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Abstract

Background: y-rays are high-energy radiation that cause a range of random injuries to plant cells. Most studies on
this issue have focused on y-ray-induced nucleotide damage and the production of reactive oxygen species in cells,
so little is known about the glycerolipid metabolism during y-rays induced membrane injury. Using an ESI-MS/MS-
based lipidomic method, we analysed the lipidome changes in wild-type and phospholipase D (PLD)&- and al-
deficient Arabidopsis after y-ray treatment. The aim of this study was to investigate the role of PLD-mediated
glycerolipid metabolism in y-ray-induced membrane injury.

Results: The ion leakage of Arabidopsis leaves after 2885-Gy y-ray treatment was less than 10%. High does y-ray
treatment could induce the accumulation of intracellular reactive oxygen species (ROS). Inhibition of PLDal caused
severe lipid degradation under y-ray treatment. y-ray-induced glycerolipid degradation mostly happened in
chloroplastidic lipids, rather than extraplastidic ones. The levels of lysophosphatidylcholine (lysoPC) and
lysophosphatidylethanolamine (lysoPE) were maintained in the WS ecotypes during y-ray treatments, while
increased significantly in the Col ecotype treated with 1100 Gy. After 210- and 1100-Gy y-ray treatments, the level
of lysophosphatidylglycerol (lysoPG) decreased significantly in the four genotypes of Arabidopsis.

Conclusions: y-ray-induced membrane injury may occur via an indirect mechanism. The degradation of distinct
lipids is not synchronous, and that interconversions among lipids can occur. During y-ray-induced membrane injury,
the degradation of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) may be mediated by PLDC1 or
phospholipase A1. The degradation of phosphatidylglycerol was not mediated by PLA, PLD& or PLDal, but by
phospholipase C or other PLDs. y-rays can decrease the double-bond index and increase the acyl chain length in
membrane lipids, which may make membranes more rigid and further cause injury in membranes.
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Background

Gamma irradiation (y-rays) from ®Co involves exposure
to high-energy photons and is widely used to induce
mutations in crops and flowers [1-3]. It is also exten-
sively applied to extend the shelf life of food by altering
its biochemical metabolism and destroying microorgan-
isms [4—6]. The targeting of y-rays to plant cells is com-
pletely non-specific and the response of the plant is
random [7]. y-rays can directly induce DNA damage and
influence genome structure due to their high energy [8,
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9]. They can also induce the production of free radicals
and reactive oxygen species (ROS), which indirectly dis-
turb the physiological and biochemical properties of cells
and have deleterious effects on the plant [10-13].
Membranes are sensitive to environmental changes,
and abiotic stresses directly affect membrane properties.
Glycerolipids are the main constituents of membranes;
adjustments of the composition, unsaturation and acyl
chain length, enables plant to keep the integrity and flu-
idity of their membranes under environmental stresses
[14-16]. During freezing treatment, plants tend to syn-
thesise glycerolipids with a larger head group to main-
tain the integrity of their membranes [17]. In addition,
the level of galactolipids and the degree of unsaturation
were found to decline in the alpine plant Meconopsis
racemosa after its introduction to a lowland region [18],
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and abscisic acid (ABA)-promoted leaf senescence in
Arabidopsis was shown to be retarded by attenuating
lipid degradation [19]. However, little is known about
how membrane glycerolipids respond to y-rays.

Phospholipase D (PLD) is one of the most important
enzymes regulating phospholipid metabolism. The PLD
family in plants comprises 12 members, which are classi-
fied into six types: PLDa (3), B (2), y (3), §, € and ( (2).
PLD and its hydrolysate, phosphatidic acid (PA), play
important roles in plant responses to drought, cold and
salinity [20-24]. Different PLD isoforms might play dif-
ferent regulatory roles in plants [25]. PLDal and § are
the most abundant PLDs [26], and they play complex
roles during plant responses to stress. An Arabidopsis
mutant with suppressed PLDal was found to be tolerant
to cold, while a PLDJ antisense mutant was sensitive to
it [22, 27]. In addition, suppression of both PLDal and
PLD§ was found to retard ABA- and ethylene-promoted
senescence of detached leaves in Arabidopsis [19, 28]. It
is reported that y-rays could induce microsomal mem-
branes deterioration in cauliflower florets [29]. However,
little is known about the involvement of PLDal and
PLDS during y-ray-induced membrane injury.

In the present study, we treated wild-type (Columbia
and Wassilewskija) and PLD-deficient mutant (PLDJ-def
and PLDal-def) Arabidopsis with y-rays at doses of 46,
210 and 1100 Gy. The two higher doses were previously
reported to cause growth retardation and inhibition of
bolting in Arabidopsis, respectively [30]. Using an lipido-
mic analysis based on electrospray tandem mass spec-
trometry (ESI-MS/MS) [31], we investigated the changes
of membrane glycerolipid profiles after these different y-
ray treatments. The following two questions were ad-
dressed in this work: (i) How do membrane lipids re-
spond to abiotic stresses of y-rays? (ii) Do PLDs
participate in plant responses to y-rays?

Results

y-ray-induced membrane injury may occur via an indirect
mechanism

y-rays are high-energy ion radiation that may damage
membranes. Ion leakage monitored by the relative con-
ductivity is an effective method to detect such damage.
We thus investigated the ion leakage of Arabidopsis irra-
diated with y-rays at 1918 and 2885 Gy, two higher
doses that could inhibit growth in Arabidopsis (Add-
itional file 1: Fig. S1). Surprisingly, the ion leakage of
leaves treated with these two doses was less than 10%,
and the differences in ion leakage between wild-type and
mutant plants were not statistically significant (Fig. 1).
Immediately after y-rays treatment, the intracellular re-
active oxygen species (ROS) increased significantly
(Additional file 2: Fig. S2), which indicate that y-rays
caused serious oxidative stresses in Arabidopsis.
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Fig. 1 lon leakage of Arabidopsis with different genotypes treated
with different doses of y-rays. WS, Wassilewskija ecotype; PLDS-def,
PLDS-knockout mutant with WS background; Col, Columbia ecotype;
PLDal-def, PLDal-deficient mutant with Col background

However, the level of lipid peroxidation indicated by
malondialdehyde (MDA) affected little by y-rays treat-
ment (Additional file 3: Fig. S3). It was suspected that
peroxidation of lipid may not happen immediately after
y-rays treatment. These results indicate that y-rays may
not cause membrane leakage and that y-ray-induced in-
jury to Arabidopsis membranes may be indirect.

Large changes in lipid profiles occurred after y-ray
treatments
To investigate y-rays induced membrane injury, three
dose of y-rays (46, 210 and 1100 Gy) were applied.
Among which, 46 Gy y-ray had little effect on the
growth of Arabidopsis, while 210 Gy y-ray caused
growth retardation, and 1100 Gy y-ray resulted in inhib-
ition of bolting in Arabidopsis [30]. The metabolism of
membrane lipids is an important way in which plants re-
spond to environmental stresses. PLDS and PLDal are
two important enzymes that participate in membrane
lipid metabolism. To understand better how PLD§ and
PLDal function during y-ray-induced membrane glycer-
olipid metabolism, we did a lipidome analysis of 11 clas-
ses that contain about 150 molecular species of
membrane glycerolipids. Hierarchical clustering analysis
(HCA) of the lipid profiles was used to obtain an over-
view of the effects of y-irradiation treatment in conjunc-
tion with PLD deficiency (Fig. 2). Changes in both the
absolute levels of these lipids (nmol/mg dry weight),
which reflect lipid degradation, and their relative levels
(mol%), which can reflect inter-conversion among lipids,
were visualized using HCA (Fig. 2). The two ecotypes of
Arabidopsis were separated in terms of both absolute
and relative levels.

The data shown in Fig. 2 reveal that there were con-
siderable changes in lipid molecular species during y-
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Fig. 2 Profiles of glycerolipid levels in different Arabidopsis genotypes treated with different doses of y-rays. Left panel- absolute levels of lipids
(nmol per mg dry weight). Right panel- relative levels of lipids (mol%). Each column represents a specific Arabidopsis genotype after certain dose
of y-ray treatment, and each row represents a specific lipid molecular species. Data are normalized row-wise to the median value for different
plants and treatments. The 139 lipid molecular species of various genotypes and y-rays treatments were showed. WS, Wassilewskija ecotype;
PLDé-def, PLD-knockout mutant with WS background; Col, Columbia ecotype; PLDal-def, PLDal-deficient mutant with Col background. “C"
represents control untreated plants. “46", “210” and “1100" represent samples treated with y-rays at 46, 210 and 1100 Gy
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ray-induced membrane injury, with most lipids being de-
graded (Fig. 2, left panel). However, in Col and PLDal mu-
tants treated with y-rays at 1100 Gy, the level of PA
increased markedly. In the right-hand panel, which shows
the relationships among the profiles of relative lipid levels
(mol%) of different genotypes of Arabidopsis subjected to
various y-ray treatments, the profiles differ from those of
the absolute levels. The levels of chloroplastidic lipids, such
as monogalactosyldiacylglycerol (MGDG), digalactosyldia-
cylglycerol (DGDG) and some phosphatidylglycerol (PG)
molecules, decreased. However, the level of most phospho-
lipids increased, including PC, PE, phosphatidylinositol (PI),
and some molecules of PG and phosphatidylserine (PS);
these increases may have been caused by the degradation of
galactolipids, which are the main glycerolipids in cells.
These results may indicate that the chloroplastidic lipids
were those most rapidly degraded during y-ray-induced
membrane injury.

Lipid degradation during y-ray-induced membrane injury
Detailed analysis of the glycerolipidome indicates that
phospholipids and galactolipids showed similar changes in
the two ecotypes between control and 46-Gy-treated
plants (Fig. 3), except for some PE molecules, which in-
creased in the Wassilewskija (WS) ecotype after 46-Gy y-
ray treatment (Fig. 3a; Table 1) but decreased or were un-
changed in the Columbia ecotype (Col) (Fig. 3b; Table 1).
For the two doses of y-rays (210 and 1100 Gy) treat-
ment, most lipids degraded during treatment in the two

ecotypes. Inhibition of PLDal caused severe lipid deg-
radation under y-ray treatment. After treatment at
1100 Gy, the decrease of total lipids in the PLDal mu-
tant was 82.24%, whereas in the other three genotypes,
this decrease was about 68% (Table 1). The degradation
of galactolipids was more severe than that of phospho-
lipids, and the ratio of these two kinds of lipids de-
creased significantly (Table 2). For the two galactolipids,
the degradation of MGDG occurred more rapidly than
that of DGDG, which caused the significantly decrease
of the ratio of MGDG to DGDG (Table 2). Chloroplasti-
dic lipids were the most degraded, most of them de-
creasing by 60% (Table 1). 34:3 DGDG, 36:6 DGDG, 34:
6 MGDG and 34:4 PG, the main chloroplastidic lipids,
were the most degraded (Fig. 3).

After 210 and 1100 Gy y-rays treatments, some classes
of molecules, such as 34:2 PI, increased in wild-type
plants but decreased in the two mutants (Fig. 3). PE in-
creased in WS and the PLD8 mutant, and decreased in
Col and the PLDal mutant (Table 1). PC levels de-
creased during y-ray-induced membrane injury and the
level in the PLDal-def mutant decreased the most, by
45.24% (Table 1). Levels of PA, which can be induced by
stresses and as products of the degradation of other gly-
cerolipids, were slightly decreased in WS and the PLD§-
def mutant. However, PA levels increased in Col and the
PLDal-def mutant, and this increase was more than 20
times greater in the PLDal-def mutant after treatment
with y-rays at 1100 Gy (Table 1). The levels of most
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Fig. 3 Changes in lipid molecular species after y-ray treatments of WS and PLDS-def (a) and Col and PLDal-def (b). The dry weight is the dry
weight of leaves after lipid extraction. Data are mean =+ standard deviation (n =4 or 5). WS, Wassilewskija ecotype; PLDS-def, PLDS-knockout mutant
with WS background; Col, Columbia ecotype; PLDal-def, PLDal-deficient mutant with Col background

lipids declined, although some increased, both in abso-
lute and in relative terms. This could suggest that the
degradation of distinct lipids is not synchronous, and
that interconversions among lipids can occur.

Changes of lysophospholipids after y-ray treatments

Lysophospholipids are minor phospholipids generated
by the hydrolysis of phospholipids by phospholipase Al
(PLA1) [32], the level of which can increase several fold
during exposure to stress [31]. The levels of lysoPC and
lysoPE were maintained in the WS ecotypes (Fig. 4a;
Table 3) during y-ray treatments, while increased signifi-
cantly in the Col ecotype treated with 1100 Gy (Fig. 4b;

Table 3). The level of lysoPC increased by a factor of
about 5 and 44, while the level of lysoPE increased by a
factor of about 1.17 and 1.88, in Col and the PLDaI-def
mutant, respectively (Table 3). The levels of 16:0, 18:2
and 18:3 lysoPC, and 16:0 lysoPE showed the greatest in-
creases in the Col ecotype (Fig. 4b). The level of lysoPG,
which hydrolyses PG by PLA1, remained unchanged in
the WS ecotype after 46-Gy y-ray treatment, but in-
creased in the Col ecotype (Table 3). However, after
210- and 1100-Gy y-ray treatments, the level of lysoPG
decreased significantly in the four genotypes (Table 3).
The level of 18:3 lysoPG showed the most marked de-
crease (Fig. 4b).
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Table 1 Total content of each lipid class after y-ray treatment at different doses in WS, PLDS-deficient (def), Col and PLDal-def plants

Lipid Genotype Dose of gamma irradiation (Gy)
species
0 46 210 1100 RC (%)
Lipid content (nmol per mg dry weight)
DGDG WS 2990 +1.11%A 3167 +3.23" 18.08 + 1.20° 1005 + 1.52% —-6639
PLDS-def 2861 + 190 31.05 + 4478 1427 +2.94°8 11.18 £225°4 —-60.92
Col 2287 +2.55% 2570 +2.53% 13.86 £091°8 9.60 + 1654 5802
PLDa1-def 2420 +5.25% 26.71 +1.60% 1371 +1.10°8 840 +1.94 —65.29
MGDG S 110.89 + 7.72%4 109.24 +21.60% 67.94 +503°* 27.38 +3.84" —7531
PLDS-def 131.39 + 828 127.81 £9.83*8 57.18 + 16.82°%8 30.00 + 9494 —77.17
Col 132.29 +39.34% 13545 +13.7078 49.12 + 1442078 22.76 +2.31°% —-82.80
PLDa1-def 13157 +12.34°* 14851 + 1434 4473 + 467°° 6.31 +1.54¢ —95.20
PG WS 647 +068% 6.39 +0.89°C 504 +032°" 218 0267 —-6631
PLDS-def 9.16 +1.59% 848 +0.95% 439 + 15528 245 + 0667 —7325
Col 828 +2.10™8 895 +0.128 3.77 £0.04°48 2,06 + 0358 —75.12
PLDa1-def 9.88 +0.54%" 9.76 +0.29°" 337 £042°° 148 +044® —85.02
PA WS 0.21 +0.02°"" 028 +021°" 0.06 +0.03°4 0.04 + 0,03 —80.95
PLDS-def 0.16 +0.06™® 0.20 + 005" 0.05 +0.01°"8 0.05 +0.07°* —68.75
Col 0.15 £0.03%® 0.13 £0.02" 003 +0.02*8 0.24 + 034 60.00
PLDa1-def 0.07 +0.04°¢ 0.19 +0.08*" 003 +0.01% 157 £131% 2142.86
PC S 1202 £1.01% 12.34 +2.50°® 9.84 +267°" 9.85 +0.86° ~18.05
PLDS-def 1420 +0.78*"® 1545 +0.78% 936 +1.02°* 1046 + 1.13%8 2633
Col 16.10 + 4.20°"® 16.72 052 10.12 + 049" 1396 +3.02°°" 1329
PLDa1-def 17.84 + 566 16.56 + 0.59%°* 1051 + 038 977 £3.17% —4524
PE WS 258 +0.32°8 367 +132%°8 469 + 144 467 +040% 81.01
PLDS-def 341 +097% 467 +1.70%8 479 + 043 441 + 069 2933
Col 503 +0.50% 457 +052%8 435 +0.85%" 495 +0.66™" —-159
PLDa1-def 561 + 160" 587 +0.71°" 559 +1.00°" 1.83 +£0.32°8 —-67.38
PI WS 444 +043%C 454 +1.10™ 3.99 +0278 417 +081% —6.08
PLDS-def 501 +0.12°18 551 +0.05* 3.58 £ 0418 333 £ 0275 3353
Col 466 + 0637 489 +0.20™ 333 +0.26"° 521 +091°" 11.80
PLDa1-def 526 +0.27°4 5.20 + 0.44% 422 +0.72°" 3.09 + 046 —41.25
PS WS 037 £0.07%* 045 +023" 0.25 +0.12%* 0.18 +0.09°* 5135
PLDS-def 0.38 +£0.14% 0.54 +£027°" 0.16 £0.10°"8 0.16 +0.08°* —~57.89
Col 0.25 +0.11%"* 034 +001" 011 +0.04¢ 0.19 +0.03°4 —-24.00
PLDa1-def 039 +£0.11% 0.36 +0.04" 0.12 +0.02°® 0.09 +0.03°* —~76.92
Total WS 167.31 £ 867" 168.94 +28.87%° 111.77 £548™ 56.29 + 357 —-66.36
PLD&-def 19347 + 1135 192,12 +11.80™8 94.64 + 24,1978 6221 12264 —67.85
Col 189.87 +47.98%" 197.15 + 155728 86.00 + 10.78°8 59.78 +10.33°* —68.52
PLDq1-def 19449 +24.18% 21450 + 15.16% 79.35 + 3.34°8 3455 + 580 —-82.24

The RC is the percentage value of the 1100-Gy-treated plants compared with the control (0 Gy). Different lowercase letters marked in the same row represent
significantly different among different y-ray treatments. Different uppercase letters marked in the same column represent significantly different among different
genotypes, (p < 0.05). Data are means + standard deviation (n=4 or 5)

Levels of unsaturation and ACL of membrane glycerolipid

change after y-ray treatments

The DBI and ACL of glycerolipids are the two main de-
terminants of the integrity and fluidity of membranes.

The DBI of most phospholipids remained unchanged dur-

ing treatment, with a minor decrease in PI (Table 4). Treat-

ment with 1100 Gy caused an increase in the DBI of
DGDG in the four genotypes of Arabidopsis. However, the
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Table 2 Lipid ratios after different doses of y-ray treatment in WS, PLDS-deficient (def), Col and PLDal-def plants

Lipid species Genotype Dose of gamma irradiation (Gy)
0 46 210 1100
Ratio
Galactolipid/phospholipid WS 541 +029™ 518 +0.81" 3.14 £061°" 168 +0.18%8
PLDS-def 473 +017%® 469 +047° 3.09 +0.54°* 197 £051
Col 464 +0.14% 445 +048" 288 +1.01%" 124 +0.13€¢
PLDa1-def 412 £052°¢ 464 + 054" 241 £020°" 081 +0.10°
MGDG/DGDG S 3.72 £039% 342 +046°¢ 3.58 +£0.52°" 274 £030°"
PLDS-def 461 +041%8 458 +0.58% 416 +0.08" 265 + 040
Col 570 + 125 527 £0.10%8 357 £1.19°" 248 +026™
PLDa1-def 559 +091°" 555 +0.25" 326 +£0.14°* 0.77 £0.24¢
PC/PE WS 468 +0.38% 321 £026™ 213 £036% 210 £0.18%
PLDS-def 3.99 +0.83%8 327 £1.04°° 242 £047°M 239 +0.20°8
Col 3.23 £095® 361 +£039°" 281 +1.15% 281 0358
PLDa1-def 322 +061%8 284 +0.29°4 201 020" 527 £101°*

Different lowercase letters marked in the same row represent significantly different among different y-ray treatments. Different uppercase letters marked in the
same column represent significantly different among different genotypes, (p < 0.05). Data are means + standard deviation (n=4 or 5)

levels of other chloroplastidic lipids, including MGDG and
DGDG, decreased after treatment. The DBI of total lipids
decreased significantly after y-ray treatments in the four ge-
notypes (Table 4). These results may indicate that glyceroli-
pids with more double bonds degraded more rapidly
during y-ray-induced membrane injury, or that y-rays may
have oxidative effects on glycerolipids.

Changes in ACL during y-ray treatment were similar
among the four genotypes, except for PI, which did not
change in the WS ecotype, but exhibited a small decrease
in the Col ecotype (Table 5). The ACL of the two galacto-
lipids, PS, and the total lipids, increased during y-ray-
induced membrane injury, remained unchanged in PA, PC
and PE, and exhibited a small decrease in PG (Table 5).
The greatest change in ACL occurred for PS, which in-
creased by more than one carbon in the WS and Col eco-
types (Table 5). The small increase in the ACL of total
lipids after 1100-Gy treatment may have been due to the
increase in the ACL of the most abundant lipids, MGDG
and DGDG (Table 5). These results suggest that the rates
of degradation of glycerolipids with acyl chains of different
lengths may be similar.

Discussion

y-rays are high-energy ion irradiation that damage cells
in a random manner [7]. Membranes are among the
most important components of plant cells and are sensi-
tive to environmental stress. Various abiotic stresses,
such as freezing, phytotoxins, and pulse electric fields,
can change the permeability and induce the breakdown
of membranes, and the ion leakage of these plant tissues
after treatment was more than 90% [22, 33, 34]. The ef-
fects of y-rays on Arabidopsis growth were also shown

to be dose-dependent, 2000 Gy y-ray could inhibit
growth and thereafter death of Arabidopsis [30], In our
experiment, we treated Arabidopsis with y-rays at very
high doses of 1918 and 2885 Gy, which could cause
growth inhibition in Arabidopsis. However, the ion
leakage of leaves treated with these two doses was less
than 10%, and the differences of ion leakage between
wild-type and mutant plants were not statistically sig-
nificant. Through their production of free radicals and
ROS, y-rays indirectly compromise the physiological
and biochemical properties of cells [10-13], and induce
deterioration of microsomal membranes [29]. In this
study, we found that y-rays caused increasement of
ROS in Arabidopsis, and this accumulation of ROS may
further induce the injury of membranes. The findings
indicate that, during the process of y-ray-induced plant
death, the y-rays may influence the membranes
indirectly.

PLDS§ and PLDal have different biochemical proper-
ties, subcellular associations, and gene expression pat-
terns [35], and they play different roles in plant
responses to freezing; in previous studies of Arabidopsis,
the suppression of PLD§ caused freezing sensitivity [22]
while the suppression of PLDal caused freezing toler-
ance [31]. However, in plant hormone induced senes-
cence, the suppression of PLDS and PLDal can retard
the senescence in Arabidopsis [19, 28]. It is reported that
y-rays can induce a senescence-like deterioration in
membranes [29]. However, we did not find any differ-
ence between the wild-type and the PLD§ and PLDal
mutants under y-ray-induced membrane injury, which
may indicate that PLD§ and PLDal do not participate in
Arabidopsis response to y-rays.
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Galactolipids and PG are the main plastidic lipids in
chloroplast membranes [36]. In some stresses, such as
low temperature and water deficit, the degradation of
plastidic lipids was found to be more severe than that of
extraplastidic ones [27, 37, 38]. Similarly, in this study,
during y-ray-induced membrane injury in Arabidopsis,
the degradation of chloroplastidic lipids occurred more
rapidly than that of extraplastidic ones, and the degrad-
ation of the most abundant glycerolipids, galactolipids,
was most severe. The degradation of plastidic lipids may
damage the photosystem and hence lead to senescence
in Arabidopsis. The first plant process to be impaired by
most types of stress is photosynthesis [39], and it has
been suggested that chloroplast membrane collapse

induced by membrane lipid degradation is the main rea-
son for this.

PG is different from other phospholipids in that 34:1
and 34:2 PG molecules belong to the extraplastidic
lipids, while 34:4 PG is the main glycerolipid in chloro-
plast membranes [19]. It was previously reported that
34:4 PG was markedly degraded during hormone-
induced senescence in Arabidopsis [40]. PG can be de-
graded to PA by PLD or lysoPG by PLA [32]. In this
study, y-rays induced a marked degradation of PG in
Arabidopsis (Table 1), but the level of lysoPG also de-
creased (Table 3). There were no major differences in
the decrease in PG among WS, Col and their PLD mu-
tant (Table 1). These results may indicate that y-ray-
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Table 3 Levels of lysophospholipids in leaves of Arabidopsis during y-ray-induced senescence

Lipid Genotype Dose of gamma irradiation (Gy)
species 0 46 210 1100 RC (%)
nmol per mg dry weight

LysoPC WS 005 +001%" 0.04 +001°® 003 +001°" 0.07 +003%® 40,00
PLDS-def 004 +002°" 004 +001°® 003 £001°* 006 £001% 50.00
Col 005 £001%* 0.06 + 001 007 +0.05*" 030 £021°® 500.00
PLDa1-def 003 +002°* 006 +001°" 006 +002°* 1354035 440000

LysoPE WS 0.03 +001°¢ 0.04 +001°¢ 0.04 +0.01°® 0.07 +0.02°¢ 13333
PLD&-def 0.04 +001° 0.04 +001%5¢ 005 +001%® 0.06 +0.02° 50.00
Col 006 +001% 0.06 + 0,007 0.06 +0.02%® 0.13 +0,05%® 116,67

PLDai-def 008 +0.01°* 0.07 +001% 007 +0.02° 023 £003"" 187.50

LysoPG WS 034 +0,08" 0.27 + 009 001 +£001°* 001 +0.00°® —97.06
PLDS-def 0.18 +0,08%® 022 +009™ 001 £001°* 001 +001°® ~94.44
Col 0.15 £0.12°® 0.28 + 008" 002 001 0.02 +002°® ~86.67
PLDal-def 007 +0.03"® 021 007 002 001" 0.05 +0.02°% —2857

The RC is the percentage value between the 1100 Gy treated plants over the Control (0 Gy). Different lowercase letters marked in the same row represent
significantly different among different y-ray treatments. Different uppercase letters marked in the same column represent significantly different among different

genotypes, (p < 0.05). Data are means + standard deviation (n=4 or 5)

induced PG degradation was not mainly due to PLA,
PLDS§ and PLDal, but instead due to other enzymes
such as PLC or other PLDs.

PC and PE are the main phospholipids in plasma
membranes and are very important for membrane integ-
rity and fluidity [10, 18]. The suppression of PLDal pro-
moted PC and PE degradation during y-ray-induced
membrane injury (Table 1), and the production of PA,
lysoPC and lysoPE led to their pronounced accumula-
tion (Table 3). In the mutant of PLDJ, the decrease in
PC was also greater than in WS (Table 1), but the
change in lysoPC was not significant, the content of PE
increased. PLDal, PLA1 and PLD{l are the main en-
zymes participating in the degradation of PC, and PLD§
is also the main enzyme involved in phospholipid deg-
radation [32]. The levels of lysoPC and lysoPE increased,
which demonstrates that PLA-induced phospholipid
degradation may be the main pathway of PC and PE
degradation. The findings suggest that y-ray-induced PC
degradation was caused mainly by PLD{1 and PLAI,
which caused PA and lysoPC accumulation.

PA is an important lipid that can act as a signalling or
structural molecule under stress [38]. Its level can in-
crease several fold, or sometimes more than tenfold, in
plants in response to stress, and decline to the control
level during recovery [27]. The molecular shape of PA is
cone-like, and its pronounced accumulation can cause
membrane leakage [27]. The level of PA can even in-
crease 100 times after freezing treatment and be main-
tained at that level, which may be one of the most
important factors behind plant death [38]. However, PLD-
induced phospholipid degradation and PA accumulation-

induced death may not be the reasons for the y-ray-
induced membrane injury in Arabidopsis. During y-ray-
induced membrane injury, the changes in PA in the two
wild-type Arabidopsis and the PLDS mutant were less
than 90%, while PA increased more than 20 times in the
PLDal mutant (Table 1). The major increase in PA in the
PLDal mutant may suggest that mechanisms of PA pro-
duction other than PLDal-induced phospholipid degrad-
ation compensate for PLDal during y-ray-induced
membrane injury when PLDal is inhibited. In addition,
this compensation effect involved far more than just
PLDal-induced accumulation of PA. During y-ray in-
duced membrane injury, PLDS and PLDal may not par-
ticipate in the processes of lipid degradation and PA did
not accumulate, which is different from hormone or low
temperature stresses [19, 28, 38].

DBI and ACL of lipids are two of the most important
determinants of membrane fluidity, which are also
closely correlated to the environment stresses and
growth of plants [15, 18]. An increase in DBI and a de-
crease in ACL may make the membranes more fluid,
and vice versa. During y-ray-induced membrane injury,
the DBI of the total lipids decreased and the ACL in-
creased, in all four genotypes of Arabidopsis. In addition,
the most pronounced changes occurred in chloroplast
membranes, such as in galactolipids and PG. Further-
more, the ACL of PS increased, which may be correlated
to the lifespan of plants, as we reported previously [15].
This suggests that y-ray treatment could make mem-
branes more rigid, which may have further harmful ef-
fects on their biochemical reactions, and thereafter
induce the membrane injury.
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Table 4 Double-bond index of each lipid class after different doses of y-ray treatment in WS, PLDS-deficient (def), Col and PLDal-def

plants

Lipid Genotype Dose of gamma irradiation (Gy)

species 0 4% 210 1100

Double-bond index
DGDG WS 521 +£002°* 519 +008"* 515 +004°* 537 +003*®
PLDS-def 520 +002°* 518 +004°" 5.13 +006™° 534 +007%

Col 519 +008™" 5.13 +£0.04°4 508 +0.02® 542 +007%
PLDal-def 519 + 003" 518 008" 518 £002°* 539 +005%°

MGDG WS 592 +0017® 591 +0.027 587 £004°" 584 +002°°
PLDS-def 593 +001% 593 + 0,027 587 £002°" 587 £002°"
Col 590 +0,03%¢ 584 +005%° 585 +003"" 579 +0,08°%¢
PLDal-def 589 +001°C 587 +002°°° 584 +002°" 577 £005

PG WS 3.20 +0.05% 3.15 +0.05%® 274 £0.12°08 254 004"
PLD&-def 3.19 + 004 319 £0.10% 2.80 +0.12°" 259 + 008"
Col 31440117 3.04 + 0,097 267 +008°%¢ 261 £007°"
PLDal-def 310 £0.12% 298 +0.10° 259 +0.02°¢ 251 +0.09°®

PA WS 311 +011% 3.24 +007® 305 +022° 261 +031°®
PLDS-def 292 027" 291 +025%F 277 £030° 319 £034"
Col 3.14 +0.28" 330 0218 313 +035° 334 + 063"
PLDa1-def 323 £027% 356 +060™ 3.18 +045° 329 +0.16™

PC WS 377 £005™"8 374 +0027" 370 £0.10°" 3.80 £002*
PLDS-def 379 £0.107 3.82 £008™ 370 £002°" 377 £004™"
Col 359 +0.17%°¢ 354 +0.11°%8 347 £0.16° 371017
PLDal-def 361 +0.1775¢ 351 £0.16%° 368 004" 345 +012°®

PE WS 337 £002°" 342 £006™ 338 £004™" 331 £002®
PLD&-def 327 +004% 329 +0,04%® 335 +004%8 329 +002°¢
Col 3.29 +002%® 3.28 +003%® 332 +002% 334 +008"
PLDal-def 327 £001° 330 £003% 337 £003" 325 £006%

Pl WS 275 +0027 276 +0,03™ 259 +003"* 259 +001°®
PLDS-def 268 +002% 271 £002% 261 £004°" 259 003
Col 269 0047 266 +0.037¢ 254 +003® 263 £002°"
PLDal-def 273 +004% 269 +0,05%¢ 258 +002 264 +004°*

PS WS 266 + 005" 268 001" 267 + 009" 269 + 0078
PLDS-def 267 £0.09™" 268 +0.06™ 258 £007°" 270 £005™
Col 266 +0,06™ 258 +0,08%° 248 0,08 257 +0.12%18
PLDai-def 266 + 009" 264 +003"® 266 + 005" 2554017

Total WS 540 +0.02** 536 +0.03*" 511 £0.15°* 482 +007

PLD&-def 538 +002% 537 +006™ 512 +0.11°* 490 +0.14

Col 533 +0,06™° 518 +023™" 499 + 026" 450 +0.27°
PLDal-def 529 +008™ 515 024" 497 +006™" 4344023

Different lowercase letters marked in the same row represent significantly different among different y-ray treatments. Different uppercase letters marked in the

same column represent significantly different among different genotypes, (p < 0.05). Data are means * standard deviation (n =4 or 5)

Conclusions

The present study investigates metabolism of glycerolipi-
dome during y-rays induced membrane injury, and the
possible roles of PLD8 and PLDal in this process.

Although y-rays are high-energy ionic radiation that can
cause random damage to cells, a high dose of y-rays in-
directly damages membranes. Mutations of PLDS§ and
PLDal had little effect on plant responses to y-rays.
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Table 5 Acyl chain length of each lipid class after different doses of y-ray treatment in WS, PLDS-deficient (def), Col and PLDal-def

plants

Lipid Genotype Dose of gamma irradiation (Gy)

species 0 4% 210 1100

Acyl chain length

DGDG WS 3546 +002°* 3544 +0,04°4 3541 +002% 3561 +0027
PLDS-def 3542 £001°"¢ 3540+003"" 3540 +0.05° 3554 +0.05%®
Col 3542 +006™"° 3539+003"" 3541 £0.02°° 3564 +0.04™
PLDa1-def 3540 +003® 3541 +006% 3547 +0.02°" 3562 +003™

MGDG WS 3432 £004°" 3435 +006™" 3436 +009™"° 3450 + 0077
PLDS-def 34.25 +002°® 3426 +0.04° 3434 +008%° 3442 +0,08®
Col 34.25 006 3436+0.18°4 3445 +0,15%48 3455 +0,127
PLDal-def 34.24 + 004 34.39+020b™ 3448 +006™" 3456 +0.09™

PG WS 33.86 £001%® 33.85+002% 33.88 £003* 3378 £003™"
PLDS-def 33.90 + 0027 33.89+ 003" 33.88 003 33.82 £003”"
Col 33.91 +002% 33914003 33.86 +002°"° 33.78 +003"
PLDal-def 33.93 +003* 33.90+0.03* 33.83 £0.02° 3366 + 0.06°

PA WS 3444 +0.11%78 3446+ 017718 3461 + 0178 3429 +0.26°
PLD&-def 3431 £020% 3432+0.16% 34.29 +022%® 3452 +0.16%¢
Col 34.59 +0.17% 3467 +0.26% 3468 + 029 3479 +0.23%
PLDa1-def 3466 +0307 3494 +064% 34.83 +£0547 3463 +0.06™°

PC WS 3505 +005™" 3501 £003"* 35.19 0047 35.14 0047
PLDS-def 35.18 +0.08™" 35.13£004°" 3525 +0.047° 35.16 £ 006™"
Col 3510 £0.17% 3510+0.12% 3502 £0.17°¢ 3505 +0.07%
PLDa1-def 3508 £0.17%" 3500 + 0227 3511 £003%¢ 3489 +0.15°

PE WS 35.12 £0.05° 35.11+002% 3532 +0.05™ 35.17 £005™"
PLDS-def 3521 +008™" 3517 +003"* 3529 +003™ 3520 +0.09°"
Col 35.17 £004°"° 3518 +002°" 3524 +002%° 3517 £004™"
PLDal-def 35.19 +0.04% 3520+ 0,05 3523 003" 35.19 +0.07%

PI WS 3413 +001°¢ 3412+ 00278 34.11 +002°® 3411 £001%*
PLDS-def 34.15 0027 34.13+002%® 34.14 +006™ 34.11 £001%
Col 34.18 +004*8 3421+ 005 34.09 +0.03° 34.08 +0.02°
PLDa1-def 3420 £001% 3418 +004 34.11 00178 34.07 +004P

PS WS 4047 +£0.17° 4079+0.12°" 4097 +0.18% 4083 +0.25%
PLDS-def 4031 £020 4055+0.15 4088 +0.12% 4100 +0.20°°
Col 3962 +047° 39.98 +0.40°® 40.72 +037% 4107 £0358
PLDa1-def 39.78 +055° 3964 + 049 4072 +039™ 4133 +048°"

Total WS 3458 +0.04°" 3461 +005°" 3465 +009°"° 3482 +005™®
PLDS-def 3451 +002° 3452 +007 3463 + 009" 3478 + 007
Col 3448 009 3457 £0.13°4 3468 +0.10°° 3484 +0,03""
PLDal-def 3448 + 006 3459+0.16% 3474 +003°" 34.88 +0.07%

Different lowercase letters marked in the same row represent significantly different among different y-ray treatments. Different uppercase letters marked in the
same column represent significantly different among different genotypes, (p < 0.05). Data are means + standard deviation (n=4 or 5)

Most y-ray-induced glycerolipid degradation occurred in ~ PLA1; however, the degradation of PG was not through
chloroplastidic lipids rather than extraplastidic ones. PLA, PLD§ and PLDal, but rather through PLC or
During y-ray-induced membrane injury, the degradation  other PLDs. y-ray-induced lipid degradation may be
of PC and PE may occur mainly through PLD{1 and moderate, which does not cause any great accumulation
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of PA. y-ray-induced oxidative stresses may cause a de-
crease in DBI and an increase in ACL, which can make
the membrane more rigid and in turn may cause injury
of membrane.

Materials and methods

Plant materials and treatments

PLDé§-knockout mutant (PLDJ-def) had previously been
isolated from Arabidopsis [Wassilewskija (WS)]. PLDa1-
deficient mutant (PLDa1-def) was generated by antisense
suppression from Arabidopsis [Columbia ecotype (Col)].
The mutants were confirmed by the absence of the tran-
script, protein, and activity of PLDal or PLDS [28, 41]. The
conditions of our growth chamber are 22/18 °C (day/night),
light quantum of 120 pmol-m *s™", 60% humidity, and 12-
h photoperiod. The y-irradiation treatment was performed
by Yunnan Hua Yuan Nuclear Radiation Technology Co.,
Ltd. Twenty-day-old plants were treated with y-rays at 46,
210, 1100, 1918 or, 2885 Gy with a *°Co source (25 Gy
min ). Control plants were placed in the dark close to the
irradiation platform. After treatment, irradiated and control
seedlings were returned to the growth chamber for 25 days
and then harvested for plant lipids.

Measurement of ion leakage

Measurement of ion leakage was performed as described
previously, with minor modifications [31]. Twenty-day-
old plants were washed briefly with deionised water be-
fore gamma irradiation treatment to remove surface-
adhered electrolytes. To measure ionic leakage, after ir-
radiation two leaves of each treatment group were
immersed in 5 ml of deionised water; the conductivity of
the solution was then measured after gentle agitation at
23 °C for 3 h (Cy). Total conductivity was determined
after boiling the solution for 10 min and then cooling it
to 23 °C (C,). Ion leakage was calculated as the percent-
age of the initial conductivity compared with the total
conductivity [ion leakage (%) = C1/C, x 100%].

Intracellular reactive oxygen species (ROS) measurement
Intracellular ROS was measured using the ROS-sensitive
dye 2',7"-dichlorofluorescin diacetate (H,DCFDA) which
purchased from Sigma (D6883). Leaves of 7-day-old
Arabidopsis were treated by various doses of gamma ir-
radiation, and stained with 5 pug ml™* H,DCFDA imme-
diately after treatment, then rinsed three times with MS
liquid medium. After staining and rinsing, the leaves
were observed under a confocal laser scanning micro-
scope (FV-1000; Olympus, Japan). Images were proc-
essed with Adobe Photoshop CS.

Test of lipid peroxidation
The level of lipid peroxidation was estimated by content
of malondialdehyde (MDA) according to Duan et al
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[42]. After gamma irradiation treatment, 0.5 g of fresh
leaves was ground into powder and homogenized in
4 ml of prechilled 10% (w/v) trichloroacetic acid (TCA)
reagent, then centrifuged at 12,000 g for 10 min. After
that, 2 ml of supernatant was added to 2 ml 0.6% (w/v)
thiobarbituric acid (TBA) and incubated in boiling water
for 30 min. After cooling and centrifugation, the absorp-
tion of the supernantant was determined at 450, 532 and
600 nm. The content of MDA was calculated using the
following formula: C (nmom ml-1) = 6.45 x (As32-Ag00)-
0.56 x Asy.

Lipidomic analysis

Lipidomic analysis was performed according to previous
studies, with minor modifications [31, 43] (Kansas Lipi-
domics Research Center, http://www k-state.edu/lipid/
lipidomics). Fresh leaves of Arabidopsis were put into
3 ml of pre-heated (75 °C) isopropanol (0.01% butylated
hydroxytoluene) to inhibit lipolytic activity. Then the
leaves were extracted with chloroform/methanol (2:1)
three times (each time for 12 h). After extraction, the
leaves were dried at 105 °C overnight and weighed for
dry mass. The lipid samples were dried under N, gas at
room temperature for analysis. Data processing was per-
formed as described previously [31, 43]. There are five
replicates for each treatment.

Statistical procedures

Data from discordant samples were removed according
to Q-test [42]. SPSS 13.0 was used during the analysis of
one-way ANOVA and principal component analysis
(PCA). Fisher’s least significant difference method was
used for analysis of significance among data. Data were
experienced hierarchal clustering analysis (HCA)
through Cluster 3.0 and Java TreeView. The double-
bond index (DBI) and acyl chain length (ACL) were cal-
culated as follows: DBI = ([N x mol% lipid])/100, ACL =
(X[n x mol% lipid])/100, where N and n is the number
of double bonds and acyl carbons in each lipid molecule
respectively.

Additional files

Additional file 1: Figure S1. Growth condition of Arabidopsis after
different doses of y-rays treatment for 10 days. WS, Wassilewskija ecotype;
PLDS-def, PLDS-knockout mutant with WS background; Col, Columbia eco-
type; PLDal-def, PLDal-deficient mutant with Col background (JPEG 915
kb)

Additional file 2: Figure S2. The subcellular distribution of ROS after
different doses of y-rays treatment. Arabidopsis seedlings were stained with
5 pug ml™" H,DCFDA, and observed under a confocal laser scanning micro-
scope. Bars = 50 um. AF, autofluorescence; WS, Wassilewskija ecotype; PLDS-
def, PLDS-knockout mutant with WS background; Col, Columbia ecotype;
PLDa-def, e mutant with Col background (JPEG 3420 kb)

Additional file 3: Figure S3. Levels of MDA after various doses of
gamma irradiation treatment. Blank bars represent control, black bars
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represent 2060 Gy gamma ray treated plants, and light grey bars
represent 2786 Gy gamma ray treated plants (TIFF 769 kb)
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