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Abstract: Fusarium wilt disease severely constrains the global banana industry. The highly destructive
disease is caused by Fusarium oxysporum f. sp. cubense, especially its virulent tropical race 4 (Foc TR4).
Selenium (Se), a non-essential mineral nutrient in higher plants, is known to enhance plant resistance
against several fungal pathogens. The experiments we conducted showed that selenium (≥10 mg/L)
dramatically inhibited the growth of Foc TR4 mycelia and promoted plant growth. The further study
we performed recorded a substantial reduction in the disease index (DI) of banana plants suffering
from Foc TR4 when treated with selenium. The selenium treatments (20~160 mg/L) demonstrated
significant control levels, with recorded symptom reductions ranging from 42.4% to 65.7% in both
greenhouse and field trials. The DI was significantly negatively correlated with the total selenium
content (TSe) in roots. Furthermore, selenium treatments enhanced the antioxidant enzyme activities
of peroxidase (POD), polyphenol oxidase (PPO), and glutathione peroxidase (GSH-Px) in banana.
After two applications of selenium (100 and 200 mg/plant) in the field, the TSe in banana pulps
increased 23.7 to 25.9-fold and achieved the Se enrichment standard for food. The results demonstrate
that selenium applications can safely augment root TSe levels, both reducing Fusarium wilt disease
incidence and producing Se-enriched banana fruits. For the first time, this study has revealed that
selenium can significantly reduce the damage caused by soil-borne pathogens in banana by increasing
the activities of antioxidant enzymes and inhibiting fungal growth.

Keywords: banana; Fusarium oxysporum f. sp. cubense tropical race 4; Se-enriched fruits; selenium;
antioxidant enzymes

1. Introduction

Banana (Musa spp.) is extensively cultivated in 135 countries, primarily in tropical and
subtropical regions across the globe. It is a vital food and economic crop that serves as a
staple for more than 600 million people [1]. Banana is the most widely exported fresh fruit,
valued at around USD 10 billion per year. The global banana trade has recorded approxi-
mately 20 million tons annually in recent years (Available online: www.fao.org). Cavendish
cultivars constitute most bananas cultivated for export. They belong to the triploid variety
of “dessert” banana derived from M. acuminata. Unfortunately, the sustainable develop-
ment of the banana industry is seriously threatened by Fusarium wilt, a disease caused by
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Fusarium oxysporum f. sp. cubense (Foc) fungus, where Tropical Race 4 (TR4) is particularly
virulent and destructive. Foc TR4 infects various banana plant tissues, including root, corm,
pseudostem, leaf, and peduncle tissues [2]. In recent decades, the pathogen has spread
rapidly, and to date, the disease has extended beyond Asia, affecting over 20 countries
in the EPPO region, Africa, South America and Oceania, including Colombia, Jordan,
Mozambique, Oman, Peru, Australia, and Grande Comoros [3–9]. Control efforts against
Foc TR4 have been immensely challenging, since the disease cannot be adequately man-
aged with fungicides, soil fumigants, or conventional cultivation practices such as crop
rotation and soil amendment [6,10]. Due to Foc TR4’s rapid spread and difficulty to control,
many banana plantations in China have been devastated and abandoned [11,12]. The most
effective measure for controlling the disease is breeding disease-resistant varieties. For
example, replacing susceptible cultivar Gros Michel with the Cavendish cultivar is a classic
successful case in Foc race 1 disease control [5]. However, a cultivar of banana resistant to
wilt disease caused by Foc TR4 has not yet been created. It is imperative to search for a
range of alternative Foc TR4 control solutions.

Selenium (Se) is a beneficial element for both animals and plants. It was first discovered
as a toxic element by Swedish chemist Berzelius in 1817 and was not confirmed as an
essential trace element for animals until 1957 [13]. It was found to be a necessary component
of antioxidant enzyme glutathione peroxidase in rats [14]. Most of China’s land is Se-
deficient [15]. Se intake is closely related to human health and plays important roles in
anti-aging, anti-tumor, and disease prevention mechanisms [16,17]. Se intake in the human
body is mainly determined by Se content in food, so the conversion of Se in animals
and plants has also received significant attention. Extensive research has been conducted
on Se enrichment in crops with the aim of improving crop quality and yield [17–22]. In
banana, it has been found that spraying Se-containing fertilizer on leaves and applying
sodium selenate (Na2SeO4) solution to the soil can increase both banana yield and Se
content [23,24]. Se treatments during the banana plantlet stage can enhance levels of soluble
sugars, potassium, vitamin C, and Se in banana fruit and reduce toxic malondialdehyde
content in banana leaves [24,25].

Se can mediate plant resistance against pathogenic fungi by preventing their invasion
and inhibiting their growth [21,26–29]. Hanson et al. (2003) [26] discovered that Se could
exert both direct and indirect effect against the pathogens (Fusarium sp.) in Chinese
Mustard (Brassica juncea), such as by inhibiting the growth of pathogens and reducing the
adverse impact on seedling growth when inoculated with the pathogens. Se exhibited
a strong inhibitory effect on the incidence of Sclerotinia stem rot in oilseed rape, as it
altered the structure and function of the soil microbial community, which helped prevent
pathogen invasion [27]. Se can directly inhibit mycelia growth, spore germination, and
germ tube elongation and disrupt the membrane integrity of fungal pathogens, thereby
distorting/deforming the fungal structure and decreasing the accumulation of fungal
toxins (aflatoxin and deoxynivalenol) [30–35]. Se also stimulates plants develop important
defense mechanisms against pathogens, including by activating defense genes or producing
secondary metabolites to mediate host immunity and signal transduction, thereby resisting
fungal pathogens [29]. Se application was found to significantly increase levels of aspartic
acid, glutamine, L-glutamic acid, tryptophan, and tyrosine in plants after inoculation with
Sclerotinia sclerotiorum [36], which have been identified as resistance-related metabolites
against pathogens [37–39]. Se applications increase its bioconcentration in tissues, as well
as the activity of antioxidant enzymes such as catalase, polyphenol oxidase, and peroxidase
in plants, to better resist pathogens [27,36,40,41]. In addition, Se leads to the upregulation
of defense genes, including CHI, ESD1, NPR1, and PDF1.2, in plant leaves [36]. Thus, it can
be concluded from the above studies that utilizing Se to control disease could offer a novel
and effective solution. After infection with Foc TR4, bananas accumulate H2O2, which, in
turn, triggers the production of reactive oxygen species (ROS) [42,43]. Se plays a crucial
role in modulating the enzymatic activities of the antioxidant system, thereby facilitating
the maintenance of ROS homeostasis and improving disease resistance in tomato [40,42,44].
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However, to date, no reports on Se’s ability, concentrations, or application methods to
mitigate Foc TR4 infection in banana are available.

To explore the effects of Se treatments on Fusarium wilt Foc TR4, one popular banana
variety, the Brazilian variety (Musa spp., Cavendish subgroup, AAA, susceptible), was used
in this study. We investigated the effect of Se application on the growth of banana plantlets
in a greenhouse and Foc TR4 mycelia in vitro, as well as the reduction in Fusarium wilt
caused by Foc TR4 and the Se enrichment of different banana plant tissues, with particular
focus on the edible part (banana fruits). The objective of this study is to evaluate if there is
a positive regulatory role of Se in reducing Foc TR4 incidence and provide an alternative
option for the development of a sustainable Foc TR4 disease management strategy in the
field, producing Se-enriched banana at the same time.

2. Results
2.1. The Effect of Se Treatments on Banana Plantlet Growth in a Greenhouse

The effects of varying concentrations of Se on the growth of banana plantlets are
shown in Figure 1. The graphs illustrate the effects of different concentrations of Se on
banana plant height (A), the diameter of the pseudostem (B), and the number of leaves (C).
The data show that the height, the diameter of the pseudostem, and the number of leaves
of banana plantlets treated with Se exhibited an increase over time, surpassing the initial
baseline of 0 days. Compared to the control, the height increments were more pronounced
in the 1–20 mg/L Se treatments, whereas at concentrations above 40 mg/L, growth was
reduced, suggesting that low Se concentrations stimulated growth, while high concentra-
tions hindered it, although the effect was not statistically significant. The diameter of the
pseudostem increased from 1.07 cm to 2.21 cm after 21 days of treatments with various
Se concentrations, with the greatest increase observed at 40 mg/L, corresponding to a
significant increase of 2.0 times relative to the control (0.73 cm) (p < 0.05). The number of
leaves also increased by 1.3 to 2.0, and the changes in leaf number for treatments with Se
concentrations greater than 5 mg/L were statistically significant (p < 0.05) compared to the
control (1.3 leaves). Overall, the data demonstrate that Se treatments (≥5 mg/L) enhanced
the diameter of the pseudostem and promoted leaf growth in banana plantlets.

Figure 1. The effect of Se on banana plantlet growth. The graphs illustrate the effects on different
concentrations of Se on banana plant height (A), the diameter of the pseudostem (B), and the number



Plants 2024, 13, 3435 4 of 19

of leaves (C). Note: The data are presented as the mean ± Standard Error (SE), with n = 6 replicates.
Statistical significance was determined between the treatment and the control using Student’s t-tests,
with * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. The Foc TR4 Mycelia Growth-Controlling Effect of Se Treatments In Vitro

The in vitro growth of Foc TR4 mycelia with varying concentrations of Se is shown
in Table 1 and Figure 2. The data demonstrate that the colony diameter of Foc TR4 on
PDA medium was significantly inhibited compared to the control within the first 3 days of
treatment at concentrations of 20 mg/L and higher (p < 0.05). Additionally, concentrations
of 5 mg/L and higher for more than 4 days exhibited a significant inhibitory effect on
the growth of Foc TR4 mycelia, with the inhibitory effect being extremely significant at
concentrations of 40 mg/L and higher (p < 0.001). On the 6th day of cultivation, the
inhibition rates of Se on PDA medium were 8.2%, 16.8%, 93.0%, 97.1%, and 97.7% at
concentrations of 10 mg/L and higher. These findings suggest that Se exerted a pronounced
inhibitory effect on the growth of Foc TR4 in vitro.

Table 1. Changes in TR4 community diameter under different concentrations of Se4+ treatment.

Se4+

Concentration *
Diameter After

1 Day (mm)
Diameter After

2 Day (mm)
Diameter After

3 Day (mm)
Diameter After

4 Day (mm)
Diameter After

5 Day (mm)
Diameter After

6 Day (mm)

Control 9.0 ± 2.4 25.5 ± 4.3 40.4 ± 4.7 55.9 ± 5.3 69.5 ± 4.3 76.9 ± 2.3
1 mg/L 8.9 ± 0.7 24.2 ± 1.1 39.8 ± 1.4 52.6 ± 2.0 68.4 ± 3.0 79.1 ± 0.7
5 mg/L 8.4 ± 0.6 22.4 ± 1.8 36.5 ± 1.9 49.3 ± 2.2 ** 63.9 ± 3.5 * 77.3 ± 1.6
10 mg/L 7.9 ± 0.7 23.8 ± 2.2 37.1 ± 2.4 50.2 ± 2.4 ** 62.0 ± 2.8 *** 70.6 ± 3.3 **
20 mg/L 5.7 ± 1.6 ** 20.8 ± 2.0 * 32.4 ± 6.5 * 44.6 ± 6.0 ** 56.5 ± 6.4 *** 64.0 ± 6.1 ***
40 mg/L 1.8 ± 0.8 *** 3.9 ± 1.9 *** 3.2 ± 1.8 *** 4.5 ± 2.0 *** 5.0 ± 2.6 *** 5.4 ± 2.9 ***
80 mg/L 1.6 ± 0.5 *** 2.8 ± 1.1 *** 2.1 ± 0.8 *** 2.6 ± 0.8 *** 2.1 ± 1.2 *** 2.2 ± 1.2 ***

160 mg/L 1.4 ± 0.5 *** 2.3 ± 1.0 *** 1.8 ± 0.7 *** 1.6 ± 0.5 *** 1.7 ± 0.4 *** 1.8 ± 0.3 ***

The data were presented as the mean ± SE, with n = 6 replicates. Statistical significance was determined between
the treatment and the control using Student’s t-tests, with * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 2. The effect of Se on the in vitro growth of Foc TR4 mycelia at 7 dpi. The graphs illustrate
the colony diameter of Foc TR4 on PDA medium containing Se. Note: The negative control was
PDA medium without Se. The positive control was PDA medium with 30% pyrazole ether fungicide
suspension (10 mL/L), which is a broad-spectrum fungicide.
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2.3. The Foc TR4-Controlling Effect of Se Treatments in the Greenhouse and Field

To demonstrate the Foc TR4-controlling effect of SE treatment on banana plantlets,
we conducted assessments of disease resistance using two in-greenhouse methods. The
experimental results show that before Foc TR inoculation, Se-treated plantlets showed
above-ground and underground wilting symptoms, which were alleviated after treatment
with Se. The average DI values were 72.92, 68.75, 64.58, 44.01, 34.84, 32.54, and 26.30 with
the corresponding increases in Se concentration. The DIs of plantlets treated with more
than 20 ppm Se were significantly lower than that of the control (DI = 76.42), resulting
in a disease control efficacy of 42.4% to 65.7% (Figure 3A–C, Se01–Se160). On the other
hand, the results of the experiment with plantlets inoculated against Foc TR4 before they
were treated with Se were consistent with plantlets first Se-treated, then Foc TR4-inoculated
(Figure 3C, Se20B–Se160B, Figure S1). The data demonstrate that plantlets’ DIs significantly
decreased, ranging from 30.00 to 41.82, resulting in a disease control efficacy ranging from
45.3% to 60.6%. At Se concentrations of 20 mg/L and greater, DI was not significantly
different any more between Se treatments before and after inoculation with Foc TR4 for each
Se concentration. These results suggest that banana plantlets that received Se treatments
(more than or equal to 20 mg/L) demonstrated a significant Foc TR4-controlling effect.
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Figure 3. The effect of Se in reducing Foc TR4 incidence in banana plants in greenhouse experiments.
(A) Different above-ground symptoms of banana plants under Se treatments and inoculated with
Foc TR4. Only images of plants treated with Se that exhibited significant reductions in DI with
respect to the control are shown. (B) Different corm symptoms in banana plants under Se treatments
and inoculated with Foc TR4. (C) The change in the Foc TR4 disease index of banana plants after
treatment with different concentrations of Se. The data represent the mean ± SE, with 10 plants as
replicates. Note: Se01–Se160 denote the Se treatment concentrations prior to Foc TR4 inoculation,
whereas Se20B–Se160B signify the Se treatment concentrations post Foc TR4 inoculation. The letters
a–d represent statistical significance determined using Student’s t-tests, and the absence of shared
letters signifies a significant difference at the p < 0.05 level.
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This research also investigated the impact of Se treatments on Foc TR4 in the field. A
banana plantation displaying moderate Foc TR4 levels was selected, where banana plants
suffered from severe wilt disease in the later stages (Figure 4 and Figure S2). Banana plants
showing no disease symptoms during vegetative growth were treated with Se100 and Se200
at levels of 100 and 200 mg/plant, respectively (Figure 4A). The Se-treated banana plants
exhibited significantly stronger resistance to Foc TR4, and banana fruits were successfully
harvested (Figure 4B). Data analysis revealed that the average disease incidence of banana
plants was 42.50 and 45.5 under Se100 and Se200 treatments, respectively, significantly
lower than the control group (disease incidence = 100). These results suggest that Se
significantly reduced the detrimental effect of Foc TR4 on banana plants in the field.
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Figure 4. The effect of Se in reducing Foc TR4 incidence in banana plants in field experiments. (A) The
effect of Se treatments in the field in reducing Foc TR4 incidence in banana plants during the fruiting
stage. (B) The change in the Foc TR4 disease index of banana plants treated with different doses of
Se. The data represent the mean ± SE, with 10 plants as replicates. The letters a, b represent the
statistical significance determined using Student’s t-tests, and the absence of shared letters signifies
a significant difference at the p < 0.05 level. Note: In (A), the plants labeled as C on the right of the
banana plants treated with Se are the new suckers that emerged after the death of non-fruiting plants
due to Foc TR4 infection.

2.4. TSe in Roots Is Negatively Correlated with the Disease Index Under Se Treatments

To verify the absorption of Se by banana plants, we measured the TSe with dif-
ferent concentrations and tissues in greenhouse-grown plantlets and field-grown ma-
ture plants (Figure 5A, Table 2). In the greenhouse experiments, the concentrations of
TSe were significantly higher in the roots (4839~9791 µg/kg) compared to the leaves
(1292~3166 µg/kg) and corms (1234~3218 µg/kg) (Figure 5A). Root TSe was approximately
four times higher than that in the leaves and corms. Leaf TSe in Se80, corm TSe in Se80,
leaf TSe in Se40, and corm TSe in Se40 were 2831.3 ± 237.0, 2792.0 ± 463.8, 1343.0 ± 75.0,
and 1446.7 ± 170.7 µg/kg, respectively, showing significant variation between the two Se
treatment concentrations. Additionally, no notable difference was found between the leaf
and corm under the same Se treatment concentration (Figure 5A). However, for the Se treat-
ments conducted in the field, TSe levels were highest in Root_Se200 (2891.0 ± 770.9 µg/kg),
followed by Root_Se100 (1337.7 ± 88.9 µg/kg), then Peduncle_Se200, Peduncle_Se100,
Pseu_Se200, Pseu_Se100, Leaf_Se200, Leaf_Se100, Corm_Se200, and Corm_Se100
(488.7 ± 321.1~128.7 ± 28.2 µg/kg) (Table 2). The TSe in different banana tissues followed
this order: root > peduncle = pseudostem ≥ leaf = corm. Furthermore, significant varia-
tions in TSe between the Se100 and Se200 treatments were observed in the root and corm.
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Similarly, there was no significant difference in TSe between the leaf and corm under
the same treatment dosage. These results reveal that the TSe in plant tissues is mainly
influenced by the Se treatment level, with the root as the primary tissue for Se accumulation
in banana plants.
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Table 2. TSe levels in banana tissues at the fruit-setting stage in the field after Se100 and Se200 applications.

Tissue\ * Control
(µg/kg)

Se100
(µg/kg)

Se200
(µg/kg)

Root 330.0 ± 150.8 cA 1337.7 ± 88.9 bA 2891.0 ± 770.9 aA
Corm 21.3 ± 2.5 cB 71.3 ± 10.7 bC 185.3 ± 56.1 aC

Pseudostem 67.3 ± 24.5 bB 338.3 ± 88.8 aB 335.3 ± 54.2 aBC
Leaves 42.7 ± 23.4 cB 128.7 ± 28.2 bC 302.0 ± 37.3 aC

Peduncle 35.3 ± 1.7 bB 347.3 ± 23.6 aB 488.7 ± 321.1 aBC
* Data are presented as the mean ± SE, with n = 3 replicates. Student’s t-test was used to determine statistical
significance between two conditions, and the significant difference was determined at p < 0.05. The results were
analyzed using labels a–c to compare treatment effects on one tissue, while A–C represent comparisons among
different tissues under the same treatment.

To assess the correlation between DI and TSe in tissues, the DIs of banana plantlets
under Se treatments applied in the greenhouse and in the field, as well as the TSe in
all tested tissues, were used for analysis. The result revealed that the DI had the most
significant negative correlation with the TSe in the root (R = −0.86, p < 0.01) (Figure 5B),
while the DI had no significant negative correlation with TSe in leaf (R = −0.72) or corm
(R = −0.59). These results indicate that Foc TR4 incidence was reduced due to banana roots
containing Se, where higher Se doses are more effective.

2.5. Se Effectively Alleviates Foc TR4 Incidence to Successfully Produce Fruits Within
the Safe Threshold

To ensure fruit safety, we determined the TSe in the peel and pulp of green banana
(Figure 6). The data show that the Se100 and Se200 treatments resulted in significantly
higher Tse contents in pulp and peel compared to the control. Moreover, the Tse levels
exhibited a significant disparity, with a higher concentration observed in the pulp compared
with the peel, suggesting that banana pulp has a greater tendency to accumulate Se. The
corresponding pulp Tse contents were 39.6 ± 5.7 µg/kg and 43.2 ± 5.6 µg/kg, increasing
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by 23.7 fold and 25.9 fold, respectively, over the control (1.7 ± 0.9 µg/kg); these Tse levels
are within the standard for Se-enriched fruit (10–100 µg/kg, DB45/T1061-2014 [45]). These
results illustrate that Se treatments within the safety threshold can effectively achieve
control of Foc TR4 in banana plants while also producing Se-enriched fruits.
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2.6. Se Triggers Indicators of the Antioxidant System in Banana to Enhance Resistance Against
Foc TR4

To further explore the relationship between Se and banana resistance, we quantified
the Se content in leaves at various stages and assessed indicators of the antioxidant system,
including the enzyme activities of peroxidase (POD), polyphenol oxidase (PPO), superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px), as well as the
reduced glutathione (GSH) concentration. The detailed data are presented in Figure 7.
The data reveal that the highest Se content in leaves was 440.0 ± 50.6 µg/kg in the ST7d
treatment, which is significantly higher than the levels of 182.0 ± 28.5 µg/kg in ST21d
and 140.0 ± 24.8 µg/kg in ST42d (p < 0.01). The control treatment exhibited a Se content
of 14.0 ± 3.0 µg/kg (p < 0.001). These data suggest that as banana plants grow further,
the Se content in plant tissues diminishes. Following Se treatment, both POD and PPO
activities increased, with a more pronounced rise observed after inoculation with Foc TR4,
with the highest increases of 2.76 times and 1.78 times (p < 0.01), respectively. As the
Se concentration decreased, POD activity declined, while PPO activity remained high,
with a 2.13 times increase in ST21d (p < 0.001). No correlation was observed between the
SOD or CAT activities and treatment. The activity of GSH-Px significantly increased by
12.3% to 24.8%, whereas the GSH concentration significantly decreased by 31.1% to 52.5%
post Se treatment (p < 0.05). As the Se content decreased, the GSH concentration returned
to normal levels. The results indicate that POD, PPO, and GSH-Px play a role in enhancing
the antioxidant response in bananas and contribute to the resistance to TR4 induced by Se.
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Figure 7. Changes in antioxidant system indicators of eliminating ROS after Se and TR4 treatments,
as well as POD activity (A), PPO activity (B), SOD activity (C), CAT activity (D), GSH-Px activity (E),
and GSH concentration (F). Data are presented as the mean ± SE, with n = 5 replicates. The letters
a–c represent the statistical significance determined using Student’s t-tests, and the absence of shared
letters signifies a significant difference at the p < 0.05 level. Note: CK: control; Se: banana leaves
treated with Se for 21 d; ST7d: banana leaves treated with Se for 21 d and Foc TR4 for 7 d; ST14d:
banana leaves treated with Se for 28 d and Foc TR4 for 14 d; ST21d: banana leaves treated with Se
for 35 d and Foc TR4 for 21 d; ST28d: banana leaves treated with Se for 42 d and Foc TR4 for 28 d;
ST42d: banana leaves treated with Se for 56 d and Foc TR4 for 42 d. The concentration of Se treatment
was 40 mg/L.

3. Discussion
3.1. Se Diminishes Foc TR4 Damage and Promotes Banana Growth

So far, there are no commercially available banana varieties that are immune to Foc
TR4 [6,12]. Thus, the Foc TR4 susceptibility of the widely cultivated Brazilian variety
severely restricts the sustainable development of the banana industry. Moreover, there is a
lack of effective chemical agents for preventing and controlling Foc TR4, which means that
heavily infected banana plantations can only be abandoned or rotated with other crops.
In this study, we reported, for the first time, that a form of Se (Se4+) applied using the
recommended dosage can reduce the detrimental effects of Foc TR4 on banana plants. After
banana plantlets were treated with a specific dose of Se in the greenhouse, we observed a
control effect of over 60% against Foc TR4. The control effect of banana plants grown in a
field treated with Se (100 mg/plant) reached up to 57%, allowing a successful fruit harvest.

Some studies have demonstrated Se’s potential for reducing some harmful effects of
pathogens. For instance, Se has been shown to effectively reduce fungal diseases caused by
Fusarium spp. and S. sclerotiorum in Brassicaceae plants (B. juncea and B. napus), in Solanaceae
plants (Solanum lycopersicum) and in Helianthus plants (Helianthus annuus) [26–28,40,46]. Re-
search has also indicated that Se can reduce citrus Huanglongbing caused by the Candidatus
Liberibacter asiaticus bacterium [47]. Our study has proven that Se application can con-
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trol Fusarium Foc TR4 in banana. Previous studies included dicotyledonous host crop
plants of citrus, rapeseed, mustard, and tomato, belonging to the Rutaceae, Cruciferae,
and Solanaceae families, respectively. However, banana belongs to the monocotyledonous
Musaceae family, with more developed adventitious roots that can grow up to 100–300 cm
in breadth and penetrate the soil up to 120–150 cm in depth. Our findings show that Se can
significantly reduce the damage caused by soil-borne diseases in monocotyledonous plants
with well-developed root systems.

Moreover, Se treatments have been proven to promote the diameter of the pseudostem
and increase the height of banana plants [29]. Our research found that Se has a promoting
effect on the growth of Banana plantlets, including the diameter of the pseudostem and
the leaf number. This effect was influenced by the concentration of Se. We found that low
concentrations of Se treatment in this study promoted an increase in plant height, while
high concentrations had a negative effect. However, the differences were not significant.
The discrepancies in the outcomes can be attributed to the differences in the types of Se
compounds, dosage levels, and plant varieties [29,48–50]. Our research has demonstrated
that Se4+ (≤40 mg/L) exhibited a beneficial effect on the growth of Brazilian plantlets, which
are cultivated widely in banana production. Se is not an essential element for plants, yet an
appropriate dose can promote plant growth. However, elevated levels of Se can inhibit growth
and may even prove toxic [51]. The factors of plant species, Se form, concentration, and plant
status are pertinent to these effects [50,51]. Banana is a non-Se accumulator with a relatively
narrow tolerance range for Se. Our findings indicate that concentrations of 5–40 mg/L Se4+

have a promoting effect on banana plantlets in the greenhouse, laying the foundation for the
potential utilization of Se in banana cultivation. However, there are notable differences in
the utilization of Se among various banana varieties, growth environments (plantlets grown
in a greenhouse versus tissue cultured in bottles), and forms of Se within tissues (personal
observation). How Se enhances growth promotion in banana requires further study.

3.2. The Se Form Reducing the Disease Index Is Correlated with TSe in Banana Roots

Se has proven to be effective in controlling fungal pathogens, but the specific chemical
form is important [29]. Se is a non-essential mineral nutrient in plants, serving as the active
center of glutathione peroxidase (GSH-Px) to eliminate harmful peroxides. Two main
forms of Se (Se6+ and Se4+) exist in soil, accumulating in various tissues to different extents.
While Se6+ rapidly transfers to stems, leaves, and other parts via the roots, Se4+ transforms
into organic Se compounds (SeMet and SeMseCys) present in the roots [52–55]. Foc TR4
infiltrates banana plants via their roots, thereby establishing the roots as the primary
defense barrier against Foc TR4. The choice of Se4+ as an exogenous treatment placed near
banana corm facilitates the accumulation of sufficient Se in roots. The TSe in plant tissue is
influenced by the applied Se dose, and it was found that Na2SeO3 is concentrated mainly
in roots [24]. In our study, the TSe in roots reached up to 9.13 mg/kg, which is four times
higher than the TSe in other banana tissues. In the fruit-setting stage of bananas in the
field, the TSe can reach 2.89 mg/kg in the roots, which 3.9 to 18.8 times higher than in other
tissues. The results from this study show a significant negative correlation between the TSe
in roots and the DI of plants. The results are consistent with a negative correlation between
the incidence rate of Sclerotinia stem rot and plant Se concentration in brassicas [27], but
we found that the TSe in banana roots is crucial for alleviating the damage caused by Foc
TR4 but not in the corm, leaf, pseudostem, or peduncle. A certain dose of Se could enhance
plant resistance to pathogen invasion, which may also serve as an inherent driving force for
plants to take up Se [51]. Thus, enriching the roots of banana plants with Se can stimulate
the disease response, thereby limiting the invasion of Foc TR4, which could be an important
route for Se to trigger plant resistance.

3.3. The Defensing Mechanisms of Se Enhance Banana Resistance Against Foc TR4

Se enhances plant resistance to diseases by inhibiting fungal growth and regulating
enzymes in the antioxidant system. The data reported here demonstrate that Se can inhibit
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the growth of Foc TR4 and increase the enzyme activities of the antioxidant system, includ-
ing those of POD, PPO, and GSH-Px. Our findings are similar to the results of previous
studies involving Se treatments. Se supplementation enhances the activities of antioxidant
enzymes (POD, SOD, CAT, and PPO), thereby mitigating the accumulation of ROS and
H2O2 in plants, ultimately reducing the disease incidence [29,44,56,57]. Appropriate Se
supplementation can significantly enhance the activities of antioxidant enzymes in plants,
thereby reducing the levels of ROS, potentially plants’ antioxidant defense mechanisms.
The increase in antioxidant enzyme activity is an important response of banana against
Foc TR4. The application of compound fungal biocontrol agents has been shown to induce
systemic resistance in banana, characterized by increases in POD and CAT activity [58].
Other studies have shown that after being infected by the Foc TR4 pathogen, the levels
of POD, CAT, and PAL activities, as well as those of oxidized glutathione and the genes
encoding PPO (PPO-1, PPO-2, and PPO-3) significantly increase in resistant banana vari-
eties, whereas there is no significant change in susceptible varieties [59,60]. Our results
strongly support the hypothesis that Se could trigger the defense response by increas-
ing those enzyme activities in banana against Foc TR4. Furthermore, Se could mitigate
damage to the host by inhibiting the growth of fungi (Figure 2). Se has been shown to
inhibit the growth of several fungal pathogens, including F. oxysporum, F. graminearum,
Botrytis cinerea, Aspergillus flavus, and Penicillium expansum [29,35,40,61]. Additionally, it
can prevent F. graminearum and Alternaria solani from expanding once they have invaded
the host plant [32,62]. The reported inhibition of Sclerotinia sclerotiorum is currently the
most convincing study. It was reported that Se inhibited the growth and germination of
S. sclerotiorum mycelium, damaged the ultrastructure, diminished the capacity for acid
production, lowered the activities of SOD and CAT, and elevated the levels of ROS and
H2O2, collectively leading to a reduction in sclerotial formation in oilseed rape [27,31].
We also found that Foc TR4 growth was inhibited under Se concentrations greater than or
equal to 10 mg/L and was completely killed under concentrations of 40 mg/L or higher.
Collectively, our results demonstrate the Se distribution across various banana tissues
and its induction of disease resistance by increasing the activities of antioxidant enzymes.
However, the current understanding of the threshold at which Se inhibits plant growth and
the underlying mechanisms remain unclear. Our next study will aim to elucidate the most
effective forms, threshold ranges, and inhibitory mechanisms of Se in banana plants.

3.4. Applying Se in a Safe and Beneficial Way

The Se selected in this study is not only effectively in controlling banana Foc TR4 but
also in benefiting human health through Se conversion in fruit. Se is widely but unevenly
distributed in the natural environment, with TSe in soil significantly correlated with soil
and climate conditions. The average TSe in global soil is 0.1–2.0 ppm, and Se-deficient
areas are commonly found worldwide, with approximately 500 million to 1 billion people
currently at risk of Se deficiency. In China, the median TSe in soil is 0.219 ppm, and most
of the land is Se-deficient [15,63]. Se deficiency poses great health risks, leading to diseases
such as Keshan disease, impaired fertility, and immune deficiency, in addition to causing
food safety issues by decreasing As and Cd [57,64]. It is necessary to supplement Se in a
scientifically reasonable manner to maintain human health [51]. Humans in Se-deficient areas
rely on Se fertilizers to boost the Se levels in crops, thereby satisfying their dietary Se require-
ments [48,49,65]. Due to the myriad health benefits associated with Se-enriched fruits, there
is a generally positive perception and recognition of these fruits for people. The prices of
Se-enriched fruits are significantly higher than those of ordinary fruits, reflecting their pop-
ularity. However, there exist notable disparities in Se enrichment capacity among various
fruits, with the collective enrichment potential generally being relatively modest [66,67].
Thus, Se-enriched banana has significant potential market value. When sodium selenate
(Na2SeO4) and sodium selenite (Na2SeO3) were used to treat banana plantlets at different
doses, it was found that Na2SeO3 was concentrated mainly in the roots and more prone to
transfer to fruit [24]. The Se form we recommend to use is Na2SeO3, which is already included



Plants 2024, 13, 3435 12 of 19

in the “List of Permitted Nutrient Fortifier Compound Sources” (GB14880-2012, [68]). Fur-
thermore, the recommended effective dose for application to banana plantlets against Foc
TR4 is very low (100–200 mg/plant). Our study revealed that the total Se content in fresh
banana pulp was 39.6 ± 5.7 µg/kg and 43.2 ± 5.6 µg/kg after two field applications of Se
(100 mg/plant and 200 mg/plant), meeting the Se-enrichment standard of 10~100 µg/kg
(DB45/T1061-2014). This characteristic renders it challenging to attain the World Health
Organization’s recommended daily adult intake of 400 µg [67]. Therefore, the effective form
of Se4+ and its optimal dose, as demonstrated by our data, can alleviate the harm caused by
Foc TR4, serving as an environmentally friendly control technology for soil-borne diseases,
with profound significance for the sustainable development of the banana industry. At the
same time, it effectively enriches Se in bananas, thereby benefiting human health.

This research outcome has a dual benefit: both as a Se-based means for controlling
Foc TR4 and as a Se fortifier in plants. However, the dose effect is significant, and ex-
ceeding the recommended dose is not advisable [69]. Our research also indicates that
surpassing a certain dose does not noticeably enhance banana Foc disease resistance. A
Se dose of 400 mg/plant has an insignificant anti-disease effect, with a disease incidence
of 85.0, and although fruits were formed, there was no harvest. Furthermore, this ex-
cessive application elevated Se accumulation in fruit to a level surpassing the standard
(DB45/T1061-2014) of 100 µg/kg, which might pose a food safety risk. Previous studies
by Zhang et al. (2018) [23] demonstrated that use of Se fertilizer significantly increased
both banana yield and Se content, but the Se content in fresh fruit exceeded safe levels.
It was recommended to reduce the Se fertilizer dose during planting, avoid spraying
fruits directly, and minimize the pollution of fruit surfaces to enhance safety [23]. Soil
applications of Na2SeO4 of 250 mg/plant and 500 mg/plant achieved the standard for
Se-enriched banana, whereas the application of 750 mg/plant Na2SeO4 exceeded the upper
limit of the Se-enriched standard [25]. This study confirmed that treatment of banana
plants with 100–200 mg Se/plant after 5 months of growth can control Foc TR4 and yield
Se -enriched bananas within safe limits. Future research will focus on optimizing the Se
dose to effectively balance banana resistance to Foc TR4 with its Se enrichment effect. In the
next step of our research, we will explore various approaches, such as controlling the Se
content in plantlets, utilizing safe Se-containing organic substances, and inducing resistant
metabolites—specifically lipids—produced by Se to enhance plant resistance.

4. Materials and Methods
4.1. Cultivation of Banana Plantlets After Se Application in the Greenhouse

Brazilian (Musa spp., AAA) plantlets were cultivated under various Se treatments in a
greenhouse. Sodium selenite solid powder (Na2SeO3, Sigma-Aldrich, St. Louis, MO, USA)
was selected as the form of Se4+ in this study. The greenhouse at Yunnan Agricultural
University, located in Kunming, maintains a temperature range of 30 ± 5 ◦C. The humid-
ity levels within the facility are consistently between 60% and 80%, while the average
light intensity is approximately 80% that of natural light, ensuring optimal conditions
for plant growth and research. The specific operational steps were carried out as follows:
First, the Brazilian plantlets were transferred from culture bottles to nursing plates at
an appropriate temperature (25–28 ◦C) and humidity (>90%) and cultured in a seedling
tray (60 mm length × 60 mm width × 115 mm height) with wet coconut coir and matrix
(volume ratio 1:1) for about 2 weeks. Then, surviving plantlets were transferred to plastic
pots (diameter, 125 mm; height, 95 mm) containing natural soil and matrix (1:1 volume
ratio) (weight of about 600 g and volume of about 0.7 L) for cultivation with the total
Se content (TSe) (0.29 ± 0.02 ppm) in the soil and matrix. Cultivation continued for
about 6 weeks until the plantlet length reached over 30 cm with 5–6 leaves. Then, the
plantlets were used for Se treatments and/or Foc TR4 inoculation. Seven solutions of
14, 70, 140, 280, 560, 1120, and 2240 mg/L Se with water were prepared, and 50 mL of dif-
ferent Se solutions were poured into each plastic pot. Se treatments were applied, with final
concentration gradients of 1, 5, 10, 20, 40, 80, and 160 mg/L. The plants were then grown
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for an additional period of time. A treatment using 50 mL of water was set as the control.
In addition, we used flower-pot trays (diameter, 11.3 cm; height, 2.2 cm) to maintain the
effective concentration of Se and increased the distance between treatment groups (20 cm)
to prevent cross-contamination.

4.2. Measuring the Plant Height, Diameter of the Pseudostem, and Number of Leaves

Banana plantlets were assessed for plant height, diameter of the pseudostem, and
the number of leaves 0 days, 7 days, 14 days, and 21 days post treatment with varying
concentrations of Se. Plant height was measured using a flexible ruler to determine the
vertical extent of the plant’s above-ground parts. At the base of the pseudostem, where it
meets the soil, the diameter was measured using a caliper. The number of leaves represents
the sum of leaves present on a plant’s above-ground parts. The experiment included
6 biological replicates per treatment. Statistical significance was determined between the
treatment and the control using Student’s t-tests.

4.3. Validating the In Vitro Inhibition of Mycelial Foc TR4 Growth by Se

Foc TR4 used in this study is a highly pathogenic wild-type strain (15-1) isolated by our
research group from Xishuangbanna, Yunnan province, China [70]. Each 100 mL of PDA
medium was supplemented with 4 mL of a Se-diluted solution with ddH2O (25, 125, 250,
500, 1000, 2000, and 4000 mg/L), and PDA medium was supplemented with 4 mL of ddH2O
as the control. After shaking thoroughly, the final concentrations of Se were as follows in
the PDA medium: 1, 5, 10, 20, 40, 80, and 160 mg/L. Then, these solutions were poured into
6 culture dishes (diameter, 90 mm) for each concentration. Foc TR4 fungal blocks with 5 mm
diameters were inoculated onto the middle of the PDA medium, and the colony diameter
was measured after the fungi had been cultured for 1 to 6 days. Statistical significance was
determined between the treatment and the control using Student’s t-tests. Photographs
were taken to document the Foc TR4 culture on the seventh day. The experiment included
6 biological replicates per treatment. The inhibition ratios were calculated based on the
colony diameter in the 6th day: inhibition rate (%) = (R0 − Rt)/R0 × 100%, where Rt is the
average diameter of the treatment group and R0 is the average diameter of the control group.

4.4. Disease Assessment and Sample Collection After Se Application in the Greenhouse

The purpose of this part was to evaluate the response of Brazilian (Foc TR4 susceptible)
plantlets to Foc TR4 under different Se treatments in a greenhouse. The comprehensive design
scheme of artificial inoculation is shown in Figure S3A(a,b). Banana plantlets treated with Se
14 days prior were used for Foc TR4 inoculation. The artificial injured-root inoculation method
was used to inoculate plantlets with Foc TR4 according to Liu et al. (2021) [71]. Inoculated
plantlets were then transferred to plastic pots (diameter, 125 mm; height, 95 mm) contain-
ing natural soil and matrix (1:1). The final concentration of the Foc TR4 inoculant was
2 × 106 spores/g soil and matrix (1:1) for the plantlets treated with/without Se. The level
of Fusarium wilt disease severity was assessed, and the disease index (DI) was calculated
on the 42nd day post inoculation (dpi). Treatments were labeled as Control, Se01, Se05,
Se10, Se20, Se40, Se80, and Se160 (Figure S3A(a)). Each treatment included 10 plantlets as bi-
ological replicates, and the experiments were repeated twice. The disease severity level was
visually classified into categories ranging from 0 to 4, with 4 representing the most severe
level according to the method proposed by Brake et al. (1995) and Xu et al. (2017) [72,73].
The criteria for the disease severity assessment are4 described as follows. Level 0: No
streaking or yellowing of leaves. The plant appears healthy, with no discoloration of the
corm region. Level 1: Slight streaking and yellowing of lower leaves, with 1–20% discol-
oration in the corm region. Level 2: Significant streaking and yellowing are observed in the
lower leaves, with discoloration potentially beginning to affect younger leaves and 21–50%
of the corm region discolored. Level 3: Extensive streaking and yellowing on most or all
of the leaves, with more than 50% of the corm region discolored. Level 4: The entire corm
region is discolored, and the plant is dead. The calculation formula is DI = Σ (the num-
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ber of plants × surveyed disease severity level)/(total number of plants × 4) × 100 [74].
Student’s t-test was used to determine statistical differences between the two conditions,
with significance determined at p < 0.05. Furthermore, root, leaf, and corm samples of
banana plants under Se treatments (Se40, Se80) and the control were collected 7 dpi for TSe
detection based on the DI results and plant growth.

Similarly, to evaluate the control effect of Se on Foc TR4, plantlets were inoculated first,
then treated seven days later with 50 mL different concentrations of Se. The DI values calcu-
lated 42 dpi at final concentrations of 20, 40, 80, and 160 mg/L (Figure S3A(b)) according to the
above method were labeled as Se20B, Se40B, Se80B, and Se160B, respectively. Each treatment
included 10 plantlets as biological replicates, and the experiments were repeated twice.

4.5. Disease Assessment and Sample Collection After Se Application in the Field

In March 2022, Brazilian (Cavendish subgroup, AAA, Foc TR4 susceptible) plantlets
were planted in Yuxi City (23.39◦ N, 101.94◦ E, 428 m), Yunnan Province, China. This field
is characterized by a hot, dry valley climate, with an average annual temperature of 23.8 ◦C
and precipitation of 800 to 1000 mm. The background value of the TSe in the plot was
0.12 ± 0.01 ppm. The experimental plantlets were managed under conventional banana
plantation conditions within a single plot. At the base of each banana plant, a hole (radius of
about 20 cm and depth of about 5 cm) was dug around the pseudostem for watering with Se
solution and water as a control. During the banana seedling stage in July, two concentrations
of sodium selenite solution with water (40 mg/L and 80 mg/L) were prepared, and 2.5 L of
sodium selenite solution was used for drenching near the corm. The final doses of Se were
100 mg/plant and 200 mg/plant, and water only was used as the control. Each treatment
consisted of 10 plants as biological replicates, labeled as Se100, Se200, and Control. The
experiment was repeated twice. At the end of December, the mortality rate of plants during
banana harvesting in the field was used as the basis for evaluating the effect of Se on
Foc TR4. The evaluation method was performed according to Huang et al. (2005) [75].
During the banana harvest season, the disease grading standards were determined by
the percentage of plant deaths caused by Foc TR4 and labeled as follows: high resistance,
incidence rate ≤ 10%; resistance, incidence rate of 11–20%; moderate resistance, incidence
rate of 21–40%; susceptibility, incidence rate of 41–60%; high susceptibility, incidence
rate > 60%. Based on Student’s t-tests between two conditions, significant difference was
determined at p < 0.05. In addition, tissues of each plant were collected for measurement of
the TSe. The design scheme involving natural infection in the field and information about
collected samples are shown in Figure S3B.

4.6. Changes in Antioxidant System Indicators of Banana Leaves After Se Application

The antioxidant system, crucial for eliminating ROS, was assessed through the activity
of five key enzymes, including POD, PPO, SOD, CAT, and GSH-Px, as well as changes in
GSH concentration, as per the reagent kit’s instructions. Yong leaves of banana plantlets
treated with Se and Foc TR4 in greenhouse assessments were employed as the experimental
materials. POD activity (∆OD470/min/g) was measured by a microplate assay and a perox-
idase assay kit (G0107W, Suzhou Greasy, Suzhou, China). CAT activity (µmol/L/min/mg)
was determined by a visible colorimetric assay with a catalase kit (G0105W48, Suzhou
Greasy, Suzhou, China). SOD activity (U/g) was quantified using the Water-Soluble Tetra-
zolium (WST-8) colorimetric method with a superoxide dismutase kit (G0101W, Suzhou
Greasy, Suzhou, China). PPO activity (∆OD420/min/g) was detected by a microplate assay
with a polyphenol oxidase kit (G0113W, Suzhou Greasy, Suzhou, China). GSH-Px activity
(U/mg pro) was determined by a colorimetric method using a glutathione peroxidase kit
(A005-1-1, Nanjing Jiancheng, Nanjing, China). GSH concentration (µmol/L) was mea-
sured by a colorimetric method using a glutathione assay kit (A006-1-1, Nanjing Jiancheng,
Nanjing, China). A standard curve was prepared according to the kit instructions for
calculation of the GSH concentration. Each treatment consisted of 5 biological replicates.
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Student’s t-test was used to determine statistical significance between two conditions, with
significant difference determined at p < 0.05.

4.7. Determination and Analysis of TSe in Banana Plants

According to the “National Food Safety Standard of the People’s Republic of China-
Determination of Selenium in Food” (GB5009.93-2017 [76]), the TSe in samples were mea-
sured by hydride generation–atomic fluorescence spectrometry. The details are described
as follows: (1) Sample collection: Each sample was cleaned with distilled water and dried,
and 0.5 g to 3.0 g of the solid sample was weighed out. (2) Sample dissolution: Individ-
ual samples were added to 10 mL of a 9:1 HNO3-HClO4 mixture and subjected to cold
digestion overnight. The mixture was then heated at 150 ◦C with 68% HNO3 until the
solution became clear and colorless. The remaining volume should be approximately 2 mL.
After cooling, 5 mL of 6 moL/L HCl solution was added, and the liquid continued heating
until the solution become clear and colorless with white smoke. Then, 2.5 mL 100 g/L
K3[Fe(CN)6] solution was added and diluted to 10 mL with water. (3) Measuring TSe:
An atomic fluorescence spectrometer (AFS-9700A, Beijing Haiguang Instrument Co., Ltd.,
Beijing, China) was used to determine samples and standard curve samples with a 2 mL
injection volume. (4) Calculation of TSe: TSe X (ppm) = (mass concentration of Se in the
sample: ρ µg/L-mass concentration of Se in the blank: ρ0 µg/L) × total volume of sample
digestion solution/(sample weight M g × 1000).

These experiments consisted of three biological replicates for the control, Se100, and
Se200 treatments in the root, corm, leaf, pseudostem, and peduncle of banana plants and
nine replicates of fruit collected in field. Additionally, three biological replicates each for the
control, Se40, and Se80 treatments in the root, corm, and leaf of banana plantlets collected
in a greenhouse, were also determined. Data are presented as the mean ± SE, and Student’s
t-test was used to determine statistical significance between two conditions, with significant
difference determined at p < 0.05.

5. Conclusions

This study has revealed, for the first time, that Se4+ not only significantly reduces
the disease damage caused to banana by Foc TR4 by increasing the activity of antioxidant
enzymes in the plant and inhibiting the growth of hyphae but also increases the diameter of
the pseudostem and the number of leaves, enabling the harvest of Se-enriched bananas. The
banana plants’ DI following Foc TR4 inoculation exhibited a strong negative correlation with
TSe levels in the roots. The TSe levels in banana tissues were influenced by Se treatment
rates. Exogenous field applications of Se4+ (100–200 mg per plant) are recommended
to protect bananas from Foc TR4 and to produce safe and Se-enriched banana fruits. In
summary, the Se4+ applied to banana plants in this research demonstrated dual benefits:
reducing Fusarium wilt disease incidence and improving fruit quality. These findings
support a novel approach to control soil-borne diseases in agriculture, the mechanism of
which will be elucidated in further research.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants13233435/s1: Figure S1. The variation in the disease
severity level of banana plants treated with Se after being inoculated with Foc TR4 in greenhouse
experiments. Figure S2. Severe occurrence and pseudostem symptoms of Foc TR4 disease during the
fruiting period in the field. Figure S3. The comprehensive sample design scheme involving artificial
inoculation in a greenhouse (A) and natural infection in the field (B).
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