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Augmentation of plant biomass
productivity using epigeic
earthworm Perionyx excavatus
and Eisenia fetida as soil nutrient
facilitators

Lirikum Jing2, Lakhmi Nandan Kakati3*“, Bendang Ao? & Patricia Kiewhuo?2

With the increasing demand for organic food production, the earthworm is used as a soil nutrient
facilitator. The present study was conducted to assess the effect of epigeic earthworms Perionyx
excavatus and Eisenia. fetida on soil nutrients and the consequent improvement of biomass
productivity and yield of Capsicum chinense Jacq and Zea mays L. The experiment was conducted in 5
L and 15 L capacity plastic pots for C. chinense and Z. mays with 150 g and 300 g of half-decomposed
cow dung, respectively. It was observed that the weekly harvest rate of ripened chili was 17.59 g,
13.91 g, and 9.24 g in P. excavatus, control, and E. fetida pot showing 26.49% higher in P. excavatus.
Also, the total kernel count per corn was significantly different (F,, ,=37.78, p<0.05), with the
highest kernel present in P. excavatus(333.5 +13.5), followed by E. fetida(261.5 +16.5) and control
(235+22). The impact of P. excavatus was more perceptible in C. chinense, indicated by higher leaf
biomass (69.16%), root length (30.14%), and fruit harvest (71.03%). However, the effect of E. fetida
was noticed more in Z. mays (stem length, 19.24%, stem biomass, 14.39%, root biomass, 20.9%,
kernel count, 41.91%, and kernel weight, 95.07%). Enhanced plant productivity was also supported
by an increasing soil nutrient turnover in organic carbon (OC) (25.76% and 23.4%), Phosphorus (P)
(31.03% and 25.67%), and Potassium (K) (41.67% and 12.26) in P. excavatus and E. fetida worked
soil respectively. The findings indicate that earthworms have a notable impact on plant biomass
productivity by promoting the mineralization of soil nutrients and imply on possibility of organic
cultivation of seasonal vegetables without using synthetic fertilizers.

The rapid increase in the world’s population and unprecedented human consumption necessitates increased
food production. This leads to the intensive use of chemical fertilizers and pesticides in agricultural practices.
These unsustainable practices to maximize productivity result in land degradation, cause human health hazards,
interrupt ecological nutrient cycling, and destroy healthy biotic communities’. Therefore, it is vital to emphasize
on cost-effective and eco-friendly methods of agriculture for a healthier future.

In soil, large-bodied macroinvertebrates such as earthworms play a crucial role in plant productivity. Through
ingestion and microbial priming activities, solubilization of an inaccessible form of soil nutrients, making it avail-
able for plants, is anchored by earthworms®. Burrowing activities of earthworms aid aerations and improve bio-
chemical properties providing stability and resilience to the soil ecosystem™®. Earthworms can process up to 250
tons per hectare of soil yearly” and provide optimum soil conditions for plant growth. Earthworms also increase
soil organic carbon by incorporating organic materials into the soil® and generate macropores that increase the
water flow, which protects the soil surface against erosion’. With proliferative reproduction, the earthworm is an
economically affordable, environmentally sustainable, and socially acceptable potential candidate for improving
soil properties for better plant productivity'.

It is well understood that in the natural environment, different ecological categories of earthworms (epigeic,
endogeic, and anecic) and their interactions with other soil biota improve the soil’s physicochemical properties.
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Earthworms initiate numerous mechanisms for plant growth stimulation ranging from large-scale effects on soil
physical properties to the microsite level. The potential effects of earthworms on ecosystem modification, plant
community composition, and productivity are well demonstrated when earthworms are introduced to areas
that were previously earthworm-free!"'?. The benefits of earthworms are highlighted through increased levels
of microbial activity, nutrient availability, and rhizosphere processes'>!*. With the introduction of earthworms
in soil with sandy textures, poor in organic matter, and with a moderately acidic pH, shoot and grain biomass
increases to 56.3% and 35.8%, respectively'®.

Studying earthworms’ influence on soil properties is essential to develop management strategies for improving
soil fertility and plant growth in different subsystems of tropical areas. Although positive effects of earthworms
on plant growth have been described in agroecosystems'®!’, quantitative studies on the role of earthworms in
augmenting plant biomass productivity have not been satisfactorily established. In a tropical country like India,
earthworm species such as Pontoscolex corethrurus and Drawida willsi with biomass of around 30 g m? or
more, are considered promising in plant growth and shown to increase the grain yield (>40%) of agriculturally
important plants's. While single species of earthworms under laboratory conditions resulted in more significant
improvements in soil physico-hydraulic properties. However, such studies on the most important horticultural
plants such as Capsicum chinense (King chili) and Zea mays are lacking.

C. chinense (King chili), one of the hottest chili in the world, is commonly grown in Indian states of Assam,
Manipur, and Nagaland; and besides being appreciated for its taste and pungency, it is also rich in vitamins, min-
erals, and nutrients’®. King chili is one of the key ingredients in Naga cuisine and plays a vital role in the region’s
culinary traditions and cultural identity. The state has favorable climatic conditions for growing this chili variety,
and the demand for it has also increased in recent years. Therefore employing efficient means of farming could
provide windows of opportunities for entrepreneurs to gain significant economic importance. Z. mays (Corn,
locally known as Makai) is a vital staple food crop in Nagaland and Northeast India. It plays a crucial role in the
region’s food security and sustains a large population. Corn-based dishes are integral to traditional cuisine, and
their cultivation and consumption have deep cultural and social significance. Corn adds dietary diversity and
nutritional value to the local diet with a rich amount of carbohydrates, dietary fiber, vitamins (such as thiamine
and niacin), and minerals (such as phosphorus and magnesium). Also, corn cultivation is a vital livelihood
source for many farmers in Nagaland. It provides employment opportunities, especially for small-scale farmers,
and contributes significantly to the rural economy. The sale of corn and its by-products, such as corn flour, corn
flakes, and corn oil, generates income for farmers and local entrepreneurs.Thus it is necessary to identify the
design of agricultural strategies that facilitate an increase in the growth and yield of these economically potential
plants while conserving the concept of organic farming and sustainability.

P, excavatus and E. fetida are the most promising earthworm species used for vermitechnology. Being epigeic,
these macroinvertebrates dwell in the organic carbon-rich soil and play a vital role in nutrient turnover, heavy
metal detoxification, waste biomass degradation and recycling of coal ash!*2!. Also, apart from a few studies
supporting the usage of P excavatus and E. fetida in vermicomposting®>?, information on plant growth, pro-
ductivity, and soil macronutrient enhancement is lacking. Therefore to abide by the initiatives to implement the
practice of organic farming and sustainability, exploitation of these potential macroinvertebrates (E. fetida and
P, excavatus) is vital.

Nagaland (Northeast India) is a hilly state where indigenous people depend on agricultural practices for
their sustenance. There is a need to further encourage organic farming practices without subsiding the quality
and quantity of productivity for viable and healthier living. In this context, the application of epigeic earthworm
species like P. excavatus and E. fetida is considered sustainable, especially for C. chinense (Naga king chili) and Z.
mays, popularly used by local inhabitants for consumption as well as vending in the local market. Therefore, the
present study focuses on improving the biomass and yield of C. chinense and Z. mays by inoculating P. excavatus
and E. fetida in the soil. We hypothesize that earthworms act as soil nutrient facilitators by acting as critical agents
in nutrient turnover and enhancing the plants’ growth and productivity.

Results

Comparative study of the effects of P. excavatus and E. fetida on C. chinense

In P. excavatus inoculated soil, the average growth rate (mm/day) was maximum (8.3 +2), followed by the control
and E. fetida inoculated soil showing 7.5+ 3.5 and 5.7 £ 1.4 respectively (Fig. 1A). The average growth rate in
P. excavatus inoculated soil was 12.59% higher than the control, while in E. fetida inoculated soil, it was 9.65%
lower than the control. A significant difference in the number of leaves recorded from earthworm inoculated soil
(163.66 +£43.88 and 91.25+13.43 in P. excavatus and E. fetida respectively), and control (46.5+19.94) (F, 5)=8.9,
p<0.05) was recorded. A high percentage in the number of leaves was recorded in both P. excavatus, and E. fetida
inoculated soils (250.40% and 142.85%, respectively). Mean leaf biomass (g) also varies significantly (F, 15 ="7.89,
P <0.05) depending on the treatment, and maximum biomass resulted from P. excavatus (69.16 +20.73) > E. fetida
(39.46 +6.7) > control (35.85+6.77). With 92% and 10.06% increase over control, biomass increase in P. excavatus
was significantly (p <0.05) higher. The average stem length (mm) at the time of harvest was higher in P. excavatus
(410+49.7) than in control (398.7 +70.2) and E. fetida (368.7 + 36.6) (Fig. 1B), showing an increase and decrease
of 7.66% and 2.77% respectively over the control. Stem length was substantially higher in the presence of P. exca-
vatus (Table 1). While stem biomass (g) from P. excavatus inoculated soil was increased by 47.30% (89.32 £24.27)
over the control (63.00 +26.78), while in E. fetida (46.42 +21.27), it was decreased by 16.43% (Fig. 2).

Root length (mm) in P. excavatus (405.00 +£82.1), E. fetida (251.2+20.1), and control (300.0 +80.4) dif-
fer significantly (F(; o) =8.12, p<0.05). Due to fungal infection, the root length from E. fetida inoculated soil
was decreased by 2.42%, while in P. excavatus, the root length was 30.14% higher. Also, root biomass (g) was
recorded to be maximum in P. excavatus (41.8+12.75) with a 58.04% increase over control, while in E. fetida
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Figure 1. (A) Growth rate of C. chinense under earthworm treatment and control (B) Increasing pattern of C.
chinensestem under earthworm-mediated soil and control.

Treatment No. of leaves Leaf biomass (g) | Stem length(mm) | Stem biomass(g) | Root length (mm) | Root biomass(g)
P, excavatus 163.66+43.88* | 69.16+20.73% 41+4.97% 89.32+24.27% 40.5+£8.21° 41.8+12.75*

E. fetida 91.25+13.43 | 28.87+0.82° 36.87 £3.66* 46.42+21.27° 25.12+2.01° 31.39+12.7%
Control 46.5+19.94° 35.85+b 39.87+£7.02* 63.00£26.78* 30.00 +8.04% 29.2+8.87*

H 8.95 7.89 0.26 2.68 8.12 2.55

p-value 0.007** 0.006* 0.87 0.12 0.01* 0.11

Table 1. Morphological characteristics of C. chinense in the presence and absence of earthworms. Data
represent mean + SD. * indicate a significant difference at p <0.05. Mean with different superscripts within the
same row differ significantly (p <0.05) by the Tukey test at a 95% confidence level.

(31.39+12.7), it was increased by 20.22% (Fig. 2). Along with the plant morphological characters, significant
variations (F, ;0= 5.24, p <0.05) in total fruit yield (g) per plant were also recorded. Total harvest was observed
to be maximum in P. excavatus (573.27 g), followed by control (266.8 g) and E. fetida (112.99 g). In P. excavatus
inoculated soil, ripened chili was harvested at 17.59 g per week with an average of 108.13 +37.93 g per plant. In
control and E. fetida, ripened chili was harvested at 13.91 g and 9.24 g per week. While the quantity of harvest
per week does not differ significantly (F, s =1.21, p>0.05) among the treatments, it was 26.49% higher (P.
excavatus) and 33.53% lesser (E. fetida) over the control.

Comparative study of theeffectsof P. excavatus and E. fetida on Z. mays

Stem growth was maximum between 70 and 80 days, the highest average growth rate (mm/day) was recorded
in E. fetida soil (13.6 £ 8.5), followed by P. excavatus (13.0+5.3) and control (12.7 £2.5) indicating the posi-
tive effect of earthworms (Fig. 3-A). The average number of leaves per plant was maximum (14.5+0.95) in E.
fetida soil, followed by control (13.5+1.29) and P. excavatus (13.5+0.95), showing the increasing percentage of
9.93% and 6.92% in E. fetida and P. excavatus over control. Contrary to its number, the maximum leaf biomass
(g) was recorded in P. excavatus (82.6 +3.5) followed by control (76.32 +4.45) and E. fetida soil (63.25+4.07)
(Table 2). In P. excavatus treated soil, leaf biomass was 11.52% higher than in control, while in E. fetida, biomass
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Figure 2. Increased/ decrease in C. chinense morphological characters in the presence of P. excavatus and E.
fetida. Data represent mean + SD. Different superscripts between earthworm treatments differ significantly
(p<0.05) by the Tukey test at a 95% confidence level.
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Figure 3. (A) The growth rate of Z. mays in the presence and absence of earthworms (B) Stem length of Z.
mays under control and earthworm treatment.

was 16.42% lower (Fig. 4). With the broader leaf diameter, plants were found to be healthy, and no infestation
of plants by insects was observed as the experiment was conducted in a greenhouse (Fig. 5A-F). Also, unlike C.
chinense, no pathogenic infections occurred in the plants; all the seedlings grown, matured, and successfully bore
corn of varying sizes, depending on the treatments. The average stem length (Fig. 3B) at the final harvest was
maximum in E. fetida (246 +19.05), followed by P. excavatus (222 +12.28) and control (206 + 13.22), exhibiting
an increasing trend of 19.24% and 7.82%, respectively, over the control. Maximum stem biomass was recorded
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Treatment No. of leaves | Leaf biomass (g) | Stem length (cm) | Stem biomass (g) | Root length(cm) | Root biomass (g)
P excavatus | 1354095 | 82.6+3.51° 22241228 517.24+15.44° 87.9+5.43" 107.55 +4.84

E. fetida 14.5£0.95 | 63.25+4.07° 246 £19.05° 592.16 +7.06° 69.45+4.1° 126.49 +5.69°
Control 13.5+£1.29° 76.32+4.45® 206+13.22° 517.71+7.12¢ 68.15+1.95" 104.59+4.81°

F 221 23.07 14.13 79.78 21.41 30.11

p-value 0.16 0.0002* 0001* 2.8321E-7* 0.000077* 0.000035*

Table 2. Morphological characteristics of Z. mays plants in the presence and absence of earthworm. Data
represent mean + SD. * indicate a significant difference at p <0.05. Mean with different superscripts within the
same row differ significantly (p <0.05) by the Tukey test at a 95% confidence level.
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Figure 4. Increased/ decrease of Z. mays morphological characters in the presence of P. excavatus and E. fetida.
Data represent mean + SD. Different superscripts between earthworm treatments differ significantly (p <0.05) by
the Tukey test at a 95% confidence level.

in E. fetida(592.16 +7.06), followed by P. excavatus (517.24 £15.44) and control (517.71 +7.12) showing signifi-
cant differences (F, 1,)=79.78, p <0.05). Multiple comparisons test shows that the mean stem biomass from E.
fetida was significantly (p <0.05) higher than from P. excavatus and control pot. Depending on the treatment,
root length also differs significantly (F, ; =21.41, p<0.05), where the maximum was observed in P. excava-
tus(87.9 £5.43), followed by E. fetida (69.45+4.1) and control (68.15+ 1.95) (Table 2). Multiple comparisons test
indicates that the mean root length from P. excavatus was significantly higher than that of E. fetida and control.
In P, excavatus, a 28.9% increase in root length over the control was observed, while in E. fetida, root length was
increased by only 1.9% (Fig. 4).

A significant variation of root biomass (F(, ;;)=30.11, p <0.05) was also recorded with a maximum in E.
fetida treated soil (126.49 +5.69) followed by P. excavatus (107.55 +4.84) and control (104.59 +4.81), having
shown the increasing trend of 20.93% and 2.82% respectively over control. Post hoc test shows root biomass
from earthworm-treated soil was significantly (p <0.05) higher compared to control, however, no significant
differences (p>0.05) were observed between the two earthworm species. Among the treatments, the total kernel
count per corn was significantly different (F, 4,=37.78, p <0.05). The highest number of kernels was present in P
excavatus (333.5+13.5), followed by E. fetida (261.5+16.5) and control (235+22), showing 41.91% and 11.27%
increase over control. Similarly, there was also a significant difference (F, ¢)=7.92, p<0.05) on average kernel
weight with maximum production from P. excavatus (104.6 + 14.9) followed by E. fetida (66.68 +6.78) worked
soil and control (56.32 +10.38) exhibiting 95.05% and 24.34% increase over control.

Earthworm effects on soil nutrients

Soil pH

Changes observed in various physicochemical parameters such as pH, OC, TN, P, and K reflect the effects of
earthworms on soil nutrient mineralization. Initially, soil pH was slightly acidic (5.6 +0.04), but at the end of the
experiment, it increased marginally in both C. chinense and Z. mays-grown soil in the presence of E. fetida, P
excavatus, and control (Table 3). In C. chinense grown soil, in the presence of P. excavatus, E. fetida, and control,
the final pH was 6.14+0.34, 6.09£0.15, and 6.12+0.28 with an increased percentage of 9.6%, 8.5%, and 9.18%
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Figure 5. (A) Initial days (Day 63) of Z. mays grown in P. excavatus treated soil (B) Tassel bearing spikelet
pairs, first observed on day 108 in E. fetida treated soil (C) First silk appears on the 110th day in E. fetida treated
soil (D) Fully matured corn bearing plant as observed under greenhouse (E) Removing of roots from the
experimented pot for plant biomass estimation and measurement of stem and root length (F) final harvested

corn with healthy kernel obtained from control, P. excavatus and E. fetida treated soil.

Initial 5.6+0.04* |263+025 |042+0.02° |6.17+0.62° |33.15+2.31° |185.75+18.11°
P excavatus | 6.14+0.34* | 3244024 | 0.51+0.04% |6.56+1.02* |41.96+3.84* |263.16+15.39"
E. fetida 6.09%0.15* |3.29+0.32° |0.46+0.03® |7.42+1.17° |41.03£1.00° | 208.53+9.75%
control 6.12+0.28* | 3.04+£0.06° | 0.6+0.04° 5.17+0.62* | 37.93+1.15% | 202.88+12.76*
F 3.43 4.61 13.71 327 8.41 21.78

p-value 0.07 0.03* 0.002* 0.08 0.007* 0.000038*

Initial 5.6+0.04 |2.63£025° |042+0.02° |[6.17+0.62° |[33.15+231° |18575+18.11°
P excavatus | 5.79+0.65° |3.34+0.22®° | 0.3240.01° |1021£0.21° |43.38+2.85" |218.63+7.34°
E. fetida 6.26+0.26* |3.4+0.38° | 034+0.02° |9.94+1.41° |42.54+0.61® |215.68+4.53%
control 5.95+0.08* |3.11£0.2® |0.3+0.02° 10.35+0.04° | 40.19+1.53% | 206.46+9.95%
F 1.84 4.81 23.9 19.6 16.4 7.03

p-value 0.21 0.03* 0.000239* | 0.000481* 0.001% 0.006*

Table 3. Initial and final physicochemical characteristics of soil obtained from Z. maysand C. chinensegrew
pot treated with P. excavatus, E. fetida, and control. Data represent mean + SD. * indicate a significant difference
at p <0.05. Mean with different superscripts within the same row differ significantly (p <0.05) by the Tukey test
at a 95% confidence level.

respectively (Fig. 6A). In Z. mays soil, the final soil pH was 5.79 £0.65, 6.26 +0.26, and 5.95+0.08 in the P
excavatus and E. fetida soil and control with an increasing percentage of 3.30%, 11.73%, and 6.12% respectively
(Fig. 6B). The increase in soil pH was the least affected by the earthworm’s activities and did not vary significantly
(Fp,6)=0.03, p>0.05) among different treatments.
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Figure 6. Soil physicochemical percentage changes over initial value in C. chinense (A), Z. mays (B) grown pot
in the presence and absence of earthworm.

Organic carbon (%)

Initially, the OC of the soil samples used for the experiment was 2.63 +0.25 (Table 3). At the end of the experi-
ment, OC increased to 3.04+0.06 to 3.4+0.38 depending on the plant grown and the presence and absence of
earthworms. In C. chinense grown soil, the maximum amount of OC was present in the presence of E. fetida
(3.29+0.32), followed by P. excavatus (3.24+0.24) and control (3.04+0.06) with 25.76%, 23.47%, and 16.24%
increase over the initial concentration (Fig. 6A). Similarly, in Z. mays-grown soil, the highest concentration of
OC was recorded in the presence of E. fetida (3.4%0.38), P. excavatus (3.34£0.22), and control (3.1£0.2) with
30.48% 27.36% and 18.4% increase (Fig. 6B).

TN (%)

Contrary to other parameters, total nitrogen showed an uneven increase and decrease. Initially, the average
amount of TN was 0.42 £ 0.02; however, at the end of the experiment, in C. chinense-grown soil, TN was increased
to 0.51+0.04 and 0.46 +0.03 in the presence of P. excavatus and E. fetida, respectively. While in control, the
final concentration of TN was increased to 0.6 + 0.04. Variations of TN among the treatment were significantly
(F,6=9.9, p<0.05) different. Multiple comparisons test showed TN in P. excavatus and E. fetida were insig-
nificant (p>0.05), but the control was significantly (p <0.05) lower compared to E. fetida. Depending on the
presence and absence of earthworms, the increased percentage of TN over the initial value were significantly
(F2.6=25.61, p=0.001) different with the highest being observed in control (41.86%), P. excavatus (20.81%),
and E. fetida (8.19%) (Fig. 6A).Post hoc test shows TN increased in the control pot was significantly (p <0.05)
higher compared to P. excavatus and E. fetida. While in Z. mays-grown soil, TN decreased (Table 3) in all the
treatments, and the final concentration was 0.32+0.01, 0.34+0.02, and 0.3+0.02 in P. excavatus, E. fetida,
and control, respectively. The maximum reduction was recorded in control (29.72%), followed by P. excavatus
(23.42%), and E. fetida (19.48%) (Fig. 6B).

CN

C:N ratio is another essential parameter to indicate the nutrient stability of the soil. C:N ratio 15-20 is considered
an acceptable range for agronomy (FAO, 2020). In the present study, substantial variations of C:N were observed
depending on the treatment but well within the suggested required range. Having the initial ratio of 6.17 +0.62
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in the C. chinense grown soil, C:N ratio in the presence of E. fetida and P. excavatus were increased to 7.42+1.17
and 6.56 +1.02 with 21.92% and 7.48% increase. While in control, the final C:N ratio was decreased by 15.39%
(5.17£0.62). However, in Z. mays grown-soil, C:N ratio was 10.35+0.34, 10.21 +0.21, and 9.94+0.41 in control,
P excavatus, and E. fetida, respectively exhibiting a maximum increase of C:N ratio in control (68.68%), followed
by P. excavatus (66.58%), and E. fetida (63.46%). Analysis of variance study shows that in Z. mays grown soil, the
increased percentage of C:N varies significantly (F(, ¢)=47.17, p <0.05) among treatments.

Phosphorus (P) (mg/kg)

In C. chinense-grown soil, although no significant (F, ¢y=2.33, p>0.05) differences were observed among the
treatment, P was increased to 41.96 +3.84, 41.03 £1.00, and 37.93 £1.15 in the presence of P. excavatus, E. fetida,
and control, respectively. The increased percentage of P in P. excavatus, E. fetida, and control were 31.03%,
28.67%, and 21.59% (Fig. 6A). Similarly, in Z. mays-grown soil, a higher percentage of increase was recorded in
the presence of P. excavatus, E. fetida, and control, respectively, and the final concentration of P was 43.38 £2.85,
42.54+0.61, 40.19 £ 3.10.

Potassium (K) (mg/kg)

The initial amount of K was 33.15+2.31 (Table 3). In C. chinense-grown soil, K was increased at the final and
showed significant differences (F, 4y=26.86, p <0.05) among the treatment. The highest concentration was
present in P. excavatus (263.16 £ 15.39), E. fetida (208.53 £9.75), and control (202.88 +12.76), with increasing
trend of 41.67%, 12.26%, and 9.22%, respectively over the initial value. Increased percentage of K in treatment
also shows significant differences (F(, 5 =15.23, p <0.05). The post hoc test shows an K increased in P. excavatus
inoculated soil was significantly (p <0.05) higher compared to E. fetida and control. In Z. mays-grown soil also,
although the final amount of K varies insignificantly among the treatment (F(, 4 =2.78, p>0.05), substantially
higher amount of K concentration was recorded in the presence of earthworms P. excavatus (218.63+7.34), E.
fetida (215.68 +4.53), and control- 206.46 £9.95). In P. excavatus inoculated soil, K was increased by 18.44%
over the initial value, while in E. fetida and control, 14.28%, and 7.75% increase over the initial concentration
was observed.

Discussion

Sustainable agriculture encompasses food production from plants or animals using different techniques without
adverse impacts on humans, the environment, and animals. Extensive use of fertilizers and pesticides boosts
food production but also deteriorates the biodiversity (above and below the ground) associated with cropland.
As an essential component of the soil, earthworms maintain soil fertility and play a key role in sustainability. The
presence of earthworms enhanced the soil nutrient, plant biomass (leaves, stem, root), and fruit yield (ripened
chili, kernel count, and kernel weight), which was consistent with the notion that earthworms increased plant
growth'. In the present findings, plants grown in earthworm treatment (P. excavatus and E. fetida) resulted in
better morphological characteristics such as shoot biomass, stem length, number of leaves, coloration, biomass,
and fruit yield.In P. excavatus treated soil, C. chinense growth rate was 11.43% higher. However, in E. fetidain-
oculated soil, C. chinenseresulted in a lower growth rate (-9.65%), stem length (-2.77%), stem biomass (-16.43%)
and root length (-2.42%). The average growth rate of Z. mays was higher in E. fetida (13.6 + 8.5 mm/day), and P
excavatus (13.0 £5.3 mm/day) than in control (12.7 +2.5 mm/day).

It was observed that during the initial 30-35 days, plants grew successfully in the earthworm treated soil and
control. However, due to fungal infection, 50% of the plant roots in E. fetida inoculated soil (Fig. 7A-F) did not
survive till maturity, and the average growth rate was negatively affected (Fig. 7F). In P. excavatus soil, 100% of
plants survived, and no fungal infections were observed. Therefore, it is less likely that earthworm-associated
pathogens cause disease in plants. Fungal infections could be due to excess waterlogging in the root, depriving the
roots of oxygen making them more susceptible to infections. Also, unsterilized seeds may be the cause of fungal
infection in the E. fetida inoculated soil.Other researchers have also reported that, C. chinense is susceptible to
various fungal diseases, including Colletotrichum capsici, Colletotrichum gloeosporoides, Sclerotinia sclerotiorum,
Rhizoctonia solani, and Corynespora cassicola®. In C. chinense, due to fungal infection total fruit harvest, plant
growth rate, leaf biomass, and root biomass were lowered. Apart from the microbial effects, concentrations of
salts in the soil, mainly NaCl, are also responsible for the reduction in the productivity of economically impor-
tant crops such as chili (C. annuum), tomato (Solanumlycopersicum), and potato (S. tuberosum)'®?>. Also,Aktas
et al. (2006)*°and Niu and Cabrera (2010)*’considered chili plants to be very susceptible to this abiotic factor.

Researcher in the past (Xiao, Z. et al. 2018)? also reported that the presence of earthworms increased plant
growth by 20% and further emphasized that earthworms’ effect on plant growth is more effective when mixed
earthworm species are inoculated at the same time. In the present study, distinct differences in leaf coloration
were also observed, with leaves acquiring dark green color in earthworm-worked soil, which could be due to more
chlorophyll and carotenoid content®. Brown et al. (2004)">suggested that there are five possible ways through
which earthworms positively affect plant productivity. (i) Biocontrol of pests and diseases; (ii) stimulation of plant
microbial associations (iii) production of plant growth regulating substances (iv) changes in soil physicochemical
structures, (v) and enhanced nutrient availability for absorption through roots. In C. chinense, the effects of P
excavatus were higher, as evident from the increasing number of leaves (250.4%), leaf biomass (92%), stem length
(11.6%), stem biomass (41.77%), root length (35%) and root biomass (43.15%) over the control.Van Groenigen
etal. (2014)* reported that the presence of earthworms increased the aboveground plant biomass productivity
by 23% and suggested that earthworms enhanced plants’ growth mainly through their ability to release nitrogen
trapped in organic matter. Similarly, Trap et al. (2021)*! also reported that the presence of endogeic earthworms
significantly increased the shoot biomass (26%) of rice (Oryza sativa). Increased plant biomass in the presence
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Figure 7. (A)Flowering of C. chinenseobserved on day 50 in P. excavatus treated soil (B) Ripen fruit from P,
excavatus treated soil observed on 78th day (C) Fully ripen chili inE. fetida treated soil (D) One-time harvest
from single plant grown in P, excavatus treated soil (E) Freshly harvested plant taken for root length and biomass
estimation (F) Fungal infected root and stem causing rotting of plants starting from underground roots to stem
resulting into the black in color, observed in E. fetida treated soil.

of earthworms is attributed to releasing inaccessible forms of nutrients in the soil, making it available for plant
absorption. Along with the other plants’ morphological characteristics, the present study has shown the posi-
tive effect of earthworm (P. excavatus), recording 71.3% higher chili fruit production per plant. Gong and Gao
(2019)* opined that shoot biomass is less sensitive to changes in soil fertility.Van Groenigen (2013)*reported
that once earthworms processed soils, their effects on plant growth get reduced. Similarly, earthworms’ role in
plant growth enhancement is more impactful in developing soil than in developed soil and further emphasized
that during early to a late succession of plants community, earthworm activities play a significant role'?. Barrion
and Litsinger (1997)* reported that at very high density (17,294 ind./m?) Dichogaster curgensis Michaelsen
becomes a pest in the irrigated rice field, causing leaks in rice levees, injured roots, uneven growth, and seedling
death. However, in the present study, P. excavatus and E. fetida, surface dweller were used for the experiment,
and naturally, these species has not been recorded at such high density. Further, due to low density of earthworm
the species did not revealed any negative effects on plant growth.

In the present study, both the earthworm species have a fair share of effects on Z. mays, with P. excavatus more
perceptible in leaf biomass (11.52%) and root length (28.9%). At the same time, E. fetida effects were more in
morphological characters, such as the number of leaves (9.93%), stem length (24.63%), stem biomass (14.39%),
and root biomass (20.93%). The effect on kernel count and weight was more with P. excavatus (41.91% and
95.07%) than E. fetida (11.27% and 24.35%). The bacteria such as Bacillus safeness, Bacillus flexus, and Staphy-
lococcus haemolyticusassociated with earthworm gut show plant growth-promoting potentials with the produc-
tion of indole acidic acid (IAA), gibberellic acid (GA), ammonia, aminocyclopropane-1-carboxylic acid (ACC)
deaminase activity, and phosphate solubilizing activities®. The higher percentage of plant growth characteristics
in the presence of earthworms could be attributed to associated bacteria that release the insoluble form of soil
nutrients into a soluble form, making it available for plants to absorb**’. Irrespective of species, the presence of
earthworm increases the microbiota that improved soil nutrient content (N, P, K) available for plant absorption.
Plant growth hormones such IAA secreted by earthworm associated bacteria stimulates the plant cell elongation
or divisions, especially in roots, thereby providing greater surface area for soil nutrient absorption and enhanc-
ing root growth and length. However, the mechanism connecting earthworms-soil promoting plants’ growth
response is more complex due to the involvement of multiple factors interaction®.

P in the soil was increased by 27.12% (P. excavatus) and 24.11% (E. fetida), while in Z. mays-grown soil,
31.03% (P. excavatus) and 28.67% (E. fetida) increase were observed. In C. chinense-grown soil, K was observed
to increase by 42.39% (P. excavatus) and 12.70% (E. fetida). While in Z. mays-grown soil, an 18.38% and 14.27%
increase was observed. The increased concentration of phosphorus in the earthworm-worked soil may be attrib-
uted to earthworm activity conducive to phosphate-dissolving bacteria in the soil*’. The activity of earthworm
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gut enzymes, phosphatase, formation of organic acids, and discharge of total phosphorus from a complex form
of humic acid mediated by microbial activity might contribute to the increased concentration of P in the soil***!.
Many earthworm gut-associated bacteria are reported to have phosphate and potassium-solubilizing bacteria.
Yakkou et al. (2022)*? observed that out of 16 bacteria isolated from earthworm gut, six bacteria, namely Pseu-
domonas aeruginosa, Pantoea vagans, Buttiauxella gaviniae, Raoultella planticola, Aeromonas sp. Aeromonas
drosophila has the potential to solubilize insoluble forms of Potassium. Therefore, apart from the other biochemi-
cal process, an increased P and K could be attributed to earthworm-associated bacteria that solubilize the bound
form of macronutrients®.

Irrespective of earthworm species, the increased amount of macronutrients in the soil is more distinct,
indicating its role in nutrient turnover, making it more readily available for plant absorption. An increase in
organic carbon and inconsistent changes in total nitrogen (Table 3) might be attributed to the decomposition
of leaves from plants themselves. Plant-available water, water-holding capacity, bulk density, and soil organic
matter were also reported to increase earthworm presence'®. Zhao et al. (2013)* reported an 11% increase in
nitrogen in the presence of earthworms. Enhanced plant productivity increases the organic matter input to the
soil, increasing the earthworm’s food supply. Earthworms’ effects on the soil and plants are influenced by various
factors, including their feeding preferences, soil types, and plant species-specific traits. Variations in plant root
systems also impact earthworm presence, seeking areas with suitable structures. Moreover, earthworms’ interac-
tions with soil microorganisms, influenced by different plant species, also impact their behavior and health of
the above-ground productivity.

Despite higher soil fertility in earthworm-treated soil, a lack of significant differences in Z. mays stems length
and its biomass from earthworm-treated soil and control were observed (Table 2). Also, for C. chinense, insignifi-
cant differences were observed in stem length from earthworm-treated soil and control. It is important to note
that our study was short-term, conditioned for optimum earthworm activities through proper moisture mainte-
nance, and conducted under greenhouse conditions. Earthworm affects plant biomass productivity more in soil
with no earthworm legacy than in earthworm-mediated soil. Therefore, it is essential to elucidate the long-term
effects of earthworms on soil physicochemical parameters, plant productivity, and associated microorganisms
that bring about various changes in soil systems in many different natural environments.

Conclusion

As macroinvertebrates, P. excavatus and E. fetida demonstrated promising abilities in enhancing plant biomass
and soil nutrient content. Explicitly, the influence of P. excavatus was more pronounced in C. chinense, as evi-
denced by the increased number of leaves, biomass, stem length, root length, root biomass, and fruit harvest.
Conversely, E. fetida significantly impacted Z. mays, leading to enhanced stem length, stem biomass, root bio-
mass, number of leaves, kernel count, and kernel weight. The presence of earthworm also increased soil nutrients,
further supporting improved plant morphological characteristics. Consequently, the study did not identify a
superior earthworm species based on their effects on plant productivity. Nonetheless, these findings suggest
that organic cultivation of seasonal vegetables, without synthetic fertilizers, can be achieved by introducing
earthworms. This approach becomes particularly valuable for kitchen gardens in urban areas with limited space
for plant growth. Using earthworms as mediators for fulfilling soil nutrient requirements, even miniature plants
like C. chinense can be cultivated purely organically.

Materials and method

Pre-experimental preparations

Two different earthworm species were used for the experiment. (a) E. fetida, a commercially available species, was
procured from a local vermicomposting farm, Wokha, Nagaland, India, and (b) P. excavatus, was sampled during
an earthworm resource exploration study in Minkong forest (26°21'43.34"N and 94°33'23.42"E) under Mokok-
chung district, Nagaland. Both the earthworm species were mass cultured separately in the vermicomposting
chamber in the Zoology Department, Nagaland University, for adaptation to the local environment and multi-
plication of their population. Moisture in the vermiculture setup was maintained at 60%-70% by sprinkling water
regularly, and temperature ranged between 28 °C to 34.6 °C. Earthworms were fed with a mixture of urine-free
pre-decomposed cow dung collected from a local farm and domestic organic waste collected from the household.

Experimental design

Two commonly available and preferred plant species were chosen for this study i.e. C. chinense, locally referred
to as Naga king chili, and Z. mays, (Maize). The plant growth experiment used loose topsoil, collected from the
University campus within a depth of 0-10 cm. Prior to commencing the experiment, the seeds of C. chinense
and Z. mays were sprouted by soaking them in water for 36 h.

For C. chinense, the experiment was conducted in triplicates using nine plastic pots with a capacity of 5 L
due to the smaller size of the plants. Each pot had dimensions of 250 mm in length and 200 mm in diameter.
The pots were filled with 2 mm sieved soil and water was sprinkled to maintain moisture. Subsequently, 150 g
of urine-free, partially decomposed (15 days) cow dung was added to each pot as a food source for earthworms.
The same amount of cow dung was applied to the control pots to ensure a uniform amount of nutrients. Since
the earthworm species used were surface dwellers (epigeic), the cow dung was applied to the top layer (0-10 cm)
and mixed with the soil. In the first three pots, ten healthy, clitellate individuals of P. excavatus, with an average
weight of 350.34 +7.4 mg, were introduced. Similarly, ten healthy E. fetida individuals, with an average weight
of 410.12+ 8.5 mg, were introduced in the following three pots. Due to the smaller plant and pot size, only ten
earthworm individuals were added to the pots where C. chinense was grown. The third set of three pots served
as the control group and did not have any earthworms.
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For Z. mays, nine plastic pots (in triplicate for each group) with a capacity of 15 L were used due to the larger
size of the plants. These pots had dimensions of 390 mm in length and 320 mm in diameter. The pots were filled
with 2 mm sieved soil and were regularly sprinkled to maintain optimal moisture levels. In each pot, including
the control, 300 g of urine-free, partially decomposed cow dung was added as food for earthworms. Because of
the larger plant and pot size, 20 healthy clitellated earthworms, P. excavatus (average weight 350.34+7.4), and
E. fetida (average weight 410.12 + 8.5), were inoculated into the first and second set of pots, respectively. The
remaining three pots were used as control with no earthworm.

In all the pots, the earthworms were allowed to settle and were observed for three days to ensure their normal
survival and growth. Once the earthworms had settled and burrowed into the soil, a pair of sprouted C. chinense
and Z. mays seeds were planted in their respective pots. The moisture level in all the experimental pots was
maintained at 40-50% by regular water sprinkling. Since the experiment took place in a greenhouse, no pest
attack was observed. The temperature ranged between 28 and 34.6 °C, and humidity fluctuated between 40-70%,
depending on the weather conditions. Plant growth was monitored at regular intervals of 7 days (weekly) from
day one until the plants complete fruiting and reached maturity. This involved measuring stem length and count-
ing the number of leaves and fruits. In the case of C. chinense, once the plants began to bear fruits and mature,
harvesting was conducted weekly, and the fruits were weighed to record the weekly fruit yield per plant. While
for Z. mays kernel count and weight were done at the final harvest of the plant. The biomass of both the plants
were weighted using a portable digital weighing machine (Oblivion-OBSF400A).

Soil physicochemical analysis

Soil samples were analyzed at two intervals, i.e., before the inoculation earthworms to the pot and at the end of
the pot experiment. Before analysis, mixture of soil and cow dung were collected from the pot, air-dried, sieved
through a 1 mm mesh size, and kept in an airtight plastic bag. pH was measured using a digital pH meter (Lab
junction-111) at a 1:20 soil-water ratio. Organic carbon was analyzed by a modified form of the wet oxidation
initially described by Walkley and Black (1934)*. Total nitrogen (TN) was determined by Kel plus instrument
(Pelican equipment- Classic- DX VAT-E). Phosphorus (P) was determined spectrophotometrically (Systronic
spectrophotometer-166) using a modified form of Bray and Kurtz (1945)*. The amount of available phosphorus
was determined by the intensity of blue color development when treated with a molybdate-ascorbic acid reagent.
Potassium (K) was determined by flame photometer following a modified form of the ammonium acetate method
described by Hanway and Heidel (1952)*.

Statistical analysis

The significant differences in the number and biomass of leaves, stem, root biomass; and growth rate and total
fruit harvest of both plants among the treatments were analysed using one-way ANOVA at a 95% confidence
level (p <0.05). Each analysis was followed up with multiple comparison tests (Tukey test) to find the mean dif-
ferences between treatments. The statistical analysis was computed using SPSS (Version 22).
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