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Abstract A pot experiment was conducted to monitor the

dynamic response of photosynthesis of Amorpha fruticosa

seedlings to different concentrations of petroleum-con-

taminated soils from April to September. The results

showed that the photosynthetic rates, stomatal conductance

and transpiration rate of seedlings significantly decreased

in 5–20 g kg-1 petroleum-contaminated soil during the

three given sampling period of July 31 (early), August 30

(mid-term) and September 29 (late). However, the inter-

cellular CO2 concentration significantly increased in

10 g kg-1 contaminated soil, while declined in 20 g kg-1

contaminated soil during the early sampling period as well

as in 20 g kg-1 contaminated soil during the late sampling

period. The leaf relative water content of seedlings sig-

nificantly increased in 20 g kg-1 contaminated soil during

the early sampling period, while it dropped dramatically in

15–20 g kg-1 contaminated soil during the late sampling

period. The contents of chlorophyll a, chlorophyll b and the

total chlorophyll of seedlings showed a sharp decline

during the three sampling periods in contaminated soil.

Comprehensively, considering the negative effects of pet-

roleum on the photosynthesis, growth performance and

remediation effect on petroleum of A. fruticosa seedlings,

this plant was tolerant of petroleum-contaminated soil and

was potentially useful for the phytoremediation of petro-

leum-contaminated sites in northern Shaanxi, China.
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pollution � Photosynthetic response � Water content

Introduction

In recent decades, spilling of crude oil has severely dam-

aged the eco-environment of petroleum production regions

along with the rapid development of petroleum industry.

Petroleum contaminants can hinder the uptakes of nutrient

and water of plants (Alkorta and Garbisu 2001; Andrade

et al. 2004; Shukry et al. 2013), cause their biomembrane

injury by leading to accumulation of reactive oxygen spe-

cies (Achuba 2014; Shukry et al. 2013), inhibit the pho-

tosynthesis and transpiration (Lin et al. 2002; Rahbar et al.

2012), and finally lead to the death of plants and the

degradation of plant communities. In addition, petroleum

contaminants and the heavy metals they carry can be bio-

accumulated along with the food chain and finally threaten

the human health (Park and Park 2011). Considering these,

many researchers have devoted to remediate the petroleum-

contaminated soil (Chien 2012; Khan et al. 2013; Silva

et al. 2014; Venkidusamy et al. 2016).

Traditional physical and chemical methods used in

remediation, such as organic solvents method, continuous

irrigation and thermal oxidation, are costly and usually

cause serious secondary contamination, while the low

biomass of microorganism hinders the application of

microbial remediation method in large-area petroleum-

contaminated regions. Consequently, phytoremediation

gradually becomes a preferred method in recent decades.

Selecting suitable species is the basis for applying
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phytoremediation, thus many researchers have devoted

themselves to screening crop or other herbaceous species

which are suitable to be planted in petroleum-contaminated

soil (Brandt et al. 2006; Ghazisaeedi et al. 2014; Pérez-

Hernández et al. 2013; Wei and Pan 2010; Xu et al. 2013).

Many species have been found to exhibit favorable abilities

to remove petroleum contaminants, such as Lolium multi-

florum, Zea mays, Medicago sativa, Sorghum vulgae

(Kaimi et al. 2007), Brachiaria brizantha (Merkl et al.

2005), Poa foliosa (Bramley-Alves et al. 2014) and Mir-

abilis Jalapa (Peng et al. 2009). In addition, the co-

bioremediation of plants and microbes were widely studied

as well (Khan et al. 2013; Merkl et al. 2005). However, in

some old petroleum production regions, the spilled petro-

leum during exploitation, storing and transportation has

infiltrated the deep layer of soil, leading to severe con-

tamination. Though crop and other herbaceous species

exhibit favorable remediation effects on the petroleum

contamination in the shallow layer of soil, their remedia-

tion effects on the deep-layer contamination are quite

limited by the length of root system.

The north of Shaanxi is one of the most important oil

fields in China. Due to the long-term extensive manage-

ment, the petroleum pollutants were optionally poured out

during petroleum production. What’s worse, the contami-

nated area was often covered by uncontaminated soil

(Zhang 2013). The above-mentioned phenomena have

caused severe contamination to deep soil layers in the

region and threatened the fragile eco-environment there.

Hence, woody plants with developed root system should be

screened for the phytoremediation in that region to pene-

trate the uncontaminated soil layer, thus remediating the

contaminated deep-layer soil. However, the existing

researches about the woody remediation plants mainly

focuses on the species which have strict requirements on

soil moisture conditions (Bento et al. 2012; Moreira et al.

2011), while there are few studies concentrating on the

selecting of woody remediation plants suitable for such

arid or semi-arid petroleum-contaminated regions as

northern Shaanxi.

Amorpha fruticosa is a commonly used shrub species for

re-vegetation in northern Shaanxi, for its favorable adap-

tation to the drought and barren conditions of this region.

Especially, because of its developed roots and large bio-

mass, A. fruticosa might be able to remediate the deep-

layer petroleum-contaminated soil (Zhang 2013). In addi-

tion, a latest report has inferred A. fruticosa could be uti-

lized for phytoremediation in B15 g kg-1 petroleum-

contaminated soil according to the antioxidant defense

response and growth reaction of seedlings to petroleum-

contaminated soil (Cui et al. 2016). Sequentially, in this

study, a dynamic of the photosynthesis of A. fruticosa

seedlings in petroleum-contaminated soils combined with

plant water content and Chlorophyll content was mainly

determined during February to August, 2011 in a pot cul-

tivation experiment which was carried out in the nursery of

Northwest A&F University, Yangling, China. In the end,

the growth performance and remediation effect on petro-

leum of A. fruticosa seedlings in our previous report (Cui

et al. 2016) were integrated to detect the tolerance of A.

fruticosa to petroleum. The results might provide scientific

basis for the screening of woody species suitable for arid or

semi-arid petroleum-contaminated regions.

Materials and methods

Experimental field conditions

The experiment is carried out in the nursery of Northwest

A&F University, which enjoys a continental monsoon cli-

mate of medium latitudes and is located at 454.5 m above

sea level. The average annual sunshine hours are 2150. The

average temperature is 12.9 �C, and the extreme maximum

and minimum temperatures, respectively, are 42 and

-19.4 �C. The temperature over 10 �C accumulates to

4185 �C, frost-free days reaches 221, and the average

annual rainfall is 621.6 mm.

Materials

The A. fruticosa used in the experiment is 2-year-old

seedlings purchased from nurseries in Huaziping town,

Ansai County, Shaanxi Province, China. The petroleum is

extracted from petroleum wells in Huaziping town. The

soil is gathered from 0 to 20 cm contamination-free soil

layer in sparsely populated waste grassland. The soil,

whose pH value is 8.2, contains 8.45 g kg-1 organic mat-

ter, 0.42 g kg-1 full nitrogen, 5.5 mg kg-1 available

phosphorous and 74.6 mg kg-1 available potassium.

Experiment design

The survey on the soil environment in the petroleum

mining area in Huaziping town, Ansai County, shows that

the petroleum concentration in petroleum mining area is

unevenly distributed, generally within 5–20 g kg-1. Thus,

5 levels of petroleum concentrations are designed in the

experiment: 0 g kg-1 (as the control), 5, 10, 15 and

20 g kg-1 (measured in dry weight of soil). The following

specific steps are taken during the pot experiment:

Remove residual plant body and other impurities from

the tested soil; air-dry the removed soil and pass it through

a 4 mm sieve; determine the soil moisture content; put it

into a plastic barrel (with the top diameter, bottom diameter

and height of 31 cm 9 23 cm 9 27 cm), which each holds
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12.94 kg (measured in dry weight of soil) contamination-

free soil; add petroleum to the soil in a complete mixing

way till it reaches the designed petroleum concentrations;

water the mixture and let it stand when the soil and pet-

roleum are evenly mixed with no organic solvent added;

determine the field water capacities of the five petroleum

concentrations of petroleum-contaminated soil, which

decreases by 21.34, 21.19, 20.23, 19.19 and 19.07 %,

respectively, with the rise of petroleum concentrations.

Variance analysis shows there are no significant differences

among these disposed soils.

Then, select seedlings with relatively consistent height

and ground diameter as well as intact root system; plant

seedlings into the above barrels in mid-April, 2011 and cut

off their stems, with each treatment including 9 barrels, 3

seedlings within each; otherwise keep 3 barrels without

planting seedlings, respectively, in every petroleum treat-

ment. After that, put all the barrels in removable rain-proof

shed for preventing natural rainfall and ensuring normal

sunshine on clear days; water each treatment adequately to

guarantee its survival and normal growth. At the end of

June, the soil moisture will be kept at 75 % of soil field

capacity by weighing method so that the treated A. fruti-

cosa seedlings are all at optimum soil water condition. For

this purpose, one barrel of seedlings for each treatment

must be destroyed, and the average fresh weight of seed-

lings for each treatment will be measured. Thus, the effect

of seedlings on weighing will be reduced to the minimum.

The same work will be done at the ends of July and August.

The whole experiments completes at the end of September.

Gas exchange

Measurements were taken on the young, fully expanded

leaves (n = 9) which were exposed to full sunlight using a

portable gas exchange system (Li-6400, Li-Cor Inc., Lin-

coln, NE, USA) at the end of July, August and September,

respectively. All measurements were made between 0900

and 1130 h on sunny, cloudless days when natural light

levels were saturated for photosynthesis

(C800 lmol m-2 s-1). The gas exchange parameters

including net photosynthetic rate (A), intercellular CO2

concentration (Ci), stomatal conductance to water vapor

(Gs) and transpiration rate (Tr) were all determined at a

controlled CO2 concentration of 380 lmol mol-1, leaf

temperature of 30 �C, photon flux density of

1200 lmol m-2 s-1 and an ambient relative humidity of

50 ± 10 %.

Leaf relative water content

At the same time in terms of the gas exchange measure-

ments, the similar leaves mentioned above were collected

in plastic bags and immediately transported to the labora-

tory for both determinations of leaf relative water content

and chlorophyll content. Respectively, three replications

were used, each composed of nine leaves from three

seedlings within one barrel.

Leaf relative water content (LRWC) was evaluated with

intact leaves. First, the fresh weight (FW) of the leaves was

determined, after which the leaves were floated on distilled

water in the dark in room temperature environment for

24 h. The leaves were then blotted dry with paper towels

and reweighed to record turgid weight (TW). At last the

leaves were oven-dried at 80 �C to a constant dry weight

(DW). Leaf relative water content was calculated through

the following formula (Barrs and Kozlowski 1968):

LRWC %ð Þ ¼ FW� DW

TW� DW
� 100

Chlorophyll content

The fresh leaves of each replication were cut into small

pieces (ca.2 mm) and mixed uniformly. The 0.2 g was

weighed and extracted with 25 ml of 80 % acetone in the

dark at room temperature overnight. The supernatant

obtained after centrifugation was used for determinations

of chlorophyll a (Chl a), chlorophyll b (Chl b) and total

chlorophyll (Chl a ? b) contents with a Shimadzu UV-

1700 spectrophotometer (Shimadzu Corp., Japan), through

three wavelengths (663, 646 and 470 nm). Concentrations

of pigments were estimated by the equations of Lichten-

thaler (1987).

Statistical analysis

Statistical analysis was conducted by using the software

Statistical Package for Social Sciences (SPSS 17.0 for

Windows). Data were subjected to one-way analysis of

variance (ANOVA) and Duncan’s multiple range test

(p\ 0.05). The normality assumption was tested with the

Kolmogorov–Smirnov test and the equal variance

assumption with the method of Bartlett. Pearson coeffi-

cients were calculated to assess the correlation among

different variables. Origin 8.5 software was used for

drawing.

Results and discussion

The changes in the gas exchange parameters

of A. fruticosa seedlings

As shown in Fig. 1a, the net photosynthetic rate (A) of A.

fruticosa seedlings under different petroleum concentra-

tions in soil, compared with that in pollution-free soil,
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consistently decreases during the three sampling period. It

should be noted that a dramatic fall takes place with the

highest petroleum concentration (20 g kg-1), leading to a

rate much lower than that with other petroleum

concentrations.

As shown in Fig. 1b, on July 31, the early sampling

period witnesses a slight decline in the stomatal conduc-

tance (Gs) of A. fruticosa seedlings with petroleum con-

centrations of 5 and 10 g kg-1 and a significant fall with

those of 15 and 20 g kg-1, when the stomatal conductance

under different petroleum concentrations is compared with

that in the absence of petroleum. After that sampling per-

iod, however, the figure under various petroleum concen-

trations has a sharp decline in comparison with that free

from petroleum pollution.

As shown in Fig. 1c, Transpiration rate (Tr) is closely

related to stomatal conductance, and the decline of the

latter is always accompanied by that of the former, in other

words, the two make consonant changes, because stomatal

conductance is the main mechanism of regulating transpi-

ration (Cochard et al. 2002). It is worth noticing that the

drop in the transpiration rate under the petroleum concen-

trations of 15 and 20 g�kg-1 on September 29, the late

sampling period, compared with that in the absence of

petroleum, is a bit extraordinary, considering the corre-

sponding decline of stomatal conductance. It may indicate

that water uptake from the soil by roots of A. fruticosa

seedlings is restricted under both treatments at this stage.

Under mild soil water limitation, A. fruticosa seedling can

reduce its transpiration sharply to prevent further loss of

water, which is an acclimation mechanism to drought (Li

1991).

The changes in intercellular CO2 concentration (Ci) and

stomatal conductance are always used to determine whe-

ther the decline in photosynthetic rate is mainly attributed

to stomatal limitation (the fall in stomatal conductance) or

to non-stomatal limitation (the fall in the photosynthetic

activity of mesophyll cells) (Farquhar and Sharkey 1982).

As shown in Fig. 1d, on July 31, the early sampling period,

compared with the figures in pollution-free soil, the

stomatal conductance of A. fruticosa seedlings with the

petroleum concentrations of 5 and 10 g kg-1 decreases

Fig. 1 Changes in A (a), Gs (b), Tr (c) and Ci (d) activities of

Amorpha fruticosa seedlings during different sampling periods and at

different petroleum concentrations. Bars represent mean ± SE

(n = 9). Bars within the same date group followed by the different

letters are significantly different at p\ 0.05 according to Duncan’s

test
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slightly, while the intercellular CO2 concentration is on the

rise and even reaches a significant level under the petro-

leum concentration of 10 g kg-1. Thus, a conclusion can

be drawn that the decline in photosynthetic rate results

from the decreasing photosynthetic activity of mesophyll

cells, the stomatal conductance with the petroleum con-

centrations of 15 and 20 g kg-1 has a dramatic fall, and the

intercellular CO2 concentration is also in decline and

reaches a significant level under the petroleum concentra-

tion of 20 g kg-1, from which a conclusion can be drawn

that the decline in photosynthetic rate is attributed to that in

stomatal conductance. On August 30, the mid-term period,

compared with the figures in the absence of petroleum, the

net photosynthetic rate and the stomatal conductance with

different petroleum concentrations have a sharp fall as with

the intercellular CO2 concentration, which shows the

influence of stomatal limitation. Compared with that in

pollution-free soil, the intercellular CO2 concentration in

petroleum-contaminated soil, however, does not reach a

significant level, indicating that the photosynthetic activity

of mesophyll cells suffers from a severe depression during

this sampling period. On September 29, the late sampling

period, the net photosynthetic rate and the stomatal con-

ductance with different petroleum concentrations still

decrease significantly compared with the figures in pollu-

tion-free soil; the intercellular CO2 concentration steps up

with the increasing petroleum concentrations. Compared

with the figures in the absence of petroleum, the intercel-

lular CO2 concentration has a slight decline with the pet-

roleum concentrations of 5, 10 and 15 g kg-1, while it

increases dramatically with the petroleum concentrations

of 20 g kg-1, indicating that the photosynthetic activity of

mesophyll cells suffers from more and more serious inhi-

bition with the aggravating petroleum pollution and

becomes the main limitation of the photosynthesis during

this sampling period.

Numerous studies have shown that photosynthetic rates

in plants would decrease due to oil exposure (Caudle and

Maricle 2014; Lin and Mendelssohn 1996; Naidoo et al.

2010; Pajević et al. 2009; Pezeshki and de Laune 1993;

Redondo-Gomez et al. 2014). But there was a variety of

changes in other gas exchange parameters. Pajević et al.

(2009) found an inhibition of Gs (stomatal conductance) in

willow genotypes under condition of soil polluted with 1 %

diesel fuel and explained that the depression of photosyn-

thesis was sever at the stomatal level. Caudle and Maricle

(2014) also found that, in many species, the stomatal

conductance was reduced, while the internal CO2 concen-

tration (Ci) was increased by oil, indicating that non-

stomatal limitations was caused by the toxic effects of oil

on photosynthesis. Additionally, some studies have shown

there were no differences in leaf stomatal conductance

(Naidoo et al. 2010; Redondo-Gomez et al. 2014) and

transpiration (Naidoo et al. 2010) in some species between

oiled treatments and the untreated controls, also a follow-

ing increase of Ci with oiling indicated the limitation to net

photosynthetic rate could be accounted for by non-stomatal

limitations from light absorption by oil and/ or from toxity

of oil (Naidoo et al. 2010; Redondo-Gomez et al. 2014).

However, the reduced transpiration on mangroves has been

found once with dispersed oil in soil and is suggested to be

a consequence of damage of conducting tissues of fine

roots (Getter et al. 1985). In this study, all of the above

changes in gas exchange parameters have been observed

dynamically in A. fruticosa seedlings under different pet-

roleum concentrations in soil from 5 to 20 g kg-1. The

significant reduction in net photosynthetic rate in A. fruti-

cosa seedlings not only resulted from non-stomatal limi-

tation by petroleum but also stomatal limitation. Both of

them occurred intertwined and showed one of the more

dominant positions with the different intensities of petro-

leum contamination stress and the alteration of stress time.

In less polluted soil under the petroleum concentrations of

5 and 10 g kg-1, the inhibition to photosynthetic rate is

attributed to non-stomatal limitation at first and then partly

affected by stomatal limitation, but on the whole, it is non-

stomatal limitation that plays the leading role. Under

higher petroleum concentrations of 15 and 20 g kg-1,

however, the fall in photosynthetic rate is firstly influenced

by stomatal limitation and later by non-stomatal limitation,

and the latter gradually dominates.

In terms of the inhibition to photosynthesis of plants

growing in oil-contaminated soil, numerous studies attrib-

uted mainly the induced toxicities to living cells by oil (Lin

and Mendelssohn 1996; Naidoo et al. 2010; Redondo-

Gomez et al. 2014), because the toxic components in the oil

could be taken by the plant via the roots, stem and accu-

mulate in the leaves, which may alter the integrity and

permeability of plant membranes leading to disturbance of

both carbon metabolism in the leaves and ion and water

uptake in the roots (Naidoo et al. 2010; Reis 1996;

Suprayogi and Murray 1999). Furthermore, it can not be

neglected that the hydrophobic nature of petroleum

hydrocarbons which prevents water from spreading inho-

mogeneous in the contaminated soil, resulting in a water

deficiency (Baker 1970; Merkl et al. 2004; Pezeshki et al.

2000).

The changes in the leaf relative water content

of A. fruticosa seedlings

As shown in Fig. 2, compared with the LRWC in the

absence of petroleum contamination, the figures under the

petroleum concentrations of 5 and 10 g kg-1 have no

significant changes during all three sampling periods, but

show a decreasing trend during the late sampling period;
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the figure under the petroleum concentrations of 15 g kg-1

does not show a dramatic change during the early and mid-

term sampling periods, but falls significantly by 9.21 %;

though the figure under the petroleum concentrations of

20 g kg-1, showing no significant change during the mid-

term sampling period, rises markedly by 11.20 % during

the early sampling period and falls by 17.53 % during the

later sampling period, leading to a leaf relative water

content much lower than that under other petroleum

concentrations.

In this experiment, the slight decreases without statisti-

cal significance (p[ 0.05) were observed in the water

holding capacity of treated soils with petroleum. This can

be attributed to the hydrophobic properties of petroleum

which has altered water infiltration and humidity of the soil

(Merkl et al. 2004, 2005). In the meantime, this result has

also allowed the possible additional effect of soil moisture

to be ruled out at the beginning of the experiment by the

same adequate water supply strategy. Therefore, the results

of the LRWC directly reflected the effect of petroleum

contamination in soil on the water status of A. fruticosa

seedlings. It can be seen that in less polluted soil under the

petroleum concentrations of 5 and 10 g kg-1, the internal

water, not badly influenced by petroleum contamination, is

as adequate as that in the pollution-free soil. This further

accounts for the decrease in photosynthetic rates of seed-

lings at 5 and 10 g kg-1 as a result of deleterious effects

caused by the petroleum contamination in soil, while the

seedlings showed stomatal limitation and (or) non-stomatal

limitation. In seriously polluted soil under the petroleum

concentrations of 15 and 20 g kg-1, because of the toxicity

of petroleum, the photosynthetic rate has a sharp fall during

the early and mid-term sampling periods and the fall

reaches a significant level under the petroleum concentra-

tions of 20 g kg-1. What cannot be neglected is the

increasing seedling moisture during the early sampling

period, the cause of which is that the water taken by roots

outweighs the transpiration through leaf stoma due to the

severely depressed stomatal conductance and transpiration.

It should be noted that the LRWC under the petroleum

concentrations of 15 and 20 g kg-1 during the late sam-

pling period, compared with the average LRWC (79.3 %)

of the all sampling periods in the absence of petroleum,

decreases, respectively, by 7.44 and 15.89 % (to 73.41 and

66.68 %). It showed a deterioration of leaf water status.

Ramos et al. (2009) also observed that plant individuals in

contact with higher petroleum concentration (50 and

75 g kg-1) contained lower humidity content in their

composition in comparison with those in contact with

lower concentration (25 g kg-1) or in the absence of pet-

roleum. The results further confirmed water taken from the

soil by roots of A. fruticosa seedlings was restricted during

this period, which had been reflected by substantially

reduced transpiration in the previous paragraph. It is well

known that a decrease of photosynthesis was often

observed under mild or moderate water limitation (Chaves

et al. 2003, 2009). Therefore, the water limitation here

could exacerbate the adverse effects of petroleum con-

tamination on the photosynthesis function of A. fruticosa

seedlings and become a part of stomatal limitation.

The changes in the leaf chlorophyll content

of A. fruticosa seedlings

As shown in Fig. 3, compared with figures in the absence

of petroleum contamination, Chl a, Chl b and the tatal Chl

content of A. fruticosa seedlings has a sharp fall in all three

sampling periods. The consonant changes the three make

lead to a slight change of Chl a/b, but the figure decreases

dramatically under the petroleum concentration of

20 g kg-1 during the mid-term and late sampling periods.

The petroleum concentration of 5 g kg-1 witnesses the

slightest drop in the total Chl content all the time, keeping

falling by 10 % during the mid-term and later sampling

periods. The figure, however, rises to 26 % with longer

pollution time. The petroleum concentrations of 10, 15 and

20 g kg-1 see a fall of 36 % at last. The figure first appears

during the mid-term sampling period under the severest

petroleum concentrations of 20 g kg-1, rising from 28 %

during the early sampling period. Under the petroleum

concentrations of 10, 15 g kg-1, however, the total Chl

content has a fall of 25 % during the early sampling period,

which rises to 27 % during the mid-term sampling period

and to 36 % at last. It can be seen that the changes in the

leaf Chl content of A. fruticosa seedlings are affected by

Fig. 2 Changes in LRWC of Amorpha fruticosa seedlings during

different sampling periods and at different petroleum concentrations.

Bars represent mean ± SE (n = 3). Bars within the same date group

followed by the different letters differ a lot at p\ 0.05 according to

Duncan’s test
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both the intensities of petroleum contamination stress and

the alteration of stress time.

Decreases in plant Chl contents due to petroleum-con-

taminated soil have already been reported and attributed to

the direct toxic effects which petroleum exerted on plants

(Achuba 2006; Chaineau et al. 1997; Li et al. 2008) and

also to the deficiencies of nutrients (mainly available

nitrogen) resulted from alterations of chemical properties

of the soil by petroleum (Balasubramaniyam and Harvey

2014; Bento et al. 2012; Chaineau et al. 1997), however,

not mentioned the respective effects on Chl a and b. Re-

dondo-Gomez et al. (2014) found a reduction in Chl con-

tent of Spartina argentinensis tillers at 2 and 3 % diesel

concentrations in soil, including a reduction in Chl b con-

tent and an unaffected Chl a content, which was suggested

to be a toxic effect of enhanced tiller Mn concentrations in

the presence of diesel fuel. Another research showed the

decreased total Chl, Chl a, Chl b concentrations and Chl a/

Chl b ratios in four evergreen plant species around the

refinery, in comparison with the control sites, maybe arise

from higher ambient SO2 gas concentrations and accumu-

lation of metals in the leaves (Deniz and Duzenli 2007).

Moreover, Wang et al. (2005) observed an equivalent

negative effect on the Chl a and b content of rice leaves

when the Chl content decreased significantly with

enhanced naphthalene (one component of crude oil) stress,

resulting in no significant difference in the ratio of Chl a to

Chl b. In present study, the continuous accumulations of

toxic hydrocarbons and metals in the A. fruticosa seedlings

and the lack of nitrogen available for plant in soil may be

the reasons why the Chl contents in leaves of seedlings

growing in almost all levels of petroleum-contaminated

soil decreased constantly instead of the seedlings grown in

uncontaminated soil. Furthermore, the enhanced contami-

nation intensity aggravated and accelerated this process,

especially at the highest petroleum concentration

(20 g kg-1). The excessive toxic matter accumulations and

nutrients deficiency also exerted a greater impact on Chl

a than Chl b, resulting in a decrease in the ratio of Chl a to

Chl b. Chlorophyll is an important material base of both

light energy absorption and transformation in photosyn-

thesis. The decrease in chlorophyll content could lead to a

decline in photosynthetic functioning (Redondo-Gomez

et al. 2014) and become an important part of non-stomatal

limitation.

The changes in the growth of A. fruticosa seedlings

and petroleum degradation rates in pot soils

In consideration of the importance of growth performance

of seedlings and strong link with photosynthesis, the shoot

and root dry weights of A. fruticosa seedlings have to be

taken from our previous report (Cui et al. 2016) to obtain a

full discussion. As shown in Table 1, the shoot and root dry

weights of seedlings showed no statistical difference in

5 g kg-1 petroleum concentration compared with CK, but

significant decreases in 10–20 g kg-1 concentration (Cui

et al. 2016). The total dry weights showed same changing

trend. Moreover, the higher the petroleum concentration,

the greater the decrease. But the shoot/root ratio with

petroleum contamination always being slightly lower than

that without contamination, the difference between them is

not significant (p[ 0.05).

The reductions in plant biomass by the presence of

petroleum in soil have been reported in many documents

(de Farias et al. 2009; Inckot et al. 2011; Merkl et al.

2004, 2005; Xun et al. 2015; Peng et al. 2009; Redondo-

Gomez et al. 2014; Adam and Duncan 2003). Such an

inhibition of plant growth should be a consequence of the

stress imposed by petroleum presence (Huang et al. 2005;

Merkl et al. 2005; Ramos et al. 2009). While evaluating

species for its stress tolerance, the inhibition in plant

growth should be as low as possible. The A. fruticosa

seedling could be well tolerant of petroleum-contaminated

soil at the 5 g kg-1 level as the inhibition effect of the

petroleum concentration on the overall growth of A. fruti-

cosa seedling was insignificant compared with the control.

An obvious inhibition to the overall growth of A. fruticosa

seedling occurred as the petroleum concentration in soil

was up to 10 g kg-1 level and was aggravated again at the

15 g kg-1 level. However, a good endurance to petroleum

Fig. 3 Changes in Chl content of Amorpha fruticosa seedlings in

different sampling periods and at different petroleum concentrations.

The bars are divided into two parts, the lower part of which is the

content of Chl a, while the upper part is the content of Chl b. The

letters within the bars represent the multiple comparative results. The

whole bars represent the total Chl content and the top letters represent

its multiple comparative results. Bars represent mean ± SE (n = 3).

Bars within the same date group followed by the different letters

differ a lot at p\ 0.05 according to Duncan’s test
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contaminants has to be paid to A. fruticosa seedling since

the differences of the plant growth performance at 10 and

15 g kg-1 levels were both insignificant compared with the

5 g kg-1 level. With an extremely high level (20 g kg-1)

of petroleum contamination, A. fruticosa seedling was still

alive. Nevertheless, a decrease of 65.28 % in total biomass

compared to the control indicated a serious deterioration in

the overall development and health of the plant. Due to the

difference of growth inhibition effects of petroleum-con-

taminated soil on plant’s shoot and root, there often showed

a change in the ratio of shoot to root, the drop of which

indicated an improved allocation of carbon from the shoot

to the root, leading to a better development in the root

compared with the shoot (Inckot et al. 2011; Merkl et al.

2005). It is quite important for phytoremediation since it

shows the capacity of the plant to respond to water and

nutrient deficiency and a maintaining for stimulation of

degrading microorganisms (Merkl et al. 2005). Also, it may

be a strategy so that the roots are able to reach uncon-

taminated areas (Kechavarzi et al. 2007). In this study,

there showed a slight decreasing tendency in the ratios of

shoot to root of A. fruticosa seedlings growing in different

concentrations of petroleum-contaminated soil compared

with the ratio of those growing in uncontaminated soil.

This could suggest a certain potential in this regard for A.

fruticosa seedling, probably a further decline in plant’s

ratio of shoot to root requires enough time of exposure to

the petroleum contaminant.

Several studies have observed the reduction in biomass

of plant in the presence of oil was closely related to the

decrease in plant photosynthesis (Lin and Mendelssohn

1996; Pezeshki and de Laune 1993; Redondo-Gomez et al.

2014). Redondo-Gomez et al. (2014) pointed out that an

increasing diesel concentration would lead to an aggra-

vating negative effect on the growth of S. argentinensis,

which could be the consequence of continuously reduced

photosynthesis. Lin and Mendelssohn (1996) also indicated

the reduction in biomass of S. patens was probably due to a

substantial reduction in photosynthesis during the period of

vigorous growth (in August), and simultaneously a trend of

lower biomass and photosynthetic rate with higher oil

dosage. Nevertheless, a reduction in the photosynthetic rate

of S. alterniflora being delayed to late October would

hardly affect the biomass. In this study, the analysis of A.

fruticosa seedling showed an extremely significant positive

correlation (0.977 or 0.976, p = 0.004) between total

biomass and photosynthetic rate either on July 31 or

August 30 even (0.880, p = 0.049) on September 29.

Furthermore, there existed an extremely significant nega-

tive correlation (-0.982, p = 0.003) between total biomass

and petroleum concentration in the soil. So, it can be

inferred that the reductions in the biomass of A. fruticosa

seedling exposed to petroleum-contaminated soil should be

attributed to the decrease in photosynthetic rate especially

during the vigorous growth period. Around August, a weak

advantage in photosynthetic rate at 5 g kg-1 petroleum

concentration relative to 10 and 15 g kg-1 probably gave

rise to its biomass with no significant difference in com-

parison with the control of both 10 and 15 g kg-1 petro-

leum concentrations.

In view of the prospect as a phytoremediation tree,

remediation effect of A. fruticosa seedlings on petroleum

has also to be taken from our previous report (Cui et al.

2016) to obtain a more comprehensive conclusion. As

shown in Table 2, planting A. fruticosa seedlings could

significantly decrease the petroleum concentration in soil

up to two to three times higher than those in natural con-

ditions (Cui et al. 2016). The favorable remediation ability

of A. fruticosa to petroleum-contaminated soil has been

demonstrated.

Conclusion

In this study, petroleum contamination in soil resulted in

negative effects on the growth of A. fruticosa seedlings,

which should be attributed to the reduced photosynthetic

rate especially during the vigorous growth period.

Table 1 Growth of Amorpha fruticosa seedlings at different petroleum concentrations

Petroleum concentration (g�kg-1) Shoot dry weight (g) Root dry weight (g) Total dry weight (g) Shoot/root ratio

0 20.32 ± 3.58a 38.55 ± 6.74a 58.87 ± 10.27a 0.55 ± 0.02a

5 15.04 ± 2.89ab 28.13 ± 5.51ab 43.17 ± 8.18ab 0.52 ± 0.05a

10 10.70 ± 1.23bc 23.80 ± 2.46bc 34.49 ± 3.48bc 0.47 ± 0.03a

15 9.07 ± 1.50bc 17.42 ± 3.49bc 26.49 ± 4.79bc 0.49 ± 0.04a

20 7.08 ± 1.37c 13.36 ± 3.00c 20.44 ± 4.14c 0.52 ± 0.09a

Values in the table are the mean ± SE (n = 15); Means in each column followed by different letters are significantly different at p\ 0.05

according to Duncan’s test

Values of shoot and root dry weights are taken from Cui et al. (2016)
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Moreover, the reduction in photosynthetic rate of A. fruti-

cosa seedlings could be caused by the intertwined stomatal

and non-stomatal limitations which mainly resulted from

the toxicities of petroleum to plant. Despite the negative

impact of the presence of petroleum, the plants survived

and even up to the 15 g kg-1 contaminated soil level still

could remain the considerable biomasses after 165 days. In

the meantime, the plants could significantly enhance the

degradation rates of petroleum in soil. For these reasons,

we suggest that this plant is tolerant of petroleum-con-

taminated soil and is potentially useful for the phytore-

mediation of petroleum-contaminated sites as a native

superior afforestation tree species in northern Shaanxi,

China. However, a long-term study will be needed in the

future and it is quite necessary to test the Rhizosphere

microbial communities for increasing petroleum degrada-

tion about the plant. The results can thus help to further

assess plant species for phytoremediation.
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