and
Goheen, 1961).

Rougeau (or red plague) was a term
applied by early French viticulturists
to a disease of the leaves described as
occurring "in the summer owing to hot
south winds after a fog." This descrip
tion of the disease was included in 'I'hie
baut de Berneaud's book, The Vine-

dresser's Theoretical and Practical
Manual, translated from the second edi
tion by Felix Pascalis, M.D., in 1829.
The appearance of rougeau was de
scribed as sudden, with a reddening of
the leaves which fell within 2 days;
fruits became wrinkled and dry. It is
problematical whether this condition
would be called leafroll today. Redden
ing of the leaves is a valid symptom but
the disease generally progresses much
more slowly.

The next description of leafroll is at
tributed to Fabre, 1853, who observed
that the leaves turned remarkably red
and slowly became wholly or partially
desiccated. Fabre recognized that the
disease appeared each year and was
transmitted from one vine to another,
but he associated no specific parasite
with transmission of the disease and
concluded that its nature was a mystery
(Ravaz and Verge, 1924). Louis Le
clerc (1853) stated:

"I have seen this Rouge or Rouget in
Languedoc, where it has been little
known until now; it is acknowledged to
have contributed a large part to the dis
aster of this year. Rouge has been ob
served more frequently in Bourgogne.
People completely ignore this malady
which attacks the leaf with a beautiful
red color and paralyzes its functions."

1 Submitted for publication January 6, 1967. This work formed part of a thesis submitted Sep
tember, 1965, to the Graduate Division, University of California, Davis, by the senior author in
partial fulfillment of the requirements for the degree of Doctor of Philosophy in Botany.

2 See "Literature Cited" for publications referred to in the text by author and date.
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Symptoms of leafroll have been de
scribed disparately over the years, prob
ably as a result of varying varietal and
environmental conditions. According to
Goheen et ale (1958), symptoms pro
gress from premature coloration and
downward rolling of leaf margins on old
leaves to the same effect on younger
leaves, which become brittle and rugose.
Interveinal chlorosis is often apparent
and necrotic spots may develop to form
large areas having a burned appearance.
The disease tends to weaken the vines
and causes a general reduction in yields,
sometimes to an alarming degree.

Organisms associated
with the disease

Although leafroll was at first attrib
uted to unfavorable environmental con
ditions, later investigators found vari
ous insects and fungi associated with
the disease. Pastre (1891) ascribed leaf
roll to the action of a scale insect, but
some doubt was cast upon this when
Mayet found an analogous scale insect
on the variety Aramon in the absence
of any leafroll symptoms (cited by
Ravaz, 1904). Viala and Sauvageau
(1892) described the causal organism as
a parasitic myxomycete which they
named Plasmodiophora vitis. Its taxo
nomic position in the Plasmodiophora
ceae was questioned by Debray (1894)
on the basis of exogenous spore forma
tion; he later proposed the name Pseu
docommis vitis (1895). Viala (1895)
discussed a discovery of Brizi's which
he considered to be particularly signifi
cant-the finding of a plasmodium in
leafroll-infected cells. Brizi regarded
the organism as a protozoan of unknown
affinity (as cited by Viala, 1895). Mor
itz and Busse (1894) concurred with
Viala and Sauvageau that Plasmodia
phora vitis was the incitant of leafroll
in Germany.

These observations were substantially
negated by the work of Woods (1899),
who applied the same technique, that of
treatment of sections with Eau de J a-
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velle, to healthy and infected cells of
Vitis, and to cells of Lilium, tobacco,
tomato, rose, hyacinth, and Spirogyra.
He saw "plasmodes" or plasmodium-like
structures in all cells treated and con
cluded that Plasmodiophora vitis and
Pseudocommis vitis were artifacts. He
attributed the artifacts to micro-chem
ical oxidations under alkaline condi
tions which caused coagulation of pro
teins, especially chloroplasts.

The Chytridiaeeae were implicated as
incitants of lea.froll when Prunet (1894)
proposed that a number of known dis
eases, including brunissure and maladie
pectique, among others, were caused by
Oladochytrium viticolum. Prunet's clas
sification gained little favor, nor did
that of Dufour (1902) who suggested
that a larval form of the Erinose mite
(Phytopus vitis) was responsible for
the symptoms commonly called brunis
sure.

Various other fungi were thought to
cause leafroll; many of these - e.g.,
Pseudopeziza tracheiphilla (Muller
Thurgau, 1915; Faes, 1916; Oster
walder, 1922) and Exobasidium vitis
(Prilleux and Delacroix, 1895) - are
known today to cause other grapevine
diseas-es.

Occurrence and spread
of the disease

LeafroU was quiescent in Europe in
1893 but reappeared with severity in
1894 (Mazade, 1894; Guillon, 1894; and
G. de M., 1894). Guillon remarked on
the "lamentable aspect" of a vineyard
situated in a large valley at Nizas. The
vines, variety Aramon, were desiccated
completely and were heavy with im
mature fruit, Similar defoliation symp
toms later were described as mite dam
age (Jacob, et ol., 1941) so uncertainty
exists regarding the cause of the symp
toms reported by Guillon. Diseased
grapevines were reported in France, the
Orient, Spain, Italy, Portugal, and
Hungary (Guillon, 1895). Since then
leafroll has been found in Germany
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(Scheu, 1936), South Africa (DuPles
sis, 1950), California (Goheen et al.,
1958) , Washington State (Goheen ei
al., 1960), Australia (Fraser, 1961),
and New Zealand (McKissock, 1964).

Leafroll was so common in some vari
eties that varietal descriptions referred
to rolled leaves and early autumnal
coloration (Ollram, 1938). White Guta
del and Early White Gutadel are not
able examples (Goethe, 1878) now
known to be particularly susceptible to
infection by the leafroll virus.

Environmental causes
of the disease

Some authors failed to credit the
microorganism hypotheses and ascribed
leafroll to environmental conditions
(Cavara, 1894). Ducomet (1899) be
lieved that humidity favored disease de
velopment and that large variations in
temperature were likewise responsible.
Ravaz (1902) noted that overproduc
tion often accompanied leafroll symp
toms, especially on weak vines. Others
regarded overproduction as a likely
cause of leafroll (Ducomet, 1904; Bio
letti, 1909; Branas, 1929; Bonnet, 1937;
Mauro, 1947). Butler (1905) and Par
mentier (1947) held that disturbed
water relations were the cause of leaf
roll. Root .trouble and unfavorable
weather were suspected as being at fault
by Ravaz and Verge (1924). Ravaz
(1925) added that soil conditions might
prevent grapevines from consuming
adequate nutrients and thus cause leaf
roll. The disease was observed most fre
quently in areas of heavy, compact
subsoil; proper cultivation, fertilization,
and irrigation were recommended to im
prove the soil and eliminate the disease
(Soursac, 1924). Arnaud (1912) and
Terrier and Staehelin (1953) held that
excess insolation and transpiration
were responsible for leafroll.

Nutrient deficiencies and leafroll
Zacharewicz (1900) was the first au

thor to implicate nutrient deficiency in
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connection with leafroll when he de
scribed reduction in severity of the dis
ease after application of potassium,
lime, gypsum, nitrogen, and iron. Ravaz
and Sicard (1903) analysed shoots,
leaves, fruits, and roots of healthy and
infected vines and found diseased leaves
higher in nitrogen, magnesium, and cal
cium but substantially (50 per cent)
lower in potassium. Ravaz and Roos
(1905) reported that calcium was de-
ficient in leafroll-infected grapevines.
Control of leafroll with potassium fer
tilizers was advocated by Zacharewicz
(I 929) who postulated that the disease
was physiological and similar to chloro
sis in that recovery from leaf'roll was
possible with potassium fertilization,
just as iron application controlled
chlorosis. A detailed study of potassium
deficiency in leafroll infected vines
showed that application of one kilo
gram of potassium sulfate per vine
counteracted the symptoms of leaf'roll
(Ravaz et al., 1933). Hersehler (1936)
classified Ieafroll as a nutritional dis
turbance due to potassium deficiency
and suggested soil analyses for identifi
cation of the malady. Similarly, potas
sium deficiency was regarded as the
cause of leafroll by Wilhelm (1938) and
Vidal (1943). Maume and Dulac (1945)
added that nitrogen and phosphorus
could not substitute for potassium in
control of leafroll. However, Stellwaag
(1949) was not able to control symp
toms of leafroll with potassium fertil
ization, and he concluded that the dis-
ease was of unknown cause. Wilhelm
(1950) and Lafon et al., (1955) de-
scribed brunissure, rougeau, and flaves
cence as potash-deficiency disorders.

The true nature of the association be
tween leafroll and potassium deficiency
remained obscure until Goheen and
Cook (1959) discovered that potassium
deficiency found in vine leaves infected
with leafroll virus was a symptom of
the disease rather than the cause. Leaf
roll and potassium deficiency were dis
tinguished easily where soil potash was
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high but where soil potash was low, the
two disorders were almost indistinguish
able. Leaf blades and petioles were ana
lysed. throughout the season and results
showed that the leafroll virus upset the
normal distribution of potassium be
tween petiole and blade and altered the
levels of calcium and magnesium. Simi
lar studies by Millikan et al., (1963)
prompted the conclusion that the leaf
roll virus may interfere with protein
synthesis as well as nutrient interac
tions.

Discovery of virus nature
Scheu (1936) described leafroll as a

virus disease capable of transmission
through budding and grafting but not
through sap inoculation. Martinoff
(1934) first mentioned that leafroll was
a virus disease when he relegated many
diseases (mal nero, court none, reisig
krankheit, rougeau, brunissure, apop
lexie, and others) to a general virus
condition that evoked different symp
toms in different varieties or under di
verse environmental conditions.

In a joint publication by Stellwaag
and Branas (1938), leafroll was con
sidered as viral in nature because trans
mission by budding was possible.
Branas (1939) indicated that leafroll
might be flavescence, even though he
later decided that leafroll and rougeau
were probably not related-he suspected
that leafroll was not a unique disease
but a. manifestation of some other virus
disease, i.e., fanleaf. Later Olmo and
Rizzi (1943) described a condition jn
grapevines of the variety Emperor in
California that caused failure of the
berries to achieve normal red color at
harvest time. The disorder appeared in
the progeny/of the vines as well. Trans
mission studies by Hewitt (1952) in
dicated that the disease could pass
through rootstocks into healty scions
and there produce characteristic symp
toms. In 1954 Hewitt reported that in
addition to white fruit color in the vari
ety Emperor, infected vines displayed
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distinct leafrolling and interveinal
scorching of the leaves. Vines showing
similar symptoms at the Horticultural
Field Station at Fresno were selected
for graft transmission tests by Harmon
and Weinberger (1956). White fruit
color was produced in the variety Em
peror through grafts from all 32 vini
fera varieties tested. In the same year,
Cardinal and Red Malaga varieties were
infected experimentally with the white
Emperor virus and evidenced similar
white fruit symptoms (Harmon, 1956).

Through symptomatology, California
leafroll (white Emperor disease) was
identified with rougeau, flavescence,
brunissure, and German leaf'roll (Go
heen et al., 1958). This was substan
tiated by Vuittenez (1958) through
transmission studies which proved that
a graft-transmissible agent was respon..
sible for symptoms of a disease known
previously as rougeau, flavescence, or
brunissure.

A faster means of indexing for the
presence of leafroll viruus was found
by Goheen et al., (1959). The variety
Mission was bud-inoculated with leaf
roll virus and produced foliage symp
toms in 4 to 6 months. Previous experi
ments with Emperor vines as indicators
required 3 or 4 years for the cuttings
to bear and thus show white fruit symp
toms of leafroll. Goheen and Hewitt
(1964) have reported another indica
tor for leafroll virus, i.e., the use of
Baco 22A variety in which severe dwarf
ing and leaf epinasty occur during the
span of one growing season. 'I'he authors
have expressed the hope that the search
will continue for other hosts of the leaf
roll virus. The importance of new hosts
to research on plant virus diseases has
been discussed by Kunkel (1943a).

Oehs (1959) concluded from graft
transmission tests, that leafroll was a
virus disease. She reported isolation of
the virus from expressed juice of leaf
roll-infected stems and leaves and pre
sented evidence that the causal agent
was a bolt-shaped cylindrical virus
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795A. in length. However, transmission
of this virus by means, of expressed sap
was not possible, and therefore the va
lidity of Och's work is questionable be
cause infectivity of the isolated particles
was not established. Thirty-five of the
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ninety-five stocks examined by Ochs
were infected with leafroll virus in a
latent condition. Many American root
stock varieties carry the virus but show
no symptoms (Goheen and Hewitt,
1964) .

ANATOMIC EFFECTS OF THE VIRUS AND ITS
RELATIONSHIPS TO EXTERNAL SYMPTOMS,

ENVIRONMENT, AND NUTRITION

Introduction and literature review

Early anatomical investigations on
leafroll of the grapevine (Ravaz, 1904)
demonstrated that starch differences
existed in healthy and infected roots
and that smaller nuclei were present in
diseased cells. Ravaz and Verge (1924)
observed phloem degeneration in con
nection with the disease: phloem cells
underwent collapse in a centripetal di
rection from the region of perieyclie
fibers (primary phloem fibers) toward
the immature phloem. Few alterations
were found in canes, aside from a re
duction in the number and extent of
phloem fibers. In younger shoots phloem
degeneration similar to that found in
leaf veins, accompanied by collapse of
cortical cells or alterations in the medul
lary rays of the phloem and xylem, was
observed.

Other virus diseases produce break
down of the phloem tissue in which
(Esau, 1948c): "a) degeneration be
gins with a necrosis of sieve tubes them
selves and is or is not followed by pro
nounced growth disturbances (e.g., leaf
roll disease of potato, buckskin disease
of peach and cherry, quick decline of
citrus) ; b) degeneration begins with ab
normal growth followed by more or less
extended necrosis of the tissue resulting
from this growth (e.g., curly-top- dis
ease of beet, bunchy-top disease of ba
nana); c) degeneration consists of a
rather generalized necrosis affecting
various phloem cells and often involv
ings cells outside the phloem (e.g., black-

root disease of snap beans; chlorotic
streak disease of sugar cane)."

Leafroll disease of grapevine is not
ably similar to leafroll disease of potato.
Even externally some resemblances are
seen: e.g., rolling of leaves (although in
potato leafroll the leaves roll adaxially),
and accumulation of starch in lower
leaves accompanied by abnormal tur
gidity of cells resulting in brittle leaves
(Whitehead et al., 1953).

Phloem abnormalities associated with
potato leafroll have received consider
able attention (Esau, 1938). Quanjer
(1913) was the first to report phloem
necrosis, which he considered the cause
of the disease. Degeneration of sieve
tubes and companion cells was seen in
leaves, petioles, and stems. 'Phe effects
were not present in the seedling until
after the first leaves had expanded, at
which stage no external symptoms were
apparent.

Later, Quanjer (1916) noted that the
internal symptoms became more pro
nounced in the second year of infection.
Collapse of sieve tubes and companion
cells was accompanied by a swelling of
the walls at junction points, and the de
position of a yellowish-brown substance
in lumina and walls of infected cells
(Quanjer, 1913). Artschwager (1918)
confirmed these observations but de
scribed a separation of walls concomit
ant with the thickening. Bawden (1932)
noted the formation of small intercellu
lar spaces that became filled with a yel
low d-eposit; only a small number of the
phloem strands were necrotic and he
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found it difficult to agree with Quanjer
that nonconduction was the cause of
leafrolling.

Murphy (1923) proposed that ac
cumulation of starch was responsible
for rolling in infected leaves and that
the plant eventually died of starvation
because starch accumulation precluded
further photosynthesis. Disturbances in
the leaf and starch accumulation were
regarded as the primary effect of the
disease; phloem necrosis in the stem
was a secondary effect. Natti (1955)
found that starch grains from healthy
plants swelled more in strong acid
than did those from infected plants.
He concluded that starch was struc
turally modified in diseased plants and
that the modification interfered with
enzymatic conversion of starch to sugar,
resulting in abnormal accumulation of
starch characteristic of leafroll virus
infection in potato.

The yellow deposit previously re
ferred to is probably a substance similar
to wound gum (Esau, 1938). Analogous
substances have been described by Ma
gee (1939) in the phloem of banana in
fected with bunchy-top, virus, in the
phloem necrosis disease of elm (Me
Lean', 1944), and in the buckskin disease
of peach and cherry (Schneider, 1945).
Schneider identified the substance as
wound gum (according to Hewitt's
definition [1938]) on the basis of histo
chemical tests.

External symptoms of the virus dis
ease, buckskin of peach and cherry,
show some marked resemblances to
those described for grapevine leafroll.
In cherry, fruits often develop a leath
ery surface and fail to mature. Leaves
turn bright orange to red at the basal
portion of the lamina.. Peach leaves ex
hibit rolling and yellowing with later
death of irregular regions of the lamina.
Fruit and leaves of infected branches
are shed early in the summer (Schnei
der, 1945). Although these symptoms
are probably more severe than those de
scribed for leafroll of the grapevine,
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some analogies are evident, e.g., leaf
rolling, immaturity of fruit, reddening
of leaves, and necrosis of irregular re
gions of the lamina (abscission is not
reported in the gra.pevine disease, how
ever) .

The most common symptom reported
by Schneider (1945) for buckskin dis
ease was necrosis of sieve tubes and
companion cells. Some parenchyma
cells in the cortex and phloem collapsed
while others hypertrophied. Abnormal
amounts of secondary phloem were pro
duced in leaves and petioles, especially
in regions where swollen veins were evi
dent externally. Decreased thickness of
nacre walls (Esau, 1939; Esan and
Cheadle, 1958) in the sieve elements of
swollen veins was also detected. An ab
normal accumulation of callose was
found on sieve plates. Symptoms cor
responding to disease symptoms were
produced by ringing or by grafts on
incompatible rootstocks (Schneider,
1954) .

Necrosis of cells in the phloem is com
mon in citrus tristeza (Price, 1966) and
in sugar beet yellows disease: (Esau,
1960a). Beet yellows virus induces the
formation of inclusion bodies in the
phloem tissue, especially in companion
cells and phloem parenchyma, where
inclusions show a characteristic rela
tionship to the maturation of sieve ele
ments (Esau, 1960b). Inclusions of
beet yellows virus are composed of ag
gregations of virus particles (Esau et
al., 1966).

Barley yellow dwarf virus produces
phloem degeneration in several species
of Gramineae (Esau, 1957). Primary
internal symptoms of the disease are
necrosis of sieve tube elements, com
panion cells, and neighboring phloem
parenchyma cells. T'he first degenera
tion is related to the maturation of the
first sieve element of a given vascular
bundle.

Primary symptoms of yellow leafroll
of peach in a differential host, celery,
were found to progress in the same
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hours light in each 24-hour period.
Clearcut symptoms of leafroll were
always present on the lower leaves of
canes under these conditions.

Original samplings included stem
tips, leaves, internodes, cluster stems,
and fruit pedicels of seven healthy and
seven infected vines. Leaves and apices
of the variety Zinfandel were collected
from greenhouse vines at later dates
(7/21/64; 11/5/64).

An additonal collecton of leaves and
petioles was made (7/21/64) of healthy
and leafroll-infected grapevines, variety
Baco 22A, from the Plant Pathology
vineyard at Davis.

Permanent slides were made of ear
lier collections as well. The varieties,
sources, and collection dates of the vines
were as follows (Cook, Gifford, and
Goheen, unpublished data):

The Lodi source vines were indexed
in 1958 and were known to be healthy
(Goheen et al., 1959; Goheen and Cook,
1959; Cook and Goheen, 1961; Goheen,
unpublished data). The other varieties,
with the exception of Baco 22A (Go
heen and Hewitt, 1964) and Mission
(Goheen and Cook, 1959), were selected
on the basis of leafroll symptoms in the
field.

Sectioning and staining. All material
was killed and fixed in chromic acid
acetic acid-alcohol or formalin-acetic
acid-alcohol, embedded in tissuemat,
and sectioned at 10ft. Blocks of woody
material were soaked in 10 per cent
glycerine in 70 per cent ethanol for a
period of from 1 to 2 weeks to facilitate
sectioning on the rotary microtome. The
bulk of sectioned material was stained
with tannic acid-ferric chloride-lac
moid. Sections of roots', shoot apices,
and developing leaves were stained with
hematoxylin-safranin-fast green. Vari-

manner as those of barley yellow dwarf
(Esau, 1958) . Differential suscepti
bility to the virus (or uneven distribu
tion) was noted in two sieve elements
recently derived from a longitudinal di
vision of a proeambial cell, one of which
was necrotic while the other was
normal.

'I'hus the effects of beet yellows virus,
barley yellow dwarf, and yellow leaf
roll of peach are similar to those of the
viruses of buckskin disease and potato
leafroll. Two other disorders that may
bear some resemblances to those are
phloem necrosis of tea (Bond, 1947)
and the stripe disease of corn (Cook,
1936). In the pear decline disease,
Schneider (1959) found sieve tube ne
crosis analogous to that observed in
quick decline of citrus. Pear decline
recently has been established as a virus
disease transmissible by grafting
(Shalla et al., 1964) which is trans
mitted in nature by the pear psylla
(Jensen et al., 1964).

Materials and methods
Collections. Field collections were

made of healthy and leafroll-infected
grapevines (Vitis vinifera L.) from
San Joaquin County, California. Origi
nal samplings were taken of the vines,
and cuttings were rooted in sand in the
greenhouse for later collection. The
cuttings were transferred to DC mix
soil (Baker, 1957) and fertilized weekly
with 200 ml of 2X Hoagland's solution.
The greenhouse was fumigated periodi
cally for mite control, and vines were
dusted with flowers of sulfur whenever
the first sign of mycelial growth of
mildew (Uncinula necator (Schw.)
Burr.) appeared.

During the second year it was deemed
necessary to keep the vines in a condi
tion of active growth (through con
trolled photoperiod) to insure similar
growing conditions in the samples
taken. The grapevines were then trans
ferred to an area of controlled photo
period and allowed to grow under 16

Variety
Zinfandel
Carignane
Mission
Grenache
Burger (severe)

Date
9/30/60
8/5/59
1959
1959
1959

Source
Lodi
DOD Viticulture
Sonoma County
Santa Clara Co.
Napa County
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ous histochemical stains were used: (a)
iodine- potassium iodide for starch, (b)
I-KI and sulfuric acid and (c) zinc
chlor-iodide as cellulose tests, (d) pe
riodic acid-Schiff's reagent for staining
total carbohydrates (Jensen, 1962), (e)
Pyronin Y for ribonucleic acid
(Brachet, 1953), (f) phloroglucinol
HCI for wound gum (Hewitt, 1938),
and (g) t\VO lipid stains, Sudan Black
B and Sudan IV (Jensen, 1962).

Starch test. A starch test involved a
modification of the method described
by Whitehead et ale (1953) for diag
nosis of potato leafroll. Shoots bearing
leaves and leaves alone were severed
from healthy and infected greenhouse
vines, placed in plastic bags, and kept
in the dark for 48 hours. These were
killed in boiling chloral hydrate and
stored in 50 per cent ethanol overnight.
Pieces of leaves were sectioned in pith
on the sliding microtome at 20ft,
mounted in I-KI and studied with
transmitted and polarized light.

Another series of leaves from healthy
and infected vines was held in the dark
for 60 hours, treated with chloral hy
drate, embedded in paraffin, and sec
tioned at lOp. on the rotary microtome.
The slides were stained with I-KI and
were used for photomicrography (fig.
6, AandB).

Leafroll and potassium deficiency.
Among the 1959 and 1960 collections
were leafroll-infected and healthy
stems, leaves, and petioles that had
been treated with additional potassium
or from which potassium had been with
held (Cook, Gifford, and Goheen, un
published data), 'I'hese vines were of
the variety Burger, grown in sand cul
ture in the greenhouse according to the
method described by Cook and Goheen
(1961). Anatomical observations were
made of sections of leaves, stems, and
petioles of the following treatments:
(a) Ieafroll plus potassium, (b) leaf-
roll minus potassium, (c) healthy plus
potassium, and (d) healthy minus po
tassium.
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Method' of numbering leaves and
internodes. Because viticulturists com
monly number internodes from the base
of the plant, it is necessary to describe
the method of numbering used in this
study. The grapevine bears spirally ar
ranged palmate leaves with tendrils op
posite the leaves, except at each third
leaf where the tendril is absent. The
apical portion of the shoot possesses
protective stipules that subtend the de
veloping leaves. An elongating inter
node appears below the region covered
by stipules; this internode was termed
internode 1 or "i 1" in the collections
and all other internodes and leaves were
numbered from the internode one. Leaf
1 in figure 1 denotes the first leaf below
internode one.

Results

Anatomical symptoms in differenti
ating primary tissues. In the apical
portion of the grapevine shoot, symp
toms first are discernible in an internode
undergoing elongation ("i one," fig. 1).
Collapsed protophloem elements are
evident in abnormal central positions
in small vascular bundles from the first
internode of leafroll-infected grape
vines (fig. 2,A,C). Normal proto
phloem obliteration is present at the
outer periphery of the vascular bundles
from infected vines, as it is in vascular
bundles from the first internode of
healthy vines (fig. 2,B). In this study
the collapse of a eell or cells in an ab
normal position is regarded as the first
sign of a virus effect.

Symptoms of sieve-tube necrosis in
the infected vine are relatively exten
sive in the fifth internode below the
apex (fig. 2,D) , while only normal
protophloem obliteration is evident in
the healthy fifth internode (fig. 2,E).
Similar effects are seen in vascular
bundles of successive internodes down
the infected stem. The apparent extent
of degeneration is less in the older
internodes, even though the external
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Fig. 1. Healthy grapevine shoot showing method of numbering of leaves (L one-L9 and inter
nodes (i one--i 10). Apical region magnified (insert); stipules cover apex proper and several
developing leaves. The first internode is the partially expanded internode below the level of at
tachment of the stipules. Leaf one is the first leaf below the internode one. A-C regions that
correspond to regions of development of internal and external symptoms: A. Apical region of
shoot; no external symptoms of leaf reddening or chlorosis; internal symptoms of phloem necrosis
and degeneration develop here. B. Region of leaves 5 to 9; external symptoms of reddening and
chlorosis develop here; anatomical symptoms relatively extensive. C. Region of mature leaves;
external symptoms of leaf reddening striking; phloem degeneration extensive and often accom
panied by hypertrophy, hyperplasia, and gumlike substance.

Details: L, leaf; i, internode; s, stipules. (x2/5; insert x2)
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symptoms of leaf reddening become
more pronounced.

Development of phloem necrosis in
young leaves apparently parallels
symptom development in the elongating
internodes. The first sign of degenera
tion appears in the third or fourth leaf
where no external symptoms of chloro
sis or leaf reddening are present. The
vascular tissue of the eighth leaf shows
well-developed phloem degeneration,
often accompanied by hypertrophy and
hyperplasia of interfascicular paren
chyma in the midvein and in the phloem
parenchyma. Phloem degeneration pres
ent in vascular bundles of petioles of
mature leaves (fig. 3,A) is not ap
parent in comparable healthy petioles
(fig. 3,B). Pronounced degeneration
occurs in vascular bundles from in
fected mature leaves (fig. 3,C), often
accompanied by hypertrophy and
hyperplasia (fig. 3, C and D; fig. 4, A
and B). A gumlike deposit, that may
represent dissolution of the middle
lamella and deposition of yellow ma
terial between the cells, characteristi
cally appears in vascular bundles of
older infected leaves (fig. 4,C). Symp
toms of phloem degeneration are pres
ent consistently in leaves, even in the
lowermost ones collected from year
old canes of infected grapevines. This
contrasts sharply with symptoms ob
served in canes of infected grapevines,
where phloem degeneration was less in
older internodes that had begun sec
ondary growth than in younger pri
mary tissues. Hypertrophy and hyper
plasia were not observed in canes, nor
was there any dissolution of wall ma
terial and/or deposition of gum.

Other symptoms: tyloses. Tyloses
occur in the xylem elements of petioles
of severely-affected vines of the variety
Burger (fig. 4,D). Comparable healthy
petioles exhibit no tyloses in the vessels
of the xylem. Tyloses are formed by the
ingrowth of adjacent pa.renchyma cells
into vessels of the xylem through pit
closing membranes of pit-pairs (Esau,
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1948b). In the new indicator variety
for leafroll virus, Baco 22A (Goheen
and Hewitt, 1964), tyloses occur in ele
ments of the protoxylem and meta
xylem in both leafroll-infected and
healthy petioles. Tyloses normally are
present in the grapevine, particularly
in nonfunctioning xylem elements
(Esau, 1948b) .

Other symptoms: trabeculae.Trabec
ulae are present in stems and leaves of
grapevines infected with leafroll virus.
A treatment of this topic has been pre
sented elsewhere (Hoefert and Gifford,
1967) .

Distribution of symptoms in grape
vines. Symptoms of phloem degenera
tion are found in stems, leaves, petioles,
fruit pedicels, and cluster stems of
leafroll-infected grapevines. Infected
fruit pedicels (fig. 5, A) show severe
phloem degeneration; the correspond
ing healthy ones do not (fig. 5, B). No
symptoms are found in the shoot apex
before the time of the first protophloem
obliteration, nor do symptoms appear
in mature canes. Root sections exhibit
neither phloem degeneration nor other
symptoms associated with leafroll virus
infection.

Secondary symptoms. Secondary
symptoms of the leafroll virus, or those
alterations that occur after the first de
generative effects, include hypertrophy
and hyperplasia. As noted earlier, these
effects are present primarily in paren
chyma tissue of leaves, either in inter
fascicular parenchyma (fig. 4, A) or in
parenchyma rays in the phloem (fig. 4,
B). Massive groups of cells may be
formed through irregular divisions in
all planes, accompanied by hypertrophy
and crushing of the cells (fig. 4, B).

Another secondary symptom is the
gumlike deposit occurring in leaves
showing relatively advanced leaf red
dening; this yellow substance is found
in peripheral regions of the phloem tis
sue of vascular bundles of such leaves
(fig. 4, C). Unlike the wound gum as
sociated with potato Ieafroll disease
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Fig. 2. Transverse sections of vascular bundles from internodes one (A,B,C) and five (D,E) of
infected (A,C,D) and healthy (B,E) Zinfandel vines. A. Necrotic obliteration of sieve element
in center of bundle (n); normal protophloem obliteration at 0; primary vascular tissue present
but no metaphloem differentiated. B. Vascular bundle, normal protophloem obliteration. C. Ne
crotic obliteration extensive; age of vascular strand approximates that of A and B, judged by
presence of a single protoxylem element. D. Vascular bundle, with secondary growth begun;
necrotic cells in center of phloem tissue. E. Vascular bundle showing secondary growth and initial
stages of periderm formation.

Details: ca, vascular cambium; cc, companion cells; k, cork; n, necrotic obliteration; 0, normal
protophloem obliteration; s, sieve element; sp, sieve plate in transverse section; v, vessel elo
ments (or protoxylem elements). (A, E, x400; B, x440; C, x660; D, x350.)
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Fig. 3. T'ransverse sections of infected (A,C,D) and healthy (B) petioles (A,B) and leaf mid
veins (C,D), variety Zinfandel. A. Small vascular bundle; no secondary tissue present; necrotic
cells at periphery of phloem. B. Comparable section to A; no necrotic obliteration evident; meta
phloem sieve elements and companion cells present. C. Growth disturbances (hypertrophy)
on right flank of vascular bundle in interfascicular parenchyma. D. Enlargement of interfasci
cular region showing hyperplastic and hypertrophied cells.

Details: c, oxalate crystal; cc, companion cell; h, hyperplastic cells; n, necrotic obliteration;
0, normal protophloem obliteration; s, sieve element; st, starch; t, hypertrophied cells; v, vessel
elements of the xylem. (A,B,D, x800; C, x400.)
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Fig. 4. Longitudinal (A,B) and transverse (C,D) sections of leafroll-infected leaves (A,B,C)
and petiole CD). A. Growth disturbances in parenchyma ray of phloem; xylem to left and phloem
to right of the photo; dark substance in parenchyma cells is tannin. B. Hypertrophy and hyper
plasia of phloem ray, accompanied by necrosis. C. Gumlike substance in vascular bundle of leaf
midvein. D. Tyloses in xylem vessels of Burger vine.

Details: f, primary phloem fibers; g, gumlike substance; h, hyperplastic cells; n, necrotic
cells; p, palisade tissue; s, sieve element; t, hypertrophied cells; ty, tyloses; v, vessel element;
x, parenchyma cell of xylem. (A, x360; B, x200; C, x625; D, x700.)
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Fig. 5. Transverse sections of infected (A) and healthy (B) fruit pedicels, variety Zinf'andcl.
Phloem degeneration indicated by arrows in A is not present in B. (A, x320; B, x330.)
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(Sheffield, 1943) and the buckskin dis..
ease of peach and cherry (Schneider,
1945), the gumlike substance present
in leaves infected with grapevine leaf
roll fails to stain with phloroglucinol
HCI, or with lipid stains. The sub
stance may be a product of cellular de
generation deposited between cells that
separate through dissolution of the
middle lamella.

Starch accumulation. Infected and
healthy leaves were kept in the dark for
48 hours, cleared, sectioned and stained
with I-KI for starch. After the treat
ment, healthy leaf 1 (fig. 1) showed no
starch reaction; leaves 2 to 6 contained
starch only in guard cells, and leaves
7 to 9 possessed starch in the guard
cells and a small amount in the starch
sheath surrounding vascular bundles in
the midvein. The infected leaf 1 gave
no reaction; leaf 2 contained starch in
guard cells, and leaf 3 showed starch
in guard cells, starch sheath, and in an
isolated region in the spongy paren
chyma near the lower epidermis. At the
level of the sixth expanded leaf from a
leafroll-infected vine, starch remained
in isolated areas of the spongy paren
chyma, palisa.de tissue, guard cells, and
in the starch sheath of midrib bundles
in the green leaf tissue. External symp
toms were apparent and the reddened
areas were limited to the edges of the
leaf and the leaf tip. After treatment
the reddened regions were uniformly
blue-black in stained sections, and all
the cells (except the epidermal) con
tained much starch. Comparable
amounts of starch were present in
leaves 7 to 10 from infected grapevines.
An infected leaf held for 60 hours in
the dark exhibited a large quantity of
starch (fig. 6,A) while the healthy leaf
given the same treatment showed no
starch reaction (fig. 6,B).

Thus, as we observed in development
of internal symptoms in leaves, starch
accumulation (which began to appear
in infected leaf 3) also occurs before
the advent of external symptoms of
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virus leafroll. Parmentier (1947) ob
served more starch accumulation in
reddened areas of infected leaves than
in green areas of the same leaves-an
observation borne out by the present
study.

Leafroll and potassium deficiency.
Cook, Gifford, and Goheen (unpub
lished data) treated healthy and leaf
roll-infected grapevines of the variety
Burger with both high and low potas
sium and collected material for ana
tomical observation. Through observa
tion of a limited amount of material,
the following facts come to view. Leaf
roll plus potassium (fig. 6,C) shows
striking a.natomical symptoms of
phloem degeneration in petioles, stems,
and leaf midveins of infected leaves ac
companied by extensive hypertrophy
and hyperplasia of phloem and inter
fascicular parenchyma. No aberrations
could be detected in the comparable
healthy material to which potassium
had been applied (fig. 6,D). The vines
from which potassium had been with
held also showed symptoms of phloem
degeneration only in those infected
with leafroll virus; potassium de
ficiency alone produced no anatomical
changes. Results indicate that the ef
fects of potassium on healthy vines can
not be detected anatomically; in addi
tion, symptoms of leafroll are present
whether the vines are given exc-ess po
tassium or a limited supply, Thus, the
anatomical symptoms of leafroll are not
enhanced under a low-potassium regime
nor are they decreased under high-po
tassium supply.

Discussion
Phloem degeneration. The extent of

phloem degeneration s-ymptoms re
ported here corroborates the findings of
Ravaz and Verge (1924). The first de
generation in primary tissue super
ficially resembles normal protophloem
obliteration in vascular bundles of
young stems and leaves but either pre
cedes it in time or degree. Because the
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first effects appear in the phloem tissue,
grapevine leafroll may be classed with
other diseases that produce primary ef
fects on phloem tissue (Esau, 1938,
1948c). Hypertrophy and hyperplasia
occur in leafroll leaves but they are
undoubtedly a secondary or wound
healing response of tissue that has previ
ously undergone degenerative changes.

Diversity of symptoms. The diver
sity of symptoms observed by early
workers may be attributed to various
inherent or external factors. Host vari
etal responses, or resistance and sus
ceptibility, have received little atten
tion, at least with regard to anatomical
effects of virus diseases. This aspect
would seem to warrant investigation,
as varietal responses are the basis of
plant breeding for resistance to many
pathogens. External factors, notably in
fluences of environment, play an im
portant part in the expression of ex
ternal symptoms of virus diseases
(Bawden, 1964). Of paramount impor
tance is the effect of masking of symp
toms in the presence of elevated tem
peratures (Holmes, 1964). Elevated
temperatures may even exert a cura
tive influence in the case of certain
virus diseases (Kunkel, 1943a). Other
factors, such as the age of the organ at
the time uf infection or the particular
strain of the virus, could have some
bearing on the diversity of symptoms
reported by early workers (Caldwell,
1934; Esau, 1935, 1938; Solberg and
Bald, 1962). Different strains of the
leafroll virus are thought to exist (Al
ley et al., 1963). Additionally many of
the common rootstock varieties of the
grapevine are symptomless carriers of
the leafroll virus (Hewitt et al., 1962).
A latent virus' could produce changes
that would relate to diversities in symp
toms.

It is not difficult to imagine that ana
tomical symptoms could be as variable
as external symptoms. Because no real
comparative information is available,
limited observations may serve to illus-
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trate this point. The Zinfandel material,
upon which most of the study was con
centrated, may prove to be intermediate
in anatomical symptom-expression.
Leaves of the variety Burger showed
more severe anatomical symptoms than
leaves of a comparable age from the
Zinfandel stock. The variety Baco 22A,
which exhibits pronounced growth dis
turbances, could prove to be the most
striking in anatomical symptoms as
well.

Because symptom-expression may
differ in different varieties and under
different environmental conditions, the
'York of Ravaz and Verge (1924) leaves
some questions unanswered. No condi
tions of growth were outlined (no ma
terials and methods were included) and
the variety with which anatomical in
vestigations were conducted was not
specified. Additional confusion exists be
cause the virus nature of leafroll was
not known at that time and the authors
considered the disease to be of physio
logical origin.

Development and distribution of
symptoms. The development and dis
tribution of anatomical sypmtoms as
sociated with grapevine leafroll may
provide some clues to the pathway of
movement of the virus and to the ef
fects of the incitant on the plant as a
whole.

Because effects of the virus are seen
in the phloem of developing primary
tissues, it could be assumed that the
virus moves in the phloem along with
food materials that are being translo
cated to the sites of utilization of such
materials (Bennett, 1940; Crafts, 1939;
Esau, 1948c). Thus it would be ex
pected that phloem degeneration would
occur in developing roots as well. How
ever, no anatomical symptoms were
found in roots during this investiga
tion, although Ravaz and Verge (1924)
found degeneration in the roots of leaf
roll-infected grapevines. Age of roots
could have had some bearing on the
negative results obtained in this study
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Fig. 6. Transverse sections of infected (A,C) and healthy (B,D) Zinfandelleaves (A,B) and
Burger petioles (C,D). A. Mature leaf treated with I-KI after 60 hours in dark; excessive
amounts of starch evidenced by black contents of palisade and spongy parenchyma. B. Healthy
leaf of same age as A, treated similiarly; no starch reaction present. C. Leafroll plus potassium
fertilizer; with phloem degeneration characteristic of Ieafroll, D. Healthy plus potassium fer
tilizer; no phloem degeneration is evident.

Details: e, epidermis; m, mesophyll cells; p, palisade parenchyma; arrows point to phloem
necrosis. (A,B, x600; C, x350; D, x380.)
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but a symptomless condition of the
virus could not have had any, because
rooted cuttings of the scion (vinifera)
variety were used for anatomical ob
servations.

Phloem degeneration symptoms are
present in vascular tissue that has un
dergone little secondary growth, but
by the time secondary growth is ad
vanced no anatomical aberrations are
detectable in the stem. This confirms
the observations of Ravaz and Verge
(1924) who reported no symptoms in
the phloem of mature canes except ir
regular lignification, which has been
shown to be a normal feature of grape
vine development (Esau, 1948a). An
analogy may be drawn between leafroll
of the grapevine and potato leafroll.
Sheffield (1943) reported that p-hloem
degeneration accompanying potato leaf
roll virus infection was restricted
largely to primary phloem. The same
statement could be made for grape.vine
leafroll virus infection, with the quali
fication that symptoms do appear in the
early secondary phloem and in cells of
the interfascicular regions after forma
tion of a vascular cambium. One-year
old canes (i.e., canes with well-devel
oped secondary tissue) show no ana
tomical aberrations. The significance of
symptom-expression more or less re
stricted to the primary plant body re
mains obscure. However, it is proposed
that primary tissue is more susceptible
to attack by leafroll virus than is sec
ondary tissue.

Secondary symptoms. Secondary
symptoms of the leafroll virus in the
grapevine are hypertrophy and hyper
plasia. Similar growth disturbances
have been described in a number of
other virus diseases (Esau, 1938;
1948c). Sheffleld (1943) regarded hy
pertrophy as a minor characteristic of
potato leafroll disease. Schneider
(1945) reported that severe cases of
buckskin disease showed hypertrophy
of all types of cells in the phloem tissue
without a particular effect on paren-
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chymacells alone, he maintained that
hypertrophy might be due to abnormal
cambial activity in the affected leaves.
Secondary hypertrophy and hyper
plasia were found by Esau (1957) in
Gramineae infected with the barley yel
low dwarf virus. There, the reactions
were described as wound-healing re
sponses of tissue that had undergone
collapse or as independent secondary re
sponses outside the collapsed tissue.
Vigorous hyperplasia and some hyper
trophy were seen in celery infected
with peach yellow leafroll virus; these
were considered to be secondary or
wound-healing responses (Esau, 1958)
-as were growth disturbances in cells
in the present study.

In grapevine leafroll a gumlike for
mation accompanies cellular degenera
tion in some cases. Schneider (1945)
found wound gum present in infected
sieve tubes of buckskin-diseased peach
and cherry. The substance indicated as
gumlike in the present study did not
strain with phloroglucinol-Hfll and so
was not identifiable as wound gum. It
is thought to be a product of cell degen
eration, and thus a secondary effect of
leafroll disease.

The presence of tyloses in severely
affected Burger petioles is also consid
ered to be a secondary symptom of the
leafroll virus disease of the grapevine.
The absence of tyloses in the healthy
material supports this conclusion. Be
cause tyloses occur naturally in the
grapevine (Esau, 1948b), their exist
ence in leafroll-infected Burger vines
does not preclude their presence in
healthy Burger vines. Tyloses may oc
cur in both infected and healthy
Burger gra.pevines just as they do in
the variety Baco 22A, but the fact that
they were found in leafroll-infected ma
terial only (at the time of collection)
indicates that at that particular stage
of development tyloses could be a valid
symptom of leafroll infection.

Tyloses commonly occur in healthy
grapevines in the fall or winter and
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then only in no longer functional xylem
elements (Esau, 1948b). The presence
of tyloses in summer-collected material
is premature, if nothing else. This indi
cates that degeneration and senescence
are often accentuated by virus disease.

Starch accumulation. Starch ac
cumulation in connection with grape
vine leafroll was first recorded as a
symptom by Ravaz and R.()Os (1905).
Goheen and Schnathorst (1961) per
formed paper chromatographic sugar
analyses on healthy and infected leaves
and documented starch increase in leaf
roll-infected leaves. Glucose, fructose,
and sucrose were present in healthy and
infected leaves, but were much more
concentrated in infected tissues.

The present investigation confirms
the existence of accumulated starch in
leafroll-infected leaves, and indicates
that starch accumulation parallels the
development of anatomical symptoms
to a certain extent. It was not estab
lished whether starch accumulation ac
tually precedes- the first anatomical
symptom of phloem degeneration, or
whether degenerative effects come first.
However, phloem degeneration could
provide an impediment to translocation
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that would result in starch accumula
tion.

Leafroll and potassium deficiency.
Cook and Goheen (1961) suggested
that leafroll and potassium deficiency
could be separated by leaf blade and
petiole analyses, or by visual observa
tion of symptoms when they first de
velop. They also noted that high potas
sium reduced external symptoms of
leafroll but did not prevent their de
velopment, and that under a low potas
sium supply leafroll accentuated potas
sium-deficiency symptoms.

Limited anatomical observations of
healthy and leafroll-infected grape
vines that had been subjected to condi
tions of both high and low potassium
lead to the following conclusions:

1. high potassium does not counteract the
anatomical symptoms of leafroll;

2. low potassium does not enhance the ana
tomical symptoms of leafroll ;

3. high and low levels of potassium cannot
be detected anatomically in the healthy
grapevine and,

4. potassium deficiency and leafroll could
easily be distinguished on the basis of
anatomical symptoms either in leaves
showing external symptoms of the dis
orders or in petioles of the same leaves.

SUMMARY
Leafroll of grapevine is a virus dis

ease characterized by premature red
dening of leaves, starch accumulation,
and reduced yields.

The primary anatomical effect of the
virus is phloem degeneration in vascu
lar bundles of leaves, stems, and fruit
pedicels of affected grapevines. Phloem
degeneration related to leafroll is typi
cal of virus diseases associated with the
phloem tissue but producing no initial
growth disturbances. Degenerative ef
fects are seen as crushing and oblitera-

tion of sieve elements and occur in con
juction with maturation of sieve ele
ments. Other internal symptoms are
secondary hypertrophy and hyper
plasia of phloem parenchyma, produc
tion of gum, and on occasion, formation
of tyloses in the xylem elements.

Anatomical effects of phloem degen
eration are seen in infected shoots, de
veloping leaves, and fruit pedicels of
leafroll-infected grapevines. Older canes
possessing well-developed secondary tis
sue show few alterations.
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