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� SMS degradation greatly varies
depending on earthworm species
during vermicomposting.

� Biomass degradability of earthworms
was first assessed via XRD-
crystallinity index.

� PLFA assay revealed greater microbial
diversity in Perionyx vermibeds than
others.

� Vermicomposted SMS was effective
enough to greatly boost seed
germination and vigor.
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a b s t r a c t

Spent mushroom substrate (SMS) is a recalcitrant lignocellulosic waste. Recycling of SMS through com-
posting has been reported; however, the process is lengthy due to its complex biochemical composition.
Although vermitechnology is known for its high efficiency, it has rarely been applied to recycle SMS. In
this study, the qualitative value of vermicomposted SMS mediated by three earthworm species (i.e.,
Eisenia fetida, Eudrilus eugeniae, and Perionyx excavatus) was evaluated on the basis of nutrient availabil-
ity, microbial activity, phospholipid fatty acid (PLFA) profiles, and seed germination assays. Degradation
profiles of the lignocellulosic substrate in the vermireactors were assessed by monitoring the changes in
crystallinity and distribution of functional groups using X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy, respectively. Total organic carbon decreased by 1.4–3.5 folds with approximately
2.1–2.4 folds increase in nitrogen and phosphorus availability in all vermibeds. Interestingly, pH declined
in the Eisenia and Eudrilus systems but increased in the Perionyx-vermibeds. XRD-derived crystallinity
index was reduced significantly by 1.37 folds in Perionyx-vermicompost with concurrent microbial
enrichment. Further, profuse abundance of vital functional groups (C@O, NH, and OH) was clearly
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observed in the vermicompost with Perionyx followed by that with Eisenia. Moreover, PLFA illustrated sig-
nificant variations in fatty acid distributions and microbial communities of the three vermicomposting
systems. The seed germination assay showed that the germination index and relative root-shoot vigor
of Perionyx-vermicompost treated seeds were 1.05–1.30 times greater than those of Eisenia and
Eudrilus vermicompost treated ones. The results suggest that SMS degradability was affected by the
growth of a healthy microbial community through vermicomposting.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Commercial cultivation of mushrooms generates a substantial
amount of revenue in many countries (Mleczek et al., 2018). The
mushroom industry is growing at a good rate, and approximately
25 million tons of mushrooms are produced globally each year
(Dygico et al., 2019). Rice or cereal straws are mostly used as a sub-
strate for cultivation of mushrooms because they have a significant
impact on the growth and functional properties of the fungus.
Approximately 5 kg of spent mushroom substrate (SMS) is gener-
ated during the production of 1 kg of mushrooms (Grimm and
Wösten, 2018). Generally, the spent substrates are mostly disposed
of in landfills or partly reutilized by composting after mushroom
harvest (Carrasco et al., 2018). In many countries, open burning
is another major disposal pathway of SMS; this practice, however,
is well known to result in airborne hazards (Kim Oanh et al., 2018).

Environmental legislation and vigilance activities in India have
compelled mushroom growers to search for sustainable disposal
pathways for SMS (Ravindra et al., 2019). Besides cereal straws,
wood saw dust and cotton waste are also frequently found in
SMS (Nasehi et al., 2017). The accumulation of cellulose-rich mate-
rials in large proportions gives rise to the recalcitrant nature of the
material. Landfilled SMS causes large-scale eutrophication of sur-
face water bodies through leaching of nutrients (nitrogen (N) and
phosphorus (P)) (Grimm and Wösten, 2018). Thus, it remains a
challenging task to establish a sustainable avenue for SMS disposal.

Recycling the spent substrate through composting approaches
has been proposed by several researchers (Rinker, 2017; Tran,
2016). To date, vermicomposting is one of the most efficient solid
waste stabilization routes currently available. However, its appli-
cation to SMS recycling has rarely been reported in the literature.
The decay process of SMS under traditional composting systems
is very slow due to the strong crystalline structure of the polymer,
which greatly retards microbial activity. X-ray diffraction (XRD)-
based assessments of crystallinity in lignocellulosic material has
already been reported in many previous works (Bansal et al.,
2010; Sasmal et al., 2012). To the best of our knowledge, no studies
have yet been applied to understand the conversion efficiency of
lignocellulosic biomass by earthworm species commonly used in
vermitechnology. Moreover, how interactions between earth-
worms and microbial communities vary in SMS-mediated ver-
mibeds is an interesting and novel topic of study. In fact, the
synergy between earthworms and microorganisms is known to
be largely responsible for the benefits achieved during vermicom-
posting with respect to nutrient availability and enzyme activity
(Hussain et al., 2016; Negi and Suthar, 2018). Recently, Zhu et al.
(2019) reported the utility of multivariate analysis tools (like struc-
tural equation models and residual/network analyses) in determin-
ing the key environmental factors which influence the composting
process. They opined that microbial proliferation in composting
systems can be controlled by the combined effects of several vari-
ables (e.g., pH, C/N ratio, and moisture content).

The phospholipid fatty acid (PLFA) profile is a dependable bio-
logical index used to describe microbial diversity in different envi-
ronmental situations (Luo et al., 2016). PLFAs are produced by
microorganisms for maintaining cell membrane stability and cellu-
lar functions under varying conditions such as dehydration and
changes in the ionic strength of the microenvironment (Quideau
et al., 2016). Although this tool has seldom been applied to assess
the microbial community in vermicomposting systems, we antici-
pated that PLFA will aid in detecting any possible variation in the
microbial population of the end product based on the vermicom-
posting pathway. The following research questions were identified
on the basis of the studied literature: (a) How do different earth-
worm species respond to SM-based feedstock? (b) Does the pres-
ence of earthworms affect the microbial community structure in
such feedstock? (c) Does the change in biomass crystallinity vary
according to the earthworm species used for vermicomposting?
The third question is important because the crystalline arrange-
ment in lignocellulosic materials largely inhibits enzymatic degra-
dation (Hirano et al., 2016). In this study, the changes in SMS
feedstock during vermicomposting with three earthworm species,
namely, Eisenia fetida, Eudrilus eugeniae, and Perionyx excavatus,
were evaluated on the basis of an XRD-derived crystallinity index
(CI), Fourier transform infrared (FTIR) spectroscopy, nutrient avail-
ability (N and P), microbial growth, metabolism, and microbial
community structure. Seed germination assays were also con-
ducted to evaluate the effect of vermicomposted SMS on plant
growth.
2. Materials and methods

2.1. Collection of SMS, earthworm species, and cow dung (CD)

The SMS samples were procured from the mushroom produc-
tion unit of the Defense Research and Development Organization
(DRDO), Defence Research Laboratory (DRL), Tezpur, Assam, India.
The SMS is the by-product of the standardized cultivation system
of oyster mushroom (i.e., Pleurotus ostreatus). Clitelleted specimens
of three epigeic and well-documented earthworm species, namely,
E. fetida, Eu. eugeniae, and P. excavatus, weighing about 300–400mg
each, were collected from a designated stock maintained in the
vermiculture unit of the Department of Environmental Science,
Tezpur University. Two three-day-old urine-free CD samples were
also used in this experiment.

2.2. Experimental set up and techniques

Three earthen vermireactors were prepared on a parallel basis
for the three different earthworm species. The vermireactors were
designed according to standard sizes and dimensions [size: 3 L;
dimensions: 45 cm (height) � 15 cm (base radius) � 30 cm (top
radius)] with one leachate hole at the base (Hussain et al., 2018).
The vermireactors were placed on a concrete-floored vermi-yard
with a roof made of corrugated sheet and open sides. The collected
SMS materials were thoroughly mixed with CD at a ratio of 3:1
after determination of their inherent physico-chemical characteris-
tics (Table 1). This substrate mixture recipe has been adopted from
our previous study (Paul et al., 2018). Generally, the ratio values
(e.g., 1:1, 2:1, and 3:1) determined in our earlier studies were used



Table 1
Physico-chemical characteristics of the spent mushroom substrate (SMS) and cow
dung (CD) used for the study. Values represent mean ± standard deviation.

SMS CD

pH 6.27 ± 0.02 6.84 ± 0.01
Moisture content 54.8 ± 3.66 37.2 ± 5.01
Bulk density 0.87 ± 0.06 1.09 ± 0.32
Total organic carbon (%) 2.73 ± 0.35 3.90 ± 0.00
Total nitrogen (%) 0.66 ± 0.04 1.23 ± 0.251
Available phosphorus (mg kg�1) 110.5 ± 0.02 100.38 ± 0.04
Microbial biomass carbon (mg g�1) 1128.4 ± 2.98 1470.40 ± 0.47
Compost respiration (mg g-1h�1) 3423.61 ± 1310.74 2760.42 ± 2604.17
Crystallinity index (%) 18.15 ± 0.01 6.80 ± 0.06
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by considering the relative dryness of the substrate. As the propor-
tion of CD was raised slowly, the results derived at 3:1 ratio were
seen as the most congenial milieu for the insipient earthworms.
Correspondingly, 3 kg of the homogenized mixture of SMS and
CD were poured into the vermireactors, and the selected earth-
worm species were separately introduced into the reactors at a
density of 10 worms per kg of vermicompost. A series of aerobic
composting reactors with identical feedstocks was maintained
under the same conditions for comparison. Details of the treatment
combinations are given below:

Control� Aerobic composting with SMS

þ CD 3 : 1ð Þ feedstock as composting controlð Þ
VCEisenia � Vermicomposting of SMSþ CD 3 : 1ð Þ with E: fetida
VCEudrilus �Vermicomposting of SMSþCD 3 :1ð ÞwithEu: eugeniae
VCPerionyx�Vermicomposting of SMSþCD 3 :1ð Þ withP: excavatus

The experiment was conducted for 60 days with temperatures
of 27–31 �C and moisture contents of 40%-50%. These conditions
were maintained by sprinkling water on the reactors and turning
the pile twice daily at 9 am and 4 pm. The rate of leachate gener-
ation was negligible due to adequate aeration provided by the daily
mixing operation. The generated leachates were collected at the
bottom of the reactors in earthen trays and were recycled for
watering. The moisture and temperature were regularly recorded
by a wet bulb thermometer. After the incubation period of 60 days,
the earthworms and their cocoons were carefully sieved out from
the vermicomposted materials and counted. Then, the prepared
vermicomposts were kept in a drying shade for 6–7 days until a
stable weight was achieved. The average temperature under the
drying shade was about 32 ± 2 �C. Afterwards, the samples were
ground into smaller pieces and passed through a 2-mmmesh sieve.
Parts of the samples were used for analysis and other parts were
stored in plastic containers in a freezer at �20 �C.
2.3. Chemical analysis

The temporal changes in the chemical properties of the biopro-
cessed SMS were analyzed based on the variations in pH, total
organic carbon (TOC), total Kjeldahl nitrogen (TKN), and available
P according to standard protocols (Page et al., 1994). High purity
analytical grade chemicals and deionized water were used to pre-
pare the reagents and other analytical solutions. All glassware was
cleaned with deionized water before use to ensure the removal of
adherent compounds and was dried at 42 �C (USEPA, 1989).
2.4. XRD and FTIR spectroscopy: Crystallinity and functional groups of
the vermicomposted SMS

The air-dried samples were kept in a glass sample holder and
were analyzed under plateau conditions using an X-ray diffrac-
tometer. Subsequently, the CI was computed from the XRD inten-
sity recorded at ~2h = 18� (amorphous plane) and ~22.8�
(crystalline plane) using the Eq. (1) (Sasmal et al., 2012).

CI ¼ ðI002 � IamorÞ
I002

� 100 ð1Þ

where

CI ¼ crystallinity index

I002ðcrystallineÞ ¼ intensity at 22:8�

Iamor ¼ intensity at 18o

The CI was used to assess the extent of degradation of the SMS
under different vermicomposting systems.

FTIR spectroscopy was performed for determining the abun-
dance of various functional groups and chemical compositions of
the vermicomposted samples (Sasmal et al., 2012). The samples
were dried at 50 �C for 24 h, after which 2 mg of each powdered
sample were dispersed on IR-grade potassium bromide (200 mg).
The formed pellets were then used for analysis. FTIR spectra were
obtained at a resolution of 1 cm�1 in a NICOLET spectrophotometer
(Model IMPACT 410).

2.5. Microbial growth and microbial community analyses

Total bacterial and fungal counts in the vermicomposted sam-
ples were assessed according to the method of Pramer and
Schmidt (1964) using 10 g of sample suspended in 90 ml of sterile
distilled water at the very outset followed by serial dilutions fol-
lowing a log scale. Bacterial and fungal colonies were incubated
using nutrient agar and potato dextrose agar, respectively.

The microbial biomass C (MBC) was enumerated by following
Jenkinson (1988). Briefly, 10 g of each sample were processed via
two parallel routes; one was subjected to chloroform fumigation
while the other was un-fumigated. Both fumigated and un-
fumigated samples were extracted in 2 M KCl solution, and the fil-
trate was used to measure ninhydrin-N in a UV–visible spec-
trophotometer at 570 nm. The equation (2) was used to convert
ninhydrin-N into MBC.

MBC lgg�1� � ¼ Af � Auf

� �� 40
10

10� Wm �Wdð Þ
� �

� 31 ð2Þ

Where
Af = Absorbance (at 570 nm) of fumigated sample
Auf = Absorbance (at 570 nm) of un-fumigated sample
Wm = Moist weight of sample in gram
Wd = Difference of moist weight and dry weight of sample in

gram
We followed the phenolphthalein titration method for enumer-

ating the CO2 evolution rate of the compost, i.e., compost respira-
tion (CR) (Epstein, 1997). About 10 g of sample was incubated at
25sC inside cork-stoppered flasks containing 5 ml of 0.5 N NaOH
for 24 h. In the succeeding stage, the NaOH was taken out and
titrated with 0.5 N HCl (in the presence of BaCl2 and phenolph-
thalein indicator) untill the pink solution turned colorless. The
microbial quotient (Mq) was derived from the ratio of MBC (Cmic)
to TOC (Corg) (Tripathy et al., 2014). The microbial metabolic quo-
tient (qCO2) was then measured from the ratio of MBC to CR
(Anderson and Domsch, 1990).
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The PLFA analysis was performed to study the microbial com-
munity structure in the selected vermicomposted samples. The
selection of vermicomposted samples for PLFA assay was done
on the basis of the results obtained from microbial counts, Mq,
and qCO2. The detailed procedure of PLFA assay has been described
in our previous paper (Hussain et al., 2018). In short, vermicompost
samples were first dried in centrifugal evaporator and then
extracted with Bligh-Dyer extractant. The Bligh-Dyer extractant
was prepared by mixing K2HPO4 (50 mM), methanol, and chloro-
form in 4:10:5 ratio. The extracts were again subjected to solid-
phase extraction to separate the lipids, then dissolved in 100 ml
hexane, transferred in gas chromatography vials, and analyzed in
a gas chromatograph equipped with flame ionization detector (Agi-
lent 6850). The microbial communities were identified based on
PLFA profiles using Sherlock software (Luo et al., 2016).
2.6. Seed germination assay

The efficiency of the various vermicomposted SMS samples as
plant growth promoting agents was evaluated on the basis of their
effects on plant growth potential with respect to seed germination
index (GI), relative root (RRG), and shoot (RShG) growth. The assay
was performed using fresh, robust, and disease-free seeds of green
gram (i.e., Vigna radiata) according to standard methods (Das et al.,
2016). Specifically, 10 g of the composted and vermicomposted
SMS samples were dissolved in Milli-Q water at a ratio of 1:10 in
sealed plastic containers and were shaken at 140 rpm by a
mechanical shaker for 1 hr. The containers were allowed to stand
until the stabilization of the precipitates, and the supernatants
were collected eventually. Then, the green gram seeds (n = 10)
were kept in filter papers placed on a series of sterilized glass petri
plates. They were then inoculated with the previously collected
supernatants of the SMS-vermicompost solutions. The plates were
incubated at 25 �C under the dark condition. The germinated seeds
and sprouted roots and shoots were counted and recorded accord-
ingly. The equations used for determination of relative seed germi-
nation (RSG), RRG, RShG, and GI are given as follows:
RSG% ¼ Number of seeds germinated with the extracts of treated vermicomposts amples
Number of seeds germinated in distilled water

� 100 ð3Þ
RRG% ¼ Mean root length of seeds treated with vermicompost samples
Mean root length of seeds in distilled water

� 100

ð4Þ
RShG% ¼ Mean shoot length ofseeds treated with vermicompost samples
Mean shoot length of seeds in distilled water

� 100

ð5Þ
GI% ¼ RSG
RRG

� 100 ð6Þ
2.7. Statistical analysis of vermicomposting systems

All data obtained from the vermicomposting experiment were
subjected to two-way ANOVA by considering the types of vermi-
composting systems and duration for completion of vermicompost-
ing. The least significant difference (LSD) test andDuncan’sMultiple
RangeTest (DMRT)were thenperformed to determine the statistical
significance in variations among the different treatments.

3. Results and discussion

3.1. Characteristics of raw materials

The inherent properties of the SMS and CD are summarized in
Table 1. Rice strawwas themain ingredient of the SMS under study.
In fact, rice straw is one of themost widely usedmaterials for edible
mushroom cultivation (Carrasco et al., 2018). The physical natures
of the SMS and CDmaterialswere determined on the basis of CI. The
CI of the SMS was about three times higher than that of CD, indicat-
ing a stronger crystalline arrangement in the former due to the lig-
nocellulosic composition of the material (Zhu et al., 2013).
Compared with CD, the SMS was more alkaline due to its high salt
content with a slightly lower TOC content (Table 1). Cereal waste
contains less fermentable sugar (organic C) unlike vegetable waste
which reciprocates to the reduced formation of organic acids during
bio-deterioration process (Kim et al., 2018). Edible mushrooms are
generally cultivated in various plant litters; therefore, their physic-
ochemical characteristics considerably fluctuated from place to
place. High contents of N (~1.90%) and P (>100 ppm) have been
found in SMS by some researchers (Gupta et al., 2004; Izyan et al.,
2009). This finding may be due to the recalcitrant nature of the
SMS. That is, the SMS greatly retards the transformation of
organic-end to inorganic-end. Interestingly, MBC was lower in the
SMS than in the CD. This indicated that the wasteful expenditure
of microbial energy is greater in SMS than in CD (Vos et al., 2017).

3.2. XRD- and FTIR-based physico-chemical analyses

The crystallinity index (CI) was determined by using XRD spec-
tra as presented in Fig. 1. A significant reduction in CI of the SMS
feedstocks was observed after 60 days of incubation in all the three
vermicomposting systems. Such a reduction was the greatest in the
Perionyx-mediated vermibeds (1.37-fold) followed by the Eudrilus
(1.34-fold), and Eisenia (1.31-fold) vermibeds after 60 days of incu-
bation (p < 0.01; LSD = 0.28). Cellulose-rich SMS materials are lar-
gely resistant to enzymatic hydrolysis due to their crystalline
structure (Hirano et al., 2016). The hydrogen bonds linking glucose
molecules impart crystalline characteristics in cellulosic sub-
stances (Bansal et al., 2010). However, the crystalline arrange-
ments of biomolecules in SMS (e.g., cellulose, hemicelluloses, and
lignin) have been hypothesized to undergo degradation during ver-
micomposting. Conceptually, lower CI values indicate lesser crys-
talline (i.e., more amorphous) arrangement of macromolecules in
the biomass (Sasmal et al., 2012). Hence, the results revealed that
the matrix of lignocellulosic compounds in the feedstocks were
efficiently degraded by the earthworms in combination with the
microorganisms and their enzymes in the earthworm intestines.

The results of FTIR spectral analysis are presented in Table 2.
The typical stretching frequencies of vital functional groups (e.g.,
C@O, NH, and OH) occurred between 4000 and 1300 cm�1

(Segneanu, 2012). The transmittance peaks in the range of 3400–
3500 cm�1 indicated the presence of OH groups of alcohols, phe-
nols, and aldehydes in all samples collected on Day 0 and Day
60. Evidence of the C–H (i.e., 2850–3000 cm�1) and C@C (i.e.,
1640–1650 cm�1) stretching vibrations of hydrocarbons, alkanes,



Fig. 1. Structural deformation in the spent mushroom substrate (SMS) under the
vermicomposting and composting treatments as verified from the crystallinity
index. [Control – Aerobic composting with SMS + CD (3:1) feedstock (as composting
control); VCEisenia – Vermicomposting of SMS + CD (3:1) with Eisenia fetida;
VCEudrilus - Vermicomposting of SMS + CD (3:1) with Eudrilus eugeniae;
VCPerionyx - Vermicomposting of SMS + CD (3:1) with Perionyx excavatus]; Error
bars represent the standard deviation. Similar letters represent no significant
differences as per DRMT at p < 0.05. (Capital letters represent significant temporal
variation while small letters represent the treatment-wise variation.)
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and alkenes were also found in both composted and vermicom-
posted samples. N compounds in the form of amines (NH2 and
NH) and esters (S-OR) were found in the feedstocks (Table 2). In
addition, the typical bending vibrations of Si-O-Si and O-Si-O in
the spectral region of 465–470 cm�1 were conspicuous in all ver-
mibeds and compost beds. The signatures of sulfur compounds,
such as sulfates (S@O), were initially detected in all feedstocks in
the IR spectral region of 1350–1390 cm�1; these peaks, however,
were absent from the spectra of the vermicomposted feedstocks
collected on Day 60 (Dores-Silva et al., 2015). Interestingly, despite
the overall similarity of the spectral distributions of the vermicom-
posted SMS samples, peaks in the spectral region of 1420–
1425 cm�1 assigned to aromatic ring structures were only detected
in the VCEudrilus and VCPerionyx samples after 60 days of incubation.
These variations indicate that earthworm-mediated biodegrada-
tion encourages the formation of stable humified substances with
the concomitant destruction of sulfur compounds. A noticeable
reduction in the transmittance energy (%T) was also recorded in
Table 2
Transmittance values (T%) and the main absorbance bands in FTIR spectra of the compost

Control

Wave number
(cm�1)

Functional Groups 0 d T
%

3400–3500 O–H groups of alcohols, phenols, aldehydes Yes 53
2850–3000 C–H stretching of hydrocarbon alkanes Yes 60
1640–1650 C@C of hydrocarbon alkene; C@O of amides Yes 59
1420–1425 Aromatic ring structure No –
1350–1390 S@O of sulfates of other S compounds Yes 49
1090–1100 Silicon compounds e.g., silane (S-OR) Yes 40
660–850 Amines (NH2 and N–H), esters (S-OR) Yes 62
500–540 S-S disulfide bonds Yes 59
465–470 Bending vibration of Si-O-Si and O-Si-O, Si-aliphatic,

alkyl, and alkenes
Yes 56

Control – Aerobic composting with SMS + CD (3:1) feedstock (as composting contro
Vermicomposting of SMS + CD (3:1) with Eudrilus eugeniae; VCPerionyx – Vermicompostin
the composted and vermicomposted feedstocks after 60 days. Gen-
erally, a decrease in the peak intensity vis-à-vis transmittance at
any frequency in the FTIR spectrum indicates the predominance
of bonds with vibrational energies identical to that of the incident
light (Maurya et al., 2018). As a result, penetration of light through
the given substance is hindered. This phenomenon is the eventual
outcome of the transformation of lignocellulosic crystals into
amorphous constituents (Traoré et al., 2018). These findings
strongly confirm the results of the XRD-based crystallinity
analysis.
3.3. Changes in pH, TOC, TKN, and P levels under different conditions

It was imperative to assess the state of organic matter decom-
position with regard to certain indicative chemical parameters
such as pH, TOC, TKN, and available P. The temporal changes in
these attributes during vermicomposting of the SMS feedstock
with the three different earthworm species are presented in
Fig. 2. In general, the substrate pH decreased over time in the Eise-
nia- and Eudrilus-mediated vermicomposting systems (VCEisenia and
VCEudrilus) when compared with the initial values. In contrast, pH
slightly increased in the Perionyx-mediated vermibeds (i.e., VCPeri-

onyx). Perionyx excavatus has been reported to reduce pH in different
feedstocks (Tran, 2016). The increase in pH of the VCPerionyx sub-
strates may be attributed to the activity of the calciferous glands
in the esophageal epithelium of earthworms. These glands contain
carbonic anhydrase, which fixes CO2 as calcium carbonate and pre-
vents reductions in pH (Mubeen and Hatti, 2018). The shift in pH
toward acidity in the Eisenia and Eudrilus systems has been
reported in previous work (Das et al., 2016; Paul et al., 2018). Such
reductions in pH may be accounted for by the production of
organic acid, CO2, and nitrate during mineralization of organic
matter.

The TOC of the vermibeds was reduced significantly (e.g., by
1.4- to 2.5-fold) as compared to composting systems (Fig. 2). How-
ever, the reductions in TOC were most prominent in the VCEisenia

system. Eisenia fetida is a voracious feeder, and their excretion rate
is also greater than other worm species (Domínguez, 2018). In gen-
eral, a reduction in TOC signifies the efficiency of vermitechnology
for nutrient mineralization due to accelerated microbial activity
(Hussain et al., 2018). Correspondingly, TKN levels significantly
increased in the vermibeds as compared to composting (Fig. 2).
TKN levels were slightly higher in VCEudrilus than in VCPerionyx and
VCEisenia after 60 days of incubation, but the variation observed
was not statistically significant (Fig. 2). The efficiency of nutrient
solubilization from recalcitrant feedstock is greater in Eu. eugeniae
than in E. fetida and P. excavatus (Domínguez, 2018). The increase
in nitrogen availability in vermicomposts may be due to N-fixing
ed and vermicomposted samples along with their assignments.

VCEisenia VCEudrilus VCPerionyx

60
d

T
%

0 d T
%

60
d

T
%

0 d T
%

60
d

T
%

0 d T
%

60
d

T
%

Yes 41 Yes 54 Yes 52 Yes 53 Yes 50 Yes 50 Yes 43
Yes 57 Yes 58 Yes 57 Yes 55 Yes 59 Yes 62 Yes 53
Yes 59 Yes 58 Yes 56 Yes 54 Yes 53 Yes 55 Yes 48
No – No – No – No – Yes 58 No – Yes 58
Yes 47 Yes 48 No – No – No – Yes 51 No –
Yes 30 Yes 43 No 40 Yes 46 No 43 Yes 40 No 38
Yes 56 Yes 63 Yes 63 Yes 62 Yes 65 Yes 63 Yes 57
Yes 57 Yes 58 Yes 58 Yes 62 Yes 60 Yes 60 Yes 59
Yes 46 Yes 58 Yes 55 Yes 55 Yes 55 Yes 40 Yes 38

l); VCEisenia – Vermicomposting of SMS + CD (3:1) with Eisenia fetida; VCEudrilus -
g of SMS + CD (3:1) with Perionyx excavates.



Fig. 2. Temporal variation in pH, total organic C, total Kjeldahl N, and available P of spent mushroom straw based feedstocks under the composting and vermicomposting
system [Control – Aerobic composting with SMS + CD (3:1) feedstock (as composting control); VCEisenia – Vermicomposting of SMS + CD (3:1) with Eisenia fetida; VCEudrilus -
Vermicomposting of SMS + CD (3:1) with Eudrilus eugeniae; VCPerionyx - Vermicomposting of SMS + CD (3:1) with Perionyx excavatus]; Error bars represent the standard
deviation. Similar letters represent no significant differences as per DRMT at p < 0.05. (Capital letters represent significant temporal variation while small letters represent the
treatment-wise variation.)
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microorganisms released via earthworm excreta and the break-
down of small- to medium-length polysaccharides (Hussain
et al., 2016). Moreover, recently, it has been reported that many
types of bacterial communities can greatly enhance N availability
by degrading the high molecular weight nitrogenous compounds
into low molecular weight soluble substances (Zhu et al., 2019).
Overall, the bioavailability of phosphorus was significantly higher
in the vermicompost than in the compost at the end of the incuba-
tion period. The availability of phosphorus was significantly higher
in the VCEudrilus vermibeds than in the VCEisenia and VCPerionyx

(p = 0.000; LSD = 10.30). Recently, E. eugeniae was reported to have
high efficiency in solubilizing large amounts of phosphorus (Paul
et al., 2018). Phosphorus bioavailability is greatest at neutral pH
(i.e., from 6.5 to 7.1) (Adhikari et al., 2017). Interestingly, the pH
of Eisenia- and Eudrilus-mediated vermibeds was nearly neutral,
while that of the Perionyx-mediated feedstock was slightly alkaline
after 60 days; the observed difference in pH trends may be
explained at least partly by the fact that calciferous substances in
the feedstock are released by the worm species (Mubeen and
Hatti, 2018). Hence, alkalinity may restrict P solubility despite
the considerable proliferation of P-solubilizing microorganisms in
such feedstocks.

3.4. Changes in microbial growth, metabolism, and diversity: Microbial
biomass, respiration, metabolic quotient, and PLFA based investigation

The changes in MBC, CR, Mq, and qCO2 are plotted in Fig. 3. The
MBC and CR increased by 1.6–4.8 times after 60 days in all feed-
stocks, but increases were the greatest in the Perionyx-treated
feedstock followed by the E. eugeniae-treated feedstock (p value
of MBC & CR = 0.000; LSD: MBC = 73.1, CR = 392.1). The increases
in MBC imply improvements in microbial health and proliferation
due to vermicomposting. Earthworm intestines can harbor diverse
microbial genera by providing favorable growing conditions
(Hussain et al., 2016), which are eventually released to the ver-
mibeds through the earthworm excreta (Dvorak et al., 2016). How-
ever, microbial respiration (i.e., CR) was the lowest in VCEisenia

despite the significant increase in MBC after 60 days. The enhance-
ments in MBC resulted in high Mq (i.e., the ratio of MBC to TOC) in
the VCPerionyx reactor followed by the VCEisenia and VCEudrilus reactors
(Fig. 3). The qCO2 (i.e., ratio of CR to MBC) in the feedstocks fol-
lowed the order: C > VCEisenia = VCEudrilus > VCPerionyx (p = 0.000;
LSD = 0.80) (Fig. 3). CR is often considered to be a wasteful expen-
diture of acquired energy for maintenance rather than growth in
challenging environments (Tripathy et al., 2014). Therefore, a low
qCO2 in the vermicomposted feedstock signifies a quicker decline
in microbial respiration and stabilization of the biodegradation
process compared to aerobic composting (Vos et al., 2017;
Hussain et al., 2018).

Microbial counts were considerably greater in the vermicom-
posted SMS than in the composted substrates (Table 3). The total
bacterial count was significantly higher in the VCPerionyx than in
the others, while the fungal growth was the highest in the VCEudrilus

(p = 0.000; LSD = 10.6). However, proliferation of P-solubilizing and
N-fixing bacteria was remarkably greater in VCPerionyx compared
with the VCEisenia and VCEudrilus (p = 0.000; LSD = 108.02). Earth-



Fig. 3. Changes in microbial biomass C, compost respiration, microbial quotient, and microbial metabolic quotient under various bio-composting treatments. [Control –
Aerobic composting with SMS + CD (3:1) feedstock (as composting control); VCEisenia – Vermicomposting of SMS + CD (3:1) with Eisenia fetida; VCEudrilus - Vermicomposting of
SMS + CD (3:1) with Eudrilus eugeniae; VCPerionyx - Vermicomposting of SMS + CD (3:1) with Perionyx excavatus]; Error bars represent the standard deviation. Similar letters
represent no significant differences as per DRMT at p < 0.05 (Capital letters represent significant temporal variation while small letters represent the treatment-wise
variation).

Table 3
Count of total bacteria (TBC), total fungi (TFC), P solubilizing bacteria (PSB), and N fixing bacteria (NFB) in the composted and vermicomposted SMS at 60 days of incubation.
Values represent mean ± standard deviation.

TBC (�105 CFU g�1) NFB (�104 CFU g�1) PSB (�105 CFU g�1) TFC (�102 CFU g�1)

Control 230 ± 5 73 ± 6 18 ± 2 80 ± 4
VCEisenia 1000 ± 9 400 ± 17 280 ± 7 120 ± 9
VCEudrilus 900 ± 16 210 ± 6 350 ± 11 1900 ± 17
VCPerionyx 3600 ± 11 2000 ± 19 1440 ± 9 1300 ± 14
P 0.001 0.000 0.000 0.000
LSD 116.7 83.97 108.02 10.6

Control – Aerobic composting with SMS + CD (3:1) feedstock (as composting control); VCEisenia – Vermicomposting of SMS + CD (3:1) with Eisenia fetida; VCEudrilus -
Vermicomposting of SMS + CD (3:1) with Eudrilus eugeniae; VCPerionyx – Vermicomposting of SMS + CD (3:1) with Perionyx excavatus; CFU = Colony forming unit; LSD = least
significant difference.
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worms efficiently pulverized feed materials into minute pieces
with the help of their gizzard, thereby exposing larger surface
areas for microbial activity (Hussain et al., 2018). In fact, the levels
of compatibility between earthworm species and feed composition
greatly dictated the microbial enrichment in the processed materi-
als (Vos et al., 2017; Hussain et al., 2016).

The PLFA assay was performed to understand the structural
adjustments in microbial communities in vermibeds in response
to SMS treatment. Long- and short-chain PLFAs provided strength
and stability to the microbial cell membrane (Quideau et al.,
2016). The structural compositions of PLFAs greatly varied among
microbial communities depending on their immediate environ-
ment (Luo et al., 2016). In this study, the total microbial biomass
was remarkably higher in the VCPerionyx than in VCEisenia and
VCEudrilus (Fig. 4). The Gram-negative bacterial PLFAs were greater
in VCEudrilus than in the other two systems, whereas Gram-
positive bacterial PLFAs were most abundant in VCPerionyx followed
by VCEisenia. The occurrence of actinomycete groups was also signif-
icantly higher in the VCPerionyx followed by VCEudrilus and VCEisenia

(Fig. 4). The abundance of Gram-positive bacterial communities
in the VCPerionyx and VCEisenia signifies favorable earthworm-
feedstock compatibility in these systems. The dominance of
Gram-negative bacterial communities in VCEudrilus indicates that
the SMS feedstock is probably stressful for the Eudrilus-mediated
system because Gram-negative organisms tend to tolerate aber-
rant environments (Eberlein et al., 2018). Moreover, many arbus-
cular mycorrhizal fungi (AMF) were observed in the VCPerionyx and
VCEisenia feedstocks. AMFs are natural biofertilizers that normally



Fig. 4. Phospholipid fatty acid (PLFA) identified microbial groups in the composted and vermicomposted SMS-based feedstocks at 60 days of incubation. [Control – Aerobic
composting with SMS + CD (3:1) feedstock (as composting control); VCEisenia – Vermicomposting of SMS + CD (3:1) with Eisenia fetida; VCEudrilus - Vermicomposting of
SMS + CD (3:1) with Eudrilus eugeniae; VCPerionyx - Vermicomposting of SMS + CD (3:1) with Perionyx excavatus]; Error bars represent the standard deviation. Similar letters
represent no significant differences as per DRMT at p < 0.05 (Capital letters represent significant temporal variation while small letters represent the treatment-wise
variation).
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reside in the root zone soil in agricultural or forest lands (Berruti
et al., 2015). Hence, the occurrence of AMFs in these SMS vermi-
composts adds greater value to the sustainable recycling of agricul-
tural waste.

Interestingly, the proportions of monounsaturated (MUFA) and
polyunsaturated fatty acids (PUFA) in the total PLFA were the high-
est in the VCPerionyx and VCEisenia, respectively (Fig. 5). MUFA and
PUFA are known to maintain membrane fluidity in many bacterial
species, thereby ensuring membrane stability under unfavorable
conditions (de Carvalho and Caramujo, 2018). The signatures of
some typical PUFA (e.g., 18:1x9c and 18:2x6,9c) in the PLFA pro-
files of the vermicomposted SMS samples revealed the presence of
eukaryotes and ectomycorrhizal fungal communities in the pro-
cessed materials (Quideau et al., 2016). In a similar work, Zhu
et al. (2019) reported the presence of 52 bacterial genera that were
involved in degrading amino acid-N, amine-N, and amino sugar-N
into simpler products during chicken dropping-garden waste
composting.

3.5. Effects of composted and vermicomposted SMS on seed vigor

The results of the germination assay are shown in Table 4. This
assay is a reliable means of evaluating the response of plant species
to a growth stimulant (Hussain et al., 2018). The germination index
and relative seed germination were significantly higher in the
VCPerionyx-treated seeds than in the VCEisenia- and VCEudrilus-treated
seeds (p = 0.000; LSD = 3.18). Correspondingly, the relative root
and shoot vigor (RRG and RShG) of seeds treated with VCPerionyx

were greater than all other inoculants (RRG: p = 0.000,
LSD = 6.85; RShG: p = 0.000, LSD = 5.76). In general, vermicomposts
are known to energize the hormonal and enzymatic activity in the
growth medium, which in turn remarkably improves the viability



Fig. 5. Percentage composition of different types of fatty acids in the vermicomposted and composted feedstocks detected through Phospholipid fatty acid (PLFA) analysis.
[Control – Aerobic composting with SMS + CD (3:1) feedstock (as composting control); VCEisenia – Vermicomposting of SMS + CD (3:1) with Eisenia fetida; VCEudrilus -
Vermicomposting of SMS + CD (3:1) with Eudrilus eugeniae; VCPerionyx - Vermicomposting of SMS + CD (3:1) with Perionyx excavatus]; Error bars represent the standard
deviation. Similar letters represent no significant differences as per DRMT at p < 0.05 (Capital letters represent significant temporal variation while small letters represent the
treatment-wise variation).

Table 4
Comparison between the composted and vermicomposted SMS extracts on relative root (RRG), shoot growth (RShG), relative seed germination (RSG), and germination index (GI)
of green gram (Vigna radiata).

RSG RRG RShG GI

Control 70.0 ± 8.97 67.3 ± 6.50 64.7 ± 6.09 47.1 ± 3.22
VCEisenia 90.0 ± 10.0 96.5 ± 10.3 69.8 ± 4.99 107.4 ± 10.2
VCEudrilus 80.0 ± 9.22 88.2 ± 12.9 66.3 ± 5.49 86.8 ± 5.87
VCPerionyx 121.7 ± 16.1 141.4 ± 11.8 96.5 ± 5.67 113.1 ± 11.9
p 0.000 0.000 0.000 0.000
LSD 3.18 6.85 5.76 8.08

Control – Aerobic composting with SMS + CD (3:1) feedstock (as composting control); VCEisenia – Vermicomposting of SMS + CD (3:1) with Eisenia fetida; VCEudrilus –
Vermicomposting of SMS + CD (3:1) with Eudrilus eugeniae; VCPerionyx – Vermicomposting of SMS + CD (3:1) with Perionyx excavatus; LSD = least significant difference.
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of crop seeds (Das et al., 2016). In the present study, microbial
enrichment in the VCPerionyx system might have promoted qualita-
tive improvement in the SMS vermicompost that could induce sig-
nificant seed vigor. These results also suggest that
vermicomposting can be a useful way for SMS to meet the
demands of mushroom growers.



10 J. Devi et al. / Science of the Total Environment 716 (2020) 135215
4. Conclusions

We studied the lignocellulosic biomass (i.e., SMS) degradation
mechanism and efficiency of three earthworm species. The XRD
and FTIR spectra suggest that cellulosic crystallinity of SMS is more
efficiently broken in the VCPerionyx vermireactors than in the
VCEudrilus and VCEisenia systems. About 31% reduction in XRD derived
crystallinity index was observed from Perionyx based vermicom-
posting systems, while those of Eudrilus and Eisenia mediated sys-
tems exhibited 25% and 22%, respectively. Such results strongly
affirm the remarkable lignocellulosic biomass degradation effi-
ciency of P. excavatus. Such comminuted biomass particles also
aided in higher microbial colonization and proliferation (e.g., bac-
teria, fungi, N-fixers, and P-solubilizers). Correspondingly, aug-
mentation of microbial communities and their metabolic
activities were the greatest in the VCPerionyx system. PLFA profiles
noticeably varied among the vermibeds. On the other hand, about
2.0 to 2.4 folds increment in N and P availability in the VCEudrilus

and VCEisenia vermibeds was remarkable as compared to the VCPeri-

onyx system. Significant vigor and growth of green-gram seeds were
observed in the VCPerionyx treatment. Overall, the study revealed
that nutrient enrichment potential of all the three species were
equally significant, although P. excavatus efficiently degraded
SMS by rapid disintegration of the crystal framework of lignocellu-
losic materials. However, the major benefit of breakdown of crys-
tallinity by Perionyx excavatus was reflected in imparting profuse
germination of healthy seedlings of Vigna radiata.
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