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Abstract

Naegleria fowleri invades the brain and causes a fatal primary amoebic meningoenceph-
alitis (PAM). Despite its high mortality rate of approximately 97%, an effective therapeutic
drug for PAM has not been developed. Approaches with miltefosine, amphotericin B, and
other antimicrobials have been clinically attempted to treat PAM, but their therapeutic ef-
ficacy remains unclear. The development of an effective and safe therapeutic drug for
PAM is urgently needed. In this study, we investigated the anti-amoebic activity of Pinus
densiflora leaf extract (PLE) against N. fowleri. PLE induced significant morphological
changes in N. fowleri trophozoites, resulting in the death of the amoeba. The ICso of PLE
on N. fowleri was 62.3+0.95 pg/ml. Alternatively, PLE did not significantly affect the via-
bility of the rat glial cell line C6. Transcriptome analysis revealed differentially expressed
genes (DEGs) between PLE-treated and non-treated amoebae. A total of 5,846 DEGs
were identified, of which 2,189 were upregulated, and 3,657 were downregulated in the
PLE-treated amoebae. The DEGs were categorized into biological process (1,742 genes),
cellular component (1,237 genes), and molecular function (846 genes) based on the gene
ontology analysis, indicating that PLE may have dramatically altered the biological and
cellular functions of the amoeba and contributed to their death. These results suggest
that PLE has anti-N. fowleri activity and may be considered as a potential candidate for
the development of therapeutic drugs for PAM. It may also be used as a supplement
compound to enhance the therapeutic efficacy of drugs currently used to treat PAM.

Keywords: Pinus densiflora, Naegleria fowleri, anti-amoebic activity, RNA sequencing,
therapeutic drug candidate

Introduction

Naegleria fowleri is a free-living amoeba ubiquitously found in diverse natural environ-
ments, including fresh water and soil. However, it can infect humans and cause a fatal
brain infection called primary amoebic meningoencephalitis (PAM) [1]. The disease pro-
gresses very fast, resulting in death within 10 days after the onset of symptoms. Cases of
PAM have been reported globally [2], and concern for the expansion of this disease associ-
ated with climate change has increased in recent years [3]. Although the global cases of
PAM are rare, its high mortality rate (97%) emphasizes the urgency to develop effective
therapeutics [2,4]. Treatment approaches involving miltefosine, amphotericin B, and other
antimicrobial drugs have been attempted; however, their therapeutic efficacy is not guar-
anteed due to low clinical success and strong adverse effects [5].
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Natural products, including plants, have been widely used to manage or treat diverse
diseases, including infectious diseases. Some of them have been applied as traditional med-
icine in different types or forms in many countries. Recently, attempts to discover natural
compounds in diverse natural resources that have amoebicidal or ani-amoebic activity
against pathogenic free-living amoebae have been performed [6-11]. These studies indicat-
ed the substantial amoebicidal or anti-amoebic activities of natural compounds or plant
extracts against pathogenic amoeba species and their potential applications for therapeutic
purposes or drug development for amoebic diseases.

Pinus densiflora (red pine), a member of the Pinaceae family, is widely distributed in
East Asian countries, including Korea, China, Japan, and southeastern Russia [12]. P. densi-
flora leaf (or needle) is used as food or traditional medicine in these countries because it
contains diverse beneficial components that have a broad spectrum of pharmacological ac-
tivities, such as antioxidant, antibacterial, antidiabetic, anti-inflammatory, anticancer, anti-
hypertensive, and antithrombotic activities [13-19].

The aim of the present study was to evaluate the anti-amoebic activity of P. densiflora leaf
extract (PLE) against N. fowleri trophozoites. PLE showed promising anti-amoebic activity
against the trophozoites but low cytopathic effects in a glial cell line (C6). Furthermore, it
induced subcellular morphological and physiological changes in the trophozoites, resulting
in death. These findings suggest that PLE could be considered as a potential source for the
development of a novel therapeutic drug or an alternative therapeutic strategy for PAM.

Materials and Methods

Cultivation of N. fowleri

Naegleria fowleri (Carter NF69 strain, ATCC 30215) was cultured in Nelson's medium sup-
plemented with 2% heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA) and 1% penicillin-streptomycin (P/S; Gibco) at 37°C. The amoeba was maintained
by subculturing every 3 days, and all experiments were performed using trophozoites har-
vested during the early logarithmic growth phase.

Cultivation of glial cells

Cé6 glial cells (ATCC CCL-107) from rats were cultured in Dulbeccos modified Eagle’s me-
dium (Gibco) supplemented with 10% FBS (Gibco) and 1% P/S (Gibco). The cells were in-
cubated at 37°C in a humidified atmosphere containing 5% CO..

PLE preparation

Fresh leaves of P. densiflora were collected during the spring (February to April) of 2018 at
Goksung, Jeollanam-do, Korea, washed with distilled water several times, and dried. The
juice of the leaves was extracted using a mechanical juicer (Inwha Precision and Samk-
wang, Gwangju, Korea) and freeze-dried in a vacuum freeze dryer (Samwon SFDSF12,
Busan, Korea) at -70°C to -85°C. The collected leaf powder was dissolved in sterile distilled
water, extracted at 60°C for 16 h, and freeze-dried. The resultant pellet was dissolved in
sterile distilled water (1 g/ml) and filtered using a 0.2-um syringe filter (Hyundai Micro,
Seoul, Korea). The finally prepared water-soluble PLE was used for further experiments in
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this study (Supplementary Fig. S1).

Viability assay

The viability of N. fowleri trophozoites and C6 cells after treatment with PLE was deter-
mined by a colorimetric method using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT; VWR, Radnor, PA, USA). The amoeba trophozoites were seeded (10°
cells/well) in 96-well plates (Thermo Fisher Scientific, Waltham, MA, USA) and incubated
at 37°C for 6 h for cell attachment. The amoebae were treated with different concentrations
of PLE (0-1,000 pig/ml) and incubated at 37°C for 48 h. The supernatant was drained from
the plate at the indicated time points, and 20 pl of MTT (5 mg/ml) was added to each well,
following which the plate was incubated at 37°C for 4 h. The supernatant was then aspirated,
and 150 pl of dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA) was added to each
well. The plate was incubated at 37°C for 30 min, and the reaction was read at 595 nm using
a Multiskan FC microplate reader (Thermo Fisher Scientific). The C6 glial cells (2 x 10*/
well) were also seeded onto 96-well plates and treated with the same concentrations of PLE,
following which the cell viability was assessed as described above.

Transmission electron microscopy (TEM)

Naegleria fowleri trophozoites treated with PLE (500 pg/ml) for 24 and 48 h were harvest-
ed, washed 3 times with phosphate-buffered saline (PBS, pH 7.4), and centrifuged at 200 g
for 5 min. Amoeba cells not treated with PLE were also prepared using the same protocol
and used as negative controls. The amoebae were fixed with 4% ice-cold glutaraldehyde
and postfixed with 1% osmium tetroxide in 0.1 M phosphate buffer (pH 6.9) for 1 h. After
fixation, the amoebae were washed in distilled water, dehydrated in an ascending series of
ethanol concentrations, and embedded in an epoxy resin (Embed-812; Electron Microsco-
py Sciences, Hatfield, PA, USA). The blocks were sliced into ultrathin sections (90 nm),
which were transferred onto 200-mesh copper grids (Agar Scientific, Stansted, UK) and
stained with 4% uranyl acetate-lead citrate. The subcellular morphological structures of the
amoebae were examined using a Talos L120C Cryo Bio 120 kV Transmission Electron Mi-
croscope (Thermo Fisher Scientific) at the Gyeongsang National University Center for Re-
search Facilities (Jinju, Korea).

RNA sequencing (RNA-seq)

Total RNA was isolated from N. fowleri trophozoites treated with PLE (500 pg/ml) for 24 h
(n=3) using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocols. Untreated amoebae (1n=3) were used as negative controls. The purified
RNA was dissolved in RNase-free water, and the quality was determined by analyzing its
purity and integrity using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). The RNA concentration was determined using a DeNovix DS-11 spectrophotome-
ter (Wilmington, DE, USA). A total amount of 1 ug of RNA (A260/A280 ratio >2.0; RNA
integrity number > 6.5) from each sample was used to construct the cDNA library. cDNA
was synthesized using the QIAseq FX Single-cell RNA library kit (Qiagen, Valencia, CA,
USA). The size and quality of each constructed library were confirmed using an Agilent
2100 high-sensitivity DNA chip (Agilent Technologies, Santa Clara, CA, USA). The library
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was amplified using a NovaSeq 6000 system (Illumina, San Diego, CA, USA) for 5-giga-
base (Gb) in-depth sequencing. Trim Galore (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) was used to assess the quality of the raw sequence reads, and those
(base quality =30 min; length >50) available for further analyses were selected by read

trimming.

Read mapping and normalization

Transcript quantification was performed by mapping all the preprocessed RNA-seq paired
reads for each sample, and the finally assembled transcriptome was obtained using the
Bowtie2 aligner (https://bowtie-bio.sourceforge.net/bowtie2/index.html). The expression
levels of mapped paired reads were normalized using Fragments Per Kilobase of transcript
per Million (FPKM) mapped reads.

Differentially expressed genes (DEGs) analysis

The DEGs between PLE-treated and non-treated N. fowleri trophozoites were analyzed us-
ing the DEseq package (https://bioconductor.org/packages/release/bioc/html/DEGseq.
html) with a random sampling model using the MA-plot-based method [20]. Default pa-
rameters, an absolute log2 fold change set at > 1, and a false discovery rate at <0.05, were
applied. Gene ontology (GO) analysis was performed using the Blast2GO software (https://
www.blast2go.com/).

Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR)

Semi-quantitative RT-PCR was performed to determine the expression profiles of the DEGs
in the RNA-seq results. The amoebae treated with or without PLE were prepared as de-
scribed above. Total RNA was isolated from the amoebae using the same method as de-
scribed above. The RNA concentration in each sample was measured, equalized, and used
for cDNA synthesis. A total of 3 ug of RNA was converted to cDNA using the RNA to cDNA
EcoDry Premix (Clontech, Mountain View, CA, USA) according to the manufacturer’s pro-
tocols. Semi-quantitative RT-PCR was performed for the genes encoding N. fowleri Kelch re-
peat protein (NF0105540), attractin-like protein 1 (ATRNL1; NF0044360), NADH azore-
ductase (NF0044710), and pyridoxine 5-phosphate oxidase (NF0073400); N. fowleri glycer-
aldehyde-3-phosphate dehydrogenase (NfGAPDH) was amplified as an internal control [21].

Statistical analysis

One-way analysis of variance (ANOVA) was performed on the normalized probes using
P-values based on permutation (1,000 permutations per probe) with the overall threshold
set at 0.05 (GraphPad Software, San Diego, CA, USA).

Results

PLE showed anti-amoebic activity against the N. fowleri trophozoites

PLE showed anti-amoebic activity against the N. fowleri trophozoites in a dose-dependent
manner. It induced morphological changes, such as rounded shapes and size reductions in
the amoebae (Fig. 1A). A significant decrease in the viability of the amoebae was detected,
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Fig. 1. Anti-amoebic activity of PLE on N. fowleri trophozoites. (A) Morphological change. Treatment with PLE (500 or 1,000 pg/ml) for 48
h induced significant morphological changes in N. fowleri trophozoites. (B) Viability. Different concentrations of PLE (0 to 1,000 pg/ml)
were added to N. fowleri trophozoites or C6 cells and incubated for 48 h. PLE caused a remarkable reduction in the viability of N. fowleri
trophozoites with an ICs value of 62.33 £ 0.95 pg/ml. However, it did not significantly affect the viability of the C6 glial cells. The viability
of the amoebae and C6 cells is presented as a percentage relative to the negative controls (not treated with PLE). The results are pre-
sented as the mean and standard deviation (error bar) from 3 independent assays. *P < 0.01, **P < 0.001, ***P < 0.0001.

with a half-maximal inhibitory concentration (ICs) value of 62.3+0.95 ug/ml (Fig. 1B).
Alternatively, PLE did not cause any morphological changes of the C6 glial cells, although a
partial cytotoxic effect was observed at high concentrations (Fig. 1B). These results indicat-
ed the selective anti-amoebic activity of PLE against N. fowleri trophozoites without caus-
ing any significant cytopathic effects on the C6 glial cells.

PLE-induced ultrastructural morphology changes in the N. fowleri trophozoites
TEM analysis revealed that PLE induced ultrastructural morphological changes in the N.
fowleri trophozoites (Fig. 2). Partial degradation of cellular organelles, reduction of con-
tractile vacuoles, appearance of cellular compartments such as dense granules or blebs, and
apoptotic bodies were observed in the PLE-treated amoebae. Additionally, an increase in
abnormal mitochondria was observed.
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Fig. 2. Transmission electron microscopy (TEM) analysis of N. fowleri trophozoites treated with PLE. Naeglaria fowleri trophozoites treat-
ed with PLE (500 pg/ml) for 24 h and 48 h showed remarkable ultrastructural morphological changes. Red circles indicate putative
apoptotic bodies. Blebs (blue arrowheads). Autophagy-like vacuoles (yellow arrowheads). Magnification, 6,000 x or 10,000 . CV, con-
tractile vacuoles; M, mitochondria; N, nucleus.

PLE changed the expression patterns of the N. fowleri genes

RNA-seq analysis was performed to investigate the changes in the gene expression profiles
of the PLE-treated (n=3) and non-treated (n=3) N. fowleri. A total of 50.5 Gb, correspond-
ing to 334,404,250 reads, was obtained from the samples. The number of total reads from
each sample varied from 43,517,586 to 65,803,680. After quality control, 324,736,706 clean
reads, differing by samples from 42,447,380 to 63,541,328, were selected. An assembly of
clean reads produced 15,761 reliable contigs. The group comparisons revealed DEGs be-
tween the 2 groups, PLE-treated and non-treated amoebae (P<0.05; Fig. 3A). Compared to
those in the PLE-untreated amoebae, 2,189 and 3,657 genes were significantly upregulated
and downregulated, respectively, in the PLE-treated amoebae (Fig. 3B). The sequences were
mapped to GO terms and annotated, resulting in 3 clusters belonging to biological process-
es (1,742 genes), cellular components (1,237 genes), and molecular functions (846 genes;
Fig. 3C). Genes associated with binding, catalytic activity, and cellular structures were re-
markably downregulated in the PLE-treated amoebae. Genes related to the regulation of bi-
ological processes and responses to stimuli were downregulated. Out of the 2,189 upregu-
lated DEGs in the PLE-treated amoebae, the top 20 genes were succinate dehydrogenase,
unspecific products, Kelch repeat protein, WD-40 repeat-containing protein, NADH azore-
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Fig. 3. DEGs in the PLE-treated and non-treated N. fowleri. (A) MA plot for the DEGs. The red crosses represent significantly upregulated
or downregulated genes, and the black spots indicate the non-DEGs. Pink spots represent DEGs, but they were not statistically signifi-
cant. (B) DEG expression pattern. RNA-seq analysis revealed 5,846 DEGs (2,189 upregulated and 3,657 downregulated) in the PLE-treat-
ed N. fowleri. (C) Gene ontology (GO) analysis. The top 11 significantly enriched GO terms of the target genes were related to biological
processes, cellular components, and molecular function.

ductase, alkane 1-monooxygenase, serine protease family, PX domain-containing protein
kinase-like protein, attractin-like protein 1 (ATRNL1), predicted proteins, and NADP-de-
pendent oxidoreductase (Table 1). Alternatively, hemerythrin-like metal-binding protein,
predicted proteins, dynein heavy chain, nucleolar basal body binding protein bn46 51 small
subunit, unspecified products, PB1 domain-containing protein, transforming protein, an-
kyrin repeat domain protein, synaptobrevin vesicle-associated membrane protein (VAMP),
dynein gamma flagellar outer arm, membrane protein, hypothetical protein, and pyridox-
ine 5-phosphate oxidase were the top 20 downregulated genes (Table 1).

Semi-quantitative RT-PCR

The expression profiles of 4 DEGs in the PLE-treated and non-treated N. fowleri trophozo-
ites were comparatively analyzed by semi-quantitative RT-PCR to evaluate the quality of
the RNA-seq analysis. Consistent with the RNA-seq results, the genes showed different ex-
pression levels between the 2 amoebae groups (Fig. 4).
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Table 1. Top 20 up-regulated and down-regulated DEGs in PLE-treated N. fowleri

Gene Gene ID log2 (FC)
Up-regulation
Succinate dehydrogenase NF0040010 8.58
Unspecified product NF0132120 7.31
Unspecified product NF0114330 7.11
Unspecified product NF0041760 7.05
Unspecified product NF0004850 6.74
Kelch repeat protein NF0105540 6.56
WD-40 repeat-containing protein NF0076760 6.40
NADH azoreductase NF0044710 6.40
Alkane 1-monooxygenase NF0077100 6.35
Serine protease family NF0106810 6.29
PX domain-containing protein kinase-like protein NF0059050 6.25
Unspecified product NF0015450 6.08
Unspecified product NF0002010 6.05
Attractin-like protein 1 (ATRNL1) NF0044360 6.05
Predicted protein NF0007650 5.95
Unspecified product NF0043100 591
Predicted protein NF0011170 5.82
NADP-dependent oxidoreductase NF0072900 5.64
Unspecified product NF0045970 5.61
Unspecified product NF0127400 541
Down-regulation
Hemerythrin-like metal-binding protein NF0127030 -9.79
Predicted protein NF0115530 -8.32
Dynein heavy chain NF0014710 -7.97
Nucleolar basal body binding protein bn46 51 small subunit NF0104690 -7.87
Unspecified product NF0013060 -7.59
Unspecified product NF0121520 -7.40
Unspecified product NF0092320 -7.30
PB1 domain containing protein NF0081890 -7.28
Transforming protein NF0112230 -7.28
Ankyrin repeat domain protein NF0110610 -7.19
Predicted protein NF0107550 -7.06
Synaptobrevin vesicle-associated membrane protein (VAMP) NF0078380 -7.03
PB1 domain containing protein NF0050000 -6.99
Predicted protein NF0079120 -6.93
Dynein gamma flagellar outer arm NF0014700 -6.89
Predicted protein NF0061820 -6.84
Membrane protein NF0031290 -6.84
Predicted protein NF0034030 -6.78
Hypothetical protein NF0059600 -6.75
Pyridoxine 5-phosphate oxidase NF0073400 -6.66
Unspecified product NF0035330 -6.66

Discussion

A promising anti-amoebic activity of PLE against N. fowleri was observed in this study. PLE
induced remarkable morphological changes in the N. fowleri trophozoites, resulting in the
death of the amoebae. However, it exhibited no cytotoxic effects against the C6 glial cells.
Transcriptome analysis via RNA-seq was performed to understand the molecular mecha-
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Pyridoxine 5-phosphate oxidase

Kelch repeat protein

Attractin-like protein 1

NADH azoreductase

Fig. 4. Semi-quantitative RT-PCR. The expression levels of genes encoding N. fowleri Kelch repeat pro-
tein (NFO105540), attractin-like protein 1 (ATRNL1; NF0044360), NADH azoreductase (NFO044710),
and pyridoxine 5-phosphate oxidase (NFO073400) were comparatively analyzed in the PLE-treated
and non-treated N. fowleri. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as
an internal control.

nism involved in the anti-amoebic activity of PLE. Remarkable changes in the expression
levels of diverse genes were detected in the PLE-treated amoebae. A total of 5,846 DEGs
(2,189 upregulated and 3,657 downregulated) were identified. GO analysis revealed that the
expression levels of genes associated with molecular function and cellular components were
greatly suppressed in the PLE-treated amoebae. Genes related to essential biological process-
es, such as regulation of biological processes and response to stimuli, were also markedly
downregulated in the amoebae. However, most genes upregulated and downregulated in the
PLE-treated amoebae were unidentified products, predicted proteins, or hypothetical pro-
teins. Out of 176 genes that were upregulated by more than 4-folds in the PLE-treated amoe-
bae compared to those in the non-treated amoebae, 68 (38.6%) were unspecified products,
predicted proteins, and hypothetical proteins; likewise, among the 686 genes that were
downregulated by >4-folds, 255 (37.2%) were unidentified products, predicted proteins,
and hypothetical proteins. Considering the highly restricted biological information of N.
fowleri proteins, it is difficult to predict the molecular functions or pathways involved in the
anti-amoebic effect of PLE against N. fowleri. However, the enhanced expression levels of
genes encoding proteins potentially associated with protein-protein interactions and signal
pathways, such as Kelch repeat protein, WD-40 repeat-containing protein, PX domain-con-
taining protein kinase-like protein, ATRNLI, and ankyrin repeat domain protein [22-26],
indicate that massive cellular and physiological alterations that are not observed under nor-
mal conditions in the PLE-treated amoebae. The expression of enzymes associated with cel-
lular defense against stressed conditions, such as NADH azoreductase and alkane 1-mono-
oxygenase [26,27], was also significantly increased in PLE-treated N. fowleri. Conversely, the
expression levels of genes encoding enzymes that participate in metabolic functions, cellular
motility, and protein interactions, such as hemerythrin-like metal-binding protein, dynein
heavy chain, nucleolar basal body binding protein bn46 51 small subunit, and PB1 domain-
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containing protein [28-32], were significantly downregulated in the PLE-treated amoebae. In
addition to these genes, the overall expression levels of genes essential for cellular homeosta-
sis, protein synthesis, energy production, and cellular motility, such as transcription factors,
ribosomal proteins, vacuolar proteins, and actin-associated proteins, were also decreased in
the PLE-treated N. fowleri trophozoites. These findings suggest that PLE induces dramatic
changes in the biological and cellular functions of N. fowleri, which may eventually contrib-
ute to death. However, further comprehensive studies are necessary to determine the under-
lying molecular mechanisms involved in the anti-amoebic activity of PLE against N. fowleri.

In conclusion, this study demonstrated the anti-amoebic activity of PLE against N. fowl-
eri. PLE caused morphological and biological changes in N. fowleri trophozoites, but did
not exhibit any significant cytotoxicity against glial cells. PLE may be used as an alternative
therapy or for the development of anti-PAM drugs. However, further isolation and charac-
terization of active compounds with anti-amoebic activity in PLE are necessary. Addition-
ally, in vivo studies evaluating the therapeutic effects of PLE or PLE-derived compounds
against PAM are warranted.
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