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Abstract: Integrated nutrient management (INM) is an approach that optimizes the benefits derived
from various nutrient sources and beneficial soil microorganisms in an integrated manner to
increase crop productivity while maintaining soil fertility. An open-field experiment was conducted
at Cabuyao, Laguna, Philippines to investigate the effects of combining chemical fertilizers,
vermicompost, arbuscular mycorrhizal fungi (AMF), and nitrogen-fixing bacteria (Azospirillum
spp.) on the growth, nutrient uptake and yield of tomato. The experiment was arranged in a
randomized complete block design replicated four times. The treatments were recommended rate
of chemical fertilizer (RRC), combined 50% RRC and 4 t ha' vermicompost (INM 1), AMF
inoculation with combined nutrient sources (INM 2), and dual inoculation with AMF and
Azospirillum in synergy with combined nutrient sources (INM 3). Results revealed that the growth
parameters were not significantly affected by the treatments, but the highest data were observed in
the treatments under INM. AMF inoculation significantly increased phosphorus, potassium,
calcium, and magnesium uptake of tomato while INM 3 recorded the highest nitrogen uptake.
Treatments with vermicompost application recorded significantly higher uptake of copper. INM 1,
INM 2, and INM 3 gave a significantly higher fruit yield than the RRC with an increase of 7.98%,
13.40%, and 13.65%, respectively. The percentage of mycorrhizal root colonization and number of
rhizosphere spores were higher in mycorrhizal plants. Fruit yield and AMF root colonization are
positively correlated with uptake of various nutrients. The results imply that these INM strategies
can improve growth of tomato, increase fruit yield, reduce the amount of chemical fertilizers
applied, and potentially lead to economic, soil health and environmental benefits.

Keywords: integrated nutrient management; arbuscular mycorrhizal fungi; Azospirillum;
Vermicompost,' tomato

1. Introduction

Modern agriculture has been intensified to increase crop production and become highly
dependent on chemical fertilizers by which excessive or imbalanced use can decrease soil
productivity and cause environmental problems. Improper use of these fertilizers can cause soil
acidification, decrease in soil organic carbon and beneficial soil microorganisms, stunted plant
growth and yield, and even leading to the emission of greenhouse gases [1,2]. Utilizing organic
wastes, on the other hand, as soil amendment can enhance the physicochemical and biological
properties of the soil. However, as a substitute for chemical fertilizers, large quantities of organic
material would be required to satisfy the nutritional needs of crops [3]. Farmers also struggle to
achieve high yields with this kind of fertilization compared to the conventional practice. Therefore,

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202408.1650.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 August 2024 doi:10.20944/preprints202408.1650.v1

efforts must be made to develop an efficient crop production strategy while reducing the negative
impacts of agrochemical inputs on soil health and environment.

An approach called integrated nutrient management (INM) aims to address constraints on soil
and crop productivity by optimizing the benefits derived from chemical, organic, and biological
sources in an integrated manner. A comprehensive literature review revealed that compared with
conventional practices, INM increased crop yields and income of farmers while improving soil health
[4].

Several studies have also reported the influence of microbial interactions in the sustainable
management of agricultural soils. Roles of arbuscular mycorrhizal fungi (AMF) in plant nutrition
have been documented to enhance plant growth, increase nutrient uptake and yield of crops, and
improve tolerance to several biotic and abiotic stresses as they colonize plant root systems [5-7]. Plant
growth-promoting bacteria (PGPB) including nitrogen-fixing bacteria (NFB) are another promising
soil microorganisms for crop production as they interact with plant roots. Among these is the genus
Azospirillum which has been studied for its interaction with plants and their beneficial impacts on
plant growth [8]. Azospirillum bacteria were determined to improve plant growth through the
biological fixation of nitrogen and production of several plant hormones [9-11]. These mechanisms
make the utilization of these beneficial soil microorganisms promising for optimizing nutrient
management and increasing crop productivity.

Tomato (Solanum lycopersicum L.) is one of the most widely grown and consumed crops in the
world as it is rich in vitamins, minerals and antioxidants [12]. Nutrient management plays an
important role in the productivity of tomato as nutrients affect its morphological growth,
photosynthetic processes and accumulation of yield [13]. Several studies revealed that the integrated
use of chemical and organic sources of nutrients can increase the yield of tomato [14,15]. The
significant effect of beneficial soil microorganisms on tomato yield was documented under various
levels of chemical fertilization [16,17]. Still, their synergy with the optimal combination of nutrient
sources in the actual tomato production field is a new investigation. The present work aimed to
optimize nutrient management to increase tomato production through the development of INM
strategies using integrated nutrient sources and beneficial soil microorganisms.

2. Materials and Methods

2.1. Experimental Design and Treatments

An open-field experiment was conducted in a tomato farm in Cabuyao, Laguna, Philippines (N
14°11"55”, E 121°2'1”) from February to May 2022 following a Randomized Complete Block Design
with four replicates. The treatments were detailed in Table 1.

Table 1. Description of treatments.

. e Rate of AMF Azospirillum
Treatment Rate of chemical fertilizer . . . . .
vermicompost inoculation inoculation
RRC 80-90 kg ha! N-P20:s fertilizers - no no
INM1  40-45 kg ha' N-P20:s fertilizers 4 that no no
INM2  40-45 kg ha' N-P20:s fertilizers 4 tha' yes no
INM 3  40-45 kg ha'! N-P2O:s fertilizers 4 tha'! yes yes

2.2. Soil Properties of the Experimental Site

Soil samples from the experimental site were collected at 0-15 cm depth and subjected to
laboratory analyses. The soils have a dark brown color and clay loam texture with a pH of 5.0 in H20
(1:1). It also contains 4.28% organic matter, 0.23% total N, 7.79 ppm of available phosphorus, high
exchangeable potassium at 2.06 cmol/kg, and 37.29 cmol</kg of cation exchange capacity.
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2.3. Characterization of Vermicompost

The study used vermicompost derived from a mixture of poultry manure and guinea grass
(Panicum maximum) substrates and produced at the DA-BSWM - National Soil and Water Resources
Research and Development Center for Hillyland Pedo-ecological Zone, Tanay, Rizal, Philippines. It
consists of 0.77% total nitrogen, 3.45% total phosphorus (P20s), 0.66% total potassium (K20), 3.42%
calcium oxide, 0.60% magnesium oxide, 543 ppm of copper, 656 ppm of zinc, 906 ppm of manganese
and 26.28% organic matter at 35% moisture.

2.4. Application of Microbial Inoculants

The AMF inoculant was prepared as described by Aggangan and Moon (2013) [18]. The soil-
based mycorrhizal inoculant contained 12 species belonging to the genera Glomus, Gigaspora,
Entrophospora, and Acaulospora. The NFB inoculant consists of Azospirillum spp. originally isolated
from the roots of talahib (Saccharum spontaneum L.). These inoculants were developed and
commercially produced at the National Institute of Molecular Biology and Biotechnology, University
of the Philippines Los Banos (BIOTECH UPLB), Laguna, Philippines.

For INM 2, the seedlings were inoculated with AMF inoculant at the rate of 5 g per seedling
placed in a 2-3 inches depth of hole beneath and in contact with the roots, and for INM 3, the seedlings
were inoculated with 5 g of 1:1 mixture of AMF and Azospirillum inoculants.

2.5. Nutrient Management

The recommended rates of chemical fertilizers were based on the results of soil analyses. The
recommended rate of vermicompost based on nutrient content was applied during basal fertilization.
Half dose of inorganic N fertilizer and full dose of P20s fertilizer were applied during transplanting,
and the remaining dose of N fertilizer was applied one month after transplanting.

2.6. Agronomic Parameters

Aboveground parts of tomato were measured for plant height, collected, washed, air-dried, and
oven-dried at 60°C until a constant weight for the measurement of dry weight. Samples were ground
and analyzed for nitrogen concentration using Kjeldahl titration, phosphorus concentration using
colorimetry, and potassium, calcium, magnesium and micronutrient concentrations using atomic
absorption spectrometry. Nutrient uptake was calculated by multiplying the nutrient concentrations
with the dry weight of aboveground biomass. Tomato fruits were harvested from the sample plants
in the central rows of each plot. At each harvest, the weight of marketable and unmarketable fruits
in each plot was recorded.

2.7. Assessment of Mycorrhizal Root Colonization and Number of Spores

Fine (<0.02 mm diameter) roots were also collected, cleared, and stained following the method
of Phillips and Hayman (1970) [19] and observed under a stereomicroscope. All roots that crossed the
grid lines were counted, and roots with vesicles, hyphae, or other AMF propagules were also
considered as mycorrhiza-infected roots. The percentage of mycorrhizal root colonization was
calculated based on a formula [20].

AMF spores were separated from the rhizosphere soil following the wet sieving and
centrifugation technique [21], and the estimated number of spores was counted using light
microscopy [22].

2.8. Statistical Analysis

All data were subjected to One-Way ANOVA in RCBD using a statistical software (SAS).
Treatment means were compared using LSD if ANOVA showed a significant difference at p<0.05.
Correlation (Pearson) analyses were done to determine the relationship between the observation
variables.
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3. Results

3.1. Plant Growth and Yield

No significant difference was observed among treatments in terms of growth parameters, but
higher values were observed on treatments with integrated nutrient management particularly INM
1 for plant height (77.59 cm), INM 3 for dry weight (112.10 g plant') and number of marketable fruits
per plant, and INM 2 for fruit weight (40.42 g fruit?) (Table 2). Treatment with combined chemical
fertilizers and vermicompost recorded significantly higher yield than RRC at 38.92 t ha'. AMF
inoculation with combined nutrient sources further increased tomato yield by 13.40% relative to those
applied with RRC. Dual inoculation with AMF and Azospirillum obtained the highest yield among
the integrated nutrient management strategies 40.96 t ha', however it is not statistically different with
sole AMF inoculation.

Table 2. Growth and yield response of tomato to nutrient sources and microbial inoculation.

Treatments Plant height Plantdry = Number of marketable Fruit weight (g Fruit yield (t

(cm) weight (g) fruits plant? fruit?) ha?)
RRC 74.56 94.93 34 37.11 36.04 c
INM 1 77.59 98.78 34 38.33 38.92b
INM 2 76.84 100.65 35 40.42 40.87 a
INM 3 77.25 112.10 37 40.29 40.96 a
p-value 0.6875 ns 0.4558 ns 0.1337 ns 0.5272 ns 0.0017 **
CV (%) 5.02 14.90 4.21 7.84 2.31

Means in a column followed by same letters are not significantly different at p<0.05 (LSD). * and ** significant at
p<0.05 and p<0.01, respectively, ns - not significant, CV - coefficient of variation.

3.2. Nutrient Uptake

Plant uptake of various macro- and micronutrients was significantly affected by nutrient
management strategies and microbial inoculation. Treatment of dual inoculation with AMF and
Azospirillum recorded the highest nitrogen uptake at 3.53 g plant? and is not significantly different
with RRC even with a 50% reduction of inorganic nitrogen fertilizer rate. AMF inoculation in synergy
with combined chemical and organic nutrient sources significantly increased phosphorus, potassium,
calcium, and magnesium uptake of tomato over the RRC by 33.0%, 8.4%, 20.8%, and 10.7%
respectively (Table 3). Integrating chemical fertilizers and vermicompost resulted in a significant
increase in copper uptake even without the use of microbial inoculants while no significant effect was
observed on zinc, iron and manganese uptake among the treatments (Table 4).

Table 3. Macronutrient uptake of tomato as affected by nutrient sources and microbial inoculation.

Nutrient uptake (g plant?)

Treatments N P K Ca Mg
RRC 3.30 ab 0.19b 3.64b 1.59b 043 b
INM 1 291b 0.18b 4.23 ab 1.65b 0.49 ab
INM 2 3.01b 0.24 a 459 a 2.00 a 0.55 a
INM 3 3.53a 0.23 a 4.64 a 2.01a 0.57 a
p-value 0.0394 * 0.0190 * 0.0329 * 0.0018 ** 0.0424 *
CV (%) 8.66 9.49 10.05 4.67 8.88

Means in a column followed by same letters are not significantly different at p<0.05 (LSD). Abbreviations: N —
nitrogen, P — phosphorus, K — potassium, Ca — calcium, Mg — magnesium. * and ** significant at p<0.05 and
p<0.01, respectively, ns - not significant, CV - coefficient of variation.


https://doi.org/10.20944/preprints202408.1650.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 August 2024 doi:10.20944/preprints202408.1650.v1

Table 4. Micronutrient uptake of tomato as affected by nutrient sources and microbial inoculation.

Nutrient uptake (mg plant?)

Treatments

Cu Zn Fe Mn

RRC 1.06 b 4.36 33.85 13.65

INM 1 153 a 4.07 33.36 14.84

INM 2 1.76 a 4.65 41.37 14.86

INM 3 1.71a 4.98 45.01 15.84
p-value 0.0179 * 0.4446 ns 0.6418 ns 0.8029 ns

CV (%) 13.09 17.46 33.59 20.98

Means in a column followed by same letters are not significantly different at p<0.05 (LSD). Abbreviations: Cu —
copper, Zn — zinc, Fe — iron, Mn — manganese. * significant at p<0.05, ns - not significant, CV - coefficient of
variation.

3.3. Mycorrhizal Root Colonization and Spore Count

Mycorrhizal inoculation of tomato plants resulted to significantly higher root colonization (38-
39%) and estimated number of spores in the tomato rhizosphere than non-mycorrhizal treatments
(Figure 1).

80
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B My corrhizal root colonization (%) No. of spores/10 g soil

Figure 1. Mycorrhizal root colonization and spore count as affected by nutrient management and
microbial inoculation. Data are shown as means + standard deviation. Bars followed by same letters
are not significantly different at p<0.05 (LSD).

3.4. Correlation Analyses

Correlation analyses show that fruit yield is positively correlated with AMF root colonization
and nutrient uptake particularly on calcium (0.64), copper (0.66), and manganese (0.65) (Table 5).
AMF root colonization is significantly correlated with plant uptake of phosphorus (0.62), potassium
(0.66), calcium (0.69), magnesium (0.77), and copper (0.58).
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Table 5. Pearson correlation coefficients (r?) between observation variables.

Fruit Yield N uptake P uptake Kuptake Cauptake Mguptake Cuuptake Znuptake Feuptake Mn uptake AMEF root colonization

Fruit Yield - 0.23 0.45 0.45 0.64* 0.21 0.66* 0.21 0.24 0.65* 0.10
N uptake - 0.08 0.32 0.30 -0.01 0.09 0.33 -0.06 0.45 0.15
P uptake - 0.50 0.75** 0.54 0.43 0.33 0.21 0.14 0.62*
K uptake - 0.72%* 0.75** 0.71** 0.40 0.03 0.12 0.66*
Ca uptake - 0.51 0.63* 0.19 0.55 0.39 0.69*

Mg uptake - 0.64* 0.41 -0.04 -0.09 0.77**

Cu uptake - -0.03 0.09 0.24 0.58*

Zn uptake - -0.37 0.31 0.21
Fe uptake - 0.08 0.33

Mn uptake - 0.29
AMTF root

colonization i

Abbreviations: N — nitrogen, P — phosphorus, K — potassium, Ca — calcium, Mg — magnesium, Cu — copper, Zn — zinc, Fe — iron, Mn — manganese. * and ** indicate significance level of 0.05 and
0.01, respectively.
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4. Discussion

In this study, fertilization strategies integrating chemical and organic nutrient sources, and
beneficial soil microorganisms such as AMF and Azospirillum spp. were assessed in an actual tomato
farm. This approach gives direct agronomic information under field conditions on the potential
synergy of nutrient sources and microbial inoculants to optimize soil nutrient management for
tomato.

Plant growth and development primarily depend on the availability of essential nutrients in the
soil. The use of organic amendments containing various essential elements and plant-microbial
interactions are other factors that can influence the nutrient uptake of crops. In this study, statistically
higher values of nutrient uptake were recorded in the mycorrhizal treatments particularly on P, K,
Ca, and Mg. AMF root colonization is also significantly correlated with the uptake of these nutrients
as well as copper. Findings on the ability of AMF to increase crop uptake of various nutrients were
also documented by various studies on cacao (Theobroma cacao L.) [23], on Eunymus japonica [24] and
on Antirrhinum majus [25]. When AMF colonizes the root, their hyphae extend and establish a
mycelial network or extraradical mycelium (ERM) which transfers these nutrients to the intraradical
mycelium (IRM) where nutrients are exchanged from the host plant for carbon [26]. These
mechanisms of mycorrhizal symbiosis can lead to improved soil rhizosphere and increased nutrient
uptake. The highest nitrogen uptake of tomato plants inoculated with Azospirillum spp. under 50%
reduction of nitrogen fertilizer rate demonstrated similar findings with Fernandez et al. [27] where
potato (Solanum tuberosum L.) and cassava (Manihot esculenta Crantz) inoculated with Azospirillum
recorded higher nitrogen concentrations in leaves at lower rates of nitrogen fertilization. The nutrient
contents and humic acid derived from vermicompost may have also influenced the increased uptake
of these nutrients [28].

Increased crop production is of high economic interest. Soil nutrient management plays an
important role in achieving higher productivity of crops by managing nutrient sources, and their
amount and timing of application. Results of the study indicate that 4 t ha! of vermicompost used in
the trial can reduce the rate of chemical fertilizers by 50% without compromising the yield. This can
be attributed to the nutrient contents of vermicompost and the increase in uptake of several nutrients.
These results agreed with the findings of Islam et al. [14], Mengistu et al. [15], and Qasim et al. [29]
where combination of chemical fertilizers and organic amendments significantly increased the yield
of tomato. Higher fruit yield was also observed by Zhang et al. [30] on treatments with application
of organic fertilizer even under reduced nitrogen fertilization. Slow release of nutrients from organic
amendments like vermicompost can optimize the uptake of nutrients. Its micronutrient contents
which are not usually common in chemical fertilizers can further increase the yield of crops.
Vermicompost also encompasses different enzymes which are necessary in the decomposition of soil
organic matter and the release of various nutrients, making them available for plant uptake [31].
Vermicompost application was also documented by Liu et al. [32] to enhance photosynthesis and
chlorophyll fluorescence traits which are essential in the productivity of tomato.

The use of efficient microbial inoculants can also enhance overall plant growth and productivity
even with the minimized use of agrochemicals. The results of a study conducted by Bona et al. [14]
revealed that the use of AMF and PGPB allowed to spare 30% of the recommended rate of chemical
fertilizer without significant yield reduction. Increased yield of mycorrhizal treatments in the present
work can be attributed to increased nutrient uptake of tomato and its significant correlation with
mycorrhizal root colonization. Under low phosphorus soil conditions, the yield of tomato was
significantly increased by AMF inoculation regardless of the varying rates of chemical NPK fertilizers
[15].

No significant effect was observed on additional Azospirillum inoculation which might be due to
high nitrogen fertilizer rate used. Similar findings were observed by Andrade-Sifuentes et al. [33]
where inoculation with Azospirillum spp. had no significant effect on the yield of tomato on
treatments with higher fertilizer rates in contrast with Aseri et al. [34] where dual inoculation of AMF
and N-fixing bacteria increased the fruit yield of pomegranate under field conditions.
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Higher mycorrhizal root colonization and estimated number of spores were observed in
treatments with AMF inoculation. The values of AMF root colonization in tomato roots are higher
than those recorded by Bona et al. [16]. Results also agree with the study of Aggangan et al. [23] on
the effects of AMF inoculation using the same AMF inoculant root colonization and AMF spores in a
cacao rhizosphere. Similar findings with those previously obtained by Bona et al. [16] where no effect
on mycorrhizal root colonization by dual inoculation with plant growth-promoting bacteria (PGPB)
was documented in this study incontrast with the other studies where colonization was further
increased by PGPB in cucumber (Cucumis sativus) [35] and eggplant (Solanum melongena L.) [36]. These
studies indicate that the combined application of different microorganisms like AMF and Azospirillum
spp. may have different effects on various plants.

5. Conclusions

The present study documented a significant improvement in nutrient uptake and fruit yield of
tomato upon integration of chemical and organic nutrient sources and beneficial soil microorganisms,
particularly AMF. The findings reveal how this strategy can optimize nutrient management and
reduce the dosage of chemical fertilizers while maintaining and even increasing tomato fruit yield.
This nutrient management strategy for tomato farming systems can potentially lead to economic, soil
health and environmental benefits in relation to reduced input costs and addressing the negative
impacts of conventional fertilization on soil health and environment.
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