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Tyloses form in xylem vessels in response to various environmental stimuli, but little is known of the kinetics or regulation of

their development. Preliminary investigations indicated that wounds seal quickly with tyloses after pruning of grapevine shoots.

In this study, tylose development was analyzed qualitatively and quantitatively at different depths and times from pruning cuts

along current-year shoots of grapevines at basal, middle, and apical stem regions. Tyloses developed simultaneously within a

single vessel but much separated in time among vessels. Pruning caused prodigious tylosis in vessels of grape stems, extending to

approximately 1 cm deep and to 7 d after wounding, but about half of the vessels did not become completely occluded. The

fraction of vessels forming tyloses was greatest in basal (85%) and least in apical (50%) regions. The depth of maximum density

of tyloses was 4 mm from the cut in the basal region and 2 mm from the cut in the middle and apical regions. Tylose development

was faster in the basal and middle than in the apical region. The pattern of tylose development is discussed in the context of

wound repair and pathogen movement in grapevines.
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Tyloses are outgrowths of parenchyma cells through vessel-
parenchyma pit pairs into the lumen of tracheary elements
(Esau, 1977). Tyloses occur in a wide range of species (Saitoh
et al., 1993), and in plants of some genera (e.g., Quercus and
Robinia) there is genotypic variation in the propensity for
tylosis (Biggs, 1987; Saitoh et al., 1993). Tyloses form
naturally in heartwood (Parameswaran et al., 1985; Ranjani
and Krishnamurthy, 1988) and are observed in xylem of leaves
during senescence (Chaffey and Pearson, 1985; Dute et al.,
1999). Investigations of tylose development have been based
mostly on plants infected by pathogens and in response to
wounding. These studies have made clear that in many species
the formation of tyloses is a common response to infection by
vascular fungi (e.g., Fusarium; Beckman and Talboys, 1981)
or by bacteria (e.g., Pseudomonas; Wallis and Truter, 1978),
flooding (Davison and Tay, 1985), freezing (Cochard and
Tyree, 1990), and mechanical injury (Schmitt and Liese, 1993).

Although tyloses have long been recognized (Boehm, 1867;
von Reichenbach, 1845, described in Zimmermann, 1979),
little has been resolved regarding the dynamic process, spatial
and temporal details, and functional significance of tylose
formation (Bonsen and Kučera, 1990; Pearce, 1991; Canny,
1997). In cultivated grapevines, pruning at different locations
along the shoot is a normal part of viticulture (Galet, 2000),
and in grapevines infected with Pierce’s disease (caused by
Xylella fastidiosa), tyloses are observed in primary and
secondary xylem (Esau, 1948; Mollenhauer and Hopkins,
1976; Stevenson et al., 2004), but the role of tylosis in Pierce’s
disease of grapevine is similarly not clear.

In our preliminary investigations, wounds sealed quickly

after pruning of a grapevine stem in association with the
appearance of tyloses in xylem vessels. Our objective in this
study was to show the dynamic process of tylose development
from xylem parenchyma and the differences in wounding
repair in different ages of wood in a single cane in its first year
of growth. Therefore, we used current-year shoots of grapes to
clarify unrevealed details of wounding-induced tylosis by
investigating (1) xylem structure of current-year shoots with
special regard to the types of pits and tyloses, (2) tylose-
forming capacity of xylem tissue along the axis of current-year
shoots, and (3) the temporal progress and spatial distribution of
wound-induced tylose development in xylem tissue and in
single vessels. We expect that the information revealed by this
study can provide a basis for an analysis of any possible roles
of tylosis in wound healing and defense against bacterial
diseases such as Pierce’s disease in grapevines.

MATERIALS AND METHODS

Pruning treatments of current-year shoots—Experiments were conducted
on 1.5–2.5-m long current-year shoots of eight-year-old Vitis vinifera cv.
Chardonnay plants at the University of California, Davis, Calfornia, USA.
Pruning treatments were imposed by cutting through an internode at one of
three regions of the stem: basal (10–20 cm from the base branch), middle (60–
80 cm from the base branch), or apical (20–40 cm from the shoot end) (Fig. 1).
A 4-cm-long sample was collected from the apical side of each cut immediately
after pruning and fixed in formalin-acetic acid-alcohol (FAA) (Ruzin, 1999) for
later analysis of xylem anatomy and tylose development as samples for day 0.
Similar samples for analysis of tylosis were then collected from the basal side
of pruning cuts each day for six consecutive days using a different shoot for
each date and treatment. Each treatment was repeated on six shoots in June
2004 on each of three replicate vines.

Structural investigation of secondary xylem—Each day 0 sample from
above the cut was washed in 50% ethanol twice for 5 min each and trimmed
into four 1-cm segments. One segment was used for examination with SEM.
The other three segments were hydrated through an ethanol series to water in
30-min steps, then sectioned with a sliding microtome (AO-860, American
Optical, Buffalo, New York, USA) in transverse, tangential, and radial planes
with a section thickness of 20 or 25 lm. Samples of basal and middle regions
were softened in boiling water for 1–2 h before sectioning. To insure that this
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treatment did not create artifacts, vessel diameters were measured in the same

samples before and after boiling. In 10 stem pieces tested in this way, the

treatment did not cause any measurable shrinkage or swelling (data not shown).
The sections were dehydrated via an ethanol series (Ruzin, 1999). The 50%

ethanol step contained 1% safranin O, and sections were stained for 4 h. The

95% ethanol step included 0.5% fast green FCF, and samples were stained for 1

min. Sections were further dehydrated and cleared in an ethanol–xylene series

(2 : 1, 1 : 1, 1 : 2) followed by two xylene rinses of 10 min each. Sections were

mounted with cover slips in Permount (Fisher Scientific, Fair Lawn, New

Jersey, USA), and then observed with a light microscope (Olympus Vanox-

AHBT; Olympus Optical, Tokyo, Japan) equipped with a digital camera

(Pixera Pro 600ES; Pixera, Los Gatos, California, USA).

In preparing SEM samples, several smaller blocks were cut from the 1-cm

segments with a razor blade; including some 2–3-mm thick stem discs exposing

the transverse surface and some 2–3-mm thick longitudinal sections exposing

the radial and tangential surfaces. The trimmed samples were dehydrated via

the ethanol series mentioned but with 20 min at each step and without staining,

and finally, specimens were critical-point dried (Samdri-780A; Tousimis

Research, Rockville, Maryland, USA). The dry samples were coated with gold

(Denton Vacuum Desk II Cold Sputter-Etch Unit; Denton Vacuum, Moores-
town, New Jersey, USA) and observed with an SEM (Hitachi S-3500N; Hitachi
Co., Hitachi, Japan) at an accelerating voltage of 5 kV.

Two day-0 samples for each region were selected for maceration and
hydrated to water as mentioned. Eight to 10-mm long, toothpick-thick rods
were trimmed out of secondary xylem and incubated at 608C for 36 h in a 1 : 1
mixture of glacial acetic acid and 6% hydrogen peroxide. Macerated tissues
were washed with distilled water three times for 10 min each and then stained
with 1% aqueous safranin O solution. Macerated xylem cells were mounted
with a cover slip in 10% glycerin solution for observations and measurements.

The terminology for structural descriptions of secondary xylem in this study
followed the definitions of the International Association of Wood Anatomists
Committee (1989). Vessel density was determined for each sample from 10
fields of 1 mm2 (0.5 mm2 for samples of the apical stem region), which were
selected randomly from the transverse sections. Tangential vessel diameter was
an average of measurements for 30 randomly selected vessels in transverse
section for each sample. Vessel element length and fiber length, diameter, and
wall thickness were based on measurements of macerated cells; 30 vessel
elements and fibers for each sample were randomly selected.

Quantitative analyses of tylose development in stems—Samples from days
0–6 were hydrated to water via the aforementioned ethanol series. Each sample
was free-hand sectioned in transverse direction at 2, 4, 6, 8, and 10 mm below
the pruning cut. Stem discs between these sections were taken at the same time,
and some were prepared for SEM observations of tylose development in
individual vessels following the protocol mentioned.

The sections were temporarily mounted with a cover slip in water for light
microscopy. Five areas, each containing 40–50 vessels and including some
consecutive xylem sectors bounded by rays, were chosen randomly for
analysis. All vessels in each area were categorized as vessels without tyloses,
vessels partially filled with tyloses, or vessel completely occluded with tyloses.
Two parameters—percentage of vessels with tyloses (PVT) and percentage of
vessels occluded completely by tyloses (PVO)—were calculated to quantify
tylose development.

RESULTS

Xylem structure in stems of current-year shoots—Three
stem regions (basal, middle, and apical) of current-year shoots
were investigated to determine the structural and quantitative
characteristics of the secondary xylem at each region (Fig. 1A).
Stem diameter was approximately 10, 6, and 3 mm in the basal,
middle, and apical regions, respectively (Table 1). Secondary
xylem of the three regions was diffuse-porous and similar in
structure, except for the width of the xylem growth ring, (Fig.
1B–D). The width of the xylem increased more than the stem
diameter with internode age, resulting in greater xylem width to
stem diameter ratios in the basal region (0.29) than in the
middle (0.24) or apical (0.20) regions (Table 1). Vessel density
in secondary xylem was lower in the basal (38.7 vessels/mm2,
Fig. 1D) than in the apical region (53.5 vessels/mm2, Fig. 1B),
but tangential vessel diameter did not differ among the stem
regions. Vessel element length was greater in the basal and
middle regions (491 lm and 487 lm, respectively) than in the
apical region (448 lm). There were no obvious differences in
fiber diameter (20–21 lm) or wall thickness (3.8–3.9 lm)
among the three regions, but fiber length was greater in the
basal region (684 lm) than in the middle and apical regions
(593 lm and 549 lm, respectively) (Table 1).

Vessels were round or oval in transverse section, with
exclusively simple perforation plates, and generally solitary or
in radial multiples of two to three (Fig. 2A, B). Radial chains of
more than five vessels were uncommon in the middle and
apical region, but radial chains of 4–10 smaller vessels were
present in the basal region, especially in the outer xylem.
Xylem fibers were septate (typically 2–4 septa) and abundant,

Fig. 1. Pruning sites on current-year shoots of (A) Vitis vinifera and
(B–D) stem anatomy at each site. (A) A current-year shoot. Pruning was
done at the apical (b), middle (c) or basal (d) region of the stem. (B)
Transverse section of a stem at the apical region, showing smaller xylem
width and diffuse-porous vessels. px ¼ primary xylem, sx ¼ secondary
xylem. (C) Transverse section of a stem in the middle region, showing
medium xylem width and diffuse-porous vessels. (D) Transverse section
of a stem in the basal region, showing relatively large xylem width and
diffuse-porous vessels.
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comprising the majority of secondary xylem. Axial parenchy-
ma cells were scanty to vasicentric paratracheal (Fig. 2B).
Scanty paratracheal parenchyma cells were often present
around smaller vessels, especially those in a radial chain,
while vasicentric paratracheal parenchyma cells in a single
layer were more common around larger vessels. There were as
many as eight axial parenchyma cells in a strand along a single
vessel element and as many as 72–180 axial parenchyma cells

attached to large vessel elements. Rays were predominantly 4–
10 seriate and rarely bi- or triseriate (Fig. 2C). They were
heterocellular with rows of procumbent, upright, and square
cells within the body of the ray, and of upright and/or square
cells along the margin of the ray (Fig. 2D). Rays were more
than 1 mm in height. There were usually less than four rays per
mm width in the tangential section of stem.

Structure of pits on vessel walls—In secondary xylem of
current-year shoot of grapevines, vessels have lateral contact
with axial parenchyma cells, ray parenchyma cells, fibers, and
other vessels. Pit pairs occurred between vessels and all other
xylem cells except fibers (Fig. 3A). Pits between vessels
(intervessel pits, Fig. 3C) were present in all the lateral walls
contacting neighboring vessels. Intervessel pits occurred as
bordered pit pairs in a scalariform arrangement and were much
larger than other types of pits (Table 2, Fig. 4). The aperture of
intervessel pits was as wide as the pits themselves (26.5–63.0
lm, mean 50.8 lm) and ranged in height from 1.4 lm to 2.8
lm (2.3 lm mean) (Table 2, Fig. 4). Pits between vessels and
axial parenchyma (vessel-parenchyma pits, Fig. 3B) were half-
bordered pit pairs with a simple pit on the parenchyma cell side
and a bordered pit on the vessel side. They were round, oval, or
transversely elongated and were arranged in one or two more or
less regular rows in the longitudinal direction of the stems.
Vessel–parenchyma pits were the smallest among the different
types of pits on the vessel wall (Table 2, Fig. 4). Width and
height of the pit aperture of the bordered pit on the vessel side
were usually 5.5–13.5 lm (10.5 lm mean) and 2.8–4.7 lm (3.5
lm mean), respectively. Pits between vessels and ray
parenchyma cells (vessel-ray pits, Fig. 3D) were also half-
bordered pit pairs with a simple pit on the ray parenchyma cell
side and a bordered pit on the vessel side. They were oval or
transversely elongated in shape and were usually arranged in
regular rows in the radial direction of the stems. Vessel-ray pits
were generally larger than vessel-parenchyma pits but much
smaller than intervessel pits (Table 2, Fig. 4). Pit apertures of
the bordered pit on the vessel side were 10.5–25.0 lm (17.5
lm mean) in width and 3.6–4.8 lm (4.3 lm mean) in height.

Tylose development in individual vessels—Tyloses devel-
oped from both axial parenchyma cells and ray parenchyma
cells in response to pruning. Because less than 10% of vessels
had contact with ray parenchyma cells (Fig. 2A), tyloses
derived from them contributed little to tylose development in
secondary xylem compared to those from axial parenchyma
cells.

Typically, there were no tyloses in vessels of the stems used

TABLE 1. Quantitative characteristics of secondary xylem structures in three regions of stems of current-year shoots of Vitis vinifera. Data are means
6 SD.

Structural characteristic Basal stem Middle stem Apical stem

Stem diameter (mm) N ¼ 20 9.73 6 0.61 5.85 6 0.45 3.46 6 0.27
Xylem width (mm) N ¼ 20 2.54 6 0.32 1.38 6 0.17 0.64 6 0.15
Xylem width/stem diameter N ¼ 20 0.29 6 0.03 0.24 6 0.02 0.20 6 0.03
Vessel density (No./mm2) N ¼ 30 38.7 6 5.6 36.3 6 4.7 53.5 6 8.6
Tangential vessel diameter (lm) N ¼ 60 60.5 6 24.5 67.6 6 22.9 66.7 6 15.5
Vessel element length (lm) N ¼ 60 491 6 85 487 6 79 448 6 96
Fiber length (lm) N ¼ 60 684 6 137 593 6 146 549 6 110
Fiber diameter (lm) N ¼ 60 20.0 6 4.0 20.8 6 2.9 20.9 6 3.2
Fiber wall thickness (lm) N ¼ 60 3.8 6 0.9 3.9 6 0.9 3.8 6 0.9

Fig. 2. Secondary xylem structure in basal stems of current-year
shoots. (A) Vessels in transverse section are solitary or in radial multiples
and rarely have contact with xylem rays. (B) Axial parenchyma cells
(arrows) are scanty paratracheal, and libriform fibers comprise the majority
of secondary xylem. (C) Tangential section of a stem, showing
multiseriate xylem rays and septate libriform fibers. (D) Radial section
of a stem, showing a heterocellular xylem ray, consisting of a marginal
row of upright cells and body rows of upright, square, and procumbent
cells. rp ¼ ray parenchyma, ve ¼ vessel, and xf¼ xylem fibers.
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in these experiments unless the stems were wounded by
pruning (Figs. 5A and 6A, B). Tylose initiation started as early
as 1 day after pruning as indicated by one or two small
spherical outgrowths into the vessel lumen (Fig. 5B). Initiated
tyloses were generally similar in size and grew uniformly (Fig.
5C). In a single vessel, multiple parenchyma cells from a single
or from different axial parenchyma strands were involved in
tylose development. Multiple tyloses from a single parenchyma
cell were sometimes observed. Tylose initiation into a single

vessel lumen generally occurred simultaneously from adjoining
parenchyma cells. When the enlargement of tyloses finally
caused them to come in contact with each other, they became
oval, polygonal, or irregular in shape. Nuclei were observed in
many tyloses as they grew or after they became stable in size
(Fig. 5G), showing that the nucleus must have passed through
the pit into the outgrowth. Fully developed tyloses were
compactly arranged in the vessel lumen.

In transverse view of the vessel there were usually more than

Fig. 3. Structure of pits on vessel walls in stems. (A) SEM micrograph of secondary xylem in tangential section showing morphology and distribution
of three types of pits in a single vessel lateral wall: vessel-parenchyma pits (vp), vessel-ray pits (vr), and intervessel pits (vv). pe¼ perforation plate. (B–D)
Light micrographs of secondary xylem. (B) Tangential section of a stem showing half-bordered vessel-parenchyma pits (arrows) that are oval or
transversely elongated and are arranged regularly in the axial direction of stem. (C) Tangential section of a stem showing scalariform, bordered intervessel
pits (arrows). (D) Radial section of a stem showing half-bordered vessel-ray pits (arrows) that are oval or transversely elongated and are arranged regularly
in the radial direction of the stem.

TABLE 2. Range of dimensions for pits and pit apertures on vessel walls in stem secondary xylem of current-year shoots of grapevines. See Fig. 4 for
location of measurements. Values in parentheses are means 6 SD.

Pit Pit aperture

Pit type Width (lm) Height (lm) Width (lm) Height (lm)

Intervessel N ¼ 60 28.5–64.5 (53.6 6 15.2) 5.0–6.3 (5.8 6 0.3) 26.5–63.0 (50.8 6 13.7) 1.4–2.8 (2.3 6 0.3)
Vessel-parenchyma N ¼ 60 6.5–16.5 (13.5 6 2.6) 3.3–5.5 (4.6 6 0.4) 5.5–13.5 (10.5 6 2.2) 2.8–4.7 (3.5 6 0.4)
Vessel-ray N ¼ 60 13.0–27.5 (19.5 6 3.3) 4.0–5.0 (4.6 6 0.2) 10.5–25.0 (17.5 6 3.5) 3.6–4.8 (4.3 6 0.2)
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three but less than 10 tyloses blocking the lumen in larger
vessels (Fig. 5D). In the longitudinal direction of the vessel,
tyloses developed along the axis and were observed in up to
eight consecutive vessel elements in a row (Fig. 5E). Tylose
development in these vessel elements was also approximately
simultaneous and finally occluded the vessel. There was
usually an obvious boundary along the vessel beyond which no
tyloses formed (Fig. 5F). There was no evidence of wound gels
in any section of current-year shoots collected in summer.

Spatial and temporal tylose development in three regions
of a current-year shoot—Unlike the relatively simultaneous
development of tyloses in a single vessel, some vessels started
to form tyloses ahead of others (Fig. 6C, D). Vessels with
tyloses were not random but were often clustered in some
sectors of xylem. Subsequently, increasing numbers of vessels
were involved in tylose development, and many vessels
became completely occluded by tyloses (Fig. 6E, F), but some

Fig. 4. Schematic drawing of a surface view of a bordered pit (left)
and a sectional view of a vessel-parenchyma or vessel-ray pit pair (right) in
stems of current-year shoots in grapevines. The pw and ph represent the
width and height of a pit, respectively, and aw and ah represent the width
and length of pit aperture of the bordered pit on the vessel side.

Fig. 5. Tylose development in individual vessels following pruning. (A–D) SEM micrographs of basal stems. (A) No tyloses in a vessel lumen of an
unwounded control. (B) A small tylose initial (arrow) formed in a vessel lumen. (C) Several small tyloses (arrows) developed in a vessel lumen. (D) A
vessel lumen is completely occluded by tyloses arranged compactly. (E–F) Tangential section of middle stems. (E) Tyloses occlude the vessel lumen over
more than one vessel element. (F) There is an obvious boundary in the vessel lumen with and without tylose development (arrows). (G) Transverse section
of a middle stem. Each tylose contains one nucleus after it enlarges (arrows).
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vessels remained either without tyloses or partially occluded
with tyloses.

Despite a similar overall pattern, the quantitative character-
istics of tylose development in response to pruning were
dependent upon stem region, distance from the cut, and time
from pruning. Almost all tyloses developed within the first 10
mm from the cut surface, although a few were observed deeper.
At day five, the percentage of vessels with tyloses (PVT) was
generally greatest in the basal region and decreased with depth
from the cut surface for all stem regions (Fig. 7A). The PVT
was about two times as great in the basal region than in the
middle and apical regions at all depths except 2 mm. Tylose
frequency was greatest in the middle and apical regions at that
depth, but in the basal region the greatest tylose frequency was
4 mm from the cut surface. The maximum PVT was
considerably greater in the basal and middle regions (about
70%) than in the apical region (about 45%).

The percentage of vessels completely occluded by tyloses
(PVO) at the different depths had patterns similar to those of
PVT in the three stem regions (Fig. 7B). Accordingly, the PVO
was greatest in basal regions and generally decreased away

from the cut surface. Generally, no more than 40% of vessels at
any depth were completely occluded.

Tylose development in the first 10 mm from the cut surface
continued for 1 week after pruning. When the progression of
tylosis was evaluated for the depth at which maximum tylose
formation was observed (i.e., at 4 mm for basal and 2 mm for
middle and apical regions), tylose development was clearly
slower in the apical regions (Fig. 8A). The PVT increased
rapidly from day 2 but more so in the basal and middle regions
than in apical regions. The PVT reached about 85% in the basal
region, 75% in the middle regions, and 50% in the apical
region 6 days after pruning. The PVO had a temporal pattern
similar to the PVT, although the rapid increase in PVO
occurred after day 4 (Fig. 8B). The PVO was less than 5% in
all three stem regions for the first 2 days after pruning.
Thereafter, the PVO increased to about 50% in the basal region
and about 40% in the middle and apical regions. The temporal
progress of tylose development at depths over 8 mm from the
cut surface was much slower. At 10 mm, the PVT on day 6 was
about 20% for the basal region and less than 15% for the
middle and apical regions, while PVO was less than 10% in the

Fig. 6. Tylose development in xylem tissue of middle stems at the depth of 2 mm from the cut surface. (A–B) No tyloses in vessels at day 0. (C–D)
Small round or oval tyloses in some vessels on day 3. (E–F) Vessels occluded by tyloses at day 6.
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basal region and almost nil in the middle and apical regions
(data not shown).

DISCUSSION

Plants are continuously subjected to environmental stresses,
wounding, and attacks from pathogens. One reaction to these
trauma-inducing agents is the formation of tyloses in secondary
xylem to close wounds and compartmentalize pathogens that
enter the plant body. Although there is some literature on these
processes, we still need to know when, where, and how tyloses
develop in response to wounding and pathogen infection. We
don’t know if there are differences in the capacity of xylem of

different ages to produce tyloses, and there is little information
on the whole dynamic process of tylose development in single
vessels and in the xylem as a whole. The object of our study
was to show, in grapevine stems, the dynamic process of tylose
development from xylem parenchyma and the differences in
wound repair reaction in different ages of wood in a single cane
in its first year of growth. We have shown that in secondary
xylem of the three stem regions (base, middle, and apex)
tyloses are induced by wounding, that tylose development has
a similar pattern among different vessels but separates in time,
and that the three regions show differences in spatial
distribution and temporal progress of pruning-induced tyloses.
In the following discussion, we will describe the literature
related to tylose development in response to wounding and

Fig. 7. Spatial differences in tylose development in basal, middle, and
apical stems at day 5 after pruning. (A) Percentage of vessels with tyloses
at different depths from the cut surface. (B) Percentage of vessels
completely occluded by tyloses at the different depths from the cut surface.
Data are means 6 SD, N ¼ 3.

Fig. 8. Temporal progress of tylose development in basal, middle, and
apical stems. (A) Percentage of vessels with tyloses. (B) Percentage of
vessels completely occluded by tyloses. Data are for 2 mm from the cut
surface in middle and apical stems, and 4 mm in basal stems; data are
presented as means with SD, N ¼ 2 or 3.
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pathogen infection and how tylose development is a function of
secondary xylem structure.

Xylem structure and tylose development—Grapevines have
diffuse porous wood with vessel elements having simple
perforation plates, vessels of various lengths up to 1 m (Thorne
et al, 2006), and paratracheal axial parenchyma. We found
three types of pits in vessel walls—intervessel pits, vessel-
parenchyma pits, and vessel-ray pits. Intervessel bordered pit
pairs were arranged in a scalariform pattern and were the
largest pits. Vessel-parenchyma pits and vessel-ray pits were
oval to transversely elongated half-bordered pit pairs with a
simple pit on the axial parenchyma cell or the ray parenchyma
cell side and a bordered pit on the vessel side, but the vessel-
parenchyma pits were smaller than the vessel-ray pits. Tyloses
developed from both parenchyma pit types, but tyloses from
ray parenchyma cells contributed little to the total tylose
population because few vessels in secondary xylem have
contact with rays. Minimal pit aperture dimensions for tylose
formation are suggested to be 8–10 lm in width (Chattaway,
1949) and 3 lm in height (Bonsen and Kučera, 1990). It is
unclear whether tylosis was restricted to the vessel-parenchyma
pits with larger pit apertures in grape shoots, but the
dimensions of vessel-ray pits were greater than the suggested
minimal values.

Revelation of the developmental process and characteristics
of tyloses in a single vessel and in the secondary xylem
generally is essential to understanding the effects of tyloses on
wound healing and disease defense. Our results indicated that
within a single vessel, the appearance of tyloses developing
from different parenchyma cells was uniform and coordinated,
extending up to eight consecutive vessel elements; but among
vessels in xylem, tyloses developed separately in time. Thus, in
a transverse section of xylem taken after wounding, there were
vessels in which tyloses were present at different developmen-
tal stages, causing some vessels to be completely occluded and
other vessels partially or not occluded. Also, tyloses developed
earlier in some xylem sectors than in others. To our knowledge,
these characteristics of tylosis in grape shoots have not been
reported in other species.

Tylose development in response to wounding—Our results
show that tyloses develop quickly and close to the wound in
the xylem of current-year shoots of grapevine. Tyloses were
first observed within 1 or 2 days after pruning, and up to 85%
of vessels developed tyloses after 6 days. Tylose development
was greatest at 2 mm (middle and apical stem regions) or 4 mm
(basal stem region) from the cut and decreased to nil beyond 10
mm deep from the cut. Tylose-forming capacity (mean
percentage of vessels with tyloses within 10 mm of the cut)
was greatest in the basal region and decreased acropetally in
the middle and apical regions. The basal and middle regions
were also much faster in tylose development than the apical
region.

There is little other information in the literature about the
temporal progress of tylose development, particularly with
respect to wounding. Tylose development induced by piercing
stems of Roystonea regia was observed 7 days after wounding
(Weiner and Liese, 1995). Tyloses were observed as early as
1–3 days after pathogen inoculation in some plant–pathogen
combinations, such as Gossypium barbadense–Verticillium
dahliae (Mace, 1978), Musa acuminate–Fusarium oxysporum
f. sp. cubense (VanderMolen et al., 1987) and Eucalyptus

nitens–Ganoderma adspersum (Barry et al., 2001); not until
one to several weeks after inoculation in other plants, e.g., Vitis
vinifera inoculated with Pseudopezicula tracheiphila (Reiss et
al. 1997) or with Botryodiplodia theobromae (Atia et al.,
2003); and rarely or not at all in still other systems, e.g.,
Chrysanthemum morifolium inoculated with F. oxysporum f.
sp. chrysanthemi (Stuehling and Nelson, 1981) and Dianthus
caryophyllus inoculated with F. oxysporum f. sp. dianthi
(Ouellette et al., 1999). Tylose development observed in
Quercus species growing naturally was very slow. In
earlywood, tyloses were initiated in winter and developed in
summer; but in latewood, tylosis started much later and took
several years for many vessels to become occluded completely
(Cochard and Tyree, 1990). Thus, compared with tylose
development in other species and under other conditions, the
initiation and developmental progress of pruning-induced
tyloses in grapevine stems was very rapid.

Few studies have reported on the spatial distribution of
tyloses. In Robinia pseudoacacia, a few tyloses developed
within the first 5 mm from the wounding surface, but tyloses
were abundant at 20 mm from a wound made by partial drilling
into a stem (Schmitt and Liese, 1994). Pruning-induced tylose
development in current-year shoots of grapevines in summer
was restricted to 10 mm from the wound and was therefore
relatively localized.

There are also few investigations that quantify tyloses in
stems of different ages. In perennial Roystonea regia, tyloses
developed only in vessels of apical stems and not in those of
basal stems (Weiner and Liese, 1995). Similarly in Quercus
petraea, tylose development decreased from the apical trunk
stems downwards in both healthy and diseased plants (Babos,
1993). In contrast, the tylose-forming capacity of a current-year
shoot in the present study was greatest in basal stems and least
in apical stems. The apparent contrast deserves further
attention.

Formation of callus and/or secretion of resin and gels are
common responses to pruning wounds (Brown, 1995). In
grapevines, pruning of current-year shoots in the summer did
not lead to formation of callus or secretion of resin and gels.
Instead, tyloses developed close to the cut. The intensive and
relatively rapid tylose development in grape may serve as an
alternate means to seal wounds and reduce the risk of pathogen
invasion, at least during the growing season. Thus, the
distribution of tylose-forming capacity along the stem indicates
that in viticultural practice summer pruning near the shoot apex
(called hedging) may expose the vine to airborne pathogens for
a longer period than does pruning at more basipetal stem
locations used for cane and spur pruning.

Tyloses and pathogen movement—The kinetics, extent, and
spatial distribution of wound tylose development reported here
have implications for tylose function in general and in
understanding responses to plant disease in particular. Tyloses
could restrict movement of sap, pathogens, both, or neither
depending upon the timing and condition of the vessel when
tyloses develop.

In most research, tyloses have been studied in conjunction
with pathogens, but the impact and roles of tyloses in disease
are decidedly not clear. One viewpoint is that tylose
development compartmentalizes the pathogens and prevents
or helps prevent, in association with gels, their movement in
xylem (Pearce, 1991; Clerivet et al., 2000) as a means of
defense against diseases (Elgersma, 1973; Beckman and
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Talboys, 1981). The main evidence for this opinion is the
development of tyloses around the region of inoculation (Reiss
et al., 1997; Barry et al., 2000) and the development of more
tyloses in resistant genotypes than in susceptible genotypes
(Bishop and Cooper, 1984; Grimault et al., 1994). It should be
noted that many of the studies with pathogens involved a
wound at the inoculation site near which tyloses formed. Yet,
the effect of the wound alone has seldom been tested. Thus,
some tylose formation associated with infections may have
been due to wounding used to inoculate plants. Another
opinion is that tylose development can exacerbate the
symptoms of disease (Aleemullah and Walsh, 1996). This
opinion is based mainly on reports of more tyloses in
susceptible genotypes than in resistant genotypes (Dimond,
1955), a positive correlation of the number of tyloses and the
severity of disease (e.g., Fusarium wilt disease in Lagenaria
siceraria, Sen and Palodhi, 1984) and reduction of hydraulic
conductivity of plant tissues with tyloses (Dimond, 1955). To
complete the possibilities, the third opinion is that tylose
development has no relation either to defense against disease or
to symptom development (Palodhi and Sen, 1979; Jacobi and
MacDonald, 1980) because some studies showed no differ-
ences in tylose formation between susceptible and resistant
genotypes (Prior, 1979). Similarly, the frequency of tyloses in
Pierce’s disease-infected grapevines has been reported as
greater in resistant genotypes (Hopkins and Mollenhauer,
1975), greater in susceptible genotypes (Krivanek et al., 2005),
and unrelated to susceptibility of the grape genotype (Fry and
Milholland, 1990). All this literature tacitly assumes tyloses
form in functioning vessels. If they do not, the second
hypothesis is rendered unlikely if not untenable, and the first
is possible only to the extent that pathogen movement occurs in
gas-filled vessels. In this study, the fastest tylose initiation
occurred 1 day after pruning, and complete blockage of a
vessel required several days. This is too slow to restrict spread
of mobile pathogens such as bacteria moving upward in the
mass flow of the transpiration stream (Thorne et al., 2006),
although spread of low-mobility pathogens, such as fungal
hyphae might be restricted. In all studies of Pierce’s disease,
the development of tyloses has been slow in that observations
were made weeks after inoculation. Tyloses in the stem appear
after causal Xylella bacteria have infected subtended leaves
(Stevenson et al., 2004). This also indicates that tylosis is too
slow to prevent upward movement of bacteria; however, the
slower basipetal movement of bacteria that is necessary for the
infection to become systemic (Stevenson et al., 2004) might be
affected by tyloses. Especially if the bacteria move against a
transpiration flux in sap-filled vessels (Meng et al., 2005),
tyloses could present a significant obstacle to systemic
infection.

Both wounding and infection may cause embolisms. If, upon
infection, tyloses form only in functioning vessels containing
the pathogen, effective control of migration with minimal loss
of water transport might be affected. Alternatively, extensive
tylose occlusions may seal a wound to prevent pathogen entry
from outside or water loss from the exposed vessel lumen.
Tylosis is a common component of abscission (Webster, 1973).
Thus, if tylose development (and other sealing phenomena)
was sufficiently extensive, plants could respond to wounding
and to infection by sealing off affected parts, leaves, or shoots
effectively, a natural pruning mechanism of the affected
segments. The results of this study, however, suggest that that
is not the case with grapevine. In this study, all vessels in a

cross section were cut and exposed to air, but not all vessels
became occluded with tyloses. Over 50% of vessels remained
at least partially open when the shoot was completely severed.
A similarly low fraction of vessels was occluded in studies of
Pierce’s disease (Fry and Milholland, 1990; Krivanek et al.,
2005) and other diseases (e.g., Pegg and Cronshaw, 1976).
Bornman (1967) argued that tyloses and abscission are not
causally related. Thus, there are two important questions that
need resolution in order to understand whether tyloses are
important in exacerbating disease by limiting xylem sap flow:
do tyloses form in functioning vessels, and are enough vessels
occluded by tyloses rather than embolisms to limit water and
solute transport?

Conclusion—In our investigation of tylose development in
pruned grapevine stems, the responses to wounding are xylem
age-dependent; tyloses form deeper in wounds made at the base
of a cane (maximum at 4 mm deep) compared to the apical
region (maximum at 2 mm deep), and faster in the base (85%
occluded at 7d) vs (50% occluded at 7d) when wounded at the
apex. These data will be of use to biologists who study roles of
tylose development in wound repair and pathogenesis and are
of practical importance to growers to help them better
understand pruning practices.
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