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Abstract Recent results discovered the protective
roles of methane (CH,) against oxidative stress in
animals. However, the possible physiological roles of
CH, in plants are still unknown. By using physiolog-
ical, histochemical and molecular approaches, the
beneficial role of CH, in germinating alfalfa seeds
upon copper (Cu) stress was evaluated. Endogenous
production of CH, was significantly increased in Cu-
stressed alfalfa seeds, which was mimicked by
0.39 mM CH,. The pretreatment with CH, signifi-
cantly alleviated the inhibition of seed germination
and seedling growth induced by Cu stress. Cu
accumulation was obviously blocked as well. Mean-
while, o/ff amylase activities and sugar contents were
increased, all of which were consistent with the
alleviation of seed germination inhibition triggered by
CH4. The Cu-triggered oxidative stress was also
mitigated, which was confirmed by the decrease of
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lipid peroxidation and reduction of Cu-induced loss of
plasma membrane integrity in CH,-pretreated alfalfa
seedlings. The results of antioxidant enzymes, includ-
ing ascorbate peroxidase (APX), superoxide dismu-
tase (SOD), catalase (CAT), and guaiacol peroxidase
(POD) total or isozymatic activities, and correspond-
ing transcripts (APX1/2, Cu/Zn SOD and Mn-SOD),
indicated that CH, reestablished cellular redox home-
ostasis. Further, Cu-induced proline accumulation was
partly impaired by CH,4, which was supported by the
alternation of proline metabolism. Together, these
results indicated that CH,4 performs an advantageous
effect on the alleviation of seed germination inhibition
caused by Cu stress, and reestablishment of redox
homeostasis mainly via increasing antioxidant
defence.

Keywords Copper stress - Methane - Oxidative
stress - Seed germination - Medicago sativa

Abbreviations

APX Ascorbate peroxidase
ASC Ascorbic acid

CAT Catalase

CH,4 Methane

FID Flame ionization detector
GC Gas chromatograph

H,0O, Hydrogen peroxide

NBT Nitroblue tetrazolium
O, Superoxide anion radicals
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P5C A'-pyrroline-5-carboxylate
P5CS A'-pyrroline-5-carboxylate synthetase
PDH Proline dehydrogenase

POD Guaiacol peroxidase
PVP Polyvinylpyrrolidone
ROS Reactive oxygen species
SOD Superoxide dismutase

TBA Thiobarbituric acid
TBARS Thiobarbituric acid reactive substances
TCA Trichloroacetic acid

Introduction

Copper (Cu) is one of the essential micronutrient for
plant development and growth (Yruela 2005). It was
well known that Cu plays a vital role in oxidative
phosphorylation, protein trafficking machinery, pho-
tosynthesis, oxidative stress responses, cell wall
remodeling, and catalytic activities of various
enzymes (Yruela 2005; Burkhead et al. 2009). Despite
of its key roles in many physiological processes, Cu at
a higher concentration is also considered as a stress
factor. Normally, the excess Cu exhibits a detrimental
effect on plant growth and causes severe plant growth
inhibition, even leading to plant death (Janas et al.
2010). Besides the inhibition of seed germination, for
example, another primary and distinct symptom of Cu
toxicity is the inhibition of root growth due to its
accumulation in the root tissue with little translocation
to the shoots (Sheldon and Menzies 2005; Burkhead
et al. 2009). Additionally, the reduced growth rate and
severe browning in Cu-stressed Prunus cerasifera and
wheat, were observed (Lombardi and Sebastiani 2005;
Zhang et al. 2008).

As a redox active transition metal, superoptimal
concentration of Cu can induce the overproduction of
reactive oxygen species (ROS), such as superoxide
anion radicals (O3 "), hydrogen peroxide (H,O,), and
even hydroxyl radicals (OH'). As a consequence, ROS
overproduction leads to oxidative damage to several
macromolecules, such as DNA, proteins, and lipids,
thus disturbing membrane integrity and resulting in
the inhibition of plant root and shoot growth (Yruela
2005; Wang et al. 2011). To cope with heavy metals,
plants have evolved various homeostatic mechanisms
to alleviate its toxicity. For instance, the overproduc-
tion of ROS is scavenged by enzymatic and non-
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enzymatic mechanism, and the enzymatic system
includes superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), and guaiacol
peroxidase (POD), etc. (Foyer and Shigeoka 2011). In
response to heavy metal exposure, one of the most
common is the reestablishment of redox homeostasis
in survived plants. Previous study showed that over-
expressing a gene encoding y-glutamylcysteine syn-
thetase-glutathione synthetase (GCS-GS), which
synthesizes glutathione, an important antioxidant in
plants, enhanced the tolerance of sugar beet to Cu
stress (Liu et al. 2016a). Meanwhile, some reports
indicated that activities of some antioxidant enzymes
were increased in Cu-stressed plants, which is usually
accompanied by enhanced lipid peroxidation (Wang
et al. 2011; Yonar et al. 2015; Jiang et al. 2016).
Ample evidence also showed that enhanced antioxi-
dant defence might be beneficial for seed germination
and seedling growth, particularly, in plants subjected
to abiotic stress (Patui et al. 2014; Zhang et al. 2014;
Chen et al. 2016a, b).

A growing amount of evidence has emerged that
proline accumulation regulated at transcriptional level
of both synthesis and degradation, could function as
important adaptive response to a wide range of abiotic
stress, since ROS might be efficiently scavenged by
proline (Verbruggen and Hermans 2008). It was well-
known that the first committing step in proline
synthesis is catalyzed by A'-pyrroline-5-carboxylate
synthetase (PSCS). Meanwhile, proline dehydroge-
nase (PDH) is involved in the first step of the
conversion of proline to glutamic acid. On the other
hand, some results suggested that hyperaccumulation
of proline in salt-sensitive barley did not alleviate the
sensitivity to salinity, but instead, appeared to be a
symptom of injury (Chen et al. 2007).

Methane (CHy) is a highly inflammable gas with a
characteristic of colorless, odorless, nontoxic, lighter
than air and slightly soluble in water. In addition, high
concentrations of CH, can cause headaches even
asphyxia in a very short period of time (Barker et al.
1986). Meanwhile, CH, is the second most important
potent greenhouse gas after carbon dioxide (Wang
et al. 2013). Since the last three decades, some species
of plant under the normal growth conditions and
environmental stimuli (UV radiation, etc.) were found
to generate CH, (Seiler et al. 1983; Bruhn et al.
2012, 2014). This suggests that it may be an endoge-
nous chemical and suitable to be functioning as a
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newly identified signalling molecule. Besides plants,
ample evidence discovered the emission of CH,4 from
a wide range of microbial and non-microbial sources,
such as archaea and animals, etc. (Conrad 2005, 2009;
Wang et al. 2013). Previously, by using methane-rich
saline or methane gas, it was proposed that CH, might
be a fundamental molecule playing a significant role
against oxidative and nitrosative stresses in mammals
(Boros et al. 2012; Chen et al. 2016a, b; He et al.
2016).

Previous results showed that CH, could trigger
cucumber adventitious root formation (Cui et al. 2015)
and ameliorate salinity toxicity in alfalfa plants (Zhu
et al. 2016). However, whether or how CH, enhances
tolerance against Cu toxicity is not clear. In the present
study, the beneficial role of CH, in enhancing plant
tolerance against Cu stress was evaluated during
Medicago sativa (alfalfa) seed germination. Firstly,
we observed that endogenous production of CH4 was
significantly increased during seed germination in
response to Cu stress, which was mimicked by
exogenously applied methane-rich water containing
0.39 mM CH,. Moreover, we studied the ameliorative
effects elicited by CH4 on the inhibition of seed
germination and the partial reversal of Cu accumula-
tion. Most importantly, besides the alteration of
proline metabolism, the alleviation of oxidative stress
elicited by CH,4 was discovered, which was confirmed
by the decrease of lipid peroxidation, and the modu-
lation of antioxidant enzymes as well as their
transcripts.

Materials and methods
Preparation of CHy

Purified CH, gas (99.9%, v/v) in a compressed gas
cylinder (8 L) was purchased from Nanjing Special
Gases Factory Co., Ltd. The purified CH, gas was
bubbled into 500 ml distilled water at a rate of
160 ml min~"! for 30 min at 25 °C (the concentration
of CH4 has no longer increased; we defined this as
saturation stock solution, 100% of saturation). After-
wards, this corresponding saturation stock solution
was immediately diluted to the required concentra-
tions (10, 30, 50, and 100% of saturation). By using
gas chromatography (GC), the contents of CH, in
fresh saturation solution (10, 30, 50, and 100% of

saturation) were 0.13, 0.39, 0.65, and 1.3 mM,
respectively, and maintained at relatively constant
level for at least 12 h.

Plant materials, growth conditions,
and experimental designs

Commercially available alfalfa seeds (Medicago
sativa L. cv. Biaogan) were surface-sterilized with
5% NaClO for 10 min, washed extensively in distilled
water, and then dried. To examine the toxic effect of
Cu stress on the seed germination, alfalfa seeds with
approximately equal size were selected and allocated
randomly in 96- x 16-mm round petri dishes (50
seeds per dish) containing 5 ml treatment solution in
the following experiments. After pretreatment with
distilled water for 12 h, seeds were treated with
different concentrations of CuCl, solution for the
designated time points (related schematic representa-
tion of seeds culture was shown in Fig. S1). Thus,
above experiments were carried out in an aerobic
condition. The sample without chemicals was the
control (Con). All samples were kept at 25 °C in a
growth chamber in darkness. Germination tests were
carried out on at least 3 replicates of 150 seeds each.
The germination rate was calculated as a standard that
the emerging root length reaches approximately the
length of the seeds. Additionally, the growth param-
eters, including root length and fresh weight, were
determined.

To examine the possible protective effect of CH, on
the Cu-induced inhibition of alfalfa seed germination,
alfalfa seeds were presoaked with the indicated
concentrations of CH, as described in the correspond-
ing figure legends for 12 h, and subsequently exposed
to Cu stress for the indicated time points. The CuCl,-
treating solution was substituted by a fresh batch every
24 h, maintaining the unchanged stressed conditions.
Similarly, above experiments were carried out in an
aerobic condition. After the indicated time points, the
seedlings were sampled, and growth parameters were
determined. Meanwhile, samples were used immedi-
ately, or frozen in liquid nitrogen at —80 °C, and
stored until further analysis.

Estimation of endogenous CH4 content

CH, concentration was determined with a gas chro-
matograph (GC, Agilent 7820, USA) equipped with a
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flame ionization detector (FID) and Poropak column
(1/8 inch, 8 foot), which was previously used to
determine endogenous carbon monoxide (CO) and
hydrogen gas (H,) contents in animals and plants
(Renwick et al. 1964; Bernardi et al. 2008; Jin et al.
2013; Bruhn et al. 2014) with minor variations. After
washed several times by sterile water, about 0.3 g of
fresh samples was homogenized with sterile water
(7 ml) and transferred to a vial. Pure nitrogen gas was
purged into the vial to displace the air, followed by the
addition of 100 pl sulfuric acid and placed them for
overnight to digest plant material. A headspace aliquot
was sampled from the vials. Quantification of CH4 was
performed by direct comparison of peak area with that
obtained with a reference standard mixture containing
2 ppm CH,4 in N», as the carrier gas, and air pressure
was 0.5 MPa. All samples were prepared in triplicate.

Cu content determination

Fresh samples were oven-dried at 60 °C for 3 days.
Afterwards, the dried samples (0.1 g) were ground in
mortars, and then digested with 2 ml HNO; using a
Microwave Digestion System (Milestone/Ethos T) for
30 min. After digestion, the residual volume was
adjusted to 10 ml with deionized H,O, and Cu
contents were measured by an Inductively Coupled
Plasma Optical Emission Spectrometer (Perkin Elmer
Optima 2100DV). All data are from three independent
experiments with at least three replicates for each, and
Cu content was expressed as mg g~ ' dry weight
(DW).

Determination of thiobarbituric acid reactive
substances (TBARS)

Lipid peroxidation was estimated by evaluating the
amount of TBARS, as an indicator of oxidative stress
(Han et al. 2008). About 250 mg of fresh tissues was
ground with 0.25% 2-thiobarbituric acid (TBA) in
10% trichloroacetic acid (TCA) using a mortar and
pestle. The mixture was heating at 95 °C for 30 min,
then quickly cooled in an ice bath and centrifuged at
12,000¢ for 10 min. The absorbance of the supernatant
was read at 532 nm and corrected for unspecific
turbidity by subtracting the absorbance at 600 nm. The
blank was 0.25% TBA in 10% TCA. The concentra-
tion of lipid peroxides, together with oxidatively
modified proteins of plants, was thus quantified in
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terms of TBARS amount using an extinction coeffi-
cient of 155 mM ' cm ™' and expressed as nmol g~
fresh weight (FW).

Histochemical analyses

Histochemical detection of lipid peroxidation in root
tissues was studied using the method described by
Yamamoto et al. (2001), which involves the staining
with Schiff’s reagent, and histochemical detection of
loss of plasma membrane integrity in root apexes was
performed with Evans blue. Afterwards, the roots
stained with Schiff’s reagent were rinsed with a
solution containing 0.5% (w/v) K,S,05 (prepared in
0.05 M HCI) to retain the staining color. Meanwhile,
the roots stained with Evans blue were washed three
times with distilled water, after which the dye was no
longer eluted from the roots. Finally, above roots were
immediately examined under a light microscope
(Model Stemi 2000-C; Carl Zeiss, Germany), and
photographed on color film (Powershot A620, Canon
Photo Film, Japan).

Enzyme extraction and assays

Fresh samples (approximately 0.1 g) were ground in a
mortar and pestle in 2 ml of 50 mM potassium
phosphate buffer (pH 7.0) containing 1 mM EDTA
and 1% polyvinylpyrrolidone (PVP) for determining
activities of catalase (CAT, EC 1.11.1.6), guaiacol
peroxidase (POD, EC 1.11.1.7), and superoxide dis-
mutase (SOD, EC 1.15.1.1), or with the addition of
1 mM ascorbic acid (ASC) in the case of ascorbate
peroxidase (APX, EC 1.11.1.11) assay. The homo-
genates were centrifuged at 15,000g for 20 min at
4 °C, and the supernatants were used for assays of
enzymatic activities.

Total SOD activity was measured on the basis of its
capacity of inhibiting the reduction of nitroblue
tetrazolium (NBT) by the superoxide anion radicals
generated by the riboflavin system under illumination.
One unit of SOD (U) was defined as the amount of
crude enzyme extract required to inhibit the reduction
rate of NBT by 50% (Beauchamp and Fridovich 1971;
Wang et al. 2012). POD activity was determined by
measuring the oxidation of guaiacol (extinction coef-
ficient 26.6 mM ™' cm ™) at 470 nm (Han et al. 2008).
APX activity was determined by monitoring the
decrease in absorbance at 290 nm as ASC was
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oxidized (extinction coefficient 2.8 mM~! cm™!) for
at least 1 min in 3 ml reaction mixture (Xie et al.
2008). Activities of CAT were determined spec-
trophotometrically by monitoring the consumption of
H,0, (extinction coefficient 394 mM ™' cm™') at
240 nm for at least 3 min (Aebi 1984; Huang et al.
2006).

A'-pyrroline-5-carboxylate synthetase (P5CS) activ-
ity was performed spectrophotometrically according to
the method described by Zhang et al. (1995). The reaction
mixture contained 100 mM Tris—HCI buffer (pH 7.2),
25 mM MgCl,, 75 mM Na-glutamate, 5 mM ATP,
0.4 mM NADPH, and the enzyme extract. PSCS activity
was measured as the rate of consumption of NADPH
(extinction coefficient 6.22 mM ™~ ¢cm™") monitored by
the decrease in absorbance at 340 nm for at least 2 min.
Total protein concentration was determined using bovine
serum albumin (BSA) as a standard reported by Bradford
(1976).

Assay of amylase activity and total soluble sugar
contents

The content of total soluble sugar and the activities of
o/ f-amylase were determined based on the methods
described previously by Xu et al. (2013). The content
of total soluble sugar was expressed as mg g~ ' dry
weight (DW). Also, one unit (U) of the activity was
calculated by taking the quantity of the enzyme to
reach 50% of the original color intensity.

gPCR analysis

The isolation of total RNA from 100 mg fresh samples
was homogenized with mortar and pestle in liquid
nitrogen until a fine powder appeared, and isolated by
using Trizol reagent (Invitrogen, Gaithersburg, MD,
USA) according to the manufacturer’s instructions.
The isolated RNA samples were treated with RNase-
free DNase (TaKaRa Bio Inc., Dalian, China) for
preventing DNA contamination, and RNA concentra-
tion and quality were checked using the NanoDrop
2000 (Thermo Fisher Scientific, Wilmington, DE,
USA). cDNA was synthesized from 2 pg of total RNA
using an oligo (dT) primer and M-MLV reverse
transcriptase (BioTeke, Beijing, China).

Real-time quantitative RT-PCR (qPCR) reactions
were performed using a Mastercycler® ep realplex real-
time PCR system (Eppendorf, Hamburg, Germany)

with SYBR® Premix Ex Tag™ (TaKaRa Bio Inc.,
China) according to the manufacturer’s instructions.
The cDNA was amplified using the following primers:
for APXI (accession number DQ122791), forward
TCCTCTTATGCTCCGTTTG and reverse GTTC
CACCCAGTAATCCCA; for APX2 (accession number
AY054988), forward GGAACCATCAAGCACCAA
GC and reverse ACAGCAACAACACCAGCCAAC;
for Cu/Zn-SOD (accession number AF056621), forward
TAATTGCTGATGCCAACG and reverse ACCA-
CAGGCTAATCTTCCAC; for Mn-SOD (accession
number AY145894.1), forward TGTCATCAGCG
GCG TAATCAT and reverse GGGCTTCCTTTG
GTGGTTCA; for proline dehydrogenase (PDH,; acces-
sion number AY556386), forward TGGAATGTCT-
GAGGCACTA and reverse CAGCCAACACTC
CTCTATT; for MSC 27 (Medicago sativa cDNA 27,
accession number X63872), forward AGAATGG
AATGTTGTGGGAGG and reverse GTCATCAACA
CCCTCATCTTCTC. Gene-specific primers were
designed using Primer Express software (Applied
Biosystems, Foster City, CA, USA). Relative expres-
sion levels were presented as values relative to that of the
corresponding control samples at the indicated time
points, after normalization to MSC 27 transcript levels.
All reactions were set up in triplicate.

Determination of proline content

Proline content was determined by ninhydrin assay
and high performance liquid chromatography
(HPLC). For ninhydrin assay, according to the method
described by Bates et al. (1973), about 0.1 g fresh
samples was homogenized with 2 ml 3% sulfosali-
cylic acid. Afterwards, homogenate was mixed and
centrifuged at 12,000g for 20 min. One milliliter of the
supernatant was then mixed with equal volume of
glacial acetic acid and acid ninhydrin reagent, incu-
bated for 1 h at 100 °C. Afterwards, the reaction
mixture was quickly cooled with water. The reaction
product was extracted with 4 ml toluene by shaking,
and the absorbance of upper toluene phase was read at
520 nm. Proline content was expressed as pmole g~
FW. For HPLC analysis, proline was extracted from
0.1 g fresh samples by digesting in 0.01 M HCI for
24 h, and then performed HPLC (Agilent Technolo-
gies, 1200 series Quaternary, Foster City, CA, USA)
analysis according to the method described by Inoue
et al. (1996).
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Statistical analysis

Where indicated, results are expressed as mean =+ s-
tandard error (SE) of three independent experiments
with at least three replicates for each. Statistical
analysis was performed using SPSS 18.0 software. For
statistical analysis, Duncan’s multiple comparison
(P < 0.05) was selected.

Results

Cu-triggered inhibition of seed germination, Cu
accumulation, and endogenous CH, production

To investigate the toxic effects of Cu stress on growth
performance, the germinating alfalfa seeds were
exposed to different concentrations of CuCl, (Sche-
matic representation of seed culture was shown in
Fig. S1). In comparison with the control sample, the
germination rate, root length, and fresh weight of
seedlings declined progressively with the increasing
concentrations of Cu from 0.75 to 6.0 mM (Table 1;
Fig. 1). For example, upon 1.5 mM CuCl, stress, the
germination rate was inhibited by 54.9%; root length
and fresh weight were reduced by 82.0% and 62.7%,
respectively. Meanwhile, the germination rate and
corresponding root length upon 6.0 mM Cu were
totally inhibited. Based on these results, 1.5 mM Cu, a
high but not lethal concentration, was selected for the
further experiments.

Further, the accumulation of Cu in alfalfa seedlings
was measured. As shown in Fig. 2, Cu stress resulted

Table 1 Effects of different concentrations of Cu on alfalfa
seed germination and seedling growth. Seeds were pretreated
with distilled water for 12 h, and then followed by the
incubation with a medium containing 0.0, 0.75, 1.5, 3.0,

in Cu accumulation respect to the Cu-free control. A
subsequent work was performed to evaluate whether
CH, was involved in Cu response in plants. By
contrast, compared to the control plants, the produc-
tion of CH4 was noticeably increased upon Cu stress
for 72 h (Fig. 3; related time course model of Cu
treatment was shown in Fig. S2). These results
indicated that endogenous CH4 may be involved in
the response of Cu stress.

CH, counteracts the inhibition of alfalfa seed
germination and seedling growth, and Cu
accumulation

To investigate whether CH,4 exhibits beneficial roles in
the alleviation of alfalfa seed germination and seedling
growth, seeds were pretreated with methane-rich
water containing CH, at the concentrations of 0.13,
0.39, 0.65, and 1.30 mM, and then subsequently
subjected to 1.5 mM CuCl,. Interestingly, the pre-
treatment with all the tested concentrations of CH,,
was differentially effective in ameliorating the adverse
effects of Cu stress, compared with the control,
especially in germination rate (Fig. 1). For example,
pretreatments with CH4 at 0.39, 0.65, and 1.30 mM
differentially brought about the improvement of seed
germination rate by 60.0, 44.6, and 18.5%, by
compared with the Cu-stressed alone (Fig. la). A
similar but less conspicuous alleviating performance
against the Cu-induced inhibition of seedling growth
was also observed (Fig. 1b, c). We also noticed that
CH, treatment alone differentially increased the root
length of alfalfa seedling. By contrast, it has no

6.0 mM CuCl, for the designated time points. Afterwards,
germination rate (24 h), root length (72 h), and fresh weight
(72 h) were respectively determined

Concentration Germination Root length (mm) Fresh weight
of Cu (mM) rate (%) (per 20 seedlings) (g) (50
seedlings)

0 96.00 £ 2.00a 26.1 £ 0.40a 1.18 £ 0.02a
0.75 74.67 £ 5.03b 5.48 £ 0.23b 0.65 + 0.02b
1.5 43.33 £ 3.05¢ 4.70 £ 0.05bc 0.44 £ 0.01c
3.0 12.67 £ 3.05d 4.13 £ 0.32¢ 0.32 £ 0.02d
6.0 Oe 0d 0.25 £ 0.02e

Values are mean & SE of three independent experiments with at least three replicates for each. Within each set of experiments, bars
with different letters are significantly different at P < 0.05 according to Duncan’s multiple comparison
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significant effect on germination rate and fresh weight
(except the decrease in fresh weight by 0.13 and
1.3 mM CH, alone). Comparatively, the maximal
inducible response was observed in 0.39 mM CHy-

«Fig. 1 CH, alleviates the inhibition of alfalfa seed germination
and seedling growth caused by Cu stress. Seeds were presoaked
with mediums containing different concentrations of CH, for
12 h, and then shifted to 1.5 mM CuCl, solution (Cu) for the
designated time. The sample without chemicals was the control
(Con). Afterwards, germination rate (a; 24 h), fresh weight of 50
seedlings (b; 72 h), root length per 20 seedlings (c¢; 72 h), were
determined, and representative photographs of seeds with or
without 0.39 mM CH, pretreatment (d; 24 h) were also taken.
Values are mean + SE of three independent experiments with at
least three replicates for each. Bars with different letters are
significantly different at P < 0.05 according to Duncan’s
multiple comparison
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Fig. 2 CH, decreases the accumulation of Cu. Alfalfa seeds
were presoaked with mediums containing 0.39 mM CH,4 for
12 h, and then shifted to 1.5 mM CuCl, solution for another
72 h. The sample without chemicals was the control (Con).
Values are mean + SE of three independent experiments with at
least three replicates for each. Within individual stress time
points, bars with different letters denote significant differences
at P < 0.05 according to Duncan’s multiple comparison

treated samples. Therefore, 0.39 mM CH, was applied
in the following experiment.

In addition, we measured Cu contents and CH,
production in alfalfa plants in the absence and
presence of exogenously applied CHy. As shown in
Figs. 2 and 3, CH, pretreatment not only significantly
suppressed Cu accumulation in alfalfa seedlings, but
also mimicked the endogenous production of CHy
triggered by Cu stress alone. Above results revealed
that CH, may enhance plant tolerance against Cu
stress during seed germination.

Increased amylase activities and total sugar
contents by CH,

For better understanding and exploring the beneficial
alleviating effect of CH4 on Cu-stressed alfalfa seed
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Fig. 3 Endogenous production of CH,. Alfalfa seed were
presoaked with mediums containing 0.39 mM CHy for 12 h, and
then shifted to 1.5 mM CuCl, solution for another 72 h. The
sample without chemicals was the control (Con). Values are the
mean = SE of three independent experiments with three
replicates for each. Within the similar time points, bars with
different letters are significantly different at P < 0.05 according
to Duncan’s multiple comparison

germination, o/fi-amylase activities and total sugar
contents in alfalfa seedlings were investigated.
Enzyme assay showed that upon Cu stress, the
activities of a-amylase (in particular) and f-amylase
were reduced (Fig. 4a). Meanwhile, total sugar content
was dramatically decreased, as a result of Cu toxicity
(Fig. 4b). By contrast, CH,4 pretreatments resulted in
significant increases in o/ff-amylase activities com-
pared with Cu stress alone, both of which were
consistent with the changes in total sugar contents.
Compared to the stress conditions, CH, pretreatment
alone displayed slightly higher -amylase activity and
total sugar content, as compared with that of the
control. Meanwhile, almost all seeds germinated in the
control and all CHy-pretreated alone samples.

Cu-induced redox imbalance were blocked by CH4

To assess whether the beneficial effect of CH, on Cu
stress was related to oxidative stress and further the
redox imbalance, the TBARS formation, which is a
reliable maker of lipid peroxidation and free radical
generation, was measured. As expected, the exposure
of plants to Cu stress for 72 h caused a significant
increase in TBARS level, compared with chemical-
free control (Fig. 5a). This result suggested that redox
imbalance occurred in stressed plants. However, CHy
produced a pronounced reduction of TBARS content
upon Cu stress.
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Fig. 4 Regulation of o/f-amylase activity (a) and contents of
total sugar (b) by CH,. Alfalfa seed were presoaked with
mediums containing 0.39 mM CH, for 12 h, and then shifted to
1.5 mM CuCl, solution for another 24 h. The sample without
chemicals was the control (Con). Values are mean + SE of
three independent experiments with at least three replicates for
each. Within each parameter, bars with different letters denote
significant differences at P < 0.05 according to Duncan’s
multiple comparison

The estimation of the loss of plasma membrane
integrity and lipid peroxidation in alfalfa seedling
roots were further carried out by histochemical
staining with Evans blue and Schiff’s reagent. Con-
sistent with the changes in TBARS, roots of alfalfa
seedling treated with Cu alone were stained exten-
sively, while those pretreated with CH,4 exhibited light
staining (Fig. 5b, c). Interestingly, CH, treated alone
also showed slightly staining, in comparison with
control. Hence, these results manifested that CH,
could protect alfalfa seedlings from oxidative stress
caused by Cu stress to some extent.

Modulation of antioxidant enzyme activities
and their transcripts

In order to get an insight into the in vivo function of
CH,4, the activities of representative antioxidant
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Fig. 5 CH,4 alleviates lipid peroxidation and loss of plasma
membrane integrity in the root tissues of alfalfa seedlings upon
Cu stress. Seed were presoaked with mediums containing
0.39 mM CHy for 12 h, and then shifted to 1.5 mM CuCl,
solution for another 72 h. The sample without chemicals was the
control (Con). Subsequently, the content of TBARS was
determined (a). Meanwhile, the seedling roots were stained
with Evans blue (b) or Schiff’s reagent (c¢), and immediately
photographed under a light microscope. Bars: 1 mm. Values are
mean =+ SE of three independent experiments with at least three
replicates for each. Bars with different letters denote significant
differences at P < 0.05 according to Duncan’s multiple
comparison

enzymes were investigated. The results showed that,
upon Cu stress exposure, the total activities of APX,
SOD, and CAT in alfalfa seedlings were significantly
decreased to 47.8, 71.3, and 8.7% of the control
samples, whereas the activity of POD was increased
by 40.4% (Fig. 6). By contrast, the pretreatment with

CH, significantly blocked Cu-decreased APX, SOD,
and CAT activities. Meanwhile, the increased activity
of POD triggered by Cu was strengthened by CHy.
Meanwhile, the decreases in the abundance of APX1,
APX2, Cu/Zn-SOD, and Mn-SOD transcripts caused
by Cu stress were differentially weakened by CHy
(Fig. 7). These results suggested that CH, modulated
gene expression of antioxidant enzymes at transcrip-
tional and enzymatic levels.

Effect of CH,4 on proline metabolism under Cu
stress

We next determined the proline accumulation in
alfalfa seeds under Cu and CH, treatments. Since the
ninhydrin-based assay is not that specific for proline,
we also used HPLC method for further verification. As
expected, a similar tendency was observed by using
two methods, showing that Cu stress alone signifi-
cantly increased the content of proline (Fig. 8a). By
contrast, the increase of proline content was obviously
blocked by CH,.

To obtain a deep understanding of above results, the
enzyme involved in the proline metabolic pathway
was analyzed. Similar to the results of proline, the
activity of P5SCS, the key enzyme in proline synthesis,
was up-regulated by 86.6% upon Cu stress alone
(Fig. 8b), which was weaken by the pretreatment with
CH,4. Meanwhile, molecular evidence showed that Cu-
down regulated PDH transcript was reversed by CH,
(Fig. 8c). These results clearly suggested that CH,
could reduce proline accumulation under Cu stress, at
least partially, by restraining proline synthesis and
promoting proline degradation.

Discussion

Ample evidence showed that Cu stress exhibits a
detrimental effect on plant growth and development
(Alaoui-Sossé et al. 2004). Besides seed germination
and growth inhibition, a series of physiological and
biochemical processes were triggered by Cu stress.
Among these, Cu accumulation and redox imbalance
occupy main parts (Zhang et al. 2008, Burkhead et al.
2009). CH4 is the second most important greenhouse
gas and could emit from the terrestrial plants, soil,
peat, and fungi etc. A comprehensive understanding of
CH, in plants is that the living plants and fungi can not
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for 12 h, and then shifted to 1.5 mM CuCl, solution for another
24 h. The sample without chemicals was the control (Con).
Afterwards, total activities of APX (a), SOD (b), CAT (c¢), and
POD (d), were determined. Values are mean + SE of three
independent experiments with at least three replicates for each.
Bars with different letters denote significant differences at
P < 0.05 according to Duncan’s multiple comparison
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Fig. 7 Changes in the transcripts of APX1/2 (a), Cu/Zn-SOD
and Mn-SOD (b). Alfalfa seeds were presoaked with mediums
containing 0.39 mM CH, for 12 h, and then shifted to 1.5 mM
CuCl, solution for another 24 h. The sample without chemicals
was the control (Con). Afterwards, corresponding transcrip-
tional profiles were analyzed by qPCR, normalized against the
internal reference gene. Values are mean & SE of three
independent experiments with at least three replicates for each.
Within each set of experiments, bars with different letters
denote significant differences at P < 0.05 according to Dun-
can’s multiple comparison

only emit CH, to the atmosphere (Lenhart et al. 2012;
a major discovery in CH4 plant biology), but also
produce CH, in vivo (Jia et al. 2001). Similar
discovery occurred in nitric oxide (Rockel et al.
2002; Planchet et al. 2005) and carbon monoxide (Tarr
et al. 1995; Guenther et al. 2000), as well as in
hydrogen gas (H,; Das and Veziroglu 2001). In this
work, we aim to figure out whether CH, could
alleviate Cu toxicity in alfalfa plants, and how it
works.

Similar to the response in salt stress (Zhu et al.
2016), the increased production of endogenous CH, in
germinating alfalfa seeds upon Cu stress, was firstly
observed (Fig. 3). The endogenous CH, production
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Fig. 8 Effects of CH, pretreatments on the proline content (a),
P5CS enzyme activity (b) and gene expression of PDH (c) in
alfalfa germinating seeds upon Cu exposure. Seeds were
presoaked with mediums containing 0.39 mM CH, for 12 h,
and then shifted to 1.5 mM CuCl, solution for another 24 h. The
sample without chemicals was the control (Con). Proline
contents were determined by ninhydrin-based and HPLC assay.
Values are mean + SE of three independent experiments with at
least three replicates for each. Within each set of experiments,
bars with different letters denote significant differences at
P < 0.05 according to Duncan’s multiple comparison

was determined by gas chromatography (GC) accord-
ing to the method of CO and H, production (Renwick
et al. 1964; Anderson and Wu 2005; Bernardi et al.
2008). The CH,4 gas in samples would emit only after
sulfuric acid was added. The purpose of sulfuric acid is
to digest plant materials, which was previously
adopted in the determination of CO and H; production

(Renwick et al. 1964; Anderson and Wu 2005). In fact,
the determination of CH,4 related to emission often
skips this step (Lenhart et al. 2012). Thus, the
measurement of CH, only reflects the in vivo produc-
tion rather than emission to atmosphere. In this case,
we focused on the production of endogenous CHy
rather than the emission from seedlings to atmosphere.
Together, our study suggested that CH, production
can be induced by copper stress in Medicago sativa.

Subsequent results suggested the beneficial role of
CH, against Cu toxicity. It was confirmed by its
alleviating growth and development inhibition caused
by Cu stress, including seed germination (in particu-
lar) and seedlings growth (Fig. 1). Besides the alter-
ation of proline metabolism, the reestablishment of
redox homeostasis and lowing Cu accumulation may
be associated with the above beneficial role of CHy. In
this report, Therefore, consistent with the beneficial
role of CH, in animals (Boros et al. 2012; Chen et al.
20164, b; He et al. 2016), we suggested that the CHy, at
least in our experimental condition, might counteract
Cu toxicity during seed germination. Several expla-
nations may account for this conclusion and are
addressed in this study.

First, our results revealed that the pretreatment with
different concentrations of CH, (from 0.13 to 1.3 mM)
could differentially alleviate the inhibition of seed
germination and seedling growth caused by Cu stress,
with the most effective response at 0.39 mM CHyu
(Fig. 1). Besides, the beneficial effects of CH, on
amylase activities, total sugar and TBARS contents
exhibited the similar tendencies, also showing dose-
dependent responses (Fig. S3, S4). Meanwhile, Cu
stress induced an increase in the CH, production in
alfalfa plants, which was mimicked by exogenously
applied 0.39 mM CH, (Fig. 3). Similar results have
been suggested by several previous reports under
various environmental stress conditions, including UV
radiation, high temperature, and water stress (Keppler
et al. 2009; Messenger et al. 2009; Wishkerman et al.
2011; Bruhn et al. 2012, 2014; Wang et al. 2013).
Although we have not characterized the possible
enzymatic or non-enzymatic resource(s) of CHy
synthesis and degradation in this study, our data
clearly indicated that endogenous production of CHy
occurred in germinating alfalfa seeds under Cu stress.

Notably, the accumulation of Cu was also partly
blocked by CH, (Fig. 2). Similarly, previous reports
showed that exogenously applied with various gaseous
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molecules [i.e. carbon monoxide (CO), hydrogen
sulfide (H,S), hydrogen gas (H,), etc.], has beneficial
effects on plant tolerance against cadmium and copper
stress by lowing their accumulation (Han et al. 2008;
Zhang et al. 2008; Cui et al. 2013).

In accordance with the previous observations (EI-
Tayeb et al. 2006; Zhang et al. 2008), our results
showed that Cu stress decreased the activities of
amylase and sugar content during seed germination
(Fig. 4a, b). By contrast, the pretreatment with CHy
significantly increased the activities of a-amylase (in
particular) and f-amylase and the contents of total
sugar. It might be contributed to increase germination
rates (Fig. la), since the mobilization of starch
endosperm triggered by amylase was essential for
seed germination. It was reported that nitric oxide
(NO)-triggered increase of amylase might be benefi-
cial for elevated germination of wheat seeds under Cu
stress (Hu et al. 2007). Similarly, exogenous applica-
tion of H,S is able to enhance activity of amylase and
further alleviate Cu stress (Zhang et al. 2008).
Consistent with the advantageous roles of NO and
H,S, our results further confirmed a potential role for
CH, in the tolerance of alfalfa against Cu stress.

It was well-known that cellular redox perturbation
caused by overproduction of ROS is one of the main
features caused by heavy metal stress (Sharma and
Dietz 2009). Previous study showed that transgenic
Arabidopsis plant overexpressing a barely APX gene
exhibited zinc and cadmium tolerance (Xu et al. 2008).
Our results indicated that CH4 counteracts the redox
imbalance caused by Cu stress. This conclusion could
be confirmed by the increased activities of represen-
tative antioxidant enzymes, including APX, SOD,
CAT, and POD (Fig. 6), or up-regulation of corre-
sponding transcripts (Fig. 7) elicited by CH,4 pretreat-
ment, all of which were positively correlated with
alfalfa Cu tolerance (Fig. 1). These results were
consistent with the observations in animals. For
example, CH, treatment by using methane-rice saline
increased antioxidant enzyme activities (SOD, CAT,
etc.) in the retinas with ischemia/reperfusion injury,
and further suppressed oxidative damage (Liu et al.
2016b). Similar result was also presented, showing
that CH,4 protected liver against concanavalin A-in-
duced injury through activating antioxidant mecha-
nism (He et al. 2016). Therefore, it’s easily deduced
that increased antioxidant enzyme activities could
partially alleviate oxidative damage and further

@ Springer

membrane injury. This deduction was supported by
the fact, showing that CH, significantly decreased
TBARS overproduction (Fig. 5a). Such alleviating
effects were further supported by the results of
histochemical staining for detection of lipid peroxi-
dation (Fig. 5b) and loss of plasma membrane
integrity (Fig. 5c). Similar results were shown in a
dose-response pattern in CH, alleviated TBARS
overproduction (Fig. S4). Together, above results
clearly suggested that CH,-triggered alleviation of Cu
toxicity might be, at least partially, related to the
attenuation of oxidative damage.

Proline accumulation has been considered as a
common physiological response to a various biotic
and abiotic stress in many plants (Verbruggen and
Hermans 2008). Generally, proline functions as a
compatible osmolyte and a repository for carbon and
nitrogen (Hare and Cress 1997). Proline accumulation
during stresses mainly depends on the activation of
synthesis and suppression of degradation. Similar to
the previous results (Bassi and Sharma 1993; Chen
et al. 2004; Ku et al. 2012; Tripathi et al. 2013), Cu
stress increased proline content, which was accompa-
nied by enhancing the activity of P5CS, and down-
regulation of PDH transcripts (Fig. 8). Contrastingly,
pretreatment with CHy4 blocked the accumulation of
proline by suppressing its synthesis and increasing
degradation. Interestingly, the blocking effect in
proline accumulation by CHy, was in agreement with
those reports by the application of salicylic acid (SA)
and NO under various stresses. For example, the
repression of proline accumulation is reported in
barley under cadmium stress by application of SA
(Metwally et al. 2003). Likewise, exogenous applica-
tion of sodium nitroprusside (SNP), a NO donor,
decreased the proline accumulation and oxidative
damage in Chinese cabbage under salt stress (Lopez-
Carrion et al. 2008). Our results indicated that proline
accumulation might be not responsible for the Cu
stress tolerance, given that increase in proline level
didn’t bring out superior tolerance. Proline toxicity
was also observed in many plants by exogenous
application of proline (Hellmann et al. 2000; Mani
et al. 2002; Ayliffe et al. 2005). Genetic evidence
conferred an inverse relationship between proline
level and yeast cell growth (Maggio et al. 2002). In
fact, higher proline levels did not always mean better
stress tolerance (Verbruggen and Hermans 2008). On
the contrary, the degradation of proline may beneficial
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for stress adaption, due to the fact that the conversion
of proline to glutamate offers reducing equivalents
which accelerates mitochondrial oxidative phospho-
rylation (Hare and Cress 1997). Combined with these
results, we deduced that the alteration in proline
metabolism caused by CH,; might function in an
indirect way, not just as a compatible solute or
molecular chaperone to maintain cell homeostasis in
our study. Certainly, further investigation needed to be
carried out in near future.

In conclusion, our results present a new insight in
CH,-triggered alleviation of Cu toxicity during alfalfa
seeds germination. The beneficial roles of CH, are
partly mediated by reducing Cu accumulation,
increasing amylase activities, and reestablishing redox
homeostasis. Thus, our results will provide an effec-
tive strategy for plant tolerance against heavy metals.
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