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Abstract: The lotus (Nelumbo nucifera Gaertn.) is widely cultivated in Asia, but a blackening disease
in the lotus tuber, called “kurokawa-senchu-byo”, is a serious problem caused by the Hirschmanniella
diversa Sher plant-parasitic nematode. To effectively control the disease, we must elucidate the
blackening mechanisms; therefore, in this study, we performed a soil chemical analysis and an
evaluation of the disease level in the lotus cultivation fields, identified the chemical components of
the black spots on the lotus surface, and performed a 16S rRNA gene-based microbial community
analysis of the black spots. Using linear regression analysis, a positive linear relationship with a
strong correlation between the damage index values and fertilizer components such as P2O5 was
observed. As a result of scanning electron microscopy and energy-dispersive X-ray spectroscopy
analysis, phosphorus (P) and iron (Fe) were found to be concentrated in the black spots of the lotus
tubers. Furthermore, we found that the concentrations of P and Fe in the black spots were 1.5- and
2.7-fold higher, respectively, than those found in the healthy parts of the lotus tubers. A 16S rRNA
gene analysis revealed that dissimilatory Fe(III)-reducing bacteria (DIRB) were predominant in the
black spots, suggesting that these bacteria are important to the formation of P and Fe compounds in
the black spots.

Keywords: “kurokawa-senchu-byo”; lotus root; plant-parasitic nematode; dissimilatory Fe(III)-reducing
bacteria (DIRB); damage index; iron; phosphorus

1. Introduction

The lotus (Nelumbo nucifera Gaertn.) is widely cultivated in Asia, and the cultivation
areas are estimated to be 133,300 ha in China and 4000 ha in Japan [1,2]. Recently, the
“kurokawa-senchu-byo” of lotus tubers has become a serious problem in Japan and China as a
result of continuous monocropping [3]. The disease causes blackening and deformation of
the lotus tubers [1,4], and a resulting annual economic loss is estimated at USD 1 million in
the Tokushima Prefecture (the second-largest lotus production area in Japan). It is known
that the disease has been caused by two plant-parasitic nematodes, Hirschmanniella diversa
Sher and H. imamuri Sher [5]. A recent study revealed that H. diversa is a more critical
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causative agent of the disease than H. imamuri, based on quantitative PCR approaches [1,6].
H. diversa is known to exhibit root-parasitic nematodes that may have a wide range of
plant hosts since it has been detected in several types of weeds [7]. Based on microscopic
approaches, several stages of the nematodes (e.g., adults, juveniles, and eggs) were found
in the lotus roots, suggesting that H. diversa completes most of its lifecycle in the roots [8].

While calcium cyanamide is the only pesticide available in Japan for the control of
H. diversa, there are reports of fields where the damage index of the lotus often has not
decreased, despite the application of this pesticide [1]. In a recent study, several nematicides
were screened to develop an effective nematode-management system [9]. As a result, ben-
furacarb was recommended as the most effective nematicide for H. diversa control. In July
2020, a new benfuracarb-based nematicide was registered in Japan, and it is expected to
control H. diversa in lotus cultivation fields [10]. Furthermore, the authors proposed a new
integrated pest-management program, which indicates the importance of using a combina-
tion of a benfuracarb-based nematicide, weed control, and calcium cyanamide applications,
depending on the extent of the damage, for the control of “kurokawa-senchu-byo”.

Although the elucidation of the blackening mechanisms of “kurokawa-senchu-byo”
is important for its control, until now, only limited studies have been reported. Takagi
et al. elucidated the life cycle of H. diversa and found that the peak seasonal breeding
period occurred from April to mid-May, with the possibility of overwinter by fourth-stage
juveniles or adults in lotus roots, weeds, and soil [4]. Uematsu et al. confirmed that H.
diversa could penetrate to a depth of approximately 1 mm into young lotus tuber apices for
24 h and, based on microscopic approaches, suggested that H. diversa produces digestive
enzymes. In addition, the authors proposed that the penetrating sites of young lotus tuber
apices become blackened due to oxidation as the lotus tubers mature in the field [11].
In previous studies, Nagashima et al. used atomic absorption spectrophotometry-based
analysis to confirm that the main component of the black spots was iron (Fe) and suggested
that over −100 mV of oxidation reduction potential (ORP) causes the blackening of lotus
tubers due to the oxidation of Fe(II) by withholding the supply of oxygen from the lotus
root [12,13]. Additionally, the authors speculated that the black spots’ precipitants are Fe(III)
oxide-hydroxide or FeS. However, the chemical characteristics (other than Fe) of black
spots on the surface of the lotus tubers and the relationship to soil chemical parameters are
still unknown. Furthermore, the relationship between the extent of the damage and the
soil chemical characteristics has not yet been elucidated.

In addition, it is presumed that the invaded sites of the lotus tubers release several
extracts [11] that can act as growth substrates for soil microorganisms; therefore, certain
microbes may be involved in the blackening of the lotus tubers. In this study, to elucidate
the blackening mechanisms of “kurokawa-senchu-byo”, we performed a soil chemical analysis
and evaluation of the disease level in the lotus cultivation fields, identified the chemical
components of black spots on the lotus surface, and performed a 16S rRNA gene-based
microbial community analysis of the black spots.

2. Materials and Methods
2.1. Sample Collection and Damage Index Evaluation

The soils and lotus tubers used in this study were obtained from a total of nine
cultivation fields in the Ibaraki (IA–IH) and Niigata (NI) prefectures of Japan (Table 1).
The lotus tuber damage from “kurokawa-senchu-byo” was evaluated on a scale from 0 to 4
according to the damage index used in a previous study [9]. IA–IH and NI samples were
collected in 2020 and 2019, respectively. IC was a newly developed lotus cultivation field
that was converted from a rice paddy field in 2018.
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Table 1. Summary of lotus cultivation fields, damage index values of lotus tubers, and soil chemical analysis data.

Field Field Size Lotus Damage Index pH EC NH4-N P2O5 K2O CaO MgO SG c TN TC C/N CEC

Name (m2) Cultivar (0,1,2,3,4) (-) (dS/m) (mg/100 g-Dry Soil) (-) (%) (%) (-) (meq/100 g)

I aA-1 b ca. 1000

“Koshuku”

2.42 ± 0.99 (31) d 5.8 0.44 5.3 34.8 28.8 383.6 110.2 0.39 0.48 4.81 10.1 27.5
IA-2 ca. 1000 2.60 ± 0.82 (25) 6.0 0.55 39.3 38.1 66.2 513.0 146.5 0.30 0.62 6.17 9.9 39.3
IB-1 ca. 1000 2.34 ± 1.29 (32) 6.0 0.56 13.7 58.9 54.6 418.8 133.1 0.43 0.49 5.03 10.3 26.1
IB-2 ca. 1000 2.07 ± 0.83 (27) 6.1 0.70 22.2 52.8 65.7 532.8 187.6 0.31 0.67 6.80 10.1 36.9
IC-1 ca. 1100 “Kanasumi

No. 24”
0 (20) 6.3 0.18 20.7 10.2 56.1 349.0 73.4 0.68 0.38 3.94 10.4 24.0

IC-2 ca. 1100 0 (19) 6.8 0.14 23.4 23.9 65.4 278.0 71.2 1.04 0.35 2.88 8.3 18.6
ID-1 ca. 1000

“Power”
2.41 ± 0.94 (17) 6.7 0.59 68.1 71.4 66.5 635.1 104.3 0.32 0.66 6.53 10.0 36.8

ID-2 ca. 1000 2.42 ± 0.90 (12) 6.5 0.42 21.1 59.0 47.8 533.1 99.5 0.48 0.56 5.71 10.2 34.3
IE-1 ca. 1000

“Koshuku”
1.75 ± 0.79 (20) 5.8 0.47 13.7 29.4 42.1 394.0 69.4 0.48 0.48 4.96 10.3 27.6

IE-2 ca. 1000 1.52 ± 0.64 (27) 5.6 0.51 12.0 33.0 33.5 353.8 61.6 0.57 0.47 4.71 9.9 24.9
IF-1 ca. 1000

“Koshuku”
1.18 ± 0.90 (28) 6.0 0.28 9.6 33.3 46.0 302.4 53.4 0.67 0.39 4.01 10.3 21.4

IF-2 ca. 1000 1.90 ± 0.91 (20) 5.9 0.53 17.8 33.4 47.7 395.9 71.9 0.47 0.48 5.00 10.3 28.9
IG ca. 2000 “Power” 2.67 ± 0.58 (3) – e – – – – – – – – – – –
IH ca. 1000 “Matsukaze” 3.25 ± 0.50 (4) – – – – – – – – – – – –
NI ca. 4000 “Daruma” 3.25 ± 0.47 (20) – – – – – – – – – – – –

a The first letter indicates the location of the fields. I: Ibaraki and N: Niigata. b The number indicates the duplicate samples from the
different locations in the field. c Specific gravity. d Number of lotus tubers used for damage index evaluation. e Not determined.

2.2. Chemical and Microscopic Analyses
2.2.1. Cultivation Fields

The soil chemical analyses of the six lotus cultivation fields (IA, IB, IC, ID, IE, and IF)
were performed immediately after sampling (Table 1). The pH (glass electrode method),
electric conductivity (EC, glass electrode method), NH4

+–N (indophenol and 1N KCl
methods), effective phosphate (Truog procedure), potassium (flame photometry method),
calcium carbonate (atomic absorption spectrometry method), magnesia (atomic absorption
spectrometry method), total nitrogen (TN, dry combustion method), total carbon (TC, dry
combustion method), and cation exchange capacity (CEC, Schollenberger method) were
measured. Soil specific gravity (SG) was calculated by measuring the soil sample weight
and dry soil sample weight.

2.2.2. Lotus Tubers and Black Spots

Lotus tubers exhibiting both black spots and healthy sections were obtained from lotus
cultivation field NI. The sections were analyzed using scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDS, TM3030Plus, Hitachi, Tokyo, Japan). To quantify
the phosphorus (P) and iron (Fe) in the black spot samples, we excised the entire black spot
on the three lotus tuber surfaces from three cultivars (IA: “Koshuku”; IG: “Power”; and IH:
“Matsukaze”), (Table 1). Equal amounts of healthy lotus tissue were also cut from the same
lotus tubers. These dry weights were determined using an oven at 600 ◦C for 30 min. After
measuring dry weights, P and Fe were eluted using 0.1 M HCl. The eluted solutions were
analyzed using an inductively coupled plasma optical emission spectrometer (ICP–OES,
ICPE-9820, Shimadzu, Kyoto, Japan).

2.3. 16S rRNA Gene Analysis
2.3.1. DNA Extraction, PCR Amplification, and 16S rRNA Gene Sequencing Analysis

Duplicate black-spot samples were obtained from two lotus tubers at field NI (Table 1).
These samples were stored at −80 ◦C prior to DNA extraction. DNA extraction was per-
formed using a FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) according
to the manufacturer’s protocol. PCR amplification of the 16S rRNA gene was performed us-
ing the universal forward primer (Univ515F: 5′-GTGCCAGCMGCCGCGGTAA-3′) and the
reverse primer (Univ909R: 5′-CCCCGYCAATTCMTTTRAGT-3′) [14]. PCR was performed
according to the protocol used in a previous study [15]. PCR products were purified by a
QIAquick PCR purification kit (Qiagen, Valencia, CA, USA) following the manufacturer’s
protocol. The purified 16S rRNA genes were sequenced using the MiSeq Reagent kit v3
and the MiSeq system (Illumina, San Diego, CA, USA). Raw 16S rRNA gene sequences
were analyzed using QIIME 2 ver. 2021.4 [16]. Quality trimming, primer sequence removal,
paired-end assembly, and a chimera check were performed using DADA2 [17]. After
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the DADA2 treatment, the sequences were clustered at ≥97% similarity into operational
taxonomic units (OTUs) using VSEARCH [18]. Taxonomic assignment was performed
using classify-sklearn retained on the SILVA database version 138 [19]. Representative
OTUs were chosen on the basis of the >1% average abundance rate.

2.3.2. Deposition of 16S rRNA Gene Sequence Data

The raw 16S rRNA gene sequences were deposited into the DDBJ Sequence Read
Archive database (DRA012886). The 16S rRNA gene sequences of representative OTUs
were deposited into the DDBJ/EMBL/GenBank databases (LC655158–LC655171).

3. Results
3.1. Survey and Chemical Analysis of the Lotus Cultivation Field

In this study, we collected soil and lotus tuber samples from six lotus cultivation
fields and evaluated the damage index and soil chemical characteristics (Figure 1A–F). The
damage index values ranged from 0 to 2.6, and the newly-developed field IC showed no
disease occurrence by H. diversa (Table 1). Then, we performed a linear regression analysis
to evaluate the correlation between the damage index and the soil chemical characteristics
(Figure 1). The analyses revealed a positive linear relationship with a strong correlation
between the damage index values and P2O5 (R2 = 0.63), CEC (0.55), EC (0.63), CaO (0.55),
TN (0.60), and TC (0.64), (Figure 1A–F), whereas there were weak or no correlations with
the NH4-N, K2O, MgO, and C/N ratios. The specific gravity (SG) showed a strong negative
correlation with the damage index values (0.74, Figure 1G). Soil chemical characteristics
with positive linear relationships are contained in several fertilizers and calcium cyanamide.
Study results suggest that these residual fertilizer components may influence the occurrence
of “kurokawa-senchu-byo”. In addition, the SG, which has a negative linear relationship,
indicates that softer soils have greater damage index values than harder soils; thus, changes
in SG properties may affect the mobility of H. diversa in soil. On the other hand, this
study did not conduct soil chemical analysis at IG, IH, and NI fields; therefore, further
investigation is required to determine a more accurate correlation between the damage
index and soil chemical characteristics.

3.2. Chemical Analysis of Lotus Tubers Damaged by Hirschmanniella Diversa

We observed SEM-EDS images from sections exhibiting both black spots and healthy
parts on the lotus tubers obtained from lotus cultivation field NI (Figure 2A,B). As a result,
inorganic precipitation was observed on the black spots (Figure 2F) but not on the healthy
parts (Figure 2C). Additionally, we confirmed that there were no nematodes around the
black spots, which supports the previous observation that H. diversa prefers to invade
young lotus tubers [11]. Furthermore, the EDS elemental map-sum spectrum of the healthy
parts of the lotus tuber revealed that most of the elements were C (64.6% (w/w)) and O
(32.7% (w/w)), while Fe, P, and other elements were broadly distributed (Figure 2G,H).
On the other hand, P and Fe were concentrated on the sections containing black spots
(Figure 2D,E). Comparison of elemental map-sum spectra showed that on the surface of
healthy lotus tubers, Fe and P were 0.24% (w/w) and 0.09% (w/w), respectively, while
the values in sections containing black spots were higher, with 1.68% (w/w) Fe and 0.12%
(w/w) P.

The results of the SEM-EDS analysis indicated that the black spots on the lotus tuber
surface were composed of phosphorus and iron. Therefore, we quantified the P and Fe
concentrations of the black spots and healthy parts on the lotus surface from three different
cultivars using ICP–OES (Figure 3). As a result, the P concentrations in the black spots ranged
from 7.31–9.15 mg/g-dry, while those in the healthy parts ranged from 4.89–6.64 mg/g-dry
(Figure 3A). Fe concentrations in the black spots and healthy parts were 0.95–4.09 mg/g-dry
and 0.73–0.96 mg/g-dry, respectively (Figure 3B). The average P concentrations were signif-
icantly (p < 0.05) different between black spots (8.34 ± 0.94 mg/g-dry) and healthy parts
(5.65 ± 0.87 mg/g-dry). For the Fe concentrations, the mean value found in the black
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spots (2.35 ± 1.60 mg/g-dry) was 2.7-fold higher than that found in the healthy parts
(0.87 ± 0.13 mg/g-dry), while the difference was not statistically significant (p = 0.25).
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3.3. Microbial Community Analysis of Black Spots on the Lotus Tubers

To elucidate the blackening mechanisms relevant to microbial reactions, we performed
a 16S rRNA gene sequence analysis of extracted DNA from the black spots obtained from
lotus tubers in the NI cultivation field. We observed 26,416 average nonchimeric sequence
reads after DADA2 treatment and 326 OTUs from two black-spot samples. Then, we re-
moved eukaryotic 18S rRNA gene sequences derived from N. nucifera and red campion (Si-
lene dioica) and observed 17,051 average sequence reads. At the OTU level, the predominant
microorganisms were the families Rhodocyclaceae OTU001 (relative abundance rate 24.7%),
Rhodoferax OTU002 (8.2%), Geobacteraceae OTU003 (7.8%), Dechloromonas OTU004 (5.1%),
and Methylotenera OTU005 (3.7%), which are obligate methylotrophic bacteria (Figure 4).
The most predominant microorganism, Rhodocyclaceae OTU001, is closely related to Georg-
fuchsia toluolica strain G5G6 (NR_115995.1) with 99% (372/376 bp) similarity, which reduces
nitrate, MnO2, and various Fe(III) species and degrades aromatic compounds (e.g., toluene,
ethylbenzene, phenol, and benzaldehyde) [20]. In addition, G. toluolica cannot grow on
sugars, hydrogens, or organic acids. Although the closest strain of Rhodoferax OTU002
is Rhodoferax antarcticus strain DSM 24876 (CP019240.1) at 100% similarity (374/374 bp),
the bacterium is also closely related to R. ferrireducens strain RKAT120 (KU179848.1) of
dissimilatory Fe(III)-reducing bacteria (DIRB) at 99% similarity (370/374 bp) [21]. Geobac-
teraceae OTU003 is related to Pelobacter propionicus strain DSM 2379 (NR_074975.1) at 99%
similarity (375/376 bp), and the bacterium also has the capability of iron reduction with
propionate and acetate production [22,23]. The closest strain of Dechloromonas OTU004 is
Dechloromonas hortensis strain OX0627 (MG576023.1) at 99% similarity (375/376 bp), which
is a chlorate-reducing, propionate- and acetate-oxidizing bacteria [24]. Thus, this study
found that several DIRB and other reducing bacteria predominated in the black spots of
lotus tubers.
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4. Discussion

In this study, we attempted to elucidate the blackening mechanisms of lotus tubers
by analyzing their chemical and microbial characteristics. Based on the linear relationship
between the damage index and phosphate concentration in the lotus cultivation fields,
along with SEM-EDS/ICP–OES analyses, we found that P and Fe were concentrated in
the black spots of lotus tubers (Figures 2 and 3), suggesting that the black spots were
caused by the formation of P-Fe compounds. To date, vivianite [Fe3(PO4)2·8H2O], as an
iron phosphate mineral, has been frequently found in sediments and organic soils under
reducing (anaerobic) conditions [25,26]. Vivianite is stably present in rice paddy soil and
forms under reducing conditions when PO4

3− and Fe2+ concentrations are sufficient and
S2− concentrations are low [26,27]. In addition, the ORP of lotus cultivation soil (−170 mV)
is known to be similar to that of rice paddy soils (from −112 to −187 mV) [24], and the soil
has been used for isolating sources of Fe(III)-reducing bacteria [28]. Vivianite is originally
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a colorless mineral, but when exposed to air, the iron is oxidized, and vivianite exhibits
several colors, such as blue-green and black [29]. Nanzyo et al. confirmed the presence of
vivianite minerals in rice roots, accounting for 25–29% of the total root P [30]. In addition,
Nanzyo reported that a 0.1 g P2O5/kg plant-available P level in the plowing layer of the soil
is an important condition for the detection of vivianite in rice roots [26]. Thus, assuming
that the black spots of lotus tubers are vivianite, all lotus cultivation fields in this study
have >0.1 g P2O5/kg plant-available P levels (Table 1), indicating that the environments
are suitable for the formation of vivianite.

Using 16S rRNA gene analysis, we found that DIRB and other reducing bacteria were
predominantly present in the black spots of lotus tubers (Figure 4). It has been reported that
several organic carbon-oxidizing and Fe(III)-reducing DIRB can induce the precipitation
of minerals such as vivianite, siderite, apatite, and magnetite [25,31,32]. A recent study
revealed that vivianite is formed by the reduction of Fe(III), using activated sludge under
anaerobic conditions, and Rhodoferax sp. and Dechloromonas sp. involved in the iron
cycles were predominant in the sludge after vivianite formation [33]. In addition, batch
experiments using Geobacter sulfurreducens of the family Geobacteraceae for P recovery from
sewage have also revealed that sufficient PO4

3− promotes cell growth, leading to higher
Fe3+ reduction and vivianite yield [34]. Thus, it is possible that Rhodocyclaceae OTU001,
Rhodoferax OTU002, and Geobacteraceae OTU003, which are predominant DIRBs in the black
spots of lotus tubers, can form or induce iron phosphate minerals such as vivianite by
reducing Fe3+ in lotus-cultivation soils. The most predominant OTU001 is closely related
to G. toluolica of DIRB, which can degrade toluene, ethylbenzene, phenol, p-cresol, m-
cresol, benzaldehyde, and p-hydroxybenzoate [20]. It has been reported that phenolic
compounds are abundant in lotus tubers [35]. Therefore, it is likely that Rhodocyclaceae
OTU001 utilizes aromatic compounds, such as phenol leached from damaged parts of lotus
tubers by H. diversa, and reduces Fe(III). Recently, vivianite formation mechanisms using
microbial reactions via extracellular electron transfer have been proposed [29,36]. First,
under anaerobic conditions, P (mainly HPO4

2− and PO4
3−) is adsorbed on the surface

of Fe(III) oxides or coprecipitated with Fe3+ in the liquid phase to form FePO4. Then,
DIRB reduces Fe(III) oxides, and FePO4 releases PO4

3− by providing H+ through organic
compound degradation. Finally, vivianite is formed by a chemical reaction with Fe2+,
PO4

3−, and H2O. Assuming that the P and Fe compounds detected in this study are from
vivianite, it is presumed that substrates supplied by the damaged spots of lotus tubers
are used as electron donors, and Fe(III) in lotus-cultivation soils is reduced, leading to the
formation of black spots on the surface of lotus tubers.

In summary, we propose the blackening mechanism of lotus tubers under the assump-
tion of vivianite as a source of black spot minerals (Figure 5). First, after the lotus tubers
are planted in the fields, H. diversa immediately invades the young lotus tubers [11]. After
damaging the young lotus tubers, several substrates are eluted from damaged parts of
the lotus tubers as the hole expands due to growth and maturation. Then, DIRB, mainly
OTU001, OTU002, and OTU003, oxidizes the leached substrates (e.g., aromatic compounds
and organic acids) with Fe(III) reduction and forms Fe2+ and PO4

3−. Finally, black spots
are formed by the reprecipitation of these compounds. On the other hand, in this study,
we were not able to accurately identify the chemical compounds of the black spots. In
addition, microbiological findings are at the microbial community structure level; therefore,
it is necessary to confirm the reproductivity of P-Fe minerals, such as vivianite, using
culture-based experiments. This study is the first to identify the chemical compounds and
microbial community structures of black spots on lotus tubers, and it is hoped that the
elucidation of the blackening mechanisms will be helpful for “kurokawa-senchu-byo” control.
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Fe(III)-reducing bacteria and plant parasitic nematodes, respectively. White circles on the lotus tuber indicate parts damaged
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biological processes. Black arrows and lines indicate chemical and physical processes.

5. Conclusions

In this study, to clarify the blackening mechanism of “kurokawa-senchu-byo”, we per-
formed a soil chemical analysis and an evaluation of the disease level in the lotus cultivation
fields, identified the chemical components of black spots on the lotus surface, and per-
formed a 16S rRNA gene-based microbial community analysis of the black spots. The linear
regression analyses between damage index and soil chemical characteristics showed that
the damage index had a strong positive linear relationship with some fertilizer components
(P2O5, CEC, EC, CaO, TN, and TC). As a result of the SEM-EDS analysis, we confirmed
that Fe and P were co-precipitated on the black spots in the lotus tuber. ICP-OES analysis
showed that the average P concentrations in the black spots were significantly (p < 0.05)
higher than in the healthy parts, and average Fe concentration in the black spots showed a
2.7-fold higher value compared with healthy parts. The 16S rRNA gene analysis revealed
that DIRB was predominant in the black spots, suggesting that these bacteria are important
to the formation of P and Fe compounds in black spots. Consequently, this study is the first
to identify the chemical compounds and microbial community structures of black spots
on lotus tubers, and it is hoped that the elucidation of the blackening mechanisms will be
helpful for “kurokawa-senchu-byo” control.
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