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Abstract: Humic acid (HA) is a specific and stable component of humus materials that behaves
similarly to growth stimulants, esp. auxin hormones, contributing to improving growth indices and
performance of plants. As a rich source of HA, vermicompost (VC) is also a plant growth stimulating
bio-fertilizer that can enhance growth indices and performance in plants. The purpose of the
present study is to compare the influence of VC enriched with bacterial and/or fertilizer, commercial
humic acid (CHA) extract, and indole-3-acetic acid (IAA) on improving growth characteristics and
performance of rapeseed under greenhouse conditions. The results showed the complete superiority
of VC over the CHA and IAA (approximately 8% increase in the dry weights of root and aerial
organ and nearly three times increase in seed weight). The highest values of these indices were
obtained with VC enriched with Nitrogen, Sulfur, and Phosphorus, Azotobacter chroococcum and
Pseudomonas fluorescens; the lowest value was obtained with VC enriched with urea. Additionally, the
application of 3% VC and the control involved the highest and lowest values in all traits, respectively.
The SPAD (chlorophyll index) value and stem diameter were not significantly affected by different
application levels of VC. Overall, the applications of IAA and the CHA were not found to be suitable
and therefore not recommended.

Keywords: growth stimulant; rapeseed; plant growth performance; bacteria; vermicompost

1. Introduction

Oil seeds are the second largest source of nutrients after cereals. In addition to being
rich in fatty acids, these products contain proteins as well [1]. Rapeseed is known as one of
the most important oil seed plants in the world; accordingly, it is considered as the third
largest source of vegetable oil after soybean and palm [2].

Vermicompost (VC) is a plant growth stimulating organic fertilizer being a rich source
of humic acid (HA), that can improve plant growth performance indices [3]. Vermicompost
contains enzymes and natural growth stimulants that, along with nutrients and HA, pro-
mote plant growth and yield [4]. The HA obtained from VC is capable of competing with
its commercial counterpart that are often produced from coal or leonardite, and even indole
phytohormones (esp. IAA) [5]. Several studies have been conducted regarding the effect
of VC application on the growth and development of crops [6–8]. For instance, for Maize
(Zea mays), it has been shown that VC increased plant growth yield by creating favorable
conditions for plant nutrition [9]. It has also been reported that VC usually contains more
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nutrients than plant-derived organic matter, and large amounts of these nutrients have
been converted into forms that are easily absorbed by plants [10]. On the other hand, VC
has high microbial and enzymatic activity and contains large amounts of plant growth
regulators [11]. Continuous and adequate use of VC along with proper management can
increase organic carbon storage and retain water in soils. Moreover, by improving VC phys-
ical properties, it can have a beneficial effect on the growth and yield of plant species [9]. It
has also been observed that by increasing the amount of VC in the culture medium, the
amount of elements such as zinc, calcium, and nitrogen significantly increase in the plant
aerial parts [12]. Furthermore, with the application of VC in field conditions, an increase
in barley (Hordeum vulgare) yield was observed [13]. Vermicompost treatment in chickpea
(Cicer arietinum) and pea (Pisum sativum) significantly increased morphological traits such
as root length, stem length, and the number of leaves [14–16]. It was also reported that the
application of VC enriched with other nutrients compared to their separate application
was accompanied by improved morphological and physiological traits of the corn plant
(Zea mays) [17].

One of the practical drawbacks of VC is its high-volume consumption (at least 2 to
5 tons per hectare). To solve this problem, in some studies, the population change of
microorganisms in VC and the improvement of the quality of organic fertilizers have been
tested recently [18]. In addition to nitrogen fixation, some nitrogen-fixing bacteria also
dissolve insoluble mineral phosphates by producing organic acids [19,20]. A number of
diazotrophic bacteria such as Pseudomonas, Burkholderia, Agrobacterium, Azotobacter and
Ervinia are able to increase absorbable phosphorus and bio-stabilize nitrogen. Increasing the
bioavailability of phosphorus by these microorganisms is achieved by producing organic
acids that increase the amount of absorbed mineral phosphorus [21]. Thiobacillus-inoculated
VC has positive effects on the conversion of phosphate soil to absorbable phosphorus, and
Burkholderia and Herbaspirillum genus strains are also reported to increase absorbable
phosphate [22,23]. Inoculation of nitrogen-fixing microorganisms increases the amount of
nitrogen in VC and inoculation of phosphate-solubilizing microorganisms in VC with the
presence of phosphate soil and even without phosphate soil increased phosphorus in VC.
However, the direct application of phosphate soil was not particularly useful in natural
soils [24–26]. Enrichment of compost with ammonium sulfate and urea by adding nitrogen
in solid or soluble forms at the beginning of composting process has increased the total
nitrogen and increased efficiency in the field of plant growth [27,28].

Humic acid is one of another best plant growth stimulant. This substance is formed by
the decomposition of organic matters, especially the plant-derived ones, and is found in
soil, coal and peat. Humic acid that is a mixture of very large molecules with the ability
to complex metallic elements, is one of the most important components of humus [29].
Consuming HA improves cation exchange capacity and aeration by creating a layer on
soil particles and it increases root growth [30]. The effect of HA on spring wheat (Triticum
aestivum) yield has been investigated by Dinçsoy et al. [31]. The results showed that HA
increased the access to phosphorus and other nutrients and also caused a significant yield
increment. Experiments carried out on different plants have displayed that HA increases
plant growth directly and indirectly, and in different amounts for various plants [30,32]. The
direct and positive effect of HA on the growth of wheat [33], chickpeas (Cicer arietinum) [34]
and chicory (Cichorium intybus) [35] have been reported. The plant growth response curve
related to HA treatment showed that with increasing HA concentration, plant growth
increased [36]. This stimulatory effect at low concentrations could be more related to the
direct effect on the plants, which was the effect of natural hormones, along with the indirect
effect on the metabolism of soil microorganisms, the dynamics of nutrient uptake from the
soil, and the physical condition of the soil [8]. The most important and abundant auxin in
plants is IAA, which in general, depending on its concentration, can have different effects
on plant growth [37]. The evaluation of the effect of IAA (2000, 1000 and 3000 mg L−1)
on the improvement of Balanites aegyptiaca growth for 24 h, showed a significant increase
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in the height, number of branches and leaves, chlorophyll content and dry weight of the
plant [38].

Considering the importance of rapeseed in oil production and the international soci-
eties’ approach to the conservation of natural resources in line with reducing the use of
chemical fertilizers, the present study was designed and implemented on the application of
bio-fertilizers including VC as a rich source of HA. To this end, different vermicomposts
(VCs) enriched with nitrogen, NSP (Nitrogen, Sulfur, Phosphorus) chemical elements, and
Pseudomonas fluorescens and Azotobacter chroococcum at various levels were compared with
the commercial humic acid (CHA) and the IAA hormone (as substances that are naturally
present in VC). The use of enriched VC aims at reducing the amount of organic materials
to be spread on agricultural lands. On the other hand, the quasi-hormonal properties of
some compounds contained in VC and its HA content which are expected to stimulate
plant growth requires the comparison of different amendment combinations (hormonal
substances and HA to be compared with VC amendments enriched with different chemical
and biological agents) needs to be investigated. Such an approach has not been tested
before and, therefore, represents the novel aspect in this research.

2. Materials and Methods
2.1. VC Production and Selecting Enrichment Treatments

Vermicompost was produced from cow manure raw materials and plant residues in a
1:3 ratio (weight: weight) in the presence of composting worms (Eisenia fetida) for a period
of 5 months in the VC Education and Research Station of Agriculture and Natural Resources
Campus in Tehran University. To this aim, first cow manure and plant residues were placed
under sunshine for 1 month; then, small dome-shaped hills with a width of 70, length of
200, and height of 50 cm were formed. Following sufficient irrigation monitored by the
occurrence of leachate, Eisenia fetida worms were inserted into the bed (500 earthworms
per 100 kg of bed). The humidity of the hills was approximately 50–60% during the
composting period, and the humidity was maintained through daily irrigation. By the
end of the processing period, earthworms were separated from the final product (VC).
The characteristics of the VC were analyzed and are presented in Table 1 [39]. In order to
enrich VC with bacterial treatments, phosphate solubilizing bacteria (Pseudomonas) and
nitrogen-fixating bacteria (Azotobacter) were used. Azotobacter and Pseudomonas belong to
the Azotobacter chroococcum and Pseudomonas fluorescens species, respectively. The entire
used strains were obtained from the beneficial terricolous microorganism gene bank of the
department of soil science engineering at Tehran University which have been identified,
separated, and maintained in studies conducted in previous years [40]. After the second
bacterial enrichment, the inoculated bacterial population was adjusted at 4 × 109 cfu
(Colony Forming Unit) mL−1 and 25 mL of each liquid enrichment was used for inoculation
per 1 kg of VC [23]. In addition, it was attempted for this study to make use of necessary
chemical elements with the highest degrees of importance and consumption in agriculture
(nitrogen, phosphorus, and sulfur) as fertilizer treatments to enrich VC. One percent of each
element was added to VC; the source of added nitrogen was urea, the source of phosphorus
was triple superphosphate and the source of sulfur was elemental sulfur. Potassium was
not added due to the richness of potassium in the produced VC. Prior to enrichment, VC
samples were screened using a 2 mm sieve and their large particles were separated.

Table 1. Initial vermicompost properties.

pH EC
(dS·m−1)

Total N
(%)

OC
(%)

P
(%)

K
(%)

Na
(%)

Fe
(%)

Ca
(%) C/N

7.63 2.14 1.2 24.37 0.82 6.52 1.1 0.57 8.5 20.3
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2.2. Soil Amendment Composition and Application Level

Factors investigated in this experiment included 4 VC fertilizer treatments at 4 fertiliz-
ing levels including indole-3-acetic acid (IAA) was provided by the University of Tehran
(Forbes Pharmaceuticals company, Maharashtra, India); 75% pure CHA from Leonardite
imported from China (Hebei China Company, Hebei, China) was obtained from the market.
Vermicompost was completely mixed with the soil at 4 levels of 0, 1, 2, and 3% (equivalents
to 0, 30, 60 and 90 g pot−1). Additionally, the CHA at 4 levels of 0, 200, 400, and 600 mg/kg
and IAA acid with concentrations of 10−6, 10−5, and 10−4 molar, 100 mL per pot (Table 2)
were used in three 10, 20, and 30 day stages as well as two flowering and reproductive
stages through hilling. The concentrations used to study was selected based on previous
data published in the literature for CHA [5,41–43] and IAA [44,45]. The use of HA and IAA
were both accumulated around the crowns of plants and the added VC was completely
mixed with pot soil.

Table 2. Soil amendment composition and application level (1- VC without enrichment (VC); 2- VC
enriched with 1% nitrogen (VC-N); 3- VC enriched with 1% nitrogen, 1% sulfur, and 1% phosphorus
(VC-NSP); 4- VC enriched with Azotobacter chroococcum (21Az) + Pseudomonas fluorescens (Ps 59)
(VC-AS); 5- Commercial humic acid (CHA); 6- Indole-3-acetic acid (IAA)).

Level 1 Level 2 Level 3 Level 4

No additive of VC 1% VC 2% VC 3% VC
No additive of VC-N 1% VC-N 2% VC-N 3% VC-N

No additive of VC-NSP 1% VC-NSP 2% VC-NSP 3% VC-NSP
No additive of VC-AS 1% VC-AS 2% VC-AS 3% VC-AS

No additive of IAA 10−6 molar of IAA 10−5 molar of IAA 10−4 molar of IAA
No additive of CHA 200 mg kg−1 CHA 400 mg kg−1 CHA 600 mg kg−1 CHA

2.3. Plant Growth and Material

Pots were placed in the greenhouse environment after being prepared. The growing
stage was carried out by manually placing five shrubs in plastic pots containing 3 kg of
soil from 20 April to 22 September 2012. The loamy soil used in this study was prepared
from the research farm of Karaj Soil and Water Institute located in Meshkin Dasht, Karaj.
Sampling was performed from a depth of 0–30 cm of the soil surface and the samples
were transferred to the laboratory. Some physicochemical properties of the soil sample
were measured after air drying, crushing, and passing through a 2 mm sieve, and are
presented in Table 3. Overall, the measurements of available P was done by the Olsen
method, total nitrogen was done by the Kjeldahl method, available K by using 1 N acetate
ammonium, available Zn and Fe estimated by DTPA-TEA extraction method, EC and pH
in saturated soil extract, and soil texture by the hydrometric method [46,47]. Generally, this
experiment was conducted based on analysis of soil used in this study. Malakouti et al. [48]
reported that the critical levels of N, P and K varies between 1000 and 2000, 25 and 450 and
8 and 15 mg kg−1 soil, respectively, based on soil characteristics. Since the soil used in the
present study showed a deficiency in N and P, the amendments used in the experiments
were enriched in N, P and/or bacterial strains; phosphate solubilizing and nitrogen-fixing
bacteria (Pseudomonas fluorescens and Azotobacter chroococcum, respectively).

Table 3. Physical and chemical properties of experimental soil.

EC
(dS·m−1) pH Zn

(mg kg−1)
Fe

(mg kg−1)
P

(mg kg−1)
K

(mg kg−1)
N

(mg kg−1)
Clay
(%) Sand (%) Silt (%)

1.6 7.2 0.74 2.5 8.1 370 800 33 39 28

After drying, the soil was passed through a 4 mm sieve for use in pots. After ger-
mination and complete settlement of plant germs, their numbers were narrowed down
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to two per pot. In this study, the modified RGS (spring cultivar and sensitive to cold)
rapeseed cultivar was used which was obtained from Karaj Seed and Seedling Research
Institute. The minimum and maximum temperatures of the greenhouse was 20 and 28 ◦C,
respectively, with a relative humidity of 75–80%. In addition, the rapeseed shrubs were
exposed to 14 h of light (a combination of fluorescent and tungsten lamps), daily.

The plants growth period was completed within four months during which the pots
were visited daily, and the humidity of each pot were adjusted at 0.75–0.8 field capacity in
terms of weight. The harvesting stage began by the end of the growth period, after the plants
grew clusters. After being separated from the soil and weighing the wet weight of aerial
organs, these organs were washed entirely using distilled water; next, they were placed
inside clean paper envelopes and then dried in an oven for 48 h at 65 ◦C; subsequently,
the dry weight of the aerial organ was measured as well. Then, the dried aerial organ was
separately powdered using a grinder and then placed inside lidded containers to produce
herbal extracts and perform analytical experiments. Furthermore, the root system of the
plant was completely taken out of the soil as much as possible and then placed in a basin
full of water; next, the surrounding soil was washed away and ultimately, the wet and dry
weights of the root was measured.

2.4. Measuring Plant Characteristics after Harvesting

The height of the shrub was measured from crown to the tip of the stamen in cen-
timeters, without taking the root into account. The root was carefully separated from the
soil and washed with water to remove its surrounding soil as much as possible. After
separating the root from the soil, its length was measured in centimeters using a ruler.
All leaves for each shrub was counted during the growing and harvesting periods. The
length of the largest inflorescence in each shrub was measured in centimeters from the
stem growth location. The length of the largest inflorescence was solely measured due to
difference in the number of inflorescences under various treatments; moreover, measuring
the lengths of all inflorescences and indicating inflorescence average length would not
have represented the reality of the study in a few cases. Stem diameter was measured in
millimeters using calipers from the stem, under the first knuckle. To determine the extent
of chlorophyll in a leaf, SPAD-502 manual chlorophyll meter (Minolta, Japan) was used
without damaging plant textures and extracting from leaves. To this end, three leaves were
selected on average during the flowering stage and the extent of chlorophyll was estimated
from its central point. Leaf area was measured using a leaf area meter tool, model Delta
T-Devices UK (∆T Area Meter MK2). The extent of photosynthesis was measured in µM
CO2 × m−2 × s−1. Stomatal conductance was measured via an aerial infrared gas analyzer
(IRGA) tool, model LCA4-ADC. At the end of the 4-month period and after the clusters
were formed and dried, the number of clusters, percentage of fertile clusters and the total
seed weight were measured for each plant according to Equation (1).

Fertile Clusters (%) = (Number of Fertile Clusters/Total Number of Clusters) × 100 (1)

2.4.1. Evaluating the Amount of Oil Contents in Rapeseed

The oil existing inside the seeds was extracted using Soxhlet method, via methanol-
chloroform organic solvent in a 1:2 ratios and three repetitions. The method was used on
rapeseed for the first time by Joshi et al. [49]. The dried seeds were powdered, transferred
to M3 Whatman Filter Paper, and weighed (Weight A). The sample was then packed tightly
and placed inside an oven for 6–8 h and was dried until reaching a stable weight (Weight B).
After cooling at room temperature in a desiccator, samples were transferred to Soxhlet pipes
and were extracted for 24 h via petroleum ether (b.p. below 50 ◦C). Following extraction,
the packed samples were placed under a hood to evaporate the remaining petroleum ether
and become dried; ultimately, desiccator was cooled and then weighed (Weight C). Oil
contents (%) was calculated according to Equation (2).

Oil content (%) = (B − C)/(B − A) × 100% (2)



Plants 2022, 11, 227 6 of 19

The dried seeds were triturated and transferred to 3M Whatman filter paper and
weighed (weight A); the sample was tightly closed and then dried in an oven for 6–8 h until
a stable weight was reached (weight B). After cooling to room temperature in a desiccator,
the samples were transferred to Soxhlet tubes and extracted with petroleum ether for
24 h (b.p. below 50 ◦C). Then, after extracting the packaged samples for evaporation, the
remaining petroleum ether was placed in the hood to dry and finally, the desiccator was
cooled and then weighed (weight C). Three repetitions were prepared for each sample
and the average value of these three treatments was employed to calculate the amount of
oil contents.

2.4.2. Ashing Plant Materials and Producing Herbal Extraction

The dry ashing method was employed to produce herbal extract. To this end, 1 g of
ground dry plant material was poured into a crucible and then placed inside a furnace;
temperature was gradually raised to 450 ◦C so that white ash is produced. After the
samples were cooled, 20 mL of 2 normal hydrochloric acids was added to each sample and
then placed in a sand bath for 30 min. Finally, samples were filtered in 100 mL volumetric
flask and brought to volume [50].

2.4.3. Total Phosphorus Analysis

In order to measure phosphorus, the yellow method (Molybdovanadate) was em-
ployed. Accordingly, the plant sample solution was prepared following the preparation
of phosphorus yellow and standard solutions. First, 20 mL of the herbal extract produced
using the dry ashing method was poured into a 100 mL volumetric flask; then, 20 mL of
yellow indicator and 20 mL of distilled water were added. After 45 min, the solution was
brought to volume and phosphorus content was read using a spectrophotometer at 430 nm
wavelength. Prior to reading plant samples, the standard solutions were read using the
device and its chart was obtained [50].

2.4.4. Measuring Copper Concentration in Plant’s Aerial Organ

The concentration of copper in herbal extracts was measured and reported using an
atomic absorption spectroscopy (Shimadzu AA-670). For this assay, 0.1 g of the dried plant
organs of each pot were digested with 2 mL of 60% nitric acid overnight and then placed
in a water bath for 2 h at 90 ◦C. After cooling, 1 mL of hydrogen peroxide was added to
the samples and the tubes were placed in a water bath at 90 ◦C for half an hour. After
cooling, the samples were reduced to 10 mL with distilled water. Copper extracted from
the root and aerial parts of the plant were measured using a device during Shimadzu
AA-670 atomic absorption spectrometry and a calibration curve was drawn with respect to
the exclusive wavelength of each element; finally, samples were read [50].

2.5. Experiment Design and Statistical Analysis

Greenhouse experiments were performed as a factorial in the form of randomized
complete block design (RCBD) (with 2 factors including treatment and treatment level) in
four repetitions. The obtained results were analyzed using SAS software and the related
variance analysis tables were drawn. Additionally, the comparison of data mean values
was performed by using Duncan’s multiple range test at 5% level via MSTAT-C software.

3. Results and Discussion
3.1. Effects of Amendment Formulation on Morpho-physiological Characteristics of Rapeseed
3.1.1. Plant Height, Stem Diameter, and Number of Leaves

The effect of the applied soil amendments on the above traits was significant at
1% probability level (p ≤ 0.01). As indicated in Figure 1a, the highest number of leaves
was observed in VC-AS treatment at 4% application, which was significantly different
from the control and VC-N treatment. At similar levels, plant height was the highest in
VC-AS treatment, which was significantly different from all VC treatments used at this
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level (Figure 1b). Additionally, the highest amount of stem diameter was observed in the
same treatment used at the 4% level, which was different from other treatments (Figure 1c).

Plants 2022, 10, x FOR PEER REVIEW 8 of 20 
 

 

 

 

 
Figure 1. Comparison of average soil application of experimental treatments on number of leaves 
(a), plant height (b) and stem diameter (c) at treatment levels (levels 1, 2, 3 and 4 for VC, VC-N, VC-
AS and VC-NSP treatments of 0, 1, 2 and 3% VC, 0, 200, 400 and 600 mg of CHA per kg of soil and 
0, 10−6, 10−5 and 10−4 molar IAA). Different letters in each figure show significant difference at p ≤ 
0.05 by Duncan multiple range test. VC, VC without enrichment; VC-N, VC enriched with 1% nitro-
gen; VC-NSP, VC enriched with 1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched 
with Azotobacter chroococcum (21Az) + Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; 
IAA, Indole-3-acetic acid. 

  

a
bc

cd
b

a

b
bc c

a

ab

a a

a

a ab ab

a
c

cd
c

a c
d

bc

0

5

10

15

20

25

1 2 3 4

N
um

be
r o

f l
ea

ve
s

Treatment levels

(a)
VC

VC-N

VC-AS

VC-
NSP
CHA

a
bc

b b

a
b c c

a
b

ab a

a

a a

c

a
c c d

a
c c cd

0

20

40

60

80

100

1 2 3 4

Pl
an

t h
ei

gh
t (

cm
)

Treatment levels

(b)
VC
VC-N
VC-AS
VC-NSP
CHA
IAA

a
b

b
b

a

a
ab c

a

a
a

a

a

a
a ab

a
b c e

a b d
d

0
2
4
6
8

10
12

1 2 3 4

St
em

 d
ia

m
et

er
 (m

m
)

Treatment levels

(c)

VC
VC-N
VC-AS
VC-NSP
CHA
IAA

Figure 1. Comparison of average soil application of experimental treatments on number of leaves (a),
plant height (b) and stem diameter (c) at treatment levels (levels 1, 2, 3 and 4 for VC, VC-N, VC-AS
and VC-NSP treatments of 0, 1, 2 and 3% VC, 0, 200, 400 and 600 mg of CHA per kg of soil and 0,
10−6, 10−5 and 10−4 molar IAA). Different letters in each figure show significant difference at p ≤ 0.05
by Duncan multiple range test. VC, VC without enrichment; VC-N, VC enriched with 1% nitrogen;
VC-NSP, VC enriched with 1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched with
Azotobacter chroococcum (21Az) + Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; IAA,
Indole-3-acetic acid.
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The positive effects of VC enrichment with bacteria have been well identified [51,52].
For instance, while investigating the effect of inoculating VC with bacteria such as Azoto-
bacter chroococcum and Pseudomonas fluorescens, it was reported that inoculating of VC with
these bacteria significantly increased phosphorus and nitrogen in VC relative to the control,
which consequently lead to increased nutrient uptake and plant growth indices [53,54]. On
the other hand, it has been described that composting with the microbial community dis-
solves insoluble phosphates and thus increases the available phosphorus content [55]. Some
nitrogen-fixing bacteria, in addition to nitrogen fixing, dissolve phosphorus by producing
organic acids, which leads to increased plant growth [22]. Based on Figure 1, there was no
significant difference in leaf number and stem diameter between VC-AS and VC-NSP treat-
ments. In this regard, it could be concluded that both treatments could increase the amount
of nitrogen and phosphorus uptake by plants. However, compared to the control treatment,
which is non-enriched VC, a significant difference was observed. Additionally, the results
showed that the lowest number of leaves, height and stem diameter was observed in the
IAA treatment at the level of 2%. Compared to other concentrations of CHA used, the
application of 400 mg/kg CHA leads to the highest values in height and number of leaves
in rapeseed. The use of IAA phytohormone at 10−4 molar level involved the highest values
between all concentrations that used for IAA as well.

El-Nemr et al. [56] reported similar results. Since plant growth is substantially de-
pendent on soil fertility parameters, it appears that the improved physical, chemical, and
biological characteristics of the cultivation bed with applied VC are the reasons behind the
improved plant growth rate compared to other treatments [57]. Additionally, the relative
advantage of VC can be attributed to increased plant growth due to growth stimulants
such as plant growth hormones, humic materials, microbial activity and biodiversity, and
improved soil fertility [5,58]. Research conducted to assess the effects of VC on the studied
plants and its comparison with the effect of CHA as well as HA mixed with plant growth
hormones and IAA suggest that VC had the best performance on the experimented plants
among other treatments. It was also observed that increased application of VC would
increase medical plant (Moringa oleifera) root growth and the number of fruits [59].

3.1.2. Leaf Area and SPAD Index

Results obtained from variance analysis of leaf area traits and SPAD index demon-
strated a significant difference between various treatment levels. The results of comparing
mean value with Duncan’s multiple range test at 5% probability level showed that VC
had a higher performance than CHA and IAA; notably, among VC treatments, 3% levels
VC-AS and VC-NSP treatments led to larger leaf area and higher SPAD index, respectively.
The largest leaf area with a value of 225.5 cm2 per pot was observed under 3% level of
VC-NSP. The CHA involved a higher value of leaf area index compared to IAA acid soil
application treatment with 34.64% increase (Figure 2a). Increasing the concentration and
consumption percentage or treatments increased the overall SPAD index; the highest SPAD
index value was observed as 46.43 cm2 per pot with VC-AS at 3% level. The lowest values
for these indices were observed at 0% level treatments (Figure 2b). Plant absorption and
assimilation are, to a considerable extent, controlled by the two main factors of leaf area
and photosynthesis per leaf area unit. Accordingly, increasing these two factors would
enhance plant growth and performance [60].

Improvements in plant growth conditions have been shown with treated enriched VC
application [51,52]. Mahanta et al. [61] reported that the chlorophyll content of leaves and
the activity of some enzymes in rice were significantly increased under the treatment of VC
enriched with Azotobacter and Azospirillum. Additionally, an increase in shoot growth and
yield of cowpea (Vigna unguiculata) has been reported following the addition of enriched
VC, and this increase was ascribed to the enhanced availability of nutrients of enriched
VC, which in turn increases leaf chlorophyll content [62]. However, in our study, we did
not observe a significant difference in chlorophyll content (highest level used) between the
enriched treatments. It can be concluded that enrichment with bacteria and three important
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nutrients such as N, P, and S were both able to increase the nutrients availability to plants
and, therefore, there was no significant difference between them.
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Figure 2. Comparison of average soil application of experimental treatments on leaf area (a) and
chlorophyll index (SPAD) (b) at treatment levels (levels 1, 2, 3 and 4 for VC, VC-N, VC-AS and
VC-NSP treatments of 0, 1, 2 and 3% VC, 0, 200, 400 and 600 mg of CHA per kg of soil and 0, 10−6,
10−5 and 10−4 molar IAA). Different letters in each figure show significant difference at p ≤ 0.05
by Duncan multiple range test. VC, VC without enrichment; VC-N, VC enriched with 1% nitrogen;
VC-NSP, VC enriched with 1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched with
Azotobacter chroococcum (21Az) + Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; IAA,
Indole-3-acetic acid.

Numerous studies suggest that several complex compounds are formed between
humic materials and mineral ions during the humification process; this, in turn, increases
enzyme stimulation, their impact on raising respiration intensity, photosynthesis, and
nucleic acid metabolism. Additionally, quasi-hormonal activity of humic materials was
also reported [63–65]. Asciutto et al. [66] also reported increased leaf area in Impatiens
walleranaas a result of 100–75% VC treatment application. Berova and Karanatsidis [67]
observed increased photosynthetic pigments in pepper leaves following the application
of VC. Golchin et al. [68] reported that the leaf area index and chlorophyll contents of
pistachio leaves were higher under VC treatment compared to other treatments without
VC. The highest rates were observed in 10% and 20% VC treatments, which increased
by about 60%. Nutritional elements used for chlorophyll production such as nitrogen,
phosphorus, potassium, manganese, iron, and copper are easily accessible to plants under
VC treatment [69].
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3.1.3. Stomatal Conductance and Photosynthesis

The results of mean value comparisons showed significant difference between various
treatments. In addition, VC-AS and VC-NSP treatments involved higher stomatal conduc-
tance and photosynthesis while IAA treatment yielded the lowest values of both indices.
The highest extents of stomatal conductance and photosynthesis were observed under the
3% VC-NSP treatment with values of 15.57 and 21.26 µM CO2 × m−2 × s−1, respectively
(Figure 3a,b). Increasing the concentration and consumption percentage of treatments
raised the overall values of both indices. Photosynthesis in plants is influenced by both
internal and external factors as well as environmental conditions. The internal factors of a
given cultivar determine the potential photosynthesis capacity. One of the internal factors
affecting the extent of photosynthesis is the health of leaves and presence of sufficient
chlorophyll within them; succulence of leaves results in increased photosynthesis rates [70].
A variety of factors including accessibility to sufficient water supply, suitable humidity
conditions, absence of water stress, and high water potential of leaves affect the extent
of photosynthesis, directly or indirectly [71]. There is a direct relation between stomatal
conductance and photosynthesis in which increasing the former would enhance the latter.
Parallel changes between photosynthesis and stomatal conductance demonstrate the fact
that maintaining photosynthesis can be attributed to retaining stomatal conductance [72].
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Figure 3. Comparison of average soil application of experimental treatments on stomatal conductance
(a) and photosynthesis (b) at treatment levels (levels 1, 2, 3 and 4 for VC, VC-N, VC-AS and VC-
NSP treatments of 0, 1, 2 and 3% VC, 0, 200, 400 and 600 mg of CHA per kg of soil and 0, 10−6,
10−5 and 10−4 molar IAA). Different letters in each figure show significant difference at p ≤ 0.05
by Duncan multiple range test. VC, VC without enrichment; VC-N, VC enriched with 1% nitrogen;
VC-NSP, VC enriched with 1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched with
Azotobacter chroococcum (21Az) + Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; IAA,
Indole-3-acetic acid.
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3.2. Effect of Using Different Treatments on Dry and Wet Weights of Aerial Organ, Root, and
Aerial Organ to Root Ratio

The effect of different amendments applied at various quantity levels were found to
be significant at 1% probability level for the entire set of said traits. The results of the mean
value comparison showed that the highest values for wet and dry weights of the aerial
organ and root were obtained from applying the 3% VC treatment. The highest wet and dry
weight values of the aerial organ were 123.7 and 12.28 g, respectively (Figure 4a,d); the wet
and dry weights of the root were also found to be 9.98 and 2 g, respectively (Figure 4b,c).
The lowest and highest values for the dry weights of aerial organ to root ratio were obtained
from the applications of IAA and VC-AS and VC-NSP treatments, respectively. A positive
correlation was observed between shoot and root dry weight with increasing concentration
of treatments used. Asciutto et al. [66] observed that increasing the amount of VC (75–100%)
at the cultivation bed would enhance the dry weights of both the aerial organ and root
in Impatiens walleranaas. The use of VC positively affects dry matter, seed performance,
protein contents, and plants’ nutrient absorption. Such a positive impact is probably due
to the higher amounts of nutritional elements which, in turn, results in the availability
of macro and micro nutrients [73]. Chanda et al. [57] reported enhanced performance
as a result of increased VC amounts. Such an increase is speculated to be the result of
higher amounts of accessible nitrogen which is necessary for the production of structural
proteins. Compost and VC contain large amounts of humic materials (About 5 to 15 percent
have been reported in various studies) in addition to nutrients and organic materials; by
enhancing the bioavailability of particular nutrients, esp. iron and zinc [74] and directly
affecting plant metabolism [75] these materials increase plant growth and performance.
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Figure 4. Comparison of average soil application of experimental treatments on shoot fresh weight (a),
Root fresh weight (b), root dry weight (c) and shoot dry weight (d) at treatment levels (levels 1,
2, 3 and 4 for VC, VC-N, VC-AS and VC-NSP treatments of 0, 1, 2 and 3% VC, 0, 200, 400 and
600 mg of CHA per kg of soil and 0, 10−6, 10−5 and 10−4 molar IAA). Different letters in each figure
show significant difference at p ≤ 0.05 by Duncan multiple range test. VC, VC without enrichment;
VC-N, VC enriched with 1% nitrogen; VC-NSP, VC enriched with 1% nitrogen, 1% sulfur, and
1% phosphorus; VC-AS, VC enriched with Azotobacter chroococcum (21Az) + Pseudomonas fluorescens
(Ps 59); CHA, Commercial humic acid; IAA, Indole-3-acetic acid.

3.3. Effect of Using Different Treatments on Seed Performance, Inflorescence Lengths, and Oil
Percentage in Seeds

The statistical comparison of mean values showed that the effect of the used treatments
as significant at 1% level. Increasing the concentration and percentage of treatments
increased the total weight of seeds. Accordingly, VC-AS treatment at 3% level (2.55 g
per shrub) had the highest performance while the percentage of effective clusters were
increased as well (Figure 5a). Given quasi-hormonal traits and the stimulating impact of HA,
increasing the extent of photosynthesis and stomatal conductance in the aforementioned
treatments can be the main cause behind the increase in seed weight [76]. Inflorescence
length measurement results demonstrated that the longest length belonged to VC-AS
treatment (94.2 cm), while the shortest was observed under CHA and IAA treatments.
These findings were consistent with the results obtained from the number of clusters and
increased number of inflorescence length cluster showed a significant increase as well
(Figure 5b). Based on the obtained results, it can be observed that by increasing the load of
treatments enriched with N, P, and S, a significant decrease from 3% to 4% can be observed.
This decrease could be attributed to the very high sensitivity of plants in the flowering
stage, which increased or exceeded nutrients demand in this stage and can have the reverse
effect and reduce flowering, growth, and yield [77]. Furthermore, no significant effect was
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observed between the treatments under measurement in the analysis of oil percentage
value (Figure 6). The total amount of oil in rapeseed was reported as 40–45% [78] which
was inconsistent with the results of this study. Certain reasons behind such shortage of oil
in rapeseed compared to previous reports can be greenhouse cultivation conditions and the
lack of fertilizer supply during the growth period. Similarly, Balachandar et al. [51] reported
that bacterial-enriched VC had the greatest improvement in plant growth, grain yield, and
leaf chlorophyll content. The nutrient content of the plants as well as VC supplemented
with C, N, P, and K were significantly increased by enrichment.

Plants 2022, 10, x FOR PEER REVIEW 14 of 20 
 

 

observed. This decrease could be attributed to the very high sensitivity of plants in the 
flowering stage, which increased or exceeded nutrients demand in this stage and can have 
the reverse effect and reduce flowering, growth, and yield [77]. Furthermore, no signifi-
cant effect was observed between the treatments under measurement in the analysis of oil 
percentage value (Figure 6). The total amount of oil in rapeseed was reported as 40–45% 
[78] which was inconsistent with the results of this study. Certain reasons behind such 
shortage of oil in rapeseed compared to previous reports can be greenhouse cultivation 
conditions and the lack of fertilizer supply during the growth period. Similarly, Balachan-
dar et al. [51] reported that bacterial-enriched VC had the greatest improvement in plant 
growth, grain yield, and leaf chlorophyll content. The nutrient content of the plants as 
well as VC supplemented with C, N, P, and K were significantly increased by enrichment. 

 

 
Figure 5. Comparison of average soil application of experimental treatments on Grain yield (a) and 
Inflorescence length (b) at treatment levels (levels 1, 2, 3 and 4 for VC, VC-N, VC-AS and VC-NSP 
treatments of 0, 1, 2 and 3% VC, 0, 200, 400 and 600 mg of CHA per kg of soil and 0, 10−6, 10−5 and 
10−4 molar IAA). Different letters in each figure show significant difference at p ≤ 0.05 by Duncan 
multiple range test. VC, VC without enrichment; VC-N, VC enriched with 1% nitrogen; VC-NSP, 
VC enriched with 1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched with Azotobacter 
chroococcum (21Az) + Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; IAA, Indole-3-
acetic acid. 

a c

c

b

a
b

b c

a c

c

a

a

a

a

d

a c

c

c

a c d e
0

1

2

3

1 2 3 4

G
ra

in
 y

ie
ld

 (g
 p

ot
-1

)

Treatment levels

(a) VC
VC-N
VC-AS
VC-NSP
CHA
IAA

a b
b

b

a b b c
a b

b

a

a

a
a

ab

a b
b ca b b c

0

50

100

150

200

1 2 3 4

In
flo

re
sc

en
ce

 le
ng

th
 (c

m
)

Treatment levels

(b) VC
VC-N
VC-AS
VC-NSP
CHA
IAA

Figure 5. Comparison of average soil application of experimental treatments on Grain yield (a) and
Inflorescence length (b) at treatment levels (levels 1, 2, 3 and 4 for VC, VC-N, VC-AS and VC-
NSP treatments of 0, 1, 2 and 3% VC, 0, 200, 400 and 600 mg of CHA per kg of soil and 0, 10−6,
10−5 and 10−4 molar IAA). Different letters in each figure show significant difference at p ≤ 0.05
by Duncan multiple range test. VC, VC without enrichment; VC-N, VC enriched with 1% nitrogen;
VC-NSP, VC enriched with 1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched with
Azotobacter chroococcum (21Az) + Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; IAA,
Indole-3-acetic acid.
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Figure 6. Comparison of average soil application of experimental treatments on seed oils at different
treatments. Different letters in each figure show significant difference at p ≤ 0.05 by Duncan multiple
range test. VC, VC without enrichment; VC-N, VC enriched with 1% nitrogen; VC-NSP, VC enriched
with 1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched with Azotobacter chroococcum
(21Az) + Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; IAA, Indole-3-acetic acid.

3.4. Effect of Using Different Treatments on Nutrients Concentrations in the Aerial Organ
of Rapeseed
3.4.1. Phosphorus

The results of variance analysis of phosphorus content measured in rapeseed branches
at the end of harvest showed a significant statistical difference between various levels of
treatments and different treatments. The highest and lowest amounts of phosphorus were
obtained from the applications of 3% VC-NSP (0.45%) and indole-3-acetic acid, respec-
tively (Figure 7). Increasing the concentration and consumption percentage of treatments
increased the amounts of phosphorus in treatments. Ebrahimi et al. [79] showed that as
an organic source, VC enhances access to nutrients including phosphorus, potassium, and
iron. Vermicompost enhances phosphorus absorption by increasing phosphorus through
activating microorganisms via secreting organic acids such as citric, glutamic, succinic,
lactic, oxalic, malic, and fumaric acids or stimulating phosphatase activity [80]. Considering
their high phosphorus contents, VC-NSP and VC-AS are probably the causes behind the
highest amounts of phosphorus witnessed in the plants placed under these treatments.

3.4.2. Copper

The results of variance analysis on copper showed a significant difference between
the various levels of treatments. The highest and lowest amounts of copper were observed
under VC and the CHA treatments (Figure 8). Increasing the concentration and consump-
tion percentage of treatments increased the amounts of copper in treatments. It is reported
that HA creates low-soluble complexes with copper, which leads to reduced uptake by
plants [81]. Therefore, its content was monitored in canola shoot. Given the measurement
of the total copper contents of the plant, the reason for the increased amounts of copper
in VC treatments can be attributed to the high extents of growth and dry weights if these
treatments. Moreover, the addition of VC bio-fertilizers would enhance access to and
absorption of trace elements such as copper by increasing the organic materials of the soil
and subsequently, increasing cation exchange capacity [82].
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Figure 7. Comparison of average soil application of experimental treatments on P-concentration at
treatment levels (levels 1, 2, 3 and 4 for VC, VC-N, VC-AS and VC-NSP treatments of 0, 1, 2 and
3% VC, 0, 200, 400 and 600 mg of CHA per kg of soil and 0, 10−6, 10−5 and 10−4 molar IAA).
Different letters in each figure show significant difference at p ≤ 0.05 by Duncan multiple range
test. VC, VC without enrichment; VC-N, VC enriched with 1% nitrogen; VC-NSP, VC enriched with
1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched with Azotobacter chroococcum (21Az)
+ Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; IAA, Indole-3-acetic acid.
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Figure 8. Comparison of average soil application of experimental treatments on P-concentration at
treatment levels (levels 1, 2, 3 and 4 for VC, VC-N, VC-AS and VC-NSP treatments of 0, 1, 2 and
3% VC, 0, 200, 400 and 600 mg of CHA per kg of soil and 0, 10−6, 10−5 and 10−4 molar IAA).
Different letters in each figure show significant difference at p ≤ 0.05 by Duncan multiple range
test. VC, VC without enrichment; VC-N, VC enriched with 1% nitrogen; VC-NSP, VC enriched with
1% nitrogen, 1% sulfur, and 1% phosphorus; VC-AS, VC enriched with Azotobacter chroococcum (21Az)
+ Pseudomonas fluorescens (Ps 59); CHA, Commercial humic acid; IAA, Indole-3-acetic acid.

4. Conclusions

The role of vermicompost (VC) enrichment treatments is effective in increasing the
growth and yield of canola. According to the obtained results, the added of VC at the
highest application levels yielded the best result, while the indole-3-acetic acid was found to
be the least stimulating amendment that showed the least positive impacts in the measured
indices. Vermicomposts NSP (enriched with nitrogen (urea), sulfur, and phosphorus) and
AS (bioaugmented with Azotobacter chroococcum and Pseudomonas fluorescens) treatments
involved a significant and higher effect on values of morpho-physiological indices such as
height, dry weight of aerial and root organs, SPAD index, and seed performance, compared
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to other treatments. The VCs NSP and AS treatments involved larger amounts of seeds
compared to other treatments. The type of elements which was used for enrichment was
very important. The results in this experiment showed that enrichment of VC with urea is
the weakest type of enrichment between all elements used. Therefore, for the enrichment
of VC, it seems that other enrichment treatments such as ammonium sulfate, etc. should
be studied.
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16. Pączka, G.; Mazur-Pączka, A.; Garczyńska, M.; Hajduk, E.; Kostecka, J.; Bartkowska, I.; Butt, K.R. Use of vermicompost from
sugar beet pulp in cultivation of peas (Pisum sativum L.). Agriculture 2021, 11, 919. [CrossRef]

17. Joshi, R.; Singh, J.; Vig, A.P. Vermicompost as an effective organic fertilizer and biocontrol agent: Effect on growth, yield and
quality of plants. Rev. Environ. Sci. BioTechnol. 2015, 14, 137–159. [CrossRef]

18. Padmavathiamma, P.K.; Li, L.Y.; Kumari, U.R. An experimental study of vermi-biowaste composting for agricultural soil
improvement. Bioresour. Technol. 2008, 99, 1672–1681. [CrossRef] [PubMed]

http://doi.org/10.3103/S1068367420010139
http://doi.org/10.1093/jxb/eraa563
http://www.ncbi.nlm.nih.gov/pubmed/33249500
http://doi.org/10.1016/j.geoderma.2020.114454
http://doi.org/10.1016/j.ejsobi.2006.06.004
http://doi.org/10.1007/s13593-019-0579-x
http://doi.org/10.1016/j.apsoil.2016.10.008
http://doi.org/10.1016/j.apsoil.2019.04.024
http://doi.org/10.3390/agronomy8090183
http://doi.org/10.3390/agriculture11090876
http://doi.org/10.1080/03650340701565183
http://doi.org/10.1007/s11099-015-0162-x
http://doi.org/10.3390/agriculture11100919
http://doi.org/10.1007/s11157-014-9347-1
http://doi.org/10.1016/j.biortech.2007.04.028
http://www.ncbi.nlm.nih.gov/pubmed/17560781


Plants 2022, 11, 227 17 of 19

19. Kumar, V.; Narula, N. Solubilization of inorganic phosphates and growth emergence of wheat as affected by Azotobacter
chroococcum mutants. Biol. Fertil. Soil 1999, 28, 301–305. [CrossRef]

20. Song, Y.; Li, Z.; Liu, J.; Zou, Y.; Lv, C.; Chen, F. Evaluating the Impacts of Azotobacter chroococcum Inoculation on Soil Stability
and Plant Property of Maize Crop. J. Soil Sci. Plant Nutr. 2021, 21, 824–831. [CrossRef]

21. Wan, W.; Qin, Y.; Wu, H.; Zuo, W.; He, H.; Tan, J.; Wang, Y.; He, D. Isolation and characterization of phosphorus solubilizing
bacteria with multiple phosphorus sources utilizing capability and their potential for lead immobilization in soil. Front. Microbiol.
2020, 11, 752. [CrossRef]

22. Aria, M.M.; Lakzian, A.; Haghnia, G.H.; Berenji, A.R.; Besharati, H.; Fotovat, A. Effect of Thiobacillus, sulfur, and vermicompost
on the water-soluble phosphorus of hard rock phosphate. Bioresour. Technol. 2010, 101, 551–554. [CrossRef]

23. Busato, J.G.; Lima, L.S.; Aguiar, N.O.; Canellas, L.P.; Olivares, F.L. Changes in labile phosphorus forms during maturation of
vermicompost enriched with phosphorus-solubilizing and diazotrophic bacteria. Bioresour. Technol. 2012, 110, 390–395. [CrossRef]

24. Premono, M.E.; Moawad, A.; Vlek, P. Effect of Phosphate-Solubilizing Pseudomonas putida on the Growth of Maize and Its
Survival in the Rhizosphere. Indones. J. Crop Sci. 1996, 11, 13–23.

25. Kumar, V.; Singh, K. Enriching vermicompost by nitrogen fixing and phosphate solubilizing bacteria. Bioresour. Technol. 2001, 76,
173–175. [CrossRef]

26. Kaushik, P.; Garg, V. Dynamics of biological and chemical parameters during vermicomposting of solid textile mill sludge mixed
with cow dung and agricultural residues. Bioresour. Technol. 2004, 94, 203–209. [CrossRef] [PubMed]

27. Ahmad, R.; Khalid, A.; Arshad, M.; Zahir, Z.A.; Mahmood, T. Effect of compost enriched with N and L-tryptophan on soil and
maize. Agron. Sustain. Dev. 2008, 28, 299–305. [CrossRef]

28. Adamtey, N.; Cofie, O.; Ofosu-Budu, G.K.; Danso, S.K.; Forster, D. Production and storage of N-enriched co-compost. Waste
Manag. 2009, 29, 2429–2436. [CrossRef]

29. Rose, M.T.; Patti, A.F.; Little, K.R.; Brown, A.L.; Jackson, W.R.; Cavagnaro, T.R. A meta-analysis and review of plant-growth
response to humic substances: Practical implications for agriculture. Adv. Agron. 2014, 124, 37–89.

30. Izhar Shafi, M.; Adnan, M.; Fahad, S.; Wahid, F.; Khan, A.; Yue, Z.; Danish, S.; Zafar-ul-Hye, M.; Brtnicky, M.; Datta, R. Application
of single superphosphate with humic acid improves the growth, yield and phosphorus uptake of wheat (Triticum aestivum L.) in
calcareous soil. Agronomy 2020, 10, 1224. [CrossRef]

31. Dinçsoy, M.; Sönmez, F. The effect of potassium and humic acid applications on yield and nutrient contents of wheat (Triticum
aestivum L. var. Delfii) with same soil properties. J. Plant Nutr. 2019, 42, 2757–2772. [CrossRef]

32. Xu, Q.; Duan, D.; Cai, Q.; Shi, J. Influence of humic acid on Pb uptake and accumulation in tea plants. J. Agr. Food Chem. 2018, 66,
12327–12334. [CrossRef] [PubMed]

33. Khan, R.; Khan, M.; Khan, A.; Saba, S.; Hussain, F.; Jan, I. Effect of humic acid on growth and crop nutrient status of wheat on two
different soils. J. Plant Nutr. 2018, 41, 453–460. [CrossRef]

34. Abhari, A.; Gholinezhad, E. Effect of humic acid on grain yield and yield components in chickpea under different irrigation levels.
J. Plant Physiol. Breed. 2019, 9, 19–29.

35. Gholami, H.; Fard, F.R.; Saharkhiz, M.J.; Ghani, A. Yield and physicochemical properties of inulin obtained from Iranian chicory
roots under vermicompost and humic acid treatments. Ind. Crops Prod. 2018, 123, 610–616. [CrossRef]

36. Bernstein, N.; Gorelick, J.; Zerahia, R.; Koch, S. Impact of N, P, K, and humic acid supplementation on the chemical profile of
medical cannabis (Cannabis sativa L). Front. Plant Sci. 2019, 10, 736. [CrossRef]

37. Reed, J.W. Roles and activities of Aux/IAA proteins in Arabidopsis. Trend. Plant Sci. 2001, 6, 420–425. [CrossRef]
38. Mostafa, G.G.; Alhamd, M. Effect of gibberellic acid and indole 3-acetic acid on improving growth and accumulation of

phytochemical composition in Balanites aegyptiaca plants. Am. J. Plant Physiol. 2011, 6, 36–43. [CrossRef]
39. Gupta, P.K. Vermicomposting: For Sustainable Agriculture; Bharat Printing Press: Jodhpur, India, 2005; Volume 3, pp. 11–14.
40. Alikhani, H.A.; Hemati, A.; Rashtbari, M.; Tiegs, S.D.; Etesami, H. Enriching vermicompost using P-solubilizing and N-fixing

bacteria under different temperature conditions. Commun.Soil Sci. Plant Anal. 2017, 48, 139–147. [CrossRef]
41. Arancon, N.; Edwards, C.; Bierman, P. The influence of vermicompost applications to strawberries. Part 2. Changes in soil

microbiological, chemical and physical properties. Bioresour. Technol. 2006, 97, 831–840. [CrossRef] [PubMed]
42. Arancon, N.Q.; Edwards, C.A.; Atiyeh, R.; Metzger, J.D. Effects of vermicomposts produced from food waste on the growth and

yields of greenhouse peppers. Bioresour. Technol. 2004, 93, 139–144. [CrossRef]
43. Arancon, N.Q.; Edwards, C.A.; Bierman, P.; Metzger, J.D.; Lucht, C. Effects of vermicomposts produced from cattle manure, food

waste and paper waste on the growth and yield of peppers in the field. Pedobiologia 2005, 49, 297–306. [CrossRef]
44. Alam, M.M.; Naeem, M.; Idrees, M.; Masroor, M.; Khan, A. Augmentation of photosynthesis, crop productivity, enzyme activities

and alkaloids production in Sadabahar (Catharanthus roseus L.) through application of diverse plant growth regulators. J. Crop Sci.
Biotechnol. 2012, 15, 117–129. [CrossRef]

45. Charalambous, G. The Quality of Foods and Beverages V1: Chemistry and Technology; Elsevier: Amsterdam, The Netherlands,
1981; 462p.

46. Page, A.; Miller, R.; Keeney, D. Methods of Soil Analysis. Part 2. Chemical and Microbiological Properties; American Society of
Agronomy and Soil Science, Society of America: Madison, WI, USA, 1982.

47. Jacob, H.; Clarke, G. Methods of Soil Analysis, Part 4, Physical Method; Soil Science Society of America, Inc.: Madison, WI, USA, 2002.

http://doi.org/10.1007/s003740050497
http://doi.org/10.1007/s42729-020-00404-w
http://doi.org/10.3389/fmicb.2020.00752
http://doi.org/10.1016/j.biortech.2009.07.093
http://doi.org/10.1016/j.biortech.2012.01.126
http://doi.org/10.1016/S0960-8524(00)00061-4
http://doi.org/10.1016/j.biortech.2003.10.033
http://www.ncbi.nlm.nih.gov/pubmed/15158514
http://doi.org/10.1051/agro:2007058
http://doi.org/10.1016/j.wasman.2009.04.014
http://doi.org/10.3390/agronomy10091224
http://doi.org/10.1080/01904167.2019.1658777
http://doi.org/10.1021/acs.jafc.8b03556
http://www.ncbi.nlm.nih.gov/pubmed/30388006
http://doi.org/10.1080/01904167.2017.1385807
http://doi.org/10.1016/j.indcrop.2018.07.031
http://doi.org/10.3389/fpls.2019.00736
http://doi.org/10.1016/S1360-1385(01)02042-8
http://doi.org/10.3923/ajpp.2011.36.43
http://doi.org/10.1080/00103624.2016.1206913
http://doi.org/10.1016/j.biortech.2005.04.016
http://www.ncbi.nlm.nih.gov/pubmed/15979873
http://doi.org/10.1016/j.biortech.2003.10.015
http://doi.org/10.1016/j.pedobi.2005.02.001
http://doi.org/10.1007/s12892-011-0005-7


Plants 2022, 11, 227 18 of 19

48. Malakouti, M.J.; Keshavarz, P.; Karimian, N. A Comprehensive Approach towards Identification of Nutrients Deficiencies and Optimal
Fertilization for Sustainable Agriculture; Tarbiat Modares University Press: Tehran, Iran, 2008; 755p.

49. Joshi, N.; Mali, P.; Saxena, A. Effect of nitrogen and sulphur application on yield and fatty acid composition of mustard (Brassica
juncea L.) oil. J.Agron. Crop Sci. 1998, 180, 59–63. [CrossRef]

50. Ryan, J.; Estefan, G.; Rashid, A. Soil and Plant Analysis Laboratory Manual; ICARDA: Beirut, Lebanon, 2001.
51. Balachandar, R.; Baskaran, L.; Yuvaraj, A.; Thangaraj, R.; Subbaiya, R.; Ravindran, B.; Chang, S.W.; Karmegam, N. Enriched

pressmud vermicompost production with green manure plants using Eudrilus eugeniae. Bioresour. Technol. 2020, 299, 122578.
[CrossRef]

52. Scervino, J.M.; Mesa, M.P.; Della Mónica, I.; Recchi, M.; Moreno, N.S.; Godeas, A. Soil fungal isolates produce different organic
acid patterns involved in phosphate salts solubilization. Biol. Fertil. Soil. 2010, 46, 755–763. [CrossRef]

53. Sundara, B.; Natarajan, V.; Hari, K. Influence of phosphorus solubilizing bacteria on the changes in soil available phosphorus and
sugarcane and sugar yields. Field Crops Res. 2002, 77, 43–49. [CrossRef]

54. Narula, N.; Kumar, V.; Behl, R.K.; Deubel, A.; Gransee, A.; Merbach, W. Effect of P-solubilizing Azotobacter chroococcum on
N, P, K uptake in P-responsive wheat genotypes grown under greenhouse conditions. J. Plant Nutr. Soil Sci. 2000, 163, 393–398.
[CrossRef]

55. Manandhar, S.; Tuladhar, R.; Prajapati, K.; Singh, A.; Varma, A. Effect of Azotobacter chroococcum and Piriformospora indica on
Oryza sativa in presence of vermicompost. In Mycorrhiza-Nutrient Uptake, Biocontrol, Ecorestoration; Varma, A., Prasad, R., Tuteja,
N., Eds.; Springer: Cham, Switzerland, 2017; pp. 327–339.

56. El-Nemr, M.; El-Desuki, M.; El-Bassiony, A.; Fawzy, Z. Response of growth and yield of cucumber plants (Cucumis sativus L.) to
different foliar applications of humic acid and bio-stimulators. Aust. J. Basic. Appl. 2012, 6, 630–637.

57. Ch, G.K.; Bhunia, G.; Chakraborty, S.K. The effect of vermicompost and other fertilizers on cultivation of tomato plants. J. Hortic.
For. 2011, 3, 42–45.

58. Uma, B.; Malathi, M. Vermicompost as a soil supplement to improve growth and yield of Amaranthus species. Res. J. Agric. Biol.
Sci. 2009, 5, 1054–1060.

59. Guzmán-Albores, J.; Montes-Molina, J.; Castañón-González, J.; Abud-Archila, M.; Gutiérrez-Miceli, F.; Ruiz-Valdiviezo, V. Effect
of different vermicompost doses and water stress conditions on plant growth and biochemical profile in medicinal plant, Moringa
oleifera Lam. J. Environ. Biol. 2020, 41, 240–246. [CrossRef]

60. Bänzinger, M. Breeding for Drought and Nitrogen Stress Tolerance in Maize: From Theory to Practice; CIMMYT: El Batán, Mexico, 2000.
61. Mahanta, K.; Jha, D.; Rajkhowa, D.; Manoj-Kumar. Microbial enrichment of vermicompost prepared from different plant

biomasses and their effect on rice (Oryza sativa L.) growth and soil fertility. Biol. Agric. Hortic. 2012, 28, 241–250. [CrossRef]
62. Dahal, B. Studies on Integrated Nutrient Management of Cowpea (Vigna unguiculata l.): A Review. Int. J. Environ. Clim. Chang.

2021, 11, 148–154. [CrossRef]
63. Dell’Agnola, G.; Nardi, S. Hormone-like effect and enhanced nitrate uptake induced by depolycondensed humic fractions

obtained from Allolobophora rosea and A. caliginosa faeces. Biol. Fertil. Soil 1987, 4, 115–118. [CrossRef]
64. Kulikova, N.A.; Volkov, D.S.; Volikov, A.B.; Abroskin, D.P.; Krepak, A.I.; Perminova, I.V. Silver nanoparticles stabilized by humic

substances adversely affect wheat plants and soil. J. Nanopart. Res. 2020, 22, 1–14. [CrossRef]
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