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Fruit pedicel is the bridge linking the parent tree and the fruit, which is an important
channel for water and nutrients transport to the fruit. The genetic specificity determines
the characteristics of the pedicel and the fruit, but the relationship between the pedicel
structure and the fruit characteristics is unexplored. Combining the investigation of fruit
characteristics, the statistical analysis of the pedicel structural properties, and the 2D
and 3D anatomical observation of the pedicel, this study found distinctive contributions
of the pedicel elements to the fruit characteristics in four pear species. The European
pear (Conference) showed distinct fruit shape index and pedicel structural properties
compared with the oriental pears (Akizuki, Yali, and Nanguoli). The fruit size positively
correlated with pedicel length, fiber area, pedicel diameter, the area percentage of the
cortex, and the area percentage of phloem; however, fruit firmness and soluble solids
concentration are showed a stronger positive correlation with xylem area, pith area, the
area percentage of xylem, the area percentage of sieve tube, and the area percentage
of pith. Pedicel elements, including pith, fiber, and cortex, likely play a certain role
in the fruit growth due to the variations of their characteristics demonstrated in the
four pear species. The porosity, the ratio of the surface area to the volume, and the
spatial arrangement of the vessels showed significant variations across the pear species,
indicating the distinction of the hydraulic conductance of the pedicels. Our findings
provided direct evidence that pedicel structural elements contributed distinctively to the
fruit characteristics among pear species.

Keywords: fruit characteristics, pedicel structure, Pyrus, 3D observation, vessels

INTRODUCTION

In fruit trees, the pedicel is a bridge linking the parent tree and the fruit, through which the water,
mineral nutrients, and photosynthate are transported to the fruit. Therefore, the fruit characteristics
are highly affected by the efficiency of water and nutrient transport via the pedicel, which is
determined by the structural properties of the pedicel. In the early stage of the fruit growth, water
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enters the fruit predominantly via the xylem (Greenspan et al.,
1994, 1996) and thereafter mainly through the phloem as the
xylem function slows down gradually along with the development
of the fruit (Bondada et al., 2005). Mineral elements present in
soil enter the root apoplast path and are transported along with
the mass flow of water to the fruit through the xylem pathway
(Gilliham et al., 2011), while the photosynthate is delivered to the
fruit via the phloem pathway. Therefore, the structural properties
of both xylem and phloem of the pedicel are important in
affecting the fruit growth.

In a study with nine fruit species, vessel density, size, and area
in the pedicel showed quite variations among them, but the loss
of xylem functionality along with the fruit maturity and higher
Ca content in the pedicel than the fruit were found as universal
patterns, indicating the existence of a pedicel-fruit “bottleneck”
effect in Ca transport across species (Song W. et al., 2018). In
another study of fruit pedicel, the Ca content in the phloem
was even higher than that in the xylem during the fruit growth,
such as litchi, indicative of possible Ca delivery to fruit also
via phloem mass flow (Song W. P. et al., 2018). Other lines of
evidence demonstrated the correlation between pedicel diameter
and fruit size at harvest (Bustan et al., 1995; Nii, 1998), and it
has been proposed that the pear fruit adjusted the development
of the vascular bundle of the pedicel as the fruit grew from
the young to mature stage (Nii, 1980). The cotton growth was
impaired by the decrease of carbohydrate translocation due to
the alteration of the pedicel structure (de Oliveira et al., 2006).
In grape, hydraulic conductance between the berry and pedicel
declined substantially at later ripening stages predominantly
due to the decline in pedicel conductance (Choat et al., 2009;
Knipfer et al., 2015). In tomatoes, the hydraulic properties of
the pedicel showed significant developmental changes, which
was believed to be associated with the anatomical changes of
xylem (Lee, 1989; Van Ieperen et al., 2003; Rančić et al., 2008,
2010). All these observations indicate that the fruit quality is
highly associated with the transport capacity of the pedicel,
which is determined by its structural properties, especially of
xylem and phloem. However, the influence of the transport
capacity of the pedicel on the fruit growth is still a matter
of controversy. For example, Zhang et al. (2005) reported that
photosynthate accumulation during the period of the rapid fruit
growth is limited by the sink strength of fruit rather than by
the transport capacity of the pedicel in pear. Even though it is
known that different cultivars present great variations in fruit
appearances, flavors, nutrient substances, and maturity period, as
well as morphological characteristics of their pedicel due to the
genetic control, the relationship between the pedicel structural
properties and fruit traits is still not fully understood and needs
further exploration.

Pear (Pyrus spp.) is a commercially important and worldwide
popular fruit crop. Pyrus communis, Pyrus breschneideri,
Pyrus pyrifolia, and Pyrus ussuriensis are the four main
cultivated species in pear-producing regions worldwide.
Both the fruit characteristics and the pedicel morphological
features of the four species show significant variations.
Combining the investigation of fruit characteristics, microscopic
observation and hydraulic conductance measurement of

the pedicel, and the X-ray computed microtomography
analysis of the pedicel structure, this study was conducted to
obtain a comprehensive understanding of the relationship
between the pedicel structural properties and the fruit
characteristics.

MATERIALS AND METHODS

Four 10-year-old pear species, namely, Conference
(P. communis), Akizuki (P. pyrifolia), Yali (P. breschneideri),
and Nanguoli (P. ussuriensis), were used in this study. The trees
were planted with 2 m space within rows and 5 m space between
rows with the normal fertilization and irrigation management as
the commercial orchard does at Jiaozhou Experimental Station
of Qingdao Agricultural University, located at 36◦19′N and
120◦23′E in Shandong Province, China. Trees were pruned
every December with a delayed-open central leader system. The
soil pH was about 6.5. Five trees of each species were used for
fruit collection.

Analysis of Fruit Characteristics
Thirty fruits of each cultivar were collected at harvest for
the characteristics analysis. To obtain a unified biological
maturity, the fruit of Conference, Akizuki, Yali, and Nanguoli
were harvested at 120, 135, 150, and 130 days after full
bloom, respectively. Fruit size was determined by measuring
the vertical and transverse diameters using an electronic
caliper (Mitutoyo, Japan). Fruit shape index was presented
as the ratio of vertical diameter to transverse diameter. Fruit
firmness and soluble solids concentration were measured
according to Cui et al. (2020).

Analysis of Pedicel Anatomy
Pedicels were collected from mature fruits for the structural
analysis. The length and diameter of the pedicel were measured
using an electronic caliper (Mitutoyo, Japan). The middle portion
of the fresh pedicel was used for frozen sectioning according
to Kawamoto (2003) with some modifications. In brief, fresh
pedicels were fixed in 70% ethanol for 2 h and then transferred
to 5% glycerol for 2 h followed by rapid freezing in the precooled
container at –15◦C. An optimal cutting temperature (OCT)
compound (No. 4583, Sakura, United States) was used as an
embedding medium. The frozen OCT compound block was
then fixed on the sample stage for sectioning using a cryostat
(CM1950, Leica, Germany). The section thickness was set at
10 µm. The sections were stretched on the glass slide at room
temperature for 10 min. Then, the sections were stained with
5 mg/ml trypan blue (dissolved in 2% acetic acid) for 3 min,
followed by 10 mg/ml acridine red (dissolved in 50% ethanol) for
5 min and 10 mg/ml acridine yellow (dissolved in 2% acetic acid)
for 40 s. After rinsing with distilled water for 2 min, the tissues
were covered with 1 ml of 50% glycerol before being observed
under the fluorescent microscope (DM2500, Leica, Germany).
Different tissues from the transverse sections were recognized,
and their areas were calculated using the Leica Application SuiteX
3.4.2 software (Leica, Germany).

Frontiers in Plant Science | www.frontiersin.org 2 January 2022 | Volume 13 | Article 815283

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-815283 January 27, 2022 Time: 12:13 # 3

Cui et al. Pedicel Structure and Fruit Characteristics

X-Ray Computed Tomography Scanning
To visualize the microstructure of the pedicels three-
dimensionally (3D) and nondestructively at high resolution,
the pedicels were imaged using the nanoVoxel-3502E system
(Sanying Precision Instruments Co., Ltd., Tianjin) after being
collected from the fruit. The scanning was conducted with the
parameters as shown in Table 1. Transverse and longitudinal
section slices were generated from the shadow projections using
the Feldkamp reconstruction algorithm (Feldkamp et al., 1984).
The pedicel was rotated on the stage at an increment of 0.2◦C
over a total of 360◦C at room temperature, yielding 1,800 2D
projection images. The 2D projection images were reconstructed
using the OCTOPUS 8.6 software (Institute for Nuclear Sciences,
Ghent University, Ghent, Belgium), and the reconstructed 3D
images were visualized using the Avizo 8.1 software (Thermo
Fisher Scientific, China).

To differentiate the structural properties of the four
pear species, the scanning data were extracted from a
100 µm × 100 µm × 300 µm volume of the pith, vessel,
fiber, and cortex tissues, respectively, for the surface area and
porosity analysis using the volume-rendering module function
of the Avizo 8.1 software. The surface area of the analyzed
tissue included the exterior surface and the interior surface.
The surface area was calculated as the number of pixels on the
surface multiplied by the pixel size. To recognize the pore space,
the global threshold of the grayscale limit (5,840) was used as a
discriminative value for the separation of the pores (grayscale
value < 5,840) and the solid tissues (grayscale value > 5,840).
Porosity was defined as the pore volume/area divided by the total
volume/area of the analyzed sample.

For a more detailed analysis of the structural and spatial
arrangement of the vessels, a combination of virtual longitudinal
sections and 3D renderings was applied to visualize the
intervessel connections. The 3D network of the vessels was
skeletonized using the Avizo 8.1 software to extract the essential
connectivity information between vessels.

Analysis of Pedicel Hydraulic
Conductance
The pedicel hydraulic conductance was analyzed according to the
Darcy’s law as described in Brüggenwirth and Knoche (2015):

Kh =
1V

1P · 1t

TABLE 1 | Settings of X-ray scanning used in this study.

Sample SOD/SDD
(mm/mm)

Pixel size
(µm)

Voltage (kV) Current (µA) Scanning
time (h)

Conference 3.83/148.15 1.30 60 40 0.3

Akizuki 2.63/137.88 0.96 60 35 0.3

Yali 4.83/164.97 1.47 60 70 0.3

Nanguoli 3.83/164.01 1.18 60 70 0.3

SOD, source origin distance; ODD, source origin detector distance.

where Kh is hydraulic conductance in m/s/MPa. To measure
the value of other parameters, a simple device composed of a
pump, a pressure transducer, an adapter, and two silicon tubes
was used to produce a constant pressure (about 0.3 MPa, 1P) by
pumping 0.1 M CaCl2 solution on one side of the pedicel. CaCl2
solution pushed through the pedicel was collected on the other
side, and the time (1t) and volume of CaCl2 (1V) through the
pedicel were recorded.

Data Analysis
The principal component analysis (PCA) was conducted based
on the data of fruit characteristics and the structural properties of
the pedicel using the R (4.1.0) software. The group correlation
analysis between fruit characteristics and pedicel structural
properties was conducted using the R (4.1.0) software. The
ANOVA and significant comparison were performed using the
DPS 7.05 software (Zhejiang University) using the Tukey’s
multiple range test.

RESULTS

Comparison of Fruit Characteristics
Among the four pear species, Akizuki had the greatest single
fruit weight (344 g), followed by Conference (251 g), Yali
(223 g), and Nanguoli (102 g) with significant differences
between each of them (Table 2). The vertical diameter
comparison of the fruit was Conference (118 mm) > Yali
(84 mm) > Akizuki (70 mm) > Nanguoli (54 mm), and
Akizuki has the greatest transverse diameter (85 mm), followed
by Yali (73 mm), Conference (68 mm), and Nanguoli (58 mm)
with significant difference between each of them (Figure 1);
accordingly, the fruit shape index value from high to low was
Conference (1.783), Yali (1.14), Nanguoli (0.94), and Akizuki
(0.83). Nanguoli had the greatest fruit firmness, followed
by Yali (Figure 1); Conference and Akizuki had a similar
level of fruit firmness, both of which were lower than Yali.
Nanguoli had the highest soluble solids concentration (14.88%),
followed by Conference (13.21%), Akizuki (12.62%), and Yali
(11.78%) (Table 2).

Analysis of Pedicel Anatomy
To give a detailed analysis of the structural property of the
pedicel, frozen sectioning was conducted (Figure 2). As observed
in Figure 1, Yali had the greatest length of the pedicel (43 mm),
followed by Conference (35 mm), Akizuki (28 mm), and
Nanguoli (23 mm) (Table 3). Conference showed a greater
diameter (3.66 mm) than that of Akizuki (3.27 mm) and Yali
(3.27 mm), while the diameter of Nanguoli (2.31 mm) was the
smallest (Table 3 and Figure 2); accordingly, Conference had a
significantly greater transverse area of the pedicel (9.94 mm2),
followed by Akizuki (6.62 mm2), Yali (6.43 mm2), and Nanguoli
(5.23 mm2) (Figure 2 and Table 3). The pith, xylem, vessels,
phloem, fiber, cortex, and epidermis tissues were marked out
(Figure 2), and their area proportion relative to the pedicle
transverse area was calculated as shown in Table 3; Conference
had a significantly higher ratio of phloem area than Nanguoli
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TABLE 2 | Fruit morphological and quality characteristics of the four pear species.

Cultivars Single fruit
weight (g)

Vertical
diameter (mm)

Transverse
diameter (mm)

Fruit shape
index

Fruit firmness
(kg/cm2)

Soluble solids
concentration (%)

Conference (P. communis) 251.23 ± 36.13 b 118.95 ± 6.93 a 68.72 ± 3.78 c 1.73 ± 0.08 a 5.68 ± 2.00 c 13.21 ± 0.69 b

Akizuki (P. pyrifolia) 334.44 ± 12.78 a 70.77 ± 3.89 c 85.34 ± 2.94 a 0.83 ± 0.07 d 5.74 ± 1.02 c 12.62 ± 1.57 bc

Yali (P. bretschneideri) 223.10 ± 27.71 c 84.15 ± 6.94 b 73.65 ± 5.48 b 1.14 ± 0.06 b 8.13 ± 1.67 b 11.78 ± 0.85 c

Nanguoli (P. ussuriensis) 102.61 ± 9.73 d 54.53 ± 3.11 d 58.19 ± 2.36 d 0.94 ± 0.04 c 13.1 ± 1.09 a 14.88 ± 0.60 a

Means within a column followed by different letters are significantly different at p < 0.05 using the Tukey’s multiple range test.

FIGURE 1 | The morphological appearance of the four pear species used in this study at maturity. From left to the right are P. communis, P. breschneideri,
P. pyrifolia, and P. ussuriensis.

(Table 3), but the xylem area ratio of Conference was lower
than Nanguoli; Akizuki had a higher ratio of vessel area than
Conference but had no difference with Yali and Nanguoli;

FIGURE 2 | Frozen transverse sections of pedicels observed under the
fluorescent microscope. Panel (A) is Conference, panel (B) is Yali, panel (C) is
Akizuki, and panel (D) is Nanguoli, respectively. p, pith; x, xylem; v, vessels;
ph, phloem; f, fiber cap; c, cortex; ep, epidermis; the area outside the red line
on each panel was designated as the phloem area for the calculation of the
area ratio.

compared with Akizuki and Nanguoli, Conference had a higher
ratio of cortex area; Nanguoli had higher ratios of pith and sieve
tube area; the ratio of fiber area in Akizuki was higher than that
of Conference (Table 3).

Correlation Analysis Between Fruit
Quality and Pedicel Property
The PCA was conducted to see the clustering of the pear
species (Figure 3) based on the fruit characteristics (Table 1)
and structure data of the pedicel (Table 3). The PCA scoring
plot showed apparent evidence of sample grouping with a 74.2%
explanation of the total variance by PC1 (48.4%) and PC2
(25.8%), respectively, (Figure 3A). The loading plot indicated
that the cortex area, phloem area, pedicel area, fruit shape index,
and fruit vertical diameter are the top five contributing factors
(Figure 3B) in the PCA model (Figure 3A).

The correlation analysis between two groups (i.e., fruit
characteristics and pedicel structural parameters) was completed
(Figure 4). As shown in Figure 4, a strong correlation was
found between fruit characteristics and structural parameters of
the pedicel. Fruit soluble solids concentration had a positive
correlation with xylem area, pith area, the area percentage
of xylem (xylem%), the area percentage of sieve tube (sieve
tube%), and the area percentage of pith (pith%); however, pedicel
length, vessel area, fiber area, the area percentage of cortex
(cortex%), the area percentage of phloem (phloem%), and pedicel
length/pedicel diameter showed a negative correlation with
soluble solid concentration of fruit. Compared with fruit soluble
solids concentration, fruit firmness had a similar correlation
pattern to the structural parameters of the pedicel. For the fruit
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TABLE 3 | Pedicel morphological and anatomical parameters of the four pear species.

Pedicel structural properties Conference (P. communis) Akizuki (P. pyrifolia) Yali (P. bretschneideri) Nanguoli (P. ussuriensis)

Pedicel length (mm) 35.30 ± 3.49 b 28.33 ± 6.28 c 43.43 ± 3.72 a 23.62 ± 4.06 d

Pedicel diameter (mm) 3.66 ± 0.29 a 3.27 ± 0.31 b 3.27 ± 0.24 b 2.31 ± 0.16 c

Pedicel length/pedicel diameter 11.15 ± 1.24 b 5.75 ± 1.75 c 16.29 ± 2.78 a 10.33 ± 2.32 b

Pedicel area (mm2) 9.94 ± 1.82 a 6.62 ± 0.43 b 6.43 ± 0.33 b 5.23 ± 0.85 b

Xylem area (mm2) 0.82 ± 0.12 a 0.73 ± 0.11 a 0.76 ± 0.03 a 0.88 ± 0.42 a

Phloem area (mm2) 9.12 ± 1.70 a 5.89 ± 0.51 b 5.68 ± 0.31 b 4.34 ± 0.43 b

Pith area (mm2) 0.39 ± 0.17 a 0.23 ± 0.06 a 0.33 ± 0.06 a 0.53 ± 0.31 a

Vessel area (mm2) 0.43 ± 0.09 a 0.50 ± 0.05 a 0.43 ± 0.02 a 0.35 ± 0.11 a

Sieve tube area (mm2) 0.93 ± 0.17 a 0.78 ± 0.12 ab 0.64 ± 0.01 b 0.70 ± 0.02 ab

Fiber area (mm2) 1.16 ± 0.17 ab 1.30 ± 0.06 a 1.03 ± 0.10 bc 0.87 ± 0.07 c

Cortex area (mm2) 6.49 ± 0.95 a 3.81 ± 0.50 b 4.01 ± 0.20 b 2.78 ± 0.34 b

Xylem% 8.25 ± 0.22 b 11.16 ± 1.3 ab 11.80 ± 0.46 ab 16.47 ± 2.19 a

Phloem% 91.74 ± 0.38 a 88.83 ± 2.28 ab 88.20 ± 0.46 ab 83.52 ± 3.80 b

Pith% 3.83 ± 0.81 b 3.58 ± 0.70 b 5.07 ± 0.43 ab 9.79 ± 1.76 a

Vessel% 4.42 ± 0.80 b 7.56 ± 0.62 a 6.73 ± 0.33 ab 6.68 ± 0.43 ab

Sieve tube% 9.34 ± 0.15 b 11.73 ± 0.70 ab 9.94 ± 0.23 b 13.52 ± 0.75 a

Fiber% 11.97 ± 1.55 b 19.79 ± 1.2 a 15.98 ± 0.52 ab 16.68 ± 0.59 ab

Cortex% 65.60 ± 2.15 a 57.31 ± 2.60 bc 62.27 ± 0.06 ab 53.25 ± 0.84 c

Means within a column followed by different letters are significantly different at p < 0.05 using the Tukey’s multiple range test.

FIGURE 3 | Clustering analysis of the pear species. (A) The principal component analysis (PCA) score of the four pear species based on their fruit characteristics
and pedicel structural properties parameters; (B) loading plot of (A) according to the contribution of the variables in panel (A) model.

shape index and vertical diameter, both of them had a positive
correlation with pedicel diameter, cortex%, pedicel area, phloem
area, cortex area, phloem%, and sieve tube area, and they both
showed a negative correlation with xylem%, sieve tube%, the area
percentage of the vessel (vessel%), and the area percentage of fiber
(fiber%). Fruit transverse diameter and single fruit weight had a
similar correlation with the pedicel structural parameters, both of
which had a positive correlation with pedicel length, vessel area,

fiber area, phloem%, and fiber% and negative correlation with
xylem area, pith area, and pith% (Figure 4).

X-Ray CT Scanning
To see details of the pedicel structural property, both the
transverse and longitudinal 2D projections were extracted as
shown in Figure 5. From all the transverse 2D projections, tissues
of pith, vessel, fiber, and cortex were recognized as indicated
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FIGURE 4 | Clustering and correlation analysis between the fruit
characteristics data and the pedicel structural parameters. The figures shown
are Pearson’s correlation coefficients at 2 tails. *, **, and *** mean correlation
is significant at 0.5, 0.01, and 0.001 level, respectively.

in the observation of the frozen section (Figure 2). The area
ratios of the different tissues varied apparently among the four
species (Figure 5), which were consistent with the results shown
in Table 3. In both transverse and longitudinal projections,
Conference and Yali showed a more porous pith structure than
Akizuki and Nanguoli (Figure 5).

Representative 3D images showed volume renderings
of the pith, vessel, fiber, and cortex tissues from a
100 µm × 100 µm × 300 µm area (Figure 6A). 3D renderings
displayed different morphological characteristics of the tissues.
Fiber tissues showed a more regular and compact shape, followed
by vessel tissues; however, the pith and cortex tissues presented
irregular and uneven shapes of 3D renderings (Figure 6A).
For a porosity analysis, there were interspecific differences in
different tissues. Conference had the greatest porosity in the pith,
followed by Yali, Akizuki, and Nanguoli (Figure 6B); Nanguoli
had a greater porosity in the vessel than Conference and Yali
(Figure 6B); Conference had a greater porosity in fiber than
Akizuki and Nanguoli, and Yali had the smallest porosity in

fiber (Figure 6B); Conference had the greatest porosity in the
cortex, followed by Nanguoli, Yali, and Akizuki (Figure 6B).
For the ratio of surface area to volume, Nanguoli had a greater
ratio of surface area to volume in the pith, followed by Akizuki,
Yali, and Conference (Figure 6C); Fiber tissue had a remarkably
lower ratio than the pith, vessel, and cortex (Figure 6C), which
was consistent with the low porosity in fiber compared with
other three tissues (Figure 6B); and Yali had a lower ratio of
surface area to volume in fiber tissue than other three species
(Figure 6C); Conference, Akizuki, and Yali had similar ratios of
surface area to volume in the vessel (Figure 6C); Akizuki had the
greatest ratio of surface area to volume in the cortex, followed by
Nanguoli, Conference, and Yali (Figure 6C).

The intervessel connection and network information of the
vessels were analyzed by high-resolution observation, 3D image
reconstruction, and skeletonization (Figure 7). From the view
of a representative 2D projection, vessel elements displayed
an irregular arrangement pattern with different shapes, length,
width, angles, and thickness of the vessel wall (Figure 7A); as
indicated by green arrows, interruptions of the vessel lumen
were observed (Figure 7A); intervessel connections, as indicated
by red arrows, can be detected by X-ray CT scanning, which
extended the pathway of the vessels (Figure 7A); a solitary
vessel isolated from surrounding vessels was rendered in a 3D
image, which also indicated the irregular shape of the vessel
and the interruption inside the vessel lumen (Figure 7B);
skeletonization demonstrated the 3D network model of the
vessels in four species (Figures 7C–F), indicating different levels
of connectivity of the vessels; Nanguoli showed a highly branched
and more connected network of vessels; for a more detailed
analysis, Nanguoli showed the highest level of connectivity with
5 connected locations on each vessel, followed by Conference,
Akizuki, and Yali (Figure 7G).

Pedicel Hydraulic Conductance
As shown in Figure 8, the pedicel hydraulic conductance was
estimated using a simple device (Figure 8A) according to Darcy’s
law (Figure 8B). For the four pear species, Conference had the
highest hydraulic conductance in the pedicel, followed by Akizuki
(Figure 8C); Yali and Nanguoli had similar levels of hydraulic
conductance of the pedicels, both of which were lower than that
of Conference (Figure 8C).

DISCUSSION

Various anatomical techniques have been applied to study the
structural properties of pedicel including grape (Knipfer et al.,
2015), apple (Drazeta et al., 2004; Horbens et al., 2015), tomato
(Rančić et al., 2010; Li et al., 2021), litchi (Song W. et al.,
2018; Song W. P. et al., 2018), and pepper (Setiamihardja and
Knavel, 1990), indicative of the importance of pedicels to the
fruit development and growth. However, there have been limited
studies combing various anatomical techniques to study the
function of the pedicel (Rančić et al., 2010). Based on the
2D histological and 3D observation, this study analyzed the
interspecific variations of structural properties of the pear pedicel,
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FIGURE 5 | Representative transverse and longitudinal X-ray CT images of the fresh pedicel. Black areas indicate the air-filled tissue, dark gray areas indicate plant
tissue, and white spots indicate water-filled tissue. f, fiber cap; p, pith; v, vessels; c, cortex.

FIGURE 6 | Structural analysis of the pith, vessel, fiber, and cortex of the pedicels. (A) The 3D renderings were reconstructed from 100 µm × 100 µm × 300 µm
volume of each tissue; (B) porosity analysis of the different tissues as shown in panel (A); (C) analysis of the surface area of the tissues as shown in panel (A); the
ratio of the surface area to the volume was calculated as the value of the surface area divided by the volume of the analyzed tissue. Bars within a group with different
letters on the top are significantly different at p < 0.05 using the Tukey’s multiple range test.

which also provided novel insights into the relationship between
the structural property of the pedicel and the fruit characteristics.

Interestingly, the Conference showed a distinct fruit shape
index (Figure 1 and Table 2) and pedicel structural properties

(i.e., distribution and density of the vessels) (Figure 2 and
Figure 5) compared with the other three species in our study,
implying the genetic specificity between the European and the
oriental pears. This was also supported by the PCA results
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FIGURE 7 | Structural and spatial arrangement of xylem vessels in the pedicel by X-ray scanning. (A) Longitudinal slice of the vessel tissue, light gray areas indicate
the vessel walls, dark gray areas indicate the vessel lumens, one of which was rendered in yellow; red arrows indicate the location of intervessel connection; green
arrows indicate the interruptions of the vessel lumen; (B) a representative 3D-reconstructed vessel isolated from surrounding vessels; panels (C–F) are the
3D-reconstructed skeleton of the vessels of Conference, Akizuki, Yali, and Nanguoli, respectively; (G) intervessel connectivity analysis, connection no. means the
average no. of intervessel connections. Bars with different letters on the top are significantly different at p < 0.05 using the Tukey’s multiple range test.

(Figure 3) based on the fruit characteristics and structural
properties data of the pedicel. As a terminal organ, fruit
acquires nutrients and photosynthetic assimilates to support the
enlargement and quality formation. For this process, the fruit
pedicel behaved as a pivotal channel linking the parent body
(i.e., source) and the fruit (i.e., sink). Differences in both fruit
characteristics and pedicel structural properties were obvious
among the investigated pear species in our study (Figures 1, 3
and Tables 1, 2). Fruit vertical diameter is the determinant of
the fruit shape index, which showed a highly positive correlation
with pedicel length, fiber area, pedicel diameter, cortex%, and
phloem%. This interesting finding is hard to explain since both
water and nutrients are delivered to the fruit through the
pedicel. Water uptake accounts more for the fruit expansion;
therefore, those above parameters (i.e., pedicel length, fiber area,
pedicel diameter, cortex%, and phloem%) possibly affected water
uptake into the fruit profoundly. Bussières (2002) found water
import in young tomato fruit is limited by the low potential
of the water entering the fruit due to pedicel resistance and
calyx transpiration. But it is not sure if the variations of those
parameters affected the pedicel resistance and calyx transpiration
in our study. To the best of our knowledge, few studies focusing
on the correlation between pedicel structural properties and fruit
characteristics have been reported. In oriental pear Wonhwang,
quick enlargement of xylem and phloem tissues in pedicel by GA
treatment during the fruit development resulted in the increased
size of the fruit (Park and Park, 2017), which was consistent
with the results in our study, and this process was primarily
due to the increment of cell division of both xylem and phloem.
In tomato, Li et al. (2021) found that the water deficit did not
change the hydraulic resistance and the vascular structure in the
pedicel; however, this could not provide any clue about how the
structural differences of vascular affect the hydraulic transport
in the plant. A mutant tomato (hws-1) with wider phloem

and narrower xylem rings showed a higher sugar concentration
in the phloem exudates and a higher Brix level in the fruit,
indicating that the increased phloem area ratio contributes to
the higher fruit Brix in tomatoes (Lombardo et al., 2021). In
grape, Shigyoku (Vitis vinifera) showed 1.8-fold greater phloem
area of the pedicel than that of Heukboseok (V. vinifera) after
veraison, based on the number of cells constituting the phloem,
whereas no difference of xylem area was found between them;
the cell number and area of the phloem contributed to the
accumulation of sugars and the main constituents of the cell
wall, thus maintaining the firmness of grapes until late maturity;
therefore, the phloem structure was considered to contribute
to the increased softening of Heukboseok grapes (Jung et al.,
2016). However, our study showed a positive effect of xylem area
of the pedicel on the fruit-soluble solids concentration in the
fruit; Conference and Nanguoli pears used in our study start
to ripe after harvest, a special ripening pattern; therefore, the
soluble solids concentration of them came from the degradation
of the starch, which depends on the starch accumulation of the
stage before fruit maturity. This ripening pattern is different
from Akuzuki and Yali, which could reach biological maturity
before harvest. The difference in the ripening pattern could
explain why our results are different in the mentioned studies
on tomato and grape. In a series of studies on cherry, both
the phloem and the xylem of the pedicel showed a dynamic
flow rate and transpiration rate during the fruit development,
which is associated with the fruit enlargement and cracking
before and after harvest (Athoo et al., 2015; Brüggenwirth
and Knoche, 2015; Knoche et al., 2015; Brüggenwirth et al.,
2016). In lemon, the disorganization of vascular tissues of the
pedicel with collapsed and deformed xylem disrupted the regular
transport of water and nutrients to the growing fruit resulting
in fruit cracking (Kaur et al., 2019). An increment of xylem
element in the pedicel of kiwifruit during the fruit growth
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FIGURE 8 | Hydraulic conductance analysis of the pedicel. (A) Schematic
diagram of the device used to estimate the hydraulic conductance in pear
pedicels. CaCl2 solution was pushed by the pump through the pedicel from
left to the right side, the time and the CaCl2 volume passing through the
pedicel were recorded; (B) a virtual model of the pedicel, where the flow
behavior is laminar, and Darcy’s law is valid for the hydraulic conductance
analysis; (C) hydraulic conductance of different pear pedicels according to
Darcy’s law. Bars with different letters on the top are significantly different at
p < 0.05 using the Tukey’s multiple range test.

period was found to associate with the higher calcium and
magnesium concentration of the fruit, hypothetically through
a more efficient translocation of mineral nutrients (Biasi and
Altamura, 1996). Studies on the molecular level also found that
highly lignified pedicel due to the GA-induced gene regulation
(overexpression of Vv4CL4, VvCCR1L, and VvCAD1) increased
grape berry drop (García-Rojas et al., 2018) and that the LcERF2-
LcUGE module regulated the growth of pedicel, concurrent with
differential abscission rates and responses to ethylene in litchi
(Yi et al., 2021). Together with our findings, the above studies
addressed the significant importance of the pedicel in the fruit
growth and quality formation in different fruit species, but
the underlying physiological and molecular mechanisms need
further investigation.

In addition to the microscopic observation, X-ray computed
microtomography was also applied in this study, providing a
3D view of the structural properties of the tissues inside the
pedicel with reconstructed models (Figures 6, 7). Even though
the tissues of pith, fiber, and cortex were rarely discussed in
relation to water and nutrients transport, our findings suggested
that they likely play a certain role in the fruit growth due

to the variations of their characteristics demonstrated in the
four pear species (Figure 6); greater surface area ratio of the
cortex in Akizuki possibly improved the signal transduction,
carbohydrate storage, and the development of the vascular
bundles, which contributed to the greater weight of Akizuki fruit;
however, this needs further validation. Focusing on the vessels,
the porosity, the ratio of the surface area to the volume, and
their spatial arrangement showed significant variations across the
investigated pear species (Figures 6, 7), indicating the distinction
of the hydraulic conductance of the pedicels (further proved in
Figure 8). This might determine the transport efficiency and
capacity of water and nutrients through the pedicels, differentially
contributing to the fruit growth and quality formation across
the pear species. In grape, X-ray computed microtomography
images provided direct evidence that blockages residing inside
the pedicel vessels reduced the hydraulic conductance, and vessel
elements were interconnected to keep a partial function during
the post veraison (Knipfer et al., 2015). With the help of X-ray
computed microtomography, the dynamic formation and spread
of the embolism inside the xylem vessels were displayed in living
plants (Brodersen et al., 2018; Wason et al., 2021), and they
showed significant variations of susceptibility to drought stress
among three walnut species (Knipfer et al., 2018). Although the
X-ray scanning machine and parameter settings used in the above
studies were different from ours, high-resolution observations
were all available in the studies, in addition to the isolation of
3D rendering of the single vessel, 3D-reconstructed renderings
of the other pedicel tissues; therefore, as long as high-resolution
observation is available, X-ray scanning technology is very helpful
in plant anatomical studies. Since the lack of living plants used
in our experiment, we could not compare the dynamic hydraulic
conductance among the pear species. However, we estimated
the pedicel hydraulic conductance based on Darcy’s law. The
variations in hydraulic conductance of the pedicel emphasized
the influence of the pedicel on the fruit growth via water and
nutrients transport capacity. In similar studies, Darcy’s law was
also applied to estimate the pedicel hydraulic conductance in
cherry (Brüggenwirth and Knoche, 2015) and flowers (Roddy
et al., 2018), suggesting the reliability of the method used
in our research.

CONCLUSION

As reported widely, X-ray computed microtomography provides
plant biologists with a powerful, nondestructive tool to explore
the inner workings of plant vascular in incredible detail
(McElrone et al., 2013). Our work reconstructed the detailed
3D structure of the pedicel (Figure 6), and the xylem vessel
spatial arrangement and the single-vessel isolation were also
visualized with remarkable details (Figure 7). Combining the
investigation of fruit quality, the statistical analysis of the pedicel
structural properties, and the 2D and 3D anatomical observation
of the pedicel, we provided direct evidence that pedicel elements
contributed distinctively to the fruit characteristics among pear
species. These data will help develop a better understanding of
the relationship between fruit characteristics and the structural
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properties of the pedicel. These findings also provide a basis for
further anatomical, physiological, and molecular studies into the
role of the pedicel in the fruit growth and quality formation.
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