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Abstract

Picea Schrenkiana as one of the most important zonal vegetation was an endemic species

in Middle Asia. Natural regeneration of P. Schrenkiana is a long existing problem troubling

scientists. The autotoxicity of 3,4-dihydroxy-acetophenone (DHAP) was found to be a caus-

ative factor causing the failure of P. Schrenkiana natural regeneration. The effects of con-

centrations of DHAP treatment on the viability of root cell, activities of antioxidant enzymes

and levels of P. Schrenkiana phytohormones were performed to disclose the physiological

mechanism of DHAP autotoxicity. It was observed that high concentration of DHAP could

inhibit the seed germination and seedling growth, but had a hormesis at low concentrations.

Analyses showed that the root cells significantly lost their viability treated with high DHAP.

The enzymes activities of seedlings were significantly stimulated by the treatment of 0.5 mM

DHAP to give a transient increase and then decrease as DHAP concentration increased to

1.0 mM except for GR (glutathione reductase) in which DHAP treatment had little effect on

its activity. Comparing with the control, an increase in the levels of phytohormones ZT (zea-

tin), GA3 (gibberellic acid) and IAA (indole acetic acid) was induced by the treatment of

DHAP at low concentrations (0.1–0.25 mM), but the significant deficiency was found treated

by high concentrations (0.5–1.0 mM). In addition, the ABA (abscisic acid) level increased in

all experimental observations. These results suggested that DHAP significantly affected

indices of growth and physiology, and provided some new information about different effect

in P. Schrenkiana treated with DHAP.

Introduction

Plant recruitment plays a central role in plant population and dynamic communities [1].

Plant recruitment can be influenced by several parameters including light, nutrients, water,

understory vegetation or predation [2–4], and also by the chemically mediated interferences

(allelopathy) [5]. Higher plants generally release one or more bioactive chemicals into the envi-

ronment that interact between plants with either stimulatory or inhibitory influences, i.e. a
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phenomenon known as allelopathy [6] which was first put forward to describe the effect of eth-

ylene on the fruit ripening from physiological perspective [7]. Allelopathy is usually interspe-

cific [8–9], but also may occur within the same species, which is called autotoxicity [10]. In

forest ecosystems, many examples of autotoxicity exist in coniferous trees [11–17]. Autotoxi-

city was a potential functional process that could influence early recruitment including germi-

nation and seedling growth with emphasis on the natural regeneration of Pinus halepensis
[15]. A spruce-specific metabolite named as p-hydroxyacetophenone was isolated in spruce

through fall and organic layer showed negative effects on root elongation of spruce seedlings

[14]. Previous studies suggested autotoxicity could result in inhibition of seedlings growth or

delayed germination, limited offspring [18]. Such regulations could reduce the intensity of

intraspecific competition and damage the fitness of the dominant members of a population

[19]. For these reasons, autotoxicity has been argued as a cause of forest regeneration failure

[20].

Allelochemicals were excreted from plants during the processes of secondary metabolism

and accumulated in plants, soils and other organisms [21]. In the latter research, a biotic stress

was termed as allelochemicals stress [22], where these allelochemicals negatively affect the

growth and trigger a series of morphological and physiological variations in the target plants.

Production of large number of reaction oxygen species (ROS) by the plants in response to alle-

lochemicals stress has been suggested. In response to ROS, it is proposed that the allelochem-

icals extracted from cucumbers such as peroxidase (POD) and superoxide dismutase (SOD)

can significantly activate antioxidant mechanisms [5]. The effects of methanolic extracts from

Phytolacca latbenia on the activities of antioxidant enzymes such as POD, SOD and catalase

(CAT) in the geminating seeds of Brassica napus and Triticum aestivum were also checked,

indicating that the activities of POD and SOD were significantly decreased, but CAT activity

presented a linear increase in both tested seeds with increasing the concentration of allelo-

chemicals [23]. Additionally, plant hormones regulate several aspects of plant growth and

development processes in response to the multiple abiotic and biotic stresses [24–27]. The

level changes of hormones in plants due to allelochemicals also have been reported. For exam-

ples, the methanol extracts of Lepidium draba were found to increase the ABA level and signifi-

cantly decrease GA3 level of corn and redroot pigweed [28], and the aqueous leachate of Sicyos
deppei caused higher content of ABA during all times of tomato germination [29]. However,

the physiological mechanism of autotoxicity remains to be elucidated.

Schrenk spruce (Picea schrenkiana) as one typical species of boreal forest, is mainly distrib-

uted on the northern and southern slopes of Tianshan Mountains and the northern slope of

Kunlun Mountain West in China., P. schrenkiana has been received much attention in the eco-

logical aspect, because it plays an important role in water and soil conservation and to main-

tain balance of ecosystem. However, the natural regeneration of P. schrenkiana has been in

jeopardy [30]. It has been hypothesized that secondary metabolites released by litter and root

secretion were accumulated around the rhizosphere due to fire suppression, which caused a

autotoxic effect to the regeneration of P. Schrenkiana. 3,4-dihydroxy-acetophenone (DHAP)

was proved to be the major allelochemical in P. schrenkiana needles and litter [30–32]. In natu-

ral forest condition, 0.51 mg/g DHAP was contained in dry soil of a mature P. schrenkiana for-

est. The concentration of DHAP would be 0.224 mM when 0.51 mg DHAP was dissolved into

15 mL snow or rain water [32]. According to the previous studies, DHAP stress was consid-

ered to be a biotic stress to P. schrenkiana. In this work, therefore, series of experiments includ-

ing root cell viability, antioxidant enzymes activities and plant hormones content were

designed and conducted to explore physiological mechanism of P. Schrenkiana treated with

different concentrations of DHAP.

Physiological effects of autotoxicity
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Materials and methods

Chemicals, plant material and reagents

DHAP was isolated in our laboratory [31–32]. Seeds were collected from pure stands of P.

Schrenkiana located at the forest farm of Xinjiang Agricultural University (2 198 m, 43˚

22058"N, 86˚49033"E) on September, 2014. All Seeds were selected from healthy plants without

infection and stored at 4˚C. All other chemicals and solvents in analytical grade were pur-

chased from commercial sources.

DHAP treatment on seed germination

100 grains of seeds were preceded in plastic boxes (12×12 cm) lined with two layers of filter

paper in five replicates, and 10 mL DHAP at concentrations of 0, 0.1, 0.25, 0.5 and 1.0 mM

were added into each box, respectively. Seeds were incubated in an artificial intelligence simu-

lation incubator under a 16/8 h (day/night) photo period with photon flux density of

40 μmol�m-2s-1 at a day/night temperature of 12/4˚C. When radicle emerged, the seeds were

considered germination after incubation. Germination rate was calculated after 15 days and

germination vigor was calculated on the tenth day of DHAP treatment. The under-germinated

seeds at 3 days were selected to determine the antioxidant enzymes activities and the levels of

plant endogenous hormones.

DHAP treatment on seedlings growth

P. Schrenkiana seeds were pre-germinated in plastic boxes lined with filter paper until radicle

emergence. Subsequently, 100 grains of successful germination seeds were placed in Petri

dishes in five replicates, and 10 mL DHAP (0, 0.1, 0.25, 0.5 and 1.0 mM) was added into each

dish, respectively. The cultural conditions of seedlings growth were under a 16/8 h (day/night)

photo period with photon flux density of 40 μmol�m-2s-1 at a day/night temperature of 14/6˚C.

The length of radicle of five seeds randomly sampled from each Petri dish, was measured with

a vernier caliper (GB/T 1214.2–1996, Measuring Instrument LTD, Shanghai). Meanwhile

fresh weight of P. Schrenkiana seedlings was also recorded. After five days, these parameters

were taken measurements, and continued once every five days for a total of 20 days. The seed-

lings after the measurement of radicle length and fresh weight were used to determine the anti-

oxidant enzymes activities and the levels of plant endogenous hormones.

Root cell viability of seedling

The viability of P. Schrenkiana root cell was referred to the method of double staining with

fluorescein diacetate (FDA) and propidium iodide (PI) [33]. Root tissues (0.1–1 cm length

from the tip) were excised from the intact P. Schrenkiana seedlings treated with 0, 0.1, 0.25, 0.5

and 1.0mM DHAP. The root tissues were stained with a mixture of 12.5 μg�mL-1 FDA and

5 μg�mL-1 PI for 10 min at room temperature in the dark and then washed with distilled H2O.

The slit root tissues were observed and photographed using a fluorescence microscope (Nikon

E600 with a B-2A filter, excitation 450–490 nm, emission at 520 nm, Nikon Corp., Tokyo,

Japan).

Evans blue staining was the other method to evaluate cell viability [34]. The intact P.

Schrenkiana seedlings were treated with different concentration of DHAP for 3, 6 and 9 days,

respectively. After the roots were washed with distilled H2O, several seedlings roots (0.1–1 cm

from the tip) were stained in 0.25% (w/v) aqueous solution of Evans blue for 1 h at 30˚C in the

dark. Thereafter, the stained roots were washed with distilled H2O for 10 min and then

extracted with N,N-dimethylformamide without grinding for 24 h at 30˚C in the dark. Finally

Physiological effects of autotoxicity
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absorbance of the released Evans blue was measured using spectrophotometer (Beckman

DUO 640; Beckman Coulter Inc., Fullerton, CA, USA) at 600 nm.

Assay of antioxidant enzyme activities in P. Schrenkiana

Tissues (0.1 g) were weighed and ground in 1 mL phosphate buffer (50 mM, pH 7.8) containing

1 mM EDTA and 2% (w/v) polyvinyl pyrrolidone (PVP) using chilled mortar and pestle. The

homogenate was filtered for two times and centrifuged at 10,000 r�min-1 for 20 min at 4˚C, and

the clear supernatant was then used to determine the antioxidant enzyme activities except APX

activity. For measuring APX activity, the tissue was homogenized in phosphate buffer (50 mM,

pH 7.8) supplemented with 2 mM ascorbate, 1 mM EDTA and 2% (w/v) PVP. The parallel con-

trol was run where distilled H2O was used instead of enzyme extract. All spectrophotometric

analyses were conducted at 25˚C in a Shimadzu UV/Visible Light spectrophotometer.

Superoxide dismutase (SOD) activity was determined based on the inhibition of the photo-

chemical reduction of nitroblue tetrazolium (NBT) according to Giannopolitis and Ries [35].

The reaction mixture (6.6 mL) consisted of 50 mM phosphate buffer (pH 7.8) 3 mL, 130 mM

methionine 0.6 mL, 750 μM NBT 0.6 mL, 20 μM riboflavin 0.6 mL, enzyme extract 0.2 mL, 0.1

mM EDTA 0.6 mL and distilled H2O 1 mL. The reaction was conducted at 25˚C under 4,000 lx

for 15 min. After illumination, absorbance of solution was measured at 560 nm. One unit of SOD

activity was defined as that amount of enzyme that caused 50% inhibition of NBT reduction.

Peroxidase (POD) activity was detected by guaiacol method [36]. The reaction mixture was

4 mL including 0.1 mL enzyme extract, 1.9 mL phosphate buffer at 50 mM, 1 mL guaiacol solu-

tion at 50 mM and 1 mL 2% H2O2. The increase in the absorbance was measured at 470 nm as

guaiacol oxidation recorded at 30 s intervals up-to 2 min. One unit of POD activity was

defined as the amount of enzyme increased 0.01 in the absorbance at 470 nm per min [37].

Catalase (CAT) activity was measured from the rate of H2O2 decomposition as measured

by the decrease of absorbance at 240 nm, following the procedure of Lee et al [38]. The reac-

tion mixture (3 mL) contained 100 μL enzyme extract and 2.9 mL phosphate buffer (10 mM

H2O2 included) at 50 mM. One unit of CAT activity was calculated as the amount of enzyme

reduced 0.01 in absorbance at 240 nm per min [37].

Ascorbate peroxidase (APX) activity was determined according to Nakano and Asada [39].

The reaction mixture (3 mL) was composed of 2.5 mL phosphate buffer (containing 0.5 mM

ascorbate) at 50 mM, 50 μL H2O2 at 6 mM and 450 μL enzyme extract. The hydrogen perox-

ide-dependent oxidation of ascorbate was followed by a decrease in the absorbance at 290 nm.

APX activity was expressed as 1 mM ascorbate oxidized per min.

The guaiacol peroxidase (GPX) was determined by the modified method described by Cak-

mak and Marschner [40]. The reaction including 1 mL phosphate buffer at 50 mM, 400 μL

guaiacol (containing 2.5 mM NaN3) at 1 mM, 200 μL H2O2 at 1.5 mM and 400 μL enzyme

extract was carried out at 37˚C for 5 min. The absorbance of 412 nm was recorded. One unit of

GPX was defined as the amount of glutathione increased 1 in the absorbance at 470 nm per min.

Glutathione reductase (GR) activity was usually assayed by following GSSG-dependent oxi-

dation of NADPH [41]. The reaction mixture (3 mL) contained 450 μL enzyme extract, 2.34

mL phosphate buffer at 50 mM, 60 μL NADPH at 10 mM and 150 μL GSSG at 10 mM. The

decrease in absorbance at 340 nm was monitored for 2 min. One unit of GR activity was

expressed as 1 μM NADPH oxidized per min.

Assay of phytohormones levels in P. Schrenkiana

Samples (0.1 g) were frozen in liquid nitrogen and instantly ground to a powder. 200 μL cold

methanol of 80% (containing 1 mM BHT as an antioxidant) was sequentially added, and the
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homogenate was temporarily incubated at 4˚C in the dark for 12 h. After that, the homogenate

was centrifuged at 10 000 r�min-1 for 20 min at 4˚C. The supernatants were passed through

Chromosep C18 columns, prewashed with 80% methanol. The hormone fractions were dried

under N2, dissolved in 2 mL mobile phase and filtered by 0.22 μm membrane for analysis.

Chromatographic analysis was performed using the Agilent 1290 UPLC (Ultra-high Perfor-

mance Liquid Chromatography) system with a C18 reversed-phase column (Eclipse Plus C18,

2.1×150 mm, 1.8 μm) (Agilent, Santa Clara, CA, USA) set at 30˚C. A diode array detector was

monitored at 254 nm. Elution with solvent A (methanol/acetonitrile, 5:95) and solvent B

(water/acetonitrile, 5:95) in a step gradient manner at a flow rate of 0.5 mL�min-1 was carried

out as follows: 0–1 min, 25% A; 1–4 min, 25%–45% A; 4–8min, 45% A; the sample injection

volume was 0.3 μL. Phytohormone concentrations (μg�g-1 fresh weight) were automatically

calculated from peak area by software using authentic standards run with the samples.

Statistical analyses

All results were presented as the mean ± standard error of five replications. All data were statis-

tically analyzed using SPSS software (IBM, New York, USA). For statistical analyses, relation-

ships were considered to be significant when p<0.05. If the results of One-way ANOVA

showed the significant differences at the 0.05 significance level, we used LSD (Least Signifi-

cance Difference) for multiple comparisons among the different treatments.

Results

Effects of DHAP on seed germination

Effects of DHAP on the germination of P. Schrenkiana seed were measured by germination

rate and germination vigor (Fig 1). In comparison with the distilled water as control, DHAP at

0.1 mM level had a stimulatory effect on seed germination, and the germination rate and vigor

remarkably increased by 36% and 24%, respectively. At DHAP concentrations ranged from

0.25 to 1.0 mM, the germination rate and vigor were inhibited, especially at 1.0 mM DHAP

level, the germination rate and germination vigor significantly decreased by 65% and 53%

respectively, indicating a strong inhibitory effect.

Effects of DHAP on enzyme activities and phytohormones levels in seed

germination

The seeds of P. Schrenkiana were treated with different concentrations of DHAP, and the anti-

oxidant enzymes activities and endogenous hormones levels of seeds were determined after 3

days treatment. The data in Table 1 showed that after treated by 0.5 mM DHAP, the activities

of antioxidant enzymes SOD and CAT significantly increased by 58% and 65% higher than the

control respectively, but the treatment of DHAP at high concentration (1.0 mM) reduced SOD

and CAT activity by 9% and 19%, compared with the control. Unlike SOD and CAT, the activ-

ities of antioxidant enzymes POD, GPX and GR tended to be stimulated as DHAP concentra-

tion increased, such as the significant increase of 56% in POD activity by the treatment of

DHAP at 1.0 mM, the obvious increases of 42% and 20% for GPX and GR activities at the con-

centration of 0.5 mM. However, the activity of APX enzyme was increased at low DHAP con-

centration (0.1–0.25 mM), but reduced at high DHAP concentration (0.5–1.0 mM). In

general, the activities of all the antioxidant enzymes except for APX were higher than the con-

trol at 0.5 mM DHAP concentration, indicating that P. Schrenkiana can make a positive self-

protection effect at moderated DHAP concentration, but a negative self-inactivation effect at

Physiological effects of autotoxicity

PLOS ONE | https://doi.org/10.1371/journal.pone.0177047 May 8, 2017 5 / 17

https://doi.org/10.1371/journal.pone.0177047


high DHAP concentration of 1.0 mM due to the decay of antioxidant enzymes activities,

which in turn affected the seeds germination.

To analyze the changes in endogenous hormones of P. Schrenkiana seeds, chromatogram of

ZT, GA3, IAA, ABA and DHAP by UPLC was conducted and showed that calibration curves

of ZT, GA3, IAA and ABA were linear and the R2 values were in the range 0.9995–0.9998, pre-

senting good linearity. The UPLC analyses of the plant hormones suggested that DHAP at

moderate concentration significantly increased the levels of ZT, GA3 and IAA, but at high con-

centration inhibited the levels. The highest levels of ZT, GA3 and IAA were observed at 0.25

mM DHAP, increased by 15%, 39% and 24% in comparison with the control, respectively, and

the lowest levels of ZT, GA3 and IAA were found in the treatment of 1.0 mM DHAP, reduced

by 37%, 24% and 41%, respectively (Table 1). As an exception, the level of hormone ABA was

Fig 1. Effect of DHAP on seed germination of P. schrenkiana. a: Germination rate. b: Germination vigor. 1: 0.1 mM. 2: 0.25 mM. 3: 0.5

mM. 4: 1.0 mM. Error bars present standard errors of five independent biological replicates. The same upper- and lower-case letter indicates a

non-significant difference (p > 0.05), different lower-case letters indicate a significant difference (p<0.05), different upper-case letters indicate

a strongly significant difference (p<0.01).

https://doi.org/10.1371/journal.pone.0177047.g001

Table 1. Effects of DHAP on the antioxidant enzymes activities and phytohormones content during the seed germination.

Physiological index Parameters DHAP concentration (mΜ)

0 0.1 0.25 0.5 1.0

Antioxidant enzymes activities SOD(U�g-1) 34.18±2.02cB 37.54±4.61bcB 42.21±5.47bB 53.81±1.37aA 31.20±3.84cB

POD(U�g-1) 29.34±1.93bcB 29.07±1.44bcB 26.89±4.49cB 34.40±2.42bB 45.62±5.71aA

CAT(U�g-1) 22.63±2.60bcB 24.87±1.93bcB 28.72±3.01bAB 37.40±3.49aA 18.22±2.21cB

APX(μΜ ASA �g-1) 835.02±31.02cC 897.00±51.42bB 1124.52±102.47aA 828.91±71.48cC 741.63±39.73dD

GPX(U�g-1) 825.41±26.07eE 869.05±46.10dD 902.12±31.74bB 1169.17±98.12aA 947.83±100.20cC

GR(μΜNADPH �g-1) 19.72±2.93aA 20.4±1.06aA 20.2±2.45aA 23.7±3.01aA 21.7±2.12aA

Phytohormones content IAA(μg�g-1) 14.8±0.32bB 12.6±0.43cB 18.4±1.41aA 12.2±1.12cB 8.7±1.10dC

GA3(μg�g-1) 10.32±1.59bBC 11.29±0.83bB 14.37±0.75aA 9.24±0.92cC 7.85±0.54dC

ZT(μg�g-1) 1.50±0.10aA 1.58±0.07aA 1.72±0.25aA 1.28±.0.16aA 0.94±0.05aA

ABA(μg�g-1) 0.18±0.02cC 0.14±0.04dCD 0.11±0.03dD 0.24±0.04bB 0.37±0.05aA

Note: The same upper- and lower-case letter indicates a non-significant difference (p > 0.05), different lower-case letters indicate a significant difference

(p<0.05), different upper-case letters indicate a strongly significant difference (p<0.01).

https://doi.org/10.1371/journal.pone.0177047.t001
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decreased at low DHAP concentration, especially at 0.25 mM DHAP (39% decrease), while the

high DHAP concentration had a significantly stimulatory effect on the ABA level. Further-

more, a remarkable elevation about 106% was found at 1.0 mM DHAP concentration

(Table 1), indicating that the accumulation of ABA level was the main cause to delay the ger-

mination of P. Schrenkiana seeds, as well known that ABA delays or inhibits seed germination.

Effect of DHAP on seedling growth

Radicle length and fresh weight are often defined as seedling growth parameters, and thus they

were adopted to determine the effect of DHAP on seedling growth of P. Schrenkiana (Fig 2).

In general, DHAP at low concentration (0.1 mM) had a significant hormesis on both the radi-

cle length and fresh weight in the early stage of seedlings growth. Compared with that of the

control, the increase of the radicle length and fresh weight were reached the maxima of 67%

and 58% respectively at 12 days of DHAP stress treatment. However, it showed inhibitory

effect on the development of seedlings in particular that the DHPA at 1.0 mM decreased the

radicle length and fresh weight by 60% and 58% in comparison with the control after 12 days

treatment, respectively (Fig 2). These results implied that DHAP at high concentration (�0.25

mM) had inhibitory effect on the development of P. Schrenkiana seedlings, but it gave stimula-

tory effect at low concentration (0.1 mM).

Effect of DHAP on cell viability in seedling roots

The cell viability in P. Schrenkiana root was determined by a double-staining method using

FDA-PI (Fig 3). The double-staining analysis demonstrated that the root tip treated by DHAP

at 0.1 mM presented green fluorescence after 9 days, indicating that cells were viable. The root

tip treated with 0.25 mM DHAP revealed green fluorescence after 6 days and reddish brown

fluorescence after 9 days, respectively. But a reddish brown fluorescence in the 0.5 mM

DHAP-treated root tip after 6 days clearly indicated the death of cells. Compared with control

treat, DHAP at 1.0 mM level induced cell death after 3 days treatment. Therefore, the damage

of 0.1 and 0.25 mM DHAP on root tip cell was less than that of 1.0 mM DHAP, which was

more serious.

For further study, Evans blue staining quantified the rates of cell death was also adapted to

determine cell viability in P. Schrenkiana roots (Table 2). DHAP at 0.5 and 1.0 mM enhanced

significantly Evans blue uptake of the roots after 3, 6 and 9 days treatment compared with con-

trol, while the uptake level of the roots treated by 0.1 mM DHAP after 3 and 6 days was much

lower than that of the control. The uptake of Evans in the root cells treated by 0.25 mM was

presented a slight increase compared with control. This indicates that DHAP at 1.0 mM con-

centration has higher activity to induce the death of the root cells than low concentration

DHPA. In addition, the results of Evans blue staining coincided with the results of FDA-PI

staining on root cells.

Effect of DHAP on enzymes activities of seedlings

Activities of enzymes SOD and POD were monitored at 3, 6, 9 and 12 days of DHAP stress in

P. Schrenkiana seedlings (Fig 4a and 4b). SOD activity of P. Schrenkiana seedlings remained

unchanged in comparison with the control. As the degree of DHAP stress increased, the SOD

activity increased initially during early days of growth except for the 1.0 mM DHAP concen-

tration, and reached a maximum at 6 days (30% increase) under 0.5 mM DHAP treatment

(Fig 4a). Compared with the control, SOD activity of P. Schrenkiana seedlings treated with 1.0

mM DHAP increased initially and then declined. Like the SOD activity, a significant decrease

about 24% was also observed in POD activity after 6 grown days under 0.5 mM DHAP
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treatment and the enzyme activity was decreased under 1.0 mM DHAP (Fig 4b). The activity

of CAT increased in P. Schrenkiana seedling treated with DHAP during early days of growth

and reached the maximum at 9 days under 0.5 mM DHAP treatment, but decreased thereafter

under 1.0 mM DHAP level (Fig 4c). By treated with 0.5 mM DHAP, an obvious increase about

1.1 times was observed in enzyme activity at 9 days as compared to the control plants. CAT

activity of P. Schrenkiana seedlings treated with 1.0 mM DHAP declined, whereas a transient

increase was found at 3 days treatment. The activities of SOD, POD and CAT were all

increased under 0.5 mM DHAP treatment, indicating that moderate DHAP stress can increase

the resistance ability of P. Schrenkiana, but 1.0 mM DHAP inhibited the activities of these

enzymes, due to the reduction of tolerance to high DHAP stress. APX and GPX play important

roles in the H2O2 scavenging system, thus we examined the APX and GPX activities in P.

Schrenkiana seedling subjected to DHAP stress during early grown days (Fig 4e and 4f). The

APX activity of P. Schrenkiana seedling induced by 0.1 and 0.25 mM DHAP had a transient

increase at 3 days treatment and then decreased with extending the days, as compared to the

control. Unlike APX activity variation, GPX activity was slightly increased for early grown 12

days. A significant increase in APX and GPX activity was detected under high DHAP (0.5 and

1.0 mM) after 3 days and reached maximum after 6 days under 0.5 mM DHAP stress, and

then decreased thereafter. The obvious elevation of APX and GPX activities about 25% and

29% was observed as compared to the control plants. Unlike other antioxidant enzymes, the

activity of GR activity had little changes in the presence or absence of DHAP (Fig 4d).

Effect of DHAP on phytohormones level in seedlings

The endogenous ZT, GA3, IAA and ABA levels of P. Schrenkiana treated with different con-

centration of DHAP were compared in Fig 5. A time-course study revealed that the levels of

phytohormones induced by DHAP increased under the low concentration during early 12

days of grown, but the levels were inhibited significantly under high DHAP concentration. An

obvious elevation about 40% and 28% in IAA level was observed in 9 days grown seedlings at

0.25 and 0.1 mM DHAP levels, respectively. The levels of GA3 and ZT increased by 26% and

Fig 2. Effect of DHAP on seedlings growth of P. schrenkiana. a: Radicle elongation. b: Fresh weight. Error bars present standard errors

of five independent biological replicates. The same upper- and lower-case letter indicates a non-significant difference (p > 0.05), different

lower-case letters indicate a significant difference (p<0.05), different upper-case letters indicate a strongly significant difference (p<0.01).

https://doi.org/10.1371/journal.pone.0177047.g002
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Fig 3. Effects of DHAP on root tips viability of P. schrenkiana seedlings tested by FDA-PI staining.

https://doi.org/10.1371/journal.pone.0177047.g003
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22% respectively in 3 grown days of seedlings at 0.25 mM DHAP. After 12 days exposed to 1.0

mM DHAP, the seedlings exhibited significant decreases of 64%, 42% and 50% in IAA, GA3

and ZT levels. Moreover, the seedlings exposed to 0.5 mM DHAP exhibited the decreases of

52%, 34% and 28% in comparison with those seedlings in absence of DHAP after 12 days.

Unlike the levels of IAA, GA3 and ZT, an increase of ABA level was found along with the

DHAP treated times. In addition, the seedlings induced by the treatment of 1.0 mM DHAP

had a significantly higher ABA level than those treated with the control, 0.1 mM and 0.25 mM

DHAP (13.3, 3.8, and 2.0 folds), respectively (p<0.01).

Discussion

Some compounds have been found to exhibited concentration-dependent stimulatory or

inhibitory effects on seedling growth [42–44]. 4, 8-Dihydroxy-1-tetralone (4,8-DHT) isolated

from Carya cathayensis had a hormesis at low concentration, but significantly inhibited seed-

ling growth of lettuce at the high concentration, [44]. Needle-leached DHAP had a similar

effect on some of the plants. DHAP promoted the seeds germination and seedlings growth of

P. Schrenkiana at low concentration (� 0.1 mM), but had a significant inhibition at high con-

centration (�0.5 mM). In this investigation, 0.25 mM DHAP presented a slight promotion

and inhibition on seeds germination and seedlings growth of P. Schrenkiana, so it was hypoth-

esized that 0.25 mM DHAP might be the inflection point of changing action direction. It was

near to the concentration of 0.224 mM in natural forest conditions [32]. Thus, our investiga-

tion provided evidence on the phytotoxic potential of P. Schrenkiana.

FDA-PI is a rapid, convenient, reliable and simultaneous double-staining procedure to

determine the cell viability [45–47]. To study the effect of DHAP on the viability of P. Schrenki-
ana root cell, a double staining experiment was conducted according to this procedure. FDA

readily enters intact cells and undergoes hydrolysis by endogenous esterase to releases free

fluorescence [48]. PI readily enters the cells with injured membranes and can be detected by

its red fluorescence [48]. Therefore, it is used to detect dead cells [49]. In this study, high con-

centration of DHAP induced cell death in root tip cells after 3 days treatment. Similar findings

were reported in the studies on phytotoxic activities of L-DOPA exuded from Mucuna spp.,

which induced cell death [49].

Allelochemicals as biotic stress exhibit a wide range of action mechanism, from effects on

DNA, photosynthetic, ion uptake water balance, and the activities of antioxidant enzymes and

plant hormones [5, 28, 50–52]. SOD, POD, CAT, APX and GPX are the major antioxidant

enzymes [23, 53–55], and GR plays an important role in maintaining a high GSH/GSSG ratio

in plants [56]. Within a cell, the SOD is considered the first line of defense against the ROS, as

well as a key antioxidant enzyme to convert O2
− into H2O2 and O2 [57]. Subsequently, both

Table 2. Effect of DHAP on Evans blue uptake on the roots of P. schrenkiana seedlings.

DHAP (mM) Relative Evans blue uptake (%)

3 d 6 d 9 d

0 100.00±15.34cC 107.66±14.37cC 114.65±18.08 cC

0.1 86.77±14.23dD 92.76±23.86dD 114.56±26.69cC

0.25 98.65±10.470cC 102.56±21.72cC 123.59±22.72cC

0.5 150.00±25.47bB 220.57±25.42bB 280.45±14.89bB

1.0 276.34±26.53aA 302.59±20.17aA 305.62±19.37aA

Note: The same upper- and lower-case letter indicates a non-significant difference (p > 0.05), different lower-case letters indicate a significant difference

(p<0.05), different upper-case letters indicate a strongly significant difference (p<0.01).

https://doi.org/10.1371/journal.pone.0177047.t002
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Fig 4. Effects of DHAP on the antioxidant enzymes activities during the early seedlings growth. a: SOD. b: POD. c: CAT. d: GR. e: APX. f: GPX.

Error bars present standard errors of five independent biological replicates.

https://doi.org/10.1371/journal.pone.0177047.g004
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CAT and APX are correlated to consume H2O2 [58]. In the present study, DHAP had different

effects on antioxidant enzymes activities in P. Schrenkiana seedlings, respectively. The activi-

ties of all antioxidant enzymes except for GR were significantly increased at DHAP concentra-

tion of 0.5 mM during the early days of seedlings growth. It can be concluded that the

moderate concentration of DHAP can increased the activities of antioxidant enzymes to help

P. Schrenkiana seedlings maintain the ROS levels well below to their deleterious levels to

enhance the resistance of P. Schrenkiana. These results agree with other studies described anti-

oxidant enzymes under allelochemical stress. It has been reported that low and medium ginse-

noside isolated from ginseng, significantly stimulated the activities of SOD, POD and CAT of

treated roots of American ginseng [59]. Likewise ferulic acid increased antioxidant enzymes in

maize seedlings [60], and benzoic acid in cucumber cotyledons [61]. That is a self-protective

mechanism of plants in response to biotic and abiotic stresses. But the activities of the antioxi-

dant enzymes were decreased at 1.0 mM toxicity level. A reduction in enzymes activities has

also been observed in other studies on allelochamical modes of actions, that is, two allelochem-

icals isolated from the leachates of Ageratina adenophora decreased POD and SOD activities in

rice seedlings under high concentration after 48 h treatment [52]. It is speculated that the

Fig 5. Effects of DHAP on the content of endogenous plant hormones during the early seedlings growth. a: IAA; b: GA3; c: ABA; d: ZT.

Error bars present standard errors of five independent biological replicates.

https://doi.org/10.1371/journal.pone.0177047.g005
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accumulation of ROS induced during severe DHAP stress goes beyond the clearance ability of

antioxidant enzymes. Excessive ROS can induce cell damage which in turn can induce P.

Schrenkiana seedlings death. In addition, previous researches have shown that various allelo-

chemicals could change plant hormone levels of crops and weed [28, 62–63]. Evidences from

physiological studies indicated that IAA, ZT and GA3 affected cell enlargement and balanced

the plant growth [64–66]. The present studies showed that different concentrations of DHAP

affected the level of IAA, ZT and GA3. It was probable that low concentration of DHAP

increased the levels of IAA, ZT and GA to promote the growth of seedlings, while high concen-

tration of DHAP inhibited the level of IAA, ZT and GA3 and subsequently blocked extension

growth. The radicle length and fresh weigh were related to the content of IAA, ZT and GA3

affected by DHAP. This was parallel to the results by treated with other abiotic and biotic

stresses [67–69]. On the other hand, the level of ABA was significantly higher in the DHAP-

treated seedlings than that of the control, indicating that the elevated DHAP stress increased

the ABA content, which was an adaptation process in response to DHAP stress. These results

suggested that the endogenous hormones might have interactive effects on P. Schrenkiana
seedlings to respond and adapt the DHAP stress. Thus, a further study is thereby needed to

determine how endogenous hormones regulate the growth of P. Schrenkiana seedlings under

DHAP stress.

Conclusion

The present investigation suggested that DHAP as allelochemical is one of the many possible

factors contributing to the failure of P. Schrenkiana natural regeneration. According to the

experiment, the DHAP isolated from P. Schrenkiana was found to inhibit germination, radicle

elongation and fresh weight of P. Schrenkiana at high concentration and had a hormesis at low

concentration. DHAP had different effects on antioxidant enzymes activities and plant hor-

mones levels in P. Schrenkiana seedlings, respectively. The moderate concentration of DHAP

increased antioxidant enzymes activities, favorable to disturb the balance between production

and scavenging of ROS, and in turn excessive ROS induced by high DHAP concentration

could inhibit the P. Schrenkiana seedlings growth. Moreover, DHAP induced significant cellu-

lar damages, which played a major role in inhibition of radicle elongation and tolerance to

DHAP. In present study, all experiments were carried out in the simulated environment. More

research is needed for further evaluation using pot and field experiments for better under-

standing the autoxicity potential of P. Schrenkiana under field conditions. Besides, other possi-

ble factors involved in the natural regeneration of P. Schrenkiana such as stand structure and

the deterioration of soil physicochemical properties are needed for further evaluation.
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34. Tamás L Šimonovičová M, Huttová J, Mistrı́k I. Aluminium stimulated hydrogen peroxide production of

germinating barley seeds. Environ. Exp. Bot. 2004; 51(3): 281–288.

35. Giannopolitis CN, Ries SK. Superoxide dismutases I. Occurrence in higher plants. Plant Physiol. 1977;

59(2): 309–314. PMID: 16659839

36. Kochba J, Lavee S, Spiegel-Roy P. Differences in peroxidase activity and isoenzymes in embryogenic

ane non-embryogenic ‘Shamouti’orange ovular callus lines. Plant Cell Physiol. 1977; 18(2): 463–467.

37. Zhang J, Li J, Cui S, Wei J. Response of cell protective enzymes in corn leaf to water stress at seedling

stage. Acta Agric. Boreali-Sin.(Suppl.). 1990; 5: 19–23.

38. Lee DH, Kim YS, Lee CB. The inductive responses of the antioxidant enzymes by salt stress in the rice

(Oryza sativa L.). J. Plant Physiol. 2001; 158(6): 737–745.

39. Nakano Y, Asada K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chlo-

roplast. Plant Cell Physiol. 1981; 22: 867–80.

Physiological effects of autotoxicity

PLOS ONE | https://doi.org/10.1371/journal.pone.0177047 May 8, 2017 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/11944837
https://doi.org/10.1177/0748233713483205
http://www.ncbi.nlm.nih.gov/pubmed/23572390
https://doi.org/10.1104/pp.111.187302
http://www.ncbi.nlm.nih.gov/pubmed/22013217
https://doi.org/10.1016/j.tplants.2011.12.005
https://doi.org/10.1016/j.tplants.2011.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22236698
https://doi.org/10.1093/aob/mct229
http://www.ncbi.nlm.nih.gov/pubmed/24136877
https://doi.org/10.1177/0748233712471702
http://www.ncbi.nlm.nih.gov/pubmed/23293131
https://doi.org/10.1111/j.1399-3054.2009.01228.x
https://doi.org/10.1111/j.1399-3054.2009.01228.x
http://www.ncbi.nlm.nih.gov/pubmed/19453504
https://doi.org/10.3390/molecules16108874
https://doi.org/10.3390/molecules16108874
http://www.ncbi.nlm.nih.gov/pubmed/22024957
http://www.ncbi.nlm.nih.gov/pubmed/11378174
http://www.ncbi.nlm.nih.gov/pubmed/16659839
https://doi.org/10.1371/journal.pone.0177047


40. Cakmak I, Marschner H. Magnesium deficiency and high light intensity enhance activities of superoxide

dismutase, ascorbate peroxidase, and glutathione reductase in bean leaves. Plant Physiol. 1992; 98

(4): 1222–1227. PMID: 16668779

41. Halliwell B, Foyer CH. Properties and physiological function of a glutathione reductase purified from

spinach leaves by affinity chromatography. Planta. 1978; 139: 9–17. https://doi.org/10.1007/

BF00390803 PMID: 24414099

42. Kato-Noguchi H, Seki T, Shigemori H. Allelopathy and allelopathic substance in the moss Rhynchoste-

gium pallidifolium. J. Plant Phys. 2010; 167: 468–471.

43. Batish DR, Singh HP, Kaur S, Kohli RK, Yadav SS. Caffeic acid affects early growth, and morphogenetic

response of hypocotyl cuttings of mung bean (Phaseolus aureus). J. Plant Phys. 2008; 165:297–305.

44. Yang L, Ma XY, Ruan X, Jiang DA, Pan CD, Wang Q. (2016). Enantioselective separation of 4, 8-DHT

and phytotoxicity of the enantiomers on various plant species. Molecules, 21(4), 528. https://doi.org/10.

3390/molecules21040528 PMID: 27110760

45. Jones KH, Senft JA. An improved method to determine cell viability by simultaneous staining with fluo-

rescein diacetate-propidium iodide. J. Histochem. Cytochem. 1985; 33(1):77–79. https://doi.org/10.

1177/33.1.2578146 PMID: 2578146

46. Yokoyama H, Danjo T, Ogawa K, Wakabayashi H. A vital staining technique with fluorescein diacetate

(FDA) and propidium iodide (PI) for the determination of viability of myxosporean and actinosporean

spores. J. Fish Dis. 1997; 20(4): 281–286.

47. Sunohara Y, Matsumoto H. Quinclorac-induced cell death is accompanied by generation of reactive

oxygen species in maize root tissue. Phytochemistry. 2008; 69(12): 2312–2319. https://doi.org/10.

1016/j.phytochem.2008.06.012 PMID: 18674787

48. Umebayashi Y, Miyamoto Y, Wakita M, Kobayashi A, Nishisaka T. Elevation of plasma membrane per-

meability on laser irradiation of extracellular latex particles. J. Biochem. 2003; 134(2): 219–224. PMID:

12966070

49. Mushtaq MN, Sunohara Y, Matsumoto H. Allelochemical L-DOPA induces uinoprotein adducts and

inhibits NADH dehydrogenase activity and root growth of cucumber. Plant Physiol. Biochem. 2013; 70:

374–378. https://doi.org/10.1016/j.plaphy.2013.06.003 PMID: 23831820

50. Scandalios JG. Oxygen stress and superoxide dismutases. Plant Physiol. 1993; 101(1): 7. PMID:

12231660

51. Yu JQ, Ye SF, Zhang MF, Hu WH. Effects of root exudates and aqueous root extracts of cucumber

(Cucumis sativus) and allelochemicals, on photosynthesis and antioxidant enzymes in cucumber. Bio-

chem. Syst. Ecol. 2003; 31(2):129–139.

52. Yang GQ, Wan FH, Liu WX, Zhang XW. Physiological effects of allelochemicals from leachates of Ager-

atina adenophora (Spreng.) on rice seedlings. Allelopathy J. 2006; 18(2):237–245.

53. Mazhoudi S, Chaoui A, Ghorbal MH, EI Ferjani E. Response of antioxidant enzymes to excess copper

in tomato (Lycopersicon esculentum, Mill.). Plant Sci. 1997; 127(2): 129–137.

54. Agarwal S, Pandey V. Antioxidant enzyme responses to NaCl stress in Cassia angustifolia. Biol. Plant.

2004; 48(4): 555–560.

55. Ye SF, Zhou YH, Sun Y, Zou LY, Yu JQ. Cinnamic acid causes oxidative stress in cucumber roots, and

promotes incidence of Fusarium wilt. Environ. Exp. Bot. 2006; 56(3): 255–262.

56. Gossett DR, Banks SW, Millhollon EP, Lucas MC. Antioxidant response to NaCl stress in a control and

an NaCl-tolerant cotton cell line grown in the presence of paraquat, buthionine sulfoximine, and exoge-

nous glutathione. Plant Physiol. 1996; 112(2): 803–809. PMID: 12226422

57. Bowler C, Montagu M, Inze D. Superoxide dismutase and stress tolerance. Ann. Rev. Plant Biol. 1992;

43(1): 83–116.
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