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General Introduction 
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The cultivation of microbes is no doubt to be the most important procedure in the field 

of microbiology. Especially, the cultivation of microbes using solid growth medium 

allows researchers to obtain colonies, a mass of genetically identical cells multiplied from 

the single inoculated cell, which aids researchers to isolate single strain from the sample 

consists of multiple microbes (e.g. freshwater, soil and sludge samples). In the past, this 

cultivation approach was the only method to analyze the bacterial compositions within 

the sample, and thus it was the basis of the environmental microbiology. The limitation 

of this cultivation-based analysis was that the presence of the microbes which couldn’t or 

hardly form colonies on the solid medium were not reflected. This limitation is often 

referred to the “great plate count anomaly” (1, 2), which is the phenomenon that when 

culturing microbes from the environmental sample, the number of colonies appears on 

the solid medium is always less than the number of cells observed under the microscope. 

This concept was further confirmed with the appearance of the next generation 

sequencing (NGS) technologies into this field of study. NGS allows researchers to use 

the total DNA/RNA extracted directly from the environmental sample and then PCR 

amplify the target sequences for the analysis (e.g. 16S rRNA sequence for bacterial 

identification), the whole process requires no cultivation and thus the accurate abundance 

of each taxaon in the sample could be reported without the cultivation bias. However, 

many microbes are known for their presences by NGS analyses but being classified as 

“Candidate phylum”, which means their taxonomy are unconfident at the phylum level 

because no cultured representatives are present (3–5). 

It is being said that only 1 % of the total microbes on this planet had been successfully 

isolated and cultivated to the date (1), and the microbes belong to the remaining 99% are 

always referred as the “uncultivated microbes” or “yet-to-be cultured microbes”, which 
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are known to dominate various environments (6) and are believed to be rich of the novel 

genetic resources and metabolites. These unexplored microbial resources have high 

potentials to make contribution to the development of various fields which includes the 

field of industry, pharmacy, healthcare, genetic engineering etc. Although recent NGS 

technologies allow researchers to access genome information and transcriptome 

information without the need of cultivation (7), the DNA sequence information itself 

poorly explains the actual physiologies of the expressed products in the alive cells. To the 

date, many protein coding genes in the newly sequencing analyzed genomes are annotated 

as “hypothetical proteins”, which their functions are not predictable from the previously 

accumulated genetic information (8). In this era with developing NGS technologies, the 

successful cultivation of the viable microbes in the laboratory is still highly demanded in 

order to study the physiologies of the microbes and their gene products. 

The limitation on the cultivation could be explained by the differences on the growth 

condition between the laboratory and the natural conditions which where microbes were 

isolated. Environmental microbes inhabit in various conditions ranging from the surface 

of the soil to the surface of the human gut, thus it is irrational to try culturing all these 

microbes in the single laboratory condition. Throughout the decades, researchers had 

developed various techniques to culture uncultured microbes from the nature; for 

examples: prolonging the incubation period for slow glowers (9, 10), co-culturing with 

other strain to fulfill the metabolic requirement (11–13), or by using the permeable 

membrane which allow the diffusion of natural nutrients and metabolites to mimic the 

natural environment (14, 15). For cultivation using solid growth medium, numerous 

attempts had focused on modifying the ingredients of solid growth medium and 

successfully improved the cultivability. For examples, researchers tried to improve the 
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cultivability by reducing the concentration of the nutritious substances in the medium 

(16–19), adding signal compounds or growth promotors (20, 21), or by using different 

gel solidifier instead of agar (22, 23). The use of gellan gum instead of the agar as the gel 

solidifier had revealed the presence of microbes which cannot form colonies on the agar 

growth medium (23). This study was followed by the study which detected the presence 

of the hydrogen peroxide (H2O2) in the solid medium which was solidified with agar (24). 

Furthermore, the generation of H2O2 was determined to occur during the autoclave 

sterilization step by the reaction between agar and phosphate (25). These findings 

surprised researchers since agar and phosphate are the common ingredients in many 

growth media and autoclave sterilization is also a common practice. 

H2O2 is one of the reactive oxygen species (ROS) and it is known to damage microbial 

cell components, such as DNA and enzymes (26, 27). This non-polar compound diffuses 

through the microbial cell membranes and oxidizes the Fe(II) inside of the cell which 

cause the defection on the function of numerous enzymes which require ferrous iron (28); 

also, the hydroxyl radicals generated from H2O2 binds to the DNA molecule and causes 

damage (26). Researchers found that the H2O2 being generated in solid media could be 

the source of exogenous H2O2 stress, and it was believed to interfere the colony formation 

of many environmental microbes. 

Previous studies indicated that the agar plates prepared by the separate autoclaving of 

the agar and phosphate have advantages on the yield and the novelties of the acquired 

colonies (24, 29, 30). However, since the generation of other growth-inhibiting substances 

during the autoclaving was also indicated (25), there was no study had successfully 

reported the independent effect of H2O2 on the colony formations. Thus, this study first 

focused on the effect of H2O2 in the agar plate on the colony formation of microbes. 
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Comparative cultivation of laboratory and environmental microbes under different H2O2 

concentrations was performed to elucidate the critical effect of plate embedded H2O2 on 

the colony formation; the results of the experiment led to the isolation of microbes which 

their colony formation was highly inhibited by the presence of H2O2 in the medium. My 

study is the first study which selectively isolated environmental microbe which is 

vulnerable to the H2O2 in the agar medium. The genomic DNA sequence analysis on the 

isolated strains was consecutively performed to analyze their sensitivities genetically, 

which had revealed their potentials on H2O2 degradation by the presence of putative H2O2 

degrading genes. Finally, the functions of the explored putative catalase genes were 

evaluated by self-cloning the gene to observe the resulted alteration on the physiological 

behaviors. The results of my studies had highlighted the importance of controlling the 

H2O2 concentrations in the solid medium during cultivation, and implied that the 

cultivation problems of the environmental microbes may be solved by using their own 

enzymatic potentials. This work would contribute to the isolation of uncultured microbes 

in the future.  
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Abstract 

Researchers previously showed that autoclaving in preparing agar media is one of the 

sources of hydrogen peroxide (H2O2) in the medium. This medium-embedded H2O2 was 

shown to lower the total colony count of environmental microorganisms. However, the 

critical concentrations of H2O2 detrimental to colony formation on the agar plate remain 

largely undetermined. Herein, I elucidated the specific effect of H2O2 on microbial colony 

formation on solid agar medium by external supplementation of varying amounts of H2O2. 

While common laboratory strains (often called domesticated microbes) formed colonies 

in the presence of high H2O2 concentrations (48.8 µM or higher), microbes from a 

freshwater sample demonstrated greatly decreased colony counts in the presence of 8.3 

µM H2O2. This implies that environmental microbes are susceptible to much lower 

concentrations of H2O2 than laboratory strains. Among the emergent colonies on agar 

plates supplemented with different H2O2 concentrations, the relative abundance of 

betaproteobacterial colonies was found to be lower on plates containing higher amounts 

of H2O2. Further, the growth of the representative betaproteobacterial isolates was 

completely inhibited in the presence of 7.2 µM H2O2. This study thus clearly 

demonstrates that low micromolar levels of H2O2 in agar plates critically affect growth of 

environmental microbes, and large portions of those are far more susceptible to the same 

than laboratory strains. 

 

Introduction 

Hydrogen peroxide (H2O2), a reactive oxygen species is destructive to 

microorganisms (26, 27). Microbial susceptibility have long been investigated in a variety 

of laboratory cultures (31–42). These studies demonstrate the effect exerted by several 
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hundred micromolar to millimolar levels of supplementary H2O2 on bacterial survival. 

For instance, the E. coli K-12 strain W3110 survives after the 15 minutes treatment with 

10 mM H2O2 (42), and the survival rate of E. coli K-12 strain AB1157 was below 5% 

after the 15 minutes treatment with 25 mM H2O2 (31). The majority of these studies 

exposed bacterial cells to H2O2 in liquid medium prior to spreading them on solid medium. 

This resulted in H2O2 stress that was exerted on bacterial cells in liquid medium, being 

evaluated on solid medium. Since the H2O2 content of the solid agar media was not 

determined, the H2O2 stress for microbial cells on solid (more specifically, agar) media 

are poorly assessed. 

Agar has been commonly used as a growth media solidifier since the 1890s and 

modern microbiology would not exist without its extensive contributions to the field. 

Several factors that contribute to this effect in agar media have been established thus far, 

including the role played by H2O2 generation during agar media preparation as previously 

reported (24, 25). 

A previous study demonstrated that autoclaving agar and phosphate in the same 

container during the media preparation (PT protocol, Phosphate-Together) resulted in the 

generation of H2O2 that remained entrenched within the medium (24). This retention of 

H2O2 in media is believed to be one of the factors responsible for the lowered colony 

counts of environmental microbes (24). H2O2 generation increases in a phosphate 

concentration-dependent manner, and is accelerated by high pH and ammonium 

concentrations (25). The generation of H2O2 can thus be reduced by autoclaving agar and 

phosphate separately (PS protocol, Phosphate-Separate) (24, 25). Comparative analyses 

of these two recipes using bacterial inoculums derived from several environmental 

samples revealed that the colony yield of PS plates was at least twice as high as that of 
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PT plates (24, 25, 29, 30). This was accompanied by a higher ratio of phylogenetically 

novel isolates on PS plates than that observed on PT plates (24, 29, 30). These results 

imply that the use of PT medium critically affects microbial colony formation, and the 

cultivability of hitherto-uncultivated microorganisms. The above-mentioned studies 

utilized PYG agar medium (containing peptone, yeast extract, and glucose as primary 

carbon and energy sources) as a model medium that potentially contains H2O2 at 

concentrations of ~ 15 µM or higher when plates are prepared using the PT protocol (24, 

25).  

While few studies previously reported that PT plates yield fewer colonies than that 

observed on PS plates, the effect might not be a consequence solely attributable to higher 

H2O2 content. This is because PT plates are discussed to contain other growth inhibiting 

substances that are generated during the autoclaving process (25). Thus, a simple 

comparison of growth between PT and PS plates does not accurately reflect the 

independent effects of H2O2. 

The present study investigates the independent effect of H2O2 contained within agar 

medium on the growth of laboratory and environmental microbes. The modulation of 

H2O2 levels in media allowed investigation of the specific effects of H2O2 on microbial 

growth, independent of the effects exerted by other growth inhibiting substances that may 

have been generated during agar media preparation (25). 

 

Materials and Methods  

Environmental sample source and collection. Environmental samples were 

collected from the current beside Ono pond, a pond located at Hokkaido University, 

Sapporo, Japan (43˚07’N, 141˚34’E) in order to isolate microbes sensitive to low 
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micromolar levels of H2O2. The sediment surface was disturbed using an autoclave-

sterilized ladle, and the water above containing floating sediment particles was 

subsequently collected into an autoclave-sterilized plastic laboratory bottle. The collected 

sample was immediately placed on ice and stored at 4 °C until further use in cultivation 

experiments. 

Preparation of culture medium. PYG medium (containing peptone, yeast extract, 

and glucose) was prepared using the PW protocol (where W stands for Without phosphate 

buffer) for microbial cultivation from the environmental sample, as previously described 

by Tanaka et al. (24). Two solutions (solutions A and B) were prepared and autoclaved 

separately in different containers and subsequently mixed prior to solidification of the 

agar medium in a Petri dish. The pH of solution A containing 2.27 mM (NH4)2SO4, 0.2 

mM MgSO4, and 45 µM CaCl2, was adjusted to 8.1 before the addition of 16 g liter-1 of 

Bacto agar. Solution B contained 0.1 g liter-1 of Bacto peptone, Bacto yeast extract, and 

glucose (pH 6.7). Post mixing solutions A and B, H2O2 was added as required. Briefly, 

after cooling the autoclaved AB mixture to approximately 50 °C, commercially available 

H2O2 was added to the mixture at incremental concentrations ranging from 5–400 µM, 

before immediate solidification in a Petri dish. The final concentration of retained H2O2 

in the agar plates was detected to be approximately 40% to 60% of that which was 

originally supplemented. 

Cultivation and identification of microbes from environmental samples. Prior to 

initiation of the cultivation experiments, the environmental sample was inverse-mixed in 

a plastic bottle and left for one hour to allow large particles to settle. The liquid at the top 

was separated and serially diluted in a 10-fold series from 10-1 to 10-4 in sterile distilled 

water. From each dilution, 50 µl was spread on PW plates containing either 1.8 µM, 3.2 
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µM, 8.3 µM, or 17.3 µM H2O2. Each dilution was inoculated in quadruplicate for each 

H2O2 concentration, and the plates were subsequently incubated at 20 °C in dark for 10 

days prior to estimation of CFUs. 

At least 100 colonies from each H2O2 concentration were randomly chosen for 

identification (1.8 µM:384 colonies, 3.2 µM:288 colonies, 8.3 µM:192 colonies, 17.3 

µM:384 colonies). Briefly, the partial region of 16S ribosomal RNA genes was PCR 

amplified using KOD FX Neo DNA polymerase (TOYOBO) and the primers set 10F’ 

(5´-AGAGTTTGATCMTGGCTCAG-3´) and 1492R (5´-

TACGGYTACCTTGTTACGACTT-3´). The PCR products were prepared for 

sequencing using the BigDye terminator cycle V3.1 sequencing kit (Thermo Fisher 

Scientific), and subsequently sequenced using the Applied Biosystems 3500XL genetic 

analyzer (Thermo Fisher Scientific) with the primer 341F (5´-

CCTACGGGAGGCAGCAG-3´). Each colony was identified using the Ribosomal 

Database Project (RDB) classifier (43) with a confidence threshold of 80%. The full-

length sequence of the amplified 16S rRNA gene obtained from the isolates OS-1 and 

OS-4 was determined and used for phylogenetic analysis. 

Detection of H2O2 concentration in the medium. H2O2 concentration in the agar 

medium was estimated by freezing the medium overnight at -80 °C, followed by thawing 

in dark for three hours at room temperature. The liquid inside the agar medium was 

extracted onto the surface of the medium by syneresis, and was subsequently collected 

and diluted as liquid samples prior to detection of the H2O2 concentration. 

The H2O2 concentration was analyzed by combining different aspects of the protocols 

previously published by Jiang et al. and Tanaka et al. (24, 44). In brief, freshly prepared 

2X H2O2 assay reagent (200 mM sorbitol, 200 µM xylenol orange, 500 µM 
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Fe(NH4)2(SO4)2·6H2O, and 50 mM H2SO4) was added to the same volume of the liquid 

sample which was collected from the thawed frozen plate. Prior to this, an H2O2 

eliminated blank for each liquid sample was prepared by adding bovine liver catalase to 

the liquid samples in order to eliminate H2O2, followed by incubation at room temperature 

for 40 min. The absorbance was subsequently read at 560 nm and compared to that of the 

H2O2 standard solution, the concentration of which was determined using the extinction 

coefficient of 43.6 M-1·cm-1 at 240 nm. For each analysis, an average of triplicate 

measurements was made. 

Evaluation of microbial sensitivity to H2O2. Eight bacterial strains were cultured on 

agar plates containing six different H2O2 concentrations. Five frequently utilized bacterial 

species included Escherichia coli K-12, Pseudomonas putida JCM 6157, Sphingomonas 

paucimobilis NBRC 13935T, Rhodococcus erythropolis JCM 3201T, and Bacillus subtilis 

subsp. subtilis str. 168. The present study resulted in the isolation of two strains that were 

highly sensitive to H2O2, namely OS-1 and OS-4. SO-S41 was a alphaproteobacterial 

strain that was isolated in the previous study (29). Each strain was cultured in PW liquid 

medium and harvested during the log phase. Cell suspensions were subsequently diluted, 

and 50 µl of the diluted suspensions were spread on PW plates containing either 0.6 µM, 

2.9 µM, 7.2 µM, 13.3 µM, 48.8 µM, 85.3 µM, or 225 µM H2O2. Plates that were 

inoculated with Escherichia coli were incubated at 37 °C, those with Pseudomonas, 

Sphingomonas, Rhodococcus, and Bacillus strains at 28 °C, those with OS-1 and OS-4 at 

20 °C, and those with SO-S41 at 25 °C. 

Cultivation of OS-1 and OS-4 on various LB agar media. Comamonadaceae strain 

OS-1 and OS-4 were inoculated on standard and diluted Lysogeny Broth (LB) agar 

medium. The standard LB medium was prepared with 10g liter-1 of Bacto Tryptone, 5 g 
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liter-1 of Bacto yeast extract and 5g liter-1 NaCl; if required, the solution was diluted with 

distilled water prior to the addition of 16g liter-1 Bacto agar. As result, LB agar plates with 

1/1, 1/5, 1/10 and 1/20 amount of the nutrition were prepared. Additionally, a standard 

LB plates was prepared with amending catalase to eliminate the plate embedded H2O2; 1 

ml (per liter) of filter-sterilized bovine liver catalase (2 mg/ml) was added to the 

autoclave-sterilized LB agar medium which was cooled down to approximately 40 °C 

before plating out. Strain OS-1 and OS-4 grown in the liquid PYG medium were 

inoculated on these LB agar media, followed by the 6 days of incubations at 20 °C. 

Data availability. The 16S rRNA gene sequences of strain OS-1 and OS-4 has been 

deposited in the GenBank/EMBL/DDBJ databases under accession numbers LC710547 

and LC710548. The partial 16S rRNA gene sequences behind Fig. 2 are deposited under 

accession number LC734098-LC734900. 

 

Results 

Evaluation of various microbial sensitivities to H2O2 in agar medium. PYG plates 

without supplemental phosphate (PW protocol, Without phosphate) that have been 

reported to yield less H2O2 than those prepared by the PS protocol (generated H2O2: 

PT>>PS>PW) were prepared (24). The concentration dependent effects of H2O2 on 

colony formation were assessed using PW plates supplemented with varying amounts of 

H2O2 before solidification.  

The sensitivities of laboratory strains (see Materials and Methods) to H2O2 in agar 

plates was tested by spreading cell suspensions on PW plates supplemented with H2O2 

(Table 1). The findings revealed that while Sphingomonas and Pseudomonas strains 

managed to grow on plates supplemented with 48.8 µM H2O2, Escherichia and 
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Rhodococcus strains showed growth at a much higher concentration of 85.3 µM. Further, 

Bacillus strain demonstrated growth even at 225 µM H2O2, the highest concentration 

tested. All of these commonly studied species were thus capable of growing on agar plates 

containing at least 48.8 µM H2O2, which is approximately twice the H2O2 concentration 

detected in conventional PT plates (24, 25).
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TABLE 1 The growth of various bacterial strains on the PW plates with different H2O2 concentrationsa 

 

Strain 

H2O2 concentration of the PW plate (µM) 

Bacterial 

type 
0.6 2.9 7.2 13.3 48.8 85.3 225.0 

Common 

laboratory 

species 

Escherichia coli 

K-12 
+ + + NT + + - 

Pseudomonas putida 

JCM 6157 
+ + + NT + - - 

Sphingomonas 

paucimobilis 

NBRC 13935T 

+ + + NT + - - 

Rhodococcus 

erythropolis 

JCM 3201T 

+ + + NT + + - 

Bacillus subtilis 

Subsp. Subtilis Str. 168 
+ + + NT + + + 

Isolated in 

this study 

OS-1 + + - - - - - 

OS-4 + + - - - - - 

Isolated in 

the 

previous 

study 

SO-S41 + + + NT - - - 

a +: growth, - : no growth, NT = Not tested. 
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Comparison of colony diversity and frequency obtained from environmental 

sample at varying H2O2 concentrations. The freshwater microbial sample was 

inoculated on PW plates with four different H2O2 concentrations to elucidate its effect on 

microbial growth in the context of colony frequency and diversity. Supplemental H2O2 

was added post autoclaving to ensure that plates only differed with respect to their final 

H2O2 concentrations. The highest H2O2 concentration of 17.3 µM was comparable to the 

H2O2 concentration present in PT plates, as previously reported (24). The CFUs were 

found to decrease with increasing H2O2 concentrations in PW plates (Fig. 1). This was 

evident from the finding that 20% of the CFUs that grew on the 1.8 µM H2O2 plates were 

lost on the 3.2 µM plates. Further, more than 60% were lost on the 8.3 µM plates, and 

more than 80% was lost on the 17.3 µM plates. 

The H2O2 concentration also affected the taxonomic composition of the colonies, as 

depicted in Fig. 2 in terms of microbial diversity at the class level. While the relative 

abundance of the classes Gammaproteobacteria, Flavobacteria, and Alphaproteobacteria 

was much higher on plates that contained greater amounts of H2O2, a decrease in the 

relative abundance of the class Betaproteobacteria was evident when H2O2 

concentrations were comparatively higher. 
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FIG 1 Total colony count of emergent colonies from the freshwater sample on PW 

plates with four different H
2
O

2
 concentrations. The number of colonies were counted 

after 10 days of incubation at 20˚C in dark. CFU counts are averages from four 

replicate agar plates and error bars represent standard deviations. 
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FIG 2 Comparison of the class level relative abundance of emergent colonies on PW 

plates with four different H
2
O

2
 concentrations. Colonies were randomly selected from 

the plates and identified by analyzing the amplified partial sequence of 16S rRNA gene 

using RDP classifier. 
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Isolation and characterization of microbes that are highly sensitive to H2O2. Based 

on the above-mentioned results, I attempted to obtain microbes that were highly sensitive 

to low micromolar levels of H2O2. More specifically, betaproteobacterial colonies were 

selectively collected among the identified colonies which depicted Fig. 2. 

Of the various betaproteobacterial strains isolated from the 1.8 µM H2O2 plates, OS-1 

and OS-4 were selected for further experimentation. 

Analysis of the 16S ribosomal RNA gene sequence using the NCBI database 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed that the strain OS-1 shared 

approximately 99% identity with certain Rhodoferax strains, and that the strain OS-4 was 

approximately 99% identical to certain Curvibacter strains. This implies that they may 

belong to these genera, both of which are classified under the family Comamonadaceae. 

Notably, the family Comamonadaceae also demonstrated the most obvious decrease in 

CFUs with increasing H2O2 concentrations (Fig. 3, Table 2).  

The reproducibility of the results on H2O2 sensitivity of these two strains was 

confirmed after isolation and long-term preservation. Both strains were found to form 

colonies on PW plates supplemented with 0.9 µM H2O2, however, colony formation was 

completely abrogated on plates containing 13.3 µM H2O2, a concentration which is 

comparable to that present in conventional PT plates (Fig. 4). 

Further, both OS-1 and OS-4 failed to form single colonies on plates supplemented 

with 7.2 µM H2O2 (Table 1). This indicates that their threshold of H2O2 sensitivity is 

substantially lower than the amount of H2O2 in conventional PT plates. 

Additionally, the alphaproteobacterial strain SO-S41, previously isolated as the strain 

which grows on PS plates but not on PT plates, was also tested for its H2O2 sensitivity 

(29) (Table 1). The strain formed single colonies on the plates supplemented with 7.2 µM 
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H2O2, which is indicative of its lower sensitivity to H2O2 than that of OS-1 and OS-4.
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FIG 3 Comparison of the family level relative abundance of emergent colonies which 

was identified in Fig. 2. 
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TABLE 2 The count of identified colonies which was used to plot Fig. 3  

Family 
H2O2 concentration (µM) 

1.8 3.2 8.3 17.3 
Acetobacteraceae 0 0 1 0 
Aeromonadaceae 2 2 1 2 
Bradyrhizobiaceae 10 5 17 14 
Burkholderiaceae 0 0 1 0 
Burkholderiales_incertae_sedis 7 5 0 0 
Campylobacteraceae 1 0 0 0 
Carnobacteriaceae 1 1 0 0 
Caulobacteraceae 15 4 7 14 
Chitinophagaceae 4 1 0 0 
Comamonadaceae 123 53 10 2 
Cytophagaceae 3 2 0 0 
Deinococcaceae 0 0 1 0 
Enterobacteriaceae 1 2 7 23 
Erythrobacteraceae 0 0 1 0 
Flavobacteriaceae 13 4 15 33 
Hyphomicrobiaceae 24 17 23 44 
Intrasporangiaceae 1 0 0 0 
Kineosporiaceae 1 0 0 0 
Methylobacteriaceae 0 0 0 1 
Microbacteriaceae 7 4 3 3 
Micrococcaceae 1 0 0 0 
Micromonosporaceae 0 1 0 0 
Mycobacteriaceae 0 1 1 2 
Neisseriaceae 0 0 0 1 
Nocardiaceae 0 0 2 0 
Oxalobacteraceae 21 15 9 10 
Paenibacillaceae 1 0 1 0 0 
Phyllobacteriaceae 0 0 1 0 
Porphyromonadaceae 0 2 0 0 
Propionibacteriaceae 0 0 5 0 
Pseudomonadaceae 8 8 15 40 
Rhizobiaceae 5 2 4 7 
Rhodobacteraceae 4 7 3 1 
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Rhodocyclaceae 10 8 0 0 
Rhodospirillaceae 2 0 0 0 
Sanguibacteraceae 0 0 0 1 
Sneathiellaceae 0 1 0 0 
Sphingobacteriaceae 0 2 0 3 
Sphingomonadaceae 6 9 3 10 
Xanthobacteraceae 1 0 1 0 
Xanthomonadaceae 2 1 0 1 
unclassified_Burkholderiales 4 3 0 0 
unclassified_Micrococcineae 1 0 0 0 
unclassified_Rhizobiales 2 0 8 4 
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FIG 4 Colony formation of OS-1 and OS-4 on PW plates with 0.9 μM (A and C) and 

13.3 μM (B and D) of H
2
O

2
. Pictures were taken after 5 days of incubation at 20°C. 

Cultivation experiment was performed in pentaplicates and the representative is 

shown. 
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Cultivation of strain OS-1 and OS-4 on LB medium. Strain OS-1 and OS-4 were 

cultivated on LB medium with varying concentration of the nutrient ingredients. Both 

strains showed no growth on the standard LB medium (Fig. 5 A, F), however, by 

amending the bovine liver catalase (final concentration of 2 ng/ml) to eliminate H2O2, 

OS-1 showed the formation of colonies (Fig. 5 B) while OS-4 did not (Fig. 5 G). The 

colony formation was observed for both strains as the concentration of the ingredients 

(Tryptone, yeast extract and NaCl) of the medium were diluted to 1/5, 1/10 and 1/20 (Fig. 

5 C-E, H-J). 
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ere taken after 6 days of incubation at 20°C. Cultivation experim
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DISCUSSION 

The present study aimed to shed light on the specific effects of H2O2 on the 

cultivability (colony formation) of environmental isolates and laboratory strains. Since 

the previous studies that utilized PT and PS plates were limited by its inability to exclude 

the effects of other interfering substances that may have been detrimental to colony 

forming capacity, I used growth media that was prepared using an identical protocol to 

ensure that the PW plates only differed with respect to their H2O2 contents. These were 

prepared by supplementing agar medium post autoclaving with H2O2, thus allowing the 

manipulation of the H2O2 content, and were subsequently used to assess the H2O2 

susceptibilities of various microbes (Table 1). All the tested laboratory strains 

successfully formed single colonies on PW plates containing 48.8 µM H2O2, thus 

indicating that their tolerance to H2O2 in agar plates was higher than the amount of H2O2 

in conventional PT plates. The high tolerance of these strains may contribute to their 

growth on artificial media that contain a certain amount of H2O2, which possibly further 

led to their establishment as common laboratory strains. 

The majority of studies that investigated microbial susceptibility to H2O2 exposed 

bacterial cells to millimolar levels of H2O2 in liquid medium prior to spreading on solid 

medium containing unknown amounts of H2O2 (31–42). In contrast, I analyzed the direct 

effect of H2O2 in agar plates on inoculated cells, so as to be able to determine the 

vulnerability of bacterial cells to the representative concentrations of ROS, when plated 

on solidified media. The results revealed that the well-known laboratory strains of 

Escherichia, Pseudomonas, Rhodococcus and Sphingomonas were able to form colonies 

at concentrations up to 48.8 – 85.3 µM H2O2 in agar plates, but were not able to form 

colonies in the presence of 225 µM H2O2 (Table 1), which is in sharp contrast to previous 
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findings that report resistance even to millimolar amounts of H2O2 in liquid medium. This 

significant difference between previous reports and my study probably exists on account 

of the previous studies have reported survivability in the presence of H2O2 in liquid 

medium, while my study demonstrated the effect of H2O2 on colony formation. This study 

therefore is the first study that demonstrates microbial susceptibility of pure strains, 

including E. coli strains, to potentially lethal concentrations of H2O2 on agar media. 

I further hypothesized that the colony forming ability of many environmental microbes 

would potentially be significantly affected by H2O2 in agar plates. Given that 15 µM or 

higher H2O2 in agar plates, a concentration previously detected in PT media by us had an 

inhibitory effect on the growth of environmental microbes (24, 25), the effect of lower 

H2O2 concentrations was investigated in the present study. PW plates with four different 

H2O2 concentrations, namely 1.8 µM, 3.2 µM, 8.3 µM, and 17.3 µM were prepared and 

inoculated with a freshwater sample that served as a bacterial source. The number of 

emergent colonies were subsequently counted, which clearly revealed that H2O2 

concentrations in agar plates were inversely related to colony numbers (Fig. 1). As shown 

in Fig.1, a remarkable decrease in CFUs was observed on the 8.3 µM plate, a H2O2 

concentration which was obviously lower than the concentration previously detected in 

PT plates (~15 µM) (24). These results demonstrate the levels of H2O2 to which 

environmental microbes are sensitive for the first time. 

The class level abundance of the colonies was directly influenced by H2O2 content. 

The identification of colonies on different plates revealed that colony variety differed 

between different H2O2 concentrations. The class Betaproteobacteria demonstrated a 

continuous decline as H2O2 concentrations increased (Fig. 2), which is indicative of the 

existence of H2O2 sensitive strains among Betaproteobacteria. This assisted us 
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substantially in the isolation of the betaproteobacterial strains OS-1 and OS-4 from plates 

supplemented with 1.8 µM H2O2. Both these strains failed to grow in the presence of 7.2 

µM of H2O2, a concentration lower than that present in PT plates (Table 1), even after 

repetitive subculture in the laboratory, implying that they lack the ability to colonize 

conventional PT plates. Notably, in sharp contrast to the laboratory strains, both OS-1 and 

OS-4 were observed to have higher susceptibilities to H2O2 in agar plates. 

During the routine cultivation of strain OS-1 and OS-4, I found that both strains do not 

form colonies on the LB agar medium. The standard recipe of the LB medium contains 

yeast extract, and it contains phosphates. Since yeast extract was autoclave-sterilized with 

agar in the same container, the generation of H2O2 was predicted (25). Both strains 

showed no formation of colonies on the standard LB medium (Fig. 5 A, F); but by 

eliminating the H2O2 with bovine liver catalase, OS-1 showed the formation of colonies 

(Fig. 5 B). Which indicated that for OS-1, the H2O2 in the LB agar medium was the main 

cause of the cultivation failure; however, OS-4 did not grow on the LB plated amended 

with catalase (Fig. 5 G), which indicates that the H2O2 in the LB plate was not the only 

obstacle of the colony formation of OS-4.  

By diluting the ingredients of standard LB plates, both strains showed colony 

formation (Fig. 5 B-D, G-I). For OS-1, reduced amount H2O2 in the medium is one of the 

causes of the improved colony formation, by diluting the ingredients, the total amount of 

phosphate was reduced as the amount of yeast-extract was reduced. For OS-4, the 

improvement of the colony formation is possibly to be the result of the reduced amount 

nutrients itself, as growth medium with less amount of nutrients are reported to be favored 

for the cultivation of environmental microbes (17–19). The results indicated that the 

lower amount of H2O2 being generated in the diluted growth medium could be one of the 
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reasons why low nutrition medium yields more colonies of environmental microbes.  

In order to further evaluate the effect of plate embedded H2O2 on the growth of 

environmental microbes, more samples from different locations and time period should 

be collected and examined. However, I successfully discovered microbes which are 

sensitive to low micromolar of H2O2 from my freshwater sample. Moreover, 

environmental microbes that grow on PS plates but not on PT plates have been sourced 

from water, sludge, sediment, and soil (24, 25, 29, 30), the majority (though not all) of 

which are in all likelihood sensitive to low micromolar levels of H2O2 in agar plates. 

In the present study, I prepared agar media using 1.8 µM H2O2 as the lowest 

concentration, which yielded the highest CFUs from freshwater sample inoculums. 

However, given that the H2O2 content of freshwater samples has been reported to be in 

the nanomolar order (45) and in view of my evidence on the sensitivity of environmental 

microbes to H2O2, one may reasonably expect the existence of a number of microbes in 

these samples that are incapable of growing even on plates supplemented with 1.8 µM 

H2O2. The analysis of microbes with far more sensitivity to H2O2 therefore requires the 

preparation of plates with nanomolar levels of H2O2. While this may be achieved by the 

addition of catalase or pyruvate that reduce H2O2 to extremely low levels (25, 46–49), the 

technique cannot be applied to control H2O2 concentrations. The development of novel 

techniques that can successfully regulate H2O2 content in the nanomolar order are 

therefore essential for the analysis of more sensitive microbes. 

My results demonstrated that the low micromolar levels of H2O2 in agar plates 

critically affected the growth of environmental microbes, which further implied that the 

micromolar levels of H2O2 generated during media preparation may be one of the causes 

of the “great plate count anomaly” (2). 
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Further studies on H2O2 sensitive strains, including a detailed analysis of the extent of 

their sensitivities to different H2O2 levels, as well as of the activities of catalase and other 

hydrogen peroxide-degrading enzymes encoded by their genomes, might aid elucidation 

of the mechanisms involved in H2O2 susceptibility. This may prove to be useful in the 

development of technological advancements that will permit the isolation of novel 

environmental microbes in the future. 
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Abstract 

Aerobic microbes are known for their continuous generation of H2O2 in their cells, 

thus the genes of the H2O2 degrading enzymes are widely conserved among their genomes. 

Two Comamonadaceae strains OS-1 and OS-4 showed high sensitivity against the H2O2 

in agar medium, however, they are highly possible to be possessing the H2O2 scavenging 

enzymatic genes since they both grow aerobically. To verify the genetic background of 

the high H2O2 sensitivity of these strains, their genomes had to be analyzed. In the present 

study, I investigated if strain OS-1 and OS-4 possess H2O2 degrading enzymatic genes or 

not by performing the whole genome sequencing analysis. The result revealed that both 

strains possess the DNA sequences being annotated as commonly conserved H2O2 

degrading enzymes and the H2O2 sensory protein.  

Furthermore, I focused on the putative genes of catalases since catalases are the most 

efficient H2O2 degrading enzymes and widely conserved. The putative catalase genes 

were found in both genomes, and each putative catalase gene was found to have intact 

ORF and thus they are less likely to be structural pseudogenes. The predict amino acid 

sequences of the putative catalase genes were compared against the reported catalases in 

the NCBI database, and the results indicated that the putative catalase genes of OS-1 and 

OS-4 show high similarities with the previously reported catalases. The results indicated 

the presence of the intact catalase genes in the genomes of microbial strains which are 

highly sensitive to H2O2.  

 

Introduction 

Through the isolation of Comamonadaceae bacterium strain OS-1 and OS-4, I proved 

the presence of microbes which their colony formation was largely affected by the 
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presence of low micromolar order of H2O2 in the agar plate (50). As in chapter 1, the 

colony formation of strain OS-1 and OS-4 were completely inhibited with the presence 

of 7.2 µM of H2O2 in the agar plates while common laboratory strains were resistant to 

at least 48.8 µM (Table 1). All strains in the Table 1 were cultivated under the aerobic 

condition, which indicates that those strains are always exposure to the oxygen while they 

were growing into visible colonies. Such exposure to approximately 20% of oxygen in 

the atmospheric air is an unusual hyperoxic condition for many environmental microbes 

and thus microbes on the solid medium could be receiving extraordinal oxidative stresses. 

However, aerobic microbes are known for their continuous generation of the ROS in their 

cells; which occurs as the result of the partial reduction of molecular oxygen during the 

aerobic respiration (51). To reduce the oxidative stress caused by these endogenous ROS, 

various enzymes are conserved among aerobic microbes to sense and degrade ROS to the 

safe level (27, 28, 52). As OS-1 and OS-4 both form colonies aerobically, they are 

assumed to possess these anti-ROS enzymes; and these enzymes should have potentials 

to degrade exogenous H2O2 coming from the agar plates. To verify if these two strains 

have anti-ROS enzymatic genes or not, their genomes were analyzed in this study. 

Present study was performed mainly to check the presence of two major H2O2 

degrading enzymes being conserved among aerobic microbes: Catalase and Alkyl 

hydroperoxide reductase (Ahp). These two enzymes are known to work together to 

degrade both endogenous and exogenous H2O2 (27). The presence of oxyR gene, which 

encodes the hydrogen peroxide-inducible gene activator, was also checked as it is known 

to upregulates the expression of Ahp genes and catalase genes with the presence of H2O2 

influx (53). Along with strain OS-1 and OS-4, the genome sequence of the 

alphaproteobacterial strain SO-S41 was also analyzed in the same purpose since this 
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strain was argued to have similar H2O2 sensitivity (29).  

 

Materials and Methods 

Genomic DNA extraction. All three strains (OS-1, OS-4 and SO-S41) were grown 

in PYG liquid medium with shaking in 120 rpm for appropriate duration at 20 ˚C, and the 

genomic DNA was extracted using the phenol-chloroform method (54). The extracted 

genomic DNA was resuspended in the distilled water and preserved in 4 ˚C. 

Sequencing library preparation and whole genome sequencing using iSeq 100. 

For iSeq 100 sequencing, the sequencing libraries for strain OS-1, OS-4 and SO-S41 were 

prepared using Nextera DNA Flex library prep kit (Illumina) according to the 

manufacturer’s manual. The whole genome sequencing was performed using an iSeq 100 

platform with paired-end 150-bp end, using iSeq 100 i1 Cartridge and iseq 100 i1 Flow 

cell (Illumina) according to the manufacturer’s manual. Before each run, the i1 cartridge 

was thawed overnight on the bench top at room temperature. The library preparation and 

sequencing of strain SO-S41 was performed under the aid of Dr. Igarashi, a researcher of 

the Natural Institute of Advanced industrial Science and Technology. 

Sequencing library preparation and whole genome sequencing using MinION 

Mk1B. For each strain, MinION Mk1B sequencing was performed twice. For strain OS-

1 and OS-4, the sequencing libraries were prepared with Ligation sequencing kit SQK-

LSK109 kit (Oxford Nanopore Technologies). For strain SO-S41, the sequencing library 

was prepared with Rapid sequencing kit SQR-RAD004 kit (Oxford Nanopore 

Technologies), with the extracted genomic DNA and the same DNA sample treated with 

Short Read Eliminator (Circulomics) to remove short DNA fragments. For all libraries 

being prepared, the whole genome sequencing was performed with MinION Mk1B 
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platform with FLO-MIN106 Flow cell (Oxford Nanopore Technologies). 

Base-calling and quality-trimming the sequencing reads from iSeq 100 and 

MinION Mk1B. The iSeq 100 reads for OS-1 and OS-4 were quality trimmed with fastp 

v.0.12.4 (-q 15, -n 10, -t 1, -T 1, -l 20, -w 16, -g, and other parameters at the defaults) (55) 

and the iSeq 100 reads for SO-S41 was quality-trimmed with Trimmomatic v0.39 

(SLIDINGWINDOW:6:30 MINLEN:78, and other parameters at the defaults) (56). The 

raw reads from MinION Mk1B for all strains were first base-called using the high-

accuracy mode of the MinKNOW v4.1.22, followed by the quality-trimming with GNU 

Parallel v20181022 (57) and Nanofilt v2.7.1 (--quality 10, --length 500, --headcrop 75, 

and other parameters at the defaults) (58).  

Hybrid Assembly of iSeq and MinION reads and gene annotation. For each strain, 

the sequence reads from iSeq 100 sequencing and MinION Mk1B sequencing were 

hybrid assembled with SPAdes v3.14.1 (-k 21,33,41,55,77 –nanopore, --careful, and other 

parameters at the defaults) (59, 60). For the assembly of OS-1 and OS-4 genomes, only 

paired-end reads were utilized for the assembly, while both paired-end reads and single 

reads were utilized for the assembly of SO-S41 genome. 

For SO-S41 genome, 3 contigs which are longer than 200 nucleotides were generated, 

and outward-directing primers were designed from the ends of each contigs. By using 

SO-S41 genomic DNA as the template, PCR amplifications were performed using every 

possible combination of the designed outward-directing primers to elucidate the 

orientation of three contigs. As the orientation of the contigs were confirmed to be the 

parts of single chromosome, the regions between contigs were determined by sequencing 

the gap-bridging amplicons using an Applied Biosystems 3500xL genetic analyzer with 

Big Dye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific).  
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The assembled sequences were annotated using Prokka v1.14.6 (61) with default 

parameters, and all assembled circular chromosomal sequences were rotated manually to 

the start of the dnaA gene.  

Analysis of the putative catalase genes and the construction of the phylogenetic 

tree. Based on the putative catalase gene sequences of OS-1 and OS-4, their theoretical 

translated amino acid sequences were predicted. The protein sequences were analyzed 

using the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with its protein 

BLAST (BLASTP) program. The putative catalase sequences of OS-1 and OS-4, the best 

hit catalase sequences from the BLASTP, and the sequences of two other top hits which 

their hosts are identified to the species level, the sequences of the catalase of common 

laboratory strains including the ones with confirmed catalase activities were acquired 

from the NCBI database to be included in the phylogenetic tree (Fig. 6). The list of the 

catalases is shown in Table 3. The predict amino acid sequences were aligned using the 

online Multiple Alignment using Fast Fourier Transform (MAFFT) on the EMBL-EBI 

website (62) and the phylogenetic tree was constructed. The constructed tree was 

visualized and edited using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).
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Results 

Nearly complete genome sequence of Comamonadaceae bacterium strain OS-1. 

After quality-trimming, 4,535,428 paired-end reads were obtained from the iSeq 100 

sequencing, and 610,015 reads (N50 read length of 2,113 bases, total read length of 

1,069,535,023 bases) were obtained from the MinION Mk1B sequencing. The assembly 

resulted in one contig which was longer than 200 nucleotides (length of 5,121,829 nt; 

coverage of 64×) as a single chromosome. However, the presence of tandemly connected 

long repeating sequences was found between the ends of the contig and thus the 

circularity of the chromosome was not confirmed. This repeating sequence (~5.7 kb in 

length) was annotated as a ribosomal RNA repeat which contains three ribosomal RNA 

genes (5S, 23S and 16S) and two tRNA sequences (tRNA-Ala, tRNA-Ile). This 

sequencing result was consistent with the result of whole genome sequencing with PacBio 

Sequel lle system (PacBio) performed at Bioengineering lab, Kanagawa. The assembled 

single contig was with 5,121,829 bp in lengths with a 63.5% G+C content, which contains 

a total of 4,696 genes, 4,627 protein-coding genes, 56 tRNA genes, 12 rRNA genes, and 

one transfer-messenger RNA (tmRNA) gene. Two genes were annotated as putative 

catalase genes, one set of genes was annotated as putative alkyl hydroperoxide reductase, 

and three putative genes was annotated as oxyR. 

Complete genome sequence of Comamonadaceae bacterium strain OS-4. After 

quality-trimming, 4,052,006 paired-end reads were obtained from the iSeq 100 

sequencing, and 393,661 reads (N50 read length of 3,489 bases, total read length of 

1,130,220,753 bases) were obtained from the MinION Mk1B sequencing. The assembly 

resulted in two contigs which were longer than 200 nucleotides (lengths of 3,763,098 nt, 

318,875 nt; coverages of 68×,109×), the size of the contig and the difference on the 
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coverages indicate that the longer contig is a single chromosome and the other contig is 

a single plasmid. The ends of each contig were overlapping, thus the circularities were 

confirmed by PCR amplifying those regions. The assembled chromosome was 3,763,024 

bp in lengths with a 60.2% G+C content, which contains a total of 3,547 genes, 3,501 

protein-coding genes, 42 tRNA genes, three rRNA genes, and one transfer-messenger 

RNA (tmRNA) gene. The assembled plasmid was 305,179 bp in lengths with a 56.3% 

G+C content, which contains a total of 342 genes which are all protein-coding genes. One 

putative catalase gene, one set of gene was annotated as putative alkyl hydroperoxide 

reductase genes and one putative oxyR gene were found in the chromosomal DNA. 

Complete genome sequence of Alphaproteobacteria bacterium strain SO-S41. 

After quality-trimming, 923,927 paired-end and 167,116 single-end reads were obtained 

from the iSeq 100 sequencing, and 20,906 reads (N50 read length of 1,350 bases, total 

read length of 25,855,567 bases) were obtained from the MinION Mk1B sequencing. The 

hybrid assembly resulted in three contigs which are longer than 200 nucleotides (lengths 

of 3,781,019 nt, 600,517 nt, and 55,596 nt; coverages of 30X, 29X, and 29X) 

and outward-directing primers were designed from the ends of each contigs. By using 

genomic DNA as the template, the orientation of these three contigs were confirmed by 

testing all possible combination of the primers. Amplification confirmed that three 

contigs are parts of the single circular chromosome. The gap regions between contigs 

were determined by manual sequencing and as result, a complete circular chromosomal 

DNA was determined. The chromosome was 4,443,179 bp in lengths with a 66.2% G+C 

content, which contains a total of 4,362 genes, 4,304 protein-coding genes, 53 tRNA 

genes, four rRNA genes, and one transfer-messenger RNA (tmRNA) gene. Two genes 

were annotated as putative catalase genes, one set of genes were found as putative alkyl 
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hydroperoxide reductase genes, and one gene was annotated as putative oxyR gene. 

Analyzing the characteristics of the putative catalase genes in OS-1 and OS-4. 

The list of the putative catalase genes being found by the whole-genome sequencing 

analyses are in Table 4. The catalases of my own isolates (OS-1 and OS-4) were further 

analyzed. First, the putative catalase genes were re-sequenced and analyzed for its 

adequateness. Based on the genome sequencing analysis (63), strain OS-1 was found to 

harbor two putative catalase genes (locus tags of os1_07570, and os1_37390), and strain 

OS-4 was found to harbor one putative catalase gene (locus tag of os4_08060). All 

putative catalase genes of OS-1 and OS-4 were found to be an intact ORF with proper 

start and stop codon, and no frameshift was observed. The predict amino acid sequence 

of these enzymes showed considerable similarities against previously reported catalases 

throughout the sequences; based on these observations, these genes are less likely to be 

structural pseudogenes. Phylogenetic tree of catalase enzyme was illustrated in Figure 6. 

Each catalase from two strains showed closest relation with those identified in the genome 

of Rhodoferax spp., also a member of Comamonadaceae, though these enzymatic 

activities were not experimentally tested. In the tree, one OS-1 catalase (os1_37390) and 

OS-4 catalase were clustered with KatG enzymes which encode bifunctional catalase-

peroxidase, and another OS-1 catalase (os1_07570) was clustered with KatE enzymes 

which encode monofunctional catalases, as well-studied E. coli catalase KatG and KatE 

with previously detected activities were clustered, respectively. Therefore, I designated 

these catalase gene as katGos1, katEos1 for strain OS-1 catalases, and katGos4 for strain OS-

4 catalase.
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FIG 6 Phylogenetic tree of the catalases based on their predict amino acid sequences. 

The catalases of OS-1, OS-4 were shown in red frame. The catalases that have been 

experimentally tested for the activity were marked with an asterisk “*”. Scale bar 

indicates 0.05 substitutions per amino acid position. Protein ID numbers are shown in 

the parenthesis after the host name. 
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Discussion 

Present study had focused on the genomic background of the H2O2 sensitivities of 

environmental isolates OS-1 and OS-4. Thus, the whole-genome sequencing analyses 

were performed on the environmental isolates which showed high sensitivities against the 

plate embedded H2O2.  

As the result of hybrid assembly of the whole genome, the chromosomal DNA 

sequences of strain OS-4 and SO-S41 were reported to be in complete circular form, while 

for the chromosomal DNA of strain OS-1, its circularity was not confirmed. The presence 

of the repeating sequences of ribosomal RNA operon was found in the chromosome of 

OS-1, and the presence of such tandem repeats was previously reported to be an obstacle 

for acquiring complete genome sequences (64, 65). The number of repeating operons 

were predicted to be more than three by analyzing the single long raw Nanopore read, 

however, it was not enough to confirm the numbers of repeats. Though the completeness 

of the genome sequence did not affect my investigation of the H2O2-related genes in the 

genome of OS-1. 

Aerobic microbes are known to have H2O2 being generated inside of their cells due to 

the aerobic respiration; thus, many enzymes and proteins are conserved among aerobic 

microbes to degrade this endogenous H2O2 (27). The genome sequencing analysis of 

H2O2 highly sensitive strains revealed that all three sequenced genomes contained at least 

one putative gene of alkyl hydroperoxide reductases (Ahp) and one putative catalase, 

which are the two most common H2O2 degrading enzymes in aerobic bacteria; and at least 

one putative gene of oxyR, a gene activator which senses the accumulation of the 

exogenous H2O2 in the cell and upregulates the expression level of various genes 

including Ahp and catalase. The finding of these genes in the genome confirmed that the 
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high H2O2 sensitivities of strains OS-1, OS-4 and SO-S41are not caused by the lack of 

these common H2O2 degrading enzymatic genes.  

Since all three strains grow aerobically, the presence of the putative Ahp genes in their 

genomes were as expected. Because Ahp is known as the primary degrader of the 

endogenous H2O2 in the model organism, E. coli (66); Ahp is believed to be an essential 

enzyme for microbes growing aerobically. However, the presence of putative catalase 

genes was out of my expectation as it is known to be the most essential H2O2 degrader 

against the exogenous H2O2 and catalases are known to degrade H2O2 in millimolar order.  

The putative catalase genes of OS-1 and OS-4 were further analyzed. Two genes in 

OS-1 genome and one gene in OS-4 genome were annotated as catalase, however the 

annotation itself does not confirm that the gene is an intact protein coding gene. All three 

putative catalase genes started with the proper start codon and ended with the proper stop 

codon, which indicated that these gene are free of the frameshift mutation and thus these 

genes are less likely to be the pseudogenes. The size of the theoretical products of these 

genes were around 700-750 residues (Table 4), it matches the reported average size (700-

850 residues) of the catalases found in proteobacterial genomes (67), this result further 

supported that these genes are complete catalase genes. As indicated by the phylogenetic 

tree (Fig. 6), the putative catalases of OS-1 and OS-4 were closely related to either KatG 

or KatE catalases in the NCBI database. Taken together, the putative catalase genes being 

found in both strains are highly possible to produce catalases.  

As in Table 4, the catalase genes of strain SO-S41 showed similarities to the previously 

reported catalases. However, because strain SO-S41 could be phylogenetically novel in 

the order level and itself is a slow grower, the putative catalase genes of this strain were 

not further analyzed.  
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Although the presence of the catalase genes was indicated through the whole genome 

sequencing analysis, the sequence information is not sufficient to explain the expression 

level and the physiology of the product of the gene. Further study on the phenotypes of 

the gene products based on this genomic analysis should be performed to elucidate the 

cause of the H2O2 sensitivities of OS-1 and OS-4, and to develop a solution to enhance 

the colony formation of these strains.
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Chapter IV 

 
Self-cloning of catalase gene in environmental 
isolates improves the colony formation abilities 
under H2O2 pressure
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Abstract 

I previously demonstrated that strain OS-1 and OS-4, two H2O2 highly sensitive 

bacterial strains possess intact putative catalase genes in their genomes. As catalases are 

known to be the effective H2O2 degrading enzymes, their existences in the genome of OS-

1 and OS-4 doesn’t correlate with their high H2O2 sensitivities being observed; however, 

the characteristics of the product of these genes couldn’t be evaluated sorely by the 

genomic sequence information itself. Herein, I elucidated the characteristics of the 

products of these putative catalase genes by self-cloning technique to increase the 

expression level in OS-1 and OS-4. The products of the cloned putative genes showed the 

H2O2 degrading ability during the catalase test, which indicated the gene products have 

activities as functional catalases. Furthermore, with the cloning of catalase genes, the 

colony forming ability of the OS-1 and OS-4 had drastically improved under H2O2 

pressure. My study is the first study which self-cloned the catalase genes from the 

environmental H2O2-highly sensitive isolates and evaluated its effect on the colony 

forming ability. The results of this study clearly demonstrated that the high H2O2 

sensitivity on the agar plate could occur even if microbes possess functional catalase 

genes in their genomes. 

 

Introduction 

In my previous study, Comamonadaceae bacterium strain OS-1 and OS-4 were 

isolated from the freshwater sample as microbes which are highly sensitive to agar 

medium-embedded H2O2 (50). Their colony formation was found to be completely 

inhibited in the presence of 7.2 µM H2O2 in the agar plate (50). The common agar growth 

medium was reported to contain ~15 µM of H2O2 (24), a concentration which does not 
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affect the growth of common laboratory strains (E. coli, Pseudomonas putida, Bacillus 

subtilis etc.) while it largely affects the growths of environmental microbes including OS-

1 and OS-4 (50).  

In aerobic microbes, H2O2 is endogenously generated during the aerobic respiration 

and its generation rate was determined to be 10-15 micromolar/s in E. coli (51). This 

intracellular H2O2 is immediately degraded by various enzymes including catalase (27, 

28, 51), because the accumulation of 0.5 µM of intracellular H2O2 is considered to retards 

the growth (27). Strain OS-1 and OS-4 both grow aerobically and genome sequencing 

analysis of these strains demonstrated that they also possesses at least one putative 

catalase gene(s), despite showing high-sensitivity against H2O2 (63). I hypothesized that 

if their putative catalase genes in OS-1 and OS-4 were properly expressed and the 

translated products were functional, the colony formation of both strains would be much 

better on agar media. However, the function of the genes and their products remain 

uninvestigated. The high H2O2 sensitivity could occur if the functional catalase was not 

expressed from the gene, or the expression level was insufficient to detoxify the H2O2 

from the agar medium. Although those putative catalase genes were not likely to be 

structural pseudogenes, even if those genes are intact, the translated products might have 

no function as catalase. The importance of the intracellular H2O2 degrading enzymes on 

the colony formation was already indicated, for example, the mutant strains of 

Escherichia, Pseudomonas, Salmonella, Shewanella and Yersinia species lacking genes 

for H2O2 degrading machinery are known to show decreased colony forming abilities 

(68–73). 

 In this study, catalase genes which were identified from the H2O2-sensitive 

environmental strains, were cloned and investigated to confirm whether the genes were 
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functional, and also to elucidate the relationship between the catalase activity and the 

colony forming ability on artificial agar media. 

 

Materials and Methods  

Construction of the plasmid vectors for self-cloning. The putative catalase genes of 

OS-1 and OS-4 were amplified from their extracted genomic DNA using the primers 

listed in Table 5. The amplified gene fragments were separately cloned to the plasmid 

vector by using In-Fusion cloning kit (Takara). The broad host range plasmid vector 

pHRP308 (RSF1010 replicon) (74) with following modification was used as the cloning 

vector. The gentamycin selective marker gene of pHRP308 was replaced with kanamycin 

gene and lacZ gene was removed, yielded a vector, pCPKM. Constructed plasmids were 

named as pOS1katG (harboring katGos1), pOS1katE (harboring katEos1) and pOS4katG 

(harboring katGos4). As a positive control, the functional catalase genes from E. coli were 

also used since these catalases were previously detected with their activities (75, 76). E. 

coli catalase genes, katG and katE were PCR amplified from the extracted genomic DNA 

of E. coli k-12 strain with the primers in Table 5. The amplified katG and katE gene 

fragments were tandemly connected and cloned to the vector pCPKM, the plasmid was 

named as pECkatGE. To enhance the gene expression probability, the bacterial consensus 

promoter (TTGACA-17 nt-TATAAT) was located to the upstream of the cloned catalase 

genes on each plasmid.
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    TA
BLE 5 Prim

er sets being used for the cloning of catalase genes 
Source strain 

G
ene nam

e 
D

irection 
Prim

er sequence 

O
S-1 

katG
 

forw
ard 

5´-A
G

G
A

G
A

CA
TTA

CA
TA

TG
A

CCA
CCG

A
A

G
CCA

A
A

TG
C-3´ 

reverse 
5´-CCTTG

G
A

TCCCTCG
A

G
TTA

CG
CCA

G
A

TCG
A

A
CCG

-3´ 

 
katE 

forw
ard 

5´-A
G

G
A

G
A

CA
TTA

CA
TA

TG
A

CCCCCA
CCG

CTA
CCCA

A
 -3´ 

reverse 
5´-CCTTG

G
A

TCCCTCG
A

G
CTA

TG
CA

G
G

TA
CA

G
TG

G
C-3´ 

O
S-4 

katG
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5´-A
G

G
A

G
A

CA
TTA

CA
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TG
A

CTA
CTG

A
A

G
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A
A

TG
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reverse 
5´- CCTTG

G
A

TCCCTCG
A

G
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CA
CG

A
G

G
TCG

A
A

G
CG

-3´ 

E. coli k-12 
katG
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CTA
A

G
G

A
A

G
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A
A

A
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A
G

CA
CG

TCA
G

A
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A
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5´-TA
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A
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CA

G
CA

G
G
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A

A
A

CG
G

-3´ 
 

katE 
forw

ard 
5´-CG

A
CCTG

CTG
TA

A
TG

TCG
CA

A
CA

TA
A

CG
A

A
A

A
G

A
A

C-3´ 
reverse 

5´-A
CTG

CCTTA
A

A
A

A
A

A
TCA

G
G

CA
G

G
A

A
TTTTG

TCA
A

TC-3´ 
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Preparation of competent cells and the plasmid vector introduction. Cells of Wild 

type OS-1 and OS-4 grown in the liquid PW medium (Peptone-Yeast-Glucose medium 

prepared without phosphate buffer) (24) were collected by centrifugation, and the cell 

pellets were washed twice with sterilized 10% glycerol and cells were finally resuspended 

in 10% glycerol. With electroporation method using Gene Pulser Xcell Electroporation 

System (setting parameters: Exponential protocol, voltage: 1-1.6 kV, resistance: 400 Ω, 

capacitance 25 µF) (Bio-Rad), plasmid pOS1katG and pOS1katE were introduced to OS-

1 cell, pOS4katG was introduced to OS-4 cell, pECkatGE and a blank vector pCPKM (as 

negative control) were introduced to both OS-1 and OS-4 cells.  

Catalase test. Wild type OS-1, OS-4 and their transformants were grown on the PW 

medium until the visible colonies were observed, and a single colony was smeared on to 

the slide glass. 20 µl of 30% commercially available H2O2 was dropped on the top of the 

smeared colonies and the catalase activity was evaluated by the formation of oxygen 

bubbles as the result of H2O2 degradation. 

Quantification of the cellular level H2O2 degrading activities. To quantify the H2O2 

degrading ability caused by the introduction of catalase genes, the whole cell H2O2 

degradation ability of OS-1, OS-4 and their transformants were detected. Wild type OS-

1, OS-4 and their transformants were grown in the liquid PW medium (24) and diluted to 

OD600 = 0.05. To 5 ml of this cell suspension, H2O2 was added to the final concentration 

of 5 µM. After one minute of incubation at room temperature, cells were separated by the 

centrifugation (15,000 rpm, 3 minutes) and the supernatant was carefully collected. The 

supernatant was immediately mixed with the H2O2 assay reagent for H2O2 concentration 

detection as described by Watanabe et al. (50). As negative controls, 5 µM of H2O2 was 

also incubated with PW medium or the dead cells of OS-1 and OS-4. The dead cells were 
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prepared by autoclaving the grown cells at 121˚C for 15 minutes. The experiment using 

alive cells were performed in triplicates per strain. 

Spotting growth assay. The colony forming abilities of the transformants were 

evaluated by the spotting growth assay on the PW agar medium. Wild type OS-1, OS-4 

and their transformants were first cultured in PYG liquid medium and diluted to OD600 

=0.1, followed by the 10-fold serial dilution to 10-7 in sterile distilled water. From each 

dilution, 10 µl was spotted on the surface of the PW agar medium with different H2O2 

concentrations (0.9 µM, 13.3µM). The growth was evaluated after six days of incubation 

at 20˚C, spot with more than three colonies are defined as growth. 

 

Results 

Evaluation of the function of the self-cloned putative catalases. To confirm cellular 

catalase activity, wild type and transformant strains of OS-1 and OS-4 were used for 

conventional catalase test. As the result of the catalase test, wild type OS-1 and OS-4 and 

their blank vector transformants showed no formation of bubbles (Fig. 7 A, B, F, G), while 

the transformants with cloned catalases genes showed rapid formation of bubbles after 

the application of H2O2 droplet, which is likely to be the oxygen bubble resulted from the 

degradation of H2O2 (Fig.7 C-E, H, I).
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Detection of the whole cell H2O2 degrading abilities in the liquid medium. To 

quantify the differences on the H2O2 degrading ability caused by the introduction of 

catalase genes, the whole cell H2O2 degradation ability of OS-1, OS-4 and their 

transformants were detected in the liquid medium (Fig. 8). In both strains, the wild type 

strain and the blank vector transformant showed similar degree of H2O2 degradation (Fig. 

8 A, B). Catalase gene transformants showed improved degradation abilities in both 

strains; among OS-1 transformants, the E. coli catalase transformant showed more 

degradation over self-cloned transformants (Fig. 8 A), and this result was vice-versa in 

the OS-4 transformants (Fig. 8 B). 
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The effect of the self-cloned catalase genes on the growth on the colony formation. 

The colony forming ability of wild type and transformants were evaluated by performing 

spotting growth assay. On the 0.9-µM H2O2 plate, both OS-1 and OS-4 strains showed 

similar growths among wild type, blank vector and catalase gene transformants, up to the 

10-6 or 10-5 dilution (Fig. 9 A). On the plate with 13.3 µM H2O2, for both strains OS-1 and 

OS-4, the growth of wild type and blank vector transformants were only observed on the 

first spot, while the E. coli catalase transformants showed the growth up to 10-3 dilution 

spot, and self-cloning transformants showed the growth up to 10-5 dilution spot (Fig. 9 B). 
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Discussion 

This study aimed to evaluate the products of the putative catalase genes possessed by 

OS-1 and OS-4, two bacterial strains which showed high sensitivity against the H2O2 in 

the agar plate. As catalase is known to be the powerful H2O2 degrading enzyme which 

works intracellularly, its contribution against the invading exogenous H2O2 is not hard to 

imagine. To evaluate the effect of these putative catalase genes on the colony forming 

ability of their hosts; their catalase genes were self-cloned into their host for increasing 

the expression level of these genes. Unlike those laboratory strains which are frequently 

utilized in the gene recombination experiments, the environmental isolate OS-1 and OS-

4 had no previously established host-vector system, which meant there was no confirmed 

information about which vector would be successfully maintained in the cells of these 

strains.  

Plasmid vector was chosen to self-clone catalase genes. To increase the opportunities 

of the introduced vector to be retained in OS-1 or OS-4 cells, a broad host range plasmid 

vectors were chosen. My first attempt was made by using pBHR1 (funakoshi), a plasmid 

vector with pBBR122 replicon and which was known to be applicable to E. coli and a 

wide variety of Gram-negative bacteria. However, pBHR1 was poorly retained in the cells 

of OS-1 and OS-4, and I had to choose alternative vector for cloning. Plasmid vector 

pCPKM was chosen for the alternative vector. This vector was modified from pHRP308 

with rsf1010 amplicon (74), which was known to be applicable to both Gram-positive 

and Gram-negative bacteria. On this plasmid vector, catalase genes were cloned to the 

downstream of the bacterial consensus promotor to increase the opportunities of the 

introduced genes to be expressed in the host cell. 

The introduction of foreign genes to the environmental isolates are known to be 
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challenging because those isolates always lack information about the applicable gene 

vectors and the gene expression. The closest related strains of OS-1 and OS-4 were not 

reported with any transgenic experiments in the past, thus the self-cloning of their catalase 

genes was revealed to be difficult. First, the conjugative DNA transfer using E. coli was 

considered because of its high efficiency; however, this technique requires the screening 

of the transformants from the donor E. coli cells using antibiotics. Strain OS-1 and OS-4 

were highly vulnerable to all available antibiotics and which made it impossible to 

perform screening after the conjugation. Alternatively, the electroporation method was 

chosen because it has more options of the antibiotics to be used. However, since no 

information was available on the parameters of the electric pulse to be applied, the 

successful introduction of the self-cloning vectors required numerous attempts.  

The successful introduction of the plasmid vectors was confirmed by performing the 

traditional catalase test. The result of the catalase test with pECkatGE transformants had 

indicated that the broad host range vector used in this study was successfully maintained, 

and E. coli catalases were functionally expressed in these strains (Fig. 7 C, H). 

Furthermore, the formation of oxygen bubbles was also observed with the self-cloned 

transformants (Fig. 7 D, E, I), which was not observed with wild type OS-1 and OS-4 

(Fig. 7 A, F). The evident difference on the result of catalase tests had clearly 

demonstrated that the self-cloned catalases of OS-1 and OS-4 were functionally active 

enzymes with H2O2 degrading abilities. 

To quantify the H2O2 degrading abilities of wild type OS-1, OS-4 and their 

transformants, their H2O2 degradation was quantified in the liquid medium. As shown in 

Figure 8, wild type OS-1 and OS-4 both have ability to degrade certain amount of 

exogenous H2O2, and the degree of the degradation was not significantly different from 
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the catalase gene transformants. However, these little differences being observed had 

affected a lot on the colony formation as shown in Figure 9.  

As shown in Figure 9, the result of the spotting growth assay indicated that the colony 

forming unit (CFU) of wild type strains in 13.3 µM H2O2 agar media was depressed to 

around 10-5 order of the magnitude compared to 0.9 µM, and also indicated that the self-

cloning transformants keep the original CFU even in 13.3 µM of H2O2. Furthermore, the 

original CFU of the self-cloning transformants was also kept in 47.9 µM (data not shown). 

On top, endogenous catalase expression/activity was demonstrated to play a very 

important role on the colony formation.  

Although the putative catalase genes were found in the genomes of OS-1 andOS-4, 

their expression at the mRNA level was not detected. In order to elucidate the function of 

the gene products, I performed the self-cloning of these catalase genes. My study is the 

first study that successfully self-cloned the catalase gene of the environmental H2O2-

highly sensitive isolates by using broad host range plasmid vector, and I have proved that 

the expressed products of the putative genes were functional catalases. Since the 

enhanced expression of the self-cloned catalase genes had drastically increased the colony 

forming abilities of two strains (Fig. 9), The H2O2 in the agar plate was determined to be 

the main component which inhibited the colony formation of strain OS-1 and OS-4, and 

I proved for the first time ever that the insufficient expression of the catalase genes is one 

of the causes of the high sensitivities against plate embedded H2O2. My results imply the 

presence of similar environmental microbes, which are highly sensitive to the H2O2 in the 

agar plate regardless of harboring functional catalase genes in their genomes. Such 

microbes might be able tolerate the H2O2 pressures being found in the natural 

environment, but they could be vulnerable to the amount of H2O2 in the agar medium. 
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Indeed, the H2O2 concentration being detected form the nature environments are always 

in nanomolar orders (45, 77, 78), which might not be a threatening concentration as an 

exogenous H2O2; thus for many microbes, the expression of catalase genes might not be 

required in the ordinary time while they are inhabiting in the nature environment. Such 

environmental microbes possessing the catalase enzyme which could degrade millimolar 

order of H2O2 in is an intriguing fact; however, the expression of these genes might not 

be induced effectively on the agar plate. These microbes may not be able to cope with the 

micromolar order H2O2 in the agar plate by rapidly increasing the expression level of 

catalase genes.  

The application of the catalase to the medium was previously performed to degrade 

H2O2 and to increase the colony yield of the environmental microbes (25, 79, 80); 

however, the presence of other growth inhibitor in the agar plate was indicated (25) and 

the degradation of these inhibiters might requires more than the simple supplement of the 

inexpensive enzyme. In such situation, ones may rely on the potential detoxifying abilities 

found in the genomes of environmental microbes themselves to enhance their colony 

formations. 

Although the catalase gene cloning technique being performed in this study had 

significantly improved the colony forming abilities, this technique is not always an easily 

applicable method for variety of environmental microbes since host-vector system and 

gene introduction method etc. greatly depends on/differs between strains. During my self-

cloning experiment, I also tried using EZ-Tn5 Transposase kit (Epicentre) along with the 

introduction of plasmid vectors. EZ-Tn5 kit inserts the foreign gene to the host genome 

by using transposase, which was believed to evade the restriction modification system of 

the host cell. However, this technique succeeded during the pre-experiment using 
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Pseudomonas putida, but not with my own isolates. Taken together, the introduction of 

the foreign gene to the random environmental microbe could be time and cost consuming.  

Thus, by innovating the novel pre-treatment or the modified-cultivation technique 

which could effectively induce the expression of catalase genes (or other functional genes 

which degrade other growth inhibitors) in each microbe, the colony forming ability would 

possibly be improved and which might increase the opportunities of isolating novel 

environmental microbes. 
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Chapter V 

 
General Discussion  
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This study attempted to elucidate the effect of H2O2 in the agar plate on the colony 

formation of microbes, including environmental microbes and common laboratory 

microbes. The generation of H2O2 during the preparation of agar medium was discovered 

previously (24), however, the independent effect of the plate embedded H2O2 on the 

colony formation was not evaluated in the related studies (24, 25, 29, 30). As the 

generation of H2O2 would possibly happen in various growth agar media and the 

cultivation using agar medium is still an important procedure for the isolation of novel 

microbes, the effect of plate embedded H2O2 on the colony formation was required to be 

evaluated in detail.  

In chapter 2, I demonstrated the independent effect of H2O2 in the agar plate on the 

colony formation; H2O2 in agar plate was found to affect the colony forming abilities of 

microbes. This analysis was achieved by comparing the colony formation on agar plates 

prepared in the identical protocol but with different amount of amended H2O2. My study 

using such agar plate had successfully excluded the effects of other interfering substances, 

which was not performed previously.  

My results also demonstrated that the colony formation of common laboratory 

microbes (e.g. E. coli, Pseudomonas putida, Bacillus subtilis etc.) would be affected by 

the micromolar level of H2O2 in the agar plate (Table 1), while their H2O2 tolerance in the 

liquid medium was reported to be in mM level (31, 36, 38). When microbes are cultured 

in the liquid medium, they are always cultured to the certain density thus the collective 

H2O2 degrading ability of the cells could lower the overall H2O2 concentration in the 

system. Comparatively, microbes are always diluted prior the inoculation on the solid 

medium to obtain isolate colonies, thus individual cell on the solid medium has to cope 

with the regional H2O2 (71). This difference on the H2O2 stress might explain the 
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difference on the H2O2 susceptibilities reported by past studies and my study. My study 

is the first study which showed that common laboratory strains are vulnerable to the 

micromolar level of H2O2 in the agar plate, with the quantification of the H2O2 

concentrations of the agar plate.  

With using environmental sample as the bacterial source, I confirmed that H2O2 level 

in the conventional growth medium lowers the colony yields and biases the variety of the 

colonies. I successfully isolated two betaproteobacterial strains which showed high H2O2 

sensitivities to the plate embedded H2O2, OS-1 and OS-4. Their growth was completely 

inhibited by the presence of 13.3 µM of H2O2, which resembled the H2O2 level in the PT 

plate (approximately 15 µM) (Fig. 4). This isolation evidenced the presence of microbes 

which their colony formation would be inhibited by the H2O2 being generated in the 

conventional agar growth medium.  

In chapter 3, I discovered the presence of putative genes which are related to the H2O2 

degradation in the genome of OS-1 and OS-4. The presence of the alkyl hydroperoxide 

reductase (Ahp) was as expected since both strains grow aerobically, and Ahp is known 

as the primary degrader of the endogenous H2O2 which is generated by the aerobic 

respiration. However, it was out of my expectation that both strains were found to be 

harboring putative catalase gene, which is the well-studied H2O2 degrader. Although the 

presence of the gene being annotated as catalases would not confirm that these genes 

encode functional catalases, this result inspired me to perform further analysis on these 

genes for understanding the high H2O2 sensitivities of OS-1 and OS-4. The possession of 

the putative catalase genes was also confirmed with strain SO-S41, a strain which does 

not form colony on PT plates (29). This indicated that similar microbes (which are 

sensitive to plate embedded H2O2 while having catalase genes) could be found in the other 
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classes as well. 

The catalase genes of OS-1 an OS-4 were evaluated in chapter 4. My results indicated 

that the gene products of the putative catalase genes are functional catalases with proper 

H2O2 degrading abilities. The expression level of these genes was increased by self-

cloning technique and this operation resulted in the improvement of the colony forming 

abilities. OS-1 and OS-4 were not able to form colonies with 7.2 µM of H2O2 (Table 1), 

however the self-cloned transformants formed colonies on the plate with 13.3 µM of H2O2. 

Based on my finding that CFU from the freshwater sample was largely decreased with 

8.3 µM of H2O2 in the agar plate (Fig. 1), microbes which have similar H2O2 sensitivities 

as OS-1 and OS-4 could be abundant in the freshwater sample and they could also possess 

functional catalase genes. The results of chapter 4 had also revealed that microbes could 

be sensitive to a growth inhibitor (H2O2) while having genes of functional enzymes which 

could degrade these inhibitors (catalase); which indicates that microbes may have 

potentials to overcome the inhibitors to form colonies in the laboratory condition. 

My study had shed light on the effect of plate embedded H2O2 on the growth of various 

microbes. I reported for the first time that both environmental and laboratory strains could 

be sensitive to the micromolar order of H2O2 in the agar plate, and their sensitivities were 

found to be lower on the agar medium compared to the liquid medium. Through my 

results, I confirmed that H2O2 in the agar plate is one of the factors which inhibits the 

colony formation of the environmental microbes, which implies that the removal of H2O2 

from the agar growth medium would be an effective approach to increase the cultivation 

efficiency on the solid medium. H2O2 in the agar plate could be easily degraded by the 

supplement of catalase or the pyruvate in to the medium, and fortunately these compounds 

are inexpensive and easily accessible on the market. However, in the further study on the 



 70 

solid medium cultivation, researchers may find other growth inhibitors which require 

complicated procedures or expensive compounds to be removed from the medium. In 

such situation, researchers maybe able to count on the potentials of enzymes within the 

microbes themselves. If the expression of specific functional enzymatic genes could be 

effectively induced prior to the cultivation, it might aid microbes to be prepared to form 

colonies on the top of the solid medium without the complicated gene introductions.  

Further studies will focus on the stimulation of such functional genes prior to the 

cultivation, which possibly improves the colony forming abilities of “yet-to-be cultured” 

microbes in various environmental samples.  
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