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Abstract

It has been well recognized that microbes can assist phytoremediation of lead (Pb) by promoting plant growth
and metal uptake. However, little is known about the potential of soil inoculation with actinomycetes to enhance
Pb uptake and translocation in plants, particularly in semi-arid water-deficient areas. This study was focused on
exploring the resistance of a soil actinomycete strain (Streptomyces pactum Act12) to Pb and its effects on plant
growth, antioxidant responses, Pb uptake and translocation in perennial ryegrass (Lolium perenne L.). Special
attention was given to experimental conditions in semi-arid area in Northerwest China. A fermentation culture of
Act12 was applied in powder form to soil with or without Pb treatment (0—1,000 mg kg'), and ryegrass plants were
immediately grown in this soil, in pots, for 60 days under 20% relative soil moisture. Act12 showed tolerance to up
to 1,200 mg Pb L' in plate culture and well colonized the soil containing less than 500 mg Pb kg-'. Under Pb stress,
inoculated plants had higher biomass with greater plant height and root tiller number than the uninoculated controls.
Additionally, higher catalase, superoxide dismutase and peroxidase activities were detected in leaves of inoculated
plants under Pb stress. Inoculating soil with Act12 significantly increased Pb concentrations and uptake in plants
grown in soil containing 200 to 1,000 mg Pb kg™'. The translocation and bioconcentration factors of inoculated plants
were 10.5-36.2% and 37.3—133.1% higher than uninoculated plants, respectively. Streptomyces pactum Act12 can

enhance Pb phytoremediation by perennial ryegrass and its powder form facilitates the use in semi-arid areas.
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Introduction

Lead (Pb) is a major pollutant in contaminated soil under long-
term sewage irrigation, abuse of fertilizer, and industrial activities [1,2].
Excessive Pb results in reduced soil fertility and health, affecting plant
growth and leading to reduced crop production [3]. Moreover, Pb is
the most toxic pollutants to living organisms and Pb exposure is related
to the etiology of cardiovascular, renal, nervous, and blood diseases
in human [4]. It is therefore crucial to develop effective measures for
remediating Pb-contaminated soils.

Phytoremediation is a low-cost, efficient, environmentally
friendly method for eliminating toxic metals from soil. The process
involves using metal-tolerant plants to extract contaminants from
soil and to accumulate these contaminants in harvestable tissues [5].
Plants with great potential for metal phytoextraction include black
nightshade (Solanum nigrum L.) [5], rape (Brassica napus L.) [6],
and perennial ryegrass (Lolium perenne L.) [7]. However, slow plant
growth, low biomass, and heavy-metal toxicity restrict the efficiency of
phytoremediation [8,9].

Microbes can assist in the process of phytoremediation by
promoting plant growth and metal uptake from soil. The microbial
mechanism of promoting plant growth is to facilitate phytohormone
(e.g., indole acetic acid) and siderophore production, nitrogen fixation,
minerals solubilization, and/or nutrient transformation in plants
[10]. Additionally, microbes can increase the activity of antioxidant
enzymes and the production of protective substances in plants, thereby
protecting them from phytotoxic substances under metal stress and
ultimately improving the efficiency of phytoremediation [11,12].

Plant-microbe interactions utilized in phytoremediation include
mutually beneficial symbiotic associations of plants with growth-

promoting bacteria and mycorrhizal fungi [13]. The available bacteria
have been studied extensively under optimal laboratory conditions
with 60%-80% relative soil moisture [6,14]. It is unclear whether
inoculated plants can maintain an efficient phytoremediation of heavy
metals in soil under water deficiency, e.g., 10%-30% relative soil
moisture in extensive mainland of semi-arid areas in China [15,16].
Moreover, laboratory-cultivated bacteria or spore suspension has been
frequently used for microbe-assisted phytoremediation. The liquid
form of microbial agent was time-consuming to prepare and difficult
to apply in large areas.

Actinomycetes have been reported less frequently than bacteria and
mycorrhizal fungi to enhance Pb uptake and translocation in plants. For
example, sorghum plants inoculated with Streptomyces mirabilis P16B-
1 exhibit increased growth and dry weight, suggesting that this strain
may enhance phytoremediation by sorghum (Sorghum bicolor) [17]. A
soil actinomycete strain, designated Streptomyces pactum Actl2, was
recently isolated from the Qinghai-Tibet Plateau [18], and S. pactum
Actl2 demonstrated beneficial effects on crop growth and resistance
to plant diseases in pot experiments and field trials [19,20]. Given its
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origin from an extreme environment (drought, low-temperature, high-
latitude), it is hypothesized that S. pactum Actl2 would increase the
efficiency of Pb phytoremediation by plants under water deficiency in
semi-arid regions.

In this study, pot experiments were conducted using perennial
ryegrass (Lolium perenne L.), a cultivated perennial herbaceous plant
capable of Pb uptake and transport from the soil [7]. The resistance of S.
pactum Actl2 to Pb was examined and its effects on perennial ryegrass
under Pb stress in a semi-arid area of natural water deficiency were
then assessed. The study establishes an approach for actinomycete-
assisted phytoremediation of Pb-contaminated soil using a powder
form of microbial agent, which may facilitate the use in water-deficient
fields of arid or semi-arid areas.

Materials and Methods
Soil, strain and plant

Top soils of 0-30 cm in depth were sampled in a local farmland
in Xi’an, Shaanxi Province, China (34°09'24"N, 108°56'36"E). The soil
represents a typical cinnamon soil in semi-arid area, Northwest China.
Heavy metal contamination has occurred in the surface soil layer due
to long-term irrational use of chemical fertilizers and pesticides [21],
while the individual potential risk index of Pb content ranks the strong
ecological hazard level [22]. After collection, the soil samples were
air-dried, sieved using a 5-mm nylon sieve before physico-chemical
characterization. The basic soil properties were organic matter of 14.57
g kg, total nitrogen of 1.27 g kg'!, nitrate nitrogen of 14.43 mg kg,
total phosphorous of 0.49 g kg, olsen-phosphorous of 15.82 mg kg™,
total potassium of 240 mg kg, available potassium of 392.80 mg kg,
Pb of 85.62 mg kg, zinc of 78.23 mg kg™, bulk density of 1.21 g cm?,
pH of 6.77 (1:1 w/v water), and soil moisture of 20.56% (fresh soil).

Streptomyces pactum Actl2 was provided by the Laboratory
of Microbial Resources, College of Resources and Environment,
Northwest A&F University (Yangling, China) [18]. The agent Act12
was prepared by solid-state fermentation and applied in powder form
(5.3 x 10" CFU g*) [23]. The viable Act12 count was performed for
colony forming units by the dilution-plate method on Gauze’s No.
1 agar supplemented with antibiotics which were specific for the
identification of actinomycete [24].

Perennial ryegrass (Lolium perenne L.) seeds were purchased
from the Xin Nong Feng Agricultural Technology Research Institute
(Beijing, China). Full-grain seeds of uniform size (1,000-grain-
weight: 2.2 g) were surface-disinfected with 0.5% NaClO solution
(10 min, 25°C) and thoroughly rinsed with distilled water before
sowing.

Pot experiments

Dry soil sample was treated with Pb at five levels: 0, 200, 300,
500 and 1,000 mg Pb kg'. A Pb solution was prepared by dissolving
analytical-grade Pb(NO,), in distilled water. Soil moisture content
was adjusted to approximate 20%, close to the soil moisture content
in natural farmland of semi-arid regions [25]. Prior to the experiment,
Pb-treated soil subsamples were kept in darkness at 20°C for 3 months
to allow equilibrium to be reached between metal and soil.

Pot experiments were performed in two treatments: Actl2
inoculation and non-inoculation. Each treatment with the five Pb
concentrations had three replications respectively. Thirty plastic pots
(diameter 23 cm, depth 21 cm) were filled with Pb-treated soil using 3
kg per pot. For inoculation treatment, Actl2 was pre-mixed with soil

at 1.5 g kg™ on a dry soil basis and placed into a pot. Non-inoculation
treatment was prepared with Pb-treated soil without Actl2 and
provided as the control.

Seeds were sown in 1-cm deep holes (50 seeds per pot) in late
March. Three-week-old seedlings were thinned to 15 plants per pot
and the pots were then randomly arranged in a plastic greenhouse. The
plants were watered once per day to maintain approximately 20% soil
moisture content. The growth conditions were recorded and plants
were carefully harvested after 60 d of growth.

Rhizospere soil was removed from plant roots by gently shaking
and collected for bacteria determination. Plant samples were washed
with deionized water before measuring growth parameters including
plant height, tiller number, and fresh weight. Ten gram of fresh leaf
samples were excised and frozen in liquid nitrogen for physiochemical
analysis. Plant roots and shoots were deactivated at 105°C for 30 min,
followed by heating at 80°C for 24 h for Pb analysis. Pot soils were
dried and passed through a 0.075-mm sieve and used to determine the
bioavailable and residual Pb contents in the soil.

Pb tolerance analysis of actinomycetes strain: Pb resistance of S.
pactum Actl2 was analyzed using phosphate-poor morphline propane
sulfonic acid (MOPS) medium with 0.1% glucose as carbon source
[26]. Actl2 was streaked on MOPS agar plates containing gradient
concentrations of Pb** from 0 to 1500 mg L' (100 mg L interval).
The culture was incubated at 28°C for 7 d. The minimum inhibitory
concentration (MIC) of Pb was defined as the metal ion concentration
that completely inhibited the growth of Act12 [6].

Sample analysis: Dry pot soil samples were ground in an agate
mortar and digested in boiling aqua regia for 2 h. The digested sample
was adjusted to 50 mL with distilled water, before Pb analysis using
the PerkinElmer Optima 5300DV ICP-OES system [27]. Bioavailable
Pb in the soil was extracted by EDTA [27]. Dry plant samples were
ground into a powder and digested in a mixture of HNO, and HCIO,
(4:1, v/v). Pb concentration in the digested sample was determined by
ICP analysis [28].

Fresh leaves were cleaned and the leaf veins were removed. Leaf
superoxide dismutase (SOD) activity was assayed using the nitroblue
tetrazolium reduction method [29]. Catalase (CAT) activity was assayed
by measuring the decomposition of hydrogen peroxide as reflected by
the change of absorbance at 240 nm [30]. Peroxidase (POD) activity
was analyzed in accordance with Polle et al. [31].

The number of viable Act12 in the rhizosphere soil was determined
by serial dilution on MOPS plates containing 500 mg L' Pb. The
inoculated plates were incubated at 30°C for 7 days. With account taken
of Pb-resistant microorganisms and the appearance of characteristic
colonies from the inoculated samples, only gray compact spiral
colonies morphologically similar to colonies of Act12 were considered
as reisolates of Actl12 [18].

Data analysis: For the parameters tested, rate of increase (ACtrl%)
was obtained as the percentage of the difference between Actl2
inoculation and non-inoculation treatments to the non-inoculation
control at the same Pb level. Translocation factor (TF) was calculated as
the ratio of Pb concentration in shoots to that in roots. Bioconcentration
factor (BCF) was calculated as the ratio of Pb concentration in plant
(roots and shoots) to that in soil.

Average values of mean + SD (n = 3) are presented. Significance
of difference between treatments was determined by DUNCAN test
at a = 0.05. Statistical analysis was performed using SPSS 20.0 (IBM
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SPSS, Somers, NY, USA). An asterisk (*) denotes significant difference
between Actl2 inoculation and uninoculated control within the same
soil Pb treatments (P < 0.05). Different lower-case letters indicate
significant difference of Actl2 inoculation or uninoculated control
between different soil Pb treatments (P < 0.05).

Results
Pb tolerance of Actl2

S. pactum Act12 demonstrated high Pb resistance in agar medium
and the MIC of Pb to Act12 was up to 1,200 mg L. Plate culture results
showed that the strain had good growth in the presence of 0-800 mg Pb
L, while the growth was slower in the presence of 800-1,200 mg Pb L.

After 60 days of cultivation in pots, Actl2 was recovered from
the rhizosphere of ryegrass plants with a high probability. Distinctive
gray compact spiral colonies that morphologically resembled those of
the original strain were considered as Actl2 (Figure 1a). In the non-
inoculated soil samples, no colonies resembling Act12 were found.
The maximum Act12 count of the soil after 60 days of ryegrass growth
was 5.45x107 CFU g* at 500 mg Pb kg. The viable count of Act12 was
reduced to a minimum of 0.90x10” CFU g*at 1,000 mg Pb kg (Figure 1d).

Plant growth and biomass

The growth of ryegrass plants was affected by Pb stress (Figure 2).
As soil Pb level increased, plant height decreased in both inoculated and
uninoculated treatments (Figure 1c); however, shoot fresh weight, root
fresh weight, and tiller number initially increased before decreasing,
with the maximum value at 300 mg Pb kg™

Actl2 inoculation had positive effects on the growth of ryegrass
plants under Pb stress (Figure 2). Plant height, root fresh weight, and
shoot fresh weight were significantly higher in inoculated plants than
in the uninoculated controls, regardless of soil Pb level (p < 0.05). The
greatest increases in plant height and root fresh weight were 12.3%
and 94.6%, at 300 mg Pb kg, respectively. The maximum increase in
shoot fresh weight was 29.6% at 1,000 mg Pb kg'. Root tiller number
significantly increased at all Pb levels except 500 mg Pb kg™'; the greatest
increase was 44.2% at 200 mg Pb kg™

Leaf antioxidant enzyme activity

The leaf antioxidant enzyme activity in ryegrass plants was altered
by the presence of Pb in soil (Table 1). As soil Pb level increased,
leaf CAT and POD activities both decreased; however, SOD activity
initially increased and peaked at 500 mg Pb kg™, followed by decreases.

Actl2 inoculation positively affected leaf antioxidant enzyme
activity in ryegrass plants (Table 1). Leaf CAT, SOD and POD activities
were all higher in inoculated plants than in the uninoculated controls,
regardless of Pb level, especially at high soil Pb levels (500 to 1,000
mg Pb kg'), where inoculated plants showed significantly increased
enzyme activities (p < 0.05). The greatest increase in CAT and SOD
activities were 70.3% and 58.4% at 1,000 mg Pb kg, respectively, while
a 94.2% increase in POD activity was observed at 500 mg Pb kg

Lead bioavailability in soil and Pb accumulation and uptake
in plants

The bioavailable soil Pb content in pot soil without Pb treatment
was 32.13+0.51a mg kg™'. Inoculation with Act12 significantly increased
bioavailable soil content (8.4-37.2%) in a dose-dependent manner
compared with the non-inoculation controls (p < 0.05) (Figure 1b). The
greatest increase in response to Actl2 inoculation was observed at 500
mg Pb kg! (Table 2).

Pb uptake and accumulation by ryegrass plants varied in a dose-
dependent manner. As soil Pb levels increased, there was an increase
in root and shoot Pb concentrations and uptake in both inoculated
and uninoculated plants. Actl2 inoculation positively affected Pb
uptake and accumulation under Pb stress. Both shoot and root Pb
concentrations and uptakes were significantly higher in inoculated
plants than in the uninoculated controls at 200 to 1,000 mg Pb kg™
(p < 0.05). For the inoculated plants, there were 61.7-130.4% (shoots)
and 34.8-107.2% (roots) increases in Pb concentration, and 33.6-
146.3% (shoots) and 36.4-173.4% (roots) increases in Pb uptake,
compared with the uninoculated controls. The greatest increase in
Pb concentrations and uptakes in response to Actl2 inoculation was
observed at 300 mg Pb kg (Table 2).

Phytoremediation efficiency

As soil Pb levels increased, TF decreased, while root BCF increased
in both inoculated and uninoculated plants. Actl2 inoculation
promoted the translocation of Pb from roots to shoots, which resulted
in a 10.5-36.2% increase in TF compared with the uninoculated
control (p < 0.05). Meanwhile, inoculation with Act12 enhanced Pb
absorption by roots and shoots from the soil, resulting in 37.3-109.4%
increase in root BCF and 62.7-133.1% increase in shoot BCF (p < 0.05).
The greatest increase in TF was observed at 500 mg Pb kg™, while the
greatest increases in root BCF and shoot BCF were observed at 300 mg
Pb kg! (Table 3).

Discussion

The role of S. pactum Act12

Microbes isolated from extreme environments provide a potential
source for phytoremediation in contaminated soils under adverse
conditions. Strain Actl2 was isolated from a unique environment
(drought, low-temperature, and high-latitude) on the Qinghai-Tibet
Plateau [18]. Owing to the long-term adaption, Act12 may have evolved
versatile mechanisms to cope with adverse stress. In the present study,
Streptomyces pactum Actl2 demonstrated high resistance to Pb (MIC
=1,200 mg Pb L) in plate culture. As has been reported [32], processes
of biosorption, reduction, biomineralization, extracellular binding by
chelators, efflux by transport systems, and/or intracellular binding of
metals are all involving as the role of Streptomycetes.

The rhizosphere, as an interface of soil and plant, supplies a
niche for metal-tolerant bacteria that are essential for promoting
plant-growth activities, alleviating plant stress and mobilizing or
immobilizing metals [33]. Pot experiments showed that Actl2 well
colonized the soil containing less than 500 mg Pb kg' and suffered a
certain degree of inhibition at 1,000 mg Pb kg under 20% relative soil
moisture, in agreement with the results of plate culture analysis for Pb
tolerance. Taken together, the above results indicate that S. pactum
Actl2 is resistant to Pb and can thrive in soil with relatively low water
content. This strain exhibits great potential for agricultural use in semi-
arid regions.

It has been noted that low plant biomass could be a bottleneck
in phytoremediation of heavy metal-contaminated soils [8]. Thus,
plant-growth-promoting and heavy-metal-tolerant microbes are
preferentially used to improve the efficiency of phytoextraction [12,14].
In the present study, S. pactum Actl2 demonstrated plant-growth-
promoting effects on ryegrass plants under Pb stress, as indicated by the
greater root tiller number plant height and biomass (Figure 2). This is
consistent with the results observed in cotton and ginseng [20,34]. The
effect of Act12 may be related to the production of indole-3-acetic acid,

J Pet Environ Biotechnol
ISSN: 2157-7463 JPEB, an open access journal

Volume 7 ¢ Issue 2 + 1000269



Citation: Cao S, Wang W, Zhao Y, Yang S, Wang F, et al. (2016) Enhancement of Lead Phytoremediation by Perennial Ryegrass (Lolium perenne
L.) Using Agent of Streptomyces pactum Act12. J Pet Environ Biotechnol 7: 269. doi:10.4172/2157-7463.1000269

Page 4 of 7
Pb treatment (mg kg™') CAT U g min*' SOD U g'FW POD U mg" min”'
Control 2.63+0.13 80.70+5.72 113.25+7.11
0 Act12 3.14£0.14 85.70 + 4.41 146.02 + 5.38
ACtrl (%) 19.3* 6.2 16.8*
Control 248 +0.23 95.69 + 4.17 107.35+3.72
200 Act12 257 +0.22 104.22 £2.92 113.25 £ 7.05
ACtrl (%) 3.6 8.9* 55
Control 2.33+0.19 107.35+5.72 94.22 + 1.86
300 Act12 2.77 £0.12 113.82 £ 4.64 115.69 + 8.65
ACtrl (%) 19.0* 6.0 22.8*
Control 1.55+0.24 135.05 + 6.62 67.70 £ 3.52
500 Act12 2.52+0.10 176.02 £ 6.63 131.49+7.70
ACtrl (%) 62.4* 30.3* 94.2*
Control 1.38+0.25 71.49+5.40 62.67 +2.34
1,000 Act12 2.35+0.21 113.25+7.11 89.82 +4.87
ACtrl (%) 70.3* 58.4* 43.3*

Table 1: Leaf antioxidant enzyme activity (catalase activity, CAT; superoxide dismutase, SOD; peroxidase activity, POD.) of perennial ryegrass in Pb-treated soil inoculated

with or without Streptomyces pactum Act12 (means + SD, n = 3).

Pb treatment (mg kg') Pb concentration (mg kg™) Pb uptake (ug pot”) Bioavailable soil Pb (mg
Shoot Root Shoot Root kg")
0 Control 1.53+0.13 6.35+0.48 31.71£3.89 50.23 + 3.69 32.13+0.51
Act12 1.61+0.17 6.51 £ 0.82 35.44 £2.90 57.15 + 3.51 34.84 +1.09
ACtrl (%) 5.0 25 11.8 13.8 8.4*
200 Control 5.49 +0.46 19.70 + 1.59 131.34 £ 16.95 157.45 + 15.93 73.39+3.26
Act12 8.88 £ 0.86 26.51+2.16 174.45 £ 13.95 311.98 £ 35.27 85.32+2.93
ACtrl (%) 61.7¢ 34.8* 33.6* 98.1* 16.3*
300 Control 6.01+0.52 27.27 +2.57 152.65 + 12.34 306.29 + 23.16 123.98 + 8.95
Act12 13.86 + 1.14 56.51 + 5.89 376.02 +29.18 837.42 +67.95 165.86 + 3.99
ACtrl (%) 130.4* 107.2* 146.3* 173.4* 33.8*
500 Control 9.16 +£ 0.82 63.25 +5.26 281.56 + 12.40 876.86 + 106.84 231.06 +22.33
Act12 17.12+1.33 86.83 +6.93 423.68 + 35.63 1195.69 + 112.15 317.05+2.88
ACtrl (%) 86.9% 37.3* 50.5* 36.4* 37.2*
1,000 Control 21.88 +2.04 133.51 £ 14.31 540.94 + 31.40 1682.01 + 98.57 370.87 + 11.76
Act12 36.45+2.65 201.10 £ 15.12 1178.72 £ 110.24 2530.10 + 231.38 418.71 £ 16.33
ACtrl (%) 66.6* 50.6* 117.9* 50.4* 13.1*
Table 2: Pb concentration and uptake in perennial ryegrass plants, and bioavailable soil Pb in Pb-treated soil inoculated with or without Streptomyces pactum Act12 (means
+SD, n=3).
Pb treatment TF (%) Root BCF (%) Shoot BCF (%)
(mg ka") Control Act12 “(g:)’ ! Control Act12 Reg:‘,,'/j)'cm Control Act12 Regt",'/src"'
0 2411 +1.45 24.76 + 1.61 2.7 7.55+0.20 7.72+0.26 23 1.82+0.11 1.91+0.1 5.0
200 27.91+£0.09 33.45+0.51 19.9* 6.97 £0.12 9.46 + 0.03 35.8* 1.94 £ 0.03 3.16 £ 0.04 62.7*
300 22.06 + 0.2 24.56 + 0.57 11.3* 7.16 £ 0.05 14.99 + 0.09 109.4* 1.58 £+ 0.01 3.68+0.1 133.1*
500 14.47 £ 017 19.72+0.18 36.2* 11.00 £ 0.10 15.10+0.18 37.3* 1.59 + 0.02 2.98 £ 0.04 87.0*
1,000 16.4 +£0.24 18.13+0.07 10.5% 1243 +0.33 18.86 + 0.15 51.7* 2.04 £0.02 3.42+0.03 67.7*

Table 3: Average translocation factor (TF) and bioaccumulation coefficient (BCF) of perennial ryegrass plants in Pb-treated soil inoculated with or without Streptomyces

pactum Act12 (means + SD, n = 3).

siderophores and 1-aminocyclopropane-1-carboxylic acid deaminase,
and/or solubilization of inorganic phosphate [6,12]. Additionally,
metabolites such as organic acids, amino acids, and vitamins, as well as
extracellular hydrolytic enzymes produced by branched mycelia [35],
can stimulate root uptake of nutrients and subsequent plant growth.
Moreover, actinomycetes are beneficial to rhizosphere soil microflora
and thus could indirectly contribute to plant growth [20].

The plant growth-promoting effect of Actl2 observed in the
current study was more significant in soil at higher Pb levels. Similar
results have been observed in Streptomyces mirabilis P16B-1, which

promotes the growth of S. bicolor in a dose-dependent manner [17]. A
combination of mycorrhiza and Streptomycetes also achieves a slight,
albeit statistically significant increase in the biomass productivity
of the same plant [36]. Previous studies have added the microbes as
cell suspensions after laboratory cultivation for days and used them
in soil under optimal water conditions (60%-80%). In the present
study, Actl2 was applied in powder form, which is convenient for
preservation, maintenance of high activity, and application in large
fields. With respect of soil condition, Act12 was tested in soil with 20%
relative water content. This condition reflects the actual water status
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Figure 1: Streptomyces pactum Act12 colonies (a), powder form agent (b), the growth of perennial ryegrass plants in Pb-treated soil with or without Act12 inoculation
(c) and the count of Streptomyces pactum Act12 after 60-d survival in Pb-treated rhizosphere soil with or without inoculation. (means + SD, n = 3).

Figure 2: Growth parameters ofperennial ryegrassin Pb-treated soil inoculated with or without Streptomyces pactumAct12 (a), plant height (b), tiller number (c), root
fresh weight and (d) shoot fresh weightofperennial ryegrass after 60-d survival. (means + SD, n = 3).
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in semi-arid water-deficient areas. Therefore, the powder form of Act12
will facilitate the use in heavy metal remediation across semi-arid regions.

In addition, lead can produce physiological stress and induce the
production of superoxide anion (O,-—) and hydrogen peroxide (H,0,)
in perennial ryegrass [30], which are harmful to plant cells. Plants
can produce antioxidant enzymes to reduce the oxidative stress and
maintain the resistance against heavy metals [37]. The current results
show that soil inoculation with strain Actl2 increased leaf CAT, SOD
and POD activities in ryegrass plants under Pb stress compared with
the un inoculated control. The activities of the three enzymes markedly
increased in inoculated plants grown in soil at higher Pb levels (500-
1,000 mg kg'). SOD can convert active and toxic superoxide radical
into H,O,; CAT and POD then eliminate H,0, through the conversion
to H,O and O, [37]. Improving the antioxidant enzyme activity thus
can increase the detoxification of heavy metal stress by plants [38].

At the cellular level, high levels of Pb in plants can pose phytotoxic
effects by inducing excessive accumulation of reactive oxygen species.
Actl12 in the rhizospheric microbial communities might enhance
the tolerance of ryegrass plants against Pb toxicity by producing
plant growth-promoting factors such as indole acetic acid (IAA),
siderophores, 1-aminocyclopropane-1-carboxylate (ACC) deaminase
[39,40]. Additionally, Act12 might produce organic acids and amino
acids that are high-affinity ligands for the chelation of Pb by cytosol.
This mechanism could lower ionic Pb in cytoplasm, attenuate the
phytotoxic effect, and then normalize the antioxidative response of plants,
ultimately contributing to metal detoxification and tolerance [13,41].

Similarly, co-inoculation of lentil with Pb-resistant bacteria (A.
tumefaciens, R. aquatilis, and Pseudomonas sp.) increases CAT, SOD,
and POD activities in plants under Pb stress [42]. An endophytic fungus
(EF0801) benefits rice growth under moderate Pb stress by enhancing
CAT, SOD, and POD and reducing MDA levels [12]. A recent study has
reported that the expression of genes encoding antioxidant enzymes
is upregulated in plants to help alleviate metal toxicity [11]. These
findings confirm that Actl2 can enhance the tolerance of perennial
ryegrass to Pb stress by enhancing antioxidant enzyme activities. This
can be regarded as a defense mechanism against Pb toxicity, and thus
beneficial to plant growth.

Furthermore, phytoextraction capacity is influenced by metal
accumulation in plant tissues and biomass productivity [38]. The present
study showed that Actl2 inoculation increased Pb bioavailability in
the contaminated soil and improved Pb concentrations and uptake in
shoots and roots of perennial ryegrass plants under Pb stress (Table
2). Microbes can alter metal availability and mobility to the plant
by acidification, chelation and oxidation-reduction reactions in the
rhizosphere [43], ultimately contributing to metal accumulation in
plants. Similarly, an endophytic Rahnella sp. N6 was reported to increase
the availability of Pb in soil and enhance Pb uptake by B. napus [6].

In the 300 mg kg soil treatment, the Pb concentrations and uptake
in Actl2-inoculated plant showed greater than 100% increase relative
to those in the uninoculated controls. The effect of Act12 is markedly
stronger than that of the rhizobacterium Burkholderia sp. D54 (PGPR)
in increasing Pb levels in ryegrass (11.3% increase in roots, no effects in
shoots) [14]. Streptomycete can produce versatile secondary metabolites
such as organic acids which were cosidered as the sources of protons
for mobilization and metal-chelating anions to form complexes with
metal cations [44,45].

The TF and BCF are two indices used to assess the efficiency of
phytoremediation in Pb-contaminated soil [7]. The TF was less than 1.0

in ryegrass plants, as Pb is more likely to be absorbed and accumulate
in roots than in shoots [30]. When we inoculated strain Act12 into Pb-
treated soil, there were greater TF and BCF of Pb in both the roots
and shoots of ryegrass plants than in the uninoculated control. This
result suggested that soil inoculation with Actl2 can promote the
translocation of Pb from roots to shoots and boost Pb absorption by
ryegrass plants from the soil. The current findings confirm that strain
Actl2 can improve the phytoremediation efficiency of perennial

ryegrass.

Prospects of lead phytoremediation in arid and semi-arid
areas

A number of studies claimed that lead phytoremediation can
be enhanced by the assistance of beneficial bacteria [6,1,36]. These
bacteria improve plant growth and increase plant biomass, in turn
assisting phytoremediation by its growth-promoting traits. In
addition, microbes can protect plants from phytotoxic substances
under lead stress by increasing the activity of antioxidant enzymes and
the production of protective substances in plants. Additionally, lead
uptake can be promoted by the transformation of lead into bioavailable
and soluble forms through the action of bacteria. However, in arid
and semi-arid area, the application of lead phytoremediation should
pay special attention to the restriction of water deficiency as drought
stress could result in low biomass production, low rates of metal
removal and insufficiently metal uptake into plant tissue [46]. More
significantly, the effective plant microbial remediation technologies
suitable for Pb-contaminated soil in the arid and semi-arid area are not
properly documented in the literature. This study has demonstrated
that actinomycetes could assist Pb phytoremediation under water
deficiency. It is reasonable to believe that the findings of this study will
promote the further studies and potential application of Pb control in
arid and semiarid areas, especially in China as it has 3.07x10° km? in
Northwest China while most of the areas are reported to be polluted
during the last two decades of the industrialization/urbanization
[1,2,21].

Conclusions

Streptomycetes pactum Actl2 exhibited high Pb tolerance and
colonized the rhizosphere containing a wide range of Pb. Soil
inoculation with Actl2 in powder form promoted plant growth
and enhanced Pb tolerance in ryegrass grown in Pb-treated soil in a
semi-arid area of natural water deficiency by increasing antioxidant
enzyme activities. Meanwhile, Actl2 improved the bioavailability of
Pb in the soil and improved Pb accumulation and uptake by ryegrass,
achieving high bioconcentration and phytoremediation efficiency.
S. pactum Actl2 represents Pb-resistant microbial agent that can be
used in phytoremediation in semi-arid water-deficient areas. The
powder form of Actl2 guarantees its convenience for transport and
application. Field trials will be conducted to assess the effects of Act12
on phytoremediation and reveal its protective mechanisms under
drought conditions.
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