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Abstract. Dye transport through vascular pathways was examined in tissues surrounding 
the graft union of second-leaf, fi eld-grown trees of ‘Lapins’/Gisela 5 (‘Gi 5’) (dwarfi ng) 
and ‘Lapins’/’Colt’ (nondwarfi ng). Excavated, intact trees were allowed to take up xylem-
mobile dye via transpiration for 6 h before sectioning the tree into scion, graft union, and 
rootstock tissue. ‘Lapins’/’Gi 5’ had a signifi cantly larger stem cross-sectional area in the 
central graft union than did ‘Lapins’/’Colt’. Per unit cross section, dye transport of both 
‘Lapins’/’Gi 5’ and ‘Lapins’/’Colt’ was signifi cantly less in the graft union than in rootstock 
sections, with still less transported to scion tissues in ‘Lapins’/’Gi 5’. ‘Lapins’/’Gi 5’ had 
a tendency to produce vascular elements oriented obliquely to the longitudinal axis of the 
tree. Dye was distributed more uniformly axially and radially across the graft union in 
‘Lapins’/’Colt’ than in ‘Lapins’/’Gi 5’, with an apparent accumulation of dye in ‘Lapins’/’Gi 
5’ graft union. Xylem vessel diameters and vessel hydraulic diameters (VD

h
) were smaller 

overall in ‘Lapins’/’Gi 5’ than in ‘Lapins’/’Colt’; however, graft unions in both had smaller 
VD

h
 than did rootstock sections. These observations suggest reduced transport effi ciency of 

xylem vessels in the graft union in ‘Lapins’/’Gi 5’ may be due to smaller vessels, vascular 
abnormalities and/or increased amounts of callus and parenchyma tissue.

Dwarfi ng rootstocks have been used in a 
number of pomological systems to increase pro-
ductivity and precocity, and to reduce both labor 
costs and chemical inputs. The availability of 
dwarfi ng rootstocks for sweet cherries (Prunus 
avium L.) is relatively recent (Gruppe, 1985) 
compared to that for apples (Malus domestica 
Borkh.) (e.g., Beakbane and Thompson, 1939; 
Beakbane, 1953). Research on the horticultural 
and physiological effects of dwarfi ng cherry 
rootstocks is relatively limited (Blaunsa et al., 
2000; Edin et al., 1996; Whiting and Lang, 
2004) and the scientifi c community has not 
defi nitively agreed upon the mechanisms of 
dwarfi ng in any perennial system (Atkinson 
et al., 2003; Jones, 1974; Kamboj et al., 1999; 
Sommelidou et al., 1994a, 1994b). 

A number of hypotheses have been 
proposed to describe the dwarfi ng effect of 
rootstocks on scion growth. These include 
physical limitations caused by whorls of vas-

port and contribute to the dwarf stature. For 
example, whorls of xylem vessels in the graft 
union were associated with increased dwarfi ng 
in apple (Mosse, 1962; Simons, 1986). Addi-
tionally, vascular tissue that develops at acute 
angles contrary to the longitudinal axis of the 
tree could hinder transport. The incidence of 
highly angled xylem rays has been correlated 
with the degree of dwarfi ng conferred by an 
apple rootstock (Simons, 1986, 1989). ‘Gisela 
5’, a P. cerasus × P. canescens hybrid dwarfi ng 
rootstock for sweet cherry, developed a high 
frequency of xylem vessels at acute angles to 
the longitudinal axis of the tree (Olmstead, 
2004). Misalignment of xylem vessels can 
occur as callus cells differentiate into vessels 
and parenchyma cells following grafting. 

Many macroscopic and microscopic tech-
niques have been developed to examine vascu-
lar elements (Czymmek et al., 1994; Simons, 
1972), including the uptake or injection of dye 
(Atkinson et al., 2003; Oparka and Santa Cruz, 
2000; Thompson and Schulz, 1999). Whole 
trees can be uprooted and transferred into a 
solution of a transportable dye (e.g., Safranin 
O), then sectioned for visual and microscopic 
examination (Atkinson et al., 2003; Ellmore 
and Ewers, 1986). This technique can be used 
to determine whether limitations in water trans-
port are due to mechanical blockage. Safranin 
O is transported in the transpiration stream, 
but is not exclusive to the vascular pathway. 
However, this dye renders a unique view of the 
vascular system by diffusing into areas with 
lignifi ed cell walls, which can highlight axial 
and radial water movement. 

Another barrier to axial water transport 
may be an increase in the proportion of cal-
lus tissue found surrounding the graft union 
(Asante and Barnett, 1997; Yang-Xiong et al., 
1995). As the parenchyma cells of callus tissue 
differentiate into vascular elements, the tissue 
has a high metabolic demand and hence, water 
transport also increases. Preliminary research 
has suggested that soluble sugars accumulate 
above the graft union in dwarfi ng sweet cherry 
combinations, perhaps due to the demand of the 
differentiating callus tissue (Olmstead, 2004). 
Examining dye transport into this tissue may aid 
in explaining the ‘swelling’ of the graft union 
often observed in scions grafted onto certain 
rootstocks, and specifi cally sweet cherry scions 
grafted onto dwarfi ng rootstocks.  

The objective of this research was to ex-
amine xylem structure and function in intact, 
immature sweet cherry trees grafted onto a 
dwarfi ng and a nondwarfi ng rootstock as a fi rst 
step in attempting to understand water transport 
through the graft union. It was hypothesized 
that transport of water and Safranin O dye 
into scion tissues would be reduced in dwarf-
ing combinations due to excess callus tissue 
surrounding the graft union and/or mechanical 
blockages that develop, and that smaller vessel 
diameters are more prevalent in the graft union 
of dwarfi ng rootstocks. 

Materials and Methods

In April 2003, 2-year-old nursery bud-
grafted trees were fi eld-planted at the MSU 

cular tissue (Simons, 1986, 1989); decreases in 
plant hormone concentrations and/or hormone 
ratios between scion and rootstock (Kamboj et 
al., 1999; Sommelidou et al., 1994b); increases 
in carbohydrate concentrations in scion tissue 
because of vascular incompatibility or physi-
cal limitations (Bieleski, 2000; Breen, 1975; 
Tabuenca, 1962); and decreases in water move-
ment through the graft union (Atkinson et al., 
2003; Gur and Blum, 1975). While there have 
been signifi cant advances based on this collec-
tive work, no single report has satisfactorily 
explained the mechanism of dwarfi ng. 

Transport of water, metabolites, and/or plant 
hormones may decrease through the graft union 
due to anomalies that develop during vascular 
differentiation between tissues of dwarfi ng com-
binations. Interestingly, the degree of reduced 
transport may be related to the degree of dwarf-
ing imparted by a particular rootstock. In apples, 
roots of dwarfi ng rootstocks [e.g., ‘Malling 27’ 
(‘M.27’)] had lower hydraulic conductances 
than roots of semi-dwarfi ng rootstocks [e.g., 
‘Malling-Merton 106’ (‘MM.106’); Atkinson et 
al., 2003]. This may be associated with factors 
like lower xylem:phloem ratios and abnormali-
ties in xylem anatomy of dwarfi ng rootstock 
systems (Atkinson et al., 2003; Beakbane and 
Thompson, 1947). 

The development of vascular abnormalities 
(e.g., the production of excess callus cells in 
the graft union) may reduce xylem water trans-
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Horticulture Research and Teaching Center, 
East Lansing, Mich., in a well-drained Mar-
lette fi ne sandy loam, with a minor slope 
(2% to 6%). Trees were comprised of either 
‘Gi 5’ (dwarfi ng) or ‘Colt’ (nondwarfi ng) root-
stocks with ‘Lapins’ as the scion. Both ‘Gi 5’ 
and ‘Colt’ are clonally propagated rootstocks, 
as opposed to the standard vigorous rootstocks 
used in the U.S., which are genetically hetero-
geneous seedlings of P. avium (Mazzard) or P. 
mahaleb. Spacing was 1.8 m between trees and 
3.0 m between rows. The trees were planted in 
a completely randomized design with rootstock 
type as the main treatment. The orchard fl oor 
consisted of grass alleys and in-row herbicide 
strips. Trees were fertilized as necessary and 
irrigated at a rate of about 2.5 cm per week. 

At the time of rapid shoot expansion (0.7 
to 1.0 mm·d–1; Fig. 1), 10 whole-tree replicates 
of each scion–rootstock combination were ex-
cavated to include as much of the root system 
as possible, thereby minimizing disruption of 
the water column. Trees were transported in 
sealed polyethylene bags to buckets of fresh 
water, where they were immersed and then cut 
underwater to minimize embolisms. Trees were 
severed about 2 cm above the rootshank and 
about 5 cm below the graft union to maximize 
the length of rootstock stem. The tree was then 
transferred into a fi ltered solution of aqueous 
0.1% Safranin O dye (w/v) (Sperry et al., 
1988). Trees were allowed to transpire in full 
sunlight (maximum global irradiance about 
1250 W·m–2) on a clear day for 6 h, then were 
cut into three transverse and three longitudinal 
sections centered on the graft union (3 to 5 cm 
long), and section locations were categorized as 
1) scion tissue (5 cm above the graft union); 2) 
central graft union tissue; and 3) rootstock tis-
sue (5 cm below the graft union). Macroscopic 
images were recorded digitally (Olympus C-
700UZ, Melville, N.Y.). Tissues were further 
sectioned into 120 µm thick transverse slices 
using a sliding microtome. Individual tissue 
replicates (n = 10 per location) were examined 
by fl uorescence microscopy (Zeiss LSM Pas-
cal, Jena, Germany; argon 488-nm laser line, 
73-µm pinhole aperture, and a 520-nm-long 
pass fi lter) to quantify functional xylem across 
the stem and graft union. Functional xylem 
in each section was determined as limited to 
the fi rst two outermost growth rings as indi-
cated by fl uorescence. Safranin O has a peak 
excitation wavelength of 488 nm and a peak 
emission wavelength of 530 nm. Unstained 
samples of the same tissue were observed 
using the same microscopic parameters to 
ensure that the fl uorescence signal was not 
from autofl uorescence. 

Microscopic images were analyzed using 
the trace measurement tool and macroscopic 
images were measured using color and inten-
sity thresholds in Sigma Scan Pro 5.0 (Systat 
Software Inc., Richmond, Calif.; Olmstead et 
al., 2004). The image was calibrated to a known 
dimension, and the desired anatomical feature 
measured by defi ning two points. Macroscopic 
images of transverse slices were analyzed using 
the color threshold tool, in which a range of 
color is selected for measurement. The entire 
cross section was analyzed, including bark, to 

ensure that dye was sequestered primarily to 
xylem vessels. Single-layer microscopic im-
ages of fl uorescing vessels were converted to a 
grayscale image and analyzed using an intensity 
threshold to determine percent uptake per unit 
cross-sectional area (n = 10). The percent area 
stained in rootstock slices was considered as the 
maximum possible value. Subsequent slices of 
scion and graft union sections were compared 
with the rootstock to determine whether dye 
accumulated or declined in intensity in the 
acropetal direction (from below to above the 
graft union) through the sections. 

Randomly selected vessels within the vas-
cular pathway (i.e., area of maximum water 
transport) were chosen for measurement (n = 
25). Vessel diameter (VD) was determined from 
the mean of two perpendicular measurements 
across the widest part of the vessel lumen. This 
was then averaged for all vessels within the 
area of maximum water transport. 

Vessel hydraulic diameters (VD
h
) were cal-

culated to determine the hydraulic effi ciency 
of xylem vessels in scion, graft union, and 
rootstock tissue. By Poiseuille’s Law, the rate 

of fl uid fl ow through a cylinder is proportional 
to the fourth power of the cylinder’s radius 
(Nobel, 1999; Zimmerman, 1983). Thus, nar-
row vessels often contribute little to overall 
hydraulic effi ciency. Because wider vessels 
contribute proportionally more per unit di-
ameter to the overall hydraulic conductivity 
of the stem than do narrow vessels, a large 
number of narrow vessels in a population may 
not accurately represent potential hydraulic 
function. By “hydraulically weighting” the 
vessel diameters, distributions of vessel sizes 
among stem segments can be compared for 
potential functional effi ciency (Pockman and 
Sperry, 2000). Vessel hydraulic diameter is 
defi ned as Σd5/Σd4 where d is vessel diameter 
(µm). 

General linear models (GLM) were used 
as appropriate, with alpha levels set at 0.05 
a priori. Data were tested for normality with 
homogeneous variances and for continuity. 
When normality was not satisfi ed, data were 
transformed logarithmically. Mean separation 
was by Tukey’s HSD and Fisher’s LSD as ap-
propriate (SAS Institute; Cary, N.C.). 

Fig. 1. Primary shoot length (A) and current year lateral growth (B) as recorded for ‘Lapins’/’Gi 5’ and 
‘Lapins’/’Colt’ trees in East Lansing, Mich., in 2003. Arrow indicates when trees were harvested for 
dye uptake experiment. Error bars represent ±SE (n = 10). 

MISCELLANEOUS
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Results

In both dwarfi ng and nondwarfi ng trees, dye 
was transported in the two outermost growth 
rings (Fig. 2). Dye uptake in ‘Lapins’/’Colt’ 
was distributed more uniformly radially across 
graft union tissue and longitudinally throughout 
the sections than in ‘Lapins’/’Gi 5’, suggest-
ing that more water was transported through 
all sections in ‘Lapins’/’Colt’ (Fig. 3A). This 
effect was especially visible longitudinally 
(Figs. 2A–F). Graft union tissue in ‘Lapins’/’Gi 
5’ had signifi cantly less stem area stained 
than the scion or rootstock tissues of either 
combination (P < 0.01) (Fig. 3A). Overall, 
staining was signifi cantly greater in all tissues 
of ‘Lapins’/’Colt’ than in their ‘Lapins’/’Gi 5’ 
counterparts. 

In both ‘Lapins’/’Gi 5’ and ‘Lapins’/’Colt’, 
scion sections had the smallest stem cross-
sectional area as compared to the graft union 
or rootstock sections (P ≤ 0.05) (Figs. 2A and 
D and 3B). Scion sections of ‘Lapins’/’Gi 5’ 
had the smallest stem cross-sectional area of 
all tissues examined (Fig. 3B). Conversely, 
graft unions of ‘Lapins’/’Gi 5’ consistently had 
larger stem diameters than any other section 
examined in either combination (Figs. 2A–C 
and 3B). In ‘Lapins’/’Colt’, stem diameter 
steadily decreased from rootstock to scion 
(Fig. 3B). 

Despite its large cross-sectional area, the 
area of functional water transport in the graft 
union of ‘Lapins’/’Gi 5’ was proportionally less 
(1.9%; P = 0.05) than any other tissue section 
(Fig. 3A) and represented the greatest decline 
in area stained (59%) relative to the adjacent 
rootstock section. ‘Lapins’/’Colt’ exhibited a 
gradual decrease in dye uptake from rootstock 
to scion, with a more moderate decline (29%) 
between rootstock and graft union. The greater 
decline in percent stained area for ‘Lapins’/’Gi 
5’ suggests that differences in area of functional 
water transport between rootstock and scion 
is consistent with observed dwarfi ng effects 
on tree vigor. 

Safranin O staining in scion tissue 
of ‘Lapins’/’Gi 5’ was less than that of 
‘Lapins’/’Colt’ (Fig. 4). Furthermore, only 
a small number of vessels were functional 
as indicated by those vessels emitting fl uo-
rescence in ‘Lapins’/’Gi 5’ compared to the 
number of functional vessels present in 
‘Lapins’/’Colt’ scion tissue (Fig. 4A and D). 
In either combination, VD was smaller in the 
graft union than in the rootstock, but there 

Fig. 2. Visualization of water uptake and transport 
through sweet cherry/rootstock stem sections of a 
dwarfi ng (‘Lapins’/’Gi 5’, A–C) and a nondwarfi ng 
(‘Lapins’/’Colt’, D–F) combination. An aqueous 
0.1% Safranin O solution was taken up by intact 
stem sections for 6 h in full sunlight; (A and D) 
scion, (B and E) graft union, (C and F) rootstock. 
Images are representative of all samples (n = 10). 
Scale bar = 1 cm. 

Fig. 3. Percentage stained (A) and total (B) stem cross-
sectional areas from transverse sections of rootstock, 
graft union, and scion tissues of ‘Lapins’/’Gi 5’ and 
‘Lapins’/’Colt’ sweet cherry/rootstock combinations. 
Error bars represent ±SE (n = 10). 
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was no difference between the graft union and 
scion in ‘Lapins’/’Gi 5’ (Table 1). Although 
VD in the graft union of ‘Lapins’/’Colt’ and 
‘Lapins’/’Gi 5’ were statistically the same, 
this did not signifi cantly affect potential 
water transport based on dye movement (Fig. 
3A). Examination of the microscopic images 
reveals that the graft union in ‘Lapins’/’Gi 5’ 
accumulated more dye than in scion tissues 
(Figs. 4A–C and 5). Additionally, functional 
vascular elements in ‘Lapins’/’Colt’ were 
dispersed laterally across the stem, allowing 
radial diffusion into parenchyma surrounding 
the vessels (Fig. 4D–F). 

Vessel diameters in areas of maximum dye 
transport (i.e, stained areas) were signifi cantly 
smaller in graft union tissue (31.2 µm) than in 
rootstock tissue (33.2 µm) (P < 0.05; Table 1) 
of ‘Gi 5’, although VD did not differ between 
scion and graft union. ‘Lapins’/’Colt’ also 
had signifi cantly smaller vessels in the graft 
union (32.0 µm) than in either the scion or 
rootstock (P < 0.001, Table 1). Overall, VD 
and maximum vessel diameters were smaller 
in ‘Lapins’/’Gi 5’ than in ‘Lapins’/’Colt’. 
Maximum vessel diameter in areas of maxi-
mum dye transport exhibited a similar trend, 
with the lowest value in graft union sections 
for both rootstock treatments. 

Vessel hydraulic diameter was smallest 
in the graft union tissues of both treatments, 
but differed from VD

h
 of either scion or 

stock only in ‘Lapins’/’Colt’ (Table 1). As 
with VD, overall VD

h
 of ‘Lapins’/’Gi 5’ was 

signifi cantly smaller than ‘Lapins’/’Colt’. 
This suggests that theoretical water fl ow in 
these vessels is less in ‘Lapins’/’Gi 5’ than 
in ‘Lapins’/’Colt’. 

Discussion

The scion is expected to have the smallest 
diameter along the stem of a young grafted tree 
(Hartmann et al., 1997), and this was the case 
for both ‘Lapins’/’Gi 5’ and ‘Lapins’/’Colt’. 
Furthermore, the graft union of a young tree is 
expected to have the largest diameter along the 
axis of the tree stem, since it results from the 
outgrowth of a scion bud grafted onto an older 
rootstock. Most, if not all, cherry trees from 
North American nurseries are bud-grafted, and 
the process of grafting can have an impact on 
the formation of vessels that contribute to water 
transport (Olmstead et al., 2005). In this study, 
‘Lapins’/’Gi 5’ had a larger graft union cross-
sectional area than ‘Lapins’/’Colt’. Swelling 
in the graft union of apple (Simons and Chu, 
1983) and cherry (Deloire and Hebant, 1983; 
Olmstead, 2004) trees on dwarfi ng rootstocks 
has been attributed to the proliferation of callus 
and parenchymatous tissue as the graft wound 
heals. This relatively young and continually 
differentiating tissue has a demand for sugars 
as cell walls lignify and for water to maintain 
turgor pressure. 

Sweet cherry is classifi ed as semi-ring 
porous with greatest water transport in mature 
xylem vessels of the outer growth rings or in 
the larger vessels of inner rings (Ellmore and 
Ewers, 1986; Zimmerman and Jeje, 1981). This 
pattern of xylem vasculature was observed here 

Table 1. Xylem vessel characteristics for ‘Lapins’/’Gi 5’ (dwarfi ng) and ‘Lapins’/’Colt’ (nondwarfi ng). 

  Vessel Hydraulic vessel Maximum vessel
Treatmenty Section diam (µm)z diam (µm)z diam (µm)z

‘Lapins’/’Gi 5’ Scion 32.2 ± 0.5 bcx,w 37.2 ± 0.5 b 49.4
 Graft union 31.2 ± 0.5 c 35.8 ± 0.5 b 46.3
 Rootstock 33.2 ± 0.4 b 37.8 ± 0.4 b 52.0
‘Lapins’/’Colt’ Scion 37.2 ± 0.5 a 42.7 ± 0.5 a 57.3
 Graft union 32.0 ± 0.5 c 38.8 ± 0.5 b 51.6
 Rootstock 39.0 ± 0.6 a 45.6 ± 0.6 a 65.3
zn = 10 trees.
yn = 25 vessels.
xDiameter reported ± SE.
wLetters denote mean separation within columns by LSD at P ≤ 0.05.

Fig. 4. Extended focus fl uorescence images comparing Safranin O uptake in xylem tissue of ‘Lapins’/’Gi 
5’ (A–C) and ‘Lapins’/’Colt’ (D–F). A growth ring is visible in the dyed area of the rootstock of 
‘Lapins’/’Gi 5’ (C). (A and D) scion, (B and E) graft union, (C and F) rootstock; ve = vessel element, 
xr = xylem rays. Scale bar = 100 µm.
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via dye uptake (Fig. 4A–F). In ‘Lapins’/’Gi 
5’, dye transport declined acropetally from 
the graft union, suggesting a reduction in the 
velocity of water fl ow. In fact, longitudinal 
sections revealed large sections of vascular 
tissue developed on a diagonal that may limit 
fl ow between graft union and scion regions in 
‘Lapins’/’Gi 5’.

A decrease in VD from the rootstock 
to graft union of ‘Lapins’/’Gi 5’ may have 
impeded water transport between the tissues. 
Both macroscopic and microscopic examina-
tion of dye staining and calculation of VD

h
 

suggested that the functional capacity of the 
vascular system of ‘Lapins’/’Gi 5’ was less than 
that of ‘Lapins’/’Colt’, which is in agreement 
with results from apple systems (Atkinson et 
al., 2003). 

There were narrower vessels in ‘Lapins’/’Gi 
5’ than in ‘Lapins’/’Colt’, which may be due 
to genetic differences, as it has been suggested 
that dwarfi ng rootstocks inherently produce 
smaller vessels (Beakbane and Thompson, 
1947). Macroscopic examination suggests that 
rootstock selection affected water transport 
to a greater extent in ‘Lapins’/’Gi 5’ than in 
‘Lapins’/’Colt’. 

The reduction of VD
h
 from the rootstock 

to the graft union, which occurred in both 
‘Lapins’/’Gi 5’ and ‘Lapins’/’Colt’, appears 
to affect water transport to a lesser degree 
in ‘Lapins’/’Colt’. Perhaps water transport 
between vessels (i.e., lateral diffusion) in 
‘Lapins’/’Colt’ may account for the increased 
dye uptake when compared to ‘Lapins’/’Gi 
5’. Smaller VD and VD

h
, as well as reduced 

lateral diffusion, may contribute to the dwarf-
ing generally observed when scions are grafted 
onto Gisela 5. 

Vessel diameter is not the only factor to 
infl uence xylem water transport. In dwarfi ng 
apple rootstocks, vascular elements (e.g., 
vessels) may develop on a diagonal to the 

Fig. 5. Percent of microscopic image (single-layer) stained (0.1% Safranin O) in the area of maximum water 
transport in a dwarfi ng (‘Lapins’/’Gi 5’) and a nondwarfi ng (‘Lapins’/’Colt’) sweet cherry/rootstock 
combination. Error bars represent ±SE (n = 10). 

longitudinal axis of the tree, which occurred 
concomitantly with reduced scion growth (Si-
mons, 1986, 1989; Sommelidou et al., 1994a). 
Macroscopic examination of longitudinal 
sections of the graft union of ‘Lapins’/’Gi 5’ 
confi rmed this phenomenon in sweet cher-
ries, with development of xylem wood on a 
distinct diagonal (Fig. 2B). It is possible that 
the vascular pathway in dwarfi ng combina-
tions is extended because of this vascular 
orientation. This longer pathway in the graft 
union may allow greater water diffusion into 
increased callus and parenchyma tissue that 
is present. Thus, water transport occurs along 
a longer pathway, as opposed to a physically 
restricted one (e.g., through smaller vessels). 
An elongated vascular pathway might trap 
water and allow larger molecules (e.g., dye) 
to diffuse into surrounding tissues. Longer 
pathways may slow water transport and sol-
utes in the graft union (Fig. 2A–F), leading 
to the apparent reduction of dye uptake in 
the graft union and scion of ‘Lapins’/’Gi 5’ 
(Figs. 2A–C and  3A). This has implications 
for management, as reduced water transport 
can affect a number of processes during fruit 
development, particularly the third stage of 
cherry fruit growth, cell enlargement. Canopy 
leaf area and crop load should be balanced 
when growing sweet cherry scions on ‘Gi 
5’ rootstocks. This may require pruning and 
fertilization strategies specifi cally designed 
for trees grafted onto ‘Gi 5’ rootstocks. 

An alternative hypothesis for the appar-
ent reduction in water transport through the 
graft union is that there is a reduction in 
transpiration of ‘Lapins’/’Gi 5’ due to smaller 
evaporative surface area or perhaps root-
scion signaling molecules such as ABA. An 
interesting follow-up experiment might be to 
compare water transport through living tissue 
vs. dead root-union-scion vascular sections 
to test whether transport is limited due to 

strictly physical resistance or due to metabolic 
control. Results on transpiration, water use 
effi ciency (WUE), and photosynthetic rate 
of scions on dwarfi ng rootstocks have been 
contradictory in apples, with no difference 
in transpiration or photosynthesis between 
dwarfi ng and standard rootstock systems 
(Barden and Ferree, 1979), or lower rates of 
photosynthesis and transpiration in leaves of 
dwarfi ng rootstocks (Looney, 1968; Schechter 
et al., 1991). Water use effi ciency has not 
correlated well with vigor. In ‘Rainier’/’Gi 
5’, ‘Rainier’/’Gi 6’ and ‘Rainier’/Mazzard, 
WUE of well-watered potted trees was 
not different, although ‘Rainier’/’Gi 5’ did 
transpire more rapidly (Zavalloni, 2004). 
Photosynthetic rates, transpiration and sto-
matal conductance of fully expanded leaves 
on 2-year-old ‘Lapins’ trees were signifi cantly 
higher on ‘Gi 5’ than on ‘Colt’ (Olmstead, 
2004). However, acropetal dye movement 
in ‘Lapins’/’Colt’ translocated further both 
vertically and radially than in ‘Lapins’/’Gi 
5’. Perhaps the increased deposition of cal-
lose and/or lignifi ed cells in the graft union 
region of ‘Lapins’/’Gi 5’ resulted in the 
apparent reduction of dye in scion tissues. 
Further research is needed to understand how 
physiological and anatomical differences in 
dwarfi ng and nondwarfi ng cherry rootstocks 
affect scion photosynthesis, transpiration, and 
overall tree hydraulic parameters. 

Conclusions

Dye uptake and translocation patterns in 
stem tissues suggest that xylem fl ow may be 
reduced in dwarfi ng cherry scion–rootstock 
combinations. Overall, the graft union stem 
cross-sectional area was highest in ‘Lapins’/’Gi 
5’ compared to all other stem sections in either 
‘Lapins’/’Gi 5’ or ‘Lapins’/’Colt’. There was 
a greater tendency for xylem vessels to be 
oriented at an angle to the longitudinal axis 
of the tree in the graft union of ‘Lapins’/’Gi 
5’. Thus, this greater cross-sectional area did 
not result in an increase in the stained area of 
functional transport. The percent of total area 
stained in the graft union of ‘Lapins’/’Gi 5’ 
was less than all other sections and treatment 
combinations. 

Microscopic examination within areas of 
maximum transport suggested that the graft 
union of ‘Lapins’/’Gi 5’ accumulated dye, 
perhaps due to a reduction in the velocity of 
water transport. ‘Lapins’/’Colt’ had a more 
uniform distribution of dye throughout the 
scion, graft union, and rootstock tissues, 
hence more functional vessel elements. Vessel 
diameters were smallest for graft union tissues 
in both treatments. 

In ‘Lapins’/’Gi 5’, reduced dye uptake 
may be caused by the combination of smaller 
vessel diameters and an increased amount 
of lignifi ed tissue located in the graft union 
region, leading to increased avenues for xy-
lem content dispersal. Nonfunctional phloem 
and abnormal vascular pathways in the graft 
union may provide a longer route for water 
to travel, thus slowing water transport in the 
graft union region. 
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