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a b s t r a c t

Long-term moderately high or low temperatures can damage economically important plants. In the
present study, we treated Panax notoginseng, an important traditional Chinese medicine, with temper-
atures of 10, 20, and 30 �C for 30 days. We then investigated P. notoginseng glycerolipidome responses to
these moderate temperature stresses using an ESI/MS-MS-based lipidomic approach. Both long-term
chilling (LTC, 10 �C) and long-term heat (LTH, 30 �C) decreased photo pigment levels and photosyn-
thetic rate. LTH-induced degradation of photo pigments and glycerolipids may further cause the decline
of photosynthesis and thereafter the senescence of leaves. LTC-induced photosynthesis decline is
attributed to the degradation of photosynthetic pigments rather than the degradation of chloroplastidic
lipids. P. notoginseng has an especially high level of lysophosphatidylglycerol, which may indicate that
either P. notoginseng phospholipase A acts in a special manner on phosphatidylglycerol (PG), or that
phospholipase B acts. The ratio of sulfoquinovosyldiacylglycerol (SQDG) to PG increased significantly
after LTC treatment, which may indicate that SQDG partially substitutes for PG. After LTC treatment, the
increase in the degree of unsaturation of plastidic lipids was less than that of extraplastidic lipids, and the
increase in the unsaturation of PG was the largest among the ten lipid classes tested. These results
indicate that increasing the level of unsaturated PG may play a special role in maintaining the function
and stability of P. notoginseng photosystems after LTC treatment.

Copyright © 2019 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction toleratemoderate temperature stresses, even temperatures close to
Temperature variation is one of the most important environ-
mental factors that influences the geographical distribution of plant
species, and exposure of plants to temperatures beyond optimum
limits their growth and yield. The ability of plants to tolerate
extreme temperatures may be enhanced by pre-treating plants
with a period of moderately low or high temperature (Sung et al.,
2003). However, different plant species show different abilities to
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the environmental conditions of their grandparent or parent (Groot
et al., 2017). The duration of these temperature treatments also
influences the growth of plants, and long-term moderately low or
high temperature may inhibit growth or even cause death of some
plant species (Tang et al., 2016; Zheng et al., 2016). Understanding
the tolerance of a plant to long-term moderate temperature
stresses is critical for the introduction of economically important
plant species, such as crops, flowers, and medicinal plants.

Membranes are sensitive to environmental changes. Therefore,
to tolerate lowor high temperature stress, plantsmustmaintain the
integrity and fluidity of membranes (Moellering et al., 2010;
Murakami et al., 2000). Membrane fluidity and integrity are
largely determined by glycerolipids, which also influence mem-
brane function. Previous studies have shown that short-term
extreme temperature stresses, such as freezing and heat shock,
cause considerable glycerolipid degradation and increased
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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production of phosphatidic acid (PA) and lysophospholipids (LPLs)
(Li et al., 2004; Welti et al., 2002; Zheng et al., 2016; Zheng et al.,
2011). Studies have also shown that chloroplastidic lipids are
more sensitive to extreme temperature stresses than are extrap-
lastidic lipids, which are largely degraded after freezing stress (Li
et al., 2004; Zheng et al., 2016), and this may further cause the
decline of photosynthesis.

Some studies have investigated the response of the glycer-
olipidome to short-term moderate temperature stresses. For
example, after long-term moderately low temperature treatments,
Arabidopsis accumulate massive long-chain unsaturated tri-
acylglycerides (TAG), while the level of total membrane lipids is un-
affected (Degenkolbe et al., 2012). However, exposure of Arabidopsis
to short-term (6 h) moderately low (4 �C) and high (32 �C) temper-
atures has little effect on the composition of glycerolipids (Burgos
et al., 2011). Furthermore, after three days of cold acclimation (4 �C),
Arabidopsis tend to synthesize more monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG),while phospholipids
are unaffected; lipid species with more polyunsaturated acyl chains
also increase,while saturated lipid speciesdecline significantly (Welti
et al., 2002). We have also investigated plant lipidomic responses to
long-termheat (35 �C,22days) and found that there are twophases of
lipidome change during long-term heat treatment (Tang et al., 2016).
We found that plants cope with long-term high (45 �C) and low
(�7 �C) temperature treatments by adjusting the composition of
glycerolipidsandmaintaining saturationofglycerolipids (Zhengetal.,
2011). Research on tomato has shown that short-term (6 days)
treatmentathigh (38 �C) temperature remodel thylakoidmembranes
(Spicher et al., 2016). However, little is known about the different
responses of plants lipid profiles to long-term moderately high and
low temperatures. Chloroplastidic lipids, such as MGDG, DGDG,
SQDG, and PG are the main components of chloroplast membranes
and are indispensable for the efficiency of photosynthesis. They play
important roles in the stabilization of photosynthetic complexes,
membrane architecture, and thylakoid stack formation (D€ormann,
2013). Temperature changes affect the synthesis and degradation of
chloroplastidic lipids and thereafter the process of photosynthesis
(Tang et al., 2016; Zheng et al., 2016). Heat-tolerant plants tend to
synthesizemore DGDG after long-term heat treatment than do heat-
sensitive plants, which may contribute to their heat-tolerant ability
(Su et al., 2009). Temperature-stress-induced decline in photosyn-
thesis may be partly attributed to the degradation of plastidic lipids
(Tang et al., 2016; Zheng et al., 2016). The lipid-to-chlorophyll ratio is
an effective way to estimate the protein-packing density in thyla-
koids- a high lipid-to-chlorophyll ratio reflects a low protein-packing
density (Kirchhoff et al., 2013). However, little is known about the
differences in chloroplastidic lipid remodeling between long-term
treatments with high and low temperatures, and the relationships
of these differences with variation in photosynthesis.

Panax notoginseng is a perennial herb belonging to the family
Araliaceae and is a well-known traditional Chinese medicine rich in
saponins. The average annual growth temperature in its habitat,
Wenshan, Yunnan Province, China, is about 16e22 �C (Wang, 2006).
P. notoginseng seeds have been shown to germinate better at 10 �C
than at 20 or 30 �C (Zhou et al., 2012). However, little is known
about the ability of this traditional Chinese medicine to tolerate
long-term moderately high and low temperatures. In the present
study, we treated P. notoginseng with temperatures of 10, 20, and
30 �C for 30 days and investigated the response of the glycer-
olipidome through an ESI-MS/MS based lipidomics method. In this
study, our aim was three-fold. First, we asked how the
P. notoginseng glycerolipidome is remodeled by long-term exposure
to high and low temperatures. Second, we investigated whether
changes in photosynthesis after long-term exposure to cold tem-
perature are mediated by changes in the glycerolipidome. Finally,
we determined which membrane lipid saturation levels were most
sensitive to long-term moderate temperature stresses.
2. Materials and methods

2.1. Plant material and treatments

Seeds of P. notoginseng were purchased from Dali Junfeng Bio-
logical Technology Co., Ltd. China. Seedswere sown in October at the
Kunming Botanical Garden greenhouse (25�802700N, 102�4401800E).
Nine months after sowing, P. notoginseng plants were transferred to
growth incubators under 12-h light/12-h dark (120 mmol m�2 s�1

light), 60% relative air humidity, and 20 �C. After incubation for two
weeks, the temperature of the incubatorswas set to 10, 20, and 30 �C,
respectively. Thirty days after initiation of temperature treatments,
the plants were harvested for photosynthesis and lipidomic tests.
2.2. Determination of maximum photochemical efficiency of
photosystem II

Chlorophyll fluorescence was measured using an IMAGING-PAM
chlorophyll fluorometer and the ImagingWin software application
(Walz, Effeltrich, Germany). Five leaves of each treatment were used
for measuring chlorophyll fluorescence. After dark adaptation for
15min,minimum chlorophyll fluorescence yield in the dark-adapted
state (F0) was recorded. Plants were then exposed to a saturating
pulse of light (>1800 mmol photons m�2 s�1), and maximum chlo-
rophyll fluorescence yield in the dark-adapted state (Fm) was recor-
ded. Maximum photochemical efficiency of photosystem II (Fv/Fm)
was calculated as (FmeF0)/Fm. False-color images were produced us-
ing Imaging Win software according to the degree of the Fv/Fm
parameter.
2.3. Determination of photosynthetic pigments

Photosynthetic pigments were determined, with minor modi-
fications, according to the method of Minocha et al. (2009). Briefly,
about 0.1 g of fresh leaves were cut and immediately put into
3 mL N,N-dimethylformamide and stored at 4 �C overnight. The
absorbance (480, 647, and 664 nm) of the extract was determined
using a SpectraMax Plus 384Microplate Reader (Molecular Devices,
Wokingham, UK). After extraction, the leaves were dried at 80 �C
and weighed to determine dry weight. The concentration of
photosynthetic pigments was calculated using the following
equations:Chl a (mg/mL) ¼ 12.00 � A664�3.11 � A647; Chl b (mg/
mL) ¼ 20.78 � A647�4.88 � A664; [Carotenoid]¼(1000 �
A480�1.12 � [Chla]�34.07 � [Chlb])/245. These values were then
converted to mg/g dry weight leaf.
2.4. Lipidomic analysis

Lipidomic analysis was performed according to our previous
studies (Zheng et al., 2016) (Kansas Lipidomics Research Center,
http://www.k-state.edu/lipid/lipidomics). To inhibit lipolytic ac-
tivity, fresh leaves of P. notoginseng were cut and added to 3 mL of
75 �C isopropanol (with 0.01% butylated hydroxytoluene, m/v) for
15 min. After cooling, 0.6 mL deionized water and 1.5 mL chloro-
form were added to the isopropanol and vortexed for 1 h. The
leaves were then extracted with chloroform/methanol (2:1, v/v)
until they turned white. After extraction, the leaves were dried at
105 �C and the dry mass was recorded. The lipid extract was dried
under N2 gas for analysis. There were five replicates for each
treatment.

http://www.k-state.edu/lipid/lipidomics
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2.5. Statistical procedures

One-way ANOVA and principal component analysis (PCA) were
performed using SPSS 13.0. Significance was calculated using
Fisher's least significant difference (LSD). The double-bond index
(DBI) was calculated as follows: DBI ¼ (

P
[N � mol% lipid])/100,

where N is the number of double bonds and acyl carbons in each
lipid molecule, respectively (Bakht et al., 2006; Zheng et al., 2016).
3. Results

3.1. Photosynthesis of P. notoginseng was more sensitive to long-
term heat treatment

To investigate different effects of long-term chilling (LTC) and
long-term heat (LTH) on P. notoginseng, we treated the plants with
temperatures of 10, 20, and 30 �C for 30 days and examined the Fv/
Fm of leaves. We found that both LTC and LTH treatment induced a
decline in Fv/Fm in P. notoginseng, and this decline was more severe
after LTH treatment (Fig. 1). Some leaflets withered after LTH
treatment. These results indicate that P. notoginseng is more sen-
sitive to LTH than to LTC, and LTH treatment may accelerate the
senescence of P. notoginseng.
3.2. Long-term temperature stresses induced decreases in
photosynthetic pigments

Total photosynthetic pigments from P. notoginseng leaves were
extracted and measured to determine the different effects of LTC
and LTH on the content of photosynthetic pigments (Table 1). A
significant decrease in chlorophyll a (Chl a), chlorophyll b (Chl b)
and carotenoid was observed for P. notoginseng after both LTC and
LTH treatment (Table 1). The decrease in Chl a observed in LTH-
treated plants was more significant than that in LTC-treated
plants. However, the ratio of Chl a/Chl b was maintained. These
results indicate that long-term temperature stresses induced
Fig. 1. Effects of 30-day temperature treatments on phenotype (upper panel) and Fv/Fm flu
values. Inserted data is Fv/Fm value. Values are means ± SD (n ¼ 5).
synchronic degradation of Chl a and Chl b, and that photosynthesis
declined because photosynthetic pigments were degraded.
3.3. Lipidome profiles of plants treated long-term at 30 �C differ
from those treated at 10 and 20 �C

The effects of different long-term temperature stress treatments
on the absolute levels of glycerolipids were clarified using PCA; the
twoprincipal components explained 61.46% and 15.09% of the overall
variance (Fig. 2). The loadings of PC1 identified MGDG, SQDG, phos-
phatidylinositol (PI), and phosphatidylserine (PS) as being most
important for the separation, whereas for PC2, lysophosphatidyle-
thanolamine (LPE) was identified (Table S1). According to the PC1,
plants treated at 30 �C were separated from those treated at 10 and
20 �C. PC2 represented the lysophospholipids (LPLs), products of
glycerolipid hydrolysis through phospholipase A (PLA). Along this
axis, someof theplants treatedat20 �Cwere separated fromtheother
samples, which may indicate that lipid degradation may occur after
long-termmoderately low and high temperature stresses.
3.4. LTH caused severe lipid degradation in P. notoginseng

Weemployed a lipidomic analysismethodbased onESI-MS/MS to
investigate the glycerolipidome response of P. notoginseng to long-
term (30 days) moderately high or low temperature treatment.

LTC treatment did not cause significant changes in the total
amount of DGDG, MGDG, SQDG, PG, phosphatidylcholine (PC),
phosphatidylethanolamine (PE), PI, or PS. Sub-zero low temperatures
induced the synthesis of glycolipids with large head groups, such as
trigalactosyldiacylglycerol (TrDG) and tetragalactosyldiacylglycerol
(TeDG) (Moellering et al., 2010). However, cold did not induce the
synthesis of DGDG, TrDG or TeDG; furthermore, the level of TrDG
decreased after LTC treatment (data not shown). LTC induced an in-
crease in PA (Fig. 3). This increase in PA levels contrasts with the
changes in LPLs levels,whichwereunaltered by LTC. PA is a productof
phospholipaseD (PLD),whereas LPLsareproductsofphospholipaseA
orescence (lower panel) of Panax notoginseng leaves. The color bar indicates the Fv/Fm



Table 1
Content of photosynthetic pigments of P. notoginseng after various temper-
ature treatments.

Photosynthetic pigments
(mg/g DW)

Treatment

10 �C 20 �C 30 �C

Chl a 7.23 ± 0.77b 9.27 ± 1.31a 5.99 ± 0.54c

Chl b 3.45 ± 0.31b 4.97 ± 0.92a 3.12 ± 0.84b

Carotenoid 1.88 ± 0.16b 2.25 ± 0.28a 1.72 ± 0.21b

Chl a þ Chl b 10.67 ± 1.05b 14.24 ± 2.00a 9.11 ± 1.09c

Chl a/Chl b 2.10 ± 0.12a 1.90 ± 0.28a 1.99 ± 0.32a

DW, dry weight. Values in the same line with different superscript letters are
statistically significant (p < 0.05). Values are means ± SD (n ¼ 9 or 10).

Fig. 2. Principal component analysis (PCA) of lipid composition following different
long-term temperature treatments of P. notoginseng. Squares represent 10 �C treat-
ment, circles represent 20 �C treatment, and triangles represent 30 �C treatment.
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(PLA). Thus, thesefindings suggest that PLD ismore active than PLAat
long-term moderately low temperature treatments.

LTH treatment caused considerable degradation of glycerolipids
in P. notoginseng, and the degradation of chloroplastidic lipids was
similar to that of extraplastidic lipids (Fig. 3). This is different from
results seen under short-term extreme temperature stresses, in
which chloroplastidic lipids are degraded greatly (Zheng et al.,
2016). During the LTH treatment, SQDG was the most degraded of
the plastidic lipids, decreasing to 62.20% of the levels of the control.
PC was the group of extraplastidic lipids that decreased the most,
by more than 65% (Table S2). The levels of PA and lysophosphati-
dylglycerol (LPG) declined after LTH treatment (Fig. 3), whereas
under extreme temperature treatment, levels of these lipids greatly
increased (Li et al., 2004). LTH also caused a considerable decrease
in diacylglycerol (DAG) (Fig. 3), the most important precursor of
glycerolipid synthesis. These results indicate that both an increase
in degradation and a decrease in synthesis may contribute to the
decrease in glycerolipids after LTH treatment. PLD and PLA may not
participate in the process of long-term heat-induced glycerolipid
decrease.

3.5. Influence of long-term temperature stresses on protein-packing
density in thylakoids in P. notoginseng

Glycerolipids, proteins, and photosynthetic pigments are the
main components of photosynthetic organs, and the ratio of lipid to
chlorophyll is a good indicator of protein-packing density. A high
lipid-to-chlorophyll ratio reflects a low protein-packing density
(Kirchhoff et al., 2013; Wang et al., 2014). The ratios of both DGDG
to chlorophyll and SQDG to chlorophyll increased significantly after
LTC treatment, whereas ratios of MGDG and PG to chlorophyll were
unchanged. After LTH treatment, ratios of all plastidic lipids to
chlorophyll were unchanged (Table 2). These results indicate that
the decrease of Fv/Fm in LTC-treated plants may contribute to the
low protein-packing density in thylakoids. LTH induced synchronic
degradation of plastidic lipids and photosynthetic pigments.

3.6. Effects of long-term temperature stresses on lipid profiles in P.
notoginseng

To gain a detailed profile of glycerolipid molecules, we profiled
more than 140 molecular species of membrane glycerolipids in
P. notoginseng after long-term temperature stresses. P. notoginseng
contains both 34:6 and 36:6MGDGmolecules (Fig. 4), whichmeans
that it is a 16:3 plant that harbors both prokaryotic and eukaryotic
pathways of lipid synthesis.

Overall (Figs. 4 and 5), the levels of most DGDG, SQDG, PI, and PS
molecular speciesweremaintainedafter LTC treatment.However, the
glycerolipidmolecular speciesMGDG, PG, PC, andPEwere remodeled
after LTC treatment. Among these changes, glycerolipids with more
double bonds showed increased abundance, e.g., 34:5 MGDG, 34:6
MGDG, 34:3 PG, 36:4 PC, 36:6 PC, and 36:4 PE, whereas glycerolipids
with fewer double bonds decreased, e.g., 34:2 MGDG, 34:3 MGDG,
32:0PG,34:1PG,34:1PC,36:1PC,36:3PC,34:1PE, and36:1PE.These
changes may be an important way to increase the fluidity of mem-
branes under low temperatures. These results indicate that through
adjustmentsofMGDG, PG, PC, andPE,P. notoginseng is able to respond
to long-term chilling stresses.

The changes in glycerolipid molecular species levels under LTH
treatment were different from those under LTC. Most glycerolipids
decreased after LTH treatment, whereas some remained unchanged
(Figs. 4 and 5). Lipid amounts for 36:6 DGDG, 34:6 MGDG, 36:6
MGDG, 34:2 SQDG, 34:3 PG, 36:4 PC, 36:4 PE, and 36:6 PI, which
were the most abundant glycerolipids, decreased. These decreases
may contribute most importantly to the decrease in the total con-
tent of these lipid classes. Meanwhile, levels of 34:1 MGDG, 36:3
MGDG, 32:0 PG, 34:0 PG, 34:1 PC, and 34:1 PI remained unchanged.
These results may indicate that LTH-induced degradation of highly
unsaturated glycerolipids may decrease the fluidity of membranes
and make the membranes more rigid; this may contribute to LTH-
accelerated senescence of P. notoginseng.

Levels of most LPL molecules were maintained after both LTC
and LTH treatments, except for 18:2 lysophosphatidylcholine (LPC)
and 16:1 LPG. 18:2 LPC increased after LTC treatment. 16:1 LPG
decreased after LTH treatment, and this decrease contributed to the
decrease in total LPG (Figs. 3 and 6). Surprisingly, the level of LPG in
P. notoginseng was higher than in other species, being more than
100 times that seen in Arabidopsis, rice, Crucihimalaya himalaica,
and Saussurea medusa, while the level of LPE was five times lower
than that observed in these species (Zheng et al., 2011, 2016). LPGs
that contain 16 carbons are the most abundant LPG molecules. We
suspect that the PLA that hydrolyzes PG in P. notoginseng may be
more effective than that found in other species.

3.7. LTC caused increase in unsaturation of glycerolipids in P.
notoginseng

After LTC treatment, the double bond index (DBI) of most glycer-
olipids increased, except for those of PI and PS, which did not show
any statistically significant difference (Table 3). The DBI increase in
extraplastidic lipids was more than that seen in plastidic lipids.



Fig. 3. Total amount of lipid of each head-group class in P. notoginseng after treatment with long-term (30 days) low temperature (4 �C, black bars), moderate temperature (20 �C,
blank bars), and high temperature (30 �C, gray bars). Bars marked with different letters are significantly different from the others (p < 0.05). Values are means ± SD (n ¼ 5).

Table 2
Lipid-to-chlorophyll ratio in P. notoginseng after various long-term temperature
treatments.

Lipid-to-chlorophyll ratio Treatment

10 �C 20 �C 30 �C

MGDG-Chlorophyll 3.20 ± 0.71a 2.42 ± 0.87a 2.16 ± 0.70a

DGDG-Chlorophyll 14.11 ± 2.43a 9.75 ± 3.17b 7.97 ± 2.12b

SQDG-Chlorophyll 7.96 ± 2.52a 4.36 ± 1.64b 2.72 ± 1.03b

PG-Chlorophyll 0.65 ± 0.27a 0.62 ± 0.16a 0.42 ± 0.12a

The ratio (mmol/g) was calculated from the total MGDG and DGDG content (nmol
signal per mass dry weight) and the chlorophyll content (mg/g dry weight). Values
are means ± SD (n ¼ 5). Values followed by the different letters within a line are
significantly different (p < 0.05).
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Among plastidic lipids, the DBI of PG increased the most, by about
47.95%; in extraplastidic lipids, the DBI of PC increased by about
22.92%, whichwas the greatest increase among these lipids (Table 3).
The DBI of most glycerolipids was unchanged after LTH treatment,
except for DGDG and SQDG, which decreased by 2.83 and 11.28%,
respectively. These results indicate that P. notoginsengmay be able to
adjust the degree of saturation of themost abundant glycerolipids to
maintain the fluidity of the membrane under LTC treatment. During
moderately high temperature-induced glycerolipid degradation,
oxidative stress may not be the main injury to membranes.
4. Discussion

The response of plants to long-term moderate temperature
stresses is very important for the introduction of economically
important plants, for example, medicinal plants. Adjustment of
glycerolipid composition and saturation to maintain the integrity
and fluidity of membranes is one of themost important ways plants
cope with temperature stresses. However, little is known about
glycerolipidome remodeling after long-term moderately low and
high temperature treatment, and the relationship between glyc-
erolipidome changes and changes in photosynthesis. In the present
study, we used P. notoginseng, a traditional Chinese medicine, to
investigate the responses of membrane lipids to long-term (30
days) chilling (10 �C) and heat (30 �C) temperature stresses.

The environmental temperature prevailing during growth of
their parent or grandparent may influence the ability of plants to
tolerate temperature stresses (Groot et al., 2017). The P. notoginseng
plants used in this study were cultivated in Wenshan, Yunnan,
China. The average temperature across the growth season is about
20 �C, and the annual average temperature is about 16 �C. Zhou
et al. found that the germination of P. notoginseng seeds is accel-
erated at temperatures of 10 �C and inhibited at 30 �C (Zhou et al.,
2012). In our experiment, treatment with both 10 and 30 �C
induced a decline in photosynthesis of P. notoginseng, whereas the
30 �C treatment accelerated the senescence of leaves. P. notoginseng
preferred the relatively low temperature rather than the high
temperature during cultivation.

Photosynthesis is one of the most sensitive cellular processes
and is immediately impaired under temperature stresses (Wahid
et al., 2007). It is well known that extreme temperatures can
induce the serious degradation of glycerolipids and a decline in
photosynthesis (Ploschuk et al., 2014; Tang et al., 2016; Welti et al.,
2002). Among the glycerolipids we tested, MGDG, DGDG, SQDG,
and PG are the main components of chloroplast membranes, which
were defined as plastidic lipids; and PC, PE, PI, PS are the main
components of other membranes, which were defined as extrap-
lastidic lipids. The content and composition of plastidic lipids are of
great importance for the integrity and function of photosystems
(Krumova et al., 2010). Deficiency in the synthesis of DGDG, MGDG,
and PG could induce a decline in chlorophyll and thereafter the
ability of photosynthesis (Jarvis et al., 2000; Xu et al., 2002). The
degradation of plastidic lipids is one of the most prominent
changes during extreme temperature treatment and other abiotic
stresses, and this degradation may disturb the structure of photo-
systems and lead to a decline in photosynthesis (Li et al., 2008; Tang
et al., 2016; Zheng and Li, 2017). In our study, both LTC and LTH
caused a decrease in photosynthetic activity and photo pigments in



Fig. 4. Changes in the molecular species of chloroplast lipids in P. notoginseng after treatment with long-term (30 days) low temperature (4 �C, black bars), moderate temperature
(20 �C, blank bars), and high temperature (30 �C, gray bars). Bars marked with different letters are significantly different from the others (p < 0.05). Values are means ± SD (n ¼ 5).

Fig. 5. Changes in the molecular species of endoplasmic reticulum lipids in P. notoginseng after treatment with long-term (30 days) low temperature (4 �C, black bars), moderate
temperature (20 �C, blank bars), and high temperature (30 �C, gray bars). Bars marked with different letters are significantly different from the others (p < 0.05). Values are
means ± SD (n ¼ 5).
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P. notoginseng. LTH also induced serious degradation of both plas-
tidic and extraplastidic lipids, suggesting that degradation of glyc-
erolipids and photo pigments may have contributed to the decline
of photosynthesis and senescence of leaves. In contrast, LTC had
little effect on levels of glycerolipids. Notably, degradation of
plastidic lipids did not occur following LTC. Long-term moderately
low temperature stresses and short-term extreme temperature
stresses affect photosynthesis differently. Short-term extreme



Fig. 6. Changes in the molecular species of lysophospholipids in P. notoginseng after treatment with long-term (30 days) low temperature (4 �C, black bars), moderate temperature
(20 �C, blank bars), and high temperature (30 �C, gray bars). Bars marked with different letters are significantly different from the others (p < 0.05). Values are means ± SD (n ¼ 5).

Table 3
Double-bond index (DBI) of membrane lipids in P. notoginseng after various long-term temperature treatments.

Lipid class Treatment RC (%) DBI change

10 �C 20 �C 30 �C 10 �C 30 �C 10 �C 30 �C

DBI
DGDG 4.16 ± 0.03a 4.06 ± 0.05b 3.94 ± 0.06c 2.53 �2.83 0.10 �0.12
MGDG 4.84 ± 0.12a 4.45 ± 0.06b 4.41 ± 0.14b 8.80 �0.81 0.39 �0.04
SQDG 1.91 ± 0.06a 1.81 ± 0.07b 1.60 ± 0.05c 5.54 �11.28 0.10 �0.21
PG 2.42 ± 0.19a 1.64 ± 0.08b 1.52 ± 0.11b 47.95 �7.29 0.78 �0.12
CPL 3.81 ± 0.05a 3.67 ± 0.10b 3.62 ± 0.11b 3.81 �1.38 0.14 �0.05
PC 3.29 ± 0.09a 2.68 ± 0.11b 2.58 ± 0.11b 22.92 �3.86 0.61 �0.1
PE 2.92 ± 0.08a 2.53 ± 0.09b 2.49 ± 0.07b 15.57 �1.43 0.39 �0.04
PI 3.55 ± 0.41a 3.22 ± 0.29a 3.37 ± 0.20a 10.31 4.82 0.33 0.15
PS 2.42 ± 0.09a 2.34 ± 0.07a 2.51 ± 0.19a 3.43 7.47 0.08 0.17
EPL 3.27 ± 0.11a 2.73 ± 0.07b 2.64 ± 0.11b 19.78 �3.30 0.54 �0.09
PA 3.16 ± 0.22a 2.43 ± 0.69b 2.17 ± 0.55b 29.88 �10.54 0.73 �0.26
DAG 2.99 ± 0.07a 2.61 ± 0.07b 2.52 ± 0.04c 14.77 �3.26 0.38 �0.09

DBI ¼ (
P

[N � mol% lipid])/100, N is the total number of double bonds in the two fatty acid chains of each glycerolipid molecules. CPL represents chloroplastidic lipids which
contains MGDG, DGDG, SQDG and PG. EPL represents extraplastidic lipids that contain PC, PE, PI and PS. The relative change (RC) in DBI at 10 and 30 �C is the percentage value
for the difference between the DBI at 10 and 30 �C over the DBI at 20 �C. Values in the same rowmarked with different superscript letters are significantly different (p < 0.05).
Values are means ± SD (n ¼ 5).
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temperature stresses cause chaotic degradation of lipids, proteins,
and genetic materials, and thereafter the impairment of photo-
systems and decline in photosynthesis. Long-term moderately low
temperature stresses decrease photosynthesis not by remodeling
plastidic lipids, but instead by decreasing photo pigments and the
protein-packing density in thylakoids.

Different lipid classes have different head groups, and the
composition of these lipids is closely correlated with the integrity
and function of membranes. PC and PE are the main extraplastidic
lipids, while MGDG and DGDG are the main plastidic lipids. PC and
DGDG, harboring a large polar head group, tend to form bilayer
membranes. In contrast, MGDG and PE, which have relatively small
head groups, tend to form non-bilayer HII-type membranes (Hazel
and Williams, 1990). The ratio of PC/PE and DGDG/MGDG has been
found to increase in plants in response to freezing; this is very
important for plants to maintain the integrity of membranes under
sub-zero temperatures (Moellering et al., 2010; Welti et al., 2002).
During our long-term moderately low temperature treatment of
P. notoginseng, the ratio of PC/PE and DGDG/MGDGwas maintained
(Table S2). We suspect that the mechanism P. notoginseng has
adopted to maintain the integrity of membranes after LTC treat-
ment differs from that employed by other species during sub-zero
temperature stresses (Moellering et al., 2010; Welti et al., 2002). In
our experiment, after LTC treatment, the ratio of SQDG/PG
increased significantly (Table S2), and this increase was attributed
to an increase in SQDG and a decrease in PG. Among the four
plastidic lipids, SQDG and PG are negatively charged lipids, in
contrast to the non-charged MGDG and DGDG. PG can substitute
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for most SQDG functions, whereas SQDG cannot entirely compen-
sate for PG functions (Shimojima, 2011). Furthermore, both SQDG
and PG are sensitive to the availability of phosphate. Therefore, we
suspect that P. notoginseng tends to synthesize more SQDG to
maintain the anionic surface charge of thylakoid membranes due to
the decrease in PG after LTC treatment. The decrease in PG and
increase in SQDG may cause a decline in Fv/Fm, because, as stated
previously, PG can substitute for most of the SQDG function,
whereas SQDG cannot entirely compensate for PG function
(Shimojima, 2011).

Phospholipases are the main enzymes that participate in the
degradation of phospholipids. Phospholipases can be divided into
four groups, PLA, phospholipase B (PLB), phospholipase C (PLC), and
phospholipase D (PLD) (Aloulou et al., 2012). PLA, PLC, and PLD are
themain phospholipases in higher plants, and the products of these
phospholipases are LPL, DAG, and PA (Wang et al., 2012). These
products are very important messengers in cells and participate in
plant stress responses (Testerink and Munnik, 2005). PLB also has
lysophospholipase activity, which is similar to PLA. PLB exists in
some fungal species, bacteria, and in mammalian cells (Aloulou
et al., 2012). In our previous study and other reports, the levels of
these LPLs were not species specific and were detected at similar
levels in Arabidopsis thaliana, C. himalaica, S. medusa, Solms-Lau-
bachia linearifolia, and Oryza sativa (Zheng et al., 2011, 2016). In
P. notoginseng, the contents of LPC and LPE were similar to those in
other species, whereas the content of LPG was about 200 times that
of other species, and the main LPG contained 16 C (16:0 and 16:1).
These findings suggest that in P. notoginseng, the activity of PLA is
very strong and specifically degrades PG, or that another phos-
pholipase, such as PLB, may act.

Changing the degree of unsaturation of glycerolipids to
maintain the fluidity of membranes is important for plant re-
sponses to long-term temperature stresses (Zheng et al., 2011,
2016). Photosynthesis is one of the most sensitive processes
influenced by temperature stresses. The high degree of unsatu-
ration of chloroplast lipids is critical for the fluidity of chloroplast
membranes and the low temperature tolerance of photosynthesis
(Webb and Green, 1991). Changing the content of trienoic fatty
acid through transgenic methods may influence the fluidity and
membrane organization of chloroplast membranes and further
change the thermosensitivity of plants (Murakami et al., 2000).
We suspect that under long-term moderate temperature stresses
the fluidity of plastidic membrane is more sensitive than that of
extraplastidic membranes. Surprisingly, we found that the DBI of
all plastidic lipids was maintained after both LTC and LTH treat-
ment, whereas the DBI of extraplastidic lipids increased after LTC
treatment and decreased after LTH treatment (Table 3). These
results indicate that fluidity of membranes other than the chlo-
roplast membrane may be affected the most severely after long-
term moderate temperature stresses. Because the plastidic lipids
have a high DBI, chloroplast membranes can keep their fluidity
under LTC or LTH treatments. Meanwhile, extraplastidic lipids
have a relatively low DBI; therefore, the membrane fluidity is low
and needs to adjust to maintain the biochemical reactions on
these membranes.

PG is the major phospholipid in chloroplast membranes and
an important constituent of photosystems (Nishihara et al.,
1980). It plays important roles in the development of thylakoid
membranes, biogenesis of the photosystem I (PS I) complex, and
the electron transport in photosystem II (Droppa et al., 1995; Sato
et al., 2004). The most abundant PG molecules in P. notoginseng
leaves have acyl chains of 32 or 34 carbons (Fig. 4). Most of the
sn2-positions of PG are 16:0 or 16:1 fatty acids (Nishihara et al.,
1980). PG molecules with 32 acyl carbons, such as 16:0/16:0
(32:0) and 16:0/16:1 (3 t) (32:1), are high-melting-point
molecules, and these lipids decrease under low-temperature
stresses (Sakamoto et al., 2004). 34:1 and 34:2 PG are extrap-
lastidic lipids, whereas 34:4 PG are plastidic lipids that form part
of the plastidic membranes (Jia et al., 2013). The saturation of PG
is closely correlated with the composition and contents of these
lipid molecules, and further influences the activity of photo-
synthesis (Ivanov et al., 2012; Sakamoto et al., 2004). Increases in
the proportion of saturated PG in transgenic tobacco have been
shown to slow the rate of damage and repair of the D1 protein at
low temperatures (Moon et al., 1995). Sakamoto et al. (2004) also
found that decreases in cis-unsaturated PG caused chilling
sensitivity in tobacco. Ivanov et al. (2012) found that a decrease
in the unsaturation of PG in tobacco could accelerate the pho-
toinhibition of PS I under low temperatures. Among the four
chloroplastidic lipids in our study, the increase in the DBI of PG
was the greatest after LTC treatment. This increase in the DBI of
PG may mostly be attributed to the decrease in high-melting-
point PG and the increase in PG species having three or four
double bonds, which may be localized in the chloroplast mem-
branes. This change in DBI was also attributed to a decrease in PG
with fewer double bonds (32:0 and 34:1 PG) and an increase in
PG with more double bonds (34:3 and 34:4 PG) (Fig. 4). We
speculate that a decrease in high-melting-point and extrap-
lastidic PG and an increase in plastidic PG, which further in-
creases the unsaturation of PG in P. notoginseng under long-term
low temperatures, may have important roles in maintaining the
function of photosystems. This indicates that under long-term
moderately low temperature stresses, saturation of PG mole-
cules rather than other plastidic lipids may be more important
for the function of photosynthesis of photosystems I and II of
P. notoginseng.

5. Conclusions

By treating P. notoginsengwith temperatures of 10, 20, and 30 �C
for 30 days, we found that P. notoginseng is more sensitive to high
temperatures than to low temperatures. LTH treatment induced
synchronous degradation of both photo pigments and glycer-
olipids, and thereafter the decline of photosynthesis and senes-
cence of leaves. LTC caused a decrease in photo pigments and
protein-packing density in thylakoids and may contribute to the
decline of Fv/Fm. P. notoginseng is a 16:3 plant that harbors both
prokaryotic and eukaryotic pathways of lipid synthesis. It has an
especially high level of LPG and can cope with LTC treatment
through adjustment of saturation of extraplastidic membranes
rather than plastidic membranes. Regulation of PG saturation is
very important for the function of photosystems of P. notoginseng
under LTC treatment.
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