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Abstract: The study focused on the relationship between leaf-to-fruit ratio (LFR) and walnut kernel quality in Juglans
regia “Wen 185 It was investigated how LFR influences single kernel weight, the contents and percentages of organic
matter in kernels, the 1*C distribution proportion (:*Cp}) in crude fat and protein, and the number and size of oil
bodies within the kernels. A gradually decreasing LFR led to reduced single kernel weight, the contents of crude
fat, crude protein, and soluble sugar dramatically (P < 0.05), with no significant changes in the percentages and
(!3Cpyp) of crude fat, crude protein, and soluble sugar (P > 0.05). Moreover, there were no significant differences
in the number of oil bodies per unit area and the size of oil bodies in kernel cotyledons and endosperm storage
cells among the different LFR (P > 0.05). We propose that the walnut kernel quality depends on the proportion
of sugar converted into fat and protein in the kernels, that the changes in LFR affect the amount of sugar accu-
mulated in kernels but not the proportion of sugar converted to fat and protein, and that the LER, therefore, have
no effect on the percentages of crude fat and crude protein in walnut kernels.
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The theory of source-sink relationships is often
used in modern economic plant cultivation physi-
ology research to clarify the law of economic plant
yield and quality formation. The yield of economi-
cally important plants depends on the production
capacity of photosynthetic source assimilates and
the size and capacity of the sink (Slfer et al. 2023).
Changes in the source-sink relationship would affect
plants’ physiological and metabolic activities, in-
cluding the function and development of leaves and
the transportation and distribution of assimilates
(Zhang et al. 2024). The coordinated source-sink

relationship significantly improves economic plant
yield (Wang et al. 2020a). A higher biomass yield
and an optimised source-sink relationship will result
in the next great leap in economic plant yields (Qin
et al. 2023). The change in the source-sink relation-
ship affects the redistribution of assimilates within
economic plants, not only on economic plant yield
but also on their quality. For economically important
plants where the goal is to harvest seeds, the forma-
tion of organic matter (e.g. starch, fat, and protein)
in seed kernels requires photosynthesis to provide
raw materials or energy. The number of photosyn-
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thetic sources (leaves) and their photosynthetic
rates affect organic matter synthesis. However, the
regulatory effect of source-sink relationship changes
on the content of organic matter in kernels is differ-
ent (Rivelli et al. 2024), which may be related to plant
species, organic matter species, source-sink regula-
tion range, and growth and development periods.

Most studies indicate that the protein content
in plant kernels is most affected by changes in the
source-sink relationship. It was shown that the grain
protein content in maize was the most sensitive
to the source reduction, followed by the starch con-
tent, using different varieties (Wang et al. 2020b). The
changes in the source-sink relationship significantly
affected the grain protein content of spring wheat but
had little effect on starch and soluble sugar content.
Meanwhile, the correlation between protein content
and the source-sink relationship differed among the
different varieties. Starch accumulation is mainly
limited by the sink, and protein content is limited
by both the source and sink (Liu 2014). The pro-
tein content in grains of indica-japonica hybrid rice
at maturity was higher than in conventional japonica
rice, which may be due to an imbalance in the source-
sink relationship, resulting in more N in leaves being
transferred to grains (Wei et al. 2018).

However, the effects of the source-sink relation-
ship on fat content in plant kernels are different.
Some studies have suggested that the source-sink
relationship does not affect the fat content in plant
kernels. For example, the fat content in maize
grains of different varieties is relatively stable un-
der different source-sink relationships (Wang et al.
2020b), the relationship between the fat percent-
age in maize grains and the source-sink ratio is not
close and is less affected by source-sink regula-
tion (Shekoofa et al. 2013). Similar results have
been reported in sunflowers (Andrianasolo et al.
2016), Camellia oleifera (Zhu et al. 2015), and ol-
ives (Yuan et al. 2015). However, some studies have
suggested that the source-sink relationship affects
fat content in plant kernels. For example, total de-
foliation at the filling stage of soybean is conducive
to protein accumulation but not fat accumulation;
1/3 of soybean pods were removed at the seed-fill-
ing stage, and the fat accumulation increased, while
the protein content decreased (Zhang et al. 2022).
By appropriately reducing the source, peanut varie-
ties with large sources could promote the conver-
sion of sugars into fat in kernels and improve the
crude fat content in kernels and peanut varieties
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with multiple sinks, thereby increasing the crude
fat content in kernels (Gao 2021).

Through a comprehensive analysis of the above
literature, it was found that researchers usually use
the leaf-to-fruit ratio (LFR) to represent source-sink
relationships and utilise content (g) or percent-
age (%) as evaluation indicators to determine the
impact of source-sink regulation on kernel quality.
If the evaluation indices are different, the results will
differ. Walnut is an important woody oil tree spe-
cies, and its kernels are rich in fat and protein. Does
the quality of walnut kernels change after a change
in the source-sink relationship? How does it change?
Therefore, the present study puts forward the hy-
potheses that the quality of walnut kernels depends
on the proportion of sugar converted into fat and
protein in the kernels, that the changes in LFR only
affect the amount of sugar accumulation in kernels
but not the proportion of sugar conversion to fat and
protein, and that the LFR, therefore, have no effect
on the percentages of crude fat and crude protein
in walnut kernels.

MATERIAL AND METHODS

Experimental site and plant materials
The fruits of Juglans regia “Wen 185’ were select-
ed in this experiment. The walnut sprouted at the
end of March, the leaves appeared in early April,
the flowering period was from mid-April to early
May, and the fruit matured in late August. The wal-
nut is an early-bearing variety with strong stress
resistance. The material used in this experiment
is a grafted tree, and the rootstock is raw walnut.
The fruits were collected from the walnut produc-
tion park of Awati county in Aksu region of Xinji-
ang (78°23'12"-80°01'30"E; 0°43'46"-41°51'05"N)
from April 2022 to September 2022 and from April
2023 to September 2023. The average altitude of this
area is approximately 1 200-2 000 m, and it is dry
and rainless. The annual average temperature, pre-
cipitation and evaporation are 10.4 °C, 91.5 mm,
and 2 003.8 mm, respectively. The annual sunshine
duration is 2 679-2 750 h, and the frost-free period
is 211-250 days. The soil is mostly sandy loam. The
trees were grown at a spacing of 5 m x 6 m in north-
south rows and were all 10 years old.

The experimental site is in the irrigation oasis
of the Aksu area, and the water quantity is sufficient.
When the maximum field water capacity is less than
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60%, irrigation is needed. The plant material needs
to be irrigated five times during the growth process.
The first irrigation was in late March to promote the
germination of leaf buds and flower buds; the second
was in late May and early June to promote the growth
of fruits; the third was in early July to promote the
formation of kernel oil; the fourth was in early Au-
gust to promote the formation of kernel oil; the fifth
was in early October before the soil froze. The effect
is to improve the cold resistance of the tree. The av-
erage annual irrigation is 1 270 mm.

Collection and processing of walnut kernel or-
ganic matter accumulation samples

Samples were collected at fixed points at regular in-
tervals starting 10 days after the end of female flower
pollination (DAF) (April 26'), and 30 normally de-
veloping fruits were randomly picked every 10 days.
The kernels were removed, dried in an electric con-
stant temperature blast drying oven (DHG-9140A,
Shanghai Haixiang instrument and equipment fac-
tory, China) to kill green at 105 °C for 30 min, and
dried at 70 °C to constant weight. After cooling, the
kernel dry weight was measured using an electron-
ic balance [ME203E, Mettler Toledo instruments
(Shanghai) Co., Ltd., China] to obtain the average
value. Finally, the kernel was crushed and passed
through a 100-mesh nylon sieve to determine crude
fat, crude protein, and soluble sugar content.

Crude fat extraction. Samples (2—5 g) were mixed
with sea sand, if necessary, and transferred into a fil-
ter paper cylinder. The filter paper cartridge was
placed into the fat extractor (JC-SSTQ2, Qingdao
Jingcheng Instrument Co., Ltd., China), connected
the dried to constant weight receiving bottle, add
anhydrous ether or petroleum ether to 2/3 of the
volume of the bottle from the upper end of the ex-
traction condensing pipe of the extractor, and heat-
ed in a water bath to continuously reflux the ether
or petroleum ether for extraction for 6-12 hours.
The receiving bottle was removed, recovered using
ether or petroleum ether, and evaporated in a water
bath until 1-2 mL of ether remained in the receiving
bottle. It was then dried at 95-105 °C for 2 hours.
Thereafter, it was placed into a dryer (Jiangsu Run-
hong Science and Education Equipment Co., Ltd.,
China) and cooled for 0.5 h before being weighed.

Soluble sugar extraction. Ground dry sample
(0.05-0.10 g) and 2 mL of water were added to a 5 mL
covered plastic centrifuge tube, extracted in a water
bath at 80 °C for 10 min, and centrifuged (5430R, Ep-
pendorf SE, Germany) at 3 000 rpm for 5 minutes.

The supernatant was carefully transferred to a 10 mL
graduated tube with a stopper and extracted twice
with distilled water (2 mL at a time). After centrifu-
gation, the supernatant was collected, combined, and
diluted to 10 mL with distilled water for '3C deter-
mination of soluble sugars using liquid chromatog-
raphy isotope ratio mass spectrometry (LC-C-IRMS)
(Flash 2000 HT O/H-NC and Finnigan Delta V Ad-
vantage, Thermo Fisher Scientific, Inc., USA).

Protein extraction. Kernel powder (2 g) was
added to deionised water at a solid-liquid ratio
of 1:11, stirred, and put into an ultrasonic oscilla-
tor (KQ-500DE, Kunshan Ultrasonic Instrument
Co., Ltd., China) with a power of 500 W and a tem-
perature of 45 °C for 45 minutes. The pH was ad-
justed to 9 with 1 mol/L NaOH, and the samples
were centrifuged (5430R, Eppendorf SE, Germany)
at 4 000 rpm for 20 minutes. The supernatant was
removed, and the pH was adjusted to approximately
5 with 1 mol/L HCIl. The sample was centrifuged
at 5 000 rpm for 15 minutes. The precipitates were
removed, washed and neutralised with deionised
water, and dried to a constant weight in a 60 °C oven
(DHG-9140A, Shanghai Haixiang Instrument and
Equipment Factory, China).

LFR regulation, sample collection and processing

Defoliation, girdling, and defruiting were per-
formed on sun-exposed shoots with fully expanded
leaves and developing fruits on the southern sides
of 15 trees after fruit set. Fifteen fruit-bearing shoots
per tree were modelled to represent one of the fol-
lowing five LFR value treatments (1L: 1F, 2L: 1F,
3L: 1F, 4L: 1F, and 5L : 1F). The specific operation
for the attainment of these LFR treatments, repre-
senting sink-source experimental manipulation,
was performed according to our previous study
(Zhang et al. 2018).

After ripening, all the fruits from the different
LER treatments were picked. The kernels were dried
to determine the kernel dry weight, and the crude fat,
crude protein, and soluble sugar in the kernels were
extracted to calculate the contents (g) and percentag-
es (%) of crude fat, crude protein, and soluble sugar.
Three trees in each LFR were used in duplicate, and
the average value of 15 fruits per tree was calculated.

Feeding walnut leaves with '>*CO, during the
critical period of oil accumulation

After fruit setting, three 10-year-old walnut trees
were selected for LFR regulation and '*CO, sup-
plementation. Each tree was set up with five LFR
(IL:1F, 2L:1F 3L:1F 4L:1F, and 5L: 1F), and
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each LFR treatment was applied to four bearing
shoots. Based on the information presented earlier,
the key period for walnut seed oil accumulation was
determined. During the critical period of oil ac-
cumulation, the whole walnut tree was fed *CO,
in sunny and windless weather from 11 a.m. to 1
p-m. (Beijing local time). Three trees were fed for
each treatment for three consecutive days (July 16,
17%, and 18™).

13CO, feeding method

During feeding, Na,'*CO, (with a "*C abundance
of 98%) was used as the marker at a dose of 8 g. The
entire canopy was sealed ina 2 m x 2 m x 2 m poly-
ethene plastic room with good light transmittance
(sunlight transmittance was 95% of the natural light
intensity), and a fan (DP-Y17, Shenzhen Liangpin
Electronic Technology Co., Ltd., China) and marker
were placed in the room. At the beginning of mark-
ing, the fan was turned on, and 10 mL of dilute sul-
furic acid (1 mol/L) was injected into a beaker every
0.5 h to maintain the *CO, concentration. During
13C marking, the plastic room was sealed for 3 hours.
An appropriate number of ice bags were distributed
around the room to control the temperature between
28 °C and 37 °C. A sufficient NaOH (0.4 mol/L) solu-
tion containing phenol-phthalein was added to the
feeding room after feeding to collect all *CO, not
absorbed by the sample plants.

Sample collection and determination index

Adipiscing destructive sampling was conducted
on the morning of July 21* (72 h after the end of the
third feeding period). All fruits with the same LFR
on the same tree were collected and washed with
deionised water, and their kernels were removed
and divided into two parts. The first part was
dried and weighed according to the method de-
scribed earlier, and then passed through a 0.25 sieve.
The crude fat, crude protein, and soluble sugar
of kernels with different LFR were extracted to de-
termine the §'°C. The unfed walnut trees were se-
lected as the control to obtain naturalness §'*C. The
calculation formula is as follows:

8°C = (Rygmple/Rppp — 1) x 1 000

where: 813C — the abundance of '3C in the sample (%o);
Rompe — the ratio of *C and "C isotopic abundances
of the sample; Ry, — the PDB (Peedee belemnite) stand-
ard, that is, the ratio of 3C to '2C isotopic abundances
in the Cretaceous Peedee Formation of South Carolina,
USA, is 0.0112372.
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Determination and calculation of '®C contents
of crude fat, crude protein, and soluble sugar
(13C amount):

Bc = AT%3C x C% x 0.1

amount

where: 3C, ..« — the content of *C in the sample (mg/g);
AT%!3C — the percentage of '*C atoms in the sample (%);
C% — the mass fraction of C atom in the sample (%);

0.1 — 0.1 g sample.

Transmission electron microscope observation

The second part of the kernel sample was used for
transmission electron microscope (H-600A, Hita-
chi, Ltd., Japan) observation. The embryos and coty-
ledons of kernels with different LFR were trimmed
into 5 mm x 2 mm x 2 mm small pieces and quickly
immersed in 2.5% glutaraldehyde fixed solution,
then washed three times with 0.1 mol/L phosphor-
ic acid buffer with pH = 7.2, fixed for 4 h with 1%
osmium tetroxide, and washed three times with
0.1 mol/L phosphoric acid buffer with pH = 7.2, then
dehydrated with ethanol followed by acetone transi-
tion, Spurr penetration and embedding, and cut into
2-3 pm semi-thin slices and 0.05-0.07 pm ultra-
thin slices using an ultra-thin slicer. The diameter
and number of oil bodies, and the ratio of oil bodies
to the cell cross-sectional area, were observed under
a transmission electron microscope.

Data analysis

One-way ANOVA was used to analyse fruit quality,
the diameter and quantity of oil bodies, and the ratio
of oil bodies to cell cross-sectional area with different
LFR, and the least significant difference (LSD) meth-
od was used for multiple comparisons. SPSS statisti-
cal software version 18.0 was used for data analysis,
and Excel software was used to create the graphs.

RESULTS AND ANALYSIS

Accumulation law of organic matter in walnut
kernels

The change of protein percentage in the kernel
showed a “W” type trend. There were two processes:
decline and rise. The crude protein percentage was
the highest (23.21%) at 10 DAF and then decreased
rapidly at 40 DAF, reaching a peak at 90 DAF. The
percentage of crude protein decreased slightly and
then changed steadily over the next 40 days, reach-
ing 16.73% at 140 DAFE.
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The change in crude fat percentage in the kernels
showed an increasing trend of “S” type. The crude fat
percentage was low and showed little change before
50 DAEF. It increased slowly from 50 to 70 DAF and
then entered the stage of rapid increase at an aver-
age rate of 1.16% from 70 to 110 DAF. The rate of in-
crease slowed from 110 to 140 DAF, and the crude
fat percentage reached a maximum value of 65.57%
at 140 DAFE.

The total soluble sugar percentage in kernels
showed an overall trend of first increasing and then
decreasing. The overall trend increased and fluctuat-
ed from 10 DAF to 60 DAF, reaching the maximum
value of 10.93% on 60 DAF. It then fluctuated rapidly
from 60 DAF to 110 DAF, and the total soluble sug-
ar percentage decreased by 8.73% at this stage and
reached 2.28% at 140 DAF.

The protein content showed a double peak change,
the fat content continued to increase, while the total
soluble sugar content first increased and then de-
creased. The period from 70 to 100 days after the
final flowering stage represents a critical phase for
crude fat synthesis in walnut kernels. Combined
with the results of this study and previous studies,
it can be concluded that oil and protein anabolism
are independent of each other. The sugars and pro-
teins in the kernel will be continuously transformed
into crude fat during the growth and development
of the walnut fruit (Figure 1).

Analysis of organic matter in walnut kernels
with different LFR

There were significant differences among single-
kernel weight, crude fat content, crude protein
content, and soluble sugar content in walnut ker-

nels from different LFR treatments (P < 0.05). These
indices increased significantly with increasing LFR
(P < 0.05). Single-kernel weight (5.81 g), crude fat
content (2.88 g), crude protein content (0.91 g), and
soluble sugar content (0.35 g) with 5L:1F were sig-
nificantly higher than those of the other LFR (P <
0.05). Single-kernel weight (3.74 g), crude fat con-
tent (1.88 g), crude protein content (0.60 g), and
soluble sugar content (0.22 g) with 1L:1F were sig-
nificantly lower than those of other LFR (P < 0.05)
(Figure 2).

There were no significant differences in crude
fat percentage, crude protein percentage, or solu-
ble sugar percentage among kernels with different
LER (P > 0.05). The crude fat percentage in kernels
was 49.50-53.2%, the crude protein percentage was
14.41-15.98%, and the soluble sugar percentage
was 5.85-6.03% (Figure 3).

Content (g) and percentage (%) are different evalu-
ation indices, and the influence results are different.
The contents (g) of crude fat, crude protein and sol-
uble sugar in walnut kernel under high LFR treat-
ment were significantly higher, but there was no sig-
nificant difference in percentage (%).

Proportion of 3C in organic matter in walnut
kernels with different LFR

During the critical period of oil accumulation,
there was no significant difference in the proportion
of 13C converted into crude fat in walnut kernels
with different LFR (P < 0.05), ranging from 66.42%
to 73.20%. There was no significant difference in the
proportion of C converted into crude protein
in walnut kernels with different LFR (P < 0.05), rang-
ing from 8.90% to 10.09% (Figure 4).
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Microstructure observation of walnut kernels
with different LFR

The crude fat in the kernel is usually stored in the
oil bodies of subcellular organelles. Oil bodies can
be fixed with osmium tetroxide and stained with
heavy metal uranium salt. Light and electron mi-
croscopy revealed that the oil body was grey and
opaque. During the critical period of oil synthesis,
we found that 85 DAF, a large number of oil bod-
ies were observed in the storage cells of walnut
embryos with different LFR. However, the sizes
of oil bodies were slightly different. Some oil bodies
were scattered in the centre of the cells, while oth-
ers were scattered along the cell wall. Many oil bod-
ies were observed in cotyledon storage cells with
different LFR. The number and volume of oil bodies
were small, and the oil bodies were independent.

There was no significant difference in the average
number, diameter, or average cross-sectional area
ratio of the oil bodies in walnut embryo storage cells
with different LFR (P > 0.05) (Table 1). The average
number of oil bodies per 100 pm? area ranged from
8.27 + 0.41 to 8.42 + 0.18, and the average diameter
ranged from 1.29 + 0.03 to 1.36 + 0.02 um. The aver-
age sum of the cross-sectional area of the oil body
ranged from 49.72 + 0.22 to 51.01 + 0.16 um?. There
were no significant differences in the average num-
ber, average diameter, or average cross-sectional
area ratio of the oil bodies in walnut cotyledon stor-
age cells with different LFR (P > 0.05). The average
number of oil bodies per 100 um? area ranged from
6.09 + 0.17 to 6.22 + 0.07, and the average oil body
diameter ranged from 1.84 + 0.01 to 1.98 + 0.02 um.
The average sum of the cross-sectional area of the oil
body ranged from 62.98 + 0.27 to 65.03 + 0.11 pm?.

DISCUSSION

The present study showed that the percent-
age of soluble sugars in walnut kernels increased
sharply from 10 to 60 DAF, while the crude fat
percentage was low and changed little. The total
soluble sugar percentage gradually decreased, and
the crude fat percentage gradually increased from
60 to 150 DAF, which is similar to previous research
results (Zhang et al. 2001). Studies have shown that
sugar in plant kernels participates in the accumula-
tion of crude fat and protein during seed develop-
ment, and the accumulation of sugar precedes the
accumulation of crude fat and gradually decreases
with a continuous increase in crude fat accumula-
tion; that is, sugar substances provide raw materi-
als for the synthesis of crude fat (Kambhampat et al.
2021). The results of the present study (Figure 1) show
that the critical period of oil accumulation in walnut
kernels is from 70 to 100 DAF. Studies have shown
that there is a positive correlation between oil con-
tent and protein content in walnut kernel, that is, oil
anabolism and protein anabolism are independent
(Chen et al. 2016), which is similar to the research
results in Xanthoceras sorbifolia (Zhao et al. 2015)
and Arabidopsis thaliana (Jasinski et al. 2018). Pre-
vious studies have also shown that the accumulation
of crude fat in walnut kernels is a process in which
sugar and protein in the kernel are continuously
transformed into crude fat during the growth and
development of walnut fruit; that is, there is “sub-
strate competition” between crude fat and protein
(Xie et al. 2008), which is similar to the research re-
sults in Camellia oleifera (Jiang et al. 2012) and Bras-
sica napus (Kennedy et al. 2011). The results of our

Table 1. Comparison of oil body differences of walnut kernels with different leaf-to-fruit ratios

Leaf-to-fruit ..
Position

Average quantities

Average diameter The average rate of oil areas

ratio (pieces) (um) and cell areas (%)
p p

L. 1F embryos 8.33 £ 0.30? 1.36 + 0.02° 49.72 + 0.22°
‘ cotyledon 6.16 + 0.12° 1.98 + 0.022 63.69 + 0.22°

ol . 1F embryos 8.42 + 0.182 1.33 £ 0.01P 50.03 + 0.14°
‘ cotyledon 6.22 + 0.07° 1.84 + 0.012 65.03 £ 0.112

3L 1F embryos 8.27 + 0.412 1.29 + 0.03" 48.62 + 0.29°
‘ cotyledon 6.09 + 0.17° 1.94 + 0.012 62.98 + 0.27°

AL 1F embryos 8.38 + 0.262 1.31 + 0.03" 51.01 + 0.16°
‘ cotyledon 6.13 £ 0.17° 1.89 + 0.022 63.87 +0.312

5L 1F embryos 8.41 + 0.272 1.28 +0.03" 50.13 + 0.26°
‘ cotyledon 6.19 + 0.11° 1.92 + 0.022 64.28 + 0.242

abdifferent lowercase letters indicate significant differences at 0.05 level
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study showed that there were no regular differences
between the crude protein and crude fat percentages
in walnut kernels during the growth and develop-
ment of walnut fruit (Figure 1); therefore, we specu-
lated that there was no relationship between fat and
protein anabolism in walnut kernels.

The present study found that the content of crude
fat, protein, and soluble sugar in walnut kernels
with a high LFR was significantly higher (P < 0.05)
(Figure 2). The single walnut kernel with a high LFR
possessed higher quality and larger volume; there-
fore, the crude fat and protein accumulated in the
kernel were higher. We also analysed the percent-
age of organic matter in kernels with different LFR.
A percentage represents a ratio, and the ratio did
not change when both the mass of walnut kernels
(as denominators) and the mass of crude fat or pro-
tein increased; therefore, there was no significant
difference among the percentage of crude fat, crude
protein, and soluble sugar in walnut kernels with
different LFR (P > 0.05). These findings are similar
to those previously reported for corn (Shekoofa et al.
2013), sunflower (Andrianasolo et al. 2016), and Ca-
mellia oleifera (Zhu et al. 2015). We speculate that
the quality of walnut kernels depends on the pro-
portion of sugar converted into fat and protein. The
changes in LFR only affect the amount of sugar ac-
cumulation in kernels but do not affect the propor-
tion of sugar conversion to fat and protein. There-
fore, LFR did not affect the percentages of crude fat
or crude protein in walnut kernels.

We used *C pulse labelling technology at the
critical period of oil accumulation in walnut kernels
when feeding walnut trees with different LER to ver-
ify our hypothesis. We found no significant differ-
ence in the proportion of *C converted into the
crude fat and protein in walnut kernels with differ-
ent LFR (P < 0.05), indicating that during the critical
period of oil synthesis, the photosynthetic products
with different LFR were converted into fat and pro-
tein in a fixed proportion in the kernel. In the pre-
sent study, 66.42%-73.20% of the photosynthates
were transformed into fat and 8.90%-10.09% into
protein at 80 DAF. However, this conversion propor-
tion may change at different stages of oil formation,
which is verified later.

The relationships among the crude fat percentage
of plant kernels, oil body size, and oil body protein
have received considerable attention. Studies have
shown that high-oil plant varieties not only contain
more oil bodies and a larger sum of cross-sectional
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areas (Dong et al. 2009) but also have larger oil body
diameters than low-oil plant varieties (Yin et al.
2013). The ratio of the oil body to the cell cross-
sectional area in walnut kernel storage cells was the
main factor affecting the oil percentage difference
between high- and low-oil varieties. Paddick and
Sprague (1939) attributed the reason why the oil
content (%) of corn is not related to the source-sink
relationship to the constant embryo/endosperm
ratio in maize kernels (Paddick and Sprague 1939).
The present study found no significant differences
in the average number, diameter, and average cross-
sectional area ratio among oil bodies in walnut and
cotyledon storage cells with different LER (P > 0.05)
(Table 1), which could also be used as evidence that
there was no significant difference in the oil content
of walnut kernels with different LER.

CONCLUSION

The sugar in walnut kernels participated in the
accumulation of crude fat and protein during seed
development, and the accumulation of sugar pre-
ceded the accumulation of crude fat and gradually
decreased with the continuous increase in crude
fat accumulation; that is, sugar-provided raw ma-
terials for crude fat synthesis. The critical period
of crude fat synthesis in walnut kernels ranges from
70 to 100 DAF; however, there is no relationship be-
tween crude fat and protein metabolism in walnut
kernels. Single walnut kernels with a high LFR pos-
sessed higher quality and larger volume; therefore,
the quality of crude fat, crude protein, and crude
fat accumulated in the kernel was higher. However,
there was no significant difference in the proportion
of 13C converted into crude fat or protein in walnut
kernels with different LFR (P > 0.05). There was
no significant difference in the *C distribution rate
of crude fat and crude protein in walnut kernels un-
der different LFR (P < 0.05), indicating the critical
period of oil synthesis; the photosynthetic prod-
ucts with different LFR were converted into fat and
protein in a fixed proportion in the kernel. There
was no significant difference in the average num-
ber, diameter, or average cross-sectional area ratio
of oil bodies in walnut and cotyledon storage cells
with different LFR (P > 0.05) (Table 1), which could
also be used as evidence that there was no signifi-
cant difference in the oil content of walnut kernels
with different LFR.
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In this study, content (g) and percentage (%) were
used to evaluate the quality of seed kernel with dif-
ferent LFR. It was found that the higher the LFR, the
greater the weight of a single kernel, and the higher
the content of crude fat and crude protein (g) in the
kernel, but the percentage (%) of crude fat and crude
protein was not affected by the LFR. '*C isotope
pulse labelling technology proved that the distribu-
tion ratio of sugar to fat and protein in the kernel was
consistent among different LER treatments at the key
period of seed oil formation. Therefore, the change
of LER only affected the amount of sugar accumula-
tion in the kernel, but did not affect the distribution
ratio of sugar to fat and protein in the kernel. LFR
had no effect on the content of crude fat and crude
protein in walnut seeds.
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