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LVE was applied at seeding, crop stem elongation and 
flowering stages. Control crops received water as a placebo.
Results LVE bacterial communities were more diverse 
and showed a higher turnover between 2019 and 2020 than 
fungal communities. Diverse microbial groups, the majority 
of which belonged to phyla Proteobacteria, Bacteroidetes, 
Firmicutes, and Mucoromycota, were detected, including 
N-fixers (Flavobacterium, Malikia, and Citrobacter), P-sol-
ubilizers (Pseudomonas), and C-degraders (Tolumonas, 
Arcobacter, and Mucor). Notably, LVE treatment enhanced 
soil MIP and AMF root colonization in most crops, but 
selectively improved shoot biomass of berseem clover 
(+ 32%) and sunflower (+ 34%), and grain yield (+ 37%) 
and oil concentration (+ 5%) in sunflower, compared to the 
corresponding non-treated controls.
Conclusions LVE had diverse groups of bacteria and a 
few fungal taxa, and its application enhanced mycorrhi-
zal properties and selected growth- and yield-related vari-
ables in lentil, berseem clover, and sunflower. This could 
be due to LVE’s biostimulating effect arising from the 
vermicompost-associated microbiome and biomolecules.

Keywords Liquid vermicompost extract · 
Biostimulant · Microbial diversity · Mycorrhizal 
activity · Ecosystem service · Alkaline soil

Introduction

Liquid vermicompost extracts (LVE), also com-
monly known as vermicompost leachates or teas, are 

Abstract 
Purpose Commercial production and the use of liq-
uid vermicompost extract (LVE) is gaining attention as 
a technique that supports integrated soil-microbial-crop 
management for sustainable agriculture. However, the 
interaction effects of LVE, arbuscular mycorrhizal fungi 
(AMF), and host plants on the delivery of agroecosys-
tem services in alkaline soil have been less studied.
Methods We carried out a 3-year field experiment in 
Central Italy, to investigate the short-term effect of LVE 
on soil mycorrhizal inoculum potential (MIP), AMF root 
colonization, and productivity of berseem clover, lentil, and 
sunflower. LVE produced in different years were screened 
for microbial properties using Illumina Miseq sequencing. 
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by-products obtained during vermicomposting, a non-
thermophilic process mediated by earthworms and 
microorganisms that bio-oxidize and stabilize organic 
materials into usable bio-stimulants (Lazcano and 
Domínguez 2011). For that reason, LVE is a micro-
biologically active product that contains a wide range 
of macro-and micro-nutrients, extracellular enzymes, 
chemical attractants, and hormone-like molecules 
that confer various benefits to soil and plants (Gudeta 
et  al. 2021). Some of these substances may affect 
soil microbes including arbuscular mycorrhizal fungi 
(AMF) that stimulate solubilization of nutrients such 
as phosphorus (P) bound to organic compounds, par-
ticularly in alkaline soils (Uz and Tavali 2014) and 
enhance biocontrol of pests and pathogens (Rostami 
et  al. 2021). The biochemical quality and microbio-
logical profile of LVE are dictated by the vermicom-
post nature, which in turn is affected by the type of 
initial feeding substrate, environmental conditions, 
and the species of earthworm used (Yasir et  al. 
2009; Huang et  al. 2013; Domínguez et  al. 2019; 
Yatoo et  al. 2021). This variation can likely affect 
the delivery of microbial-associated agroecosystem 
services such as nutrient acquisition and facilitation, 

particularly in low input systems that rely on limited 
or no use of external fertilizers.

Considerable input has been put into understand-
ing the microbiology and effect of solid vermicom-
post casts on various crops (Zhao et al. 2017; Cai et al. 
2018; Kolbe et al. 2019; Zhang et al. 2020; Khodabin 
et al. 2022). Still, much less has been done to assess the 
microbial composition of LVE (Fritz et  al. 2012; del 
Pilar et al. 2021) and its effect on soil microbiota, par-
ticularly the local AMF communities. Previous research 
has demonstrated that humic acid rich vermicompost 
act synergistically with Rhizobium and AMF in improv-
ing the growth of Capsicum assamicum, Lactuca sativa 
L., and Pisum sativum L. crops, and soil health under 
microcosm conditions (Khan et  al. 2014; Maji et  al. 
2017; Liu et al. 2020). Host specificity and abiotic fac-
tors i.e., edaphic, climatic, and anthropogenic farm 
practices, can differentially affect the local diversity 
and functioning of the AMF symbionts, thus, interrupt-
ing the outcome of plant-microbial symbioses (Turrini 
et al. 2018), bringing forward the need for biostimula-
tion (Fig. 1). To our knowledge, reports on field studies 
elucidating the tripartite LVE-plant-soil AMF synergis-
tic interactions are scarce.

Fig. 1  Biostimulatory effect of liquid vermicompost extract 
(LVE) on (A) plant microbial symbionts such as plant growth 
promoting rhizobacteria (PGPRs) and arbuscular mycorrhizal 
fungi (AMF) involved in soil biogeochemical cycles such as 
N-fixation, P, and K solubilization, Fe, Zn, and Mn bioavail-

ability. Photos showing root system of sunflower that received 
(B) No LVE treatment and (C) LVE treatment. Falcon tubes 
were used for storing roots prior staining for AMF coloniza-
tion assessment. Roots were collected 76 days after sowing  (1st 
June 2021)
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Previous studies of vermicompost prokaryotic 
communities, based on 16S rRNA molecular analy-
ses, identified Proteobacteria, Bacteroidetes, and Fir-
micutes (Yasir et al. 2009; Munoz-Ucros et al. 2020), 
exemplified by P-solubilizers belonging to Pseu-
domonas and Bacillus spp. (Rostami et al. 2021), Ter-
rimonas and Trichococcus spp. (Zhang et  al. 2020), 
N-fixers and nitrifiers belonging to Flavobacterium, 
Azotobacter, Nitrobacter, Azospirillum, and Rhizo-
bium spp. (Pathma and Sakthivel 2012), and bio-
control agents such as Pseudomonas resinovorans, 
and Bacillus megaterium (Rostami et  al. 2021), as 
the most dominant functional groups. Few studies 
on fungal communities, using molecular tools, iden-
tified representatives of all major phyla (Cai et  al. 
2018; Domínguez et al. 2021), and at the class level, 
Mucoromycetes, Sordariomycetes, Agaricomycetes, 
Eurotiomycetes, Saccharomycetes, Orbiliomycetes, 
Chytridiomycetes, and Pezizomycetes (Huang et  al. 
2013; Silawat et al. 2013; Cai et al. 2018).

Substantial differences in bacterial and fungal com-
munities have also been observed in LVE derived 
from different vermicomposting materials (Fritz 
et al. 2012; Munoz-Ucros et al. 2020; del Pilar et al. 
2021). Therefore, it is crucial to thoroughly charac-
terize the microbial content of LVE derived from the 
commonly available farm crop and livestock residues. 
Though, there is a poor knowledge on the microbiota 
occurring in LVE derived from wheat straw and horse 
dung manure, widely used in compost preparation, 
and studies assessing the effect of LVE application 
on AMF activity, colonization, and crop yield under 
alkaline field conditions of the Mediterranean soils 
are scarce. Three spring–summer crop species: a for-
age legume represented by berseem clover (Trifolium 
alexandrinum L. cv. Akenaton), a pulse grain legume 
represented by lentil (Lens culinaris L. cv. Elsa), and a 
non-legume control represented by sunflower (Helian-
thus annuus L. cv. Sangria), were used as test plants to 
study the impact of LVE application on plant-mycor-
rhizal interactions. The three crop species are widely 
grown by farmers in the Mediterranean region as sole 
crops or in rotations for human food, animal feed, and 
oil production, and their growth cycles synchronize 
well with the Mediterranean’s spring–summer condi-
tions. Besides, the crops are known to be mycorrhizal 
dependent especially in soils with low P, typical of the 
Mediterranean region (Molla et  al. 2010; Saia et  al. 
2014; Vangelisti et al. 2018).

The area where this experiment was carried out is 
located in a ‘mycorrhizal diversity hotspot’ (Turrini 
and Giovannetti 2012; Njeru et al. 2015; Turrini et al. 
2018), so incorporating farm practices that could pro-
tect and augment AMF activities would be fundamen-
tal in maintaining soil-AMF productivity amidst the 
changing climatic and edaphic conditions occurring 
in the Mediterranean region. Besides, it is necessary 
to make better use of the readily available organic res-
idues, identify functional groups of microorganisms 
in the LVE, and understand their interaction with host 
plants and rhizosphere microbiomes.

In this study, we investigated (i) the microbial com-
position and diversity in a commercial LVE through 
Illumina Miseq sequencing, (ii) the biostimulatory 
effects of LVE on local AMF abundance and plant 
root colonization, (iii) the effect of LVE in enhanc-
ing growth- and production-related traits of lentil 
(pulse legume), berseem clover (forage legume), and 
sunflower (oil-seed crop) grown under low-input field 
conditions. We hypothesized that LVE might contain 
a diverse array of bacteria and fungi of different gen-
era and species with linkable plant growth-promoting 
traits and biostimulatory effects on the activity of 
the local AMF. Lastly, we expected that the applica-
tion of LVE would increase biomass, grain yield, and 
nutrition of crops managed under a rain-fed low input 
system.

Materials and methods

Study site

The experiment was carried out and replicated in 
three years (2019, 2020, and 2021) on three separate 
but adjacent fields with no history of vermicompost 
application at the Centre for Agri-Environmental 
Research ‘Enrico Avanzi’ of the University of Pisa (43° 
40′ 5.3’’ N, 10° 18′ 34.2’’ E), Pisa, Central Italy. The 
soils are classified as Xerofluvent by USDA (Soil Survey 
Stuff 1999) and as Fluvisol by FAO (IUSS Working 
Group WRB 2015), and have a typically alkaline sandy 
loam texture, pH (7.6 – 8.1), low in total Kjeldahl N 
(0.52 – 0.92 g  kg−1), available Olsen P (8 – 10 mg  kg−1), 
and Walkley–Black organic carbon (0.66 – 0.84%). The 
three fields had a previous rotational cultivation history of 
durum wheat (Triticum durum Desf.), sorghum (Sorghum 
bicolor L.), and alfalfa (Medicago sativa L.). All fields 
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were prepared by shallow plowing at 25  cm depth and 
subsequent harrowing at 10  cm depth. The crops were 
mechanically sown in 13 × 3 m plots and managed as a 
rain-fed low-input system with no pesticides, herbicides, 
or inorganic fertilizers. Hand hoeing was constantly done 
to reduce weed infestation until the flowering stage of 
each crop. The total mean monthly rainfall during the first 
three months (April to June) critical for seed germination, 
flowering, and grain formation was 198 mm, 126 mm, and 
103 mm in 2019, 2020, and 2021, respectively (Fig. S1).

Experimental materials and design

A commercial LVE, produced from wheat straw (20%) 
amended with horse manure (80%) in the presence of 
Eisenia fetida and Eisenia andrei earthworms, was 
sourced from a local company. Briefly, the LVE were 
made from a mixture of mature compost manure (8 
– 12 weeks old, kept at < 25 °C) and wheat straws, peri-
odically mixed and moisturized with water, and covered 
in piles. Worm density of 9 kg living biomass  m−2 (about 
15,000 individuals per  m−2) was used and the worm-bed-
ding was maintained for a 4 to 5-month cycle to allow the 
LVE to accumulate, mature, and stabilize. LVE biochem-
ical properties for 2019 and 2020 batches were pH 5.0 
and 6.0, electrical conductivity 2.55 and 3.10 mS  cm−1, 
total N 89 and 102 mg  kg−1, organic C 0.10 and 0.14%, 
total bacteria load 7.75 ×  107 and 1.62 ×  107  CFU   g−1, 
Escherichia coli < 5 and < 4 CFU  g−1, and humidity 99.6 
and 99.5%, respectively. Three spring–summer crop spe-
cies were used as test plants and were sourced locally: 
berseem clover cv. Akenaton, lentil cv. Elsa, and sun-
flower cv. Sangria. Experimental treatments included 
LVE application on the test crops laid under a split-plot 
design with crop species as the main plot factor and LVE 
treatment (with or without LVE) as a sub-plot factor, rep-
licated in five blocks each year. An additional plot with 
no crop but with spontaneous weed vegetation was used 
as a control. A total of 40 plots were laid out each year.

Vermicompost microbiome

Bacterial and fungal DNA extraction, amplification, 
and sequencing

Three aliquots (2 ml each) of LVE batches per year 
(2019 and 2020) were collected to analyze the com-
position of the bacterial and fungal communities 

using the Next-generation high throughput DNA 
sequencing (Ansorge 2009). Total community DNA 
was extracted from each sample using the DNeasy 96 
PowerSoil Pro QIAcube HT Kit (Milan, Italy). Three 
16S rRNA and three ITS gene amplicon libraries 
were prepared by PCR amplification of the hypervari-
able V3-V4 regions of the 16S rRNA gene and the 
ITS2 region, respectively, according to the Illumina 
16S and ITS metagenomic sequencing library proto-
col. PCR amplification of the bacterial communities 
was performed with primers Pro341F and Pro805R 
following the standard procedures described by Taka-
hashi et al. (2014). The universal fungal primers ITS3 
and ITS4 designed by White et al. (1990) were used 
to amplify the fungal ITS2 region. Amplicons were 
obtained using the Platinum Taq DNA Polymerase 
High Fidelity (Thermofisher, Italy). Cycle conditions 
were an initial step at 94 °C for 1 min; 25 cycles of 
94 °C (30 s), 55 °C (30 s), 68 °C (45 s); a final exten-
sion of 7 min at 62 °C. Libraries were purified using 
Agencourt AMPure XP (LABPLAN; Naas, Ireland) 
according to the Illumina metagenomic sequencing 
library protocol. Dual indices and Illumina sequenc-
ing adapters from the Illumina Nextera XT index kits 
v2 B and C (Illumina, San Diego, USA) were added 
to the target amplicons in a second Index PCR step 
according to the Illumina metagenomic sequenc-
ing library protocols to generate sequencing index 
libraries. Sequencing was done as a 2 × 300  bp 
paired-end run on the Illumina MiSeq platform. The 
NGS sequencing procedure was performed by BMR 
genomics (Padua, Italy).

Microbial diversity and sequence analyses

Fungal and bacterial sequence processing and analy-
ses were carried out using the Microbial Ecological 
tool QIIME2 (Bolyen et  al. 2019) version 2020.2 
pipeline. The high throughput fungal and bacte-
rial sequence reads were pre-processed using Cuta-
dapt v.10 (Martin 2011) included in the QIIME2 to 
eliminate adapter, and unwanted primer, followed 
by denoising, chimeras’ removal, dereplication, and 
OTUs construction using DADA2 (Callahan et  al. 
2016) at 99% accuracy level. Taxonomy assignment 
and classification of fungi were done against the 
UNITE (Kõljalg et al. 2005) fungal database (version 
8.2 2020). Alignment and taxonomic assignment of 
bacterial OTUs were done against the GreenGenes 
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(Mcdonald et al. 2012) database version 13.8. Alpha-
diversity was presented as Hill numbers (Hill 1973) 
while Bray–Curtis dissimilarity index (Bray and Cur-
tis 1957) was used to estimate the microbial dissimi-
larity between the two different LVE batches. The 
sequence data were submitted to the NCBI GenBank 
database under the accession numbers: ON819887 
– ON820109 and ON833101 – ON833262 for bac-
teria in 2019 and 2020, respectively, and ON782302 
– 782,356 and ON758673 – ON758680 for fungi in 
2019 and 2020, respectively.

Vermicompost application and crop management

All test crops were sown in the last week of March 
of each year using a mechanical plot seeder and 
harvested in July–August, depending on the matu-
rity period of the crop. The crop seeding rate was 
adjusted to 207 seeds  m−2 for lentils, 2.5  g seeds 
 m−2 for berseem clover, and 9 seeds  m−2 for sun-
flower. The row spacing for legumes was 15  cm, 
while sunflowers were spaced at 45 × 30 cm. Rhizo-
bia inoculations (> 1 ×  109  CFU   g˗1) supplied by 
Alosca Technologies Pty Ltd (Australia) were done at 
a constant rate of 3 kg   ha−1, equivalent to one-third 
of the recommended amount for each legume. LVE 
application was done three times in two ways; as a 
seed dresser (applied 3  h before sowing in an opti-
mally recommended 1:40 LVE/water dilution i.e., 
1 ml LVE + 40 ml water, total volume of the mixture 
100 ml  plot−1 seeds) and as a root-base spray (25.6 L 
 ha−1, 1:40 LVE/water dilution) delivered manually in 
the field at crop stem elongation and flowering stages. 
Control crops received water as a placebo instead 
of LVE. Different batches of LVE were used in the 
2019, 2020, and 2021 field trials.

Soil mycorrhizal inoculation potential (MIP) bioassay

Soil samples were collected from a depth of 
0 – 20 cm in three randomly selected points in each 
plot using a 5-cm diameter soil probe; the three sub-
samples were mixed to form one homogenous repre-
sentative sample  plot−1. The first sampling was done 
before sowing  (TSow) and the second after crop har-
vesting  (THarv). The pooled soil samples were used to 
assess mycorrhizal activity in the soil by a soil MIP 
bioassay. Soil MIP is commonly used as a biological 
indicator of mycorrhizal propagules to colonize plant 

roots within a given period (Bedini et al. 2013; Njeru 
et  al. 2014). Briefly, Cichorium intybus (L.) seeds 
were sown in three replicates of 50 ml sterile Falcon 
tubes filled with 45 g of each plot soil sample. Tubes 
were watered, wrapped in sterile polythene bags, 
and placed in a growth chamber with a temperature 
regime of 25/21 °C (day/night) and 16 h of daylight. 
Five days after emergence (DAE), C. intybus plants 
were thinned to three plants  tube−1. The whole root 
system of each plant was harvested 35 DAE by care-
fully washing away the soil to minimize root distur-
bance. The roots were separated from the shoots and 
prepared for staining with acidified trypan blue dye 
following the procedure described by Phillips and 
Hayman (1970). The percentage of colonized root 
length was determined under a dissecting microscope 
at × 40 magnification using the gridline intersect 
method described by Giovanetti and Mosse (1980).

Plant sampling and harvesting

Plant sampling in the field was done at two plant 
growth stages according to the BBCH scale (Meier 
et  al.  2009). At flowering (BBCH 60/62), three 
plants near the soil sampling points in each plot 
were uprooted gently using a hand spade, at a depth 
of about 20 cm and 15 cm radius; roots washed and 
assessed for nodulation and AMF root colonization. 
The total nodule number was counted from the whole 
root system of the three plant samples and averaged to 
obtain the mean nodule number  plant−1 (Menge et al. 
2018). Ten sections of 3-cm long pieces of lateral 
roots from each plant were randomly chosen, cut, and 
pooled for mycorrhizal staining following the proce-
dure described by Phillips and Hayman (1970). At the 
same time, shoot biomass was cut from two quadrats 
in each plot. At harvesting (BBCH 90), crops were 
manually cut from three quadrats in each plot, pack-
aged independently, shelled, sorted, and cleaned to 
obtain pure grains. The quadrat size for lentil and ber-
seem clover was 50 × 50 cm, while that of sunflower 
measured 90 × 60  cm. The biomass cut was used to 
determine the biomass dry weight (t  ha−1) and shoot 
nutrition quality (N and P) at flowering stage, and 
grain yield (t  ha−1) at harvesting stage. Dried tissues 
were ground to fine powder and N concentration was 
measured on Kjeldhal digests and determined with 
an elemental auto-analyzer (Flowsys Analyzer, Sys-
tea, Italy) while P concentration was assessed using 
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a sulfuric acid-perchloric acid digestion method and 
measured on an Agilent 8453 UV–Visible spectro-
photometer (Labstuff, Ireland) (Cresser and Parsons 
1979). Whole grain protein concentration in lentil 
seeds and oil concentration in sunflower flour were 
analyzed using a Foss Infratec™ 1241 Grain Ana-
lyzer (Milan, Italy) that uses a near-infrared transmit-
tance (NIT) spectrophotometric technique.

Data analyses

Although the experiments were carried out in 2019, 
2020, and 2021 not all the tests reported were done 
in all the three years. The harvest data on grain yield 
and dry biomass and AMF root colonization were 
collected in 2019, 2020, and 2021. The samples for 
determining legume whole grain protein concentra-
tion and sunflower oil concentration, the nodule num-
ber, shoot nutrition quality (N and P), and shoot bio-
mass at flowering were collected in 2020 and 2021. 
The samples for LVE microbial analyses and soil 
mycorrhizal inoculation potential (MIP) were col-
lected in 2019 and 2020.

All statistical analyses were carried out in R envi-
ronment version 4.1.0 (R Core Team 2021). Depend-
ing on the data type and error distribution, linear and 
generalized linear mixed-effects models in ‘Lme4’ R 
package (Bates et  al. 2015) were fitted to determine 
the effect of LVE treatment. Soil mycorrhizal activity 
(% MIP  THarv vs. % MIP  TSow), AMF root coloniza-
tion percentage, shoot nutrition (P and N concentra-
tion and content), biomass, grain yield, grain protein, 
and oil concentration were considered dependent var-
iables, while crop species and LVE application were 
set as fixed factors. Year was treated as a fixed factor 
only if there was a significant year × treatment inter-
action. Blocks and plot pseudo-replicates were used 
as random factors. The Akaike Information Criteria 
(Akaike 1974) was used for refining the model com-
parison. For each model, the Kolmogorov–Smirnov 
test of normality in the ‘DHARMa’ R package (Hartig 
and Lohse 2021) complemented by the Shapiro–Wilk 
test and graphical representations for normality (Zuur 
et  al. 2009) were used to assess the goodness of fit 
on the scaled residuals of the models. Tukey’s post 
hoc test using R/emmeans (Lenth 2019) was run in 
each model to check for the differences of significant 
explanatory variables at p ≤ 0.05. Principal compo-
nent analyses (PCA) were performed to describe the 

relevant associations between agronomic and mycor-
rhizal variables recorded in 2020 and 2021.

Results

Alpha diversity of bacteria and fungi in the LVE

NGS analysis produced 256,299 and 184,605 total 
bacterial reads and 313,550 and 248,459 fungal reads 
in 2019 and 2020, respectively (Table S1). Approxi-
mately 53% and 57% of the bacterial and 88% and 
42% of the fungal raw reads passed merging, trim-
ming, and chimera filtering steps in 2019 and 2020, 
respectively, and were analyzed for operational taxo-
nomic unit (OTU) search. In total, 223 and 162 bac-
terial OTUs, and 55 and 8 fungal OTUs were gener-
ated from the final sequence reads in 2019 and 2020, 
respectively (Table S1).

Bacterial communities extracted from LVE were 
more diverse than fungal communities, though, both 
showed a strong dominance of a few taxa, as attested 
by Hill numbers (Table  1). In 2020, bacterial diver-
sity was significantly less than in 2019 but without a 
change in evenness (p = 0.53) as attested by the Pie-
lou’s index. In contrast, the evenness of the fungal 
community was substantially (p < 0.0001) higher in 
2020 than in 2019 (Table 1).

Bacterial and fungal composition in the LVE

Microbial community turnover between 2019 and 
2020 batches was higher in bacteria than in fungi 
(Bray-Curti’s dissimilarity index 0.88 and 0.04, 
respectively). The fungal community in the LVE 
was dominated by a species of Mucor circinelloides 
in both 2019 and 2020 batches (Fig.  2). Other taxa 
identified, although with low frequency (OTUs < 1% 
of the total fungal reads), included Saccharomycetes 
(Cyberlindnera, Ogataea, and Geotrichum), Chytridi-
omycetes (Triparticalcar), Microbotryomycetes 
(Rhodotorula), Blastocladiomycetes (Allomyces), 
Mortierellomycetes (Mortierella) and Agaricomy-
cetes (Fig.  2, Table  S2). On the other hand, bacte-
rial communities were dominated by Proteobacteria 
(86%), Bacteroidetes (11%), and Firmicutes (2%) in 
both years (Fig.  2). Proteobacteria were represented 
by Gammaproteobacteria (61%), Epsilonproteo-
bacteria (18%), and Betaproteobacteria (6%). Other 
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phyla with OTUs < 1% included Verrucomicrobia, 
Actinobacteria, Acidobacteria, Chloroflexi, and 
Fusobacteria. The most abundant identified bacterial 
genera in 2019 were Citrobacter, Arcobacter, and 
Pseudomonas while in 2020 were Tolumonas and 
Flavobacterium.

Effect of LVE application on soil mycorrhizal activity

Soil mycorrhizal inoculum potential (MIP) bioas-
say at the start of the experiment gave similar results 
within each year, ranging from 25 – 35% in 2019 
and 37 – 42% in 2020 (Fig. 3) but showing a signifi-
cant difference between 2019 and 2020. At the end 
of the crop cycle, MIP values were generally higher 
than at the start of the cycle with variation depend-
ing on crop species, LVE treatment, and cropping 
year since significant crop species × LVE treatment 
(p < 0.0001) and crop × year (p < 0.0001) interac-
tions were observed (Fig. 3, Table S3). Actually, LVE 
treated crops showed higher increase of MIP values 
(44 – 62%) than that of non-treated crops (43 – 52%), 
except in lentil in 2019, and, than non-cropped (43 
– 45%) controls in both years (Fig.  3, Table  S4). 
Interestingly, the increase in MIP values was larger in 
2019 than in 2020.

Effect of LVE application on AMF root colonization

At the flowering stage, significant LVE treatment × year 
(p = 0.001) and crop species × year (p < 0.0001) 

interactions were observed, since AMF root coloni-
zation was differentially affected in 2019 compared 
to 2020 and 2021. In 2019, LVE application had no 
or small (as in lentil) effect on different crop species 
while in 2020 and 2021, all species showed a larger 
colonization when treated with LVE, with an average 
increase of 20%, 17%, and 13% colonized root length 
in sunflower, lentil, and berseem clover, respectively 
(Fig. 4, Table S5). On average, legumes had a higher 
(74 ± 8%) percentage of AMF-colonized root length 
than treated sunflower (57 ± 7%). In addition, a trend 
in reducing colonization was observed, especially from 
2020 to 2021 (Fig. 4, Table S6).

Effect of LVE application on nodule number, shoot 
biomass, P and N concentration and content at 
flowering

At flowering stage, the number of root nodules was higher 
in berseem clover than in lentil, and LVE application 
enhanced nodulation in berseem clover (p < 0.0001), but 
not in lentil (p = 0.142) (Table 2, Table S7, S8). LVE appli-
cation enhanced shoot biomass depending on crop species, 
that is, in berseem clover (+ 32%) and sunflower (+ 34%) 
compared to non-treated controls (Table  2, Table  S9, 
S10). No significant differences were observed in shoot 
P (p = 0.082) and N (p = 0.105) concentrations of all the 
LVE treated and non-treated crop species (Table  S11). 
However, a significant LVE treatment × crop (p = 0.023) 
interaction was observed in shoot N accumulation. LVE 
treated berseem clover accumulated a higher N content 

Table 1  Microbial richness and diversity from the liquid vermicompost extract (LVE) batches of 2019 and 2020 based on 16S rRNA 
and 18S ITS Illumina Miseq sequencing

The values shown indicate the mean (standard error) derived from three replicates of the liquid vermicompost extract (LVE) batches 
collected yearly (2019 and 2020). Different lowercase letters within columns in each year indicate statistical significance at p ≤ 0.05 
level (Tukey’s post hoc test) between microbial groups. Different uppercase letters within columns indicate statistically significant 
differences of each microbial group between years. OTU, operational taxonomic unit; Hill N, Hill number; Micro, microorganism

LVE Year batch Microorganism Hill N1 (exp. Shannon H’) Hill N2 (Inverse 
Simpson index 
1/D)

Average OTU richness Pielou’s evenness

2019 Bacteria 17.96 (1.45) aA 9.17 (0.86) aA 148.33 (19.53) aA 0.58 (0.01) aA
Fungi 1.70 (0.05) bA 1.24 (0.01) bA 44.33 (0.88) bA 0.14 (0.01) bB

2020 Bacteria 13.17 (0.88) aB 7.29 (0.44) aB 107 (7.23) aB 0.55 (0.01) bA
Fungi 2.64 (0.20) bA 2.25 (0.20) bA 4.67 (0.88) bB 0.66 (0.06) aA

p-values Micro  < 0.0001  < 0.0001  < 0.0001 0.001
Year 0.055 0.415 0.005  < 0.0001
Micro. × Year 0.01 0.021 0.938  < 0.0001
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(124.96 ± 6.26  kg  N   ha−1) than the non-treated control 
(90.69 ± 4.7  kg  N   ha−1) while no significant differences 
were observed in lentil and sunflower shoot N contents 
(Table  S11). LVE application significantly (p = 0.0003) 
enhanced shoot P accumulation in all the three test crops 
compared to the non-treated controls (Table S11).

Effect of LVE application on grain yield, protein, and 
oil concentration

Grain yield was affected by LVE treatment but 
varied depending on year of application and crop 

species. Actually, sunflower was strongly affected 
by LVE treatment in 2021 (+ 54%) and 2020 
(+ 45%), while in 2019, there was no effect in sun-
flower (Fig.  5). LVE treatment did not affect leg-
ume grain production (Table S12, S13). While LVE 
treatment did not affect lentil grain protein con-
centration (p = 0.439; 25.5% vs 25.3%, (Table S14, 
S15), it enhanced oil concentration in sunflower 
(p < 0.0001) whose value increased by 5% in LVE 
treated (58%) compared to the non-treated (55%) 
plants (Table S16, S17).

Fig. 2  Relative abundance and composition of (A) fungi and 
(B) bacteria at the genus level based on the sequenced opera-
tional taxonomic units (OTUs) in the liquid vermicompost 

extract (LVE) batches of 2019 and 2020. Low abundant bacte-
rial (< 0.3%) and fungal genera (< 0.02%) were grouped ‘Oth-
ers’
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Fig. 3  Soil mycorrhizal inoculum potential (MIP) activity 
as influenced by liquid vermicompost extract (LVE) applica-
tion and crop species. Asterisks indicate statistically signifi-
cant differences between LVE treatments in each crop species 
(Tukey’s post hoc test); *** (p < 0.001) and n.s (p > 0.05). 
Error bars represent the standard errors of the means. The bars 

indicate the mean MIP values after harvesting  (THarv). The 
blue triangles indicate the mean MIP values of each treatment 
before sowing  (TSow). The dotted horizontal blue line indicates 
the baseline MIP averaged among the treatments before sow-
ing. The control treatment labelled ‘No crop’ had spontaneous 
weed vegetation

Fig. 4  Arbuscular mycor-
rhizal (AMF) colonization 
on plant roots as influenced 
by liquid vermicompost 
extract (LVE) application 
and crop species. Asterisks 
indicate statistically sig-
nificant differences between 
LVE treatments in each 
crop species (Tukey’s post 
hoc test); *** (p < 0.001), 
* (p ≤ 0.05), and n.s 
(p > 0.05). Error bars repre-
sent standard errors of the 
means. The bars indicate 
the mean AMF (%) coloni-
zation values
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Relationships between agronomic and mycorrhizal 
variables as influenced by LVE application

PCA was used to correlate production data such 
as grain yield and shoot biomass for the three 
crops, and oil seed or grain protein concentration 
in sunflower and lentil, respectively, with micro-
biological features (percent mycorrhizal length 
and rhizobia nodule density) of crops as influ-
enced by LVE application. Variance explained 

by the two principal components is larger than 
60% in the three crops. Along the PCA1 axis, a 
clear separation is identified between LVE treated 
and non-treated sunflower and berseem clover 
(Fig. 6). Evidently, in both crops, LVE treatments 
increased mycorrhizal colonization, and nodule 
density in berseem clover and oil concentration 
in sunflower (Fig.  6). Similarly, LVE application 
was associated with the shoot biomass at harvest 
in lentil (Fig. 6).

Table 2  Effect of liquid vermicompost extract (LVE) application on legume nodule number, and crop biomass at flowering stage

The values shown are treatment means (standard error) obtained from pooled data of 2020 and 2021. Different lowercase letters 
within columns indicate statistically significant differences between LVE treatments in each crop species at p ≤ 0.05 level (Tukey’s 
post hoc test). Different uppercase letters within columns indicate statistically significant differences between crop species

Crop species LVE treatment Nodule number  (plant−1) Shoot biomass (t  ha−1)

Sunflower No LVE - 3.39 (0.31) bB
With LVE - 4.55 (0.29) aA

Lentil No LVE 28.0 (1.0) aB 3.17 (0.18) aB
With LVE 30.6 (1.1) aB 3.31 (0.21) aB

Berseem clover No LVE 35.1 (1.9) bA 3.57 (0.19) bB
With LVE 45.6 (1.2) aA 4.72 (0.23) aA

p-values Crop  < 0.0001  < 0.0001
LVE  < 0.0001  < 0.0001
Crop × LVE 0.002 0.034

Fig. 5  Effect of liquid ver-
micompost extract (LVE) 
application on crop grain 
yield at harvesting stage. 
Asterisks indicate statisti-
cally significant differences 
between LVE treatments 
in each crop species at 
p ≤ 0.05 level (Tukey’s post 
hoc test); *** (p < 0.001), 
and n.s (p > 0.05). Error 
bars represent the standard 
errors of the means. The 
bars indicate the mean grain 
yield (t  ha−1) values
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Discussion

Diversity and composition of bacteria and fungi in 
the LVE

In this study, LVE produced by a local company was 
characterized for its microbial diversity and its effect 
on crop production during the three years of field 
experimentation. LVE was obtained from the same 

raw materials (horse dung + wheat straw), but these 
materials were collected at different times, therefore, 
producing different LVE batches. The batches sup-
plied in 2019 and 2020 showed a high dominance of 
Mucoromycota and Proteobacteria, although differ-
ences in abundance occurred between the batches. 
Notably, the microbial community turnover between 
2019 and 2020 batches was higher in bacteria than in 
fungi. The bacteria turnover has been driven by the 

Fig. 6  Biplots from the principal component analysis (PCA) 
showing relationships between agronomic and mycorrhizal 
variables as influenced by liquid vermicompost extract (LVE) 
application on (A) sunflower, (B) berseem clover, and (C) len-
til. Variance explained by each principal component is shown 
in parentheses. Data are pooled from 2020 and 2021 observa-

tions. AMF_flr, arbuscular mycorrhizal fungi root colonization 
at flowering stage; Nodno, number of nodules  plant−1 at flow-
ering; BM_flr, aboveground biomass at flowering; BM_hav, 
aboveground biomass at harvest; GrainYld, grain yield at har-
vest; Protncont, protein concentration; Oilcont, oil concentra-
tion; LVE, liquid vermicompost extract
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gain or loss of specific taxa and changes in the abun-
dance of individual taxa. For instance, Citrobacter 
and Arcobacter were the most abundant species in the 
2019 LVE batch, while Tolumonas and Flavobacte-
rium were dominant in 2020. Unlike bacteria, fungal 
abundance was higher and evenness lower in 2019 
batches than in 2020. The low turnover in fungal 
communities could be explained by the presence of a 
dominant genus, Mucor, represented by a high rela-
tive abundance of the species Mucor circinelloides in 
both years.

Horse dung + wheat straw raw materials were 
used as the feeding substrates for Eisenia fetida and 
Eisenia andrei earthworms, which are highly effec-
tive in vermicomposting. Domínguez et  al. (2021) 
have shown that earthworm’s gut can induce drastic 
changes in microbial composition and can eliminate 
up to 91% of the ingested fungal taxa and 96% of the 
bacterial taxa. Under stressful conditions, earthworms 
may utilize fungi as their feed more preferably than 
bacteria (Yasir et  al. 2009; Shan et  al. 2013), which 
can decrease the fungal community profile in the ver-
micompost. Since LVE was collected at the end of 
vermicomposting, there is a likelihood of obtaining 
simple microbial communities but with varying abun-
dances. At the same time, the microbial changes may 
have also been induced by the effect of other param-
eters that cannot be easily controlled at the horse farm 
level, such as dung maturation time and horse feed-
ing strategy, and at the wheat farm level, such as field 
conditions and management practices. In addition, the 
season during the transformation process may partly 
account for the microbial differences. These observa-
tions are consistent with the previous findings (Huang 
et al. 2013) reporting a comparatively smaller fungal 
population than that of bacteria in vegetable wastes 
vermicomposted by E. fetida species. Moreover, other 
fungal groups such as the members of Glomeromy-
cota were not detected in the LVE, probably due to 
ecological related issues considering that the LVE 
product comes from the straw-dung vermicompost 
that has been processed for 4 – 5 months which can 
considerably reduce the viability or the population 
of the AMF communities. The absence of the AMF 
communities has also been reported in a vermicom-
posting study by Domínguez et al. (2021).

The occurrence of members of the phyla Mucoro-
mycota and Proteobacteria in the LVE is in line with 
the findings of other studies (del Pilar et  al. 2021; 

Grantina-Ievina et al. 2013; Yasir et al. 2009). Muc-
oromycetes play a key role in the biodegradation of 
complex carbon materials and have been found in 
vermicomposting materials (Grantina-Ievina et  al. 
2013; Silawat et  al. 2013), although, not as domi-
nant as it is reported for the first time in this study. 
Their remarkable versatility to utilize different carbon 
sources as food and to withstand the highly variable 
vermicomposting environment distinguish them from 
other fungi. Hence, finding them a dominant fungal 
group in our LVE batches is unsurprising. Proteobac-
teria is considered the most taxonomically diverse 
bacterial group whose members can utilize differ-
ent physiological and metabolic pathways, including 
degradation of complex lignocellulose and chitin, for 
survival (Ho et  al. 2017; Chen et  al. 2018; Gómez-
Brandón et  al. 2020). The abundance of diverse 
functional microbial groups, including N-fixers (Fla-
vobacterium, Malikia, and Citrobacter), P-solubiliz-
ers (Pseudomonas), and C-degraders (Tolumonas, 
Arcobacter, and Mucor) suggests that there is a high 
microbial functional diversity and redundancy in the 
LVE that could potentially be beneficial in promoting 
plant growth, nutrient recycling, and soil health. The 
functional redundancy of the microbial groups in the 
two LVE batches may be beneficial in case of absence 
of one functional group.

The microbial functional groups reported in this 
study are also reflected in the recent vermicomposting 
studies of Gómez-Brandón et  al. (2020) and Kolbe 
et al. (2019), which reported not only increased bac-
terial composition and diversity, but also enhanced 
abundance of functional genes important in cellulose-
lignin degradation, antibiotic synthesis, and plant 
hormone synthesis such as salicylic acid, useful in 
mediating defense responses against phytopathogens. 
The authors identified Proteobacteria (Pseudomonas, 
Citrobacter, Comamonas, and Arcobacter), Bacte-
roidetes (Flavobacterium), and Firmicutes (Bacillus) 
groups as the main taxa in the vermicompost contrib-
uting to the metabolic, antibiotic, and plant hormone 
gene synthesis. Our results are further supported by 
the findings of Ravindran et  al. (2016) who linked 
the production of indole 3-acetic acid, cytokinin, and 
gibberellin to specific microbial functional groups 
present in the vermicompost. The high abundance of 
Tolumonas in the LVE is in line with the findings of 
the previous studies that isolated the bacterium from 
environmental samples (Caldwell et al. 2011; Billings 
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et  al. 2015). The authors linked Tolumonas abun-
dance to ferulic acid metabolism and lignin degrada-
tion under anaerobic conditions (like vermicompost-
ing conditions).

LVE enhances soil mycorrhizal activity, root 
nodulation, and AMF colonization

Soil MIP bioassay showed a uniform mycorrhizal 
activity at the start of the experiment but differed 
between 2019 and 2020. This allowed us to consider 
mycorrhizal colonization data as only dependent 
on crop species and LVE treatments and not biased 
by a possible heterogeneous distribution of AMF 
propagules in the field in each year. The differences 
in mycorrhizal activity observed at the start of the 
experiment in the two years could be attributed to use 
of different fields that had different rotational crops. 
In 2019 and 2020 fields, the preceding crops were 
durum wheat and sorghum, respectively. Sorghum 
is known to be more mycotrophic than durum wheat 
(Rodriguez-Heredia et  al. 2020). As expected, MIP 
increased during the growth season and LVE appli-
cation induced a higher mycorrhizal activity in fields 
sown with sunflower and berseem clover in both 
years and in lentil in 2020, compared to non-treated 
controls. The LVE effect was further supported by the 
AMF root colonization data at the flowering stage, 
and the findings of Cruz-Koizumi et al. (2018), who 
reported an increased AMF colonization in tomatillo 
(Physalis ixocarpa Brot.) inoculated with LVE. In 
contrast, molecular analyses of soil microbial com-
munity showed that Glomeromycota population 
was reduced after the application of vermicompost 
(Zhao et al. 2017), although this may not be linked to 
root colonization, as the colonization factor was not 
assessed by the authors. The mechanistic effects of 
the LVE use on mycorrhiza could be related to that 
of Coelho et  al. (2014) who found that adding ver-
micompost onto sand + vermiculite substrate induced 
spore germination, hyphal growth, and mycelium 
development of the AMF species Claroideglomus 
etunicatum, Gigaspora albida, and Acaulospora lon-
gula. Similarly, Khan et  al. (2014) also observed an 
increased AMF root colonization in vermicompost 
treated Capsicum assamicum L. plants compared to 
the non-treated controls, which they attributed to the 
priming effect of soil microbiota mediated by humic 

acid in the vermicompost, leading to an improved soil 
quality, and microbial biomass.

Besides the mycorrhization effect, positive effects 
of LVE treatment were also observed on nodula-
tion of legumes, therefore, corroborating the results 
obtained with solid vermicompost derived from rice 
straw + cow dung (Maji et al. 2017). A strong corre-
lation between nodulation and AMF colonization at 
flowering in berseem clover may suggest the syner-
gistic action of LVE and soil rhizobia in enhancing 
belowground plant–microbe interactions, possibly 
by favoring the recruitment, early establishment, and 
proliferation of host-specific microbial symbionts. 
In fact, recent studies have highlighted that AMF, 
through their extensive extraradical mycelium net-
work, may facilitate rhizobia translocation to the 
legume host plant leading to the formation of root 
nodules (de Novais et  al. 2020; Ujvári et  al. 2021). 
However, neither the increased AMF colonization in 
LVE-treated sunflower nor the enhanced nodulation 
in LVE-treated legumes significantly influenced P 
and N concentration in the shoots. Possibly, this was 
due to the strong influence of the environmental con-
ditions such as water stress during the plant growth 
cycle. In fact, the amount of rainfall at crop flower-
ing stage (May and June) was on average < 50 ± 5 mm 
(Fig. S1). Water stress reduces the mobility of nutri-
ents in the soil, therefore, limiting the plant–microbe 
associated translocation of nutrients. Consistent to 
our findings, Chareesri et al. (2020) did not find any 
significant change in the P concentration of AMF 
colonized rice (Oryza sativa L.) grown under water 
stress regime. Overall, the N and P content accu-
mulated by the three crops was relatively higher 
despite the low N and P content of the field soil and 
considering that a fertilizer-free low-input manage-
ment system was used in this study. The significant 
effect of LVE application on shoot P accumulation 
in sunflower and berseem clover could be due to the 
differences in shoot biomass, which was evidently 
enhanced by LVE application.

Selective effect of LVE on agronomic variables and 
their associations with mycorrhiza

PCA analyses suggest that the overall effect of LVE 
application could be stronger when applied to sun-
flower than to legumes. Actually, sunflower oil 
concentration was evidently influenced by LVE 
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application unlike lentil grain protein concentra-
tion. In support of our findings, Sharma et al. (2021) 
found that the presence of Glomus mosseae and 
Pseudomonas fluorescens increased sunflower oil 
concentration under drought stress conditions. The 
authors associated greater adaptability of the men-
tioned microorganisms to the local ecological soil 
conditions and efficacy in enhancing sunflower seed 
nutrition. However, it is evident from the PCA that 
grain yield and crop biomass at harvest are unrelated 
to AMF root colonization at flowering (the angle 
between their vectors is close to 90°), indicating a 
lack of correlation; therefore, the biostimulants effect 
of LVE on biomass/yield might be attributed to other 
components other than the AMF. It has also been 
reported that some indigenous AMF species may 
colonize the plant, but are inefficient in improving 
plant growth under certain field conditions, hence the 
need for priming with more effective stimulants suit-
able for that specific agroecological condition (Njeru 
and Koskey 2021). It should be noted that the LVE 
was diluted to minimal concentrations, and therefore 
its ‘fertilizer effect’ could be minimal compared to its 
biostimulant role in enhancing plant growth.

Farm management practices (e.g., frequent till-
age), soil and climatic variability may have masked 
the LVE effects on different crops or across the years. 
In addition, it is important to note that the variable 
composition of LVE microbiota in the 2019 and 2020 
batches may affect differently the soil microbial com-
munities, including AMF and PGPRs, and cannot be 
underestimated, opening a road for further investiga-
tion to understand the interactive effects of LVE with 
other functional groups of soil bacteria and fungi. 
To date, there are few studies focusing on the use of 
LVE in open field cultivation of spring–summer crops 
under typically alkaline soils (Ayyobi et  al. 2014). 
To our knowledge, the results of this study, which 
demonstrate for the first time the enhanced stimula-
tion of LVE on AMF activity at the field scale, and 
its selective effect on plant growth, and grain yield 
of spring–summer crops in alkaline soil under low 
input conditions, are encouraging in promoting soil 
health and agricultural sustainability. More studies 
aimed at targeting different biological aspects of LVE 
microbiota using both non- and culture-based meth-
ods, e.g., isolation and metabolic characterization of 
culturable strains, community-level physiological 
profiles, metagenomics, and meta-transcriptomics, 

may confirm, and provide a better understanding of 
the functional equivalence occurring among different 
communities hosted by the LVE batches.

Conclusions

The LVE derived from vermicomposting wheat straw 
and horse dung in the presence of selected earthworm 
species had diverse functional groups of bacteria 
and fungi dominated by N-fixers, P-solubilizers, and 
C-degraders. The multiple application of LVE gener-
ally enhanced soil mycorrhizal activity and AMF root 
colonization in lentil, berseem clover, and sunflower but 
selectively improved shoot biomass of sunflower and 
berseem clover, sunflower grain yield, and oil concen-
tration. The microbial and agronomic effects exerted by 
the LVE may partly be due to its nutritional content and, 
to a greater extent to the biostimulating processes aris-
ing from the vermicompost associated microbiome and 
biomolecules. Future studies should focus on exploring 
mechanisms behind the differential effects of LVE on 
different crop species emphasizing on belowground and 
aboveground interactions in alkaline field soil.
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