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Abstract
Domestic sewage sludge and cattle manure are rich in nutrition elements, but without

proper disposal, are harmful to the environment. Here with an indoor culture method, we

used Eisenia fetida to dispose different ratios of sewage sludge and cattle manure, and

thereby investigated the effects and acting rules of these sludge-manure mixtures on the

growth and reproduction of E. fetida. We find these mixtures are food sources for E. fetida,
and their physiochemical properties are significantly changed after disposal by earthworms.

Paired samples t-test shows the average change after different treatments is -20.37% for

total organic carbon, 85.71% for total Kjeldahl N, -6.67% for total P, 8.33% for pH, -24.78%

for EC (ms�cm-1), and -57.10% for C/N ratio. The average growth rate after treatment CD-70

is 9.20 mg�worm-1�day-1; the average growth rates of E. fetida on day 0–28, day 29–56, and

day 57–91 are 9.33, 11.90 and 6.95 mg�worm-1�day-1, respectively, indicating a trend of

"rapid—rapidest—slow" growth. Other treatments all show this trend. Though all earth-

worms developed reproductive rings during the test periods, the appearing time and the

cocoon production time both differed among these treatments. The cocoon production

amount is maximized to 233 after treatment CD-70. The cocoon production rates are signifi-

cantly different among these treatments, and the maximum and mean are 0.32 and 0.17–

0.32, cocoons�worm-1� day-1, respectively. E. fetida can modestly enrich Cd, but is not very

effective over Sb or other heavy metals. E. fetida can remove a part of heavy metals from

sewage sludge and cattle manure. Generally, the mixtures of sewage sludge and cattle

manure can largely affect the growth and propagation of E. fetida in a ratio-dependent way.

Introduction
As is well-known, a huge amount of organic solid wastes, including urban sludge, crop straw,
cattle manure, sheep manure and pig manure, is produced from planting, breeding, and
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industrial fields. These wastes, without recycled use, will deteriorate the environment, so their
disposal and management become urgent [1–2]. Like other developing countries, China is chal-
lenged by the inappropriate and arbitrary disposal of solid wastes. The common disposal meth-
ods, including burning and land use, cause severe pollution to air, soil and groundwater. On
the contrary, earthworm composting is an environmental-friendly and sustainable technique,
as it can efficiently decompose organic waste, save energy resources and avoid secondary pollu-
tion [3–4].

Earthworms have been successfully applied into disposal of industrial, agricultural and
urban wastes, and the main species include Eisenia foetida, E. andrei, E. eugeniae and Perionyx
excavatus [5]. In particular, E. fetida is widely used in earthworm composting because it is
easy-to-raise. Its biological properties are extensively reported. E. fetida can decompose organic
waste, excrete the so-called wormcast, and synthesize earthworm biomass [6].

As reported, earthworm composting is a low-cost, useful and competitive technique for the
disposal of sewage from sewage treatment plants [7]. Wormcast resulting from earthworm
treatment is a high-quality organic fertilizer and has very high economic and environmental
values. The nutrients in wormcast, such as N, P and K, can be more easily absorbed by plants.

E. fetida can use different solid wastes as foods, including legume litter [8], sewage sludge,
activated sludge, rabbit manure, cattle manure, pig manure, and sheep manure. So far, there
are many studies and applications about earthworm-based disposal of agriculture wastes,
including cattle manure which provides a more nutritious environment for earthworm com-
posting. As reported, when E. fetida was fed with mixtures containing different ratios of sugar-
cane bagasse to cattle manure, the growth and reproduction of E. fetida were both maximized
at the ratio of 50:50, but were both significantly affected by higher concentrations of bagasse
waste [9]. In order to evaluate the potential genotoxicity of pressmud to onion, Bhat et al. [10]
prepared composting mixtures with different ratios of pressmud to cattle manure and found
this technique helped to reduce the genotoxicity of pressmud. According to Xie et al. [11] the
60-day experiment of vermicomposting shows that 100% sludge is suitable for the growth and
fecundity of earthworms, while the addition of CD into sludge significantly improved the
worm biomass and reproduction, as it improved the environment for earthworm fecundity.

The biomass growth rate and cocoon production of earthworms feeding on cattle manure
are both higher compared with the application of sheep manure [12–14]. However, there is lit-
tle research about how E. fetida disposes sludge and cattle manure mixtures.

The objective of the present study is to thoroughly uncover how mixtures of sewage sludge
and cattle manure would affect the growth and propagation of E. fetida (Oligochaeta), and
thereby to underlie the earthworm-based processing of solid wastes. We would investigate: (i)
how the ratios of sewage sludge to cattle manure could affect the growing rate, sexual develop-
ment and daily cocoon production rate of E. fetida; (ii) the rules underlying how the sludge-to-
manure ratios affect the physiochemical properties after earthworm processing; (iii) to ascer-
tain the changes of the concentration of heavy metal of mixtures in the different treatments.

Materials and Methods

Ethics Statement
All animal experiment procedures were approved by the Institutional Research Ethics Com-
mittee of Huaibei Normal University. Samples (sludge) were collected from a local farm of
private land, and permitted by the owner. Our sampling (cattle manure) for research was
approved by the Institutional Review Board of Huaibei Sewage Treatment Plant, a large scale
enterprise.
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Materials
Cuboid plastic buckets (35×25×18 cm3) used here had permeable holes in the bottom and
installed with gauze nets at the bottom, preventing the escape of E. fetida. Each bucket was
placed with 2000 g (dry weight) of materials and 8 physically-healthy earthworms with similar
sizes. Five treatments were set, with each tested in sextuplicate. After inoculation, the bucket
mouths were covered with fine gauze, which prevented E. fetida from escape. The buckets were
irrigated once every 1–2 days.

Test earthworms: E.fetida was purchased from a local factory, Huaibei Runhua Biotech Co.
Ltd. Before tests, the soils on the earthworms were washed away by deionized water, and then
the water was sucked off. In each test, each earthworm was weighed to be about 120 mg. The
total biomass was about 1.0 g. The earthworms (about 20 days old and immature) were placed
in an artificial climate box (20 to 25°C) for about 3 days of pre-culture.

Test sewage sludge and cattle manure: The sludge was collected from Huaibei Sewage Treat-
ment Plant in November 2013. In this plant, a Carrousel oxidation ditch was used in sewage
disposal. Before treatment in the oxidation ditch, the grit chamber was already precipitated
with abundant inorganic matter and insoluble sand. The sludge in the final settling tank was
flocculents mainly composed of aerobic bacteria, as well as protozoa attached to colloidal sub-
stances. The sewage sludge after dehydration contained about 75%moisture. The cattle manure
was collected from a farm in November 2013. This place is a mining-caused subsided land and
has been levelled to Xiqiang Dairy Cow Breeding Base (N 33°56039@, E 116°49015@). The phy-
siochemical properties of the sewage sludge and cattle manure are listed in Table 1.

Five mixtures with different ratios of sludge to cow manure were prepared and used as sub-
strates in the 91-day experiments. The weights and cocoon yields of earthworms were mea-
sured weekly, while the sexual development stage was checked every week. Biomass and
cocoon production rate of each earthworm were measured as described by Singly and Suthar
[15].

To improve the disposal efficiency, we had to correctly determine the optimal ecological
conditions during E. fetida decomposition of urban sludge. During earthworm disposal of sew-
age sludge and cattle manure, the moisture content and temperature both had great effect on
the growth and reproduction of E. fetida. Regarding these facts, we set the test conditions as fol-
lows: moisture content 65% in sewage sludge and cattle manure, temperature at about 25°C,
pH 7.2, and C/N ratio = 33.8.

Table 1. Physicochemical characteristics of tested compostingmaterial (mean ± S.D).

Parameters Cattle manure (g) Sewage sludge (g)

CD-0 0 2000

CD-30 600 1400

CD-50 1000 1000

CD-70 1400 600

CD-100 2000 0

TOC (%) 42.7±1.28 34±1.54

TKN (%) 1.26±0.15 2.34±0.21

TP (%) 1.35±0.11 1.26±0.07

pH 7.2±0.02 7.8±0.03

EC (ms�cm-1) 3.43±0.05 2.58±0.09

C/N ratio 33.8±1.06 14.5±1.37

doi:10.1371/journal.pone.0156492.t001
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Chemical analysis
Double distilled water (water soil ratio = 5: 1) was added to the wind-dried substrates, which
had passed a 1 mm screen. After 20 minute of oscillation, the materials were filtered through
Whatmann No.1 membranes, and the electroconductibility (EC) and pH in the tested solutions
were determined. Total organic carbon (TOC) was measured as follows: 0.50 g of a dry sample,
in a crucible (weight known), was oven-dried at 105°C for 12 h; then the crucible was immedi-
ately taken out, put into a dryer and after cooling, was weighed. Then the crucible was trans-
ferred into a muffle, which was heated to 550°C and burnt for 1 h; then the crucible was
removed to the dryer and after cooling, was weighed [16]. Total P (TP) was measured via the
perchloric acid—sulfuric acid boiled Mo Sb colorimetric method. Specifically, to a crucible, a
dried sample (0.25 g, after passing 100-mesh sieve) was put inside, added with 3–4 drops of
absolute ethanol, and then was spread with 2 g of NaOH. Then the crucible was put into a
high-temperature furnace, which was heated via a gradient to 720°C. Then the cucible was
taken out, cooled and added with water to constant volume for developing. Then the absor-
bance at 700 nm was detected so as to determine the P content [17]. Total Kjeldahl nitrogen
(TKN) was measured via a modified international criterion. Specifically, to a digestion tank,
0.50 g of a dried sample was put inside, added with mixed acid, heated on an electric hot plate
at low temperature for 0.5 h, and then taken out and cooled down. A mixed catalyst (1.40 g)
was added, through a dry long-neck funnel, into the bottom of the digestion tank, which was
heated on the furnace. The digestion temperature was determined to be when the solution
slightly boiled and the sulfuric acid condensate was about 1/3 from the bottom of the digestion
tank. The sample was digested until it became grey green. Then after the solution become
transparent, it was digested for at least 2 h, until the ammonium salt reacted completely. After
digestion, the digestion tank was taken out, cooled down, and connected to a Kjeldahl appara-
tus for distillation. To each sample distillate after complete pretreatment, 2–3 drops of a bro-
mocresol green-methyl red mixed indicator were added. The resulting solution was titrated
with the standard HCl solution until the color changed from blue-green to permanent light
pink. The total used volume of HCl solution (0.12N) was recorded and used to compute TKN
[18]. Total content of heavy metals including Sb was detected as follows: 0.10 g of a sample
(passing 100-mesh sieve) together with 6 mL of aqua regia and 2 mL of HF was microwave-
digested [19]. After that, the solution was added with 1–2 drops of perchloric acid, and then
acid-removed on an electric hot plate at 150°C for 2 h. After addition with water to the mark,
and filtration, the solution was stored in a refrigerator at 4°C, and detected via inductively cou-
pled plasma emission spectrometry.

Computation and data analysis
Relevant indices were measured and computed as follows:

Growth rate ¼ Total earthworm weight after test � initial earthworm weight
Initial earthworm weight � breeding time

ð1Þ

Daily cocoon production rate ¼ Cocoon production amount
Number of earthworms � test period

ð2Þ

C=N ratio ¼ TOC
TKN

ð3Þ

All data are expressed as mean ± standard deviation and analyzed on SPSS 17.0. The physio-
chemical properties before and after disposal were compared by paired t-test, with significance
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level set at 95% reliability. The growth rate and daily cocoon production rate of E. fetida were
tested via one-factor analysis of variance (ANOVA). The differences among five treatments
were compared by least significant difference (LSD) multiple test at the confidence interval of
95%.

Results and Discussion

Changes in physiochemical properties of mixtures
The physiochemical properties of materials after earthworm composting are listed in Table 2.
Paired-samples T-test shows the TOCs are significantly changed after treatment CD-0
(t = 10.17), CD-30 (t = 15.65), CD-50 (t = 15.78), CD-70 (t = 62.50), CD-100 (t = 25.85) (all
P<0.001), and especially after CD-70, the reduction degree is maximized to 33.65%.

The mineralization of organic matter, which was released as CO2 into the air, was acceler-
ated by earthworms, thereby reducing the organic content and improving the stability of
wastes. Among all of the chemical parameters, TOC imposed the most significant effect on the
growth and development of earthworms, because it was involved in the earthworm assimila-
tion. Earthworms accelerate the organic decomposition owing to the synergy between earth-
worms and microorganisms. The microflora in front of and behind the digestive tracts both
changed significantly. The addition of earthworms promoted the organic decomposition. The
loss of organic carbon during earthworm composting is attributed to the digestion of the pri-
mary substrate carbohydrates and other polysaccharides [20]. The digestion by earthworms
accelerated the mineralization and humification of organic matter. Moreover, a part of organic
carbon was absorbed by earthworms to form their own body components, which were used in
their growth and propagation.

Paired-samples T-test shows TKNs are significantly different after treatment CD-0 (t =
-10.7, P<0.01), CD-30 (t = -14, P<0.01), CD-50 (t = -15.4, P<0.01), CD-70 (t = -9.12,
P<0.01), and CD-100 (t = -3.85, P<0.05). TKN increases by 18.03% after treatment CD-50
and by 7.14% after treatment CD-100. TKN increases because organic wastes, the products
from mineralization and earthworm assimilation, were digested by earthworms, while the
nitrogen was concentrated in the wormcast [21]. As reported, the TKN of sugar mill effluent
increases because nitrogen mineralization is accelerated by earthworm-induced waste decom-
position [22]. The nitrogen surplus by microorganism intestine and earthworms stabilizes
nitrogen excreta, mucus, enzyme and certain hormones, owing to the mineralization of organic
matter during vermicomposting [23].

Paired-samples T-test shows TPs are significantly changed after treatment CD-0 (t = 4.56,
P<0.01), CD-50 (t = 5.0, P< 0.05), CD-70 (t = 3.69, P< 0.05), and CD-100 (t = 5.09, P<0.05),
but not after CD-30 (t = 2.09, P>0.05). The reason is that the in-vitro nitrification of ammo-
nium salt and the in-vivo phosphate solublization by worm gut enzyme result in the increase of
TP in vermicomposts [24]. Lee studied the organic content in gut where organic matter is solu-
ble and stabilizes phosphorous [25].

Paired-samples T test shows pH significantly changes after treatment CD-0 (t = 14.01), CD-
30 (t = 21.91), CD-50 (t = 30.99), CD-70 (t = 19.17), and CD-100 (t = 11.71) (all P< 0.01).
The pH drops by -15.38% after treatment CD-0 and minimizes to 6.4±0.01 after treatment
CD-100. The decline in pH during vermicomposting is due to the mineralization of N and P
compounds, and the earthworm-related gut microorganisms contribute to the generation of
humic and fulvic acids [26].

All earthworms died at pH< 5 or> 8, so the optimal pH for earthworm treatment of acti-
vated sludge is pH 5–8. The change of pH may be attributed to the production of fulvic acid
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and humic acid. It is believed that pH is likely to become neutral during earthworm compost-
ing [27–29].

The range of EC in the materials is 2.58–3.43 ms�cm-1 before treatments and 2.05–3.07
ms�cm-1 after treatments. Paired-samples T test shows ECs are significantly different after
treatment CD-0 (t = 28.65), CD-30 (t = 18.10), CD-50 (t = 44.17), CD-70 (t = 24.64), and CD-
100 (t = 17.30) (all P< 0.01). EC and pH are limiting factors on the growth and development of
E. fetida [30]. The reduction of ECs is attributed to the loss of organic carbon and the release
of different mineral salts. EC dropped by 26.77% after treatment CD-70, which is similar to a
previous finding of 28.69% [31]. However, Karmegam and Daniel reported an increase in EC
during vermicomposting, which is due to the increase of soluble salt level resulting from the

Table 2. Changes of physicochemical quality of mixture under different ratios of sewage sludge and cattle manure.

Physicochemical characteristics CD-0 CD-30 CD-50 CD-70 CD-100

TOC (%)

Initial 34±1.39 36.61±1.51 38.35±2.32 40.09±1.78 42.7±1.55

Final 27.6±2.27 24.8±1.16 27.5±1.32 26.6±1.50 33.5±2.26

t-value 10.18*** 15.65*** 15.78*** 62.50*** 25.8***5

Percent change -18.82 -32.26 -28.29 -33.65 -21.55

TKN (%)

Initial 2.34±0.17 2.02±0.25 1.83±0.21 1.58±0.18 1.26±0.20

Final 2.65±0.13 2.34±0.21 2.16±0.22 1.77±0.19 1.35±0.22

t-value -10.74*** -14.03*** -15.39*** -9.13*** -3.85*

Percent change 13.25 15.84 18.03 12.03 7.14

TP (%)

Initial 1.26±0.14 1.28±0.17 1.31±0.16 1.33±0.11 1.35±0.13

Final 1.21±0.15 1.25±0.16 1.26±0.15 1.26±0.13 1.27±0.12

t-value 4.56** 2.09 5.0** 3.69* 5.09**

Percent change -3.97 -2.34 -3.82 -3.82 -5.93

pH

Initial 7.8±0.09 7.7±0.15 7.5±0.09 7.5±0.15 7.2±0.14

Final 6.6±0.17 6.9±0.09 6.7±0.13 6.8±0.09 6.4±0.09

t-value 14.01*** 21.91*** 30.98*** 19.17*** 11.71***

Percent change -15.38 -10.39 -9.46 -9.33 -11.11

EC(ms�cm-1)

Initial 2.58±0.09 2.74±0.07 3.16±0.10 3.25±0.08 3.43±0.12

Final 2.13±0.12 2.05±0.09 2.65±0.12 2.38±0.16 3.07±0.12

t-value 28.65 18.10 44.17 24.64 17.29

Percent change -17.44*** -25.18*** -16.14*** -26.77*** -10.50***

C/N ratio

Initial 14.58±0.97 18.3±2.18 21.1±1.65 25.5±1.76 34.4±4.2

Final 10.42±0.88 10.65±0.86 12.79±0.75 15.1±0.85 25.15±2.68

t-value 13.35*** 11.85*** 20.09*** 22.99*** 9.13***

Percent change -28.32 -41.52 -39.25 -40.77 -26.78

Note: CD indicates cattle manure; C/N ratio indicates C to N ratio.

*: 0.01<P<0.05,

**: 0.001<P<0.01,
***: P<0.001 (the same below).

doi:10.1371/journal.pone.0156492.t002
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mineralization by worms and the microbes existing in the earthworm gut and the organic mat-
ter [32].

Paired-samples T test shows C/N ratios are significantly changed after treatment CD-0
(t = 13.36), CD-30 (t = 11.85), CD-50 (t = 20.09), CD-70 (t = 22.99), or CD-100 (t = 9.13) (all
P< 0.01). The C/N ratio is an important factor reflecting the growth and propagation of com-
posting earthworms. The C/N ratio changes at the maximum rate of -41.52% after treatment
CD-30. The causes are the reduction of organic carbon and the increase of total nitrogen,
which is consistent with other studies. In nearly all experiments, when earthworms were
observed, the C/N ratio significantly dropped with time. As reported, the C/N ratios in the
resulting materials of crop residue and cattle manure mixtures were smaller after the addition
of earthworms compared with the case of no earthworms, indicating earthworms can acceler-
ate the reduction of C/N ratio [33–35].

Earthworms accelerated the mineralization of organic matter, which was released as CO2

into the air, thereby reducing the organic content. The loss rate of organic nitrogen during
ammoniation is far smaller than that of organic carbon, which led to the gradual reduction of
C/N ratio until stabilization. Under normal circumstances, the optimal C/N ratio is 25–35.
At C/N ratio = 25, the reproductive rate and feeding capacity were both maximized, but the
wormcast had very high fertility and smallest environmental pollution. Moreover, a smaller C/
N ratio led to the release of more effective-nitrogen.

As reported, composting at C/N ratio< 15 is favorable for nitrogen absorption by plants
and would accelerate plant growth [36]. In our study, after earthworm processing, the C/N
ratios in the sludge declined from 33.8 to 14.5. The C/N ratio in the wormcast is within 10–25
for any group. During this process, the earthworms not only enhanced the microbial activity,
but owing to their unique eco-functions, also contributed to the minimized, stabilized, harm-
less and recycled use of wastes.

Growth of E. fetida after different treatments
Fig 1 shows the growth curves of E. fetida in different substrates, and Table 3 lists the growing
rates. At the end of the experiments, the average biomass maximized to 910 mg after treatment
CD-70, with an average growth rate of 9.20 mg�worm-1�day-1. Within the test period, the
weight of earthworms did not maximize (Fig 1). The average growth rates on day 0–28, day
29–56, and day 57–91 were 9.33, 11.90, and 6.95 mg�worm-1�day-1, respectively. LSD shows sig-
nificant difference in CD-70 vs. CD-0, CD-70 vs. CD-30, but not in CD-70 vs. CD-50 or CD-
70 vs. CD-100 (Table 3). On day 0–28, the maximum growth rate is found after the treatment
CD-70, which is significantly higher from other treatments. On day 29–56, the growth rate
after treatment CD-0 is reduced, which is significantly slower from other treatments. On day
57–91, the growth rates are slower after all treatments, indicating the entrance of the breeding
season decelerated the growth of E. fetida. During the test period, the growth rate after treat-
ment CD-0 was very slow and significantly slower from other treatments, which are consistent
with the growth rates at different stages. Since only sewage sludge was used in CD-0, which
restricted the earthworm growth compared with other treatments added with cattle manure.

Growth rate is a good indicator that can be used to compare the growth conditions of earth-
worms in different wastes. Our results of growth rate are slower compared with a study on E.
andrei in sewage sludge (15.63 ± 0.42, test period = 7 weeks), probably due to the difference in
earthworm varieties. As reported, the weight gain rate of E. fetida depends on the population
density and food type [37]. When horse manure was used as substrate and each bucket was
added with 3 and 16 earthworms, the growth rates were 19 and 7 mg�worm-1�day-1, respectively
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[37]. With cattle manure as substrate and after 150 days, the growth rate of E. fetida was 7
mg�worm-1�day-1 [38].

Sexual development and propagation of E. fetida after different
treatments
Fig 2 shows the sexual development of E. fetida after treatment CD-0 (2A), CD-30 (2B), CD-
50 (2C), CD-70 (2D) and CD-100 (2C). Depending on the clitellum development state, the
earthworms were divided into 3 types: (l) immature worms (no evidence of external sexual

Fig 1. Growth curves of Eisenia fetida in different wastemixtures during vermicomposting.

doi:10.1371/journal.pone.0156492.g001

Table 3. The growth rate of Eisenia fetida among the all treatments (mg�worm-1�day-1).
Treatment Growth rate (mg�worm-1�day-1)

0–28 day 29–56 day 57–91 day 0–91 day

CD-0 6.40±0.47c 8.59±0.92b 3.89±0.44c 6.11±0.77b

CD-30 7.20±1.23bc 10.51±1.15a 6.09±0.85b 7.79±1.17a

CD-50 7.94±0.68b 10.82±1.35a 5.64±0.62b 7.94±1.24a

CD-70 9.33±0.62a 11.90±1.69a 6.95±0.79a 9.20±1.08a

CD-100 8.21±0.72ab 11.84±1.08a 6.18±0.71ab 8.55±1.65a

F-value 11.60*** 6.76*** 16.07*** 5.40**

Note: In the same column, means followed by the same superscript are not significantly different, while the means with different superscripts are

significantly different (the same below).

**: 0.001<P<0.01,
***: P<0.001.

doi:10.1371/journal.pone.0156492.t003
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characteristics); (2) preclitellates (with tubercula pubertatis- thickened structure on abdominal
surfaces); (3) clitellates (fully-developed clitellum). The histograms represent the proportions
of immatures, preclitellates and clitellates at different test periods. During the test periods, all
earthworms developed the reproductive ring, which appeared at day 28, 21, 21, 14, and 14 after
treatment CD-0, CD-30, CD-50, CD-70 and CD-100, respectively. The cocoon production
started at day 35 after CD-0; the reproductive ring appeared day 35, 28, 28 and 28 after treat-
ment CD-30, CD-50, CD-70 and CD-100, respectively. As reported, the binary combination of
buffalo dung with wheat straw significantly initiated the clitellum development at 14±2.4 days,
while it initiated the cocoon production at significantly earliest 30±3.4 days, and the reproduc-
tion rate was significantly highest (0.16±0.016 cocoons/worm/day) [39].

Table 4 shows the propagation of E. fetida after different treatments. During the test periods,
the accumulated cocoon production changes significantly among the five treatments and it is
maximized to 233 after treatment CD-70.

The daily cocoon production rate is defined as the average cocoon number per day per
earthworm, and it changes significantly with time. The maximum value is 0.32, and the average
value is within 0.17–0.32 (cocoons�worm-1�day-1). These results are smaller than another study,

Fig 2. Sexual development of Eisenia fetida in the different diets.

doi:10.1371/journal.pone.0156492.g002
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probably due to the differences in food sources. For instance, the daily cocoon production rate
during the 60-day period was 0.41 ± 0.05 (cattle manure as medium) with P. excavatus and
0.46 ± 0.03 with P. sansibaricus [4]. In our study, the mixtures of sewage sludge and cattle
manure at certain ratios are good materials for earthworm composting, and especially the egg
laying rate is maximized after treatment CD-70.

As reported, the daily cocoon production rate per earthworm is 0.15 after treatment by E.
fetida at 30°C for 210 days [21] and is 0.33 after treatment at 25°C [38].

Domínguez et al. prepared mixtures from urban sludge with waste paper, waste paper box,
weeds, pine needles, sawdust or food waste (dry weight 1: 1) and studied their effects on the
growth and progenition of earthworms[40–41]. They found the propagation rates were rela-
tively fast after feeding on sludge mixtures added with waste paper or paper box compared
with the control (only sludge) and were 2.82±0.39, 3.19±0.30 and 0.05±0.01 cocoons earth-
worm-1 week-1 cocoon/week, respectively. Moreover, because of differences in the mixture
properties, the earthworms utilized the energy into either growth or propagation, but not both
[40–41]. The incubation from cocoons to hatchlings is affected by different factors, especially
temperature. As reported, the hatching success rate was 72% at 25°C and 48% at 25–37°C, and
generally, the hatching cocoons produced only one earthworm per cocoon [38]. Moreover,
cow manure contributed to larger hatchling production compared with dry leaves [42].

Heavy metal contents in mixtures after different treatments
Sewage sludge and cattle manure both contain certain amounts of harmful heavy metals, such
as Sb, Pb, Zn, Cd, Cu, and Ni. The heavy metal concentrations of sewage sludge and cattle
manure in different treatments are listed in Table 5. ANOVA shows that the Sb concentrations
after treatment CD-100 are significantly different from those after other treatments, but are
not significantly different after treatments CD-0, CD-30, CD-50 and CD-70. The possible rea-
son is that the sewage sludge contains more Sb than cattle manure. The Pb concentrations are
significantly different between treatments CD-70 and CD-100, but the Zn and Pb contents are
both similar. The Cd concentrations are significantly different among treatments CD-50, CD-
70 and CD-100.

Earthworms which accumulate abundant metals in their tissues can serve as a useful biologi-
cal indicator of contamination, because the concentrations of some contaminants in vivo are
consistently related [43–44].

As reported, heavy metal concentrations (Cd, Pb and Zn) decreased in the vermicompost
than in the initial sludge due to the adsorption by E. fetida, and those in earthworm tissues

Table 4. Reproduction of Eisenia fetida in different waste mixtures (mean ± S.D, n = 6).

Treatment Cumulative cocoon production during
trails

Cocoon production rate
(Cocoon�worm-1)

No. of cocoon production (Cocoon�worm-

1�day-1))
CD-0 127±7.11d 15.88±0.89d 0.17±0.01d

CD-30 153±8.18c 19.13±1.02c 0.21±0.01c

CD-50 211±14.35b 26.38±1.79b 0.29±0.02b

CD-70 233±10.5a 29.16±1.31a 0.32±0.01a

CD-100 215±17.66b 26.88±2.21b 0.30±0.02b

F-value 92.58***

Note: In the same column, means followed by the same superscript are not significantly different, while the means with different superscripts are

significantly different.

***: P<0.001.

doi:10.1371/journal.pone.0156492.t004
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increased. The mean adsorptions at the end of the experiments were 155.15±7.49 (Zn), 71
±5.822 (Pb) and 58.69±1.67 (Ni) mg/kg [45]. As reported, in earthworm composting experi-
ments, the Cd, Zn and Pb contents are 7.64±0.35, 109.85±7.18 and 51.33±1.97 mg/kg,
respectively, and the bio-enrichment factors of Cd, Zn and Pb are 2.973, 1.316, and 0.443,
respectively [45]. These results indicate E. fetida can modestly enrich Cd and Zn and helps to
remove some heavy metals from sludge. Sb concentrations in sewage sludge and cattle manure
are relatively low. The bio-enrichment factor of Sb is 0.64, indicating E. fetida has low enrich-
ment ability over Sb. The 14-day acute toxicity tests of E. fetida show that the median lethal
concentration of Cd is 1118 mg/kg. In our study, the Cd concentration in E. fetida is 5.34–5.66
mg/kg, but Cd has little effect on E. fetida. Thus, E. fetida can be used to dispose compounds
from sewage sludge and cattle manure.

Conclusions
The physiochemical properties of materials depend on food structures, which affect not only
the number, but also growth and propagation, of E. fetida. After earthworm composting, the
physiochemical properties of materials are largely changed. Among all treatments, the TOC,
TP, pH, EC and C/N ratio all decreased to different extents, but TKNs all increased. At three
growth stages (day 0–28, day 29–56 and day 57–91), the average growth rates after all treat-
ments changed in the trend of "rapid—rapidest—slow growth". After treatment with pure
sludge (CD-0), the growth of E. fetida was restricted to some extent compared with other treat-
ments added with cattle manure. The reproductive rings after different treatments appeared at
different time points, and the starting time of cocoon production was also varying, indicating
food structures largely affected the cocoon production time of E. fetida. Different treatments
affected the heavy metal contents differently, but slightly affected the growth and reproduction
of E. fetida. E.fetida could enrich Cd largely, but enrich Sb slightly. Earthworm composting
facilitates the removal of some heavy metals.
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Table 5. Contents of heavymetals of sewage sludge and cattle dungmanure in the different treatments (mg/kg).

Treatment Antimony Lead Zinc Cadmium

CD-0 3.36±0.09a 43.38±1.55ab 282.83±8.16a 5.65±0.11a

CD-30 3.29±0.14a 44.65±1.31a 278.93±4.88ab 5.66±0.14a

CD-50 3.28±0.12a 43.42±1.42ab 278.31±6.54ab 5.49±0.1b

CD-70 3.24±0.13a 42.18±1.08b 275.14±5.92b 5.45±0.11bc

CD-100 3.22±0.88b 43.19±1.03ab 275.38±5.24b 5.34±0.08c

F-value 1.27 2.78* 1.50 9.48***

Note: In the same column, means followed by the same superscript are not significantly different, while the means with different superscripts are

significantly different.

*: 0.01<P<0.05,

***: P<0.001.

doi:10.1371/journal.pone.0156492.t005

Different Food Affecting Physiological Characteristics of Eisenia Fetida

PLOSONE | DOI:10.1371/journal.pone.0156492 June 3, 2016 11 / 13



References
1. Lv BY, Xing MY, Yang J, Qi WS, Lu YS. Chemical and spectroscopic characterization of water extract-

able organic matter during vermicomposting of cattle dung. Bioresour Technol. 2013; 132: 320–6. doi:
10.1016/j.biortech.2013.01.006 PMID: 23416619

2. Suthar S. Vermistabilization of municipal sewage sludge amended with sugarcane trash using epigeic
Eisenia fetida (Oligochaeta). J Hazard Mater. 2009; 163(1): 199–206. doi: 10.1016/j.jhazmat.2008.06.
106 PMID: 18672324

3. Kumar DS, Kumar PS, Kumar VU, Anbuganapathi G. Impact of biofertilizers on growth and reproduc-
tive performance of Eisenia Fetida (Savigny 1926) during flower waste vermicomposting process. Ann
Rev Res Biol. 2013; 3(4): 574–83.

4. Rajpal A, Bhargava R, Chopra AK, Kumar T. Vermistabilization and nutrient enhancement of anaerobic
digestate through earthworm species Perionyx excavatus and Perionyx sansibaricus. J Mater Cycles
Waste Manag. 2014; 16(2): 219–26.

5. Zirbes L, Brostaux Y, Mescher M, Jason M, Haubruge E, Deneubourg JL. Self-Assemblage and quo-
rum in the earthworm Eisenia fetida (Oligochaete, Lumbricidae). PLOSONE.2012; 7(3):e32564. doi:
10.1371/journal.pone.0032564 PMID: 22396774

6. Kumar JN, Soni H, Kumar RN, Patil N. Growth and reproduction of Eisenia foetida in various industry
waste sludge during vermicomposting: a laboratory investigation. Int J EnvironWaste Manag. 2010; 5
(3–4):379–91.

7. Hait S, Tare V. Vermistabilization of primary sewage sludge. Bioresour Technol. 2011; 102(3): 2812–
20. doi: 10.1016/j.biortech.2010.10.031 PMID: 21036608

8. Kirchberger J, Eisenhauer N, Weisser WW, Türke M. Experimental evaluation of herbivory on live plant
seedlings by the earthworm lumbricus terrestris L. in the presence and absence of soil surface litter.
PLOS ONE. 2015; 10(4): e0123465. doi: 10.1371/journal.pone.0123465 PMID: 25885861

9. Bhat SA, Singh J, Vig AP. Potential utilization of bagasse as feed material for earthworm Eisenia fetida
and production of vermicompost. SpringerPlus. 2015; 4(1):11.

10. Bhat SA, Singh J, Vig AP. Genotoxic assessment and optimization of pressmud with the help of exotic
earthworm Eisenia fetida. Environ Sci Pollut R. 2014; 21(13):8112–23.

11. Xie D, WuW, Hao X, Jiang D, Li X, Bai L. Vermicomposting of sludge from animal wastewater treatment
plant mixed with cow dung or swine manure using Eisenia fetida. Environ Sci Pollut R. 2016; 1–9.

12. Loh TC, Lee YC, Liang JB, Tan D. Vermicomposting of cattle and goat manures by Eisenia foetida and
their growth and reproduction performance. Bioresour Technol. 2005; 96:111–4. PMID: 15364088

13. Domínguez-Crespo MA, Sánchez-Hernández ZE, Torres-Huerta AM, Negrete MDLLX, Conde-Barajas
E, Flores-Vela A. Effect of the heavy metals Cu, Ni, Cd and Zn on the growth and reproduction of epi-
geic earthworms (E. fetida) during the vermistabilization of municipal sewage sludge. Water Air Soil
Pollut. 2012; 223(2): 915–31.

14. Molina MJ, Soriano MD, Ingelmo F, Llinares J. Stabilisation of sewage sludge and vinasse bio-wastes
by vermicomposting with rabbit manure using Eisenia fetida. Bioresour Technol. 2013; 137: 88–97. doi:
10.1016/j.biortech.2013.03.029 PMID: 23584410

15. Singly D, Suthar S. Vermicomposting of herbal pharmaceutical industry waste: earthworm growth,
plant-available nutrient and microbial quality of end materials. Bioresour Technol. 2012; 112(5): 179–
85.

16. Heiri O, Lotter AF, Lemcke G. Loss on ignition as a method for estimating organic and carbonate con-
tent in sediments: reproducibility and comparability of results. J Paleolimnol. 2000; 25(1): 101–10.

17. Ministry of Environmental Protection of the People's Republic of China. Soil-determination of total phos-
phorus by alkali fusion–Mo-Sb anti spectrophotometric method. HJ 632–2011.

18. ISO 11261. Soil quality-determination of total nitrogen-modified Kjeklahl method. 1995.

19. Bettinelli M, Beone G, Spezia S, Baffi C. Determination of heavy metals in soils and sediments by
microwave-assisted digestion and inductively coupled plasma optical emission spectrometry analysis.
Anal Chim Acta. 2000; 424 (2): 289–96.

20. Suthar S. Pilot-scale vermireactors for sewage sludge stabilization and metal remediation process:
comparison with small-scale vermireactors. Ecol Eng. 2010; 36(5):703–12.

21. Kale RD, Bano K, Krishnamoorthy RV. Potential of Perionyx excavatus for utilizing organic wastes.
Pedobiologia. 1982; 23(6): 419–25.

22. Cynthia JM, Rajeshkumar KT. A study on sustainable utility of sugar mill effulent to vermicompost. Adv
Appl Sci Res. 2012; 3:1092–7.

Different Food Affecting Physiological Characteristics of Eisenia Fetida

PLOSONE | DOI:10.1371/journal.pone.0156492 June 3, 2016 12 / 13

http://dx.doi.org/10.1016/j.biortech.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23416619
http://dx.doi.org/10.1016/j.jhazmat.2008.06.106
http://dx.doi.org/10.1016/j.jhazmat.2008.06.106
http://www.ncbi.nlm.nih.gov/pubmed/18672324
http://dx.doi.org/10.1371/journal.pone.0032564
http://www.ncbi.nlm.nih.gov/pubmed/22396774
http://dx.doi.org/10.1016/j.biortech.2010.10.031
http://www.ncbi.nlm.nih.gov/pubmed/21036608
http://dx.doi.org/10.1371/journal.pone.0123465
http://www.ncbi.nlm.nih.gov/pubmed/25885861
http://www.ncbi.nlm.nih.gov/pubmed/15364088
http://dx.doi.org/10.1016/j.biortech.2013.03.029
http://www.ncbi.nlm.nih.gov/pubmed/23584410


23. Tripathi G, Bharadwaj P. Comparative studies on biomass production, life cycles and composting effi-
ciency of Eisenia fetida (Savigny) and Lampito mauritii (Kinberg). Bioresour Technol. 2004; 92(3):275–
83. PMID: 14766161

24. Satchel JE, Martin K. Phasphate activity in earthworm faeces. Soil Biol Biochem. 1984; 16(2):191–4.

25. Lee KE. Some trends and opportunities in earthworm research or: Darwin's children-the future of our
discipline. Soil Biol Biochem. 1992; 24(12):1765–71.

26. Ndegwa PM, Thompson SA. Effects of stocking density and feeding rate on vermicomposting of biosol-
ids. Bioresour Technol. 2000; 71:5–12.

27. Kaplan DL, Hartenstein R, Neuhauser EF, Malecki MR. Physicochemical requirements in the environ-
ment of the earthworm Eisenia foetida. Soil Biol Biochem. 1980; 12(4): 347–52.

28. Khare NSA, Bhargava D, Bhattacharya S. Effect of initial substrate pH on vermicomposting using Perio-
nyx excavatus (Perrier, 1872). Appl Ecol Environ Res. 2005; 4(1): 85–97.

29. Singh KC HK. Effect of binary combinations of buffalo, cow and goat dung with different agro wastes on
reproduction and development of earthworm Eisenia fetida (Haplotoxida: Lumbricidae). World J Zool.
2012; 7(1): 23–9.

30. Edwards CA. The use of earthworms in the breakdown and management of organic wastes. In
Edwards C.A. eds, Earthworm Ecology. St. Lucie Press. Boca Raton. 1998;327–51.

31. Singh J, Kaur A, Vig AP, Rup PJ. Role of Eisenia fetida in rapid recycling of nutrients from bio sludge of
beverage industry. Ecotoxicol Environ Saf. 2010; 73(3): 430–5. doi: 10.1016/j.ecoenv.2009.08.019
PMID: 19945748

32. Karmegam N, Daniel T. Investigating efficiency of Lampito mauritii (Kinberg) and Perionyx ceylanensis
Michaelsen for vermicomposting of different types of organic substrates. Environmentalist. 2009; 29
(3):287–300.

33. Bansal S, Kapoor KK. Vermicomposting of crop residues and cattle dung with Eisenia foetida. Biore-
sour Technol. 2000; 73:95–8.

34. Garg VK, Yadav YK, Sheoran A, Chand S, Kaushik P. Livestock excreta management through vermi-
composting using an epigeic earthworm Eisenia foetida. Environmentalist. 2006; 26(4): 269–76.

35. Suthar S. Does substrate quality affect earthworm growth and reproduction patterns in vermicompost-
ing systems? A study using three popular composting earthworms. Int J EnvironWaste Manag. 2008;
2(6): 584–600.

36. KhwairakpamM, Bhargava R. Vermitechnology for sewage sludge recycling. J Hazard Mater. 2009;
161(2): 948–54.

37. Neuhauser EF, Hartenstein R, Kaplan DL. Growth of the earthworm Eisenia foetida in relation to popu-
lation density and food rationing. Oikos. 1980; 35:93–8.

38. Reinecke AJ, Viljoen SA, Saayman RJ. The suitability of Eudrilus eugeniae, Perionyx excavatus and
Eisenia fetida (Oligochaeta) for vermicomposting in southern Africa in terms of their temperature
requirements. Soil Biol Biochem.1992; 24(12): 1295–307.

39. Chauhan HK, Singh K. Effect of binary combinations of buffalo, cow and goat dung with different agro
wastes on reproduction and development of earthworm eisenia fetida (haplotoxida: lumbricidae). World
J Zool. 2012; 7 (1): 23–29

40. Domínguez J, Briones MJI, Mato S. Effect on the diet on growth and reproduction of Eisenia andrei (Oli-
gochaeta, Lumbricidae). Pedobiologia. 1997; 41(6): 566–76.

41. Domínguez J, Edwards CA, Webster M. Vermicomposting of sewage sludge: effect of bulking materials
on the growth and reproduction of the earthworm Eisenia andrei. Pedobiologia. 2000; 44:24–32.

42. Siddique J, Khan AA, Hussain I, Akhter S. Growth and reproduction of earthworm (Eisenia fetida) in dif-
ferent organic media. Pak J Zool. 2005; 37(3):211–4.

43. Kızılkaya R. Cu and Zn accumulation in earthworm Lumbricus terrestris L. in sewage sludge amended
soil and fractions of Cu and Zn in casts and surrounding soil. Ecol Eng. 2004; 22(2): 141–51.

44. Suthar S. Development of a novel epigeic-anecic-based polyculture vermireactor for efficient treatment
of municipal sewage water sludge. Int J Environ Waste Manag. 2008; 2(1):84–101.

45. Liu F, Zhu PF, ShengW, Xue JP. Sludge earthworm composting technology by Eisenia fetida. J Mater
Cycles Waste Manag. 2013; 15(4): 482–8.

Different Food Affecting Physiological Characteristics of Eisenia Fetida

PLOSONE | DOI:10.1371/journal.pone.0156492 June 3, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/14766161
http://dx.doi.org/10.1016/j.ecoenv.2009.08.019
http://www.ncbi.nlm.nih.gov/pubmed/19945748

