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Abstract
Peach Prunus persica (L.) Batsch is self-compatible and largely self-fertile, but under green-

house conditions pollinators must be introduced to achieve good fruit set and quality. Be-

cause little work has been done to assess the effectiveness of different pollinators on peach

trees under greenhouse conditions, we studied ‘Okubo’ peach in greenhouse tunnels near

Beijing between 2012 and 2014. We measured pollen deposition, pollen-tube growth rates,

ovary development, and initial fruit set after the flowers were visited by either of two man-

aged pollinators: bumblebees, Bombus patagiatus Nylander, and honeybees, Apis mellifera
L. The results show that B. patagiatus is more effective than A.mellifera as a pollinator of

peach in greenhouses because of differences in two processes. First, B. patagiatus depos-
its more pollen grains on peach stigmas than A.mellifera, both during a single visit and dur-

ing a whole day of open pollination. Second, there are differences in the fertilization

performance of the pollen deposited. Half of the flowers visited by B. patagiatus are fertilized

9–11 days after bee visits, while for flowers visited by A.mellifera, half are fertilized 13–15

days after bee visits. Consequently, fruit development is also accelerated by bumblebees,

showing that the different pollinators have not only different pollination efficiency, but also

influence the subsequent time course of fertilization and fruit set. Flowers visited by B. pata-
giatus show faster ovary growth and ultimately these flowers produce more fruit. Our work

shows that pollinators may influence fruit production beyond the amount of pollen delivered.

We show that managed indigenous bumblebees significantly outperform introduced honey-

bees in increasing peach initial fruit set under greenhouse conditions.
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Introduction
Peach Prunus persica (L.) Batsch is a popular and healthy summer fruit in most temperate re-
gions of the world. China, where peach originated, has by far the largest planted area and is the
largest peach producer world-wide, with over 12 million tons produced in 2012 [1]. Being
highly perishable and climate-limited, peach fruit yield follows a strongly seasonal supply pat-
tern. Protected cultivation of peach trees can help growers overcome some of the limitations,
offering a highly profitable inter-seasonal harvest. In north China, protected cultivation of
peach trees has reached the point where there are advantages from large-scale cultivation [2],
but pollination remains a limiting factor.

Insect pollinators are important in agriculture [3–6] and make a huge economic contribu-
tion globally [7, 8]. Although peach is a self-compatible crop [9] and many varieties are consid-
ered self-fertile in the open as autonomous self-pollination is usually adequate to achieve
commercial fruit set [10, 11]. Yet there exists considerable intraspecific variation in the level of
self-fertility due to differences in floral morphology, especially the spatial arrangement of the
anthers relative to the stigmatic surface [9]. Indeed, several authors have reported increased
fruit set when the flowers are visited by bees [12–15]. In the absence of wind and insects, as in
greenhouses, commercially acceptable levels of fruit set and good fruit quality are difficult to
achieve, especially since anther dehiscence can be considerably reduced due to the high humid-
ity under the plastic cover of greenhouses [16].

The most commonly used managed pollinator world-wide [5] is the western honeybee, Apis
mellifera L. and this species was introduced into China a century ago. However, it is often not
the most effective pollinator for all crops or under all conditions [17, 18]. The value of bumble-
bees as pollinators in agriculture has long been recognized, especially for crops grown in green-
houses [19, 20]. One of the best indicators for assessing pollination effectiveness in self-
compatible species is the amount of conspecific pollen deposited on the stigma [21, 22]. Com-
pared with honeybees, bumblebees are often better at depositing conspecific self- or cross-com-
patible pollen for crops, including watermelon Citrullus lanatus [23], appleMalus domestica
[24] and pumpkin Cucurbita pepo [25]. However, all of these measurements were made in the
open and none were made in greenhouses.

Pollen deposition is known to affect pollen-tube performance within the pistil [26]. Pollen-
tube performance is often measured as pollen-tube length in the style, which is a clear predictor
of successful pollination and fertilization [27]. Although much work has been done on the pol-
len-deposition abilities of pollinators, relatively little work has been done on subsequent pol-
len-tube performance. It is still unknown how these pollinators affect the later stages of the
fertilization process and subsequent fruit development.

Our aim is to explore differences between the effectiveness of the introduced honeybee, A.
mellifera L., and a native Chinese bumblebee, Bombus patagiatusNylander, when used as man-
aged pollinators for peach trees grown in greenhouses. We seek to quantify their effects on dif-
ferent stages of the pollination process in order to understand how differences in pollinator
performance arise.

Materials and Methods

Study site and management of greenhouses
The experiments were carried out from 25 January to 21 March in 2012, 12 February to 29
March in 2013, and from 26 January to 5 March in 2014, in plastic greenhouse tunnels at
Pinggu, Beijing, China, situated at 40.19° N 117.17° E, with an elevation of 65 m. The green-
house tunnels were privately owned by a local farmer Mr Qirui Ju, who gave permission for the
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study. No protected or endangered species were involved in the study. The climate in Beijing
belongs to the warm temperate zone, and is a semi-humid monsoon-influenced continental cli-
mate with four clearly distinct seasons. The ground area of each greenhouse tunnel was 525 m2

(75 m × 7 m), the height at the eaves was 2.3 m, and the ridge height was 3.2 m. The back wall
and the side wall were built of bricks. The sunny side of the greenhouse was covered with two
transparent polyethylene film layers (ultraviolet blocking), overlapping each other on top of
the greenhouse. One of the layers can be opened and closed in order to regulate the tempera-
ture of the greenhouse during the day. A fly net was fixed on the gaps between the two film lay-
ers at the top of the greenhouse to prevent bees from flying out when the layer was opened. A
heat preservation quilt, controlled by a roll blind machine, was laid on the surface of the plastic
layer to reduce heat losses at night.

Peach trees (Prunus persica ‘Okubo’) were planted in 2006 in rows 3 m apart and spaced
1.5 m apart within the rows, with a total of 90 trees planted in each greenhouse. Normal horti-
cultural care was applied in the greenhouse tunnel. The greenhouse soil was covered with a
plastic film to save water and suppress weeds. Under greenhouse conditions, the peaches are
harvested between May and June followed by organic manure application. After the harvest,
the greenhouse stay fully open and the peach trees are exposed to the outside environment
both day and night. In early autumn, organic manure and small amounts of compound fertiliz-
er are used by basal furrow application followed by watering. Around mid-November, the
greenhouse is covered with polyethylene film during the day and fully covered with the heat
preservation quilt at night to keep warm. Irrigation is reduced and even suspended after the
greenhouse is covered, especially during blooming. The blooming time of Okubo is around
February when there is an average temperature of -8°C to +3°C outside the greenhouse, typical
of winter weather in Beijing (blooming time might vary among years according to the annual
weather conditions). The sun is the only energy source in the greenhouse, so the heat preserva-
tion quilt is rolled up at 8:30 hrs during blooming time. The upper part of the plastic film is
opened whenever the greenhouse temperature exceeded 25°C and the percentage of film open
is set according to the temperature inside. The greenhouse is fully closed and covered with the
heat preservation quilt at 16:30 hrs every day. Before the fruit-stone hardening stage, nitrogen
manure is added by top application.

Pollinator treatment
Greenhouses were separated into two sections by a flight net. When the peach trees were at the
early bloom stage, bee hives were placed in the middle of the greenhouse along the aisle in the
north (Fig. 1). Both A.mellifera and B. patagiatus (the identity of this bumblebee species has re-
cently been revised [28]) were provided from the Institute of Apiculture, Chinese Academy of
Agricultural Sciences. At the beginning of the pollination treatment, each B. patagiatus colony
contained 60–70 workers and each A.mellifera colony contained three frames of about 6000
workers. We placed one hive of either A.mellifera or B. patagiatus in each half of the green-
house. Based on our earlier studies, honeybees start foraging at 14.8±0.4°C (mean ± SD) and
forage for 5.9±0.3 h per day, while bumblebees start foraging at lower temperature (8.7±0.2°C)
and forage over a longer period of 8.2±0.2 h per day in peach greenhouse[29]. The pollen depo-
sition, pollen-tube performance, and the early development of the ovary were analyzed at the
scale of individual flowers. The fruit set was analyzed at the scale of a branch. The layout of the
sampling plots is shown in Fig. 1.
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Peach mating system
To investigate the mating system of Okubo peach, the initial fruit set under different pollina-
tion treatments was tested. Prior to anthesis, flowers were bagged. After flowers opened, one
third of the bagged flowers were hand-pollinated with a soft brush with pollen from the same
flower, one third were hand-pollinated with pollen from different flowers, and the remaining
flowers remained bagged to exclude pollinators as a control. The hand-pollinated flowers were
re-bagged to prevent visits by bees. Bags were left on flowers until the flowers were no longer
receptive. Prior to the commercial thinning carried out in the greenhouse (five weeks after full
blooming), fruit were counted to measure the initial fruit set.

Pollen deposition
Pollen deposition on virgin stigmas was tested after a single bee visit, or after many bee visits
on the first day of anthesis. Flower buds were selected randomly at the balloon stage (one day
before anthesis), usually in the afternoon, and isolated individually in fabric mesh bags (2 mm)
to prevent unwanted visits by insects. The flowers in the bags opened normally and did not jos-
tle. Once the flowers had opened the next morning, they were uncovered and monitored by
camera until a single bee visit was recorded (for the single-visit deposition test). The stigmas
were exposed to bees on the first day of anthesis (for the one-day open pollination test).

Stigmas from each treatment were removed with clean forceps and stored in Eppendorf
tubes (1.5 mL). Stigmas were stained with malachite green solution (25 μL malachite green
0.1% aqueous solution dissolved in 10 mL 1% NaCl aqueous solution). Adhering pollen grains
were separated from the stigmas in a 100 W ultrasonic bath for one minute (JY92-ⅡDN,
China). The pollen grains in the solution were collected by vacuum filtration, using a filter
membrane with a pore size of 20 μm (the size of the peach pollen is about 56×30 μm [30]).
Once collected, the filter membrane was placed on a slide with a drop of glycerin. A scanner
(Nikon Coolscan 9000 ED, Japan) was used to capture digital images of each sample of pollen
grains. Image J was used to analyse the images and to count the pollen grains.

Pollen-tube performance
We compared the pollen-tube performance in flowers pollinated by the two bee species. When
sampling in greenhouses, pistils were collected from different part of the greenhouse to detect
whether micro-environment had any effects on the fertilization process. For each treatment, a

Fig 1. Layout of sampling plots of peach trees in greenhouses.

doi:10.1371/journal.pone.0121143.g001
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total of 12 pistils at 1, 3, 5, 7, 9, 11, 13, and 15 days after pollination were collected respectively
and fixed in FAA solution at 4°C [31]. The fluorescence standard method was used to analyse
the pollen performance [32]. Tissues were softened in 4 M NaOH for 45 minutes, washed with
water, and stained in 0.1% aniline blue (dissolved in 0.1 M K3PO4) for 5 hours. Then the tissues
were placed in a drop of glycerin on a slide and compressed under a cover slip. A fluorescence
microscope (ZEISS scope. A1, Germany) with an excitation filter (BP: 395–440), a chromatic
beam splitter (FT 460), and a barrier filter (LP 470) were used to examine the samples. A cam-
era (CANON DS 126271, Japan) fitted to the microscope and the EOS Utility (Version 2.8.1.0,
Japan) was used to make images. Lengths of the longest pollen tubes in each pistil were mea-
sured using Axio Vision LE (Axio Vs 40 V4.6.3.0, Germany). The times of the pollen tubes ar-
riving at the ovary and penetrating the ovule were recorded.

Onset of fruiting
In order to evaluate the pollinator’s effect on the reproductive success of greenhouse peach, the
initial fruit set and the ovary growth from flowers pollinated by bees were recorded. We ob-
served and compared the initial fruit set of Okubo rather than the final fruit set. This eliminates
the need to consider other factors, such as resource competition, weather conditions, and horti-
cultural management during the whole growing season. In each half-greenhouse, 3 peach trees
were sampled for fruit-set in three years. At the balloon stage, flowers were labeled and counted
to examine fruit set. Initial fruit set was monitored by counting fruit before the first commercial
thinning. Initial fruit set was measured at the branch scale and a total of 30 branches were se-
lected for each of the treatments.

In most peach flowers, ‘little fruit’ inflation occurred when petals and sepals wilted. To
study ovary development in peach flowers pollinated by the different bee species, whole pistils
were observed and photographed under a stereomicroscope. For the measurement of the ova-
ries, 12 pistils from each treatment were collected every other day, from pollination up to 15
days. A stereomicroscope (Olympus SZX16, Japan), together with a CCD camera (Olympus
DP 71, Japan), was used to capture digital images of the pistils. The diameter of the ovary was
measured using Axio Vision LE (Axio Vs 40 V4.6.3.0, Germany).

Data analysis
A one-way ANOVA model was used to analyse the initial fruit set from flowers under different
pollination treatments and Fisher’s LSD test was used to compare the mean of one treatment
with the mean of the other. Stigmatic pollen loads are not normally distributed, so non-
parametric Mann-Whitney U-tests were used to compare the effect of the different bee treat-
ments on pollen deposition. The effects of bee species, year and sample plot on pollen-tube
growth were assessed using GLM. Mean values of pollen-tube length in flowers pollinated by
different bees were compared using a group t-test. Two-tailed probabilities for Fisher’s Exact
Test were used to compare the percentages of pollen tubes in the ovary and the ovule at differ-
ent time after pollinated by different bee species. Mean values for initial fruit set and ovary di-
ameter from flowers pollinated by the different bees were compared using the group t-test.
Statistical analysis were carried out in SAS 9.1.

Results

Peach mating system
We found that flowers from all pollination treatments produced fruit, although the initial fruit
set of Okubo peach was significantly affected by the pollination treatment (F2,68 = 15.70,
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P<0.0001, Fig. 2). Flowers pollinated with pollen from different flowers had higher initial fruit
set than self-pollinated flowers (t45 = 2.32, P = 0.02). Although flowers with pollinators exclud-
ed did produce fruit, the initial fruit set was much lower than that when flowers were hand-pol-
linated with pollen from the same flower (t45 = −3.26, P = 0.001) or with pollen from different
flowers (t45 = −5.58, P< 0.001). We also monitored the development of the fruit from the polli-
nator-excluded flowers and found that these fruit grew more slowly than those from the hand-
pollinated flowers. These results show that although autogamy dominates in Okubo, nonethe-
less pollinators are advantageous for peach in greenhouses.

Pollen deposition
We carefully monitored the foraging behaviour of the two bee species. Although A.mellifera
has an advantage over B. patagiatus in the numbers of available individuals, B. patagiatus pre-
fers to visit newly opened flowers more than A.mellifera, which makes it not difficult to
get almost the same number of samples pollinated by B. patagiatus as pollinated by A.mellifera.
Over the course of three years, data from a total sample of 216,208 peach stigmas visited once
by A.mellifera or B. patagiatus, and a total sample of 206,193 peach stigmas visited for one day
by A.mellifera and B. patagiatus were collected. Bombus patagiatus deposited more pollen
grains on Okubo stigmas than A.mellifera, both during a single visit and during one day of
open pollination (Fig. 3). Therefore B. patagiatus performed better than A.mellifera in pollen
deposition efficiency when visiting Okubo flowers.

Pollen-tube performance
Our results show that sample plots from different parts of the greenhouse do not have a signifi-
cant effect on pollen-tube growth, but bee species and year do have significant effects on pol-
len-tube performance (Table 1). In order to compare the effect of bee species on pollen-tube
performance, the pollen-tube growth data from different sample plots in the same pollination

Fig 2. Initial fruit set of peach under greenhouse conditions. The initial fruit set (Mean ± SD) from flowers
under different pollination treatments. Different letters indicate significant differences (P< 0.05) among
pollination treatments using the Fisher test. EP: Pollinator exclusion; HSP: Hand-pollination with pollen from
the same flower; HDP: Hand-pollination with pollen from a different flower.

doi:10.1371/journal.pone.0121143.g002
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treatment were combined within each year. Clear differences were observed between flowers
pollinated by the two bee species on pollen-grain germination (Fig. 4C, D). A higher number of
pollen grains germinated on the stigma of flowers visited by B. patagiatus, which appears to be
the result of higher numbers of pollen grains deposited by these bees.

In our study, significant effects of bee species on pollen-tube growth along the peach style
were recorded for each time period (1, 3, 5, 7 days) after pollination (Table 1, Fig. 4E, F). It
took pollen tubes 7–11 days to arrive at the ovaries of flowers, depending on the different polli-
nator species. Within each year, flowers pollinated by B. patagiatus showed faster pollen-tube
growth compared with flowers pollinated by A.mellifera within the first 7 days after pollination

Fig 3. The number of pollen grains deposited on peach stigmas during single visits and one day of
open pollination by A.mellifera and B. patagiatus. The bottom and top edges of the rectangle are the 25th
and 75th percentiles, the horizontal line through the rectangle is the median, the solid square is the mean,
and the tips of the whiskers indicate the fifth and 95th percentiles. The numerals on the boxes are the
numbers of flowers sampled (Mann-Whitney U = 1774; P = 0.00943; n = 77, 62 for A.mellifera and B.
patagiatus, respectively; medians: A.mellifera = 16, B. patagiatus = 39 in 2012.U = 2673.5; P = 0.02362;
n = 64, 68 for A.mellifera and B. patagiatus, respectively; medians: A.mellifera = 51, B. patagiatus = 71 in
2013.U = 2126; P = 0.00337; n = 75, 78 for A.mellifera and B. patagiatus, respectively; medians: A.
mellifera = 44, B. patagiatus = 67 in 2014) (U = 2043.5; n = 76, 67 for A.mellifera and B. patagiatus,
respectively; P = 0.04227; medians: A.mellifera = 367.5, B. patagiatus = 430 in 2012.U = 2591; P = 0.00155;
n = 65, 60 for A.mellifera and B. patagiatus, respectively; medians: A.mellifera = 472, B. patagiatus = 599 in
2013.U = 1586.5; P = 0.00985; n = 65, 66 for A.mellifera and B. patagiatus, respectively; medians: A.
mellifera = 467, B. patagiatus = 554 in 2014).

doi:10.1371/journal.pone.0121143.g003
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(S1 Table, Fig. 5A, B, C). More than half of the flowers pollinated by B. patagiatus were found
with pollen tubes in the ovary 7 days after pollination. However, it took 11 days for pollen
tubes to arrive at the ovary in half of the flowers pollinated by A.mellifera (Fig. 5D, E, F).

Beyond the differences between the two bee species in the time that pollen tubes took to ar-
rive at the ovule, there was also an obvious stop to pollen-tube growth in flowers pollinated by
A.mellifera (Fig. 4H). The pollen tubes in flowers pollinated by B. patagiatus penetrated the
ovule as soon as they arrived at the ovary (Fig. 4G), so that half of the flowers were able to com-
plete fertilization in 9 days (in 2013) or 11 days (in 2012 and 2014) after pollination. In flowers
pollinated by A.mellifera, pollen tubes were first observed in the ovary 7 days (in 2013, 2014)
or 9 days (in 2012) after pollination. But the pollen tubes did not penetrate the ovule until 2–4
days later. Half of these flowers completed fertilization within 13 days (in 2013) or 15 days (in
2012, 2014) after pollination, which is 4 days later than with B. patagiatus (Fig. 5G, H, I).

Onset of fruiting
We found that petal wilting, together with stigma browning, occurred 5–7 days after full
blooming in Okubo flowers, and that the sepals dropped at the time of ‘little fruit’ inflation. Al-
though A.mellifera colonies and B. patagiatus colonies were placed in greenhouses at same
time, a difference in flower-drop was seen for flowers pollinated by the different bee species. In
most flowers pollinated by A.mellifera, the flower dropped about 1–2 weeks after pollination.
However, in most flowers pollinated by B. patagiatus, sepals and pistil did not drop until ‘little
fruit’ developed. Fruit were counted as initial fruit set before first commercial thinning. In this
study, we found that a significant difference in the initial fruit set: B. patagiatus (74.9±11.6%,
84.8±10.8%, 83.3±10.6% in 2012, 2013 and 2014, respectively) had a greater effect than A.mel-
lifera (59.0±16.6%, 75.5±13.4%, 64.0±18.5% in 2012, 2013 and 2014, respectively) on initial
fruit set in all three years (t58 = −4.33, P< 0.001; t58 = −2.94, P = 0.005; t46 = −4.94, P< 0.001 in
2012, 2013 and 2014, respectively, Fig. 6).

Table 1. General linear model of the effects of bee species, sample plot and year on pollen-tube growth along the style at each time after pollina-
tion of peach under greenhouse conditions.

Source Day after pollination

1 3 5 7

d.
f.

MS F P d.
f.

MS F P d.
f.

MS F P d.
f.

MS F P

Bee species 1 24.83 130.95 <0.0001 1 38.74 26.69 <0.0001 1 57.37 107.13 <0.0001 1 27.34 33.42 <0.0001

Plot 2 0.21 1.12 0.3356 2 0.05 0.04 0.9599 2 0.81 1.51 0.2321 2 0.17 0.21 0.8122

Year 2 10.81 57.04 <0.0001 2 6.18 4.73 0.0140 2 2.69 5.02 0.0112 2 7.27 8.88 0.0006

Bee species × Plot 2 1.35 7.10 0.0024 2 2.26 1.73 0.1897 2 0.42 0.79 0.4596 2 0.83 1.01 0.3711

Bee
species × Year

2 0.73 3.90 0.0287 2 0.39 0.30 0.7439 2 0.54 1.00 0.3768 2 0.39 0.47 0.6272

Year × Plot 4 0.17 0.92 0.4610 4 0.77 0.60 0.6670 4 0.88 1.63 0.1840 4 0.39 0.47 0.7547

Bee
species × Year ×
Plot

4 0.22 1.18 0.3365 4 0.44 0.34 0.8513 4 0.07 0.14 0.9672 4 0.26 0.32 0.8635

Error 38 0.19 42 1.30 41 0.54 43 0.82

Total 55 59 58 60

d.f., degrees of freedom; MS, Mean Square; F, F-statistic calculated; P, the probability that the table value for F is greater than the calculated value.

doi:10.1371/journal.pone.0121143.t001
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The whole pistils were observed and photographed under stereomicroscope. The result
show that there was no difference in ovary development within 5 days after visits by the differ-
ent bee species (t20 = −1.45, P = 0.16; t15 = −0.91, P = 0.38; t18 = −0.90, P = 0.38 2012, 2013 and
2014, respectively, S2 Table, Fig. 7). However, 7 days after visits, ovary growth appeared faster
in flowers visited by B. patagiatus compared with flowers visited by A.mellifera (t19 = −2.51,
P = 0.011; t17 = −3.26, P = 0.005; t19 = −3.16, P = 0.005 2012, 2013 and 2014, respectively,
S2 Table, Fig. 7).

Discussion
Okubo peach is self-compatible and also partially self-fertile, as are most other peach cultivars
[33]. This is confirmed by our study, in which even flowers that had pollinators excluded pro-
duced fruit. In Okubo, pollen grains have the strongest viability on the first day of full bloom,
and then their viability declines gradually for 2–3 days [34]. During late blooming of Okubo,
stamens become bent and the dehisced anthers drop pollen grains onto the stigma. We

Fig 4. Pollen germination and pollen tube growth in peach flowers pollinated by A.mellifera andB.
patagiatus under greenhouse conditions. Peach flower visited by (A) B. patagiatus and (B) A.mellifera.
Pollen grain germination on peach stigma of flower pollinated by (C) B. patagiatus and (D) A.mellifera. Pollen
tubes (white arrowheads) growth in style of peach flower pollinated by (E) B. patagiatus and (F) A.mellifera.
(G) pollen tube (white arrowhead) penetrating ovule of peach flower 7 days after pollination by B. patagiatus.
(H) ovule of peach flower 7 days after pollination by A.mellifera. All scale bars = 50 μm.

doi:10.1371/journal.pone.0121143.g004
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assumed that most of the bagged flowers had missed the best pollination period when ‘self’ pol-
len contacted the stigma [35, 36], or when deposition of pollen grains on the stigma is insuffi-
cient for successful pollination [6, 37, 38]. Neither the quantity nor quality of self pollen grains
could meet full pollination requirements in most of the bagged flowers, which showed low fruit
set. Therefore pollinators and timely pollination are essential for commercial production of
peach under greenhouse conditions.

The number of pollen grains deposited on the stigma either per visit or per unit time have
been suggested previously as predictors of relative pollination success [21, 22, 25, 39]. When
visiting flowers for nectar or pollen, the body of the bee makes contact leaving pollen deposi-
tion on the stigma [40]. In our study, B. patagiatus deposited more pollen on the peach stigma

Fig 5. Pollen-tube performance in peach flowers pollinated by A.mellifera and B. patagiatus under greenhouse conditions. Lengths of pollen tubes
(Mean ± SD) in the flowers after pollination at different times (1, 3, 5, 7 days) in year 2012 (A), 2013 (B), and 2014 (C). Percentages of investigated flowers
with pollen tubes in the ovary after pollination at different times (7, 9, 11, 13, 15 days) in year 2012 (D), 2013 (E), and 2014 (F). Percentages of investigated
flowers with fertilized ovules after pollination at different times (7, 9, 11, 13, 15 days) in year 2012 (G), 2013 (H), and 2014 (I). Within each year, flowers from
all plots are combined here. Group t-test was used in graph A, B, C, and Fisher’s exact test was used in graph D, E, F, G, H, I. Single asterisks indicate
significant difference at P< 0.05.

doi:10.1371/journal.pone.0121143.g005
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than A.mellifera in both single visits and during one day of open pollination. Several factors
may explain this difference. First, the larger size of B. patagiatus with more hair helps the bees
make broader contact with the flower’s sex organs, helping to deposit more pollen grains on
the stigma [41]. Second, when visiting peach flowers in greenhouses, bumblebees preferred to
collect pollen, whereas honeybees preferred to collect nectar [29]. This may result in bumble-
bees making more pollen transfers among flowers than honeybees. Third, the floral display of
Okubo peach encourages ‘side working’ by visiting bees. Honeybees often adopt side working
on nectar-collecting visits. When side working, honeybees reach the nectaries without touching
the stigma [17, 24, 42]. In our study, UV blocking polyethylene film was used in greenhouses
by the owner. Compared with a normal polyethylene film layer, we found no effect of UV
blocking film on honeybee or bumblebee behaviour. It appears that bee foraging behavior is
unaffected by these UV conditions [43]. We also counted the pollen deposition after a day of

Fig 6. Initial fruit set of peach under greenhouse conditions. Initial fruit set (Mean ± SD) from flowers
pollinated by A.mellifera and B. patagiatus. Within each year, branches from all plots are combined here.
Single asterisks indicate significant difference at P< 0.05 by the group t-test.

doi:10.1371/journal.pone.0121143.g006

Fig 7. Early fruit development of peach under greenhouse conditions. Diameter of ovary, from pollination to 15 days later, in flowers by a single visit of
A.mellifera and B. patagiatus. Single asterisks indicate significant difference at P< 0.05 by the group t-test.

doi:10.1371/journal.pone.0121143.g007
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open pollination, so as to combine single-visit deposition with the visit frequency, to predict
pollination success on a larger scale [22, 44]. Our three years’ of results show that B. patagiatus
has an advantage for pollen deposition both for single visit and for whole day of
open pollination.

The period between pollination and fertilization is one of the most critical phases in the life
cycle of flowering plants [36]. It has been reported that a distinct pollen-tube growth delay ex-
ists between pollination and fertilization in some angiosperms, such as in e.g. Casuarina equise-
tifolia (Casuarinaceae) [45], hazelnut Corylus avellana [46], Corylus heterophylla Fisch [47],
and Fagales [48]. In almond, pollen tubes stop growing for 3 days at the base of the style before
penetrating the ovule [49]. In peach, pollen tubes stop growing for 5 days [50–52]. These delays
might be explained by immaturity of the pistil [53]. In some plants, the pistil matures from the
stigma progressively downwards towards the ovary and ovule, so when pollen grains are depos-
ited on the stigma, the base of the pistil and ovary are still immature. Larger numbers of pollen
grains deposited on the stigma have been known previously to result in larger numbers of pol-
len tubes in the style, and greater competition among pollen tubes in the style promotes their
growth rate [26, 54]. In our study, B. patagiatus showed an obvious increase in pollen deposi-
tion compared to A.mellifera, which was then combined with a faster pollen-tube growth with-
in the style.

We report for the first time that a different interaction exists between pollen and pistil de-
pending on the pollinator species and that this difference affects the crucial period between pol-
lination and fertilization. In our study, the pollen tubes in peach flowers pollinated by B.
patagiatus grew faster and penetrated the ovule as soon as they arrived at the ovary. In contrast,
pollen tubes in flowers pollinated by A.mellifera grew more slowly and stopped for 2–4 days at
the ovary before penetrating the ovule. These differences could be a consequence of the differ-
ent pollen-deposition ability of the two bee species, because the number of pollen tubes affects
the growth rate of the pollen tubes and determines the presence or absence of a growth stop.
Pollen-pistil interactions are known generally to play an important role in regulating the pol-
len-tube growth in plants [50, 51, 53, 55]. In this study, the pollen tubes took 7 days to reach
the base of the style. At the same time, significant difference occurred in ovary development 7
days after pollination by the two bee species. We suggest that more pollen grains on the stigma
might not only result in a faster growth of the pollen tubes, but might also induce the matura-
tion of the ovary and ovule in preparation for fertilization. The faster and continuous pollen-
tube growth in the style allows the ovule to be fertilized earlier, and helps promotes faster ovary
growth and higher initial fruit set. This brings an earlier fruit harvest and larger market profits
in early summer.

Conclusion
Our results show that although Okubo peach is self-compatible and capable of autonomous
self-pollination, pollination by bees is nonetheless essential to securing commercial yields in
greenhouses. We found that the native Chinese bumblebee, B. patagiatus, significantly in-
creased the initial fruit set compared to the introduced western honeybee, A.mellifera. This dif-
ference is only partly explained by the difference in the amount of pollen deposited by the two
bee species on the stigmas—there is also a different interaction between pollen and pistil de-
pending on the pollinator species. Our results highlight the importance of (1) understanding
the details of the pollination processes and (2) taking into account all the properties of a partic-
ular pollinator, especially indigenous bee species, when assessing their management cost.

Pollinators Affect Fruit Set

PLOS ONE | DOI:10.1371/journal.pone.0121143 March 23, 2015 12 / 15



Supporting Information
S1 Dataset. The raw data of the study.
(RAR)

S1 Table. Comparation of pollen tubes lengths, from pollination to days later, in flowers by
a single visit of A.mellifera and B. patagiatus by group t-test.
(DOCX)

S2 Table. Comparation of ovary diameter, from pollination to 15 days later, in flowers by a
single visit of A.mellifera and B. patagiatus by group t-test.
(DOCX)

Acknowledgments
We thank Mr. Qirui Ju provided greenhouse tunnels for this study; PhD students Jun Guo, MS
students Haoran Qin, Xiuli Liao, Lijiao Gao, Jialin Liu, Longlong Xu, and Ping Liu for help in
field sampling; Dr Jianghong Li, Ms. Jing Zhang and reviewers for comments and suggestions
that helped to improve this manuscript.

Author Contributions
Conceived and designed the experiments: JA. Performed the experiments: HZ JH ZZ QG JD
JA. Analyzed the data: HZ JH. Contributed reagents/materials/analysis tools: HZ JH. Wrote
the paper: HZ JH PW BV JA.

References
1. FAOSTATS: Food and Agricultural Organization of the United Nations. 2014 Statistical division. Avail-

able: http://faostat.fao.org/default.aspx.

2. Zhang Y, Jiao X, Wang S (2010) Regional development of protected fruit in China. Agriculture Engi-
neering Technology: Greenhouse & Horticulture 8: 94–100.

3. Allen-Wardell G, Bernhardt P, Bitner R, Burquez A, Buchmann S, Cane J, et al. (1998) The potential
consequences of pollinator declines on the conservation of biodiversity and stability of food crop yields.
Conservation Biology 12: 8–17.

4. Kremen C, Williams NM, Thorp RW (2002) Crop pollination from native bees at risk from agricultural in-
tensification. Proceedings of the National Academy of Sciences 99: 16812–16816. PMID: 12486221

5. Klein AM, Vaissière BE, Cane JH, Dewenter IS, Cunningham SA, Fremen C (2007) Importance of polli-
nators in changing landscapes for world crops. Proceedings of the Royal Society B: Biological Sciences
274: 303–313. PMID: 17164193

6. Vaissière BE, Freitas BM, Gemmill-Herren B (2011) Protocol to detect and assess pollination deficits in
crops: A handbook for its use. FAO, Rome

7. Southwick EE, Southwick JL (1992) Estimating the economic value of honey bees (Hymenoptera: Api-
dae) as agricultural pollinators in the United States. Journal of Economic Entomology 85: 621–633.

8. Gallai N, Salles JM, Settele J, Vaissière BE (2009) Economic valuation of the vulnerability of world agri-
culture confronted with pollinator decline. Ecological Economics 68: 810–821.

9. Weinbaum SA, Polito VS, Kester DE (1986) Pollen retention following natural self pollination in peach,
almond, and peach × almond hybrids. Euphytica 35: 193–200.

10. Langridge DF, Goodman RD (1979) Pollination of canning peaches cv. Golden Queen. Animal Produc-
tion Science 19: 510–512.

11. Weinbaum SA, Erez A (1983) Autogamy among selected peach and nectarine cultivars. Fruit Varieties
Journal 37: 113–114.

12. Langridge DF, Jenkins PT, Goodman RD (1977) A study on pollination of dessert peaches cv. Craw-
ford. Australian Journal of Experimental Agriculture and Animal Husbandry 17: 697–699.

13. Benedek P, Nyéki J (1996) Studies on the bee pollination of peach and nectarine. Acta Horticulturae
374: 169–176.

Pollinators Affect Fruit Set

PLOS ONE | DOI:10.1371/journal.pone.0121143 March 23, 2015 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121143.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121143.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121143.s003
http://faostat.fao.org/default.aspx
http://www.ncbi.nlm.nih.gov/pubmed/12486221
http://www.ncbi.nlm.nih.gov/pubmed/17164193


14. Nyéki J, Szabó Z, Andrásfalvy A, Soltész M, Kovács J (1998) Open pollination and autogamy of peach
and nectarine varieties. Acta Horticulturae 465: 279–284.

15. Nyéki J, Szabó Z, Benedek P, Szalay L (2000) Nectar production and pollination in peach. International
Journal of Horticultural Sciences 6: 123–126.

16. Gradziel TM, Weinbaum SA (1999) High relative humidity reduces anther dehiscence in apricot, peach,
and almond. HortScience 34: 322–325.

17. Westerkamp C (1991) Honeybees are poor pollinators-why? Plant Systematics and Evolution 177:
71–75.

18. Garibaldi LA, Steffan-Dewenter I, Winfree R, Aizen MA, Bommarco R, Cunningham SA, et al. (2013)
Wild pollinators enhance fruit set of crops regardless of honey bee abundance. Science 339: 1608–
1611. doi: 10.1126/science.1230200 PMID: 23449997

19. Abak K, Sari N, Paksoy M, Kaftanoglu O, Yeninar H (1995) Efficiency of bumble bees on the yield and
quality of eggplant and tomato grown in unheated glasshouses. Acta Horticulturae 412: 268–274.

20. Velthuis HHW, van Doorn A. (2006) A century of advances in bumblebee domestication and the eco-
nomic and environmental aspects of its commercialization for pollination. Apidologie 37: 421–451.

21. Delaplane KS, Dag A, Danka RG, Freitas BM, Garibaldi LA, Goodwin RM, et al. (2013) Standard meth-
ods for pollination research with Apis mellifera, in: Dietemann V, Ellis JD, Neumann P, editors. The
coloss beebook. Journal of Apicultural Research, 52: http://dx.doi.org/10.3896/IBRA.1.52.4.12 doi: 10.
3896/IBRA.1.52.1.13 PMID: 24198438

22. King C, Ballantyne G, Willmer PG (2013) Why flower visitation is a poor proxy for pollination: measuring
single-visit pollen deposition, with implications for pollination networks and conservation. Methods in
Ecology and Evolution 4: 811–818.

23. Stanghellini MS, Ambrose JT, Schultheis JR (1998) Stigmatic pollen grain deposition by honey bees
and bumble bees after single bee visits to pistillate watermelon flowers. HortScience 33: 484–484.

24. Thomson JD, Goodell K (2001) Pollen removal and deposition by honeybee and bumblebee visitors to
apple and almond flowers. Journal of Applied Ecology 38: 1032–1044.

25. Artz DR, Nault BA (2011) Performance of Apis mellifera, Bombus impatiens, and Peponapis pruinosa
(Hymenoptera: Apidae) as pollinators of pumpkin. Journal of Economic Entomology 104: 1153–1161.
PMID: 21882677

26. Németh MB, Smith-Huerta NL (2006) Effects of pollen load size and maternal plant on pollen perfor-
mance and seedling vigor in Clarkia unguiculata (Onagraceae). International Journal of Botany 2: 83–
92.

27. Company RS, Kodad O, Martí AF, Alonso JM (2013) Pollen tube growth and self-compatibility in al-
mond. Plants 2: 50–56.

28. Williams PH, An J, Brown MJF, Carolan JC, Goulson D, Huang J, Ito M. (2012) Cryptic bumblebee spe-
cies: consequences for conservation and the trade in greenhouse pollinators. PLoS ONE 7(3):
e32992. doi: 10.1371/journal.pone.0032992 PMID: 22427924

29. An J, Wu J, PengW, Tong Y, Guo Z, Li J (2007) Foraging behavior and pollination ecology of Bombus
lucorum L. and Apis mellifera L. in greenhouse peach garden. Chinese Journal of Applied Ecology 18:
1071–1076. PMID: 17650860

30. Shaheen MA, Miles NW (1996) Pollen ultrastructure of peach trees regenerated from tissue culture.
Journal of King Abdulaziz University: Meteorology, Environment and Arid Land Agriculture Sciences 7:
99–107.

31. Johansen DA (1940) Plant microtechnique. McGraw-Hill Publ. Co. Ltd., London.

32. Kho YO, Baer J (1968) Observing pollen tubes by means of fluorescence. Euphytica 17: 298–302.

33. Layne DR, Bassi D (2008) The peach: botany, production and uses. CABI

34. Zhang H, An J, Huang J, Zhou Z (2013) Flowering biology characteristics of different peach cultivars
under greenhouse conditions. Chinese Journal of Eco-Agriculture 21: 1249–1256.

35. Sanzol J, Herrero M (2001) The effect pollination period in fruit trees. Scientia Horticulturae 90: 1–17.

36. Wilcock C, Neiland R (2002) Pollination failure in plants: why it happens and when it matters. Trends in
Plant Science 7: 270–277. PMID: 12049924

37. Primack RB, Silander JA (1975) Measuring the relative importance of different pollinators to plants. Na-
ture 255: 143–144.

38. Lord EM, Russell SD (2002) The mechanisms of pollination and fertilization in plants. Annual Review of
Cell and Developmental Biology 18: 81–105. PMID: 12142268

Pollinators Affect Fruit Set

PLOS ONE | DOI:10.1371/journal.pone.0121143 March 23, 2015 14 / 15

http://dx.doi.org/10.1126/science.1230200
http://www.ncbi.nlm.nih.gov/pubmed/23449997
http://dx.doi.org/10.3896/IBRA.1.52.4.12
http://dx.doi.org/10.3896/IBRA.1.52.1.13
http://dx.doi.org/10.3896/IBRA.1.52.1.13
http://www.ncbi.nlm.nih.gov/pubmed/24198438
http://www.ncbi.nlm.nih.gov/pubmed/21882677
http://dx.doi.org/10.1371/journal.pone.0032992
http://www.ncbi.nlm.nih.gov/pubmed/22427924
http://www.ncbi.nlm.nih.gov/pubmed/17650860
http://www.ncbi.nlm.nih.gov/pubmed/12049924
http://www.ncbi.nlm.nih.gov/pubmed/12142268


39. Freitas BM, Paxton RJ (1998) A comparison of two pollinators: the introduced honey bee Apis mellifera
and an indigenous beeCentris tarsata on cashew Anacardium occidentale in its native range of NE
Brazil. Journal of Applied Ecology 35: 109–121.

40. Goulson D (1999) Foraging strategies of insects for gathering nectar and pollen, and implications for
plant ecology and evolution. Perspectives in Plant Ecology, Evolution and Systematics 2: 185–209.

41. Snow AA, Roubik DW (1987) Pollen deposition and removal by bees visiting two tree species in Pana-
ma. Biotropica 19: 57–63.

42. Thomson JD, Plowright RC (1980) Pollen carryover, nectar rewards, and pollinator behavior with spe-
cial reference to Diervilla lonicera. Oecologia 46: 68–74.

43. Dyer AG, Chittka L (2004) Bumblebee search time without ultraviolet light. The Journal of Experimental
Biology 207: 1683–1688. PMID: 15073201

44. Ne’eman G, Jürgens A, Lloyd LN, Potts SG, Dafni A (2010) A framework for comparing pollinator per-
formance: effectiveness and efficiency. Biological Reviews 85: 435–451. doi: 10.1111/j.1469-185X.
2009.00108.x PMID: 20015317

45. Sogo A, Jaffre T, Tobe H (2004) Pollen-tube growth pattern and chalazogamy in Casuarina equisetifolia
(Casuarinaceae). Journal of Plant Research 117: 37–46. PMID: 14661077

46. Beyhan N, Marangoz D (2007) An investigation of the ralationship between reproductive growth and
yield loss in hazelnut. Scientia Horticulturae 113: 347–353.

47. Liu J, Zhang H, Cheng Y, Kafkas S, Güney M (2014) Pistillate flower development and pollen tube
growth mode during the delayed fertilization stage inCorylus heterophylla Fisch. Plant Reproduction,
doi: 10.1007/s00497-014-0248-9

48. Borgardt SJ, Nixon KC (2003) A comparative flower and fruit anatomical study ofOuercus acutissima, a
biennial-fruiting oak from the Cerris group (Fagaceae). American Journal of Botany 90: 1567–1584.
doi: 10.3732/ajb.90.11.1567 PMID: 21653332

49. Pimienta E, Polito VS (1983) Embryo sac development in almond [Prunus dulcis (Mill.) D.A. Webb] as
affected by cross-, self-and non-pollination. Annals of Botany 51: 469–479.

50. Arbeloa A, Herrero M (1987) The significance of the obturator in the control of pollen tube entry into the
ovary in peach (Prunus persica). Annals of Botany 60: 681–685.

51. Herrero M (1992) From pollination to fertilization in fruit trees. Plant Growth Regulation 11: 27–32.

52. Cousin M, Maataoui ME (1998) Female reproductive organs in self-compatible almond (Prunus dulcis
(Mill.) D.A. Webb) Lauranne and fertilization patterns. Scientia Horticulturae 72: 287–297.

53. Herrero M, Hormaza JI (1996) Pistil strategies controlling pollen tube growth. Sexual Plant Reproduc-
tion 9: 343–347.

54. Németh MB, Smith-Huerta NL (2003) Pollen deposition, pollen tube growth, seed production, and seed-
ling performance in natural populations of Clarkia unguiculata (Onagraceae). International Journal of
Plant Sciences 164: 153–164.

55. Knox RB (1984) Pollen-pistil interactions, in: Linskens HF, Harrison JH, editors. Cellular Interactions.
Heidelberg: Springer Berlin Heidelberg. pp. 508–608.

Pollinators Affect Fruit Set

PLOS ONE | DOI:10.1371/journal.pone.0121143 March 23, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/15073201
http://dx.doi.org/10.1111/j.1469-185X.2009.00108.x
http://dx.doi.org/10.1111/j.1469-185X.2009.00108.x
http://www.ncbi.nlm.nih.gov/pubmed/20015317
http://www.ncbi.nlm.nih.gov/pubmed/14661077
http://dx.doi.org/10.1007/s00497-014-0248-9
http://dx.doi.org/10.3732/ajb.90.11.1567
http://www.ncbi.nlm.nih.gov/pubmed/21653332


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


