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Introduction
Dwarfing interstocks are widely used in modern 

high-density orchards in cold areas with low-nutrient soil 
in countries such as Italy (Di Vaio et al., 2009), New Zealand 
(Seleznyova et al., 2008), Turkey (Karlidağ et al., 2014) and 
China in recent decades. In China, 10% of apple orchards are 
cultivated using dwarfing rootstocks, and trees cultivated us-
ing interstocks are a preferable choice for high-density apple 

orchards. ‘Hanfu’, which is grafted on the GM256 interstock/
Malus baccata rootstock, is one of the most widely grown 
apple cultivars in China; it is cultivated in cold and windy  
areas such as Shenyang. Many studies have suggested that this 
interstock is effective in controlling the vigor of apple trees, 
and has the potential to induce growth reduction, branching, 
and early fruiting, and to increase the efficiency of produc-
tivity and fruit quality, which makes this interstock suitable 
for the establishment of middle- and high-density orchards 
in dry and windy areas or areas at higher altitudes (Di Vaio et 
al., 2009; Karlidağ et al., 2014; Marcon et al., 2010). Several 
researchers reported that photosynthetic characteristics of 
fruit trees are not only affected by the cultivar and heredity 
of rootstocks, but also affected by scion/rootstock combina-
tions (Bosa et al., 2014; Fujisawa and Moriya, 2010; Webster, 
2004). Heredity differences in the scions or rootstocks affect 
the photosynthetic characteristics of leaves. Therefore, not 
only scions but also rootstocks play a pivotal role in tree pho-
tosynthesis (Gonçalves et al., 2006). So far, only a few stud-
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 Summary
Interstocks are widely used in high-density or-

chards at cold areas with low-nutrient soil in recent 
decades. The effects of interstocks on leaf photosyn-
thetic characteristics and translocation of photosyn-
thates were determined by using 13C tracing method 
in 3-year-old ‘Hanfu’/GM256/Malus baccata (HF/GM/
MB) trees (with interstocks) and ‘Hanfu’/Malus bac-
cata (HF/MB) trees (non-interstocked) during the 
vigorous growth period of the shoots. Compared with 
HF/MB, HF/GM/MB leaves have greater leaf area, spe-
cific leaf weight, apparent quantum yield, carboxyl-
ation efficiency, chlorophyll a content and chlorophyll 
a/b, and could utilize light energy and CO2 more ef-
ficiently. Further, the HF/GM/MB leaves have greater 
carbon assimilation ability than the HF/MB leaves. 
The 13C partition in the aerial parts of the HF/MB trees 
showed a gradual decrease in the following order: 
shoots > trunks > 1-year-old branches > rootstocks. 
In contrast, the following order was observed in the 
HF/GM/MB trees: shoots > interstocks > 1-year-old 
branches > rootstocks > trunks. The 13C partition of 
the thick roots of HF/GM/MB declined with increase 
in 13C in the fine roots, but this trend was reversed in 
HF/MB. The interstocks have little effect on the veloc-
ity of 13C translocation from the shoots to the roots, 
but the sink strength of the interstocks changed the 
competitive capacity of the sink organs for photo- 
assimilates. These findings suggest that GM256 as an 
interstock has the potential to induce growth rates of 
leaves of ‘Hanfu’ apple and does not hinder the trans-
location of photoassimilates in interstocks.
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Significance of this study
What is already known on this subject?
• It was previously shown that not only scions but also 

rootstocks play a pivotal role in tree photosynthesis. 
However, the effects of interstock on the photo-
synthetic characteristics of scions leaves and carbon 
translocation in apple trees are largely unknown.

What are the new findings?
• Interstocks have the potential to induce growth 

rates of scions leaves and improve leaf carbon 
assimilation ability during the vigorous growth 
period of shoots. The sink strength of interstocks 
affected the competitive capacity of sink organs for 
photosynthates, which in turn led to differences in 
13C allocation between the interstocked and non-
interstocked apple trees.

What is the expected impact on horticulture?
• Selection of an appropriate interstock, which has 

little effect on the photosynthates translocation from 
the shoots to the roots, is an important parameter to 
consider for the establishment of high-density apple 
orchards using interstocks in cold areas with low 
fertile soil.
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ies have been conducted on the effects of interstocks on the 
photosynthetic properties of apple trees during the vigorous 
growth period of shoots.

Grafting impedes the flow of photoassimilates and miner-
al elements in trees, and therefore, it weakens the equilibri-
um of elements in trees (Ciobotari et al., 2009). Differences in 
the anatomical structure and transfusion tissue among culti-
vars, interstocks and rootstocks in apple trees result in ab-
normal differentiation of the transfusion system of dwarfing 
rootstocks, vessel density of the xylem and vessel elements of 
the graft union; therefore, transportation of water and pho-
tosynthates is blocked (Dolgun et al., 2009; Tombesi et al., 
2010). The upstream and downstream transport of nutrients 
is difficult after introduction of interstocks. The transporta-
tion speed and capability for 14C photosynthates (Stutte et al., 
1994; Wang et al., 1998), 15N (Yano et al., 2003) and other 
macromolecule nutrients; mineral elements (Ciobotari et al., 
2009; Gonçalves et al., 2007) and water (Martínez-Alcántara 
et al., 2013; Tombesi et al., 2010) across the interstocks are 
impeded by the interstocks to a certain degree; this blockage 
affects the vigor of the aerial parts of the tree. However, other 
researchers claim that the differences in carbon distribution 
between the aerial and underground parts were not caused 
by the blockage of transportation of organic elements at the 
grafting junction area (Wang et al., 2003). The difference in 
carbon distribution between dwarfing trees and vigorous 
trees may be caused by changes in sink strength or enzyme 
activity (Morinaga and Ikeda, 1990; Wang et al., 2003). The 
effects of photoassimilate translocation and distribution of 
dwarfing or semi-dwarfing rootstocks on apple, pear, cherry 
and peach has been fairly well studied, but little research has 
been done on interstocks and their effects on photosynthetic 
characteristics and carbon distribution in apple trees graft-
ed on interstocks. 14C labeling is usually used to study the 
allocation and transfer of carbohydrates produced by photo-
synthesis in apple trees, but in recent decades, it has seldom 
been used due to the release of radiation and contamination. 
Recently, advances in the analysis of stable isotopes have 
prompted interest in the use of 13C as a tracer, the majority 
of these studies have been conducted on agricultural crops 
such as apple (Toselli et al., 2014), pear (Teng et al., 2002), 
grapevine (Morinaga et al., 2003), persimmon (Simkhada et 
al., 2007) by using this method, which is highly suitable for 
monitoring the 13C assimilation of leaves and the mobility of 
photoassimilates from the shoots to tree roots in apple trees 
grafted on interstocks.

In the experiments described here, 13CO2 tracing was 
performed in 3-year-old ‘Hanfu’/GM256/Malus baccata trees 
(with interstocks) and ‘Hanfu’/Malus baccata trees (non-in-
terstocked) during the vigorous growth period of the shoots. 
The objective of the present study was to elucidate the effect 
of interstocks on (1) the photosynthetic characteristics of the 
leaves, (2) 13C distribution, and (3) the transportation of pho-
toassimilates downstream from the shoots to the roots.

Materials and methods

Plant material and growth conditions
The study was conducted at the Liaoning Institute of  

Pomology (Yingkou, Liaoning Province) (40°11’N, 122°07’E),  
which has an elevation of 133 m, an annual accumulat-
ed temperature (higher than 10°C) of more than 3,400°C, 
3,000 h of sunshine annually, an annual frost-free period of 
172–188 d, and a mean annual precipitation of 693 mm. The 
scions of the apple cultivar ‘Hanfu’ (Malus domestica Borkh) 

were grafted on Malus baccata rootstocks (HF/MB, non-in-
terstocked) and GM256 interstock/Malus baccata rootstocks 
(HF/GM/MB, with interstocks). 200 trees of each cultivar/
rootstock combination were planted in 33-cm-diameter pots 
in an open field in 2010. The soil was fertilized with organic 
fertilizer (20%), coal cinder (10%), and garden soil (70%) 
(pH = 6.3; organic matter = 11.7 g kg-1, total N = 0.9 g kg-1, 
available P = 26.8 mg kg-1, and available K = 163.6 mg kg-1). 
All the pots were kept elevated on bricks for watering and 
aeration, and 80 g of mixed fertilizer (N: 6.5%, P: 5%, K: 
6.5%) was added to each pot annually in March. Pests and 
diseases were managed using the standard methods.

Leaf gas exchange
On May 25, 2012, three trees of each cultivar/rootstock 

combination were selected, and the ninth leaf from the base 
of the south-facing side of each tree was used to determine 
the photosynthetic rate, using a portable infrared gas ana-
lyzer (Li-6400P photosynthesis system; Li-Cor, Inc., Lincoln, 
Ne., USA). The differences in CO2 and light intensity respons-
es were measured in three leaves, and these data were  
averaged. The photoresponse curves were determined by 
changing the reference photosynthetically active radiation 
in the leaf chamber, in a stepwise manner, from 0 to 2,000 
µmol m-2 s-1. For these measurements, CO2 concentration, air 
temperature, relative humidity in the leaf chamber were set 
to 400 µmol mol-1, 25°C and 80%, respectively. The CO2 re-
sponse curves were determined by changing the reference 
CO2 concentration in the leaf chamber, in a stepwise manner,  
from 50 to 1,000 µmol mol-1. For these measurements,  
photosynthetically active radiation, air temperature, relative 
humidity in the leaf chamber were set to 1,000 µmol m-2 s-1, 
25°C and 80%, respectively. The net photosynthetic rate 
(Pn) at light saturation (SL) was calculated from the photo-
synthetic light-response curve. The apparent quantum yield 
(AQY) was obtained by linear regression under a light inten-
sity range of 30–200 μmol m-2 s-1. The carboxylation efficien-
cy (CE) was calculated from the CO2-Pn response curve.

Photosynthetic pigments
Ten normal leaves from the middle region of the shoots of 

young apple trees of two scion-rootstock combinations were 
collected to measure the amount of photosynthetic pigment. 
The leaves were frozen in liquid N2 and stored at -80°C till 
analysis. Chl a and Chl b were extracted using 80% acetone 
and quantified spectrophotometrically using an ultraviolet 
spectrophotometer (UV2550; Shimadzu Co., Japan). Total 
carotenoids (Car) were extracted with the chlorophylls and 
measured using the equations of Lichtenthaler (1987).

Morphological characteristics of the leaves
Ten mature leaves of each cultivar/rootstock from ran-

domly selected apple trees were collected. The leaf area was 
measured with a scanning leaf area meter (SHY-150, Har-
bin Optical Instrument Co., Ltd., China). Specific leaf weight 
(SLW) was measured by punching 10 holes in the same part 
of both sides of the principal vein of the leaves using a 0.8-
cm2 punch. After 15 min of fixation under a temperature of 
105°C, the leaves were oven-dried at 80°C for 48 h till a con-
stant weight was achieved. SLW (g m-2) = dry weight of the 
leaves/leaf area.

Stomatal morphology
Ten mature leaves of each scion/rootstock from random-

ly selected apple trees were collected. The stomatal morph- 
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ology was measured according to the method of Franks et 
al. (2009). Stomatal density was calculated for each leaf us-
ing an optical microscope (NICON E600; Epi. Co., Japan). A 
micrometer was used to measure the diameter of the scope 
(D), the amount of stomata (M) in the central scope, and the 
length (L) and width (W) of stomata.

Stomatal density (number mm-2) = M / π (D/2)2  (1)

Stomata L/W = Length of stomata / width of stomata (2)

13C feeding and sampling
18 apple trees (with the same number of shoots and 

leaves) per grafting combination were selected and exposed 
to labeled 13CO2 in three sealed organic glass chambers (2 m 
[depth] x 1.5 m [width] x 1.5 m [height], with a volume of 
approximately 4,500 L) at the same time on May 26, 2012 
(Figure 1). Containers holding 19.4 g NaH13CO3 (99 atom % 
13C; Sigma-Aldrich Co., St. Louis, MO, USA) were placed in 
the chamber. After the apple trees had been covered with 
the glass chamber (sealed by the water pool), the fan was 
switched on. Approximately 30 min later, after the CO2 con-
centration had decreased to 100 µM, a pulse of CO2 was re-
leased by injecting H2SO4 from a syringe until the NaH13CO3 
had completely dissolved. The temperature inside the cham-
ber was maintained at 28 ± 2°C by controlling the flow veloc-
ity of the tap water. The chamber was reopened after 45 min 
of feeding.

The amount of Na2
13CO3 needed to maintain the CO2 con-

centration at 1,000 µM was calculated by the following equa-
tion:

Na2
13CO3 + H2SO4 = Na2SO4 + 13CO2 + H2O (3)

The amount of Na2
13CO3 was calculated as follows:

4,500 L × (1,000 – 100) µM / 22.4 µL / µmol × 107 × 10-6 
= 19.4 g (4)

Samples of the 13C-labeled material were harvested at  
0 h, 4 h, 1 d, 3 d, 10 d and 30 d after feeding. Three trees 
of each cultivar/rootstock combination were harvested and 
separated into young leaves, mature leaves, shoots, 1-year-
old branches, trunks, interstocks, rootstocks, thick roots 
(diameter ≥2 mm), and fine roots (diameter <2 mm). All 
the samples were divided into the xylem and phloem except 
leaves and fine roots. Three unlabeled trees of each cultivar/
rootstock combination were used as controls. All the sam-
ples were washed with distilled water and oven-dried for 
more than 72 h until they reached a constant weight, and 
then ground and analyzed for 13C/12C using an isotope ra-
tio mass spectrometer (Delta V Advantage; Thermo Fisher  
Scientific Inc., USA). The samples were tested in a stable 
isotope laboratory at the Chinese Academy of Forestry and 
burned in an Elemental Analyzer (Flash EA1112 HT; Thermo 
Fisher Scientific Inc., USA) to generate CO2. Carbon isotope 
compositions were calculated as deviations of the C isotope 
ratio (13C/12C) from the international standard (Pee Dee Bel-
nite). The precision of δ13C was ≤ 0.1‰.

The amount of 13C in the plant samples was calculated 
as the amount of 13C in the labeled sample in excess of the 
non-labeled sample as follows:

The 13C content of an organ was defined using the formula

13Ci (mg) = Ci × (Flabeled – Funlabeled) × 100 (5)

In this formula, the C content of each organ is calculated 
as Ci (mg) = total dry weight of each organ (mg) × total C (%). 
F refers to 13C abundance: F (%) = [(δ13C + 1,000) × RPDB] / 
[(δ13C + 1,000) × RPDB + 1,000] × 100, where RPDB is the 13C/12C 
ratio of the standard PDB (=0.0112372) and δ13C is the natu-
ral 13C abundance of the sample (Lu et al., 2002).

The total fixed 13C content is calculated as the sum of 13C 
in every organ.

The 13C partition ratio of each organ is calculated as:

13Cp% = 13Ci / 13C total fixed × 100 (6)

In this formula, 13Cp% represents the percentage of ex-
cess 13C in the organ divided by the total amount of excess 13C 
in the whole tree.

The 13C export ratio of the labeled leaves is calculated as

13Cexp% = [13Ci(0 h) – 13Ci] / 13C(0 h) × 100 (7)

In this formula, 13Cexp% represents the 13C content loss 
from the labeled leaves as a percentage of 13C content at 0 h 
after feeding.

Statistical analysis
All statistical tests were performed using the Student’s 

t-test with the data processing system DPS 7.05 to determine 
whether there were significant differences between different 
graft combinations. The amount of photosynthetic pigment, 
leaf area, specific leaf weight and stomatal morphological 
features are shown for an average of 10 trees, and the other 
results represent the average for three trees. The probability 
level of statistical significance was accepted at P < 0.05.

Figure 1.  A diagram of a sealed organic glass chamber used 
for 13C pulse labeling. The trees were exposed to labeled 13CO2 
in the chamber (2 m [depth] x 1.5 m [width] x 1.5 m [height]). 
A fan and water cooling system (tap water loop) are located 
on the top of the chamber, a thermometer is placed inside, 
and a water pool (sealed to prevent flow into the chamber) 
is located at the bottom. Containers holding NaH13CO3 are 
placed in the chamber, and a pulse of CO2 is released by 
injecting H2SO4 from a syringe. The temperature inside the 
chamber is maintained at 28±2°C by controlling the flow 
velocity of the cold water.
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Results

Photosynthetic characteristics of young apples affected 
by the interstocks

The Pn of two cultivar/rootstock types increased with 
light intensity. When light intensity reached a certain point, 
Pn remained stable and reached light saturation (Figure 2A). 
The differences in the SL of young ‘Hanfu’ apple trees be-
tween the two cultivar/rootstock combinations were not sig-
nificant. However, the maximum photosynthetic rate of the 
HF/GM/MB trees (20.87 µmol m-2 s-1) was higher than that of 
the HF/MB trees (19.99 µmol m-2 s-1) at SL. The AQY of HF/
GM/MB trees (0.051 mol CO2 mol-1 photon) was significant-
ly higher than that of the HF/MB trees (0.045 mol CO2 mol-1 
photon) according to linear fitting.

The differences in Pn were not significant between the 
two cultivar/rootstock combinations when the CO2 concen-
tration was lower than 200 µmol mol-1, and Pn increased 
with the CO2 concentration (Figure 2B). When the CO2 con-
centration was 200 µmol mol-1 to 1,000 µmol mol-1, Pn dif-
fered between the HF/GM/MB and HF/MB trees and the dif-
ferences increased with the CO2 concentration. The Pn values 
of the HF/GM/MB trees were higher than those of the HF/
MB trees under the same CO2 concentration. According to  
linear fitting, the CE values of the HF/GM/MB trees (0.051 
mol CO2 m-2 s-1) were higher than those of the HF/MB trees 
(0.047 mol CO2 m-2 s-1), thus the HF/GM/MB trees could  
utilize CO2 better than the HF/MB trees.

Photosynthetic pigments, leaf area, SLW and stomata 
characteristics of young apples affected by the 
interstocks

The Chl a, Chl (a+b) content and Chl a/b ratio were sig-
nificantly higher in the HF/GM/MB leaves than in the HF/
MB leaves (Table 1). The differences in Chl b and carotenoids 
were not significant between the two cultivar/rootstock 
combinations, apparently the interstocks increased the con-
tent of Chl a and therefore increased the Chl (a+b) content 
and Chl a/b ratio.

The leaf area and SLW were significantly higher in the 
HF/GM/MB leaves than in the HF/MB leaves. There were no 
significant differences in the stomata density and stomata 
L/W between the two cultivar/rootstock combinations.

Effect of the interstocks on 13C utilization and 
distribution
1. Effect of the interstocks on the 13C content, export and 
partition of leaves. During the 30-d period after feeding, 
the 13C content of the young leaves, mature leaves and total 
leaves was significantly higher in the HF/GM/MB trees than 
in the HF/MB trees (Table 2). At 30 d after feeding, the 13C 
content of young leaves was higher than that of the mature 
leaves.

The 13C export ratios of young leaves and mature leaves 
was significantly higher in the HF/MB trees than in the HF/
GM/MB trees in the 30-d post-feeding period. The export  
ratios of young leaves and mature leaves of the HF/MB trees 

Table 1.  Photosynthetic pigments, leaf area, SLW and stomata characteristics of leaves in young apple trees with different 
cultivar/rootstock combinations during the vigorous growth period of shoots.

Graft 
combinations

Chl a
(mg g-1)

Chl b
(mg g-1)

Carotenoids
(mg g-1)

Chl (a+b)
(mg g-1) Chl a/b Leaf area

(cm2)
SLW

(mg cm-2)
Stomata density
(Number mm-2)

Stomata
L/W

HF/MB 1.13±0.03b 0.41±0.02a 0.27±0.03a 1.54±0.04b 2.74±0.08b 27.19±1.89b 7.45±0.07b 275.20±16.35a 1.43±0.21a

HF/GM/MB 1.29±0.06a 0.42±0.01a 0.31±0.02a 1.71±0.06a 3.04±0.14a 30.28±2.72a 7.61±0.05a 260.80±19.06a 1.49±0.20a

HF/MB: ‘Hanfu’ grafted onto Malus baccata; HF/GM/MB: ‘Hanfu’ grafted onto GM256 (interstock) and Malus baccata; Chl a: chlorophyll a; Chl b: 
chlorophyll b; Chl (a+b): total chlorophyll content; CCar: concentration of carotenoid; SLW: specific leaf weight; Stomata L/W: Length of stomata/
width of stomata. Each value is the mean ± S.E. (n=10). Different small letters in the same column indicate a significant difference at the 5% level 
by the Student’s t-test.

Figure 2.  Photosynthetic light-response curve (A) and CO2-Pn response curve (B) of the leaves of 3-year-old apple trees 
with different cultivar/rootstock combinations. HF/MB: ‘Hanfu’ grafted onto Malus baccata; HF/GM/MB: ‘Hanfu’ grafted onto 
GM256 (interstock) and Malus baccata; Pn: net photosynthetic rate, PAR: photosynthetically available radiation.
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Table 2.  Total 13C content, export and partition after 13CO2 feeding in the leaves of young apple trees with different cultivar/
rootstock combinations during the vigorous growing period of shoots.

Leaves Time
13C content (mg) 13C export ratio (%) 13C partition ratio (%)

HF/MB HF/GM/MB HF/MB HF/GM/MB HF/MB HF/GM/MB
Newborn leaves 3.80±0.92a 5.70±0.87a 0.65±0.17a 0.82±0.15a

Young leaves

0 h 396.29±3.58b 431.16±1.76a 33.22±0.39a 30.56±0.22b
4 h 382.55±21.22a 411.38±22.25a 3.50±9.18a 4.60±4.77a 34.69±0.07a 29.94±0.14b
1 d 380.57±1.73b 479.98±6.00a 4.00±8.29a -11.32±1.23b 36.46±0.29a 35.18±0.40b
3 d 322.09±17.32b 475.44±25.79a 18.71±4.75a -10.25±5.53b 34.26±0.28b 36.45±0.41a

10 d 157.58±7.64b 281.88±14.43a 60.23±2.12a 34.63±3.08b 23.11±0.21b 27.92±0.42a
30 d 99.26±5.50b 137.48±4.32a 74.95±1.49a 68.11±0.88b 16.80±0.49b 19.57±0.25a

Mature leaves

0 h 693.78±2.93b 838.56±2.64a 58.15±0.71b 59.44±0.31a
4 h 490.14±26.33b 601.74±32.42a 29.36±3.5a 13.25±5.04b 43.26±0.07b 43.79±0.20a
1 d 364.70±2.68b 415.72±1.75a 47.43±0.53a 40.08±0.47b 33.08±0.34a 30.30±0.33b
3 d 245.05±12.59b 277.66±14.39a 64.67±1.96a 59.97±2.24b 26.07±0.15a 21.29±0.19b

10 d 155.07±6.98b 183.56±8.49a 77.64±1.10a 73.54±1.33b 22.75±0.12a 18.18±0.19b
30 d 87.01±2.36b 111.05±7.29a 87.46±0.39a 83.99±1.12b 14.73±0.07b 15.80±0.53a

Total leaves

0 h 1090.07±5.42b 1269.71±2.14a 91.37±0.14a 90.00±0.34a
4 h 872.69±64.24b 1013.12±54.67a 19.96±5.55a 20.21±4.29a 77.95±0.14a 73.73±0.34b
1 d 745.27±33.12b 895.71±5.75a 31.64±2.71a 29.46±0.53a 69.54±0.62a 65.48±0.11b
3 d 567.14±29.91b 753.09±40.18a 47.96±2.97a 40.69±3.16b 60.33±0.43a 57.74±0.59b

10 d 312.65±14.62b 465.43±22.92a 71.31±1.47a 63.34±1.80b 45.86±0.33a 46.10±0.61a
30 d 190.08±6.89b 254.24±10.19a 82.56±0.71a 79.98±0.80b 32.18±0.32b 36.19±0.24a

HF/MB: ‘Hanfu’ grafted onto Malus baccata; HF/GM/MB: ‘Hanfu’ grafted onto GM256 (interstock) and Malus baccata. Each value is the mean ± S.E. 
(n=3). Different small letters in the same column indicate a significant difference at the 5% level by Student’s t-test.

were 6.84% and 3.47% higher, respectively, than those of the 
HF/GM/MB trees at 30 d after feeding.

At 30 d after feeding, the 13C partition ratios of young 
leaves, mature leaves and total leaves was significantly high-
er in the HF/GM/MB trees than in the HF/MB trees. The dif-
ference in the 13C partition of new born leaves between HF/
GM/MB trees and HF/MB trees was not significant.
2. Effect of the interstocks on the 13C partition of xylem/
phloem. The 13C assimilated by leaves was transported to 
other organs of the tree after feeding. The 13C partition of 
the shoots, trunks, rootstocks and thick roots increased with 
time (Figure 3). The 13C partition of the xylem tissues of 
1-year-old branches, trunks, rootstocks and thick roots were 
significantly higher in the HF/MB trees than in the HF/GM/
MB trees. The 13C partition in the phloem of interstocks was 
highest at 1 d after feeding and then decreased, while that in 
the xylem of interstocks increased with time and peaked at 
30 d (Figure 3D). The 13C partition was significantly higher in 
the phloem and xylem of trunks in the HF/MB trees than in 
the HF/GM/MB trees (Figure 3C). At 10 d after feeding, the 
13C partition was higher in the phloem of rootstocks in HF/
GM/MB trees than in HF/MB trees (Figure 3E).
3. Effect of the interstocks on the 13C partition of the 
aerial and underground parts. Carbon was transported 
from the leaves to the roots, causing the 13C partition to 
decrease in the aerial parts and increase in the roots (Figure 
4). During the first 10 days after feeding, carbon transport 
to the underground parts was faster in the HF/GM/MB trees 
than in the HF/MB trees. The 13C partition in the aerial parts 
of the HF/MB trees was significantly higher than that of the 

HF/GM/MB trees, while the 13C partition in the underground 
parts of the HF/GM/MB trees was significantly higher than 
that of the HF/MB trees.

Starting at 10 d after feeding, the carbon transport  
velocity from the aerial parts to the underground parts was 
altered, and it was higher in the HF/MB trees than in the HF/
GM/MB trees. At 30 d after feeding, the 13C partition in the 
aerial parts was significantly higher in the HF/GM/MB trees 
than in the HF/MB trees, but this trend was reversed in the 
underground.

During the 30-d period after feeding, the interstocks did 
not affect 13C transport to the fine roots: 13C partition in the 
fine roots was significantly higher in the HF/GM/MB trees 
than in the HF/MB trees (Figure 5). The 13C partition in thick 
roots was significantly lower in HF/GM/MB trees than in 
HF/MB trees (Figure 3F).
4. Effects of the interstocks on 13C partition at 30 d after 
feeding. On the 30th day after feeding, in the aerial parts of 
HF/MB trees, the 13C partition showed a gradual decrease in 
the following order: shoots > trunks > 1-year-old branches 
> rootstocks. However, in HF/GM/MB trees, the order was 
shoots > interstocks > 1-year-old branches > rootstocks > 
trunks (Figure 6). The trees of the two cultivar/rootstock 
combinations had a different 13C transportation center 
underground: it was the thick roots in the HF/MB trees, 
while it was the fine roots in the HF/GM/MB trees. The 13C 
partition was very low in newborn leaves and newborn 
shoots after feeding.
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Figure 3.  The 13C partition of the phloem and xylem after 13CO2 feeding in shoots, 1-year-old branches, trunks, interstocks, 
rootstocks and thick roots of young apple trees with different cultivar/rootstock combinations. HF/MB: ‘Hanfu’ grafted onto 
Malus baccata; HF/GM/MB: ‘Hanfu’ grafted onto GM256 (interstock) and Malus baccata. Different letters on the bars at the 
same time indicate significant differences between the treatments at the 5% level by Student’s t-test (n = 3).

Figure 4.  The 13C partition after 13CO2 feeding in the aerial parts (A) and underground parts (B) in young apple trees with 
different cultivar/rootstock combinations. HF/MB: ‘Hanfu’ grafted onto Malus baccata; HF/GM/MB: ‘Hanfu’ grafted onto 
GM256 (interstock) and Malus baccata. Different letters on the bars at the same time indicate significant differences between 
the treatments at the 5% level by Student’s t-test (n = 3).



302 E u r o p e a n  J o u r n a l  o f  H o r t i c u l t u r a l  S c i e n c e

Zhou et al.  |  Photosynthetic capacity and carbon distribution of interstocked apple trees

Figure 5.  The 13C partition af-
ter 13CO2 feeding in fine roots of 
young apple trees with different 
cultivar/rootstock combinations. 
HF/MB: ‘Hanfu’ grafted onto  
Malus baccata; HF/GM/MB: ‘Han-
fu’ grafted onto GM256 (interstock) 
and Malus baccata. Different let-
ters on the bars at the same time 
indicate significant differences 
between the treatments at the 5% 
level by Student’s t-test (n = 3).

Figure 6. The 13C partition in vari-
ous organs of young apple trees 
at 30 d after 13CO2 feeding with 
different cultivar/rootstock com-
binations. HF/MB: ‘Hanfu’ grafted 
onto Malus baccata; HF/GM/MB: 
‘Hanfu’ grafted onto GM256 (inter-
stock) and Malus baccata. Differ-
ent letters on the bars at the same 
time indicate significant differen-
ces between the treatments at the 
5% level by Student’s t-test (n = 3).

Discussion

Photosynthetic characteristics and 13C assimilation in 
the leaves affected by interstocks

The interstocks significantly affected the photosynthet-
ic characteristics and the 13C fixation ability of ‘Hanfu’ apple 
tree leaves during the vigorous growth period of shoots. 
Several reports have documented that the Pn of apple trees 
grafted on dwarfing rootstocks was lower than the Pn rates 
of trees grafted on more vigorous rootstocks (Goncalves et 
al., 2006; Sotiropoulos, 2008). However, some researchers 
report that the higher the dwarfing effect of the rootstocks, 
the higher the Pn of scions (Bosa et al., 2014; Fujisawa and 
Moriya, 2010). This may be because different rootstocks 
or scion/rootstock combinations play different roles in the 
photosynthetic properties of different cultivars. In this study, 
interstocks as well as dwarfing rootstocks were found to 
improve the photosynthetic efficiency of ‘Hanfu’ apple trees 
leaves. Trees with interstocks showed a preference for and 
better utilization of strong light, and had higher CO2 utili-
zation efficiency than non-interstocked trees, which was in 
accordance with the results of the 13C pulse labeling experi-
ment in which the leaves of trees grafted on interstocks could 
assimilate more 13C photosynthates. The differences in the 
photosynthetic characteristics and 13C assimilation between 
the two cultivar-rootstock combinations were caused by the 
interstocks because they were grown under the same con-
ditions and with the same materials, scions and rootstocks.

The photosynthetic characteristics of plants are closely 
related to the developmental condition of the leaves. SLW is 
an indicator of carbon assimilation and accumulation. High-
er SLW values indicate higher photosynthate production, 
translocation, and accumulation in leaves due to a higher 
photosynthetic rate (Singh and Rajan, 2009). Our results 
are in agreement with those of Gyeviki et al. (2012), who re-
ported that the leaves of trees on dwarfing rootstocks usual-
ly have higher SLW values, while those of trees on vigorous 
rootstocks have lower SLW values for both shoots. Bosa et al. 
(2014) reported that pear trees grafted on dwarf rootstocks 
had the greatest leaf area among the rootstocks investigated 
in this experiment. In our experiment, not only SLW but also 
the leaf area was significantly higher in HF/GM/MB leaves 
than in the HF/MB leaves, which indicated that interstocks 
can increase the growth and development rates and improve 
the maturity of the scion leaves during this period.

Chlorophylls are essential for the conversion of light 
energy to stored chemical energy, and the leaf pigment con-
tent provides valuable information about the physiological 
status of plants (Šabajevienė et al., 2006). Hence, changes 
in the pigment content of leaves can affect photosynthesis 
in plants (Koike et al., 2001). In the case of cherry trees, the 
concentrations of total chlorophyll and Chl a/b were higher 
in leaves grafted on dwarfing rootstocks than in those graft-
ed on invigorating rootstocks (Goncalves et al., 2006); these 
findings are in agreement with those of the present study.  
Šabajevienė et al. (2006) and Bosa et al. (2014) also found 
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that the chlorophyll content was affected by dwarf rootstocks 
in apple and pear trees. The Pn of leaves did not always show 
a positive correlation with the content of photosynthetic pig-
ments (Chen and Xu, 2006); however, different chlorophyll 
pigments showed different reactions in photosynthesis. The 
findings of our study indicate that increases in the Chl (a+b) 
content and Chl a/b ratio were caused by increase in the 
Chl a content of trees with interstocks. Increased Chl a con-
tent improved not only the light-capturing capacity, but also 
the activated chlorophyll molecules in the primary reaction 
of photosynthesis. Therefore, trees with interstocks have 
higher photosynthetic capacity than non-interstocked trees; 
specifically, certain interstocks increase the growth and  
development rate of the scion leaves during this period.

Stomata are small pores on the surfaces of leaves that 
control the exchange of gases, most importantly water vapor 
and CO2, between the interior of the leaf and the atmosphere 
(Hetherington and Woodward, 2003). It has been reported 
by Morinaga and Ikeda (1990) that rootstocks affected pho-
tosynthetic capacity by changing the stomatal density or 
RuBPCase activity of citrus cultivars. But, our study indicates 
that interstocks have little effect on the stomatal density and 
stomata L/W, this is probably because the cultivar and the 
interstock may counteract each other’s effects during the  
ontogenic processes of the stomatal apparatus.

Effect of the interstocks on 13C translocation and 
distribution

Carbon allocation within a plant depends on complex 
rules linking source organs, sink organs and transport paths 
(Génard et al., 2008; Marcelis, 1996). The complexity is 
essentially as a result of regulation due to feedback mech-
anisms, interactions between different functions, and the 
specific distribution of the different plant compartments 
(Génard et al., 2008). In the isotope labeling method, the 14C 
or 13C partition is usually used for representing translocation 
patterns between leaves and other organs. In this experi-
ment, the interstocks strongly affected the 13C photosynthate 
distribution of young ‘Hanfu’ apple trees during the vigorous 
growth period of shoots, but did not hinder the translocation 
of 13C photoassimilates from the shoots to tree roots.

Source strength refers to the rate at which carbon assim-
ilates are produced. Dry matter partitioning is the result of 
the flow of assimilates from source organs via a transport 
path to the sink organs (Marcelis, 1996). Ho (1992) conclud-
ed that assimilate supply affects only the degree of competi-
tion but not the partitioning among sinks. Marcelis (1996) 
also reported that the effect of source strength on dry mat-
ter partitioning is often not a direct one, but is indirect, via 
the formation of sink organs. It was also confirmed in this 
research that a change in source strength does not always 
indicate a true change in the output rate of photosynthates. 
Although trees with interstocks showed greater 13C fixation 
and greater source strength than non-interstocked trees, 
higher source strength did not result in a higher output rate 
during the 30-d period after feeding. In comparison with 
HF/MB, more 13C photosynthates was utilized by the leaves 
themselves for growth and development in HF/GM/MB 
during this period.

Due to the competition between interstocks, the 13C dis-
tribution of trees with interstocks in the aboveground organs 
and underground organs is remarkably different from that 
of non-interstocked trees. The 13C partition of interstocks 
was significantly higher than that of trunks and rootstocks 
in the aboveground organs. These results are consistent with 

those reported by Stutte et al. (1994), and Wang et al. (1998, 
2003). It is generally thought that the competitive capacity 
of the sink plays a key role in the photosynthate distribution 
of the plant, and that the photosynthate allocation was pos-
itively correlated with sink strength (Marcelis, 1996). The 
carbohydrate distribution pattern in a plant is related to the 
relative competitive ability of the various sink regions within 
the whole plant (Simkhada et al., 2007). Therefore, the sink 
strength of interstocks is stronger than that of trunks and the 
rootstock, and interstocks show greater competitive ability 
for 13C photosynthates than trunks and rootstocks. More-
over, our results also indicate that the competitive ability of 
1-year-old branches for 13C photosynthates is higher than 
that of trunks in interstocked trees, and that the shoots have 
the highest sink strength and are the most competitive sink 
organs among the aboveground organs during this period. 
The potential net sink strength is the product of sink size 
and potential sink activity expressed as the relative growth 
rate (Grossman and DeJong, 1994). If the sink strength is a 
function of sink size and activity, then the high levels of the 
13C-labeled fraction could indicate its high sink activity (Sim-
khada et al., 2007). This may partly explain why increased 
interstock length significantly decreased sapling and tree 
growth but increased lateral branching in both cultivars (Di 
Vaio et al., 2009; Karlidağ et al., 2014).

Interstocks also influenced 13C distribution of the roots, 
in which the 13C distribution center shifted from thick roots 
to fine roots compared to non-interstocked trees. 13C parti-
tion of thick roots declined with increase in the amount of 13C 
in fine roots. The high accumulation of 13C in the fine roots 
of trees implies that these roots are more active and have a 
higher demand for photosynthates (Simkhada et al., 2007). 
The new distribution pattern of photosynthates may influ-
ence the different growth centers.

Our results support the view of Wang et al. (2003) that 
differences in the photosynthate distribution of the two 
graft combinations between aboveground organs and un-
derground organs are not necessarily a result of blockage of 
photoassimilate flow in interstocks, and that the differences 
may be caused by changes in sink strength. Due to the specif-
ic location of interstocks, some researchers think that change 
in the structure of the transfusion tissue of graft unions 
(interstock/scion and interstock/rootstock) and phloem 
sieve-tube elements hindered the downward transport of 
photosynthates, thereby affecting growth vigor in the aerial 
parts (Atkinson et al., 2003; Stutte et al., 1994; Wang et al., 
1998). Wang et al. (1998) used the 14C-labeling technique to 
investigate how the interstocks affected the transportation 
and distribution of photosynthates; this indicates that the 
interstocks significantly blocked 14C transportation because 
14C that entered into the interstocks was accumulated, and its 
upstream or downstream transport was difficult. Our results 
indicate that the 13C partition of the interstocks is higher than 
that of trunks and rootstocks on the 30th day after feeding. 
However, they do not indicate that interstocks blocked the 
transport of 13C from trunks downstream from the shoots to 
the roots. This difference between the previous studies and 
our study is because the focus of the previous studies was the 
differences in the tracer between interstocks and rootstocks 
and not the process of transportation of photosynthates. 
During the vigorous growth period of shoots, carbon assim-
ilation by leaves and transfer to roots requires 2 h and the 
cycle is completed in 24 h (Xia and Luo, 1994). Interstocks 
have little effect on the transfer of 13C from the shoots to the 
roots; this is evidenced by the higher amount of 13C in the 
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fine roots of HF/GM/MB trees from 4 h to 30 d after feeding 
as compared to that in the HF/MB trees. Besides, the 13C par-
tition ratio during the first 10 days in the underground parts 
of HF/GM/MB trees is also higher than that in HF/MB trees. 
All these results indicate that interstocks have little effect on 
the velocity of 13C translocation from the shoot to the root; 
this is in accordance with the viewpoint that transport path 
resistance does not play a dominant role in the distribution 
of assimilates (Marcelis and Heuvelink, 2007).

Conclusions
Interstocks can increase the growth and development 

rate of leaves and improve leaf maturity, photosynthetic char-
acteristics and carbon assimilation; these properties were 
superior in HF/GM/MB trees than in HF/MB trees during 
the vigorous growth period of shoots. GM256 as interstocks 
do not hinder the translocation of photosynthates from the 
shoots to the roots, but the sink strength and capacity of in-
terstocks affect the competitive capacity of sink organs for 
photosynthates, which in turn led to differences in 13C allo-
cation between the two cultivar-rootstock combinations. 13C 
allocation in the trunks decreases in the aerial parts, and the 
allocation center shifts from the thick roots to fine roots in 
the underground.

Acknowledgments
This work was supported by the National Natural Science 

Foundation of China (Grant No. 31171917), China Agricul-
ture Research System (CARS-28), Natural Science Founda-
tion of Liaoning Province, China (Grant No. 201102097), 
and programs for the Science and Technology Development 
of Liaoning Province (Grant No. 2011204001; Grant No. 
2013204002).

References
Atkinson, C.J., Else, M.A., Taylor, L., and Dover, C.J. (2003). Root and 
stem hydraulic conductivity as determinants of growth potential 
in grafted trees of apple (Malus pumila Mill.). J. Exp. Bot. 54, 1221–
1229. http://dx.doi.org/10.1093/jxb/erg132.

Bosa, K., Jadczuk-Tobjasz, E., Kalaji, M., Majewska, M., and 
Allakhverdiev, S. (2014). Evaluating the effect of rootstocks and 
potassium level on photosynthetic productivity and yield of pear 
trees. Russian Journal of Plant Physiology 61, 231–237. http://
dx.doi.org/10.1134/S1021443714020022.

Chen, Y., and Xu, D.Q. (2006). Two patterns of leaf photosynthetic 
response to irradiance transition from saturating to limiting one in 
some plant species. New Phytologist 169, 789–797. http://dx.doi.
org/10.1111/j.1469-8137.2005.01624.x.

Ciobotari, G., Morariu, A., and Gradinariu, G. (2009). Aspects of 
grafting influence on carbon and nitrogen movement of some pear 
(Pyrus sativa) cultivars. Notulae Botanicae Horti Agrobotanici Cluj-
Napoca 37, 134–138. 

Di Vaio, C., Cirillo, C., Buccheri, M., and Limongelli, F. (2009). Effect of 
interstock (M.9 and M.27) on vegetative growth and yield of apple 
trees (cv ‘Annurca’). Scientia Horticulturae 119, 270–274. http://
dx.doi.org/10.1016/j.scienta.2008.08.019.

Dolgun, O., Yıldırım, A., Polat, M., Yıldırım, F., and Aşkın, A. (2009). 
Apple graft formation in relation to growth rate features of 
rootstocks. African Journal of Agricultural Research 4, 530–534. 

Franks, P.J., Drake, P.L., and Beerling, D.J. 2009. Plasticity in 
maximum stomatal conductance constrained by negative correlation 
between stomatal size and density: an analysis using Eucalyptus 
globulus. Plant, Cell & Environment 32, 1737–1748. http://dx.doi.
org/10.1111/j.1365-3040.2009.002031.x.

Fujisawa, H., and Moriya, Y. (2010). Influence of rootstock and soil 
moisture on leaf photosynthesis of apple trees on JM1, JM7, JM8, and 
M9 rootstocks. Acta Hortic. 932, 441–446. 

Génard, M., Dauzat, J., Franck, N., Lescourret, F., Moitrier, N., Vaast, 
P., and Vercambre, G. (2008). Carbon allocation in fruit trees: from 
theory to modelling. Trees 22, 269–282. http://dx.doi.org/10.1007/
s00468-007-0176-5.

Gonçalves, B., Moutinho-Pereira, J., Santos, A., Silva, A.P., Bacelar, E., 
Correia, C., and Rosa, E. (2006). Scion-rootstock interaction affects 
the physiology and fruit quality of sweet cherry. Tree Physiology 26, 
93–104. http://dx.doi.org/10.1093/treephys/26.1.93.

Gonçalves, B., Correia, C.M., Silva, A.P., Bacelar, E.A., Santos, A., 
Ferreira, H., and Moutinho-Pereira, J.M. (2007). Variation in xylem 
structure and function in roots and stems of scion-rootstock 
combinations of sweet cherry tree (Prunus avium L.). Trees 21, 121–
130. http://dx.doi.org/10.1007/s00468-006-0102-2.

Grossman, Y.L., and DeJong, T.M. (1994). Peach: A simulation model 
of reproductive and vegetative growth in peach trees. Tree Physiology 
14, 329–345. http://dx.doi.org/10.1093/treephys/14.4.329.

Gyeviki, M., Hrotkó, K., and Honfi, P. (2012). Comparison of leaf 
population of sweet cherry (Prunus avium L.) trees on different 
rootstocks. Scientia Hortic. 141, 30–36. http://dx.doi.org/10.1016/j.
scienta.2012.03.015.

Hetherington, A.M., and Woodward, F.I. (2003). The role of stomata 
in sensing and driving environmental change. Nature 424, 901–908. 
http://dx.doi.org/10.1038/nature01843.

Ho, L.C. (1992). Fruit growth and sink strength. Fruit and seed 
production. Aspects of development, environmental physiology and 
ecology. Society of Experimental Biology, Seminar series (Cambridge 
University Press), pp. 101–124. http://dx.doi.org/10.1017/
CBO9780511752322.007.

Karlidağ, H., Aslantaş, R., and Eşitken, A. (2014). Effects of interstock 
(M9) length grafted onto MM106 rootstock on sylleptic shoot 
formation, growth and yield in some apple cultivars. Tarim Bilimleri 
Dergisi – Journal of Agricultural Sciences 20, 331–336. http://dx.doi.
org/10.15832/tbd.63462.

Koike, T., Kitao, M., Maruyama, Y., Mori, S., and Lei, T.T. (2001). Leaf 
morphology and photosynthetic adjustments among deciduous 
broad-leaved trees within the vertical canopy profile. Tree Physiology 
21, 951–958. http://dx.doi.org/10.1093/treephys/21.12-13.951.

Lichtenthaler, H.K. (1987). Chlorophylls and carotenoids: Pigments 
of photosynthetic biomembranes. Method Enzymol. 148, 350–382. 
http://dx.doi.org/10.1016/0076-6879(87)48036-1.

Lu, Y., Watanabe, A., and Kimura, M. (2002). Input and distribution of 
photosynthesized carbon in a flooded rice soil. Global Biogeochemical 
Cycles 16, 321–328. http://dx.doi.org/10.1029/2002GB001864.

Marcelis, L.F.M. (1996). Sink strength as a determinant of dry matter 
partitioning in the whole plant. Journal of Experimental Botany 47, 
1281–1291. http://dx.doi.org/10.1093/jxb/47.Special_Issue.1281.

Marcelis, L.F.M., and Heuvelink, E. (2007). Concepts of modelling 
carbon allocation among plant organs. Functional-Structural 
Plant Modelling in Crop Production 22, 103–111. http://dx.doi.
org/10.1007/1-4020-6034-3_9.

Marcon, F.J.L., Kretzschmar, A.A., and Rufato, L. (2010). Evaluation of 
the productive and vegetative aspects of the cultivar ʻImperial Galaʼ 
apple tree with EM-9 interstem in different lengths. Acta Hortic. 872, 
375–378. http://dx.doi.org/10.17660/ActaHortic.2010.872.53.

Martínez-Alcántara, B., Rodriguez-Gamir, J., Martínez-Cuenca, M., 
Iglesias, D., Primo-Millo, E., and Forner-Giner, M. (2013). Relationship 
between hydraulic conductance and citrus dwarfing by the flying 
dragon rootstock (Poncirus trifoliata L. Raft var. monstruosa). Trees 
27, 629–638. http://dx.doi.org/10.1007/s00468-012-0817-1. 



V o l u m e  8 0  |  I s s u e  6  |  D e c e m b e r  2 0 1 5 305

Zhou et al.  |  Photosynthetic capacity and carbon distribution of interstocked apple trees

Morinaga, K., and Ikeda, F. (1990). The effects of several rootstocks on 
photosynthesis, distribution of photosynthetic product, and growth 
of young satsuma mandarin trees. Journal of the Japanese Society 
for Horticultural Science 59, 29–34. http://dx.doi.org/10.2503/
jjshs.59.29.

Morinaga, K., Imai, S., Yakushiji, H., and Koshita, Y. (2003). Effects 
of fruit load on partitioning of 15N and 13C, respiration, and growth 
of grapevine roots at different fruit stages. Scientia Hortic. 97, 239–
253. http://dx.doi.org/10.1016/S0304-4238(02)00199-1.

Seleznyova, A.N., Tustin, D.S., and Thorp, T.G. (2008). Apple dwarfing 
rootstocks and interstocks affect the type of growth units produced 
during the annual growth cycle: precocious transition to flowering 
affects the composition and vigour of annual shoots. Annals of 
Botany 101, 679–687. http://dx.doi.org/10.1093/aob/mcn007.

Simkhada, E.P., Sekozawa, Y., Sugaya, S., and Gemma, H. (2007). 
Translocation and distribution of 13C-photosynthates in ʻFuyuʼ 
persimmon (Diospyros kaki) grafted onto different rootstocks. 
Journal of Food, Agriculture & Environment 5, 184–189. 

Singh, V. and Rajan, S. (2009). Changes in photosynthetic rate, 
specific leaf weight and sugar contents in mango (Mangifera indica 
L.). Open Horticulture Journal 2, 40–43. 

Sotiropoulos, T.E. (2008). Performance of the apple (Malus domestica 
Borkh) cultivar ʻImperial Double Red Deliciousʼ grafted on five 
rootstocks. Horticultural Science-UZPI (Czech Republic) 35, 7–11. 

Stutte, G.W., Baugher, T.A., Walter, S.P., Leach, D.W., Glenn, D.M., and 
Tworkoski, T.J. (1994). Rootstock and training system affect dry-
matter and carbohydrate distribution in ʻGolden Deliciousʼ apple 
trees. Journal of the American Society for Horticultural Science 119, 
492–497. 

Teng, Y., Tamura, F., and Tanabe, K. (2002). Partitioning patterns of 
photosynthates from different shoot types in ʻNijisseikiʼ pear (Pyrus 
pyrifolia Nakai). Journal of Horticultural Science and Biotechnology 
77, 758–765. 

Tombesi, S., Johnson, R.S., Day, K.R., and DeJong, T.M. (2010). 
Relationships between xylem vessel characteristics, calculated 
axial hydraulic conductance and size-controlling capacity of 
peach rootstocks. Annals of Botany 105, 327–331. http://dx.doi.
org/10.1093/aob/mcp281.

Toselli, M., Marcolini, G., Flore, J., and Lombardini, L. (2014). 
Leaf assimilation, carbon translocation and root respiration in 
ʻBudagovski 9ʼ apple cuttings grown in low soil moisture condition. 
European Journal of Horticultural Science 79, 241–247. 

Wang, L.Q., Tang, F., Zhang, J., and Shu, H.R. (2003). Effect of dwarfing 
rootstock on carbohydrate transportation and distribution of apple. 
Acta Agriculturae Nucleatae Sinica 17, 212–214. 

Wang, Z.Y., Zhao, Y.J., and Tong, D.Z. (1998). Effect of dwarfing 
interstock on distribution and transportation of 14C-assimilates 
content of apple tree. Journal of Shanxi Agricultural Sciences 26, 
10–14. 

Webster, A.D. (2004). Vigour mechanisms in dwarfing rootstocks for 
temperate fruit trees. Acta Hortic. 658, 29–41. 

Xia, G.H. and Luo, X.S. (1994). Compositions and translocation 
characters of 14C-assimilates at the shoot-growing stage in young 
apple trees. Acta Agriculturae Boreali-Sinica 9, 86–91. 

Yano, T., Umemiya, Y., Inoue, H., Shimizu, Y., and Shinkai, S. (2003). 
Effects of rootstock and interstock on 15N-labeled nitrogen absorption 
and distribution in ʻKawanakajima Hakutoʼ peach (Prunus persica) 
trees. Journal of the Japanese Society for Horticultural Science 72, 
177–181. http://dx.doi.org/10.2503/jjshs.72.177.

Received: Feb. 27, 2015
Accepted: May 19, 2015

Addresses of authors: 
Yanqi Zhou1,2, Sijun Qin1, Xiaoxue Ma2, Jinge Zhang2, Pan 
Zhou3, Meng Sun2, Baisong Wang2, Hongfu Zhou2 and Deguo 
Lyu1,*
1 College of Horticulture, Shenyang Agricultural University, 

No. 120, Dongling Road, Shenhe District, Shenyang, 
Liaoning 110866, China

2 Liaoning Institute of Pomology, Yingkou, Liaoning, China
3 Liaoning Academy of Agricultural Sciences, Shenyang, 

Liaoning, China
* Corresponding author; E-mail: shynydxgshzp@163.com


