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Chronic kidney disease (CKD) is a long-term condition where 

sustained damage of the renal parenchyma leads to the chronic 

deterioration of renal function that may gradually progress to end-stage 

kidney disease (ESKD). Peritoneal dialysis (PD) is a type of ESKD 

treatment that is beneficial to improve a patient's quality of life. 

However, PD-associated peritonitis is a major complication that 

contributes cause of death, and the detection of the pathogen provided a 

high culture-negative rate. This study aims to apply metagenomic 

approaches for identifying the bacteria and fungi in peritoneal dialysis 

effluent (PDE) of CKD patients based on the full-length 16S ribosomal 

DNA (rDNA) gene and Internal transcribe spacer (ITS) region, 

respectively. As a result, the five major bacteria species, including 

Escherichia coli, Phyllobacterium myrsinacearum, Streptococcus 

gallolyticus, Staphylococcus epidermidis, and Shewanella algae were 

observed in PDF samples, whereas the most fungal genera in PDE 

samples was Wallemia. The results suggested that our metagenomic 

approach provided a high potential for bacterial and fungal taxonomic 

identification than the traditional culture method, which would be a 

practical and alternative culture-independent approach and offers a 

preventive infectious strategy in CDK patients. 
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CHAPTER 1 

INTRODUCTION 

Rationale 

Chronic kidney disease (CKD) is a long-term condition where sustained 

damage of the renal parenchyma leads to the chronic deterioration of renal function 

that may gradually progress to end-stage kidney disease (ESKD) (1). ESKD remains 

regularly fatal without kidney replacement therapy such as dialysis and kidney 

transplant. Peritoneal dialysis (PD) is a type of dialysis that uses the peritoneum in the 

patient’s abdomen as the membrane through dialysate by which fluid and dissolved 

substances are exchanged with the blood. The excess fluid, toxins, and other 

substances as consequences of kidney failures are also removed through this process 

(2). PD is beneficial because it can be done at home, with no need to drive to a 

hospital, is more cost-effective, reduced dietary restrictions, increased freedom 

perception and patient satisfaction, and possibly improved quality of life (3). 

Unfortunately, PD remains a certain high risk of infection of the peritoneum, 

subcutaneous tunnel and catheter exit site. Even though this dialysis technique is one 

of the promising methods, it might increase the potential of microbial contamination 

in the blood through the catheter which compromises the immune defense system of 

patients leading to complications, morbidity, and mortality (3, 4).  

The most recognized factor associated with PD patients’ peritonitis is 

contamination through an exogenous route with skin pathogenic bacteria, 

Staphylococcus, which might occur during connection and disconnection of the 

dialysis transfer-set (5, 6). The endogenous contamination route of the peritoneal 

cavity, including the hematogenous route, and translocation of microorganisms 

through the intestinal epithelial barrier, affects the structural and functional occurs, 

thereby facilitating the translocation of intestinal microorganisms, endotoxins, 

antigens, and other microbial products through the intestinal wall toward the systemic 

circulation and the internal milieu (5, 7, 8, 9). 

Nowadays, metagenomic next-generation sequencing (mNGS) is a promising 

alternative approach for broad-spectrum microbial identification in clinical samples, 
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as this approach allows for the unbiased detection of nearly all potential microbial, 

including bacteria, fungi, viruses, and parasites. This approach can use to overcome 

the limitations of the traditional methods, which can be detected by uniquely 

identifying DNA or RNA shotgun sequences (10). This method has been successfully 

applied for the clinical diagnosis of infectious diseases (11), outbreak response, and 

pathogen discovery (10, 12). In particular, purulent fluids, often suggest an infectious 

etiology, which can decrease assay sensitivity (13). Most metagenomic studies have 

employed Illumina sequencing platforms, with sequencing run times exceeding 

16 hours and overall sample-to-answer turnaround times of 48–72 hours. In contrast 

with Illumina sequencing, Oxford Nanopore Technologies (ONT) is a third-

generation sequencing technology that has two key advantages over second-

generation technology in longer reads and the ability to perform real-time sequence 

analysis and actionable information, allowing detection of the potential microbial 

within minutes after the sequencing and requiring less turnaround time of fewer than 

6 hours (13, 14).  

However, the microbial contamination that may influence the occurrence of 

infection remains unclearly classified and this knowledge gap is urgently needed to be 

filled. This study aims to classify the bacteria and fungi from peritoneal dialysis 

effluent (PDE) that might serve as a cause for high morbidity and mortality of CKD 

patients by utilizing 16S rDNA and ITS region through the next-generation 

sequencing approaches. Furthermore, the information on bacterial and fungal profiles 

of CKD patients will be compared to the specificity or accuracy by using a culture-

dependent method which is the gold standard method for bacterial and fungal species 

identification and used to develop the rapid diagnosis pipeline at the early phase of 

infection. 

Objectives 

To identify the bacteria and fungi in peritoneal dialysis effluent of chronic 

kidney disease patients through metagenomic approaches. 
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Research question 

 Can bacteria and fungi in peritoneal dialysis effluent of CKD patients be 

examined and identified through metagenomic approaches? 

Hypothesis 

 The bacteria and fungi in peritoneal dialysis effluent can be identified and 

examined through metagenomic approaches. 

Keywords 

bacteria; chronic kidney disease; fungi; metagenomic sequencing; peritoneal 

dialysis 
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CHAPTER II 

LITERATURE REVIEW 

1. Chronic kidney disease  

Chronic kidney disease (CKD) is a condition in which the kidneys are unable 

to clear waste products, it affects an estimated 10% of the global population or 700 

million people are at risk (15). CKD is a global public health problem that is 

increasingly recognized in the present day (16). It is associated with high morbidity 

and, in the advanced stage, requires life-support treatment by renal dialysis or 

transplantation (17). There are multiple risk factors for progressing kidney diseases 

such as diabetes, high blood pressure, heart disease, and a family history of kidney 

failure (18). CKD has occurred without any signs and symptoms that can be used for 

disease prediction. The process occurs at a slow rate and leads to the development of 

kidney damage over time. Loss of kidney function can cause fluid or waste product 

build-up, which cannot eliminate from the body. Depending on the severity of the 

CKD, loss of kidney function can cause symptoms such as nausea, vomiting, 

urinating more or less, sleep problems, and chest pain if fluid builds up around the 

lining of the heart, or high blood pressure (hypertension) which is an uncontrollable 

condition that leads to symptoms (19). 

CKD can be divided into 5 stages based on the Estimated Glomerular 

Filtration Rate (eGFR) test result, which refers to how well the kidneys can filter 

waste and extra fluid out of the blood (20). GFR is an important and highly accurate 

estimate for identifying kidney disease progression, which is the standard way to 

estimate from a blood test for measuring creatinine levels. Creatinine is a waste 

product from muscle tissue's normal breakdown and digestion of dietary protein. In 

healthy adults, the normal eGFR level is greater than 90 and it declines with age 

despite no kidney failure. See the chart in Table 1 for the average estimated eGFR 

based on age (21). 
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Table 1: The correlation between age and average eGFR level in healthy adults 

Age (years) Average eGFR 

20 – 29 116 

30 – 39 107 

40 – 49 99 

50 – 59 93 

60 – 69 85 

70+ 75 

In the early stages (Stages 1–3), kidney disease doesn’t usually cause 

symptoms and it is still able to filter waste out of the blood. In the later stages (Stages 

4–5), CKD causes symptoms since the kidneys must work harder to filter the blood 

and may stop working eventually (20, 21). The stages of CKD, GFR levels, and 

percentage of kidney function in each stage are shown in Figure 1. 

 

 

 

 

 

 

 

 

 

Figure 1: The stages of CKD, GFR levels, and percentage of kidney function 

There are 5 stages of CKD progression divided by eGFR levels. Kidney disease can 

get worse in time. In the early stages (Stages 1-3), kidneys are still able to filter waste 

out of blood. In the later stages (Stages 4-5), kidneys must work harder to filter blood 

and may stop working altogether (21).  
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Once the kidneys have failed, the patient will need to start dialysis or has a 

kidney transplant. Dialysis helps clean the blood when the kidneys have failed. There 

are 2 types of dialysis including hemodialysis and peritoneal dialysis. A kidney 

transplant is a surgery, which replaces the non-functional kidney with a healthy 

kidney from a donor. (21, 22) 

2. Peritoneal dialysis 

Peritoneal dialysis (PD) is an attractive treatment option, among other kidney 

dialyzes, for end-stage kidney disease (ESKD) patients wishing for increased 

treatment-related flexibility and autonomy (23).  

For PD, the blood is cleaned inside the body, the abdominal cavity, or the 

hollow space that surrounds the organ in the patient's abdomen. The lining of the 

abdominal cavity, or peritoneum, is well-supplied with blood and covers the organs 

such as the small and large intestines thereby it appropriately serves as a 

semipermeable membrane for dialysis. Before starting the treatment, a catheter has to 

be inserted into the abdominal cavity whereof allows the dialysis fluid into the 

peritoneal cycle by itself. Any toxicity and harmful substances from the blood vessels 

will diffuse into the dialysis fluid. A lot of substances similar to sugar and electrolytes 

and excess water are removed from the blood by osmosis. After a few hours, the 

dialysis fluid has to be drained from the abdominal cavity newly and is usually 

replaced with fresh dialysis fluid immediately. Thus, the blood is constantly being 

cleaned. In addition, a cycler is an automatic device for more comfortably draining 

and replacing the dialysis fluid at night (24). In the process of peritoneal dialysis, the 

dialysis fluid is passed into the abdominal cavity as shown in Figure 2. 
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Figure 2: The procedure for peritoneal dialysis 

The first step is the process of draining the used and saturated solution inside the 

abdomen via the catheter. After the abdomen is drained of the used solution, the 

peritoneal cavity is refilled with new dialysis fluid solution through the same catheter. 

Next step, during this dwell period, the dialysis solution stays in the peritoneal cavity. 

This is when and where the dialysis occurs. The solution in your peritoneal cavity is 

collecting the waste and excess fluid from your body (24).  

Although PD is suggested as an effective treatment modality for ESKD 

patients, peritonitis remains a major complication that might result in the 

discontinuation of the treatment (25). If the patient does not concern about 

cleanliness, it may lead to infection of the peritoneum, subcutaneous tunnel, and 

catheter exit site (4). 

Previous studies have shown that patients who perform PD experience 

superior satisfaction and better preservation of kidney function (26, 27, 28, 29). 

Additionally, PD can be done at home. There is no need to drive to a hemodialysis 

center, and it is more cost-effective. Also, it reduces dietary restrictions and has less 

hemodynamically instability during hemodialysis. Hence, overall it improves the 

quality of life (3). 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 17 

3. Metagenomics sequencing 

The accurate identification of the pathogen disease is crucial for the correct 

diagnosis and treatment of the infection. A comprehensive, accurate, and rapid 

diagnosis, including pathogen identification at the species level and antibiotic 

resistance pattern, enables physicians to use more targeted antimicrobial therapies for 

these patients (30). Presently, many methods can be used to characterize the microbial 

composition and identify the potential causative from an infected patient's sample 

such as microbial culture, polymerase chain reaction (PCR) and high-throughput 

sequencing (HTS) (31). The identification methods comparisons are shown in Table2.  

Table 2: Taxonomic identification methods comparisons 

Technique 
Speed 

(days) 
Accuracy 

Resistance 

mutations 
Multispecies 

High 

throughput 

Emergent 

pathogen 

Culture 2-14 
Genus or 

Species 
No No No No 

PCR 2 
Genus or 

Species 
No No No No 

Amplicon 

sequencing 
1.5-2 

Genus or 

Species 
No Yes Yes Yes 

Shotgun 

sequencing 
2-3 

Species 

or Strain 
Yes Yes Yes Yes 

Microbial culture has been considered the gold standard of diagnostic methods 

developed more than 100 years ago. It involves growing the pathogen on appropriate 

media for bacterial and fungal species and is widely used in clinical laboratories (30). 

Further identification of the pathogen after culture specifically at the species level, 

biochemical and additional testing such as antibiotic resistance tests are often 

required. Due to the limitations of the media utilized for growth, there will be inherent 

bias to cultures. Moreover, this technique can only verify the presence of a 

microorganism that can grow on the selected media. Accordingly, a culture technique 

might not be effective at identifying unculturable, unknown, or novel pathogens (30). 
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PCR assays are rapid, low-cost, and specific on the short possible target list. 

The weakness of this technique as a diagnostic tool is its potential bias because the 

primer sequences target has to be chosen and designed before testing. In addition, 

PCR has relatively low-throughput capabilities because multiple PCR amplifications 

per sample negatively affect cost and time effectiveness (32). 

For amplicon-based metagenomic sequencing, the approach uses PCR to 

create sequences of DNA called amplicons. It is a widely used technique that relies on 

the conserved and variable. Amplicons from different samples can be multiplexed, 

which involves adding a barcode to samples, which can later be identified. The 

individual samples used for amplicon sequencing, typically used for variant detection, 

have to be transformed into libraries by adding adapters before multiplexing. Those 

adapters are allowing the amplicons to adhere to the flow cell for sequencing, and add 

enriching target regions via PCR amplification (33). 16S rDNA gene sequencing 

target is only read a region of the 16S rDNA gene which is found in all Bacteria and 

Archaea can only identify these types of microorganisms. Other types of amplicon 

sequencing such as ITS sequencing for fungi or 18S sequencing for protists, can 

identify other microorganisms. HTS technologies have constantly improved, and the 

overall quality read length of the sequencing has also improved which allows for 

greater and specific species resolution (34). 

Shotgun metagenomic sequencing involves randomly breaking DNA into 

many small pieces, much like a shotgun would break something up into many pieces. 

These DNA fragments are then sequenced and combined through bioinformatics tools 

to identify the genes and species in the sample. Unlike 16S rDNA sequencing, 

shotgun metagenomic sequencing can read all genomic DNA in a sample, rather than 

just one specific region of DNA (35). This method is culture independence and avoids 

PCR bias and it is not restricted to only bacterial sequence (31, 36). In addition, the 

coverage of the genome outside of the small 16S rDNA gene region means that 

specific, strain-level discrimination is achievable. Shotgun sequencing captures not 

only the pathogenic sequences but also the human host's genetic material, which can 

overwhelm the signal from the pathogens and lead to inaccurate classification of the 

pathogenic community. On the other hand, human genetic sequences can be expedient 
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in examining a genetic response to pathogen infection. Therefore, for fully integrated 

into diagnostic protocols, the relative benefits should be compared and validated by 

using culture methods (31, 37, 38, 39). 

4. 16S ribosomal DNA gene 

The ribosome is a complex of plural proteins and DNA subunits found within 

all living cells, that play an important role in biological protein synthesis (translation). 

The ribosome is composed of two major components: the small ribosomal subunit 

(30S ribosomal subunit in prokaryotic cells), and the large subunit (50S ribosomal 

subunit in prokaryotic cells) (40). The 16s ribosomal DNA (16S rDNA) gene encodes 

a ribosomal DNA molecule of 30S ribosomal subunit present in all prokaryotic cells, 

including bacteria and archaea that was the phylogenetic marker of choice from an 

early stage and has been used extensively to date (40, 41). The 16S rDNA gene is 

commonly and widely used for identifying bacteria for several reasons. First, the gene 

is relatively short around approximately 1,500 bp. Second, ten regions in the 16S 

rDNA gene sequence are common among most bacteria (conserved region) and are 

separated into nine diverse regions (hypervariable regions). Third, the gene sequences 

registered in public databases are increasing substantially, because the gene sequence 

is important information for identification and classification in bacterial taxonomic 

studies. (40). The scheme of the ribosome complex and 16S rDNA gene is shown in 

Figure 3 

 

 

 

  

 

Figure 3: The schematic of ribosome complex and 16S rDNA gene 

The white and grey boxes indicate conserved regions and hypervariable regions (V1-

V9) respectively.  The bold arrows are shown the approximate positions of universal 

primers on the 16S rDNA gene sequence of Escherichia coli (40). 
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5. 18S ribosomal DNA gene and Internal transcribed space region 

18S ribosomal DNA or 18S rDNA is the essential component of the 

eukaryotic cells in a small ribosomal eukaryotic subunit (the 40S) which is the 

homolog of 16S rDNA in prokaryotes and mitochondria, thus one is widely used in 

phylogenetic analysis and environmental biodiversity screening for eukaryotes (42). 

The internal transcribed spacer (ITS) includes two spacers, ITS1 and ITS2, 

separated by the 5.8S rDNA gene, and has a high degree of sequence variation with 

approximately 650 bp as shown in Figure 4. These spacer regions evolve much faster 

than other coding regions since the occurrence of substitutes in these spacers might be 

considered neutral mutations without any restriction (43). The 5.8S rDNA gene shows 

a weakened rate of evolutionary change whereas the spacers are a higher level of 

sequence variation which be used to aggregate phylogenetic relationships and even 

higher taxonomic levels. (44). There is a large amount of research available 

concerning the usefulness of ITS sequences, consequently, ITS sequences as excellent 

markers for species distinction (43). 

 

 

 

 

 

 

Figure 4: The schematic of the rDNA genes in eukaryotes 

The positions of the three rDNA genes (18S, 5.8S, 28S) are indicated with solid 

boxes, while regions processed from the primary transcript are in open boxes (ETS, 

external transcribed spacer; ITS, internal transcribed spacer). The extent and direction 

of the transcribed region of each unit as well as the final mature rDNAs derived from 

that transcript are shown at the bottom as dotted arrows (45). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 21 

However, 18S rDNA is mainly used for high-resolution taxonomic studies of 

fungi, while the ITS1 and ITS2 are the most suitable fungal barcode markers and are 

widely used for analyzing fungal diversity in environmental samples due to their 

variable sequences, conserved primers and multicopy nature (46). Therefore, ITS is 

more variable and thereby, more suitable as the genetic marker to measure 

intraspecific genetic diversity (42, 47). 

6. Third-generation sequencing  

Long-read technologies are the ones in third-generation sequencing that are 

overcoming all of the limitations in accuracy, throughput, and broadening the 

application domains at the genome which offers several advantages over short-read 

sequencing. (48). While short-read sequencers such as Illumina’s NovaSeq, HiSeq, 

NextSeq, and MiSeq instruments or Thermo Fisher’s Ion Torrent sequencers produce 

reads of up to 600 bases, long-read sequencing technologies routinely generate reads 

over 10 kb (48, 49). All of these capabilities together with incessantly progressing 

accuracy, throughput, and cost reduction, have begun to make long-read sequencing 

an option for a broad range of applications in genomics for both model and non-model 

organisms. (50).  

ONT with a portable MinION (512 nanopore flow cell channels), benchtop 

GridION (5 flow cells in a single module), and a high throughput PromethION (48 

flow cells of 3000 nanopores each), was commercially released in 2014 

(https://nanoporetech.com/applications/dna-nanopore-sequencing and 

https://nanoporetech.com/how-it-works), and since then have become suitable for an 

increasing number of applications (48, 51). These sequencers measure the ionic 

current fluctuations when single-stranded nucleic acids pass through biological 

nanopores (52). Long double-stranded DNA molecules are first bound with a 

processive enzyme. The DNA molecule translocates through a protein nanopore as 

shown in Figure 5. When the complex encounters a nanopore, one of the DNA strands 

enters and translocates through the pore, and the translocation rate is regulated by 

DNA polymerase synthesis. The processive enzyme enables the DNA to be 

continuously and processive “ratched” through it. As a DNA strand passes through 

https://nanoporetech.com/applications/dna-nanopore-sequencing
https://nanoporetech.com/how-it-works
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the pore, it interferes with a current being applied to the nanopore. Each nucleotide 

provides a unique characteristic electronic signal which is recorded as a current 

interruption event. The recording is in real-time and while 10kb reads are a reasonable 

output which refers to the theory 100s of kb of DNA can pass through each nanopore 

and be detected. Once DNA has left a nanopore, the pore is available for use by a 

different DNA molecule (51). The scheme of the nanopore sequencing system is 

shown in Figure 6. 

Because of its small, handheld size, the MinION has the potential for many 

applications where portability and or space requirements are at a premium. An 

overview of the nanopore sequencing process is shown in Figure 7. Although the error 

rate is relatively high as with other high throughput sequencing methods, this can be 

circumvented by the large number of molecules that can be sequenced. Furthermore, 

an improved flow cell R10.4.1 revision of the R10.4 pore is currently available with a 

new motor E8.2. helps to reduce errors. It will offer the high accuracy of the Q20+ (> 

99% accuracy) chemistry, enable duplex sequencing and base modification calling 

(https://nanoporetech.com/about-us/news/oxford-nanopore-technology-updates-show-

consolidations-and-updates-single-high). The new motor inherently enables somewhat 

faster speeds and several favorable properties for high-accuracy base-calling with 

tighter speed distribution, better-resolved signal levels, and fewer missteps. To 

support both high accuracy and high-yield use cases, instrument software will enable 

controlling the flow cell temperature - perhaps even during a run as summarized in 

Figure 8. 

Nanopore technology has been used to sequence environmental and 

metagenomic samples has been used for bacterial strain identification. Viral genomes, 

environmental surveillance, and haplotyping have been performed using the MinION. 

It is also able to identify base modifications and also offers direct DNA sequencing, 

as well as PCR-free cDNA sequencing. Thus, nanopore sequencing has the potential 

to offer relatively low-cost DNA sequencing, environmental monitoring, and 

genotyping (51, 53). 

 

https://nanoporetech.com/about-us/news/oxford-nanopore-technology-updates-show-consolidations-and-updates-single-high
https://nanoporetech.com/about-us/news/oxford-nanopore-technology-updates-show-consolidations-and-updates-single-high
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Figure 5: The schema of a DNA molecule translocating a protein nanopore 

The double-stranded DNA (dsDNA) is split by a helicase enzyme, allowing only a 

single strand (ssDNA) to pass while slowing it enough to achieve sufficient resolution 

for sequencing (54). 

 

 

 

 

 

 

 

 

 

Figure 6: The schema of the nanopore sequencing system 

(1) The upper protein is used to make the DNA molecule single-stranded. (2) The 

second protein forms a nanopore in a membrane. It also contains an adaptor molecule. 

(3) Each base obstructs the flow to a different degree. (4) The adaptor is used to 

reduce the speed of passing DNA through the pore, which is necessary for the exact 

identification of the DNA strand base composition (55).  
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Figure 7: The Overview of the nanopore sequencing process using MinION 

DNA is prepared (A) and fed to a nanopore (B), which is embedded in the MinION 

Flow Cell membrane (C). The MinION sequences and produces ionic signals (D) that 

can be analyzed to estimate DNA sequences (56). 

 

 

 

 

 

 

 

Figure 8: The summary of new chemistry, kit 14 

Which will soon be available and which combines an R10.4.1 revision of the R10.4 

pore currently available with a new motor E8.2. 
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CHAPTER III 

METHODOLOGY 

1. Research workflow 

 

 

 

 

 

 

Figure 9: Research workflow of metagenomic analysis based on amplicon 

sequencing from PDE samples 

This study workflow consists of the major steps of sample collection, DNA 

extraction, PCR amplification, Library preparation, Nanopore sequencing and finally, 

data analysis. 

2. Sample size calculation  

The following simple formula can be used: 

 

 

 

where n = sample size, 

  Z = Z statistic for a level of confidence, 

  p = expected proportion, 

  d = precision 

Z statistic (Z): For the level of confidence of 90%, which is conventional, the 

Z value is 1.65. This study presents the results with 90% confidence intervals (CI). 
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Expected proportion (p): This is the proportion (prevalence) estimated by the 

study. In this study, the prevalence in a sample from the previous study (57) is 31%. 

So, p = 0.31. 

Precision (d): It is very important to understand this value well. From the 

formula, it can be conceived that the sample size varies inversely with the square of 

precision (d2). In this study, the precision for this estimate is 10%. So, d = 0.10. 

When substituting in the formula, the sample size will be: 

𝑛 =
1.652 ×  0.31 × (1 − 0.31)

0.102
 

𝑛 = 58.234 

Therefore, the estimated sample size of this study will be at least 59. 

3. Participants 

In this study, 104 peritoneal dialysis effluent (PDE) samples were obtained from 

patients at the peritoneal center of 22 hospitals in Thailand between 2020 and 2022. 

The samples were leftover from the Thailand-Peritoneal Dialysis Outcomes and 

Practice Patterns Study (Thailand-PDOPPS) to follow up on ESKD patients 

undergoing PD in Thailand which was approved by the Institutional Review Board of 

the Faculty of Medicine, Chulalongkorn University (COA No. 1544/2020, IRB No. 

499/58). Furthermore, the Institutional Review Board of the Faculty of Medicine, 

Chulalongkorn University, approved the protocol of this study (COA No. 0754/2022, 

IRB No. 0253/65). 

All participants are over 18 years old and have ESKD undergoing continuous 

ambulatory peritoneal dialysis (CAPD) and automated peritoneal dialysis (APD) for 

more than 1 month. The patients had to satisfy the following 2 in 3 inclusion criteria: 

(1) PDE from the first episode of infection that was observed cloudy; (2) Peritonitis 

caused by the infection has been reported; (3) A white blood cell count more than 100 

cells and/or the percentage of polymorphonuclear neutrophils (PMNs) more than 

50%. The patients under 18 years who underwent hemodialysis (HD), acute peritoneal 

dialysis, or combination renal replacement therapy were excluded from this study. 
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4. Sample processing and DNA extraction 

The sample processing and DNA extraction were processed by the Center of 

Excellence in Kidney Metabolic Disorders, Chulalongkorn University, Bangkok, 

Thailand. Briefly, the samples were collected at 50 mL and centrifuged for 15 min in 

a microcentrifuge at 12,000 rpm followed by discarding the supernatant. The pellet 

was suspended in 400 μL of sorbitol buffer with 50 U of Lyticase enzyme (Sigma-

Aldrich Pte. Ltd., Singapore), incubated at 30°C for 60 min to break the cell, and 

centrifuged at 12,000 rpm for 5 min followed by discarding the supernatant. Then, 

567 μL of 1M TE buffer, 3 μL of 10% SDS (Sigma-Aldrich, Singapore), 10 μg/mL of 

Lysozyme enzyme (Merck, Germany), and 5 μg of mg/ml of Proteinase K 

(Worthington-Biochem, USA) were added and incubated at 65°C for 90 min to break 

the proteins and inhibit RNases. Finally, the samples were centrifuged for 5 min in a 

microcentrifuge at 12,000 rpm and the pallets were collected and resuspended with 

200 μL sterile water. The total genomic DNA (gDNA) was extracted using the 

magLEAD 12gC system (Precision System Science, Japan), following the 

manufacturer’s protocol. DNA quantity and quality were evaluated using 

spectrophotometry and agarose gel electrophoresis. The DNA was stored at −20 °C 

until use.  

5. 16S rDNA gene amplification 

The amplification of the 16S rDNA gene based on three primer pairs was 

summarized in Table 3. The primer pair 1 (16S_27F/16S_1492R) provided the 

amplification and sequencing of the full-length 16S rDNA gene (1500 bp) for the 

classification of bacterial species. The primer pair 2 (16S_341F/16S_806R) was 

commonly used for V3-V4 region (500 bp) amplification and the taxonomic 

classification of bacteria based on short-reads Illumina platform. We validated the 

primer pair 3 (16S_27F/16S_806R) for amplification of the V1-V4 region (800 bp) to 

classify bacterial community at the species level. 

The PCR products were amplified using Phusion™ Plus DNA Polymerase 

(Thermo Fisher Scientific, USA) to avoid errors during amplification. The PCR 

reaction was conducted in a total volume of 20 μL containing inner primer pairs 

(0.25 µM each) and the barcoded outer primer mixture from PCR Barcoding 
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Expansion 1-96 kit (EXP-PBC096; Oxford Nanopore Technologies, UK). The PCR 

components and temperature cycling conditions were summarized in Table 4 and 

Table 5, respectively.  The PCR products were examined with 1% agarose gel 

electrophoresis and purified using QIAquick Gel Extraction Kit (Qiagen, Germany), 

following the manufacturer’s protocol. 
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Table 4: PCR reaction components for 16S rDNA amplification 

Components 
PCR1 Volume 

(μL) 

PCR2 Volume 

(μL) 

5X Phusion™ Plus buffer 4 4 

10 mM dNTPs 0.4 0.4 

10 µM Forward primer/barcode 0.5 0.25 

10 µM Reverse primer/barcode 0.5 0.25 

Phusion™ Plus DNA polymerase 0.2 0.2 

Nuclease-free water 13.4 13.9 

Template DNA 1 1 

Total Volume 20 20 

 

Table 5: Thermal cycling for 16S rDNA amplification 

PCR cycling step Temperature Time Cycle 

Initial denaturation 98°C 30 sec 1 

Denaturation 98°C 10 sec 

25 Annealing 60°C 10 sec 

Initial extension 72°C 50 sec 

Final extension 72°C 5 min 1 

 

6. ITS region amplification 

The fungal ITS region was amplified using three primer pairs as also shown in 

Table 3. The primer pair 4 (ITS_1F/ITS_4R) provided the amplification and 

sequencing of the full-length ITS region, including 5.8S (700 bp), for the 

classification of fungal species. The primer pair 5 (ITS_1F/ITS_2R) was the partial 

ITS1 region (300 bp), while the primer pair 6 (ITS_86F/ITS_4R) was commonly used 

for the partial ITS2 region (400 bp) with a longer targeted length. 

To avoid error base incorporation, DNA was amplified by Ultra HiFi DNA 

Polymerase (TIANGEN Biotech, China). The total 20 μL PCR reaction consisted of 

inner primer pairs (0.25 µM each) and the barcoded outer primer mixture from PCR 

Barcoding Expansion 1-96 kit (EXP-PBC096; Oxford Nanopore Technologies, UK). 
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The PCR reaction mixtures and thermal profile were revealed in Table 6 and Table 7, 

respectively.  The 1% agarose gel electrophoresis was applied for the PCR product 

size visualization. The barcoded libraries were purified by QIAquick Gel Extraction 

Kit (Qiagen, Germany), following the manufacturer’s protocol. 

 

Table 6: PCR reaction components for ITS amplification 

Components PCR1 and PCR2 Volume (μL) 

2X Ultra HiFi DNA polymerase 10 

PCR Enhancer 4 

10 µM Forward primer/barcode 0.5 

10 µM Reverse primer/barcode 0.5 

Nuclease-free water 3 

Template DNA 2 

Total Volume 20 

 

Table 7: Thermal cycling for ITS amplification 

PCR cycling step Temperature Time Cycle 

Initial denaturation 94°C 2 min 1 

Denaturation 98°C 10 sec 
35 for PCR1 / 

15 for PCR2 
Annealing 60°C 10 sec 

Initial extension 68°C 45 sec 

Final extension 68°C 1 min 1 

 
7. Nanopore library preparation 

The purified libraries were quantified using Quant-iT™ dsDNA High Sensitivity 

Assay Kits for the Qubit™ 4 Fluorometer (Thermo Fisher Scientific, US) and then 

equimolarly pooled for multiplexing. The pooled library was purified using 0.5X (for 

16S rDNA gene) and 0.8X (for ITS2) Agencourt AMPure XP beads (Beckman 

Coulter, USA). Then, the library was subjected to end repair and adaptor ligation 

steps using Ligation Sequencing Kit (SQK-LSK112 and SQK-LSK114 for 16S rDNA 

gene and ITS2, respectively). Finally, the pooled DNA library was sequenced via the 
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MinION™ Mk1C (Oxford Nanopore Technologies, UK) using R10.4 flow cell (FLO-

MIN112) for 16S rDNA gene and R10.4.1 flow cell (FLO-MIN114) for ITS2. 

 
8. Data analysis workflow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Data analysis workflow of metagenomic analysis based on amplicon 

sequencing from PDE samples 

This data analysis pipeline was applied for bacterial and fungal classification using 

nanopore sequencing data of the 16S rDNA gene and ITS2 region, respectively.   
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9. Base-calling and data processing 

The FAST5 data were base called by Guppy basecaller version 6.0.7 (Oxford 

Nanopore Technologies, UK) with a super-accuracy model to generate pass reads in 

FASTQ format with a minimum acceptable quality score at Q>10 (58). Then, the 

quality of reads was examined by MinIONQC (59). The FASTQ sequences were 

demultiplexed and adaptor-trimmed by using Porechop version 0.2.4 

(https://github.com/rrwick/Porechop). 

 

10. Bacterial classification based on 16S rDNA gene sequencing 

The filtered reads were clustered, polished, and taxonomically classified by 

NanoCLUST (60) based on the V1-V4 region of 16S rDNA gene sequences from the 

Ribosomal Database Project (RDP) database (61). The relative abundance and 

taxonomic assignment data were converted to the QIIME2 data format to demonstrate 

the richness and evenness of bacterial species based on their taxa abundances using a 

plug-in implemented for QIIME2 software v2021.2 (62). The normalized data were 

visualized by Rstudio version 4.2.2. 

 

11. Fungal classification based on ITS sequencing 

The FASTQ data were continually processed by the QIIME2 analysis pipeline 

v2021.2 (62). The chimeric reads were removed by the UCHIME algorithm (63). The 

filtered reads were clustered into Operational taxonomic units (OUT) at 95% 

similarity by VSEARCH (64).  Then, these passed filtered sequences were classified 

by the VSEARCH algorithm based on the SILVA database (https://www.arb-

silva.de/). The alpha diversity (Chao1 and Shannon indexes) was estimated based on 

their taxa abundances. The relative composition of fungal taxonomy was carried out 

by GraphPad Prism 9.5.0. 

 

 

 

 

 

 

https://github.com/rrwick/Porechop
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CHAPTER IV 

RESULTS 

1. Selection of primers for bacterial 16S rDNA gene amplification 

The V1-V9, V3-V4, and V1-V4 variable regions were amplified by three-primer 

pairs from five representative PDF samples (S01-S05) and compared the PCR product 

results with 1% agarose gel electrophoresis (Figure 11). The primer pair 1 yielded the 

positive band of the full-length 16S rDNA in 3/5 samples (60%). However, the high-

density band was obtained in only 1 sample whereas the fainted bands were in the 

other 2 samples. In contrast, 5/5 samples (100%) amplified products were obtained 

from the primer pair 2. Nevertheless, the non-specific amplicons (400, 450 and 900 

bp) were observed in some samples. Interestingly, primer pair 3 provided a sharp and 

high-density band in 5/5 samples (100%) without non-specific PCR products. 

Therefore, this primer pair was selected for further validation and analysis. 

Figure 12 showed the representative result of 16S rDNA amplification using 

16S_27F and 16S_806R primers. Among 104 PDE samples, 15 samples were unable 

to amplify whereas 89 samples yielded a positive band as expected. However, non-

specific PCR products can be observed in some samples. Therefore, the targeted 

amplicons were cut and purified by QIAquick Gel Extraction Kit (Qiagen, Germany). 
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Figure 11: The 1% agarose gel electrophoresis for comparisons among 3 primer 

pairs specific to bacterial 16S rDNA PCR products 

(A) The V1-V9 amplified products (1,500 bp) from primer pair 1 

(16S_27F/16S_1492R). (B) The V3-V4 PCR products (500 bp) using primer pair 2 

(16S_341F/16S_806R). (C) The V1-V4 amplicons (800 bp) are based on the primer 

pair 3 (16S_27F/16S_806R). M: 100 bp ladder marker. S01-S05: representative PDF 

samples. The triangle indicated the expected band. 

 

 

 

 

 

Figure 12: The representative PCR products obtained from the amplification of 

the 16S rDNA gene using 16S_27F/16S_806R primers 

M: 100 bp ladder marker. S1-S4: representative PDE samples. + and – are positive 

and negative controls, respectively. The triangle indicated the expected band 

(approximately 800 bp). 
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2. Diversity of bacterial in peritoneal dialysis effluent 

The bacterial 16S rDNA (V1-V4 variable region) was sequenced with a high-

throughput MinION™ platform (Oxford Nanopore Technologies, UK). In this study, 

1,341,989 total raw reads were obtained with 15,079 average reads per sample. The 

average classified reads were 10,656 reads per sample as summarized in Table 8. The 

rarefaction analysis was applied to estimate whether there was sufficient sequence 

coverage to reliably classify all samples. The result showed sufficient sequencing 

depth for diversity in 89 PDE samples (Figure 13). Alpha diversity (richness and 

evenness analysis) was summarized in Table 9.  

Table 8: Summary of 16S rDNA sequencing data 

Targeted gene 
Total raw 

reads 

Average 

reads/Sample 

Average classified 

reads/Sample 

16S rDNA 1,341,989 15,079 ± 11,214 10,656 ± 7,762 

 

 

 

 

 

 

 

Figure 13: Rarefaction curve analysis of 16S rDNA gene 

X-axis represented the sequencing depth and Y-axis represented the Shannon 

diversity index. Each color line represented different samples. 
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Table 9: Alpha diversity indexes (Chao1 and Shannon) of bacteria 

Targeted gene Chao1 index Shannon index 

16S rDNA 8.15 ± 8.06 1.24 ± 1.05 

 

3. The relative abundance of bacterial classification 

The relative abundance of bacterial composition in 89 PDE samples was 

classified. At the phylum level, the dominant bacteria were Firmicutes, Proteobacteria 

and Actinobacteria (Figure 14). The relative abundance of bacteria at the genus level 

was demonstrated in Figure 15. Five major bacterial genera were 

Escherichia/Shigella, Streptococcus, Staphylococcus, Phyllobacterium and 

Lactococcus. Several abundant bacterial species were identified in PD patients 

(Figure 16). The result showed that Escherichia coli was the most bacterial species 

followed by Phyllobacterium myrsinacearum, Streptococcus gallolyticus, 

Staphylococcus epidermidis, and Shewanella algae, respectively. 

The heatmap visualized the hierarchical clustering of bacterial diversity and 

showed the top 35 abundances of bacteria at the species level. All subjects were 

divided into 8 clusters according to the microbial community patterns in the samples 

(Figure 17). The dominant bacterial community included Candidatus Rhizobium 

(Cluster 1), Lactococcus garvieae (Cluster 2), Phyllobacterium myrsinacearum 

(Cluster 3), Streprococcus gallolyticus (Cluster 4) and Staphylococcus epidermis 

(Cluster 6). The Escherichia coli dominated in Clusters 7 and Clusters 8 which were 

distinguished by the relative abundance greater than 70% and less than 70%, 

respectively. However, other microbial community patterns were classified in Cluster 

5. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3
8
 

                F
ig

u
re

 1
4
: 

T
h

e 
ta

x
o
n

o
m

ic
 c

o
m

p
o
si

ti
o
n

 o
f 

b
a
ct

er
ia

l 
cl

a
ss

if
ic

a
ti

o
n

 i
n

 8
9
 P

D
E

 s
a
m

p
le

s 

T
h
e 

re
la

ti
v
e 

ab
u
n
d
an

ce
 (

%
) 

o
f 

6
 b

ac
te

ri
a 

at
 t

h
e 

p
h
y
lu

m
 l

ev
el

. 
T

h
e 

co
lo

re
d
 b

ar
 c

h
ar

ts
 r

ep
re

se
n
t 

th
e 

d
if

fe
re

n
t 

b
ac

te
ri

al
 p

h
y
la

. 
T

h
e 

b
ac

te
ri

al
 

ta
x
o
n
o
m

y
 o

f 
le

ss
 t

h
an

 1
0
%

 w
as

 c
la

ss
if

ie
d
 a

s 
o
th

er
. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3
9
 

           F
ig

u
re

 1
5
: 

T
h

e 
re

la
ti

v
e 

a
b

u
n

d
a
n

ce
 (

%
) 

o
f 

5
5
 b

a
ct

er
ia

 a
t 

th
e 

g
en

u
s 

le
v
el

 

T
h
e 

co
lo

re
d
 b

ar
 c

h
ar

ts
 r

ep
re

se
n
t 

th
e 

d
if

fe
re

n
t 

b
ac

te
ri

al
 g

en
er

a.
 T

h
e 

b
ac

te
ri

al
 t

ax
o
n
o
m

y
 o

f 
le

ss
 t

h
an

 1
0
%

 w
as

 c
la

ss
if

ie
d
 a

s 
o
th

er
. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4
0
 

 

  
 

          

F
ig

u
re

 1
6
: 

T
h

e 
re

la
ti

v
e 

a
b

u
n

d
a
n

ce
 (

%
) 

o
f 

8
4
 b

a
ct

er
ia

 a
t 

th
e 

sp
ec

ie
s 

le
v
el

 

T
h
e 

co
lo

re
d
 b

ar
 c

h
ar

ts
 r

ep
re

se
n
t 

th
e 

d
if

fe
re

n
t 

b
ac

te
ri

al
 s

p
ec

ie
s.

 T
h
e 

b
ac

te
ri

al
 t

ax
o
n
o
m

y
 o

f 
le

ss
 t

h
an

 1
0
%

 w
as

 c
la

ss
if

ie
d
 a

s 
o

th
er

. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4
1
 

            F
ig

u
re

 1
7
: 

H
ea

tm
a
p

 v
is

u
a
li

ze
d

 t
h

e 
h

ie
ra

rc
h

ic
a
l 

cl
u

st
er

in
g
 o

f 
th

e 
b

a
ct

er
ia

l 
co

m
m

u
n

it
y
 o

f 
ea

ch
 s

a
m

p
le

 b
a
se

d
 o

n
 t

h
e 

a
n

a
ly

si
s 

o
f 

th
e 

3
5
 m

o
st

 a
b

u
n

d
a
n

t 
sp

ec
ie

s 

T
h
e 

co
lo

r 
re

p
re

se
n
te

d
 t

h
e 

re
la

ti
v
e 

ab
u
n
d
an

ce
 (

R
A

) 
o
f 

p
er

ce
n
ta

g
e 

(%
) 

fo
r 

b
ac

te
ri

al
 s

p
ec

ie
s.

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 42 

4. Bacterial identification between metagenomic and traditional culture 

methods 

Among the 89 PDE samples, bacterial species were identified from only 56 

samples (62.92%) based on the traditional culture method whereas all samples (100%) 

can be classified through metagenomic approaches (Figure 18). Comparison between 

metagenomic and traditional culture methods for bacterial classification in 56 

samples, concordant results from both techniques were observed in 42/56 samples 

(75%). Briefly, the dominant bacterial species were E. coli (8 cases), S. epidermidis (6 

cases), K. pneumoniae (3 cases), S. aureus (3 cases), E. faecalis (2 cases), P. 

aeruginosa (2 cases), S. mitis (2 cases) and 16 other bacterial species (1 case each) as 

summarized in Table 10. On the other hand, 14/56 samples (25%) demonstrated 

different results between metagenomics approaches and traditional culture methods as 

shown in Table 11. Interestingly, the metagenomic approaches can be applied for 

bacterial classification in 33/89 samples (37.08%) which are negative for the 

traditional culture method. The metagenomic result was summarized in Table 12.  

 

 

 

  

 

 

 

 

 

Figure 18: Venn diagram illustrated the number of PDE samples that can be 

classified for bacterial species based on the metagenomic approach (V1-V4) and 

traditional culture method 

The numbers in the overlapping circles showed positive results in both methods. 
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Table 10: Summary of concordant bacterial species in both methods 

Bacterial Species Samples ID Number of cases (%) 

A. indicus PD591 1/42 (2.38%) 

B. cepacia 780 1/42 (2.38%) 

C. Rhizobium PD596 1/42 (2.38%) 

C. freundii 485 1/42 (2.38%) 

C. simulans 796 1/42 (2.38%) 

C. striatum 568 1/42 (2.38%) 

C. striatum 
633 1/42 (2.38%) 

E. faecium 

E. coli 505, 487, 497, 510, 511, 716, 750, PD711 8/42 (19.05%) 

E. cloacae 520 1/42 (2.38%) 

E. faecalis 690, 661 2/42 (4.76%) 

K. pneumoniae 736, PD924, PD631 3/42 (7.15%) 

L. garvieae 684 1/42 (2.38%) 

P. aeruginosa 734, 601 2/42 (4.76%) 

S. algae 828 1/42 (2.38%) 

S. aureus 573, 647, 663 3/42 (7.15%) 

S. epidermidis 541, 539, 711, 771, PD763, PD957 6/42 (14.29%) 

S. haemolyticus 556 1/42 (2.38%) 

S. hominis 709 1/42 (2.38%) 

S. pasteuri 723 1/42 (2.38%) 

S. schleiferi 727 1/42 (2.38%) 

S. anginosus 536 1/42 (2.38%) 

S. gallolyticus 495 1/42 (2.38%) 

S. mitis 827, PD927 2/42 (4.76%) 
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Table 12: Summary of bacterial species through the only metagenomic method 

Sample ID Top 3 of metagenomic approach result (%abundance) 

488 M. thermophilus (28.32%), C. clostridioforme (22.94%), P. copri (12.99%) 

498 E. coli (49.62%), M. tuberculosis (16.36%), A. chartisolvens (12.73%) 

504 M. tuberculosis (86.92%), C. segnis (2.80%), E. coli (2.49%) 

512 E. coli (64.79%), E. fergusonii (19.04%), M. tuberculosis (5.14%) 

513 S. gallolyticus (83.13%), E. coli (12.31%), B. ceti (3.57%) 

521 E. coli (92.49%), F. magna (7.51%) 

537 E. coli (100%) 

565 B. cereus (99.62%), P. acnes (0.30%), B. weihenstephanensis (0.08%) 

583 L. piscium (86.47%), D. aetherius (9.74%), L. raffinolactis (3.79%) 

584 D. aetherius (88.51%), E. faecalis (7.62%), C. oryzae (2.08%) 

606 E. coli (93.77%), M. podarium (4.13%), M. radiotolerans (1.40%) 

609 S. gallolyticus (98.93%), L. piscium (1.07%) 

626 C. jeikeium (99.50%), M. halophilus (0.27%), P. acnes (0.23%) 

635 P. faecium (41.69%), P. buccalis (14.21%), O. valericigenes (8.52%) 

678 S. salivarius (97.45%), S. warneri (2.36%), E. faecalis (0.19%) 

689 N. marinus (59.48%), S. gordonii (31.69%), P. sediminis (8.11%) 

701 S. gallolyticus (99.54%), E coli (0.46%) 

704 E. coli (65.45%), S. epidermidis (34.55%) 

721 P. faecium (94.92%), B. luteolum (3.95%), P. stutzeri (0.75%) 

743 E. coli (62.44%), P. myrsinacearum (29.22%), C. minuta (8.34%) 

787 P. myrsinacearum (99.53%), O. pituitosum (0.47%) 

796 L. piscium (65.22%), S. parauberis (20.05%), L. raffinolactis (14.73%) 

801 E. coli (52.48%), A. commune (26.08%), F. saccharivorans (10.55%) 

802 P. myrsinacearum (94.42%), B. vesicularis (3.59%), R. mucilaginosa (1.99%) 

856 P. myrsinacearum (63.30%), B. aurantiaca (27.09%), B. vesicularis (4.72%) 

967 E. coli (98.17%), P. acnes (1.83%) 

PD504 E. coli (37.35%), E. faecalis (25.86%), P. capillosus (17.96%) 

PD516 E. coli (51.20%), S. algae (48.80%) 

PD536 E. eligens (74.34%), M. podarium (11.61%), S. epidermidis (7.05%) 

PD585 K. kristinae (95.64%), G. para-adiacens (1.62%), S. suis (0.71%) 

PD587 P. faecium (32.69%), E. cloacae (14.38%), E. eligens (8.00%) 

PD683 P. sediminis (40.62%), T. brevis (12.76%), P. staleyi (11.20%) 

PD761 S. algae (72.93%), C. cellulans (15.33%), N. kribbensis (5.45%) 
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5. Selection of primers for fungal ITS region amplification 

The ITS1-ITS2, partial ITS1, and partial ITS2 regions of ten representative PDE 

samples (S01-S10) were amplified by three-primer pairs, and the PCR products were 

determined with 1% agarose gel electrophoresis (Figure 19). Primer pair 4 provided 

the positive band of the full-length ITS region (approximately 700 bp) in only 3/10 

samples (30%), while primer pair 5 (approximately 300 bp) provided fainted bands of 

the partial ITS1 in 10/10 samples (100%). However, the primer dimers 

(approximately 150 bp) were obviously observed in all samples using both primer 

pairs 4 and 5. Noticeably, primer pair 6 (approximately 400 bp) provided high-density 

bands in 9/10 samples (90%) without primer dimers. Nevertheless, non-specific PCR 

amplicons appeared in a few samples. Thus, the targeted bands were purified using 

QIAquick Gel Extraction Kit (Qiagen, Germany). Hence, primer pair 6 (ITS2_86F 

and ITS_4R) was selected for amplification of the partial ITS2 region in PDE samples 

(Figure 20). In total 104 PDE samples, the expected band was positive in 69 samples 

(66.35%) but negative in 35 samples (33.65%).  

 

 

 

 

 

 

 

Figure 19: The 1% agarose gel electrophoresis for comparisons among 3 primer 

pairs specific to fungal ITS PCR products 

(A) The full-length ITS amplified products from primer pair 4 (ITS_1F/ITS_4R). (B) 

The partial ITS1 products using primer pair 5 (ITS_1F / ITS_2R). (C) The partial 

ITS2 amplicons are based on primer pair 6 (ITS_86F/ITS_4R). M: 100 bp ladder 

marker. S01-S10: representative PDF samples. The triangle indicated the expected 

band. 
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Figure 20:  The representative PCR products obtained from the amplification of 

fungal ITS2 by ITS2_86F/ITS_4R primers 

M: 100 bp ladder marker. S1-S4: representative PDE samples. + and – are positive 

and negative controls, respectively. The triangle indicated the expected band 

(approximately 400 bp). 

6. Diversity of fungi in peritoneal dialysis effluent 

For the ITS2 amplicon sequencing based on the high-throughput ONT platform, a 

total of 1,272,777 raw sequencing reads were obtained from the 69 PDE samples. 

These sequences included an average of 18,446 reads per sample. In this study, the 

average of 10,656 reads per sample can be sufficiently classified the fungal 

composition patterns (Table 13). The result of the rarefaction curves showed that 

these sequences had sufficient coverage to accurately classify the fungal diversity 

(Figure 21). The Chao1 (richness) and Shannon (richness and evenness) indexes were 

used for the determination of the alpha diversity as summarized in Table 14. 

Table 13: Summary of ITS2 sequencing data 

Targeted gene Total raw reads 
Average 

reads/Sample 

Average classified 

reads/Sample 

ITS2 1,272,777 18,446 ± 11,329 13,537 ± 8,143 
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Figure 21: The rarefaction analysis of ITS2 

Rarefaction curves demonstrated the sequencing depth for estimation of the Shannon 

diversity index in each saturated plateau as represented by different colors. 

Table 14: Alpha diversity indexes (Chao1 and Shannon) of fungi 

Targeted gene Chao1 index Shannon index 

ITS2 36.59 ± 16.17 2.22 0.06 

 

7. The relative abundance of fungal classification 

From the result, the major identified phyla from 69 PDE samples were 

Basidiomycota followed by Ascomycota and Glomeromycota, respectively, as shown 

in Figure 22. The most common fungal genera were Wallemia followed by 

Cladosporium and Meyerozyma, respectively (Figure 23). All subjects were separated 

into 8 clusters based on the fungal taxonomy patterns in the samples (Figure 24). 

Heatmap clustering showed that Cryptococcus was a unique fungal community in 

Cluster 1. In addition, the dominant fungal abundance included Sterigmatomyces 

(Cluster 2), Exobasidium and Meyerozyma (Cluster 3) and Cladosporium (Cluster 4). 

Interestingly, Wallemia were clustered according to the percentage of relative 

abundance by greater than 40% but less than 70% (Cluster 5-7) and greater than 70% 

(Cluster 8). Cluster 6 and Cluster 7 were distinguished by co-dominant Wallemia with 

Meyerozyma and Cladosporium, respectively. 
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8.  Fungal identification through the metagenomic approaches 

High-throughput ITS2 sequencing can be used for fungal classification in PDE 

samples. There were 66.35% (69/104 samples) positive for fungus obtained from 

metagenomic results. Wallemia was the most fungal genera found in the samples. 

Interestingly, in this study was observed co-dominance of the highest abundances of 

fungi in 5 samples. The results showed that the abundant fungi were dominated by 

Wallemia and order Hypocreales in Samples PD512 and PD523. Wallemia and 

phylum Ascomycota co-dominated in Sample 506 whereas order Hypocreales and 

class Agaricomycetes co-dominated in Sample 495. Furthermore, Sample 556 was 

multi-dominated by Ascomycota sp., order Hypocreales, and phylum Ascomycota as 

summarized in Table 15. 
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CHAPTER V 

DISCUSSION AND CONCLUSION 

Amplicon sequencing through the ONT platform is a powerful strategy for 

microbial classification and has been popularly employed for microbiome analysis 

from diverse human clinical samples (65). This sequencing platform is a culture-free 

method that provides a cost-effective technique and essential benefits regarding long-

read data (66). The amplification and sequencing of the full-length 16S rDNA gene 

(approximately 1,500 bp) and ITS region (including 5.8S rDNA gene, approximately 

800 bp) can allow bacterial and fungal identification up to species level with high 

accuracy and sensitivity (67, 68). However, a good-quality DNA sample was required 

to amplify the full-length gene for long reads sequencing. Therefore, the limitation of 

this approach is the difficulty of full-length gene amplification in the samples with 

low-quality DNA.  

 In the present study, the DNA in PDE samples was degraded due to several 

reasons including being collected without nucleic acid preservation (NAP) buffer, 

multiple freeze-thaw, and kept at -20 °C for a long period (69). Degraded samples 

may have insufficient quantities of DNA to amplify the full-length 16S rDNA gene 

and ITS region. Therefore, the partial gene of the 16S rDNA gene (V1-V4 regions) 

and ITS2 region amplification was applied for bacteria and fungi, respectively. For 

further study, the sample should be preserved in NAP buffer (70), and avoiding 

multiple freeze-thaw would be more appropriate for the full-length amplicon 

sequencing. 

Another reason may be lysis buffer in the DNA extraction process. Since a cell 

wall can be found in the majority of bacteria and fungi and is substantially harder than 

the plasma membrane of mammalian cells. A mild lysis buffer can be used to 

selectively lyse the plasma membrane without damaging the microorganisms. 

However, some microorganisms are more likely to be destroyed by a selective lysis 

buffer which leads to a low quantity of DNA for the library preparation and 

sequencing (71). 
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 For bacterial identification, this study showed that the traditional bacterial 

culture method provides positive results in only 56 among 104 samples (53.8%) 

whereas the 16S rDNA metagenomic approach can identify up to 89 samples (85.6%). 

Moreover, our study showed that 42/56 samples (75%) had the same results between 

the traditional culture method and 16S rDNA sequencing. Noticeably, 33 samples 

(31.73%) without traditional culture results can be classified the bacterial species 

through 16S rDNA amplicon sequencing. The result obtained from this study was 

comparable to a recent study that performed shotgun metagenomic analysis to identify 

pathogens in PDE samples based on the BGISEQ platforms as summarized in Table 

16 (72).  

Table 16: The comparison of positive rate from bacterial culture and 

metagenomic analysis between our study and recent report 

Result Our study Recent study 

Positive rate from culture method 56/104 (53.85%) 18/30 (60%) 

Positive rate from metagenomic analysis 89/104 (85.58%) 26/30 (86.67%) 

Positive rate from both techniques 56/104 (53.85%) 15/30 (50%) 

Negative rate from both techniques 0/104 (0%) 1/30 (3.33%) 

 

The accurate and precise identification of fungi is challenging in the 

traditional culture method as it is not routine for clinical examination. The traditional 

fungal culture method provides positive results in only 13/104 samples (12.5%) 

whereas ITS2 nanopore sequencing contributed positive results in 69/104 samples 

(66.3%). Interestingly, 56/69 samples (81.2%) negative for traditional culture can be 

classified in the fungal taxonomy through metagenomic analysis, indicating that the 

metagenomic approach had a higher potential for microbial classification than the 

traditional culture method. However, some samples cannot be classified by the 

metagenomic approach because DNA yields in PDE samples might be severely 

degraded during long-term storage. 
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In this study, the 16S rDNA gene sequencing result showed that Firmicutes, 

Proteobacteria, and Actinobacteria were the dominant phylum in ESKD patients 

similar to the previous study (73). In line with our findings, previous studies 

discovered microbiomes in the peritoneal tissue of ESKD patients harbor a high 

abundance of Firmicutes and Proteobacteria (5). At the species level, the dominance 

of Escherichia coli, Phyllobacterium myrsinacearum, Streptococcus gallolyticus, 

Staphylococcus epidermidis, and Shewanella algae in the PDE samples could be the 

clinical importance. The bacterial genera Escherichia, Streptococcus, and 

Staphylococcus were also detected by traditional culture and shotgun metagenomic 

analysis in a recent study (72).  Another study revealed the causative microorganisms 

in PDE samples based on traditional culture and found both gram-positive bacteria 

(i.e., Staphylococcus, Streptococcus, Enterococcus) and gram-negative bacteria (i.e., 

Escherichia, Klebsiella, Pseudomonas) which are partially consistent to our study 

(74).  

Generally, E. coli is a frequent gram-negative peritonitis bacterium and can be 

produced the extended-spectrum β–lactamase (ESBL) associated with a poorer 

prognosis (75). Interestingly, PD-related peritonitis caused by Streptococcus sp. was 

reported from the entry routes into the peritoneal cavity including contamination 

during the exchange procedure, bacterial translocation, hematological dissemination 

with oral and dental procedures, and catheter-related process (76). More studies have 

shown that the most common pathogens are coagulase-negative staphylococcal 

species, including Staphylococcus epidermidis and Staphylococcus aureus which 

commonly colonize human skin and hands and may also lead to peritonitis when exit-

site and tunnel infections (77, 78). Shewanella sp. is hydrogen sulfide-producing 

motile gram-negative bacilli. The common clinical syndromes are skin and soft tissue 

infections, including peritoneal catheter-associated infections (79). Finally, 

Phyllobacterium myrsinacearum is a gram-negative bacterium that causes infections 

in humans. Due to Phyllobacterium myrsinacearum cannot grow on standard media 

culture, the identification of this bacteria based on a metagenomic approach raised 

several outstanding questions about whether it can cause human severe infection (80).   
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Based on the ITS2 sequencing result, we found Wallemia at the genus level is 

the most dominant fungi in the PDE samples. The Basidiomycota genus Wallemia has 

been classified as a minor component with potential functional significance within the 

human gut microbiota (81). Moreover, a few studies have reported that Wallemia sp. 

be related to human health problems such as allergological conditions or rare 

subcutaneous/cutaneous infections (82).  

In conclusion, our study demonstrated the metagenomic analysis of the low 

abundance DNA extracted from PDE samples based on the partial gene amplification 

of 16S rDNA and ITS2 region with nanopore sequencing. Our metagenomic approach 

provided a high potential for bacterial and fungal taxonomic classification, which 

would be practical and attractive for the clinical sample as an alternative culture-

independent approach and offers the preventive infectious strategy in CDK patients. 
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