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Fundamental studies on the response of nitrogen compounds and
their related genes in Lotus japonicus under salt and drought
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Global climate change has intensified the frequency and severity of abiotic stresses,
particularly drought and salinity, both of which significantly constrain plant growth and crop
productivity worldwide. In response, plants activate a range of physiological, biochemical, and
molecular defense mechanisms, including the modulation of antioxidant enzymes, accumulation
of compatible solutes, and dynamic regulation of gene expression networks. Among compatible
solutes, proline and polyamines have been recognized as key functional metabolites involved in
abiotic stress tolerance. Despite their importance, the coordinated regulation of these compounds
in response to environmental stress remains incompletely understood. Lotus japonicus, a model
legume with a sequenced genome and available genetic resources, provides an ideal system to
study legume-specific responses to drought and salinity. Moreover, the species includes
ecotypes with contrasting stress sensitivities, enabling comparative studies of tolerant and
sensitive genotypes. This study aims to investigate the physiological, biochemical, and
molecular responses of L. japonicus to drought and salt stress, focusing on the biosynthesis and
regulation of proline and polyamines. Through integrated analysis of metabolite accumulation
and gene expression patterns, I seek to clarify how these metabolic pathways are modulated
under different environmental conditions and between distinct genotypes.

In Chapter 2, I examined the drought stress response of L. japonicus MG-20 ecotype. Plants
were subjected to water withholding for seven days followed by rehydration. Drought stress
significantly reduced shoot and root biomass, relative water content, and leaf expansion.
Moreover, oxidative stress was elevated, as indicated by increased hydrogen peroxide and
malondialdehyde contents, particularly in root tissues. Proline content increased markedly in
both shoots and roots under drought, accompanied by strong upregulation of LjP5CS1 (A'-
pyrroline-5-carboxylate synthetase), a gene of key biosynthetic enzyme, and downregulation
of LjProDH (proline dehydrogenase), which is involved in proline catabolism. These results
indicate enhanced synthesis and inhibited degradation of proline under drought conditions. In

contrast, levels of putrescine (Put) and spermidine (Spd) decreased during drought treatment,

with  tissue-specific ~ variation.  Transcript  analysis revealed a  reduction




in LjADCI and LjADC?2 (arginine decarboxylases), while LjODC (ornithine decarboxylase)
was upregulated, suggesting a shift in precursor usage for polyamine biosynthesis. Interestingly,
Spm levels remained relatively stable under drought condition in both leaves and roots. This
suggests that Spm is regulated differently from other polyamines. Collectively, these findings
indicate that L. japonicus modulates both proline and polyamine metabolism to mitigate
drought-induced stress, though with differing trends in each pathway.

In Chapter 3, I compared the salt stress responses of two ecotypes: MG-20 (salt-tolerant) and
Gifu (salt-sensitive). Plants were treated with 100 mM NaCl for 14 days, and physiological,
ionic, and molecular parameters were assessed. Salt exposure significantly reduced shoot
biomass and chlorophyll content in both ecotypes, with Gifu showing a more pronounced
reduction. Ion analysis revealed greater accumulation of Na* in the shoots of Gifu compared to
MG-20, while K* levels decreased in both lines. These findings suggest that MG-20 maintains
better ion homeostasis, likely contributing to its higher salt tolerance. Polyamine profiling
showed differential accumulation between ecotypes and tissues. In MG-20 roots, Put levels
increased significantly under salt stress, supported by upregulation of LjADCI. In contrast, Gifu
accumulated more spermine (Spm), with elevated expression of LjODC, indicating divergent
biosynthetic responses. These results suggest that MG-20’s salt tolerance may be attributed to
efficient Put accumulation in roots, aiding osmotic regulation and ion balance. Furthermore,
tissue-specific gene expression patterns indicate that stress adaptation involves not only
metabolite levels but also transcriptional regulation of biosynthetic enzymes.

In Chapter 4, I integrated findings from both stress conditions to highlight common and
unique response mechanisms in L. japonicus. While proline consistently accumulated under
both drought and salt stress, the regulation of polyamines showed stress- and genotype-specific
differences. Notably, MG-20 exhibited more stable root physiology under both stress conditions,
associated with higher Put accumulation and specific upregulation of LjADC1. The differential
expression of polyamine biosynthetic genes across tissues and ecotypes emphasizes the
complexity of metabolic regulation in stress adaptation. These insights underscore the
importance of spatial and temporal dynamics in stress physiology. In conclusion, this study
demonstrates that Lotus japonicus ecotypes possess distinct molecular and metabolic strategies
for coping with environmental stress. Drought tolerance in MG-20 is associated with enhanced
proline biosynthesis and coordinated suppression of its degradation, while salt tolerance is
linked to root-localized Put accumulation and regulated gene expression. The integration of
physiological, biochemical, and transcriptional data provides a comprehensive view of stress
responses in L. japonicus. These results also support the hypothesis that L. japonicus employs
overlapping yet distinct metabolic strategies to cope with drought and salinity, and demonstrate
that metabolic flexibility contributes to ecotypic differences in stress tolerance. Overall, this

work provides a mechanistic basis for understanding abiotic stress adaptation in L.

Jjaponicus and informs strategies for improving stress resilience in legumes.
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Expansive soils present considerable challenges due to their tendency for significant volume
changes in response to variations in moisture content, which can result in structural damage and
instability. This dissertation assesses the effectiveness of diatomaceous earth (DE) as a
stabilizing agent for expansive soils, specifically examining the incorporation of 5% and 10%
DE by weight. The investigation aims to evaluate the improvements in soil-water retention
characteristics, water retention capacity, air entry suction, and reduction in cracking, alongside
modest enhancements in swell potential, positive effects on swelling pressure reduction,
improvements in shear strength, unconfined compressive strength (UCS), and microstructural
modifications.
The research methodology involved mixing the expansive soils with 5% and 10% DE by weight,
followed by laboratory testing to establish soil-water retention curves (SWRCs) through a
controlled drying cycle. Soil suction was quantified using a filter paper method (FPM), while
moisture content was assessed gravimetrically. The swell potential was determined via modified
oedometer swell tests, and swelling pressure was evaluated under varying incremental load
conditions. In addition, the shear strength and UCS of the treated soils were measured to
ascertain the structural enhancements.
The findings revealed significant improvements in the soil-water retention characteristics of DE-
treated expansive soils. Both 5% and 10% DE content resulted in increased water retention at
lower suctions and raised the air entry suction, indicating an enhanced moisture-holding
capacity. These advancements suggest that DE effectively mitigates the swell-shrink behavior
of expansive soils by stabilizing moisture content and diminishing susceptibility to volumetric
fluctuations. Furthermore, the treated soils displayed a slight enhancement in swell potential and
a beneficial effect on swelling pressure, reflecting improved soil stability and a reduced risk of
structural damage.
Microstructural analyses, including cation exchange capacity (CEC) assessment, X-ray
diffraction (XRD), scanning electron microscopy combined with energy-dispersive X-ray
spectroscopy (SEM-EDX), and pore size distribution (PSD) studies, provided insights into the

mechanisms underlying the observed improvements. The CEC analysis indicated that DE-




treated soils exhibited increased cation exchange capacity, thereby enhancing their ability to
retain nutrients and water. XRD patterns revealed modifications in the mineralogical
composition of the treated soils, while SEM-EDX analysis demonstrated improved soil fabric
and reduced pore spaces. PSD studies confirmed a more uniform pore size distribution,
contributing to the enhanced structural integrity of the soil.

The study further highlighted the reduction of surface cracking as a result of DE treatment,
which is vital for maintaining soil stability and minimizing erosion. The shear strength and UCS
measurements indicated marked improvements in the treated soils, reinforcing the effectiveness
of DE as a stabilizing agent. The treated soils exhibited superior shear strength and UCS values
compared to untreated soils, suggesting enhanced load-bearing capacity and structural
resilience.

In conclusion, the addition of diatomaceous earth at 5% and 10% content positively affects the
soil-water retention behavior, air entry suction, swell potential, swelling pressure, shear strength,
UCS, and microstructural characteristics of expansive soils. These findings emphasize the
practical advantages of utilizing DE as a soil amendment to enhance the stability and
performance of expansive soils in engineering applications. Future research should prioritize
long-term field studies and investigate the effects of DE treatment on diverse soil types and
environmental conditions to validate these improvements and expand their practical

applicability.
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The global consumption of soy-based foods generates substantial amounts of soy food waste.
The activated sludge process is a well-established and widely used method for treating soybean
food wastewater. However, the development of more efficient treatment technologies is
essential to further improve environmental sustainability and economic feasibility.

Tofu whey is a sugar- and protein-rich liquid byproduct generated during tofu production.
Japanese tofu whey typically has a neutral pH, whereas Indonesian tofu whey is often acidic.
Microbial fuel cells (MFCs) are bioelectrochemical systems that employ electrochemically
active microorganisms to directly convert the chemical energy of organic matter into electrical
energy. Although several studies have examined the use of Indonesian soybean wastewater or
tofu whey in MFCs, no reports have been investigated Japanese tofu whey. Differences in
coagulation methods result in variations in tofu whey characteristics, including sugar content
and pH, which influence MFC performance and microbial community structure. In this study,
the performance of stacked microbial fuel cells (SMFCs) using Japanese or Indonesian tofu
whey was compared. To identify the optimal operational method, the SMFCs were run under
two flow configurations: circulation and flow-through. In circulation mode, the highest power
densities obtained with Japanese and Indonesian tofu whey were 3.03 Wm™ and 2.75 Wm,
respectively, at an external resistance of 1,000 Q. In flow-through mode, the highest power
densities were 13.1 Wm™ at 51 Q and 4.88 Wm™ at 100 Q, respectively. During operation,
chemical oxygen demand, sugar, and protein contents decreased in all SMFCs, whereas pH,
nitrate concentration, and electrolyte conductivity increased. Microbial community analyses
revealed that Lactobacillales, Flavobacteriales, and Enterobacteriales became dominant in
SMEFCs using Japanese tofu whey, whereas Burkholderiales and Flavobacteriales predominated
in those using Indonesian tofu whey.

Among various hydrogen production methods, biohydrogen generation from biomass is
particularly attractive, with dark fermentation offering advantages such as simplicity,
independence from light, and practical feasibility. Conventionally, hydrogen production is

measured intermittently via gas-phase chemical analysis. However, biohydrogen produced

through dark fermentation often contains multiple byproducts and exhibits low purity.




Therefore, hydrogen purification is an essential final step. Proton-conducting ceramics can
selectively separate hydrogen from gas mixtures and, in principle, achieve 100% selectivity. In
this study, soybean food wastewater was used for dark fermentation with electrochemically
active Clostridium strains. Clostridium species are one of the most common biohydrogen-
producing microorganisms under anaerobic conditions. After incubation at 30 °C for three days,
hydrogen concentrations in the headspace gas were determined by gas chromatography.
Cultures included glucose-rich 2xYTG medium, soybean food wastewater, and the remaining
liquid from  boiling soybeans, each inoculated with either  Clostridium
saccharoperbutylacetonicum strain N1-4 or Clostridium neuense strain SDL48. Hydrogen
yields were 13.2% and 14.5% for 2xYTG medium with strains N1-4 and SDL48, respectively;
11.3% and 12.2% for soybean food wastewater; and 0.8% and 1.7% for the remaining liquid
from boiling soybeans. To evaluate the effectiveness of culture sterilization, hydrogen
production from autoclaved soybean food wastewater inoculated with strain SDL48 was
monitored in real time using a protonic ceramic cell. Hydrogen production began after 42 hours
of incubation and reached 43% hydrogen. In contrast, non-sterilized cultures required up to 250
hours before hydrogen production began and reached only 30% hydrogen. Hydrogen production
using non-sterilized soybean food wastewater at 30 °C and 40 °C was also monitored by protonic
ceramic cell, showing rapid hydrogen generation. The onset times were 2,230 and 925 seconds,
respectively, compared to 90,500 seconds at room temperature. These results demonstrate that
incubation at the optimal temperature for strain SDL48 promotes rapid microbial growth and
immediate hydrogen production, even in non-sterilized wastewater.

In conclusion, this study demonstrates that electricity can be generated from soybean food
wastewater using microbial fuel cells. Furthermore, coupling dark fermentation with proton-
conducting ceramics enables real-time monitoring and the production of high-purity hydrogen

from soybean food wastewater.
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Increasingly widespread industrial activities are causing significant water pollution. Metal
ions are pollutants that are toxic and non-biodegradable. Various studies have been made to
remove metal ion pollution from waters. In this study, we try to remove copper, lead, nickel,
and cobalt ions by the adsorption method. Many adsorbents have been developed for metal ion
removal. Chitosan (CH) is a biopolymer compound that has been widely developed as an
adsorbent. Its abundant availability in nature and biocompatibility are its advantages. CH has
high percentages of amine and hydroxyl groups and performs well in complexing or chelating
metal ions. However, the amine group of chitosan is easily protonated in an acidic solution;
therefore, its application is limited.

Chemical compounds, such as a cross-linker, can be used to increase the CH stability in an
acidic environment. In this study, we have chosen tripolyphosphate (TPP) as a cross-linker
because the composite of CH-TPP has been reported to have good mechanical properties and be
biocompatible. The CH-TPP composite was made in cryogel form. Cryogels are made via the
cryogelation technique, which is controlled by freezing and thawing. The macroporous structure
of the cryogel facilitates water flow through a short diffusion route, leading to the transfer and
adsorption of metal ions. However, the mechanical properties of cryogel in solution, especially
at acidic pH, can be problematic for its use as an adsorbent. Tannic acid (TA) was chosen to
strengthen the mechanical strength of the cryogel. TA contains polyphenolic compounds that
easily form hydrogen bonds with CH. The combination of CH-TPP-TA is believed to have high
mechanical properties. The abundant amine, phosphate, and hydroxyl groups in cryogel become
active sites for adsorbing metal ions. Furthermore, the biocompatible properties of CH, TPP,
and TA are promising for drinking water treatment.

In Chapter 2, we describe in general terms the properties of the main materials used to make
cryogel. This chapter also explains the interactions between CH, TPP, and TA. We describe the
synthesis, properties, and advantages of cryogel. In addition, we review several studies on the
use of chitosan cryogel as an adsorbent.

Chapter 3 described in detail the synthesis and characterization of CH-TPP and CH-TPP-TA




cryogels. The synthesis of cross-linked CH-TPP was carried out using a high-speed
homogenizer, and then the cryogel was formed at -15 °C for 48 hours. CH-TPP-TA cryogel was
obtained after immersing in TA solution for 4 hours and drying with a freeze-dryer. The
combination of TA and TPP influences the physicochemical characteristics of the chitosan
cryogel. The combination of CH (1 wt%), TPP (2.5, 5, or 7.5 wt%), and TA (1 wt%) provides
the best cryogel properties with pore diameters of 27—-57 um. TA significantly strengthened the
gel structure, shortened the swelling equilibrium time, increased porous homogeneity, and
increased porosity. TA also has the advantage of increasing the mechanical properties of the
cryogel. CH-TPP5-TA has better mechanical properties than CH-TPP5, CH-TPP2.5-TA, and
CH-TPP7.5-TA. A high concentration of TPP (7.5%wt) has a brittle dry cryogel structure and
is unable to maintain its shape after compressing.

In Chapter 4, we studied the adsorption of Cu**, Ni*, Pb*", and Co*" ions at various pH
levels, initial adsorbate concentrations, and adsorption times. In general, the optimum pH for
the adsorption of Cu**, Ni**, Pb**, and Co*" ions is pH 5, 7, 6, and 6, respectively. In the
adsorption of Ni**, Pb**, and Co*" ions, the phosphate groups of TPP dominate the metal ions'
adsorption at pH 4-5, while the amine groups of CH and the hydroxyl groups of TA begin to
provide an adsorption effect at pH 6-7. Meanwhile, Cu®" ions’ adsorption is dominated by the
amine groups of CH. The adsorption of metal ions by the CH-TPP cryogel fits the Langmuir
isotherm (homogeneous adsorption active site). Meanwhile, adsorption by CH-TPP-TA cryogel
fits the Freundlich isotherm (heterogeneous adsorption active sites), except for the adsorption
of Pb?" ions, which fits the Langmuir isotherm. The kinetics of adsorption of all metal ions by
cryogel follow pseudo-second order kinetics or the mechanism by which metal ion adsorption
occurs chemically (chemosorption). Evidence of metal ion absorption was discovered from the
EDX spectrum. The test results for repeated use of cryogel showed that cryogel with TA
maintained its adsorption capacity better than cryogel without TA.

In conclusion, the biocompatible CH-TPP-TA cryogel has good morphology, high
mechanical strength, and can be synthesized using a simple and low-cost method, and has been
proven to have high performance for adsorbing metal ions. TPP not only functions as a cross-
linker, but also plays an important role in capturing metal ions. Meanwhile, TA has been shown
to improve the mechanical properties of cryogels that are resistant to swelling, prevent damage
to cryogel pores at low pH, and are stable for repeated use. The results of this study illustrate
the great potential of CH-TPP-TA cryogel as a biocompatible adsorbent for drinking water
treatment. Furthermore, the biocompatible nature of cryogel also provides opportunities for use

in other fields, such as biomedicine and bioengineering.
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Phenotyping is a critical component in plant science research, particularly in genetic
analysis, breeding, and agronomic evaluation. Accurate and efficient phenotypic
characterization is essential for linking genotype to phenotype, understanding plant-
environment interactions, and improving agronomic performance. However, despite major
advances in genomic and other -omics technologies, the development of scalable, non-invasive,
and high-resolution phenotyping tools has lagged behind. In particular, morphological
phenotyping, which involves quantifying visible plant traits and time-scale growth analysis,
remains a major technical challenge. This gap, often termed the “phenotyping bottleneck”,
presents a critical limitation in the pursuit of efficient crop improvement, especially where
traditional manual methods are time-consuming and prone to human error. This dissertation
aims to develop a novel three-dimensional (3D) digital phenotyping framework for forage crops.
By integrating imaging technology, 3D points cloud model reconstruction, and novel trait
extraction methods, thereby providing a non-destructive phenotyping system capable of
capturing plant morphological traits in diverse species under controlled greenhouse conditions.

Chapter 2 introduces the development of a 3D digital phenotyping system (DPS) and its
application to 20 accessions from genus Zoysia, including Zoysia japonica, Zoysia matrella,
Zoysia pacifica and their interspecific hybrid, over one year. The system is based on structure-
from-motion (SfM) for 3D points cloud model reconstruction from RGB-images taken inside a
lighting-controlled capture box and employs a deep learning-based segmentation model to
remove non-plant components from reconstructed 3D plant models. Key traits, including plant
height, projected area, color indices, and voxel-based volume, were extracted from the 3D
models. Notably, plant volume estimates showed a high correlation with dry biomass (» =
0.772), supporting the method’s utility as a non-destructive proxy for biomass measurement.
Additionally, the green-red normalized difference index (GRNDI), derived from RGB imagery,
had performance comparable to NDVI under controlled lighting (» = 0.92). Time-series analysis
of growth dynamics enabled continuous monitoring of trait expression over the growing season.

These findings validate the system's accuracy and robustness, demonstrating its potential for

high-throughput phenotyping in turfgrass and forage crop breeding programs.




Chapter 3 explores the potential of integrating DPS with Genotyping by Random Amplicon
Sequencing-Direct (GRAS-Di) to explore phenotypic and genetic diversity among 65 Zoysia
accessions. The DPS from Chapter 2 was used to capture temporal growth dynamics across
ecotypes for over two years. GRAS-Di sequencing and SNP-based analyses, performed using
haplotype-resolved Z. japonica reference genomes, provided comprehensive insights into
genetic variation and population structure. 3D traits such as volume growth rate and seasonal
shifts in GRNDI color index showed correspondence with the genetic clusters identified through
population structure analysis at K = 2. This demonstrates that DPS-derived traits can reflect
underlying population structure and species boundaries. This chapter presents the potential of
combining DPS with genotyping approaches to support genome-wide association studies
(GWAS) for marker-assisted breeding in turfgrass and forage crops improvement.

Chapter 4 extends the DPS to additional forage crops with varying structural morphologies.
The system was adapted for rice (Oryza sativa) and soybean (Glycine max), testing its robustness
across plant architectures. Adjustments to imaging parameters and post-processing were made
to accommodate differences in height. A novel Voxel Grid Tracing algorithm (VGTa) was
introduced to expand capability of 3D model analysis by enabling the tracing of stem, branch,
and leaf. DPS was used to extract detailed morphological and architectural traits, including plant
height, biomass, tiller and branch number, and leaf characteristics. The DPS shows high
accuracy, with strong agreement between digital and manual measurements and minimal
estimation error showed with 7 score > 0.9 in most measurements. Moreover, the system
enabled time-series analysis of growth dynamics, including canopy development, senescence,
and elongation patterns, which are difficult to capture through conventional methods. In rice,
DPS-derived tiller angle estimates provided insights into plant architecture with potential for
usage in breeding. Similarly, stem tracing in soybean validated the system’s robustness in
tracing both grass-like leaf blades and branched, upright structures characteristic of soybean.
These results show the DPS’s adaptability across crop types and its utility for quantifying
complex phenotypes and facilitating research that use phenotyping and comparative
morphology studies in wide variety of crops.

In conclusion, this dissertation contributes to reducing the phenotyping bottleneck by
developing a 3D-based phenotyping framework with its application in greenhouse-based
evaluation, genetic analysis, and cross-species adaptation. The chapters’ results demonstrate that
the developed 3D digital phenotyping system is capable of delivering non-destructive,
repeatable, and scalable measurements accurately for three different forage crops. The
integration with genomic analysis further expands its utility in genotype screening. The system
offers a practical and cost-effective alternative to manual phenotyping and supports a transition

toward data-driven and automated crop breeding research.
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Lactococcus garvieae (LG) serotype III, which has become a problem as an emerging
infectious disease in cultured yellowtail (Seriola spp.), was first identified at a fish farm in
Miyazaki Prefecture in 2021 and has since rapidly spread throughout nationwide. LG serotype
IIT poses a major challenge because vaccines developed against conventional lactococcal
infections caused by LG serotype I and Lactococcus formosensis (LF; formerly LG serotype II)
are ineffective against it. In this study, we aimed to (i) develop a diagnostic method capable of
differentiating conventional lactococcal infections (LG serotype I and LF) from the emerging
infection (LG serotype III), (ii) elucidate the epidemiological characteristics and antimicrobial
resistance mechanisms of serotype III, and (iii) clarify the erythromycin-resistance mechanisms
in serotype III.

The second chapter established a multiplex PCR (mPCR) system capable of clearly
differentiating the pathogens of lactococcal infections (LG serotype I, LF, and LG serotype III).

The third chapter used this mPCR method to identify LG serotype III isolates from fish farms,
followed by antimicrobial susceptibility testing and genetic typing by BSFGE analysis. The
results revealed that LG serotype 111 strains have already spread to fish farms nationwide, exhibit
resistance to lincomycin, carry the /sa(D) resistance gene. In contrast, isolates collected up to
2023 remained susceptible to erythromycin (EM) and tetracycline. Genotypic analysis showed
that LG serotype IlI strains could be classified into three distinct clonal groups, suggesting that
multiple lineages have disseminated among fish farms.

The fourth chapter revealed that among the strains isolated in 2024, some had acquired EM
resistance. This resistance was attributed to the erm(B) gene encoded on an R-plasmid. The R-
plasmid structure showed a high degree of homology (99%) to that of LF strains already
prevalent in fish farms, experimentally proving that R-plasmid transfer can occur between LF
and LG serotype III. Furthermore, these R-plasmids were highly similar to those carried by EM-
resistant enterococci isolated from aquaculture environments. The transfer of EM-resistance

genes from enterococci to LG serotype III was experimentally confirmed. Therefore, it is




plausible that the source of the erm(B) gene in fish-pathogenic LF and LG serotype III originated
from environmental bacteria in aquaculture areas, particularly enterococci such as Enterococcus
faecalis and Enterococcus faecium. However, direct evidence for the genetic exchange of EM-
resistance genes between EM-resistant enterococci and fish-pathogenic lactococci in
aquaculture environments had not been demonstrated until now.

Therefore, the fifth chapter isolated EM-resistant enterococci carrying the erm(B) gene from
seawater in aquaculture areas. The detection levels of EM-resistant enterococci ranged from
below the detection limit to 130 as determined using the most probable number method. Among
the 17 erm(B)-positive isolates, five EM-resistant enterococcal strains successfully transferred
EM resistance to the recipient fish pathogens (LF or LG serotype III). These erm(B)-carrying
EM-resistant enterococci (n = 5) exhibited high minimal inhibitory concentrations (MICs) for
EM, lincomycin (LCM), and oxytetracycline (OTC). Recipient strains that acquired erm(B)
displayed elevated MIC values against EM and LCM, but not against OTC. These results suggest
that EM-resistant enterococci carrying erm(B) are present in aquaculture environments, and that
the erm(B) gene can potentially be transferred to fish pathogens. Collectively, these findings
strongly suggest that the origin of EM resistance in fish-pathogenic lactococci may be R-
plasmids derived from environmental enterococci inhabiting aquaculture area.

This study established a reliable diagnostic method and provided novel epidemiological
insights into the emerging pathogen LG serotype III, while elucidating its antimicrobial

resistance mechanisms and potential transmission pathways.
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Diagnosis, epidemiology, and erythromycin resistance mechanisms in Lactococcus garvieae
serotype 111, an emerging bacterial pathogen in fish farms
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Analysis of Fetal Heart Rate Variability from Information
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During childbirth, fetal heart rate (FHR) is routinely monitored; however, interpretation
of cardiotocography (CTG) still depends mainly on visual assessment and qualitative patterns.
This subjective process can lead to variability between observers and does not fully exploit the
rich time-series structure of the signal. At the same time, umbilical cord blood gas measurements
at birth such as pH, pressure of carbon dioxide (PCO.), pressure of oxygen (PO-), bicarbonate
(HCO:s) and base excess (BE), provide quantitative information about the newborn’s condition
at birth; however, they become available only after delivery and therefore cannot directly guide
management. Motivated by this gap, this study investigates how fetal heart rate variability
(FHRV) can be analyzed from an information-technology and artificial-intelligence perspective,
and how features extracted from FHRV can be linked to umbilical cord blood gas parameters.

FHR data and cord blood gas values were obtained from 585 deliveries monitored at
Miyazaki Medical Association Hospital using internal fetal electrocardiogram (FECG). After
restricting the analysis to FECG-based recordings and performing artefact and outlier removal,
513 cases remained for entropy and classification experiments, each represented by a 30-minute
segment before delivery.

This thesis is organized into five chapters. Chapter 1 represented as the introduction of
this thesis. It explains the overall research background and problem setting, describing FHR and
umbilical cord blood gas parameters as a relationship from an engineering viewpoint. FHRV is
introduced as a key information source, and the motivation for using entropy-based and
complexity measures is outlined. This chapter also states the research objectives and main
contributions: to define suitable FHRV features, relate them to blood gas parameters, and
investigate hidden Markov and machine-learning models for classifying blood-gas-derived
groups. Chapter 2 reviews conventional, nonlinear and entropy-based FHRV analysis, as well
as machine-learning and digital-twin-related studies and identifies the remaining research gaps.

Chapter 3 describes the methodology developed in this thesis. It explains in detail how
the FECG-based FHR and cord blood gas data are selected and preprocessed, including artefact
and outlier removal, handling of missing data by interpolation, and the choice of a 30-minute
window before delivery. A downward and non-downward partition of the FHR signal is then

defined using a differencing operation and a polynomial baseline filter. Several entropy and

complexity measures—Shannon entropy, approximate entropy, sample entropy, multiscale




entropy and Markov entropy—are formally introduced and computed for downward and non-
downward segments. Correlation analysis is described as a tool to explore linear associations
between FHRYV features and blood gas parameters. Finally, the design of the four-state hidden
Markov model based on pH ranges and the three classifiers linear support vector machine
(SVM), Gaussian SVM and k-nearest neighbors (k-NN) for pH, PCO2 and HCO:s classification
is presented, including the use of principal component analysis for feature reduction and the
performance metrics used for evaluation.

Chapter 4 presents and discusses the experimental results. First, entropy profiles are
analyzed to compare the behavior of downward and non-downward segments, showing that
downward portions tend to exhibit higher and more variable entropy, indicating more irregular
dynamics during decreasing FHR. The hidden Markov model based on four pH-derived classes
achieves overall accuracies of 78% for training and 71% for testing on the full dataset, with
improved and more balanced performance when trained on a subset with equal sizes 85% and
79% accuracy on training and testing data, respectively. For the machine-learning classifiers,
initial experiments on imbalanced data produce high overall accuracy; however, poor sensitivity
for abnormal groups; after oversampling, k-NN and SVM show more balanced performance,
with k-NN achieving around 80% and 83% testing accuracy for PCO: and HCOs3, respectively.

Chapter 5 summarizes the main findings, discusses limitations and suggests directions
for future work. Possible extensions include optimization for near real-time processing,
adaptation to external or wearable monitoring devices with different noise characteristics, and
refinement of feature sets to improve performance for minority blood gas classes. The chapter
also points to the potential of integrating the proposed methods into more user-friendly visual
tools inspired by digital-twin concepts, so that the temporal evolution of FHRV features and
model outputs can be presented in a way that is easier to interpret in practice.

In summary, the work presented in this thesis explores how FHRV signals can be
processed and modelled from an information-technology perspective so that their patterns
become more quantitatively related to umbilical cord blood gas parameters. The results
demonstrate that entropy-based FHRV analysis, combined with temporal and classification
models, can extract structured information about fetal condition and could be useful as a basis

for more quantitative and reproducible decision-support tools in the future.
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