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Crop biofortification with inorganic selenium (Se) fertilizer is a feasible strategy to improve

the health of residents in Se-deficient areas. For eco-friendly crop Se biofortification, a

comprehensive understanding of the effects of Se on crop and soil nematodes is vital. In

this study, a rice pot experiment was carried out to test how selenite supply (untreated

control (0), 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 100, or 200mg Se kg−1) in soil affected

rice growth, rice Se accumulation, and soil nematode abundance and composition. The

results showed that selenite supply (5–200mg kg−1) generally increased the number

of rice tillers, rice yield, and Se concentrations in rice grains. In soil under 10mg kg−1

Se treatment, the genus composition of nematodes changed significantly compared with

that in the control soil. With increased Se level (> 10mg kg−1), soil nematode abundance

decreased significantly. Correlation analysis also demonstrated the positive relationships

between soil Se concentrations (total Se and bioavailable Se) with rice plant parameters

(number of rice tillers, rice yield, and grain Se concentration) and negative relationships

between soil Se concentrations (total Se and bioavailable Se) with soil nematode indexes

(nematode abundance and relative abundance of Tobrilus). This study provides insight

into balancing Se biofortification of rice and soil nematode community protection and

suggests the effective concentrations for total Se (1.45mg kg−1) and bioavailable Se

(0.21mg kg−1) to soil nematode abundances at 20% level (EC20) as soil Se thresholds.

At Se concentrations below these thresholds, rice plant growth and Se accumulation

in the grain will still be promoted, but the disturbance of the soil nematodes would

be negligible.

Keywords: selenium, threshold, rice, rhizosphere, biofortification, nematodes

INTRODUCTION

Selenium (Se) is an essential element for humans and other animals. It contributes to the protection
of liver function and antioxidant defense systems (Brown and Arthur, 2001). Keshan disease
and Kashin–Beck disease have been closely linked to low Se intake in humans (Combs, 2001;
Fairweather-Tait et al., 2011). Se has been reported to improve symptoms of viral infections,
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cardiovascular disease, and cancer (Rayman, 2000). The
distribution of Se in the soil is uneven. In the Se-rich areas of
Ziyang and Enshi in China, the Se concentration in soil reached
up to 36.69 and 86.59mg kg−1, respectively (Dinh et al., 2018;
Li et al., 2020a). Meanwhile, Se-deficient regions traversing the
northeastern region of China until the eastern region of the
Tibetan plateau were reported with Se concentrations below
0.20mg kg−1 (Dinh et al., 2018). To obtain enough Se from food,
inorganic Se fertilizer has been applied to soil to increase crop Se
concentration and hence to overcome the problem of inadequate
Se intake by residents in China (Wang et al., 2013a; Wu et al.,
2015). However, Se overfertilization is occurring in Se-deficient
soils (Winkel et al., 2015; Ros et al., 2016). Excessive Se flux into
the soil as a consequence of Se biofortification may exert negative
influences on the soil fauna since they remain in the soil for their
entire life cycle and are directly affected by the chemicals in the
soil (Xu et al., 2022).

Despite the increasing information available on the effects
of Se on plants (Lin et al., 2005; Cabral Gouveia et al., 2020),
mammals (Benko et al., 2012), and microorganisms (Mojtaba
et al., 2015), less is known about the effects of Se on soil fauna.
Nematodes are the most abundant metazoans in soil ecosystems,
and they are directly involved in the accumulation of organic
matter and nutrient cycling (Paz-Ferreiro and Fu, 2016). With
more attention to their ecological significance, soil nematodes
have been used increasingly as indicators in monitoring soil
ecosystem quality (Bongers and Ferris, 1999; Ekschmitt et al.,
2001; Neher, 2001). Nematode abundance and composition have
been shown to accurately reflect the disturbance caused by
fertilizers and heavy metals in soil ecosystems (Bongers et al.,
2001; Georgieva et al., 2002; Chen et al., 2003; Zhang et al., 2006;
Park et al., 2016).

Limited studies revealed the detrimental effect of Se on
soil nematodes. For example, Bakonyi et al. (2003) found
that nematode abundance and the number of nematode
genera in the experimental group (soil with an ammonium
acetate EDTA-extracted Se concentration of 11mg kg−1)
were significantly reduced compared with the control group.
Se-induced changes in soil nematodes were attributed to
omnivorous and predatory nematodes, which could respond
quickly to the high-Se stress. In another study (Prins et al.,
2019), selenate treatment (80µM, twice a week) significantly
decreased nematode abundance in the rhizosphere soil of
the Se-hyperaccumulator plant Stanleya pinnata. However,
Se was only regarded as a pollutant in the above studies.
No study has been conducted yet to reveal the effect
of Se on soil nematodes in a soil–plant system under
Se biofortification.

Considering the multiple effects of Se (Lv et al., 2021), we
hypothesized that soil nematodes will not be disturbed under
biofortification with a small amount of Se, while excessive Se
may harm soil nematodes and affect plant growth. To test this
hypothesis, a rice pot experiment with selenite supplementation
at different concentrations was carried out. The objectives were
(1) to study the effects of selenite supply on rice plant growth
and Se accumulation in the grain, (2) to evaluate the effect of
selenite application on soil nematodes, and (3) to determine the

soil Se concentration threshold based on nematode response to
Se supply.

MATERIALS AND METHODS

Pot Experiment and Plant Growth
A pot experiment using rice was carried out in a greenhouse
at the Guangxi Academy of Agricultural Sciences, China, from
August to December 2019. The rice cultivar used was indica
rice Baixiang139, and the rice seedlings germinated and cultured
in an incubator under constant temperature (30◦C) and light
(14 h day−1) for 3 weeks were provided by the Guangxi
Academy of Agricultural Sciences, China. In 2019, fresh paddy
soil was collected from a field in Guigang City, Guangxi. The
characteristics of the soil were determined according to the
methods of Liu et al. (2018) and are recorded in Table 1. To
keep the native nematodes in the soil, fresh soil was used in
the pot experiment instead of dry soil. Specifically, the collected
fresh soil was broken into small pieces and stirred by a wooden
spoon tomake it as homogenized as possible. Each pot (diameter:
28.5 cm and height: 27.5 cm) was loaded with 8 kg of fresh
weight homogenized soil. Sodium selenite (Na2SeO3, the major
component of Se fertilizer) was used in preparation for a 10 g
Se L−1 concentrated solution. Then the diluted Se solution (2 L)
or ultrapure water (2 L) were added into the pots to attain soil
Se concentrations of 0 (untreated control, CK), 5, 10, 15, 20,
25, 30, 35, 40, 45, 50, 100, or 200mg Se kg−1 soil, respectively.
The experimental Se concentration range of 0–200mg kg−1 was
designed based on the wide soil Se range worldwide, especially
the Se-rich hotspots in China, like Enshi in Hubei Province,
Ankang in Shaanxi Province, Yichun in Jiangxi Province (Dinh
et al., 2018), and overuse of Se fertilizer in Se-deficiency soils
(Winkel et al., 2015; Ros et al., 2016). Moreover, the similar
wide ranges of Se levels in previous studies were also taken into
consideration in this study (Kuperman et al., 2018; Xiao et al.,
2018). Three replications were set up at each concentration, with
a total of 39 pots. Compound fertilizer (2 g kg−1, N:P2O5:K2O
ratio of 14:12:14) was added to each pot. After 20 days of aging
(Li et al., 2016), three rice seedlings (16 cm, 3 leaves) were planted
into each pot. The pots were placed in the greenhouse under
natural conditions of illumination and temperature. Se-free water
was used for irrigation to simulate flooded paddy conditions.
Waterline 4 cm above the soil surface in each pot was set for
water content controlling in the whole growth period. After 4
months, mature rice plants were uprooted, and the rhizosphere
soil attached to the root surface was collected from each pot
carefully (Breidenbach et al., 2016) for later nematode analysis.
The rest of potting soil was also collected for Se analysis. The
rice plants were washed with deionized water and air-dried. The
height of the main culm and the number of tillers were recorded.
The grains were separated from plants and dried in an oven at
60◦C for 16 h to determine the yield (the dry weight of grains per
rice plant).

Soil and Grain Se Analysis
The potting soil was air-dried and homogenized to pass through
a 100-mesh sieve. Grains were dehulled, polished, and ground
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TABLE 1 | Physicochemical properties (dry weight) of the paddy soil used in this study.

Se

concentration

(mg kg−1)

Total

nitrogen

(g kg−1)

Total

phosphorus

(g kg−1)

Total

potassium

(g kg−1)

Hydrolysable

nitrogen

(mg kg−1)

Available

phosphorus

(mg kg−1)

Available

potassium

(mg kg−1)

Organic

matter

(g kg−1)

pH

0.42 1.49 0.92 10.9 60.7 20.3 63.2 21.0 7.05

The contents of nitrogen, phosphorus, and potassium represent the contents of elements N, P, and K.

to pass through a 100-mesh sieve. The total Se concentrations
in soil or grain were determined using the method described
by Long et al. (2020). Briefly, samples (0.2 g soil or grain) were
added to a conical flask and then digested for 12 h with 8ml
nitric acid and 2ml perchloric acid at room temperature. The
digested solution was heated on an electric heating plate until
white fumes were observed. After cooling, the conical flask walls
were rinsed with deionized water, and the solution in the flask
was concentrated by reheating until 2ml solution was left. An
aliquot (5ml) of 12mol L−1 HCl was added to the sample
solution to reduce selenate to selenite. Se concentration was
determined using the hydride generation atomic fluorescence
spectrometry (HG-AFS). The detection limit of this method of
Se detection is 0.08 µg kg−1. Bioavailable Se in soil was extracted
with 0.1mol L−1 KH2PO4 (Zhao et al., 2005), then the total
Se in the supernatant was determined by HG-AFS. National
standard reference materials Bush Branch (GBW 07603-GSV-2,
Se = 120 ± 20 µg kg−1) and Chestnut Soil (GBW 07402-GSS2,
Se = 160 ± 40 µg kg−1) were used to check the accuracy of Se
detection, and the recovery rates ranged from 93.7 to 106.2% in
this detection.

Isolation and Analysis of Soil Nematodes
Nematodes were isolated from the rhizosphere soil samples using
the sucrose centrifugal flotation method (Li et al., 2020b). In
brief, 100 g soil and 100ml water were added into a 250-ml
centrifuge tube, and a glass rod was used to stir the sample
thoroughly. The suspension was centrifuged (810× g for 5min),
and then the supernatant was discarded while the sedimentary
soil containing nematodes was retained. An aliquot (100ml)
of sucrose solution (454 g L−1) was added to the tube to re-
suspend the sediment, and the suspension was centrifuged again
(280 × g for 5min). The supernatant containing nematodes
was passed through two 500-mesh sieves, then the nematodes
retained in the sieves were collected, counted, and identified to
the genus level (Bongers, 1988), using an inverted compound
optical microscope. Based on trophic type, nematodes were
divided into five trophic taxa: bacterivores, algivores, fungivores,
herbivores, and omnivores–predators (Yeates et al., 1993).
Based on life strategy, nematodes were assigned to five taxa
with colonizer–persister (c-p) values ranging from 1 to 5
(Ferris et al., 2001).

Statistical Analysis
All data represent the means ± standard deviations (SD) of
three replicates for each treatment. One-way ANOVA analysis
with Tukey multiple range tests for post hoc mean comparisons
was carried out to identify significant differences (p < 0.05)

TABLE 2 | Total and bioavailable Se concentration (dry weight) in the soil after

plant harvest.

Nominal Se

concentration

(mg kg−1)

Total Se

concentration

(mg kg−1)

Bioavailable Se

concentration

(mg kg−1)

0 (CK) 0.42 ± 0.06 0.04 ± 0.01

5 7.90 ± 0.51 1.33 ± 0.08

10 9.25 ± 2.35 1.88 ± 0.37

15 14.33 ± 1.78 1.85 ± 0.35

20 21.08 ± 1.31 2.62 ± 0.36

25 25.80 ± 9.52 2.90 ± 0.52

30 27.77 ± 2.54 2.42 ± 0.38

35 30.72 ± 3.35 3.14 ± 0.44

40 32.50 ± 6.83 2.61 ± 0.56

45 46.47 ± 3.48 3.05 ± 0.80

50 57.80 ± 6.21 4.13 ± 0.43

100 135.74 ± 11.99 4.70 ± 0.94

200 196.29 ± 4.38 6.37 ± 0.75

among the different Se treatments. Pearson’s correlation analysis
was performed to verify the correlations between soil Se
concentrations (total Se and bioavailable Se) with indexes of
rice plants and soil nematodes. Parametric non-linear regression
analysis was used to quantify the relationships between soil Se
concentrations (total Se and bioavailable Se) with nematode
abundances. The no observed effect concentration (NOEC)
was identified as the highest Se concentration showing a
response not significantly compared with CK, and the effective
concentration at the level of 20% (EC20) was identified as the
Se concentration producing a 20% decrease in the measured
parameter compared with CK (Kuperman et al., 2018). SPSS 25.0
(IBM, Armonk, NY, USA) was used for statistical analysis, and
Origin 2021b (OriginLab, Northampton, MA, USA) was used
for visualization.

RESULTS

Total and Bioavailable Se Concentration in
Soil
The total Se concentrations and bioavailable Se concentrations
of potting soils are shown in Table 2. The total Se
concentrations were close to nominal Se concentrations,
and the bioavailable Se concentrations increased with the
elevated total Se concentrations.
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FIGURE 1 | Number of tillers per plant (A), height of the main culm (B), and yield per plant (C) of rice plants under different Se treatments. The black lines with arrows

indicate increasing trends. Values represent mean ± SD. Any two samples within a bar chart sharing a common letter are not significantly different at the p < 0.05 level.

FIGURE 2 | Selenium concentrations in rice grains (A) and the abundance of nematodes in soil (B) under different Se treatments. The black line with an arrow indicates

an increasing trend. Values represent mean ± SD. Any two samples within a bar chart sharing a common letter are not significantly different at the p < 0.05 level.

Rice Plant Growth and Se Accumulation
Plant Growth

The number of tillers, height of the main culm, and grain yield
per plant of rice under different Se treatments are shown in
Figure 1. Compared with the CK, no significant difference in
tillering was found in rice under low Se treatments (≤100mg
kg−1). However, the tillers number increased to 13.11 ± 0.78
under 200mg kg−1 Se treatment, which was 2.57 times as much
as that of CK (5.11 ± 0.22) (Figure 1A). The mean height of
the mature rice plants ranged from 83.89 to 91.89 cm, and there
was no significant difference in height of plants under different
Se treatments (Figure 1B). Variation in grain yield in relation
to Se treatment shared a similar trend with tillering variation,
and the maximum yield (14.89 ± 0.52 g plant−1) was exhibited

in rice under 200mg kg−1 Se treatment, being 2.50 times that
of the CK yield (5.96 ± 2.54 g plant−1) (Figure 1C). In general,
the number of tillers and rice yield increased with the increase
of supplied Se, indicating that the selenite supply promoted
rice growth.

Se Concentration in Rice Grain

The Se concentrations in rice grains under different Se treatments
are shown in Figure 2A. Without Se supply, the Se concentration
in CK rice grain was 0.31 ± 0.22mg kg−1. Se concentrations
in rice grains increased after Se supply, and the highest
concentration of 71.17 ± 2.43mg kg−1 was detected in rice with
a 200mg kg−1 Se supply. In general, rice grain Se concentrations
increased with the increase of supplied Se.
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FIGURE 3 | Relationships between soil Se concentrations [total Se (A) and bioavailable Se (B)] with nematode abundances (n = 39). The straight y = 51.12 = 63.90

× 80%, 63.90 was the nematode abundance in CK soil, 51.12 was the nematode abundance corresponding to EC20, and 1.45 and 0.21 were EC20 for total Se and

bioavailable Se in soil nematode abundance.

Soil Nematode Abundance and
Composition
Nematode Abundance

To determine the effect of selenite on soil nematodes, the
nematode abundance and composition were analyzed. As shown
in Figure 2B, soil nematode abundance (number of nematodes
in 100 g of dried rhizosphere soil) in the CK group was 63.90 ±

23.79. The nematode abundance in rhizosphere soil under 5 or
10mg kg−1 Se treatment was lower than that in the CK, though
not significantly. However, a significant reduction in nematode
abundance was observed in soil under higher Se treatments (>
10mg kg−1). The NOEC for total Se and bioavailable Se to
soil nematode abundance were therefore 9.25 and 1.88mg kg−1

(actual soil Se level under 10mg kg−1 Se treatment), respectively.
Parametric non-linear regression analysis was used to quantify
the relationships between actual soil Se concentration (total Se
and bioavailable Se) with nematode abundance (Figure 3). The
EC20 for total Se and bioavailable Se to nematode abundance
were 1.45 and 0.21mg kg−1, respectively.

Genus Composition of the Soil Nematodes

A total of 30 nematode genera were detected in all samples, with
15 genera being quite common (relative abundance ≥ 5%). The
relative abundance of individual nematode genera is presented
in Figure 4, with the rarer 15 genera being classified into one
group (others). The genus composition of the soil nematode
community varied in soil under different Se treatments. With
5mg kg−1 Se supplement, the soil nematode community
exhibited a genus distribution similar to that of the CK in which
the predominant genus was Tobrilus. The NOEC for soil total

Se and bioavailable Se to genus composition of nematodes were
therefore 7.90 and 1.33mg kg−1 (actual soil Se level under 5mg
kg−1 Se treatment), respectively. Under higher Se treatments (10,
15, or 20mg kg−1), the genus distribution of the nematodes
changed, and the predominant genera became Panagrolaimus
and Rhabdolaimus. As the Se concentration increased furtherly
(>20mg kg−1), a smaller proportion of algivores and a greater
proportion of herbivores were observed, with Scutylenchus,
Dolichorhynchus, and Hirschmanniella being the predominant
genera. Overall, excess selenite supplementation shifted the
composition of the nematode community from an algivore-
dominated one to an herbivore-dominated community and
exerted stress on Tobrilus.

Taxa Composition of the Soil Nematodes

The relative abundance of soil nematode taxa, classified by
trophic type or cp-value, is shown in Table 3. With respect
to trophic type, the bacterivores, algivores, and herbivores
were the dominant taxa in all groups, whereas the fungivores
and omnivores–predators were less frequent. In the CK soil,
the relative abundances of algivores and herbivores were
69.17 ± 10.42 and 4.39 ± 4.45%, respectively. However,
under 200mg kg−1 Se treatment, the relative abundances
of algivores and herbivores were 7.41 ± 12.83 and 81.48
± 32.08%, respectively. Confirming the findings from the
genus composition, nematode community composition
shifted toward an herbivore-dominated community as
the supplied Se concentration increased. With respect to
cp-value taxa, the cp-3 nematodes were the predominant
taxa in all treatment groups. There was no significant
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FIGURE 4 | Genus composition of the nematodes in soil under different Se treatments.

difference in relative abundances of the cp-3 taxon in different
treatment groups.

DISCUSSION

The Effects of Selenite on Rice Plant
Growth and Se Accumulation
In this study, the number of tillers and rice yield showed a strong
positive correlation with soil Se concentrations, including total
Se and bioavailable Se (p < 0.001, Figure 5). Selenite clearly
promoted rice tillering and increased grain yield. Similarly,
previous studies have reported that Se supplementation promotes
rice growth (Moulick et al., 2016, 2018; Guan et al., 2018).
Wang et al. (2013b) reported that rice treated with 21 g Se ha−1

produced more tillers per plant, more grains per panicle, bigger
grains, and higher yields. The tillering capacity of rice depends
mainly on genetic variation and environmental factors (light,
temperature, and nutrients). The mineral nutrient Se is beneficial
for the formation of rice tillers (Mu et al., 2021). Tiller number
controls the panicle number of rice and plays a major role in

determining grain yield. Additionally, as a beneficial element
for plants, Se is believed to improve the agronomic traits of
plants by regulating the activity of photosynthesis and enzymatic
antioxidants in plant defense (Feng et al., 2015; Duan et al., 2019).

Selenium is applied to soil worldwide as a feasible and cost-
effective method to produce Se-rich crops (Mora et al., 2015).
In Finland, the government encourages the use of inorganic
Se fertilizer to improve crop nutrition (Alfthan et al., 2015).
In China, Se-rich rice was produced by an accurate Se supply
(Wu et al., 2015). In a previous study (Dai et al., 2019), Se
concentrations of brown rice increased with the elevated soil
Se concentration (0.5–20mg kg−1). Similarly, compared with
CK, Se treatment (5–200mg kg−1) significantly increased the
grain Se concentrations in this study (Figure 2A). Soil total
Se and bioavailable Se showed positive correlations with rice
grain Se concentration (Figure 5). These correlations might
be meaningful for accurate rice Se fertilization, rice grain
Se biofortification, and the management of Se-rich soil. It is
noteworthy that the rice growth and grain Se accumulation were
still promoted by the 200mg kg−1 Se treatment, indicating the
high tolerance and accumulation ability of Se by the rice cultivar
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Baixiang139. Even without Se supply (soil Se concentration of
0.42 ± 0.06mg kg−1), the Se concentration in rice grain reached
0.31 ± 0.22mg kg−1 and beyond the Se-rich rice standard
ranging from 0.04 to 0.30mg kg−1 in China (Rich selenium
paddy, GB/T 22499-2008). Therefore, the cultivar Baixiang139
could be used to produce Se-rich rice in the future, especially in
Se-deficient areas.

The Effects of Selenite on Soil Nematode
Despite the occurrence of some harmful soil nematodes,
overall, nematodes involved in nutrient cycling and energy
flow contribute positively to ecosystem processes (Gebremikael,
2016). High nematode abundance has been demonstrated to
be a symptom of a healthy soil ecosystem with the general
presumption that “the more the better” (Yeates, 2003). The
decrease of nematode abundance induced by selenite (Figure 2B)
and a negative correlation between nematode abundance and soil
bioavailable Se (p < 0.01) (Figure 5) were observed. Similarly,
high concentrations of trace elements in agricultural soils, such
as As, Zn, Cu, and Ni, have been reported to decrease nematode
abundance in previous studies (Korthals et al., 1996; Park et al.,
2011). The decreased nematode abundance may be achieved
through two mechanisms. On the one hand, excessive Se disturbs
protein expression and the antioxidant defense system directly
in nematodes (Lv et al., 2021). On the other hand, it is likely
that the changes in biotic (microorganisms and plant roots)
and abiotic (soil properties) factors induced by Se decreased
nematode abundance indirectly (Liu et al., 2016).

Besides nematode abundance, the nematode composition is
also a focus of this study. A negative correlation between soil
Se (total Se and bioavailable Se) with the relative abundance
of algivores and bacterivores, and positive correlations between
soil Se with the relative abundance of fungivores and herbivores
were found (Figure 5). Algivirous nematodes are common
in paddy soil (Okada et al., 2011). In this study, the main
algivorous nematode, Tobrilus, showed a highly sensitive
response to Se (Figures 4, 5). Zhao and Neher (2013) conducted
a methodical multivariate analysis and then pointed out that
nematode genera (Discolaimium, Discolaimus, Eudorylaimus,
etc.) correlated negatively with the soil Se shows potential in
reflecting Se disturbance. Therefore, the sensitive Tobrilus can
also be used in monitoring environmental Se disturbance in
future studies. Herbivores feeding on plant root tissues or root
exudates directly or indirectly affect the formation of nodules and
mycorrhizae in plants and subsequently downregulate nitrogen
fixation and other related functions. According to our results,
the rise in herbivorous nematodes may be attributed to increased
plant growth induced by Se supplementation. The increase of
bacterivores and decrease of fungivores in the soil nematode
community may inhibit soil mineralization compared with that
in CK since they play a key role in nitrogen mineralization
(Ferris et al., 1998). Considering the vital role nematodes play
in soil health (Paz-Ferreiro and Fu, 2016), both the changes in
abundance and composition of soil nematodes after a high Se
supply indicate decreased soil biodiversity and function.
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FIGURE 5 | Pearson correlations between the soil Se concentrations (total Se and bioavailable Se) with indexes of rice plant and soil nematodes (n = 39). *, **, and ***

indicate significant relationships at p < 0.05, p < 0.01, and p < 0.001 level, respectively.

Balance Between Soil Se Biofortification of
Rice With Soil Nematode Community
Protection
On account of the low utilization of applied Se by crops, excessive
Se might accumulate in soil and do harm to nearby ecosystems
(Winkel et al., 2015). The soil fauna, for example, earthworms
(Xiao et al., 2018) and collembola (Kuperman et al., 2018),
have been reported to be reduced in the soil after Se exposure.
The negative effects of excessive Se supply on soil nematodes
were also proved by this study. To balance Se biofortification
of rice with soil nematode community protection, a soil Se
concentration threshold based on nematode response to Se
supply is proposed here.

Based on the effect of Se on nematode abundance, the NOEC
for soil total Se and bioavailable Se to nematodes was 9.25 and
1.88mg kg−1, respectively (Figure 2B). Based on the effect of
Se on nematode genus composition, the NOEC for soil total
Se and bioavailable Se was 7.90 and 1.33mg kg−1, respectively
(Figure 4). Somogyi et al. (2006) collected soil samples from
sunflower fields exposed to artificial selenite pollution for 7
years and analyzed the nematode community. The results
demonstrated that the NOEC for soil total Se and bioavailable
Se to nematode indexes (abundance, richness, etc.) is 7.25 and
2.09mg kg−1, which is consistent with the findings in this

study. Additionally, the EC20 for total Se and bioavailable Se to
nematode abundance were 1.45 and 0.21mg kg−1, respectively
(Figure 3). Therefore, the lower values (total Se: 1.45mg kg−1

and bioavailable Se: 0.21mg kg−1) were proposed to be soil Se
thresholds to keep the nematode from Se disturbance according
to the determining of ecological soil screening levels (US
Environmental Protection Agency, 2005). At concentrations
below soil Se thresholds, plant growth and Se accumulation in the
grain will still be promoted, but the disturbance of the nematode
community will be negligible. Therefore, the soil Se background
concentration should be determined, and the amount of applied
fertilizer should be strictly controlled to ensure a low soil Se level
after Se fertilization.

Additionally, the method of Se biofortification with inorganic
fertilizer can be replaced by approaches that are more friendly to
nematodes, like organic Se fertilizers (Se-rich straw and animal
manures) (Sharma et al., 2011; Bhatia et al., 2014). Organic
fertilizers have been shown to promote soil nematode abundance
in studies conducted in grassland and tillage fields (Benkovic-
Lacic et al., 2013; Ikoyi et al., 2020). Foliar Se application could
be used rather than soil Se application with greater efficiency of
Se accumulation in maize (Wang et al., 2013a), wheat (Ros et al.,
2016), and soybean (Yang et al., 2003). With ecological safety and
economic feasibility (Yang et al., 2021), microbial fortification is
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also considered to be a nematode-friendly method to produce
Se-rich crops.

CONCLUSION

Overall, this study demonstrated that soil selenite supply (5–
200mg kg−1) promoted plant growth and grain Se accumulation.
However, the genus composition of nematodes changed
significantly when 10mg kg−1 Se or more were supplied.
The abundance of nematodes decreased significantly when
15mg kg−1 Se or more were supplied. These results indicate
a potential risk of Se biofortification on soil nematodes. To
balance Se biofortification of rice with soil nematode community
protection, we suggest that the soil total Se concentration
and bioavailable Se concentration after fertilization should be
kept below 1.45 and 0.21mg kg−1, respectively. The effects
of Se on nematode communities in different agricultural
soils growing different crops should be analyzed in future
investigations, together with the effects of added Se on soil
physicochemical properties.
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