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Abstract: A vegetable’s high antinutrients, nitrate (NO3
−) and oxalate, could be remediated by neem

seed extract. The combined use of neem seed extract with mineral fertilizer and cricket frass was
conducted to evaluate their effects on amaranth’s tissue NO3

− and oxalic acid contents by inhibiting
nitrification. The effects of five soil amendments were investigated: unamended, mineral fertilizer,
and three rates of cricket frass (3.125 Mg ha−1, 6.25 Mg ha−1, and 12.5 Mg ha−1), combined with two
rates of neem seed extract: without (−Nm) and with (+Nm) extract. Only the neem extract applied to
soils receiving mineral fertilizers decreased soil tissue NO3

−−N contents (0.82 g kg−1 for −Nm vs.
0.62 g kg−1 for +Nm). The oxalic acid content of amaranth decreased with mineral fertilizer (0.60
and 0.46 g kg−1 for −Nm and +Nm, respectively), yet increased with the higher rates of cricket frass
(1.42–1.52 g kg−1 for −Nm, and 1.23–1.51 g kg−1 for +Nm) compared to the unamended soil (1.05
and 1.00 g kg−1 for−Nm and +Nm). Cations, including K, Ca, Mg, and Na derived from cricket frass,
may enhance biosynthesis and the accumulation of oxalic acid. The neem seed extract decreased the
tissue’s oxalic contents regardless of soil amendments.

Keywords: antinutrient; azadirachtin; natural nitrification inhibitor; nimbolide; nitrogen-rich
organic amendment

1. Introduction

While leafy vegetables are known to be essential for a healthy diet [1], amaranth
is a favorite, consumed worldwide, as it contains a variety of nutrients [2]. Amaranth
however also owns high contents of antinutrients, i.e., nitrate (NO3

−) and oxalate [3],
in particular that grown in soils amended with mineral fertilizer [4]. Nitrate is risky
because it is a precursor of N-nitroso compounds, resulting in severe health risks, such as
cancer, methemoglobinemia, hyperthyroidism, and diabetes [5]. Vegetables high in oxalates
may bring about acute syndromes, such as mouth and tongue irritations, convulsions,
and chronic syndromes, such as mitochondrial dysfunction, hyperoxaluria, hemorrhage,
hematuria, hypocalcemia, renal failure, and renal kidney stones [6,7].

Mineral fertilizers have been reported to increase plant NO3
− contents [4]. Increased

tissue NO3
− content drives cells to raise alkaline levels during nitrate reduction, which

prompts plants to produce greater organic acids to balance cell pH [8]. The primary
organic acid used to regulate the pH of amaranth cells is oxalic acid [9,10]. Tissue NO3

−

content was reported to decrease through the use of organic amendments due to lower
N availability [4,11]; however, the results were unfavorable, as it created a nitrogen (N)
deficiency due to insufficient N supply [12]. Higher qualities are therefore needed in the
further utilization of organic amendments. Cricket frass, which is the cricket excrement, is a
promising, high-quality organic amendment, due to its high N content, thereby prompting
the emergence of cricket farms throughout Asia and Africa [13]. However, the rapid rate
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of N release via the nitrification of the rich-N organic amendments, viz cricket frass, may
create high concentrations of NO3

− in soil and vegetables relative to the lower N-containing
organic amendments [14], which can be addressed by slowing the nitrification rate. Several
nitrification inhibitors are practically used, but they are expensive and unavailable in
traditional markets [15]. Therefore, the use of an inexpensive and natural product, like
neem seed extract, is not only cost-saving but also environmentally friendly. Azadirachtin
and nimbolide, the most important active ingredients in neem (Azadirachta indica) extract,
have been investigated as natural nitrification inhibitors, as they hinder the nitrifiers [16].
However, to our knowledge, remediation of vegetable NO3

− and oxalate contents through
natural nitrification inhibitors in soil amended with an N-rich organic amendment utilizing
neem seed extract has yet to be reported.

The study herein addresses the hypotheses that cricket frass would decrease tissue
NO3

− and oxalate contents of amaranth, and that further pronounced decreases would
occur through the amendment of neem seed extract. The objectives of the current study,
therefore, were to evaluate the combinations of various soil amendments and neem seed
extract on soil nitrification and amaranth’s tissue NO3

− and oxalate contents.

2. Materials and Methods
2.1. Soil, Cricket Frass, and Neem Seed Extract

The soil used in this study was collected at a depth of 0–15 cm from a research field
in Sakon Nakhon Rajabhat University, Sakon Nakhon province, Thailand (17◦11′09.7′′ N;
104◦05′18.8′′ E). The soil was air-dried and sieved through a 2-mm mesh before use in the
experiments herein. The initial soil properties are shown in Table 1.

Table 1. Initial characteristics of soil and cricket frass used in the experiment.

Characteristic Soil Cricket Frass

Soil particle distribution
Sand (%) 78.70 -
Silt (%) 15.79 -
Clay (%) 5.51 -

Soil texture Loamy sand -
Bulk density (g cm−3) 1.51 0.33
pH (1:1) 5.62 8.21
Electrical conductivity (mS cm−1) 0.093 14.95
Organic C (g kg−1) 4.19 185.1
Total N (g kg−1) 0.38 43.5
NH4

+−N (mg kg−1) 0.238 1436
NO3

−−N (mg kg−1) 2.1 10.5
P (mg kg−1) 52.5 3039
K (mg kg−1) 34.0 18,720
Ca (mg kg−1) 301 1562
Mg (mg kg−1) 35 2052
Na (mg kg−1) 73 3920
Al (mg kg−1) 52.2 nd

nd = not detectable.

Cricket (Acheta domesticus) frass was obtained from a cricket farm in Sakon Nakhon,
Thailand. The cricket frass was air-dried, cleaned, and sieved through a 2-mm mesh before
use. The cricket frass characteristics are presented in Table 1.

Neem (Azadirachta indica) seed extract, a natural nitrification inhibitor, was produced
from neem seed cake by a mill factory in Nakhon Ratchasima, Thailand, as a commercial
product available in traditional markets, and contained 1.35 g N L−1, 1.38% azadirachtin,
and 0.034% nimbolide.

2.2. Greenhouse Experiment

A pot experiment was conducted from January to February 2020 under greenhouse
conditions. Equipped with an evaporative cooling system, the mean air temperature of the
greenhouse was 28.4 ◦C. A factorial arrangement (5 × 2) was conducted in a completely
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randomized design with three replications. The experiment consisted of unamended
(Un), mineral fertilizer (MF), and three rates of cricket frass: 3.125 Mg ha−1 (CrFLow),
6.25 Mg ha−1 (CrFMedium), and 12.5 Mg ha−1 (CrFHigh). Two rates of neem seed extract,
without (−Nm) and with (+Nm) extract, were combined with these soil amendments.

Amaranth (Amaranthus tricolor) was seeded and nursed in a plug tray for 15 days before a
single seedling was transplanted into each pot. A pot (d = 15 cm, h = 14 cm, and V = 2085 cm3)
was filled with 2 kg of air-dried soil. Mineral fertilizer grades; 46–0–0, 18–46–0, and 0–0–60 at the
rates of 0.02, 0.439, and 0.177 g pot−1, respectively, were employed to achieve a recommended
rate of 312.5 kg N ha−1, 100 kg P ha−1, and 100 kg K ha−1 [17], applied twice in equal
portions into the accompanying pots on days 3 and 15 after the amaranth was transplanted.
Cricket frass in the amounts of 2.76, 5.52, and 11.04 g pot−1, equivalent to 3.125, 6.25, and
12.5 Mg ha−1, respectively, were mixed thoroughly and incubated into their respective pots
15 days before the amaranth transplanting. The amounts of mineral fertilizer and cricket frass for
each accompanying application rate were calculated based on the initial bulk density of the soil
(1.51 g cm−3). Each +Nm pot received 50 mL of neem seed extract, modified from that proposed
in Sarawaneeyaruk, et al. [18], at a concentration of 0.1 mg azadirachtin mL−1 once a week at
15, 22, 29, and 36 days after planting. Soil water content was maintained with distilled water
at 19.04% w/w (380.8 g pot−1), equivalent to 65% of soil water holding capacity, by weighing
each pot daily throughout the experiment. The aboveground biomass of amaranth was cut
on day 39, under the presumption that it might have gained the maximum NO3

− and oxalate
contents [19,20]. Fresh soil sampling was undertaken for further determination of the NH4

−,
NO3

−, and microbial numbers. The remaining soil was allowed to air dry and sieved through a
2-mm mesh for additional soil property analyses.

2.3. Laboratory Analyses

Soil particle size distribution and texture were achieved via the pipette method. Soil
bulk density was examined according to the core method, and soil water holding capacity
was determined following the method of maximum water-holding capacity.

Soil pH and electrical conductivity were assessed using the soil-to-water ratios of
1:1 and 1:5 w/v, respectively. Soil organic carbon determination was performed using
the Walkley and Black method [21]. Soil total nitrogen was determined according to the
micro-Kjeldahl method [22]. Soil NH4

+ and NO3
− were determined using fresh soil by

extraction in 2 M KCl, and measured through the distillation method [22] on a micro-
Kjeldahl distillator (Pro-Nitro S 4002851, JP Selecta, Barcelona, Spain). Soil phosphorus was
extracted in Bray-2 solution and revealed via a UV-Vis spectrophotometer (Hitachi U-5100,
Hitachi High-Tech Corporation, Tokyo, Japan) using a wavelength of 820 nm [22]. Soil K,
Ca, Mg, and Na were extracted in 1 N NH4OAc at pH 7 [23] and measured on a flame
atomic absorption spectrometer (Agilent 240FS AA, Agilent Technologies, Santa Clara, CA,
USA). Exchangeable Al was extracted in 1 M KCl and determined by the titrimetry method
following Pansu and Gautheyrou [23].

Azadirachtin and nimbolide concentrations of the neem seed extract and soil were
determined using the high-performance liquid chromatography (HPLC) technique by
modifying a method described by Stark and Walter [24]. Soil microbial numbers were
determined using the plate count technique modifying a method described by Olsen and
Bakken [25].

Amaranth’s tissue NO3
− content was determined following the salicylic acid assay

of Cataldo, et al. [26], and oxalic acid was assessed using the HPLC technique following
Rahman, et al. [27].

2.4. Data Calculation and Statistical Analyses

Net nitrification rates (Equation (1)) were calculated by modifying the formula of
Bi, et al. [28]:

Net nitrification rate
(

mg N kg−1soil day−1
)
=

[NO−3 − N]t2 − [NO−3 − N]t1
t

(1)
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where [NO3
−−N]t2 and [NO3

−−N]t1 are soil NO3
−−N concentrations (mg kg−1) at the

harvest and the start of the experiment, respectively, and t is the number of days from start
to harvest.

Nitrification inhibition (Equation (2)) was calculated using an equation modified from
Aspelin and Ekholm [29]:

Nitrification inhibition (%) =
(Net nitrification rate)un−(Net nitrification rate)am

(Net nitrification rate)un
(2)

where (Net nitrification rate)un is the net nitrification rate of the Un treatments, and (Net
nitrification rate)am in the treatment of MF, CrFLow, CrFMedium, or CrFHigh.

A two-way analysis of variance based on a factorial arrangement in a completely
randomized design was used to evaluate the effects of soil amendments and neem seed
extract on tissue NO3

− and oxalic acid contents of amaranth and its related soil properties.
Multiple comparisons were assessed through Tukey’s honest significant difference test.
Significant differences were at p ≤ 0.05.

3. Results and Discussion

The neem seed extract was found to have an inhibitory effect on nitrification only in
soil free of cricket frass, namely, that of the unamended and mineral fertilizer (Table 2). This
effect, in turn, decreased the amaranth’s tissue NO3

−−N concentrations in soil amended
with mineral fertilizer (Table 3). The positive nitrification inhibition values of Un + Nm and
MF + Nm, as well as the significantly lower NO3

−−N concentrations and net nitrification
rates in Un + Nm and MF + Nm than Un - Nm and MF - Nm, offered evidence in favor of
that assertion (Table 2). Active ingredients in the neem extract, particularly azadirachtin and
nimbolide, played a crucial role in inhibiting ammonia-oxidizing microorganisms [16]. The
existence of azadirachtin and nimbolide in only the unamended and minerally fertilized
soil (Table 4) confirmed their functions in nitrification inhibition. Ammonia-oxidizing
bacteria, such as Nitrosospira, Nitrosomonas, and Nitrosococcus; and ammonia-oxidizing
archaea, like Nitrosopumilus and Nitrososphaera were identified as nitrifiers responsible
for transforming NH4

+ to NO3
− in soil [30]. Nitrification inhibitors hindered ammonia-

oxidizing microorganisms by inhibiting ammonia monooxygenase, which catalyzed the
transformation reaction of NH3 to NH2OH [31].

Table 2. Soil mineral nitrogen (NH4
+-N and NO3

−-N), net nitrification rate, and nitrification inhibi-
tion as affected by the combined uses of different rates of cricket frass and neem seed extract.

Amendment † NH4
+-N

(mg kg−1)
NO3−-N

(mg kg−1)
Net Nitrification Rate

(mg N kg−1Soil Day−1)
Nitrification Inhibition

(%)

Un − Nm 2.04 c ‡ 2.08 ab 0.034 ab –
Un + Nm 0.74 d 1.21 d 0.012 d 65.6 b
MF − Nm 2.00 c 1.56 c 0.021 c –
MF + Nm 0.74 d 0.80 e 0.001 e 93.7 a

CrFLow − Nm 1.71 c 0.99 de 0.006 de –
CrFLow + Nm 1.87 c 1.53 c 0.020 c −227.8 d

CrFMedium − Nm 1.9 c 1.56 c 0.021 c –
CrFMedium + Nm 2.67 b 2.00 b 0.032 b −54.1 c
CrFHigh − Nm 2.55 b 1.91 b 0.030 b –
CrFHigh + Nm 3.57 a 2.29 a 0.040 a −44.5 c

p-value <0.001 <0.001 <0.001 <0.001
F-test *** *** *** ***

CV (%) 7.08 4.97 9.39 −14.78

*** = p ≤ 0.001. † Un = unamended; MF = mineral fertilizer; CrFLow, CrFMedium, and CrFHigh = cricket frass at
rates of 3.125, 6.25, and 12.5 Mg ha−1, respectively. ‡ Means within the same column followed by the same letter
are not significantly different at p ≤ 0.05 (Tukey’s honest significant difference test).
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Table 3. Shoot fresh biomass, tissue NO3
−−N, and oxalic acid contents of amaranth as affected by

the combined uses of different rates of cricket frass and neem seed extract.

Amendment †
Shoot Fresh Biomass Tissue NO3−−N Oxalic Acid

(g Plant−1) Content (g kg−1) Change (%) § (g kg−1)

Un − Nm 6.3 d ‡ 0.69 b 0.0 1.05 d
Un + Nm 4.6 d 0.59 b–d −14.5 1.00 d
MF − Nm 18.7 c 0.84 a +21.7 0.60 e
MF + Nm 14.8 c 0.62 bc −10.1 0.46 f

CrFLow − Nm 26.1 b 0.55 cd −20.3 1.42 ab
CrFLow + Nm 26.3 b 0.54 cd −21.7 1.23 c

CrFMedium − Nm 39.9 a 0.61 b–d −11.6 1.45 ab
CrFMedium + Nm 38.7 a 0.69 b 0.0 1.38 b
CrFHigh − Nm 28.7 b 0.48 d −30.4 1.52 a
CrFHigh + Nm 19.3 c 0.54 cd −21.7 1.51 a

p-value <0.001 <0.001 <0.001
F-test *** *** ***

CV (%) 8.65 7.44 5.38

*** = p ≤ 0.001. † Un = unamended; MF = mineral fertilizer; CrFLow, CrFMedium, and CrFHigh = cricket frass at rates
of 3.125, 6.25, and 12.5 Mg ha−1, respectively. ‡ Means within the same column followed by the same letter are not
significantly different at p ≤ 0.05 (Tukey’s honest significant difference test). § Changes (%) in tissue NO3

−−N
content are relative to the Un−Nm.

Table 4. Azadirachtin and nimbolide concentrations in soil at the completion of the experiment as
affected by the combined uses of different rates of cricket frass and neem seed extract.

Amendment †
Azadirachtin Nimbolide

Concentration (mg kg−1) Concentration (mg kg−1)

Un − Nm – –
Un + Nm 9.36 b ‡ 0.25 b
MF − Nm – –
MF + Nm 15.33 a 0.48 a

CrFLow − Nm – –
CrFLow + Nm 0 c 0 c

CrFMedium − Nm – –
CrFMedium + Nm 0 c 0 c
CrFHigh − Nm – –
CrFHigh + Nm 0 c 0 c

p-value <0.001 <0.001
F-test *** ***

CV (%) 13.68 17.08

*** = p ≤ 0.001. † Un = unamended; MF = mineral fertilizer; CrFLow, CrFMedium, and CrFHigh = cricket frass at
rates of 3.125, 6.25, and 12.5 Mg ha−1, respectively. ‡ Means within the same column followed by the same letter
are not significantly different at p ≤ 0.05 (Tukey’s honest significant difference test).

The inhibitory effects of neem seed extract were not shown in soil amended with cricket
frass, due to the disappearance of the extract’s active ingredients, azadirachtin and nim-
bolide (Table 3). Azadirachtin and nimbolide vanished due to hydrolytic [32] and microbial
degradations [24,33]. In this study, increased soil pH (Table 5) and the increased number
of soil microorganisms with increasing cricket frass rates (Table 6) confirmed the denature
of azadirachtin and nimbolide through hydrolytic and microbial degradation, respectively.
Sundaram, et al. [32] asserted that in hydrolytic degradation, azadirachtin’s carboxylic ester
groups and epoxide rings underwent acyl-O cleavage via a base-catalyzed reaction, due to
increased pH, converting the ester group (RCO2R’) to a carboxylate group (RCOO−). Even
though pH in soils receiving cricket frass was not alkaline, denatures of azadirachtin and
nimbolide could be a result of the hydrolytic degradation manifested by increased soil pH. In
terms of microbial degradation, the increased number of soil microorganisms in this study was
consistent with the findings of Agyarko, et al. [33], which revealed that the rate of azadirachtin
degradation was faster in soil amended with higher amounts of cow and poultry manures. It
was a possibility that the inhibitory property might have functioned through receiving the
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additional neem seed extract after the microbial population declined. However, this means no
more cricket frass had been amended to the soil.

Table 5. Soil chemical properties as affected by the combined uses of different rates of cricket frass
and neem seed extract.

Amendment † pH
(1:1)

P
(mg kg−1)

K
(mg kg−1)

Ca
(mg kg−1)

Mg
(mg kg−1)

Na
(mg kg−1)

Un − Nm 5.89 b ‡ 53.3 e 32.0 b 255 de 24.6 cd 35.0 a
Un + Nm 6.05 b 56.7 de 32.0 b 308 cd 22.9 cd 34.0 ab
MF − Nm 5.54 c 80.4 c 36.0 b 250 e 19.7 d 34.0 ab
MF + Nm 5.64 c 76.7 c 34.0 b 276 de 20.4 d 33.0 bc

CrFLow − Nm 5.98 b 78.3 c 34.0 b 351 bc 27.5 c 32.0 c
CrFLow + Nm 5.92 b 75.0 cd 33.0 b 277 de 27.5 c 30.0 d

CrFMedium − Nm 5.93 b 92.5 c 36.0 b 297 c–e 32.9 b 30.0 d
CrFMedium + Nm 5.99 b 91.7 c 37.0 b 292 de 35.6 b 30.0 d
CrFHigh − Nm 6.54 a 340.6 a 94.5 a 436 a 73.5 a 28.0 e
CrFHigh + Nm 6.48 a 318.8 b 90.0 a 372 b 69.1 a 28.0 e

p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
F-test *** *** *** *** *** ***

CV (%) 1.44 5.09 3.79 6.17 4.95 1.42

*** = p ≤ 0.001. † Un = unamended; MF = mineral fertilizer; CrFLow, CrFMedium, and CrFHigh = cricket frass at
rates of 3.125, 6.25, and 12.5 Mg ha−1, respectively. ‡ Means within the same column followed by the same letter
are not significantly different at p ≤ 0.05 (Tukey’s honest significant difference test).

Table 6. Soil microbial number indicated by the colony-forming unit (CFU) as affected by different
rates of cricket frass and neem seed extract.

Amendment † ×109 CFU kg−1 soil

Un − Nm 3.57 d ‡

Un + Nm 2.73 e
MF − Nm 4.38 b–d
MF + Nm 3.79 cd

CrFLow − Nm 4.50 bc
CrFLow + Nm 4.53 bc

CrFMedium − Nm 4.98 b
CrFMedium + Nm 4.84b
CrFHigh − Nm 5.93 a
CrFHigh + Nm 5.93 a

p-value <0.001
F-test ***

CV (%) 6.37

*** = p ≤ 0.001. † Un = unamended; MF = mineral fertilizer; CrFLow, CrFMedium, and CrFHigh = cricket frass at
rates of 3.125, 6.25, and 12.5 Mg ha−1, respectively. ‡ Means within the same column followed by the same letter
are not significantly different at p ≤ 0.05 (Tukey’s honest significant difference test).

Despite the dysfunctional results of the neem extract, cricket frass alone decreased tissue
NO3

−-N concentrations by 11.6–30.4%, but that of the mineral fertilizer alone increased by
21.7% (Table 3). The advantage of organic fertilizer, viz the cricket frass herein, in remediation of
NO3

−−N content in the plant, was consistent with the findings of Zandvakili, et al. [4]; which
demonstrated that the application of cow manure (100–800 mg N kg−1) produced 34–88 mg
NO3

−−N kg−1 dry weight of lettuce, which decreased NO3
−−N by 78–99%, compared to

the urea at the same nitrogen rates, producing 153–6085 mg NO3
−−N kg−1 dry weight. The

current study employed urea and ammonia fertilizer as its N-source. These fertilizers hydrolyzed
readily to NH4

+ and nitrified rapidly to NO3
−, making them readily available for plant uptake.

However, the N derived from the organic cricket frass utilized herein was slowly ammonified
and nitrified to NH4

+ and NO3
−, respectively [34].

High NH4
+−N content of cricket frass (Table 1), which should have been nitrified to

NO3
−-N before plant uptake, did not translate into high tissue NO3

−−N content (Table 3).
The results might be due to that fact that NH4

+ was lost as NH3 volatilization due to higher
pH of soil amended with the frass (Table 5), which was the alkaline nature of cricket frass
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(Table 1), compared to mineral fertilizer. Results of this study were in line with those of
Swelum, et al. [35], who claimed that NH3 volatilization from poultry manure, a rich-N
organic material, was immediately high since the first day of the application, and the losing
rate was depended crucially upon soil pH.

Mineral fertilizer decreased the oxalic acid contents in amaranth, which was more
pronounced when neem seed extract was applied (Table 3). The current study applied
NH4

+-producing compounds derived from urea and ammoniacal fertilizers. The NH4
+-

producing compounds were demonstrated to decrease plant oxalic acid content relative
to nitrate fertilizer [36,37]. Moreover, nitrification inhibition was more prominent when
combined with the use of neem seed extract with mineral fertilizers, which manifested
in lower soil NO3

−−N concentrations in MF+Nm than MF−Nm (Table 2). Rahman and
Kawamura [8] put forward that OH− and H+ produced during plant N assimilations
affected oxalate contents. A large quantity of OH− is produced in plants’ nitrate and nitrite
assimilations when soil obtains a large portion of NO3

−. Increases in OH− in plant cells
stimulated the biosynthesis of organic anions, especially the oxalic acid in amaranth, and
brought about the dissociation of H+ from those organic acids creating negative charges
upon their R-COO− [9].

Cricket frass significantly increased the amaranth’s oxalic acid contents in amounts
incremental with the increased frass rates (Table 3). Cations, i.e., K, Ca, Mg, and Na, were
found to stimulate the biosynthesis of oxalic acid in plants, which corresponded to the
generally accepted cation-anion balance [38]. As per this study’s findings, cricket frass
was an important source of these cations (Table 1), and, as the rate of the frass increased,
so increased the oxalic acid contents in the amaranth (Table 3). Additionally, under the
treatment of neem seed extract, oxalic acid content tended to decrease with low and
medium rates of cricket frass (Table 3). According to Schubert and Yan [39], NH4

+ induced
plant H+ production, which in turn caused the cytoplasm to become more acidic. Under
the cricket frass amendments within this study, NH4

+ was also gained from degraded
neem extract, producing increased soil NH4

+−N concentrations under the neem extract
treatments (Table 2). This could prohibit plants from synthesizing organic anions, including
oxalic acid [8].

4. Conclusions

The results of this study demonstrate that neem seed extract exhibited inhibitory
properties in only the unamended and minerally fertilized soils, but not in soil amended
with cricket frass. Denatures of the neem’s active ingredients (azadirachtin and nimbolide)
were responsible for the inactive properties of the neem extract. Despite the extract’s lack
of inhibitory activity, utilizing cricket frass decreased amaranth’s NO3

−−N contents by
11.6–30.4%. In contrast, mineral fertilizer produced a 21.7% increase in tissue NO3

−−N.
The oxalic acid content of amaranth decreased with mineral fertilizer utilization,

whereas the cricket frass amendments produced the opposite effect. Cricket frass-derived
cations may have stimulated the biosynthesis and accumulation of oxalic acid. Rising
application rates of cricket frass increased the amaranth’s oxalic acid content. Tissue oxalic
acid contents of amaranth were typically decreased using neem seed extract throughout
soil amendments of both mineral fertilizer and cricket frass, as this extract increased soil
NH4

+ concentrations, which may have hindered the amaranth in synthesizing oxalic acid.
Further research is required on the temporal changes of the active ingredients of neem seed
extract in soil with mineral and organic fertilizers.

Author Contributions: S.B. designed and conducted the research and prepared and drafted the
manuscript. P.S. conducted research, proofread, and improved the manuscript. B.T. designed the
research, proofread, and improved the manuscript. All authors have read and agreed to the published
version of the manuscript.



Horticulturae 2022, 8, 898 8 of 9

Funding: This work was supported by the Research Fund for Researchers from Revenue FY 2020
(Project no. 7/2563) and the Research Career Development Fund FY 2022 (Project no. 7/2565) from
Sakon Nakhon Rajabhat University.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank Janista Duangpukdee and Dareena Jaiseree for
coordinating the data collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rosário, R.; Agostinis-Sobrinho, C.; Padrão, P.; Lopes, O.; Moreira, P. The relationship between height and fruit/vegetable intakes

in adults: A nationwide cross-sectional study. Nutr. Health 2022, 02601060221108152. [CrossRef] [PubMed]
2. Orona-Tamayo, D.; Paredes-López, O. Amaranth Part 1—Sustainable crop for the 21st century: Food properties and nutraceuticals

for improving human health. In Sustainable Protein Sources; Nadathur, S.R., Wanasundara, J.P.D., Scanlin, L., Eds.; Academic Press:
San Diego, CA, USA, 2017; pp. 239–256. [CrossRef]

3. Chib, A.; Bhat, A.; Bandral, J.D.; Trilokia, M. Effect of thermal processing on nutritional and Anti nutritional factors of amaranthus
(Amaranthus viridis Linn.) Leaves. Pharma Innov. J. 2022, 11, 385–389.

4. Zandvakili, O.R.; Barker, A.V.; Hashemi, M.; Etemadi, F.; Autio, W.R.; Weis, S. Growth and nutrient and nitrate accumulation of
lettuce under different regimes of nitrogen fertilization. J. Plant Nutr. 2019, 42, 1575–1593. [CrossRef]

5. Santamaria, P. Nitrate in vegetables: Toxicity, content, intake and EC regulation. J. Sci. Food Agric. 2006, 86, 10–17. [CrossRef]
6. Noonan, S.C.; Savage, G.P. Oxalate content of foods and its effect on humans. Asia Pac. J. Clin. Nutr. 1999, 8, 64–74.
7. Rossignol, D.A.; Frye, R.E. A review of research trends in physiological abnormalities in autism spectrum disorders: Immune

dysregulation, inflammation, oxidative stress, mitochondrial dysfunction and environmental toxicant exposures. Mol. Psychiatry
2012, 17, 389–401. [CrossRef]

8. Rahman, M.M.; Kawamura, O. Oxalate accumulation in forage plants: Some agronomic, climatic and genetic aspects. Asian
Australas. J. Anim. Sci. 2011, 24, 439–448. [CrossRef]

9. Raven, J.A.; Smith, F.A. Nitrogen assimilation and transport in vascular land plants in relation to intracellular pH regulation. New
Phytol. 1976, 76, 415–431. [CrossRef]

10. Allen, S.; Raven, J.A.; Sprent, J.I. The role of long-distance transport in intracellular ph regulation in Phaseolus vulgaris grown with
ammonium or nitrate as nitrogen source, or nodulated. J. Exp. Bot. 1988, 39, 513–528. [CrossRef]

11. Sosinski, S.; Castillo, M.S.; Kulesza, S.; Leon, R. Poultry litter and nitrogen fertilizer effects on productivity and nutritive value of
crabgrass. Crop Sci. 2022. [CrossRef]

12. Hartz, T.K.; Johnstone, P.R. Nitrogen availability from high-nitrogen-containing organic fertilizers. HortTechnology 2006, 16, 39–42.
[CrossRef]

13. Halloran, A.; Hanboonsong, Y.; Roos, N.; Bruun, S. Life cycle assessment of cricket farming in north-eastern Thailand. J. Clean.
Prod. 2017, 156, 83–94. [CrossRef]

14. Umar, A.S.; Iqbal, M. Nitrate accumulation in plants, factors affecting the process, and human health implications: A review.
Agron. Sustain. Dev. 2007, 27, 45–57. [CrossRef]

15. Mohanty, S.; Patra, A.K.; Chhonkar, P.K. Neem (Azadirachta indica) seed kernel powder retards urease and nitrification activities in
different soils at contrasting moisture and temperature regimes. Bioresour. Technol. 2008, 99, 894–899. [CrossRef] [PubMed]

16. Mweetwa, A.M.; Lubungo, A.C.; Chishala, B.H.; Phiri, M. Selected chemical properties, microbial activity and biomass of soils
amended with aqueous neem leaf extract. Sustain. Agric. Res. 2016, 5, 103–112. [CrossRef]

17. Chakhatrakan, S. Influences of N fertilizers on the vegetable amaranth production. Sci. Technol. Asia 2003, 8, 1–5.
18. Sarawaneeyaruk, S.; Krajangsang, S.; Pringsulaka, O. The effects of neem extract and azadirachtin on soil microorganisms. J. Soil

Sci. Plant Nutr. 2015, 15, 1071–1083. [CrossRef]
19. Yusop, M.K. Nitrogen Fertilization and Nitrate Accumulation in Soil Hawaiian Plants and Soils. Master’s Thesis, University of

Hawaii at Manoa, Honolulu, HI, USA, 1975.
20. Vityakon, P. Effects of Environmental Factors on Nutrients and Antinutrient Contents of Selected Leafy Vegetables. Ph.D. Thesis,

University of Hawaii at Manoa, Honolulu, HI, USA, 1986.
21. Jones, J.B. Laboratory Guide for Conducting Soil Tests and Plant Analysis; CRC Press: Boca Raton, FL, USA, 2001.
22. Bremner, J.M.; Mulvaney, C.S. Nitrogen–Total. In Methods of Soil Analysis, Part 2: Chemical and Microbiological Propterties; Spark,

D.L., Ed.; American Society of Agronomy, Inc. and Soil Science Society of America, Inc.: Madison, WI, USA, 1982; pp. 595–624.
23. Pansu, M.; Gautheyrou, J. Handbook of Soil Analysis: Mineralogical, Organic and Inorganic Methods; Springer: Berlin/Heidelberg,

Germany, 2006.
24. Stark, J.D.; Walter, J.F. Persistence of azadirachtin A and B in soil: Effects of temperature and microbial activity. J. Environ. Sci.

Health Part B 1995, 30, 685–698. [CrossRef]
25. Olsen, R.A.; Bakken, L.R. Viability of soil bacteria: Optimization of plate-counting technique and comparison between total

counts and plate counts within different size groups. Microb. Ecol. 1987, 13, 59–74. [CrossRef]

http://doi.org/10.1177/02601060221108152
http://www.ncbi.nlm.nih.gov/pubmed/35702038
http://doi.org/10.1016/B978-0-12-802778-3.00015-9
http://doi.org/10.1080/01904167.2019.1617313
http://doi.org/10.1002/jsfa.2351
http://doi.org/10.1038/mp.2011.165
http://doi.org/10.5713/ajas.2011.10208
http://doi.org/10.1111/j.1469-8137.1976.tb01477.x
http://doi.org/10.1093/jxb/39.5.513
http://doi.org/10.1002/csc2.20815
http://doi.org/10.21273/HORTTECH.16.1.0039
http://doi.org/10.1016/j.jclepro.2017.04.017
http://doi.org/10.1051/agro:2006021
http://doi.org/10.1016/j.biortech.2007.01.006
http://www.ncbi.nlm.nih.gov/pubmed/17360179
http://doi.org/10.5539/sar.v5n3p103
http://doi.org/10.4067/S0718-95162015005000075
http://doi.org/10.1080/03601239509372960
http://doi.org/10.1007/BF02014963


Horticulturae 2022, 8, 898 9 of 9

26. Cataldo, D.A.; Maroon, M.; Schrader, L.E.; Youngs, V.L. Rapid colorimetric determination of nitrate in plant tissue by nitration of
salicylic acid. Commun. Soil Sci. Plant Anal. 1975, 6, 71–80. [CrossRef]

27. Rahman, M.M.; Niimi, M.; Kawamura, O. Simple method for determination of oxalic acid in forages using high-performance
liquid chromatography. Grassl. Sci. 2007, 53, 201–204. [CrossRef]

28. Bi, Q.-F.; Chen, Q.-H.; Yang, X.-R.; Li, H.; Zheng, B.-X.; Zhou, W.-W.; Liu, X.-X.; Dai, P.-B.; Li, K.-J.; Lin, X.-Y. Effects of combined
application of nitrogen fertilizer and biochar on the nitrification and ammonia oxidizers in an intensive vegetable soil. AMB
Express 2017, 7, 198. [CrossRef] [PubMed]

29. Aspelin, V.; Ekholm, J. Inhibition of Nitrification in Industrial Wastewater—Identification of Sources. Master’s Thesis, Department
of Chemical Engineering, Lund University, Lund, Sweden, 2017.

30. He, H.; Zhen, Y.; Mi, T.; Fu, L.; Yu, Z. Ammonia-oxidizing archaea and bacteria differentially contribute to ammonia oxidation in
sediments from adjacent waters of Rushan Bay, China. Front. Microbiol. 2018, 9, 116. [CrossRef] [PubMed]

31. Xi, R.; Long, X.E.; Huang, S.; Yao, H. pH rather than nitrification and urease inhibitors determines the community of ammonia
oxidizers in a vegetable soil. AMB Express 2017, 7, 129. [CrossRef] [PubMed]

32. Sundaram, K.M.S.; Sloane, L.; Curry, J. Kinetics of azadirachtin hydrolysis in model aquatic systems by high-performance liquid
chromatography. J. Liq. Chromatogr. 1995, 18, 363–376. [CrossRef]

33. Agyarko, K.; Kwakye, P.K.; Bonsu, M.; Osei, B.A.; Donkor, N.A.; Amanor, E. Breakdown of Azadirachtin A in a Tropical Soil
Amended with Neem Leaves and Animal Manures1 1Project supported by the Centre for School and Community Science and
Technology Studies (SACOST), University of Education, Winneba, Ghana. Pedosphere 2006, 16, 230–236. [CrossRef]

34. Weil, R.R.; Brady, N.C. The Nature and Properties of Soils; Pearson: New York, NY, USA, 2017.
35. Swelum, A.A.; El-Saadony, M.T.; Abd El-Hack, M.E.; Abo Ghanima, M.M.; Shukry, M.; Alhotan, R.A.; Hussein, E.O.S.; Suliman,

G.M.; Ba-Awadh, H.; Ammari, A.A.; et al. Ammonia emissions in poultry houses and microbial nitrification as a promising
reduction strategy. Sci. Total Environ. 2021, 781, 146978. [CrossRef]

36. Xu, H.W.; Ji, X.M.; He, Z.H.; Shi, W.P.; Zhu, G.H.; Niu, J.K.; Li, B.S.; Peng, X.X. Oxalate accumulation and regulation is independent
of glycolate oxidase in rice leaves. J. Exp. Bot. 2006, 57, 1899–1908. [CrossRef]

37. Rahman, M.M.; Ishii, Y.; Niimi, M.; Kawamura, O. Effect of application form of nitrogen on oxalate accumulation and mineral
uptake by napiergrass (Pennisetum purpureum). Grassl. Sci. 2010, 56, 141–144. [CrossRef]

38. Hawkesford, M.; Horst, W.; Kichey, T.; Lambers, H.; Schjoerring, J.; Møller, I.S.; White, P. Functions of macronutrients. In
Marschner’s Mineral Nutrition of Higher Plants, 3rd ed.; Marschner, P., Ed.; Academic Press: San Diego, CA, USA, 2012; pp. 135–189.
[CrossRef]

39. Schubert, S.; Yan, F. Nitrate and ammonium nutrition of plants: Effects on acid/base balance and adaptation of root cell
plasmalemma H+ ATPase. J. Plant Nutr. Soil Sci. 1997, 160, 275–281. [CrossRef]

http://doi.org/10.1080/00103627509366547
http://doi.org/10.1111/j.1744-697X.2007.00093.x
http://doi.org/10.1186/s13568-017-0498-7
http://www.ncbi.nlm.nih.gov/pubmed/29116481
http://doi.org/10.3389/fmicb.2018.00116
http://www.ncbi.nlm.nih.gov/pubmed/29456526
http://doi.org/10.1186/s13568-017-0426-x
http://www.ncbi.nlm.nih.gov/pubmed/28641404
http://doi.org/10.1080/10826079508009245
http://doi.org/10.1016/S1002-0160(06)60048-9
http://doi.org/10.1016/j.scitotenv.2021.146978
http://doi.org/10.1093/jxb/erj131
http://doi.org/10.1111/j.1744-697X.2010.00186.x
http://doi.org/10.1016/B978-0-12-384905-2.00006-6
http://doi.org/10.1002/jpln.19971600222

	Introduction 
	Materials and Methods 
	Soil, Cricket Frass, and Neem Seed Extract 
	Greenhouse Experiment 
	Laboratory Analyses 
	Data Calculation and Statistical Analyses 

	Results and Discussion 
	Conclusions 
	References

