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Abstract. Paeonia ostii is recognized as an important oilseed tree peony species with potential
as a raw material source for cosmetic and health care products, strong seed setting capacity,
high seed oil yield, and abundant omega-3 polyunsaturated fatty acids. P. ostii, commonly
called Fengdan, is widely cultivated in China. The cultivation method difference has an
important influence on the oil-use feature, which is a key index for evaluating the quality of
oilseed crops. This study aimed to select an optimal cultivation method to provide the first ref-
erence data for high-yield and high-quality seed oil harvesting and to facilitate the under-
standing of the quality difference in the formation mechanism of seed oil in cultivated P. ostii.
This study selected five representative cultivation methods, open field cultivation, sunny slope
cultivation, shady slope cultivation, understory intercropping cultivation, and high-altitude
cultivation, and investigated the influence of cultivation method differences on the oil-use fea-
ture based on the three aspects of seed yield traits, oil yield, and fatty acid compositions. Six
seed yield traits (fruit pod length, fruit pod width, fruit pod thickness, number of fruit pods
per plant, 1000-grain weight, and seed yield per plant) and oil yield reached the maximum
values of 7.75 cm, 6.99 cm, 1.57 cm, 11.33, 290.45 g, 85.8 g, and 30.41%, respectively, using
the understory intercropping cultivation method. Fatty acid compositions were mainly identi-
fied as a-linolenic acid, linoleic acid, oleic acid, stearic acid, and palmitic acid, with significant
content differences among different cultivation methods (P < 0.05). Functional component
a-linolenic acid and total amounts of unsaturated fatty acids reached the maximum values of
46.85% and 65.23%, respectively, with high-altitude cultivation and understory intercrop-
ping cultivation. The seed yield traits, oil yield, and total amounts of unsaturated fatty acids
were optimal with the understory intercropping cultivation method, whereas high-altitude
cultivation was conducive to the accumulation of a-linolenic acid. Understory intercropping
cultivation with appropriate altitude increases is recommended as a preponderant cultivation
method for high-yield and high-quality seed oil harvesting for this crop.

a-Linolenic acid (ALA) is rich in seed oil
of tree peony. As an innovative and emerging
woody oilseed crop resource, tree peony is
now being more effectively developed and
used in China. Paeonia ostii belongs to the
perennial deciduous shrub of Sect. Moutan
DC. of Paeonia in Paeoniaceae (Flora of
China Editorial Committee, 2001). There are
nine wild species of Paeonia Sect. Moutan
according to Li’s taxonomy system (Li, 2011)
(P. suffruticosa, P. ostii, P. rockii, P. delavayi,
P. cathayana, P. ludlowii, P. decomposita, P.
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Jishanensis, and P. giui). Tree peony is native
to China and an important horticultural plant
with great ornamental value. It is also a tradi-
tional famous flower and commonly known as
the “king of the flowers” because it represents
wealth and glory (Li, 2011). In addition, the
root cortex of tree peony is commonly applied
as traditional Chinese medicine (TCM) mate-
rial called Moutan cortex that has analgesic,
sedative, and anti-inflammatory functions
because of high paeonol and paeonoside pro-
duced in its root cortex (Lin et al., 2015; Zhang
etal., 2017a, 2018a). As a special and precious
flower in China, P. ostii was found to have
high oil-use value in addition to ornamental
and medicinal applications. In Mar. 2011, seed
oils from P. ostii and P. rockii were approved
as new resource foods among the nine wild
species of tree peony by the Food and Drug
Administration of China (Shi et al., 2014). Cur-
rently, as an important oil-use tree peony vari-
ety, P. ostii is cultivated on a large-scale for oil
extraction, which gradually forms a single and
stable tree peony cultivar and is commonly
known as Fengdan in Chinese.

The oil-use value of tree peony was ini-
tially found in 1970, and has been given

more attention since 2004 because tree peony
seeds were found to contain ALA, linoleic
acid, peony sterol, and other active substances
(Wei et al., 2018). P. ostii seed oil contains
various fatty acid components and unsaponifi-
able compounds, with the unsaturated fatty
acid content exceeding 90%. As a functional
component of seed oil, ALA accounts for
nearly half of the total fatty acids (Han et al.,
2014). The ALA contents and unsaturated
fatty acids contents in P. ostii seed oil are
much higher than those in the main edible
vegetable oils circulating on the market. For
example, in rapeseed oil, soybean oil, olive
oil, and peanut oil, the ALA content was less
than 10%, and the unsaturated fatty acids con-
tents only accounted for ~80% (de Andrade
et al.,, 2019; Konuskan and Mungan, 2016,
2019; Mariela et al., 2017). The unsaturated
fatty acids are rich in P. ostii seed oil, includ-
ing ALA, oleic acid, and linoleic acid, which
are necessary for the human body. These com-
pounds exhibit anti-cardiovascular disease,
anti-inflammatory, anti-cancer, and hypogly-
cemic effects, and they promote brain devel-
opment (Wang et al., 2016; Zhang et al.,
2016). In addition, seed oil of P. ostii have
strong antioxidant activity and sunscreen
effects (Gao et al., 2013; Zhang et al., 2017a,
2017b; Zhang et al., 2018a). It is well-known
that omega-3 fatty acids help in the treatment
of and defense against cardiovascular and
cerebrovascular diseases, stroke, and rheuma-
toid arthritis. However, natural omega-3 fatty
acids sources are limited; they are only found
in deep-sea fishes, seal oil, and some special
plant species (Nichols et al., 2010). Therefore,
P. ostii is a new plant resource for natural
sources of omega-3 fatty acids. As an alterna-
tive source of omega-3 fatty acids, P. ostii has
different uses in many fields, such as the
health care, food, cosmetics, and pharmaceuti-
cal industries (Han et al., 2016).

Although seed oil of P. ostii has entered
the market as edible oil, its seed yield is very
low under the current planting pattern. Con-
sequently, high-yield and high-quality large-
scale planting of P. ostii has not yet occurred.
Seed yield traits, oil yield, and fatty acid
compositions are important indexes to evalu-
ate oilseed crop quality, but these indexes are
restricted by many factors, such as cultivation
methods, environmental factors, and genetic
factors during the planting period. At present,
few studies have focused on the effects of dif-
ferent cultivation methods on the seed yield
traits, oil yield, and fatty acid compositions
of cultivated P. ostii. Only the preliminary
studies performed by Qin (2016) and Song
et al. (2018) are available. Therefore, in the
present study, five representative cultivation
methods were selected to assess the response
of P. ostii to different cultivation methods
from the three aspects of seed yield traits,
seed oil yield, and seed oil fatty acid compo-
sitions. Furthermore, the preponderant culti-
vation method was screened and suggested
based on five test cultivation methods using
integrative comparison and data analysis.
This work provides a new theoretical basis
for the high-yield and high-quality cultivation
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of P. ostii and facilitates the understanding of
the mechanism of quality differences in P.
ostii and other oilseed crops. These results
may promote the sustainable development
and application extension of the oilseed tree
peony industry.

Materials and Methods

Main reagents and instruments. During
this study, n-hexane (analytically pure) was
purchased from Tianjin Damao Chemical
Reagent Factory (China). Methanol (analyti-
cally pure) was purchased from Tianjin Feng-
chuan Chemical Reagent Technology Co.,
Ltd. (China) and 98.08% concentrated sulfu-
ric acid (analytically pure) was purchased
from Haohua Chemical Reagent Co., Ltd.
(Luoyang City, China). Sodium hydroxide
(analytically pure) and anhydrous sodium sul-
fate (analytically pure) were purchased from
Tianjin Kaitong Chemical Reagent Co., Ltd.
(China). Sodium chloride (analytically pure)
was purchased from Tianjin Fenghua Chemi-
cal Reagent Factory, China. Anhydrous etha-
nol (analytically pure) was purchased from
Tianjin Beichen Fangzheng Reagent Factory
(China). Tridecanoic acid methylester stan-
dard (analytically pure) was purchased from
NU-CHEK (Elysian, MN).

The vernier caliper was purchased from
Suzhou Jingyi Precision Instrument Co., Ltd.
(China). The BSA124S analytical balance was
purchased from GL International Trade (Shan-
ghai) Co., Ltd. (China). The T-400B high-
speed multifunction pulverizer was purchased
from Dingshuai Hardware Products Co., Ltd.
(Yongkang City, China). The serpentine Soxh-
let extractor was purchased from Shanghai
Leigu Instrument Co., Ltd. (China). The R-
1001VN rotary evaporator was purchased
from Changcheng Science and Industry Co.,
Ltd. (Zhengzhou City, China). The DSQ II
gas chromatography—mass spectrometer was

purchased from Thermo Fisher Scientific
(Waltham, MA).

Plant materials. The experiment area is
located in the Oilseed Tree Peony Test Base
of Alpine Tree Peony Garden in Luoling
Town of Luoyang City in China (lat.
34°22'18"N, long. 111°20'7"E). Five differ-
ent cultivation types of P. ostii can be per-
formed in this experimental area, namely,
traditional open field cultivation (150 m),
sunny slope cultivation (150 m), shady slope
cultivation (150 m), understory intercropping
(150 m), and high-altitude cultivation (810
m). Some artificial measures were performed
to remove weeds under the plants. Timely and
appropriate watering was applied, followed
by deep turning in March and May each year.
No other field management measures were
used except for these normal management
procedures. The test area is located in the tem-
perate continental monsoon climate zone. The
average maximum temperature in summer is
33.2°C. The average minimum temperature
in winter is —4.3 °C. The average annual tem-
perature is 13.7°C. The average annual pre-
cipitation is 613.6 mm. The average annual
sunshine hours are 2450.35 h. The four sea-
sons are distinctive, with a frost-free period of
216 d. The soil type is gravel loam.

Plant spacing was 0.5 m x 0.6 m. The
understory intercropping cultivation method
involved P. ostii planted under the Ginkgo
biloba forest. The ginkgo tree was 8 years old,
with a tree height of 2 to 4 m and a canopy
density of 0.2 to 0.45. Particularly, the altitude
of the high-altitude cultivation method was
810 m. Using the five cultivation methods,
plant materials were collected from 3- X 5-m
x 5-m sample plots that had been planted for 6
years during 18 Aug. 2019. The samples were
identified as the oilseed tree peony P. ostii cul-
tivars by Professor Xue Xian of Henan Uni-
versity of Science and Technology.

Measurement of key traits of seed yield in
P. ostii. Seed yield traits were determined after
the ripening of P. ostii seeds. The mature seeds
were collected when the seed became brown
(Fig. 1) (Xue et al., 2015). The six key seed
yield traits for determination included the fruit
pod length, fruit pod width, fruit pod thickness,
number of fruit pods per plant, 1000-grain
weight, and seed yield per plant. For plant indi-
viduals of P. ostii from each cultivation type,
the fruit pod length, fruit pod width, and fruit
pod thickness were measured with a vernier
caliper, and the measurement data were accu-
rate to 0.01 cm. All fruit pods were collected
and then stored according to the sample mark.
After indoor natural drying, the number of fruit
pods was counted. An electronic balance was
used to measure the 1000-grain weight and
seed yield per plant, and the measurement data
were accurate to 0.01 g.

Extraction of seed oil. The seed oil was
extracted using the Soxhlet extraction method
as previously described by Bai et al. (2017). P.
ostii seeds were ground into fine powder, dried
at 50°C for 3 h in the drying oven, cooled to
room temperature, and then filtered with a 40-
mesh sieve. Then, 10 g of P. ostii seed powder
was enclosed in a stacked filter paper bag and
placed in the extraction tube. A 100-mL aliquot
of n-hexane was placed in a round-bottom
flask. The heater (electronic temperature heat-
ing jacket) was first set to 80 °C to boil n-hex-
ane, and then to 40 °C for 3.5-h extraction. The
resulting product was concentrated and puri-
fied using a rotary evaporator, and the yellow
translucent oily liquid in the rotary evaporation
bottle was transferred to the brown reagent
flask, which was marked separately and placed
in a —4.0 °C refrigerator for storage. Under the
same conditions, each sample underwent this
procedure three times.

Oil yield calculation of P. ostii. The rotary
evaporation flask (m;) was weighed with an

Fig. 1. Blooming and seed setting of Paeonia ostii. (A) Oilseed tree peony test base. (B) Flower of P. ostii. (C) Full fruit pod of P. ostii. (D) Fully mature
fruit pods of P. ostii. (E) Dry mature fruit pod in the shade. (F) Dry mature seeds in the shade.
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electronic balance before each rotary evapora-
tion. The rotary evaporation flask and the extrac-
tion products (m,) were weighed after each
rotary evaporation. Then, the oil yield was cal-
culated for each sample according to the sample
weight of P. ostii seed powder (m3). The oil
yield calculation formula was as follows:

Oil yield = (my — my)/m3 x 100%

Quantification of the fatty acid composi-
tion in P. ostii seed oil. To prepare the inter-
nal standard solution, 10 mg of the methyl
tridecanoate standard was dissolved in 2.5 mL
of n-hexane to form a standard solution with
ae concentration of 4 mg/mL. Then, it was
placed into a —4.0 °C refrigerator for storage.

To prepare the test sample solution, the
methyl-esterification reaction was performed
before the gas chromatography—mass spec-
trometry analysis of seed oil composition.
This reaction was optimized and improved
based on the methyl-esterification reaction
method performed by Han et al. (2016). A
240-p.L aliquot of the seed oil was added in a
stoppered test tube and mixed with 4 mL of
0.5 mol-mL ™' NaOH-methanol solution. The
mixture was subjected to a water bath with a
constant temperature of 60°C after fully
blending; then, it was shaken once every 5
min until the seed oil completely dissolved
(this process requires ~30 min). Then, 2 mL
of 5% H,SO4—methanol solution was added
to the tube after cooling to room temperature
and subjected to a water bath for 10 min at a
constant temperature of 60 °C. Then, 2 mL of
n-hexane was added to the tube after cooling
to room temperature; it was mixed with 2 mL
of saturated NaCL solution, which was allo-
wed to stand for stratification. The upper lig-
uid was collected in a centrifuge tube, and an
appropriate amount of anhydrous sodium sul-
fate was added for dehydration. The upper
liquid was collected with a 2-mL syringe
after centrifugation and filtered through a
0.22-pm organic microfiltration membrane
as the test sample solution. Then, 0.9 mL of
test sample solution and 0.1 mL of internal
standard solution were added to a sample
flask for further gas chromatography—mass
spectrometry analyses.

Gas chromatography—mass spectrometry
analysis of fatty acid composition of P. ostii
seed oil. The gas chromatography—mass spec-
trometry method was used to analyze the
fatty acid composition of P. ostii seed oil.
The column was a TG-5SMS (30.0 m x 0.25
mm; 0.25 pwm) elastic quartz capillary col-
umn. The carrier gas was high-purity helium

(99.999%) with a flow rate of 5 mL/min. The
injection mode was an 80:1 shunting sample
injection with the injection volume of 2 pL,
and the injection temperature was 260 °C.
The temperature of the setup program was
80°C, which was maintained for 1 min and
then increased to 180°C at a rate of 40°C/
min for 1 min, to 190 °C at a rate of 1 °C/min
for 5 min, and finally to 205°C at a rate of
1°C/min for 5 min. The column flow rate
was 5.0 mL/min, and the gas chromatogra-
phy—mass spectrometry interface temperature
was 250 °C. The ion source was EI, and the
ion source temperature was 250 °C. The tem-
perature of the transmission line was 250 °C.
The power voltage was 70 eV, and the scan
range (m/z) was 30 to 460 amu, with a scan
time of 0.2 s.

Measurement of type and content of fatty
acid compositions. The retention time of
the chromatographic peak was compared
between the fatty acid methylester standard
and the test samples. The NIST2011 spec-
trum library was used to determine the type
of fatty acid composition in each sample
based on the ion quality of the chromato-
graphic peak in the resulting spectra. During
a comparison of the chromatography peak
area of the standard methyl tridecanoate and
test samples, each fatty acid composition con-
tent was calculated using an internal standard
method.

Statistical analysis. All data were calcu-
lated by Excel 2016 (Microsoft Corporation,
Redmond, WA) and represented as mean =+
sb (n = 3). Origin 9.0 (OriginLab Corpora-
tion, Northampton, MA) was used for related
graph creation. SPSS 25.0 software (IBM
SPSS Inc., Chicago, IL) was used for the
one-way analysis of variance and Duncan’s
multiple comparisons (P < 0.05).

Results

Difference in the seed yield traits of P.
ostii using different cultivation methods. Dur-
ing this study, six key agronomic traits (fruit
pod length, fruit pod width, fruit pod thick-
ness, number of fruit pods per plant, 1000-
grain weight, and seed yield per plant) were
selected to examine the effects of different
cultivation methods on the seed yield of P.
ostii (Table 1). These seed yield traits reached
their maximum values with the understory
intercropping cultivation method. There were
no significant differences in the fruit pod
length found with the understory intercrop-
ping cultivation method (7.75 cm) and high-
altitude cultivation (7.01 cm), but the former

Table 1. Differentiation of the seed yield traits of Paeonia ostii with different cultivation methods.

value was significantly higher than that with
the sunny slope cultivation method (6.59
cm), the shady slope cultivation method (6.19
cm), and the open field cultivation method
(6.44 cm) (P < 0.05). The fruit pod width
was significantly higher with the understory
intercropping cultivation method (6.99 cm)
than that with the shady slope cultivation
method (5.65 cm), but no significant differ-
ence was found compared with other cultiva-
tion methods (P < 0.05). There were no
significant differences in fruit pod thickness
between the understory intercropping cultiva-
tion method (1.57 ¢cm) and the high-altitude
cultivation method (1.48 cm), but the former
value was significantly higher than that with
the sunny slope (1.35 cm), the shady slope
(1.36 cm), and the open field cultivation
methods (1.37 cm) (P < 0.05). A significant
difference in the number of fruit pods per
plant was not found among all the cultivation
methods (P < 0.05), indicating that the num-
ber of fruit pods per plant was not restricted
by the cultivation method, or that the differ-
ent cultivation methods had no significant
effect on the number of fruit pods per plant.
The 1000-grain weight is an important index
for testing and predicting the yield of seeds in
the field, and its value can reflect the seed
quality and seed fullness (Duan et al., 2018;
Zhang et al., 2018b). The 1000-grain weight
with the understory intercropping cultivation
method (290.45 g) had no significant differ-
ence compared with the high-altitude cultiva-
tion method (277.93 g), but the former value
was significantly higher than that with the
sunny slope (251.99 g), the shady slope
(239.95 g), and the open field cultivation
methods (253.89 g) (P < 0.05). No significant
difference in seed yield per plant was observed
among the understory intercropping cultiva-
tion method (85.80 g), high-altitude cultiva-
tion method (77.95 g), and shady slope
cultivation method (78.45 g), but the former
value was significantly higher than that with
the sunny slope (64.83 g) and open field culti-
vation methods (54.98 g), respectively (P <
0.05). These results indicated that all seed
yield traits reached their optimal values with
the understory intercropping cultivation me-
thod, followed by the high-altitude cultivation
method, and no significant differences were
found between both methods (P < 0.05).
Difference in the oil yield of P. ostii under
different cultivation methods. Seed oil yield is
a key indicator for evaluating the oil-use fea-
tures of oilseed crops (Luo et al., 2016). The
effects of different cultivation methods on the

Fruit pod Fruit pod Fruit pod Number of fruit 1000-grain Seed yield
Cultivation methods length (cm) width (cm) thickness (cm) pods per plant wt (g) per plant (g)
Sunny slope cultivation 6.59 +£0.80 b 6.18 £ 0.82 ab 1.35+£0.05b 10.00 = 1.00 a 251.99 £10.32 b 64.83 £ 6.03 b
Shady slope cultivation 6.19+0.24 b 565+020b 1.36 £ 0.06 b 9.67 £0.58 a 23995 +£1.57b 7845+ 584 a
High-altitude cultivation 7.01 £ 0.44 ab 6.53 £ 0.36 ab 1.48 £ 0.13 ab 10.67 £ 1.15 a 277.93 £ 1491 a 7795 +443 a
Understory intercropping 7.75+£0.31 a 6.99 £ 0.27 a 1.57 £ 0.07 a 1133 £ 0.58 a 290.45 £255a 85.80 £ 2.66 a

cultivation

Open field cultivation 6.44£0.71 b 5.94 + 0.83 ab 1.37+£0.07 b 10.00 = 1.00 a 25389+ 13.1b 5498 £4.65 ¢
Different lowercase letters in the same column represent significant differences among different treatments (P < 0.05).
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Table 2. One-way analysis of variance and Duncan multiple comparisons for oil yield of Paeonia ostii with different cultivation methods.

Variation Maximum Minimum
Cultivation methods Avg oil yield (%) SD coefficient value (%) value (%) Range test P value
Sunny slope cultivation 28.94 2.74 9.73 31.42 27.00 4.42 0.0735
Shady slope cultivation 29.33 3.26 11.12 32.99 26.73 6.26 0.0857
High-altitude cultivation 29.51 1.84 6.34 31.27 27.63 3.64 0.1654
Understory intercropping cultivation 30.41 1.70 5.71 32.18 28.18 4.00 0.0211
Open field cultivation 28.18 3.13 10.27 32.00 25.63 6.37 0.2394

oil yield of P. ostii were investigated during
this study (Table 2). Using different cultivation
methods, the ranking order of oil yield was as
follows: understory intercropping cultivation
(30.41%) > high-altitude cultivation (29.51%)
> shady slope cultivation (29.33%) > sunny
slope cultivation (28.94%) > open field cultiva-
tion (28.18%). The oil yield of P. ostii reached
its maximum with the understory intercropping
cultivation method, followed by the high-alti-
tude cultivation method, which had a signifi-
cantly higher value than the values reached
with other cultivation methods (P < 0.05).

The lowest variation coefficient of oil
yield (5.71) was found for the understory
intercropping cultivation method, indicating
that the oil yield is relatively stable with this
cultivation method. Compared with the other
three cultivation methods (sunny slope culti-
vation, shady slope cultivation, and open field
cultivation), the oil yield with the high-alti-
tude cultivation method was also relatively
stable, with a small variation coefficient of
6.34. The average oil yield of P. ostii seeds
was 28.18% to 30.41%, which is consistent
with the results described by Han et al
(2016), Luo et al. (2016) and Zhang et al.
(2017c¢). The highest and most stable oil yield
of P. ostii was observed with the understory
intercropping cultivation method, followed
by the high-altitude cultivation method.
Therefore, the understory intercropping culti-
vation method is conducive to the seed oil
production of P. ostii.

Difference in the fatty acid composition in
seed oil using different cultivation methods.
The gas chromatography—mass spectrometry
analysis results of fatty acids resulting from
different cultivation methods are shown in
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Figs. 2-6 and Figs. S1-S5. The contents of
fatty acid compositions are presented in
Table 3. As shown in Figs. 2-6 and Figs.
S1-S5, seed oil of P. ostii included various
fatty acid types. The five fatty acid types
were unambiguously identified as ALA, lino-
leic acid, palmitic acid, stearic acid, and oleic
acid, accounting for more than 55% of the
total fatty acid content (Table 3). Therefore,
these five substances were selected as the
main representative ingredients to investigate
the effects of different cultivation methods on
the fatty acid compositions of P. ostii seed oil
in this study.

Table 3 showed that the maximum content
(46.85%) of ALA was found with high-alti-
tude cultivation and significantly different
when compared with the other cultivation
methods (P < 0.05). However, the minimum
content of ALA (37.19%) was obtained with
the open field cultivation method. The maxi-
mum content of linoleic acid (20.08%) was
observed with the understory intercropping
cultivation, which was significantly different
from that with the other cultivation methods
(P < 0.05), whereas the smallest content of
linoleic acid (16.21%) was obtained using the
open cultivation method. In all the tested fatty
acids, the oleic acid content was relatively
low (0.00233-0.0031%). The maximum con-
tent of oleic acid (0.0031%) was found using
shady slope cultivation, with indistinctive dif-
ferences from the other cultivation methods
(P < 0.05), followed by the sunny cultivation
methods (0.00294%). The minimum content
(0.00233%) was measured with the under-
story intercropping cultivation method.

The contents of palmitic acid reached the
maximum with the high-altitude cultivation

1550 §
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16.36

method (3.99%) and the shady slope cultivation
method (3.98%), and there was no significant
difference between them (P < 0.05). Palmitic
acid reached the minimum value (3.28%) with
open field cultivation and was significantly
lower than that with other cultivation methods
(P < 0.05). The maximum (1.29%) and mini-
mum (0.89%) contents of stearic acid were
found with the shady slope cultivation method
and open field cultivation method, respectively.
The differences in the stearic acid contents
among the five different cultivation methods
were significant (P < 0.05). The total amounts
of unsaturated fatty acids (ALA, linoleic acid,
and oleic acid) reached the maximum value of
65.23% with the understory intercropping cul-
tivation method and was significantly higher
than those with the other four cultivation meth-
ods (P < 0.05). The content of saturated fatty
acids (palmitic acid and stearic acid) reached
the maximum value of 5.26% with the shady
slope cultivation method and was significantly
higher than those with the other four cultiva-
tion methods (P < 0.05). The results showed
that the types of fatty acid compositions of P.
ostii seed oil with different cultivation methods
were nearly the same, but the contents of each
composition displayed significant differences
with the different cultivation methods (P <
0.05). The highest content of ALA was ob-
tained with the high-altitude cultivation. The
highest linoleic acid contents and total unsatu-
rated fatty acids contents were simultaneously
found with the understory intercropping culti-
vation method. Therefore, high-altitude culti-
vation could produce abundant ALA, and
understory intercropping cultivation could
obtain better types and proportions of fatty acid
compositions.
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Fig. 2. Fatty acid methylester chromatogram for Paeonia ostii seed oil with the sunny slope cultivation method. Numbers 1 to 6 indicate tridecanoic acid,
oleic acid, palmitic acid, linoleic acid, a-linolenic acid, and stearic acid, respectively.
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Fig. 3. Fatty acid methylester chromatogram for Paeonia ostii seed oil with the shady slope cultivation method. Numbers 1 to 6 indicate tridecanoic acid,
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Discussion

Effects of cultivation methods on the seed
yield traits and oil yield of P. ostii. The growth
and development of plants are easily influ-
enced by the environmental conditions where

HorTScIENCE VoL. 56(12) DECEMBER 2021

they grow. Changes in environmental factors
can cause different physiological and biochem-
ical changes in plants. Many factors affected
the oil-use features of P. ostii. For example,
variety types, cultivation methods, geogra-
phical distribution, agronomic management

measures, and habitat conditions are important
factors affecting the oil-use features (Li, 2017).
The effects of cultivation methods on the oil-
use features of P. ostii were investigated from
the three aspects of seed yield trait, oil yield,
and fatty acid composition in this study.
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Table 3. Differentiation of the fatty acid contents in seed oil of Paeonia ostii with different cultivation methods.

Cultivation a-Linolenic

Unsaturated Saturated fatty

methods acid (%) Linoleic acid (%) Oleic acid (%) Palmitic acid (%) Stearic acid (%)  fatty acids (%) acids (%)

Sunny slope 40.94 £ 0.03922 b 17.35 £0.01662 d 0.00294 + 0.00028 a 3.64 = 0.00349 ¢ 1.19 +£0.00114 ¢ 58.3 £ 0.05585 d 4.83 + 0.00463 ¢
cultivation

Shady slope 45.66 + 0.03451 a 18.28 £0.01381 b  0.0031 + 0.00023 a 3.98 + 0.003 a 1.29 £ 0.00097 a 63.94 £ 0.04832 ¢ 5.26 + 0.00398 a
cultivation

High-altitude 46.85 £ 0.05765 a 17.72 £ 0.02181 ¢ 0.00263 £ 0.00032 a 3.99 £ 0.00491 a 1.12 £ 0.00138 d 64.57 £ 0.07946 b 5.11 £ 0.00629 b
cultivation

Understory 45.15+£0.1858 a  20.08 £ 0.08262 a 0.00233 + 0.00096 a 3.86 £ 0.01589 b 1.24 £0.0051 b 65.23 £0.26843 a 5.1 £0.02099 b
intercropping
cultivation

Open field 37.19 £ 0.20034 ¢ 16.21 £0.0873 ¢  0.0027 £ 0.00015 a 3.28 £ 0.01769 d 0.89 £ 0.00477 ¢ 53.4 £ 0.28766 d 4.17 + 0.02246 d
cultivation

Different lowercase letters in the same column represent significant differences among different treatments (P<0.05).

The understory intercropping cultivation
method yielded the best data for the six seed
yield traits (fruit pod length, fruit pod width,
fruit pod thickness, number of fruit pods per
plant, 1000-grain weight, and seed yield per
plant), followed by the high-altitude cultiva-
tion method, and no significant difference was
found between the high-altitude cultivation
method and understory intercropping cultiva-
tion method (P < 0.05). There were some
obvious differences in the sizes of the individ-
ual plants with different cultivation conditions,
which were probably attributable to the
branching of the plant (Qin, 2016; Song et al.,
2018; Zhang et al., 2020). The seed yield was
closely related to the number of branches per
plant (Zhang et al., 2020). Similarly, in this
study, different cultivation conditions may
have some effects on phenotypic traits of P.
ostia, such as the branch. Our field investiga-
tion found that the individual size and number
of branches of P. ostii were different with dif-
ferent cultivation methods, as was the number
of flowers, which resulted in differences in the
numbers and shapes of fruit pods per plant.
Differences in the numbers and shapes of fruit
pods could influence the seed yield of a single
plant. These might explain why seed yield
traits with the understory intercropping cul-
tivation method were superior to the others.
In further studies, the interactions between
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phenotypic traits and seed yield should be
evaluated to determine more indicators, such
as the number of flowers, the number of
branches, plant height, and crown breadth,
using the innovative methods and technologies
in the fields of molecular biology, plant physi-
ology and biochemistry, and multiomics.

The maximum oil yield (30.41%) of P.
ostii was reached with the understory inter-
cropping cultivation method. It reached the
secondary maximum value of 29.51% with
the high-altitude cultivation method. How-
ever, the coefficient of oil yield variation
(5.71) was minimal with the understory inter-
cropping cultivation method, and it was more
stable than that of the high-altitude cultiva-
tion. Therefore, understory intercropping cul-
tivation is beneficial to increasing the seed
yield and oil yield of P. ostii.

The understory intercropping system can
reduce planting costs and management diffi-
culty and improve the efficiency of land use
and the economic benefits of land. Further-
more, it can effectively reduce the use of water,
fertilizer, and humus. Previous studies have
confirmed that understory intercropping culti-
vation can improve the seed yield of P. ostii.
For example, Wang et al. (2013) found that
P. ostii could increase the ventilation, light
transmission, disease resistance, and stress-
tolerance with crabapple (Malus spectabilis)

understory intercropping method, thus improv-
ing the seed yield and quality of P. ostii. P. ostii
is a photophilous species that can grow better
in places with sufficient light, but the high tem-
peratures in summer weaken its physiological
and biochemical characteristics, such as photo-
synthesis, respiration, and nutrient absorption,
causing a reduction in seed production (Han
et al.,, 2018). Similarly, in the present study,
regarding planting P. ostii under the G. biloba
tree, the G. biloba leaves in autumn can provide
sufficient humus, and the tree canopy in sum-
mer can prevent much of the glare from solar
radiation. This planting method can benefit the
growth, development, and cycle of “source-
flow-library” for P. ostii, thus promoting the
biomass increase and dry matter accumulation.
Therefore, it can facilitate the understanding of
why the cultivation pattern of “upper arbor and
lower shrub” increased the seed yield and oil
yield of P. ostii. In addition, after planting
P. ostii under G. biloba, the soil produced a
symbiotic fungi and other beneficial soil micro-
biome symbiosis with the roots of P. ostii. The
activities of microorganisms and their metabo-
lites could stimulate the roots of P. ostii to
absorb soil nutrients and water as much as pos-
sible, which possibly resisted the external envi-
ronment stress and enhanced photosynthesis
and other physiological metabolic activities in
P. ostii.
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Effects of cultivation methods on the fatty
acid composition of seed oil of P. ostii. In the
present study, the differential analysis of the
fatty acid compositions with different cultiva-
tion methods showed that the total amount of
unsaturated fatty acids (ALA, linoleic acid,
and oleic acid) reached the maximum value
of 65.23% with the understory intercropping
cultivation method. Furthermore, the content
of saturated fatty acids (palmitic acid and
stearate acid) reached the maximum value of
5.26% with the shady slope cultivation
method. The maximum content (46.85%) of
ALA was found with the high-altitude culti-
vation method. The maximum content of
oleic acid (0.0031%) was found with shady
slope cultivation. The maximum content of
linoleic acid was 20.08% with the understory
intercropping cultivation method. In sum-
mary, the type and content of fatty acid com-
positions in P. ostii seed oil, especially the
content of fatty acid compositions, displayed
obviously different responses to different cul-
tivation methods. It is perceived that high-
altitude cultivation is conducive to high con-
tents of functional-composition ALA. There-
fore, altitude should be considered when
estimating the oil-use features and quality of
P. ostii and other oilseed crops.

Previous studies have demonstrated that
altitude can promote the accumulation of the
secondary metabolites in plants (Liu et al.,
2018). For example, Li et al. (2018) collected
Podophyllum hexdrum samples from two ele-
vations (2300 m and 3300 m) as test materi-
als, and the results showed that the analyte
from the high elevation had high podophyl-
lotxin contents, and the difference between
the two elevations was close to three-times.
In Leontodon species collected from different
elevations, the flavonoids content had a sig-
nificant positive correlation with elevation
according to Zidormn and Stuppner (2001).
Dong et al. (2011) observed a significant and
positive correlation between the flavonoids
content and elevation through an investiga-
tion of Eucommia ulmoides sampled from six
different elevations of 550 m, 690 m, 780 m,
845 m, 950 m, and 1180 m (P < 0.05). Fur-
thermore, in the present study, the high-alti-
tude cultivation method (810 m) involved a
higher altitude than other cultivation meth-
ods, and the content of ALA was relatively
high with this cultivation method. In high-
altitude regions, full lighting and day—night
temperature differences can enhance the pho-
tosynthesis of P. ostii, reduce respiratory con-
sumption, and promote the synthesis and
accumulation of unsaturated fatty acids,
which perhaps effectively increased the con-
tents of unsaturated fatty acids, especially
ALA, consistent with the results reported by
Wang et al. (2017) indicating that altitude
increases can promote the accumulation of
unsaturated fatty acids in seed oil of P. ostii.

Zhang et al. (2017a, 2018a) found rich fla-
vonoids in P. ostii seeds. A special ortho-
dihydroxylated structure exists in flavonoids
substances that can absorb ultraviolet radia-
tion and scavenge free radicals. High-altitude
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growth locations have strong ultraviolet radia-
tion. The flavonoids contents increase with
altitude, which is a long-term adaptation to
the high-altitude environment, thus reflecting
the reproductive strategy of the plant (Wulff
et al., 1999). However, in other special plants,
such as Buxus sempervirens L., the flavonoids
contents decreased with increasing elevation
(Bernal et al., 2013). The reduction of flavo-
noids in B. sempervirens leaves with altitude
might result from the increased synthesis of
wax in response to the decrease in temperature
(Shepherd and Griffiths, 2006) because both
cuticular waxes and flavonoids are derived
from acetyl-CoA (Kunst and Samuels, 2003).
Therefore, high altitude was conducive to the
physiological and reproductive growth and
the production of secondary metabolites of P.
ostii, which may explain why unsaturated
fatty acid composition contents are high in P.
ostii seed oil with the high-altitude cultivation
method. The mechanism of high elevation
promoting the accumulation of unsaturated
fatty acids remains unclear for this plant; this
should be evaluated during a future study
from the new perspectives of molecular biol-
ogy and plant physiology combined with
metabolomics, proteomics, and genomics.
Only five cultivation methods were selected
for this study; these cannot fully include all
tree peony cultivation methods worldwide.
More samples and test indicators need to be
selected and investigated to thoroughly ex-
plore the most suitable cultivation method for
P. ostii in the future to facilitate the improve-
ment of its oil-use features for large-scale cul-
tivation and application.

Conclusions

The six key traits of seed yield (fruit pod
length, fruit pod width, fruit pod thickness,
number of fruit pods per plant, 1000-grain
weight, and seed yield per plant) of P. ostii
were optimal with the understory intercropping
cultivation method. The highest oil yield and
the highest total amount of unsaturated fatty
acids were obtained with this cultivation
method as well. The high-altitude cultivation
method promoted the accumulation of the func-
tional ingredient, ALA. Based on these results,
a feasible and suitable cultivation approach was
proposed for high-yield and high-quality seed
oil harvesting. Therefore, considering the oil-
use features of P. ostii, the understory intercrop-
ping cultivation and appropriate altitude
increases are recommended as a preferable cul-
tivation method for this plant.
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Supplemental Fig. 1. Ion map of six main fatty acids in Paeonia ostii seed oil with the sunny slope cultivation method.
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Supplemental Fig. 2. Ion map of six main fatty acids in Paeonia ostii seed oil with the shady slope cultivation method.
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Supplemental Fig. 3. Ion map of six main fatty acids in Paeonia ostii seed oil with the high-altitude cultivation method.
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Supplemental Fig. 4. Ion map of six main fatty acids in Paeonia ostii seed oil with the understory intercropping cultivation method.
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FOUR3 #3438 RT: 1519 AV: 1 AV: 5 SB: 12 3431-3436 3440-3445 NL: 5.78E7
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Supplemental Fig. 4. (Continued).
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Five3 #694 RT: 5.86 AV: 1 AV: 5 SB: 12687-692 696-701 NL: 1.67E7
T: + ¢ El Full ms [30.00-460.00]
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Five3 #1430 RT: 8.36 AV: 1 AV: 5 SB: 12 1423-1428 1432-1437 NL: 9.48E4
T: + ¢ El Full ms [30.00-460.00]
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Supplemental Fig. 5. Ton map of six main fatty acids in Paeonia ostii seed oil with the open field cultivation method.
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Five3 #3437 RT: 15.19 AV: 1 AV: 5 SB: 12 3430-3435 3439-3444 NL: 5.50E7
T: + ¢ El Full ms [30.00-460.00]
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Supplemental Fig. 5. (Continued).
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