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Abstract: It is well known that the earthworm’s activities can increase the availability of soil nutrients, improve soil structure, 

and enhance the biomass of plants in uncontaminated soil. Recently, many researchers found that some metal-tolerant earthworms 

can survive and even change the fractional distribution of heavy metals in contaminated soil. Furthermore, it has been revealed that 

earthworms are able to increase metal availability, and therefore, accumulate more metals in plants through their burrowing and

casting activity. It is clear that the influence of soil animals is an important factor for phyto-remedation that must be taken into ac-

count.  In this article, the authors studied some effects of addition of earthworms (Metaphire guillelmi), corn straw, and in combina-

tions of earthworms and corn straw on the growth and Cu uptake by ryegrass in Cu contaminated pot soils. The experiment consisted

of four levels of Cu addition (0, 100, 200, 400 mg·kg
1
) and four treatments. The treatments were 1. control (CK); 2.straw mulching  

only (M); 3. earthworm additions to soil only (E); and 4.straw mulching plus earthworm additions (ME). Each treatment had three

replicates. 10 seeds of ryegrass (Lolium multiflorum) were sowed in each pot and harvested after 30 days. After 30 days of incuba-

tion, all earthworms were found to be alive and the pot soils were burrowed through by earthworms. Results showed that the biomass 

of earthworm declined with the increase of the dosage of Cu additions. The biomass of earthworm increased significantly in treat-

ment 4 (ME) as compared with treatment 3 (E). Not only the earthworms could get more food from the straw, but also could coun-

teract some negative effects of Cu on the earthworms. The rates of straw decomposition in ME treatment increased by about 58.11%

–77.32%. The earthworm activities increased root biomass of ryegrass significantly, but did not show the effect on plant root growth. 

On the contrary, straw enhanced roots biomass significantly instead of shoots biomass. It was also found that the concentration of Cu  

in the plant shoot and the plant root, as well as plant Cu uptake were enhanced by earthworm’s activities and straw mulching. The 

increased amount by straw mulching was lower than that of earthworms (E). The treatment of the earthworm–straw mulching com-

binations enhanced plant Cu concentration, and the amount increased by it was lower than that of the earthworm treatment (E) but

higher than that of straw mulching treatment (M). The accumulation factors of copper in the shoots of ryegrass were increased by

31.22% –121.07%, 2.12% –61.28% and 25.56% –132.64%, respectively, in treatment 3(E), 2(M), and 4(ME), respectively. In con-

clusion, the earthworm activities, straw-mulching and their interactions may have potential roles in elevating phyto-extraction effi-

ciency in low to medium level Cu contaminated soil. 

Key Words:  earthworm; straw; Cu; phytoremediation 

With industrialization, mining and application of waste wa-

ter and sewage sludge on land, heavy metal pollution of soils 

is increasingly becoming a serious environmental problem[1,2].

Phytoextraction of soils contaminated by heavy metals has 

been widely accepted because of its low cost, effectiveness 

and the environmental benefits gained[3]. However, most of the 

hyper-accumulators found now grow slowly, with low shoot 

biomass[4]. Thus, how to improve plants biomass and enhance 

their ability to take up and accumulate more metals in their 

shoots is the key to enhance phytoremediation efficiency. Re-

cently, roles of earthworm in heavy metal remediation have 

been widely focused, and many researchers found that some 

metal-tolerant earthworms can survive and even change the 

fractional distribution of heavy metals in contaminated soi[5,6].

Furthermore, it has been revealed that earthworms are able to 

increase metal availability[7,8] , and therefore, accumulate more 
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metals in plants through their burrowing and casting activity[9 11] .

Y. Ma[12] found that available Pb and Zn concentrations were 

increased about 48.2% and 24.8%, respectively, after adding 

earthworm in the Pb and Zn mining tailings[12], meanwhile soil 

available nutrients, plant biomass and plant heavy metal up-

take were all enhanced by earthworm[9].

Because of the complex relations between organic matter 

and heavy metal in the soil[13 15], these researchers listed above 

did not introduce organic matter as food to earthworms in 

these remediation processes[16]. But original food in soil can 

not meet the earthworms’ need without adding more foreign 

organics, which will result in the decline of fresh biomass and 

activities of earthworms[10]. Therefore, the success of using 

earthworm to improve phytoremediation efficiency depends 

on several factors, including maintaining the normal activity 

and progenitive capability of earthworm. 

In order to perfect earthworm plant remediation tech-

nique and support the theory to reveal the mechanisms that 

explaining on how earthworms improved phytoremediation 

efficiency, role of earthworm, straw and their interactions on 

phytoremediation of Cu contaminated soil by ryegrass were 

investigated in this article. 

1  Materials and methods 

1.1  Experimental materials 
Soil was sampled from the 0–20 cm depth from Rugao city, 

Jiangsu Province. The chemical characteristics of soil were: 

pH 8.15 (water: soil 1:1), organic matter 5.18 g/kg, total N 

0.70 g/kg, total Cu 12.31 mg/kg, and DTPA-extractable Cu 

0.78 mg/kg, respectively. The plant used in this experiment is 

ryegrass (Lolium multiflorum). Earthworms (Metaphire guil-
lelmi) were sorted by hand and all earthworms were adult with 

full clitellum.  

1.2  Preparation of Cu contaminated soil  
Each pot contained 1.0 kg air-dried soil, CuSO4 solution 

was added to each pot to provide levels of 0, 100, 200 mg Cu 

kg
1
 and 400 mg Cu kg

1
 soil(Cu-0, Cu-100, Cu-200, Cu-400), 

wherein each level had three replicates. After thorough mixing, 

the soil was incubated at 28  in a greenhouse for 2 months to 

allow the Zn to redistribute among the various zinc fractions 

and to be stabilized.  

1.3  Pot experiment  
Four treatments were set for each Cu contaminated level. 

The treatments were 1. control (CK); 2. straw mulching only 

(M); 3. earthworm additions to soil only (E); and 4.straw 

mulching plus earthworm additions (ME). Each treatment had 

three replicates. The straw was air-dried, broken and sieved 

(<2 mm mesh), then mulched with 20 g per pot in appropri-

ated pots. The E treatments pots were inoculated with Zn- 

tolerant earthworms ((8.0 0.02) g/pot). Each pot was watered 

with distilled water to adjust soil water content to 60% water 

holding capacity (WHC). Two days later, ryegrass seeds were 

planted, and 10 seedlings per pot were kept after 7 days. Plants 

were harvested after a growth period of 30 days. The shoots 

were removed by cutting above the soil surface, and roots 

were separated from soil by washing with de-ionised water. 

Plant fresh biomasses were measured, dry weight of shoots 

and roots were determined after drying at 70  overnight. 

When the pot experiments were over, earthworms were sorted 

by hand and mortality was assessed; earthworms were cleaned 

with de-ionised water and placed on wet filter paper for 24 h 

in dark chamber at 15 , weighted after they completed ex-

creting the material from gut. The un-decomposed straw re-

covered by nipper from soil was air-dried and weighed. 

1.4  Analytical methods  
Soil, for estimating total Cu concentration, was digested in 

a mixture of aqua regia and HClO4, and soil bioavailable Cu 

was extracted with 0.005mol/L diethylenetriamine-pentaacetic 

acid (DTPA) [17]. Samples of oven-dried roots and shoots were 

digested in a mixture of nitric and perchloric acids (5:1). All 

Cu extracts were analyzed by atomic absorption spectrometry 

(AAS). Other items were measured with the respective meth-

ods.

Data were presented as the mean value of triplicates and the 

standard deviation (SD) were calculated. Statistical analyses 

were conducted with the software SPSS 11.5 for windows. 

The differences of means were assessed by Duncan tests. Sig-

nificance was defined as p<0.05 (SPSS 11.0). 

2  Results and discussion 

2.1  The effect of earthworm on straw decomposition rate
After straw was mulched onto the soil and inoculated for 

one month, it was found that straw decomposition rate was 

58.50% in M treatment, and declined from 63.25% to 44.97% 

with the increasing doses of soil Cu. After introducing earth-

worm (ME treatment), straw that was mulched on the surface 

of soil disappeared entirely by the end of the incubation time, 

and some straw chips were found in the substrate soil, which 

showed that the earthworms pulled straw into their burrows 

and ingested them there. In the ME treatment, straw decom-

position rate was also affected by soil Cu concentration, at 

Cu-400 treatment, straw decomposition rate was lowest, about 

76.38%, which maybe because of the inhibition of earth-

worms’ activities by higher soil Cu, and the quantity of straw  

ingested by earthworm decreased. In the soil with the same 

level of Cu contamination, straw decomposition rate by earth- 

worm significantly increased by about 58.11% –77.32% when 

compared with that of M treatment.  

2.2  Effects of straw on earthworm biomass  
During the whole of the incubation time, earthworms were 

in good health and their casts were found to be piled upon the 

surface of soil, and the holes burrowed by earthworm were 

clearly visible. But the quantity of earthworm casts decreased 

with the increase in soil Cu, which showed that the earthworm 
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(Metaphire guillelmi) used in this research was able to endure 

some level of soil Cu contamination, but not high soil Cu 

concentration. After incubation, earthworms showed negative 

growth, its fresh biomass was found to be lesser than that be-

fore incubation. As soil Cu concentration increased, earth-

worm growth rate decreased evidently from 15.00% to 

43.13%, which is because of poisonous effect of Cu on the 

earthworm. On the contrary, straw showed a distinct positive 

effect on earthworm growth, wherein earthworm biomass in-

creased significantly in ME treatment compared with the bio-

mass before inoculation, which only showed negative growth 

at Cu-400 treatment. T-test revealed that there was a signifi-

cant difference related to earthworm biomass between before 

incubation status and after incubation status (p<0.05*). At the 

same level of Cu contamination, earthworm biomass was sig-

nificantly higher in ME treatment than that of E treatment, 

which confirmed that introducing organic matter as food ma-

terial benefitted earthworm growth.  

2.3  Interaction of earthworm and straw on ryegrass gro- 
wth in Cu contaminated soil  

It is well known that the earthworm’s activities can increase 

the availability of soil nutrients, improve soil structure, and 

enhance the biomass of plants in uncontaminated soil[18,19].

Some recent researches found earthworm also could improve 

plant growth in heavy metal contaminated soil[9,10]
. Table 3 

showed that there were negative correlations between ryegrass 

shoot biomass and soil polluted with Cu contents in CK and 

M treatments. But shoot biomasses of E and ME treatment 

were not inhibited by soil Cu contents. Shoot biomass of E 

treatment was significantly higher than that of CK treatment 

(p<0.01**), but there was no significant difference for M and 

ME treatment when compared with control. 

It was also found that straw significantly enhanced root 

biomass of plants (Table 3), root biomass in M and ME treat-

ment were all significantly higher compared with that of CK 

treatment, whereas earthworm showed no effect on plant root 

biomass. In general, plants root biomass followed the se-

quence, ME M>E CK. 

The three-way ANOVA of the data (Table 3) indicated that 

earthworm factor significantly increased plant shoot dry bio-

mass, but had no effect on root dry biomass. Whereas straw 

and copper factor both had significant influences on both 

shoot and root dry biomass. Among these three sources of 

variance, straw was the most important factor affecting plant 

biomass, whereas the earthworm factor was in the next place.  

2.4  Interaction of earthworm and straw on shoot and root 
Cu contents of ryegrass  

Cu contents in the shoot and root of ryegrass increased with 

the increasing Cu application in soil, with a much higher level 

of Cu contents in roots than in corresponding shoots. Mean-

while, earthworm and straw, respectively, showed significant 

increase in Cu contents of ryegrass (table 4). Earthworm ac-

tivity significantly increased Cu contents of plants compared 

with that of CK treatment (except Cu-0 treatment). For M 

treatment, Cu contents in shoots increased to some degree, but 

only showed significant differences in Cu-400 treatment; Cu 

contents in roots increased in all significantly (p<0.05
*
)

when compared with control, except under the 200 mg/kg 

dosage. When inoculated with both earthworm and straw (ME 

treatment), Cu contents in shoots and roots was lower than 

that of E treatment and higher than that of CK and M treat-

ments. In general, under the same soil Cu concentration, plant 

Table 1  Effects of earthworm on straw decomposition rate 

Residual amount (g) Straw decomposition rate (%) 
Treatments  

Cu-0 Cu-100 Cu-200 Cu-400 Cu-0 Cu-100 Cu-200 Cu-400 

M 7.35a 8.30a 8.75a 11.01a 63.25b 58.50b 56.24b 44.97b 

ME 0.00b 0.17b 0.06b 4.72b 100a 99.13a 99.72a 76.38a 

Figures within one column followed by the same letter are not significantly (p>0.05) different (n=3); The same as below; M: soil only with straw mulch; ME: 

soil with straw mulch and earthworms; Cu-0, Cu-100, Cu-200, Cu-400 respectively means soil Cu concentration is 0, 100, 200, 400 mg/kg, the same as below 

Table 2  Effects of straw on earthworm growth 

Earthworm fresh weight (g) 
Treatments Items 

Cu-0 Cu-100 Cu-200 Cu-400 

Weight (g/pot)  8.02a 8.01a 8.02a 7.99a 

Weight  (g/pot)  6.80b 6.32b 5.69b 4.55b E

Growth rate (%) 15.00  22.50  28.88  43.13  

Weight (g/pot) 7.98b 8.01b 8.03b 7.97b 

Weight (g/pot) 9.50a 10.58a 10.60a 7.48a ME

Growth rate (%) 18.75  32.25  32.50  6.50  

 Earthworms weight before incubation;  Earthworms weight after incubation;  Growth rate of earthworm
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Cu contents followed the sequence, E>ME>M>CK. 

The three-way ANOVA of the data (Table 3) indicated that 

Cu and earthworm factors both had significant influences on 

plant Cu contents, while straw only affected shoot Cu contents. 

Cu factor made the most contribution to the increase in plant 

Cu contents, whereas straw factor contributed the least  

2.5  Interaction of earthworm and straw on shoot and root 
Cu uptake  

Shoot Cu uptake in E treatment was the highest among the 

four treatments (Table 5). In general, under the same level of 

Cu concentration in soil, shoot Cu uptakes followed the se-

quence, E>ME>M>CK. Root Cu uptake increased with straw 

amendment, which was higher than that by earthworms and 

increase in the uptake of Cu in ME treatment was highest. 

Plant shoot Cu enrichment coefficient was low, which was 

only about 0.11–1.69, although Cu concentration in soil was 

high. Plant Cu enrichment coefficients were higher than 1 

only in uncontaminated soil, and decreased with the increase 

of soil Cu contents.  

Plant Cu enrichment coefficients were increased by about 

Table 3  Effects of earthworm and straw on shoot and root biomass of ryegrass 

Biomass of ryegrass (g/pot)

Cu-0 Cu-100 Cu-200 Cu-400 Treatments 

Shoot Root Shoot Root Shoot Root Shoot Root 

CK 2.40b 0.85a 1.87b 0.71b 1.40b 0.67b 1.23b 0.33b 

M 2.00b 1.10a 1.80b 1.27a 1.50b 1.61a 1.30ab 0.71a 

E 3.97a 1.17a 2.40a 0.67b 2.83a 0.68b 2.67a 0.45b 

ME 1.20c 1.02a 1.60b 1.18a 2.10b 1.19a 1.93ab 0.84a 

Shoot biomass Root biomass 
Variation source 

df F Sig. df F Sig. 

Cu contents (Cu) 3 7.31 0.00*** 3 4.04 0.003* 

Straw (S) 1 45.67 0.000*** 1 468.71 0.000*** 

Earthworm (E) 1 27.77 0.000*** 1 25.83 0.994 

S×E 1 30.65 0.00*** 1 0.00 0.166 

S×Cu 3 8.3 0.00*** 3 6.13 0.029* 

E× Cu 3 3.41 0.03* 3 2.03 0.413 

S×E×Cu 3 1.9 0.16 3 3.52 0.744 

***,**,* express significant difference at p 0.001, 0.01, 0.05 respectively; The same below; CK control treatment; M soil only with straw mulch; E soil only 

with earthworms; ME soil with straw mulch and earthworms; the same below 

Table 4  Effects of earthworm and straw on Cu concentrations in shoots and roots of ryegrass 

Cu concentrations in ryegrass (mg/kg) 

Cu-0 Cu-100 Cu-200 Cu-400 Treatments 

Shoot Root Shoot Root Shoot Root Shoot Root 

CK 8.97b 24.49b 12.01b 348.06d 25.40c 544.99c 52.98d  854.57d 

M 9.16b 35.18a 19.37ab 446.67c 26.92c 576.66c 63.28c 1105.83c 

E 12.68b 39.32a 26.55a 619.00a 34.73b 918.22a 69.52a 1312.50a 

ME 20.86a 35.21a 21.72a 536.59b 41.23a 771.70b 66.57b 1226.04b 

Shoot Cu concentration Root Cu concentration 
Variation source 

df F-value Sig. df F-value Sig. 

Cu contents (Cu)  3 227.56 0.00*** 3 1250.61 0.000*** 

Straw (S) 1 4.64 0.04* 1 0.28 0.604 

Earthworm (E) 1 42.20 0.00*** 1 203.65 0.000*** 

S×E 1 1.14 0.30 1 44.45 0.000*** 

S×Cu  3 0.32 0.81 3 4.01 0.023* 

E× Cu 3 0.39 0.76 3 26.10 0.000*** 

S×E×Cu  3 3.57 0.03* 3 6.51 0.003* 
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31.22%– 121.07%, and 2.12%–61.28%, respectively, by earth-

worm and straw. Cu enrichment coefficient followed the se-

quence, E>ME>M>CK. 

2.6  Interaction of earthworm and straw on soil available 
Cu contents 

Soil DTPA-Cu may represent the bio-available Cu of soil, 

wherein it has significant correlation with plant Cu concentra-

tion[20]. Soil DTPA-Cu increased with the increase in soil Cu 

concentration; earthworm activity increased soil DTPA-Cu 

significantly when compared with control (except uncontami-

nated soil) (table 1), and soil DTPA-Cu was highest in both 

earthworm and straw treatments than other individual treatments 

with the same level of soil Cu content. Soil DTPA-Cu was 

lower in M treatment than in control. In general, soil DTPA- 

Cu followed the sequence, E > ME > M > CK. 

It was also found that a positive correlation between plant 

shoot Cu contents and soil DTPA-Cu concentration occurred 

no matter whether earthworms were inoculated or not. 

3  Discussion 

The present experiment showed that earthworm addition 

resulted in enhanced straw decomposition, because organic 

matter was the main food of earthworms. Straw was broken 

down by earthworms by the process of ingestion and digestion. 

Meanwhile C/N ratio of straw was reduced, moisture content 

was increased, and was easily infected by soil microbes[21,22].

After adding straw, earthworm biomass significantly increased, 

and straw also reduced some negative influences of Cu on the 

earthworm simultaneously, which may be because at first, 

straw enhanced the population of soil microbes through the 

process of decomposition of straw[23], and that these microbes 

were main food of earthworm[24] and second, these micro or-

ganic materials adsorbed some available Cu in soil and there-

fore leading to the reduction of some negative influences of 

Cu on the earthworm. 

  In general, the earthworm activities increased the biomass 

of roots of ryegrass significantly, but did not have significant 

effect on plant root growth. On the contrary, straw enhanced 

the biomass of roots significantly instead of shoot biomass. 

Meanwhile, earthworm-straw combination (ME) also enhanced 

root biomass instead of shoot biomass. Plant biomass in ME 

treatment was lower than that of E treatment, this observation 

might be attributed to the reasons mentioned as follows : first, 

C/N ratio of straw was high, soil available N decreased rapidly 

during straw decomposition process; second, the population of 

soil microbes was increased after the addition of straw, and 

more plant-available nutrients were fixed by microbes, which 

inhibited growth of plant. Under the same level of soil Cu 

contents, root biomass followed the sequence, ME M>E CK, 

wherein this finding was consistent with the results of Der-

ouard, who found that all four earthworm species enhanced 

maize shoots biomass and decreased root biomass of maize[25].

The three-way ANOVA (earthworm, straw and Cu contents) 

of the data indicated earthworm factor was the most important 

factor of affecting plant shoot dry biomass, whereas straw 

factor showed more effect on shoot biomass than that of root. 

The present experiment indicated that earthworm inocula-

tion sharply increased concentration of Cu in both shoot and 

root when compared with control, and the increased amount 

by earthworm was higher than that of straw treatment. Straw 

also dramatically increased the concentration of Cu contents 

in roots but had no effect on shoot Cu contents, which re-

Table 5  Effects of earthworm and straw on total Cu uptake in shoots and roots of ryegrass 

Cu uptake in ryegrass ( g/pot)

Cu-0 Cu-100 Cu-200 Cu-400 Treatments 

Shoot Root Shoot Root Shoot Root Shoot Root 

CK 21.53b 20.82a 22.46b 247.12c 35.56c 365.14b 66.17d 282.01c 

M 18.32b 38.70a 34.87b 567.27b 40.38bc 928.42a 82.26c 785.14b 

E 50.34a 46.00a 63.72a 414.73c 98.29a 624.39ab 185.622a 590.63c 

ME 25.03b 35.91a 34.75b 633.18a 86.58ab 918.32a 128.48b 1029.87a 

Root Cu uptake Shoot Cu uptake 
Variation source 

df F-values Sig. df F-values Sig. 

Cu contents (Cu) 3 73.64 0.000*** 3 173.448 0.000*** 

Straw (S) 1 8.34 0.009* 1 142.831 0.000*** 

Earthworm (E) 1 98.25 0.000*** 1 46.712 0.000*** 

S×E 1 21.21 0.000*** 1 4.477 0.049* 

S×Cu  3 0.45 0.717 3 18.315 0.000*** 

E× Cu 3 11.92 0.000*** 3 6.706 0.003* 

S×E×Cu  3 1.79 0.178 3 0.854 0.484 
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vealed that straw amendment benefitted the absorption of 

more Cu by the roots, but had no effect on transporting Cu in 

the plant. On the contrary, it was found in this study that 

earthworm could enhance Cu transport from root to shoot by 

some unknown mechanisms. It could also be deduced that the 

decomposition of straw lead to the formation of humus and on 

the contrary the material excreted by earthworm mainly con-

sisted of micro organisms. For example, some researches 

found earthworm body and earthworm casts were all rich in 

amino acid[26] and protein, soil available C (DOC) was also 

increased by earthworm[16].These organic materials could che-

late with heavy metal and  help in enhancing the transport of 

heavy metal from root to shoot[27]). In the present research, it 

was also found that soil DOC amounts were increased by 

earthworm activities, but the data were not listed. Shoot Cu 

uptakes in ME treatment were lower than that of E treatment, 

but the root Cu uptake of ME treatment was highest among 

these four treatments. In general, enrichment coefficient fol-

lowed the sequence, E>ME>M>CK. 

Straw had no apparent effect on soil DTPA-Cu concentra-

tion, which could be because of the humus released during 

organic matter decomposition, had a high surface area, which 

could absorb and fix some available Cu in the soil. Whereas 

ME treatment significantly increased the concentration of 

DTPA extractable Cu, because straw was decomposed to some 

micro organic materials by earthworm through gut digestion 

by microbes, and that these micro organic material could che-

late soil Cu ion thus increase the quantity of soil available 

Cu[28]. It was also found that plant Cu contents positively cor-

related with soil DTPA-Cu concentration no matter earth-

worms were inoculated or not. 

When earthworms could enhance plant biomass and Cu 

contents, why is that the ME treatment weakened these effects? 

Based on the current data, it could be deduced that a large 

amount of inorganic N mineralized by earthworm from soil 

was immobilized by straw with a high C/N ratio, with a small 

amount of available N incorporated into the plant, which in-

hibited the growth of plant. Meanwhile, it was found that 

straw dramatically increased the biomass and activities of 

earthworms, and also enhanced the population of microbes in 

Cu polluted soil. Thus, in long-term  the nutrients fixed by 

straw will released to soil following complete decomposition 

and would be used by plants . Then, if we lengthen the incu-

bation time of earthworm, the beneficial effects of straw will 

be represented, which needs further research.  
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