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IN VIVO EVOLUTIONARY ENGINEERING OF A BORON-RESISTANT 
BACTERIUM: Bacillus boroniphilus    

SUMMARY 

Boron is an industrially important element, but also an essential element for plants. 
There is increasing evidence that boron is also an essential element in eukaryotes, 
including humans and prokaryotes. It has a broad role in biological systems, such as 
being essential to the structure and function of plant cell walls, being a part of 
quorum-sensing molecules in some bacteria, etc. Additionally, a highly boron-
tolerant bacterium Bacillus boroniphilus has been isolated from boron-rich soil near 
Hisarcık in Kütahya, Turkey. However, very little is known about the cellular 
response of living systems to boron stress, i.e. boron deficiency and toxicity. In 
agriculture, boron deficiency and toxicity is a major problem that impedes crop 
growth. Understanding the mechanisms of boron transport and regulation, and 
identification of proteins that specifically recognize and bind boron could be useful 
in various industrial and nanobiotechnological applications that involve boron. 
Evolutionary engineering based on applying selective pressure towards a desired 
phenotype is becoming increasingly utilized in improving and tailoring various 
cellular properties. In this study, we have employed an ‘in vivo’ evolutionary 
engineering strategy to further improve the boron-resistance of B. boroniphilus by 
selection under gradually increasing boron stress levels. Fifty mutant generations 
were obtained that were resistant up to 300 mM boron concentration, a highly toxic 
level. However, the resistance values of the mutant populations were highly 
heterogeneous. Moreover, boron-resistant individual colonies were also analyzed 
with respect to their potential cross-resistances to metals such as cobalt, iron, copper, 
chromium and zinc, and other industrially important stress types. Significant 
resistances against iron, copper and freeze-thaw stresses were observed. Besides, 
boron content of individuals were measured via Atomic Absorption Spectroscopy 
(AAS). Lastly, transcriptomic analysis was performed for wild-type and the most 
resistant mutant individual. This study showed that evolutionary engineering is a 
useful strategy in further improving boron-resistance in B. boroniphilus, a very 
specific bacterium. 

This research was supported by BOREN and Turkish State Planning Organization. 
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IN VIVO EVRİMSEL MÜHENDİSLİK YÖNTEMİYLE BORA DİRENÇLİ 
Bacillus boroniphilus BAKTERİSİNİN GELİŞTİRİLMESİ 

ÖZET 

Endüstriyel öneme sahip bor elementinin bitkiler için de hayati öneme sahip olduğu 
saptanmıştır. Bununla birlikte, gittikçe artan yeni bulgular borun sadece bitkiler için 
değil aynı zamanda insanlar da dahil olmak üzere ökaryot ve prokaryotlar için 
gerekli bir element olduğunu göstermektedir. Bor biyolojik sistemlerde, örneğin 
bitkilerde, hücre duvarında yapısal ve fonksiyonel role sahip olma, quorum-sensing 
moleküllerin yapısında yer alma gibi geniş bir spektrumda işlev görmektedir. Ayrıca, 
Türkiye’nin Kütahya ili Hisarcık mevkii yakınlarından alınan borca zengin 
topraklardan bora karşı oldukça dirençli yeni bir Bacillus türü olan Bacillus 
boroniphilus izole edilmiştir. Yapılan tüm çalışmalara rağmen hala borun hücresel 
cevaptaki rolü hakkında kesin bir bulguya ulaşılamamıştır. Tarımda bor eksikliği ve 
toksisitesinin ürün eldesini önemli oranda engellediği bilinmektedir. Bor transport ve 
regülasyon mekanizması ile boru tanıyan ve bağlanan özelleşmiş proteinlerin 
saptanmasının borun kullanıldığı nanobiyoteknolojik ve endüstriyel uygulamalarda 
etkinliğin artırılmasında yardımcı olacağı düşünülmektedir. Arzu edilen fenotipe ait 
seçici stres koşulunun uygulanmasına dayalı evrimsel mühendislik yöntemi çeşitli 
hücresel özelliklerin geliştirilmesi ve uygulanması için her geçen gün daha etkin bir 
şekilde kullanılmaktadır. Bu çalışmada ‘in vivo’ evrimsel mühendislik yöntemi ile 
gittikçe artan bor stres seviyesi altında yapılan seçilim ile B. Boroniphilus 
bakterisinin bora karşı direncinin arttırılması amaçlanmıştır. Bu amaçla çalışmada 
bor konsantrasyonu en son 300mM’a kadar çıkartılarak 50 mutant nesil elde 
edilmiştir. Elde edilen populasyonların bora karşı direnç değerlerinin oldukça 
heterojen olduğu gözlemlenmiştir. Buna ek olarak, en son populasyondan birey 
kolonileri elde edilmiş olup bunların demir, bakır, çinko, krom ve çeşitli endüstriyel 
öneme sahip başka streslere karşı dirençleri analiz adilmiştir. Ayrıca bu bireylerin 
bor içerikleri atomik absorpsiyon spektrometresi (AAS) ile ölçülmüştür. Son olarak 
yabani tip bireyler ile en dirençli mutant bireyin transkriptomik analizi yapılmıştır. 
Bu çalışma evrimsel mühendislik yönteminin, B. boroniphilus bakterisinin bora karşı 
direncinin geliştirilmesinde yararlı bir yöntem olduğunu göstermiştir. 

Bu çalışma BOREN ve Türkiye Devlet Planlama Teşkilatı tarafından 

desteklenmiştir. 
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1. INTRODUCTION 

1.1 Bacillus Species 

1.1.1 Brief information  

Bacillus which is a member of the division Firmicutes is a genus of rod shaped 

bacteria. Members of the genus Bacillus comprise spore forming, gram-positive, 

obligate or facultative aerobic bacteria. The systematic classification of the genus 

Bacillus, which is phenotypically and genotypically heterogenous, is given in Table 

1.1 [1].    

Table 1.1: Systematic classification of the genus Bacillus [2] 
Kingdom Bacteria 

Division           Firmicutes 

Class Bacilli 

Order Bacillales 

Family Bacillaceae 

Genus Bacillus 

In 1872, Ferdinand Cohn recognized first bacterium and named it as Bacillus subtilis, 

which is now a model organism for scientific research. Ferdinand Cohn identified 

some features of this new bacterium such as being capable of growth in the presence 

of oxygen and forming a unique type of resting cell called an endospore. The 

organism represented what later happened to be a large and diverse genus of bacteria 

was named Bacillus, in the Family Bacillaceae [2]. 

Bacterial systematic began long before the discovery of DNA and many diverse 

approaches were used to classify Bacillus species ever since the discovery of the 

bacteria. Early classifications were based on aerobic growth and endospore 

formation, which resulted in putting together many bacteria having different kinds of 

physiology and habitats. Therefore, the heterogeneity in physiology, ecology and 

genetics made bacterial taxonomy a monotonous, esoteric and uncertain discipline. 

In order to overcome such problems, Dr. Carl Woese and his colleagues provided a 
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detailed insight into bacterial phylogeny by exploiting molecular biology in an 

innovative manner [3]. Genomic discoveries are posing a challenge to the classical 

bacterial systematic. Currently, 16S rDNA sequences are being used for the 

classification of bacteria including Bacillus species as a framework due to these 

sequences’ highly conservative features among microbes [1].     

Regarding nutrition and growth features of Bacillus species, the aerobic spore-

forming Bacillus species are chemoheterotrophes and capable of respiration using a 

variety of simple organic compounds like sugar, amino acids, organic acids, etc. In 

some cases, they can also ferment carbohydrates resulted in producing glycerol and 

butanediol. Most members of the genus Bacillus are mesophiles growing best in 

temperature between 35 °C and 40 °C over a range of pH from 2 to 11. In laboratory, 

under optimal conditions of growth, generation time of Bacillus species is about 25 

minutes [2]. 

The surface of Bacillus is quite complex like the most gram positive bacteria and is 

associated with their properties of adherence, resistance and tactical responses. The 

surface of Bacillus comprises multiple thin layers consisting of a capsule, a 

proteinaceous layer (S-layer), several layers of peptidoglycan sheeting and the 

proteins on the surface of the plasma membrane. The function of S-layer is unknown, 

but it is thought that it might have a role in adherence. Many Bacillus species 

including B. anthracis, B. subtilis, B. megaterium, and B. licheniformis, have capsule 

containing poly-D- or L-glutamic acid and other species, e.g., B. circulans, B. 

megaterium, B. mycoides and B. pumilus, produce carbohydrate capsules [2]. 

The cell wall of bacteria is a structure outside the membrane as a second barrier 

against the environment, maintains the triangle shape and resists the pressure 

generated by cell’s turgor. The cell wall consists of teichoic and teichuronic acids. 

The role of an actin-like cytoskeleton in cell shape determination and peptidoglycan 

synthesis was first identified in B. subtilis and also the entire set of peptidoglycan 

synthesizing enzymes was localised first in B. Subtilis [4]. Additionally, a distinctive 

compound, meso-diaminopimelic acid (DAP), in the content of  the vegetative cell 

walls of Bacillus species were identified. Beside peptidoglycan, all Bacillus species 

have large amount of teichoic acids bonded to muramic acid residues. Glycerol 

teichoic acids varying between Bacillus species and lipoteichoic acids associated 
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with the cell membrane are thought to be involved in the synthesis of wall teichoic 

acid as regulators of autolytic activitiy [2]. 

Bacillus species exhibit diversity in terms of ecophysiology. Therefore, Bacillus 

species were grouped ecopyhsiologically, which are acidophiles, alkaliphiles, 

halophiles, psychrophiles, or psychrotrophs, thermophiles, denitrifiers, nitrogen-

fixers, antibiotic producers, pathogens of insects. 

1.1.2 Scientific & industrial importance of Bacillus spp. 

Bacillus species have a huge importance in medical, energy, agriculture and 

biodefense areas as pathogen, biofuels and pesticides. Many species of Bacillus have 

industrial applications and numbers of industrial areas, in which Bacillus species are 

actively used, are increasing gradually correlated with the discoveries on the new 

functions of Bacillus species. In this section, some Bacillus species having industrial 

application will be mentioned to show their industrial importance.  

One of the most important Bacillus species is Bacillus subtilis, which is a gram-

positive, catalase-positive bacterium and also known as the hay Bacillus or grass 

Bacillus. B. subtilis is rod-shaped, and capable of forming a tough, protective 

endospore, allowing the organism to tolerate extreme environmental conditions. 

Besides, this bacterium is able to grow in anaerobic conditions either by using nitrate 

or nitrite as a terminal electron acceptor or by fermentation. B. subtilis has capability 

to produce a broad spectrum of bioactive peptides with great potential for 

biotechnological and biopharmaceutical applications and it was popular worldwide 

before the introduction to antibiotics as an immunostimulatory agent to aid treatment 

of gastrointestinal and urinary tract diseases. It is still widely used in Western Europe 

and the Middle East as an alternative medicine. Mostly, it is used in industry as a 

producer of high-quality enzymes and proteins. For instance, Bacillus subtilis is able 

to produce thermostable α-amylase, which has optimum activity at pH 8.0 and 70 °C. 

It is also stable at 80 °C and 90 °C and this makes Bacillus subtilis bacterium more 

advantageous in starch processing and food industries [5-6-7].  

More importantly, Bacillus subtilis has proven that it is highly convenient to genetic 

manipulation. Therefore, it has become a model organism for laboratory studies, 

especially for sporulation, which is a simplified example of cellular differentiation. It 

is also heavily flagellated, which gives B. subtilis the ability to move quite quickly. 
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In terms of popularity as a laboratory model organism, B. subtilis is often used as the 

gram-positive equivalent of Escherichia coli, which is an extensively studied gram-

negative rod bacterium. 

Bacillus subtilis has also a potential for military applications due to its competence of 

converting explosives into harmless compounds of nitrogen, carbon dioxide, and 

water, which is much better than the current conventional techniques.    

Bacillus thuringiensis, which is a gram-positive and soil-dwelling bacterium, has 

been used for the biological control of insects and in crop protection since the 1920s. 

Nowadays, it is being used actively under trade names such as Dipel and Thuricide 

and due to its specificity; they are regarded as environment friendly with no harmful 

effect on human life, wild life and many benefits to environment [1-7] 

Bacillus licheniformis strains, which are gram positive and thermophilic, are 

producing a variety of peptide antibiotics such as bacitracin, bacteriocin. It is also 

known as contaminant for food and industrial process. Besides, like Bacillus subtilis, 

this bacterium is used to produce α-amylase, which has maximum activity at 76 °C 

whereas amylases from other Bacillus species do not have any activity. Resistance to 

high temperatures is crucial to enable industrial application of α-amylase in large 

quantities [8]. In addition to α-amylase, Bacillus licheniformis is also used to obtain 

protease for general application in biological washing powder (laundry detergent). 

Recent studies showed that this strain could also be used in synthesis of gold 

nanocubes, which are usually synthesized in organic solvents at high temperatures, 

by using toxic reagents. This bacterium is achieving to produce gold nanoparticle in 

much more eligible conditions and this bacterium opens a new application area for 

nanoscience, not just for gold nanoparticle production, but also other materials. 

Besides, Bacillus licheniformis can be manipulated genetically to synthesize 

nanoparticles with desired properties [10]. 

In addition to the lactic acid bacteria, Bacillus species are being sold as probiotics 

which are known as “friendly bacteria” and becoming increasingly available as 

beneficial functional foods. Bacillus species are used in probiotics as bacterial spores 

which provides a potential advantage that spore can survive in transit trough the 

stomach intact due to their resistance to such conditions. There are some questions 

not answered here; it is known that Bacillus are different than other probiotic bacteria 

like they are primarily aerobic saprophytes found in soil. If they really have a health 



 5

benefit, then how do they provide it [11]? Despite the assumptions made according 

to ongoing research, the answer of this question is still unknown and under 

investigation.  

There are many other Bacillus strains with industrial applications not mention here; 

however, the point is that Bacillus strains have a huge potential for new industrial 

applications and many other applications will be revealed correlated with the 

discoveries of new characteristics of this bacteria and development on technology. 

1.2 Why Boron? 

Boron is one of the simplest atoms with the atomic number 5 and chemical symbol 

B. It occurs naturally as 80 % B11 and 20 % B10 and it is found abundantly in a 

variety of similar minerals all related to borax (disodium tetra borate, 

Na2B4O7·10H2O). In fact, its abundance is extremely low: only about 10–9 times that 

of hydrogen and about 10–6 that of carbon, nitrogen, or oxygen; however it is 

distributed all across the world [11]. There are several allotropes of boron and the 

most common ones are crystalline boron, which is black and amorphous boron, 

which is brown and poor conductor at the room temperatures (Figure 1.1). While 

boron compounds are being used as reagents for chemical synthesis, light structural 

materials, insecticides and preservatives, elemental boron is widely being used in 

semiconductor industry as doping agent [13].  

  

Figure 1.1: In first figure appearance of boron (Black/brown) is shown and in  
                    second figure chemical structures of boric acid (A), borate anion (B),  
                    and their diol esters (C,C) [11].  
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Boron primarily exists in biological fluids in the form of boric acid and small amount 

of borate anion B(OH)4–. Both compounds readily form complexes with a variety 

sugar and compounds with cis-hydroxyl groups such as phosphoinositides, 

glycoproteins, and glycolipids, which have confirmed the existence and possible role 

of boron in cell membrane (Figure 1.1) [11]. Boron containing compounds like 

nucleotide and amino acid are important due to their biological activities and 

diagnostic applications. Many boron containing compound have shown future 

promising due to their anticancer, anti-inflammatory and antiosteoporotic activities.  

Oligonucleotides having borane (BH3) instead of non-binding oxygen are one of the 

most important modified groups of nucleic acids. The BH3 group is isoelectronic 

with oxygen in natural oligonucleotides (Figure 1.2). It is known that incorporation 

of boronophosphate into DNA increases DNA’s stability and resistance against to 

exo- and endonucleases [14].  

 

Figure 1.2: Isoelectronic nucleic acid backbones  

Recent discovery of boron containing signal molecule, autoinducer Al-2 (Figure 1.3), 

indicates that boron has an important role in bacterial quorum sensing, which is more 

like a type of decision-making process [15]. Many bacteria use quorum sensing to 

coordinate their gene expression according to the local density of their population. 

Al-2, which is identified as a furanosyl borate diester, is a member of signal 

molecules used in quorum sensing. AI-2 is sythesized by the reaction of 1-deoxy-3-

dehydro-D-ribulose with boric acid and being produced by both gram (+) and (-) 

bacteria. Al-2 encoding gene LuxS is a highly conserved gene among bacteria and 

according to this fact, it is possible that AI-2 might serve as a universal bacterial 

signal for communication among species. On the other hand, it is still unclear that at 

what stage boron binds to the carbohydrate moiety of the AI-2 molecule [16]. 
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Figure 1.3: Bacterial quorum sensing signaling molecule autoinducer AI-2 [11] 

Additionally, so many other things could be proposed for the possible role of boron. 

For instance; due to target potential of phosphoinositides, boron would place boron 

in the PI, PIP, PIP2, IP3-modulated signal transduction and thus, it could cause 

release of calcium from endoplasmic reticulum, which leads to changes in gene 

expression (Figure 1.4). Unfortunately, none of these has been proven and due to 

very limited information about biological role of boron, we cannot speculate more 

about boron’s possible function and effects [11]. 

 

Figure 1.4: Sites of boron attachment in phosphoinositol IP3 [11] 
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1.3 Boron Resistance and Metabolism of Plants and Microorganisms 

Boron, which is non-metal, has been known as essential for optimum growth of 

plants for a long time. Some animals and unicellular eukaryotes also require B, but 

the level of B requirement shows a variety between different organisms. However, 

except cyanobacteria and Bacillus boronophilus, boron has not been reported as an 

essential micronutrient for the growth of bacteria [17]. In bacteria, it is found that 

boron is being used in a variety function, such as nitrogen fixation in azotobacter, 

quorum sensing, synthesis boron containing antibiotics (boromycin), etc. On the 

other hand, boron is quite toxic to living cell when it is presented above a certain 

threshold, doses higher than the upper threshold has a deleterious effect on humans. 

B toxicity shows itself on plants as necrosis of leap tips and margins. In this section, 

some information about general boron resistance and metabolism of plants and 

microorganism will be given. 

1.3.1 Plant studies 

In 1923, Warington proved that boron is an essential micronutrient for higher plants 

[18]. Ever since, boron nutrition has attracted scientist attention and many studies 

have been performed; in spite of a few proposed possible functions, boron’s exact 

metabolic function has not been determined. Required amount of boron shows a 

variety within the plant kingdom. For instance; species from the Gramineae contain 

and require less than the monocots and all dicots [19]. Loomis and his colleague Dust 

made a list (showed below) for the roles of boron for plant, which have been 

postulated over the years (Table 1.2) [20].  

Table 1.2: Proposed roles of boron in higher plants [20] 

Cell walls Metabolism
Synthesis Carbohydrate
Structure RNA  
Phenolic metabolism Auxin  
Lignification Phenolic  
 Respiration
 Transport  
Membrane (long distance)
Structure Sugars  
Function Auxin  
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According to this list, in higher plants boron has many roles like sugar transport, cell 

wall synthesis and lignification, cell wall structure, carbohydrate metabolism, RNA 

metabolism, respiration, indole acetic acid metabolism, phenol metabolism, 

membrane functions, and DNA synthesis. Despite all of the facts, boron’s exact role 

remained unclear as mentioned above. At the (1992) North American Workshop on 

Boron in Plants and Soil (University of Missouri, Columbia), it was proposed that 

boron has two primary roles; the first one is in cell wall structure and the second one 

in membrane function. So, in order to support this idea Durst showed that almost 

99% of boron localized in cell walls [21] and additionally, there are some other 

strong evidences about boron’s involvement in cell wall cross-linking and in lignin 

biosynthesis; Masaru and his coworkers reported that two chain of 

rhamnogalacturonan-II, a pectic polysaccharide in the walls of growing plant cell, are 

covalently cross-linked by a borate ester, which was a breakthrough and also the first 

biochemical evidence of the presence of boron in cell walls of plants [24]. Boron has 

also a role in membrane function; Tanada [25] reported that a mung bean protoplast 

membrane fraction has almost 11 times more boron concentration than the whole 

protoplasts. In addition, Parr and Loughman [26] found that boron increased 

membrane transport of chlorine (Cl) and phosphorus, which means boron has critical 

role in stimulation of the plasmalemma ATPase. Additionally, some other studies 

have shown that supplemental boron stimulates proton pumping in plants, causes 

hyperpolarization of the membrane potential, and increases K+ uptake. Beside, 

Donaire and his colleagues demonstrate that boron deficiency affect the primary 

changes of membrane structure, they observed that treating sunflower seedlings with 

10µM boron resulted in a decrease of neutral lipids and an increase of linolenic acid , 

as compared to zero boron controls [22]. There is very little information about the 

role of boron in lipid biosynthesis and no lipid-boron complexes has been isolated 

from plant membranes so far [19]. 

In 1991, Barr and Crane reported that boron has a crucial role in activation of 

plasmalemma NADH oxidase [23]. Although NADH oxidase’s biological role is not 

known, it has been referred to as ascorbate free radical (AFR) reductase and 

regarding to AFR, there are some significant information. For instance; in 1991, Lin 

and Varner suggested that ascorbate and/or dehydroascorbate somehow gets involved 

in cell wall loosening, which allows expansive growth; beside Hidalgo and his 
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coworkers showed an AFR-mediated increase in cell size in meristematic and 

elongation zones in onion roots [27-28]. 

Boron must cross the plasma membrane at or near the casparian strips to be 

transported from roots into aerial portions of the plant through the xylem.  Studies at 

the cellular level showed that the uptake of B occurs mainly by passive diffusion, 

although other mechanisms may also be involved [29]. Studies regarding to boron 

uptake showed that xylem loading has a crucial role in boron accumulation in shoots 

under boron limitations. Takano and his colleagues first reported the presence of 

BOR1 protein, which is boron exporter protein for xylem loading and a member of 

bicarbonate transporter superfamily [30].  BOR1 is expressed in pericycle cells of the 

root stele and is localized to the plasma membrane. When expressed in yeast, it 

decreases the cellular boron content by pumping boron outside of the cell. In plants, 

by loading the xylem, BOR1 protein protects shoot from boron deficiency, when 

even low external boron presented. Regulation of transport proteins is crucial in 

response to nutrient availability. Takano and his colleagues showed that BOR1-

mediated xylem loading of boron is regulated by boron availability at the 

posttranscriptional level in another study. BOR1 protein is presented in high-level 

concentrations under boron limitations; however, it is degraded in vacuole upon 

exposure to high B. B-dependent regulation of BOR1 provides a fast and efficient 

way to control BOR1 in response to high and low concentration boron [31].         

It is known that the lack of boron causes boron deficient disorders; however, the high 

concentration of boron in soil is toxic for plants. Despite all of the research, boron’s 

exact function or effect in plants is still unknown, but it seems that some of the 

boron’s functions are same or related to the roles of boron in animal and human 

metabolism. 

1.3.2 Cyanobacteria, azotobacteria and diatom studies 

A few groups examined the effect of boron on Cyanobacteria in different times. 

These studies showed that essentiality of B is restricted with heterocystous species, 

boron has a role in heterocystous function, and the requirement of boron varies 

among heterocystous Cyanobacteria [32]. Eyster and Gerloff reported the effect of 

boron on Nostoc muscorum, Calothrix parietina, Anabaena cylindrical and 

Microcystis aeruginosa in presence of dinitrogen and nitrate. While addition of 
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boron in the presence of dinitrogen stimulated the growth of Nostoc muscorum, 

Calothrix parietina and Anabaena cylindrical, which are able to fix nitrogen, 

addition of boron in the presence of nitrate had almost no effect on the growth. 

Besides, it is reported that boron had no effect on the growth of Microcystis 

aeruginosa, which is not able to fix dinitrogen, in the presence of dinitrogen [33-34].       

Bonilla Lidefonso and his colleagues examined the effect of boron on heterocystous 

and nonheterocystous cyanobacteria, which can fix dinitrogen aerobically or 

anaerobically. It is observed that  Chlorogloeopsis sp., Nodularia sp., and Nostoc sp. 

showed different responses with regard to a B requirement, which might be due to 

differences in B sensitivity or some structural, biochemical, developmental 

differences.   The lack of boron decreased the activity of nitrogenase in significant 

rates, especially nitrogenase activity in B-deficient cultures of Chlorogloeopsis sp. 

was reduced %60 within the first 24h compared to the nitrogenase activity in B-

supplied cultures [32].  

As another role of boron for Cyanobacteria, it is suggested that boron stabilize the 

glycolipid inner layer of heterocyst by interacting with their –OH groups because 

boron forms esters with cis-diols. In case of boron deficiency, some alterations occur 

in heterocyst envelope, which accommodate O2 diffusion and result in an inhibition 

of nitrogenase activity. A similar effect has been described for Ca2+ in Gloeothece; 

the lack of Ca2+ causes a rapid inhibition of nitrogenase activity in light but not in 

dark. So, this was commented to the effect of Ca2+ on membranes which provides O2 

protection [35]. Maybe rather than O2, the compounds produced by O2 such as 

superoxide radicals and H2O2 destroy the nitrogenase enzyme. Superoxide dismutase 

catalyzes the dismutations of superoxide anion to H2O2 and O2; catalase functions to 

catalyze the decomposition of hydrogen peroxide to H2O and O2 and peroxidase 

reduces H2O2 to H2O by using some reductants presented inside the cells. 

Cyanobacteria contain these three enzymes, which are possibly associated with 

nitrogenase within the heterocyst. It is reported that the activities of these three 

enzymes appreciably increased in the absence of boron compared to in the presence 

of boron, which is attributed that these enzymes activities increased to protect 

nitrogenase from the toxic effects of superoxide and peroxide [36]. This result 

showed that boron has a critical role in protection of nitrogenase from superoxide 

and peroxide.  
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It is reported that a marine pinnate diatom Cylindrotheca fusiformis requires boron 

for its growth both in light and dark conditions.  It requires at least 0.5-ppm boron for 

a generation time of approximately 10 hours to show maximum growth and it is 

reported that boron concentration below 0.5ppm limits the growth, which is most 

apparent during the first few days [37]. Douglas reported that boron deficient 

Cylindrotheca fusiformis cultures accumulates more 86Rb than control cultures and 

showed an increased photosynthesis rate, which is good for the cells. It is thought 

that an accumulation of cations, such as K, may be a link between increased 

photosynthesis and boron deficiency. However, the study showed that boron 

deficient Cylindrotheca fusiformis showed a requirement for its growth in the dark 

under heterotrophic conditions.  Alterations in cation transport of Cylindrotheca 

fusiformis cause inhibition of mitosis; thereby, cell division might be controlled by 

boron [38].       

1.3.3 Bacillus boroniphilus 

Bacillus boroniphilus, which is a strain of gram-positive, motile and rod-shaped 

bacterium (Figure 1.5), first isolated from naturally boron containing soil of Hisarcik 

area in the Kutahya Province of Turkey, by Iftikhar Ahmed and his colleagues and 

there is only one article, which was reported by this group, regarding this bacterium 

in literature [17]. Therefore, there is very little information known about this 

bacterium and this makes our study more important.  

 

Figure 1.5: Scanning electron micrograph of cells of Bacillus boroniphilus species 
[17] 

Three strains of this bacterium were isolated and these strains named as T-14A, T-

15ZT and T-17s. Among bacillus species, all the strains of this bacterium have a 



 13

distinctive characteristic, which is that all of the strains are highly boron tolerant and 

they can survive in medium containing boron up to 450mM. Optimal growth 

temperature of this bacterium is 30 °C and it can also grow between 16 and 37 °C. 

Additionally, it shows optimal growth around pH 7.0 (pH range for growth: 6.5-9.0) 

in medium containing 50mM boric acid and as a distinguishing characteristic; this 

bacterium requires B as an essential micronutrient of growth, which means the 

growth of Bacillus boroniphilus is limited by the absence of boron supply. The DNA 

G + C content is about 41.1–42.2 mol% and the predominant cellular fatty acid is 

iso-C15:0. Based on phenotypic and chemotaxonomic characteristics, phylogenetic 

analysis of 16S rRNA gene sequences data indicated that the three strains belong to a 

novel species of the genus Bacillus, which is shown in Figure 1.6 [17]. 

 

Figure 1.6: Phylogenetic tree showing inter-relationship of the three strains (T-14A, 
T-15ZT and T-17s) of Bacillus boroniphilus species according to 16S 
rRNA data results [17] 

It is known that this bacterium requires boron for its growth, but the real question 

here is why? The only example of boron requirement for physiological function was 

reported for plants where boron forms esters with a cis-diol moiety in 

rhamnogalacturonan-II (RG-II) that is required for stabilization and integrity [24]. 

However, the presence of RG-II in bacteria has not been reported, so the answer of 

the question of why this bacterium requires boron for its growth is still unclear. 
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Nevertheless, we can make some assumption in the light of previous studies 

regarding to the functions of boron in cell; the bacterium might use boron for quorum 

sensing in which boron has a crucial role [15]. It can also be thought that this 

bacterium might use boron to stabilize its nucleic acid, which makes the bacterium 

more resistance to possible DNA damages and so the bacterium can easily grow in 

media containing high concentration boron. In order to check the DNA stabilization 

assumption, deoxynucleoside boranophosphate content of the cells might be 

measured by chromatography with convenient colon and this could lead us to new 

discoveries. However, none of these assumptions explains why the bacterium 

requires boron as an essential for its growth; so, more information is needed to make 

assumption regarding to boron essentiality.   

1.4 How to Obtain Boron Resistant Bacillus boroniphilus 

One of the most convenient methods to obtain genetically modified microorganisms 

with industrially improved characteristics is metabolic engineering, which is eligible 

for obtaining boron resistant Bacillus boroniphilus mutants. 

1.4.1 Metabolic engineering 

Metabolic engineering has been defined shortly as “the improvement of cellular 

activities by manipulation of enzymatic, transport, and regulatory functions of the 

cell with the use of recombinant DNA technology” [39]. According to this definition, 

one of the main goals of metabolic engineering is directed manipulation, which helps 

us to obtain organism with required skills. Metabolic engineering is a new field with 

applications in the production of chemicals, fuels, materials, pharmaceuticals, and 

medicine at the genetic level; additionally, its possible applications span almost 

entire spectrum of biotechnology [40]. It is used to generate new process and 

products, in addition to improving the existing process. Metabolic engineering is 

more eligible than introducing heterologous genes to obtain mutant organism with 

required properties; beside, the set of genetic possibilities is infinite for metabolic 

engineering and only a small number of these possibilities is crucial in achieving of 

metabolic engineering’s goals, which means without a strong algorithm metabolic 

engineering is obligated to fail [41]. 
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The classical or ‘rational’ metabolic engineering approach requires excess and 

detailed knowledge about identification of a flux-limiting step in a specified 

metabolic pathway such as enzyme kinetics, system network, and intermediate pools, 

and also about some crucial bases, a genetic manipulation is proposed for some 

presumed benefits [42]. Therefore, limited knowledge generates some difficulties in 

applying metabolic engineering to obtain organism with desired skills. So, to 

overcome such limitations, a new approach termed as “inverse metabolic 

engineering” (Figure 1.7) has been proposed and the concept of this new approach is 

first to determine the desired phenotype, then the environmental and genetic 

conditions required for such phenotype and finally to alter the phenotype of selected 

host by genetic manipulations [41-42]. 

 

Figure 1.7: Inverse metabolic engineering [39] 

Even if the genetic manipulations are based on the inverse metabolic engineering, the 

results give us information regarding to the genetic stimulus-phenotype response 

characteristics of the organism, which might help us to develop a better inverse 

metabolic engineering strategy [41]. 

Improvements in genomics technologies, including micro array and gene sequence, 

enable us to relate changes in phenotype straight with changes in genotype. So, this 

makes very eligible the integration of “evolutionary” and "direct" approaches to 

engineering cell physiology to obtain easily organism with desired properties [43]. 

The basic concept of directed evolution strategy is simple; firstly, heterogenous 

population having desired and undesired phenotypes is generated by random 

mutations and organisms of interest having the desired phenotypes are selected by 

applying any convenient pressure [41-43]. Generally, directed evolution is accepted 

as a natural process compared to DNA technology, which is generally avoided by 

public. Therefore, this general acceptance makes directed evolution more 
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advantageous in food applications [44]. Besides, improvements in system biology 

and new analytical technologies, which helps us to elucidate the genetic basis of the 

cellular phenotype, make metabolic engineering more crucial in industrial and 

scientific applications [45]. 

1.4.2 An inverse metabolic engineering strategy: evolutionary engineering 

Directed evolution has become a full-grown tool in molecular biology nowadays, and 

it is broadly used in two major areas; industrial application mostly for producing 

biocatalyst with maximum activity and scientific researches for both understanding 

the general evolutionary process and generating mutant organism with improved 

skills [46]. Despite the all the advances to date, still there is a need to improve 

directed evolution strategies and develop generic screening or selection tools, which 

makes process more efficient for both biocatalyst applications and scientific 

researches [47].  

Directed evolution is performed first by increasing the diversity by mutagenesis. 

Some chemical and physical mutagens are being used to increase the genetic 

diversity for directed evolution. For instance; ethyl methane sulphonate (EMS; 

C3H8O3S), a chemical mutagen, is a monofunctional alkylating agent that most 

commonly causes transitions by methylation of G residues and also causes some 

deletions in DNA. EMS is quite carcinogenic; thereby some precautions must be 

taken during its usage in lab. The modified nucleotide G might pair with T instead of 

C, which leads a G-T mismatch, and thus, the G could be replaced with an A in the 

next DNA replication, and finally, a mutation, replacement of a G-C pair with an A-

T pair, occurs (shown in detail in Figure 1.8). Those mutations make permanent 

changes in DNA, which increases the mutation rate [48]. EMS solutions can be 

deactivated in a solution of 4g NaOH and 0.5 ml thioglycolic acid in 100 ml or by 

adding 100ml 0.1M Na2SO3. 
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Figure 1.8: The effect of EMS on DNA [49] 

1.5 The Aim of the Present Study 

The aim of the present study was to further improve the boron resistance of Bacillus 

boroniphilus by designing and employing an ‘in vivo’ evolutionary engineering 

strategy. During selection of the mutant generations, the strategy of selection under 

gradually increasing boron stress levels was employed. Boron-resistant individual 

mutants selected from final generation were characterized by analysing their 

potential cross-resistances to metals such as cobalt, iron, copper, chromium, zinc, 

and other industrially important stress types and also by determining their boron 

content using atomic absorption spectroscopy. This study showed that evolutionary 

engineering is a useful strategy in further improving boron-resistance in B. 

boroniphilus, a very specific bacterium which might be exploited in various 

industrial applications such as biomining, bioremediation and biomimetics.  
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2.   MATERIALS AND METHODS  

2.1 Materials, Equipment and Organisms 

2.1.1 Software, programs and websites 

- Bacillus Subtilis Genome Database (http://bacillus.genome.jp/) 

- Primer3Plus  

            (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) 

- Principle Component Analysis (MatLab) 

2.1.2 Bacillus boroniphilus strain 

Bacillus boroniphilus bacterium was purchased from DSMZ - the German Resource 

Centre for Biological Material, Germany. 

2.1.3 Bacteria culture media  

Medium 220 + 2.5% NaCl + 0.05 M H3BO3 + 10 μg/ml MnSO4  

2.1.3.1 Composition of Medium 220 

Pancreatic digest of casein                            15 g 

Soy peptone                                                   5 g 

Sodium chloride                                            5 g 

Agar (for solid media)                                  15 g 

Per liter of distilled water 

2.1.4 Chemicals, buffers and solutions 

NaCl                                                            12.5 % (w/v) 

H2O2 solution                                               5 M 

CoCl2 solution                                              1 M 

CrCl3 solution                                               1 M 

CuCl2 solution                                              1 M 
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CuCl2 solution                                              1 M 

HNO3 solution                                              6 M 

ZnCl2 solution                                             1 M 

NaOH solution                1 mM-10mM 

FeCl2                                                                                     0.8M 

H3BO3                                                         1M-2M-3M 

Ethanol (absolute) - Riedel-de Haen (Germany). 

Hydrogen peroxide (35%, v/v) was obtained from Merck (Germany). 

2.1.5 Laboratory equipment 

Microfuge     Eppendorf Microcentrifuge (USA) 

Orbital Shaker Incubators                              Certomat S II Sartorius (Germany) 

Centrifuge      Allegra 25R Centrifuge Beckman 

UV-Visible Spectrophotometer                     Shimadzu UV-1601 (Japan)   

Micropipettes Eppendorf, 5000µl, 1000µl, 200µl, 

100µl, 20µl.  

Incubators Nüve EN400 (Turkey) 

Analitical and Precision Balance                   Precisa XB 220A (Canada) 

Atomic Absorption Spectrometer                  Analytik Jena Vario 6 (Germany) 

(ITU, Chemisty Department) 

Light Microscope                                          Olympus CH30 (USA) 

Qubit fluorometer                                          Invitrogen (USA) 

Laminar Flow     Biolab Faster BH-EN 2003 

Autoclaves     Tuttnauer 2540 ml (Switzerland)  

Deep Freezers and refrigerators  80˚C Heto ultrafreeze 4410 (Denmark),  

 -20˚C, +4˚C Arçelik (Turkey) 

Vortex      NüveNM 110 (Turkey) 

Thermomixer Compact   Eppendorf 
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2.2 Methods 

2.2.1. Growth curve 

Overnight incubated wild type Bacillus boroniphilus cells were inoculated in 100 ml 

medium 220 in order to obtain enough inoculum size for growth curve analysis. 

After overnight incubation, cells were inoculated in 400 ml liquid medium 220. The 

OD600 value was adjusted to 0.1. Then the cells were incubated for 48 h at 30 °C, 150 

rpm. 2 ml sample was taken from culture for optical density measurements at 

different time intervals to obtain the growth data. 

2.2.2 Ethyl methane sulphonate (EMS) mutation 

Fresh culture obtained from stock culture was inoculated in Medium 220 and 

incubated at 30ºC and 150 rpm. After overnight incubation, another inoculation was 

done from initial culture into fresh media. When the second culture’s OD600 value 

reached at 0.5 after overnight incubation, 500µl sample was taken from this culture 

and put into labeled tubes. These samples were washed twice with 50mM potassium 

phosphate (pH 7) buffer solution. After washing process, 500µl potassium phosphate 

buffer solution was added and mixed. Then, cultures were transferred into glass 

tubes. The mutagenic agent EMS was applied to the glass tubes except the control 

one with respect to the amounts shown in Table 1 and samples were taken to the 

incubator at 30 ºC. At the end of the exposure times mutation procedure was stopped 

one by one according to the exposure times (10, 30 and 60 min) by adding freshly 

prepared 500-µl sodium thiosulphate solution (10 %, w/v) to the glass tubes. Then, 

the glass tubes were mixed well with vortex and cells were centrifuged at 10,000 rpm 

for 10 min. Supernatants were discarded and the cell pellets were washed twice with 

medium 220. After washing process, cells were inoculated into medium 220 and they 

were incubated at 30 ºC, 150 rpm for 72h. Six different EMS applications were done 

and one of them was selected for further analysis. This mutagenized culture named 

as EMS4.  

2.2.3 General boron stress screening and determination of initial boron 
concentration for generation obtaining  
Three different screening ranges were studied. As a first step of general boron stress 

screening, MPN method was applied to overnight-incubated EMS4 and WT cultures. 

The screening stress levels were chosen between 50 mM to 1000 mM H3BO3 (50-



 22

100-200-500-600-700-800-900-1000mM H3BO3) in the first study. Then, as a second 

step the range between 50 mM and 500 mM H3BO3 (50-100-200-300-400-450-500) 

and as a third step the range between 50 mM and 300 mM H3BO3 (50-100-140-180-

200-220-250-280-300 mM H3BO3) were checked. During the whole experiment, 

cultures incubated in 50 mM H3BO3 were used as control group and survival ratios 

for each concentration were calculated according to the control.   

2.2.4 Obtaining increasing stress generations and stock culture preparation 

Throughout the experiment of obtaining increasing stress generations, EMS 

mutagenized Bacillus boroniphilus EMS4 was used. Increasing stress was applied as 

continuous stress. This experiment is based on inoculating EMS4 cultures in medium 

220 having initial boron concentration and transferring survivors into next medium 

having increased boron concentration after overnight incubation. The algorithm of 

obtaining increasing stress generations is shown in Figure 2.1. 

Initial H3BO3 concentration was determined as 55 mM H3BO3 that was determined 

according to previous screening results and the cultures inoculated in medium 220 

containing 50 mM H3BO3 was used as control in each generations. First generation 

was obtained by inoculating EMS4 culture in both 55 mM and 50 mM H3BO3 

containing mediums after overnight incubation. OD600 results of both cultures were 

measured by spectrophotometer. For the second generation cells inoculated in 

medium 220 containing 55 mM H3BO3 were used and the same procedure used in 

first generation was applied. All the generations were applied with the same 

procedure used in first and second generations. For each generation, survival ratio 

was calculated by dividing OD600 value of the increasing stress group to OD600 value 

of the control group.  
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Figure 2.1: Selection algorithm for obtaining of boron resistant EMS4 mutants 

Three stock cultures were prepared for each generation. Frozen stock cryoprotective 

solutions were prepared by adding of an equal volume of 70 % (v/v) glycerol to the 

liquid culture to have a final ratio of 35 % (v/v) glycerol and placed at -800 C for 

long-term preservation. It is crucial to remove all boron from the cultures before 

stock preparation. Therefore, cultures were washed twice with media without boron 

content and centrifuged at 14,000 rpm for 5 minutes and discarded the supernatant 

before glycerol addition for stock preparation.           

2.2.5 Selection of individual mutants 

Overnight liquid culture of the highly resistant final population was inoculated into 

agar plates. First, final population was diluted up to 1:107 ratio and then 100 µl from 

each culture was spread onto agar plates, respectively. After 2 days incubation, 15 
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colonies were selected from plates having 1:106 and 1:107 dilution ratios, 

respectively and numbered from one to 15. 

2.2.6 Characterization of individual mutants 

2.2.6.1 Determination the most resistant individuals by using general        

screening strategy 

The selected 15 colonies, final boron resistant population and WT cells were 

inoculated 96 well plates for general screening of boron resistance to 150 mM and 

300 mM boric acid in order to determine the most resistant individuals. 

Determination the most boron resistant individuals, screening process was performed 

by considering of survival ratios of individuals.  

2.2.6.2 Determination of cross-resistance to other stress conditions  

In order to determine potential cross-resistances, boron resistant individuals and WT 

were characterized by screening under various stress conditions such as heavy metal 

stress, heat stress, ethanol stress, sorbitol stress and oxidative stress. Additionally, 20 

mM H3BO3 containing solid cultures were used as control groups for solid culture 

tests. 

2.2.6.2.1 Chromium stress 

Continuous stress application strategy was adopted for detecting the effect of 

chromium on cells. The salt of chromium (CrCl3) was applied in 2 mM concentration 

onto selected individuals in both solid media and liquid media (MPN method), 

respectively. 

2.2.6.2.2 Zinc stress 

Continuous stress application strategy was adopted for detecting the effect of zinc on 

cells. The salt of zinc (ZnCl2) was applied in 1 mM concentration onto selected 

individuals in both solid media and liquid media (MPN method) respectively.  

2.2.6.2.3 Copper stress 

Continuous stress application strategy was adopted for detecting the effect of copper 

on cells. The salt of copper (CuCl2) was applied in 0.5 mM concentration onto 
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selected individuals in both solid media and liquid media (MPN method) 

respectively. 

2.2.6.2.4. Iron stress 

Continuous stress application strategy was adopted for detecting the effect of iron on 

cells. The salt of iron (FeCl2) was applied in varying concentration (1-2 mM) onto 

selected individuals in both solid media and liquid media (MPN method) 

respectively. 

2.2.6.2.5 Cobalt stress 

Continuous stress application strategy was adopted for detecting the effect of cobalt 

on cells. The salt of cobalt (CoCl2) was applied in 2 mM concentration onto selected 

individuals in both solid media and liquid media (MPN method) respectively. 

2.2.6.2.6 Osmotic stress 

Continuous stress application strategy was adopted for detecting the effect of NaCl 

on cells. NaCl was applied in varying ratio (5 % and 8 %) onto selected individuals 

in both solid media and liquid media (MPN method) respectively. 

2.2.6.2.7 Ethanol stress 

Continuous stress application strategy was adopted for detecting the effect of ethanol 

on cells. Ethanol (C2H5OH) was applied in a percentage of 5 % onto selected 

individuals in liquid media (MPN method). 

2.2.6.2.8 Oxidative stress 

Continuous stress application strategy was adopted for detecting the effect of 

hydrogen peroxide on cells. Hydrogen peroxide (H2O2) was applied in 1mM 

concentration onto selected individuals in liquid media (MPN method). 

2.2.6.2.9 Sorbitol Stress 

Continuous stress application strategy was adopted for detecting the effect of sorbitol 

on cells. Sorbitol was applied in a percentage of 5% onto selected individuals in 

liquid media (MPN method). 

 



 26

2.2.6.2.10 Heat stress 

1ml of each overnight liquid culture was exposed to 55ºC (stress temperature) for 10 

minutes in termomixer. After this process, cells were harvested by centrifugation at 

14.000 rpm for 5 min and washed twice with medium 220. Then, MPN method was 

applied to harvested cells. 

2.2.6.2.11 Freeze-thaw stress 

1 ml of each overnight liquid culture was exposed to -200C (stress temperature) for 2 

hours. After this process, cells were thawed and harvested by centrifugation at 

14,000 rpm for 5 min and washed twice with medium 220. Then, MPN method was 

applied to harvested cells. 

2.2.6.3 Principle component analysis 

Principal Component Analysis (PCA) is a useful technique for covariance analysis of 

multi-dimensional data to find out correlation among the dimensions. Here, PCA 

enables us to reveal similar (or different) behavior among the individuals and among 

the responses to stresses. 

Covariance is a measure of how much dimensions vary from the mean respect to the 

each other. If covariance is zero, dimensions are independent in other words there is 

no correlation. However, covariance only measures the variance between two 

dimensions. Therefore, for multi-dimensional data, PCA is an effective technique for 

covariance analysis of many dimensions respect to the each other. In PCA, we first 

modify our data by extracting mean of each column form each element of the column 

and then we obtain covariance matrix by multiplying modified data with its 

transpose. Thus, elements of covariance matrix are covariance between each two 

dimensions. Secondly, we look at a few largest eigenvalues of covariance matrix to 

reveal the dominant pattern (or the most significant information) in data. 

Eigenvectors corresponding to the largest eigenvalues are our principal components. 

First Principal component is the eigenvector corresponding to largest eigenvalue and 

second principal component is the eigenvector corresponding to second largest 

eigenvalue.  
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Scores are principal components according to individuals and loads are principal 

components according to stresses. In fact, we do not make two analyses; one 

singular-value-decomposition (SVD) enables us to find both scores and loads.  

Here the cross-resistance results of Individuals using 24 hours (24 h), 48 hours (48 h) 

and 72 hours (72 h) data were analyzed. For 24h and 48h data, ratio of two largest 

eigenvalues to rest of eigenvalues is 0.99 and for 72 h data, the ratio is 99.5 %. This 

means that two largest eigenvalues represent our data dominantly with 99 % 

percentages. Therefore, it can be concluded that PCA is highly reliable for our case. 

2.2.6.4 Determination of boron content of individuals by AAS 

All of the individuals except individual 15 (due to low resistance boron) were 

resuscitated and after overnight incubation, individuals were inoculated into 200 ml 

medium with 0.04 OD600 value to obtain maximum pellet. Then, Individuals were 

taken to the shaker for 48 h incubation. The weights of falcon tubes, which were used 

for cell centrifugation, were measured by digital scale (data not shown) and 

incubated cells were poured into these falcons to obtain cell pellets by using 

centrifugation, which were performed at 5,000 rpm for 15 minutes. Then, pellets 

were washed two times with distilled water and these washed pellets were taken to 

incubator at 70 ºC for 24 h. Meanwhile, supernatants were also taken to cold room at 

4 ºC. After 24 h, to disintegrate the cell membranes 5ml HNO3 was put into each 

falcon tubes containing the dried pellets and these tubes were taken into incubator at 

105 ºC for 2h, then 10ml dH2O were put into each falcon tubes containing 

disintegrated cells and finally the integrated cells’ boron content was measured by 

atomic absorption spectroscopy. Unfortunately, boron content of all of the samples 

was obtained as zero due to lower boron sensitivity of the AAS. As a second 

pathway, boron content of cell supernatants were measured by using some extra 

calculations. Both initial media boron content and supernatants’ boron content were 

measured by AAS and finally initial boron content minus supernatants’ boron 

content gave us the boron content of cells (Figure 2.2).  

 
Figure 2.2: Equation used for boron content determination 
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2.2.7 Transcriptomic analysis 

Individual 5 and WT were selected for transcriptomic analysis. Individual 5 was 

selected according to the previous test results. RecG, atpA, luxS, yhaQ, and yhaP 

genes were selected for transcriptomic analysis according to the literature research. 

RecG is an ATP-dependent DNA helicase, probable ATP-dependent DNA helicase; 

atpA is a housekeeping gene which codes ATP synthase alpha chain; LuxS codes S-

ribosylhomocysteine lyase, probable autoinducer-2 production protein; yhaQ codes 

putative ABC-2 type transport system ATP-binding protein, its function is unknown; 

however it is thought that it has a similar function with ABC transporter (ATP-

binding protein); yhaP codes putative ABC-2 type transport system permease 

protein. All of these genes are related with the boron response mechanism of cells.     

2.2.7.1 Primer design  

Primers were designed according to Bacillus subtilis by using Primer3Plus software. 

The reason why Bacillus subtilis was used as nucleotide sequence source for primer 

design is that there is no any nucleotide sequence information of Bacillus 

boroniphilus due to recent discovery of this species.  The most convenient primers 

were selected by considering the nonspecific bonding and dimer formation. 

2.2.7.2 RNA isolation 

First, individual 5 and WT were resuscitated and after overnight inoculation each 

individual were inoculated, respectively into fresh media containing 50 mM (control) 

and 300 mM H3BO3 with the same optical densities. After another overnight 

incubation, the individuals were taken from shaker in log phase for RNA isolation.  

The first step for RNA isolation was to determine the number of the cells of 

individuals for RNA isolation kit. The numbers of cells were calculated by using 

hemocytometer. 

All the individuals were eluted in a ratio of 1/10 considering to the procedure of the 

kit. Finally, the individuals’ total RNAs were isolated by using Invitrogen – 

PureLinkTM RNA mini kit. For DNase treatment, another procedure was used. After 

RNA isolation, RNA amount of each sample was measured by Qubit. In addition to 

Qubit measurement, RNA samples were driven in 1% agarose gel electrophoresis. 
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2.2.7.3 cDNA synthesis 

Before cDNA synthesis, DNase treatment was performed to the RNA samples 

according to Invitrogen DNase I, Amplification Grade protocol (Cat. No. 18068-

015).  

cDNA synthesizes of RNA samples were performed according to SuperScript® III 

First-Strand Synthesis System protocol (Cat. No. 18080-051). Additionally, 

Oligo(dT)20 was chosen as primer from the kit for the experiment.   

2.2.7.4 PCR and optimization steps  

First step: RecG and ATPase (housekeeping gene) gene primers were diluted to 100 

ng/ml, respectively. After primer dilution process, PCR was set up for the first target 

DNA amplification. PCR was performed according to the invirtogen protocol; 

amount of components added to the both sample RNA and control group were shown 

in Table 2.1. 

Table 2.1: Amount of components for PCR 

Program for the thermal cycler is shown in Table 2.2. 

Table 2.2: PCR cycles (First step) 

 Temperature (ºC) Time Cycle number 

Denaturation 94 2 min 1 

PCR  

Denaturation 94 15 sec 

40 Annealing 55 30sec 

Extension 68 60 sec 

Final extension 68 5 min 1 

Individuals 
Volume (µl) 

Target RNA Control Groups 
Reaction Mix 25 25 

Template ( cDNA) 4 - 

Primer 2 2 

SuperScript. III RT/ Platinum 

Taq Mix 
2 2 

DEPC treated water 17 21 
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6µl samples were taken from each group at 30-34-36-40th cycles for cycle 

determination. Amplification products were analyzed by 1.5 % agarose gel 

electrophoresis. Besides, GeneRuler™ DNA Ladder Mix (Cat. No. SM0333) was 

used as ladder and 6X loading dye solution (Cod. #R0611) was used as loading dye 

during the whole experiment. DNA loading to the agarose gel process was performed 

as a mixture of 5µl PCR amplification product and 1µl 6X Loading Dye Solution in 

each time.  

Second step: According to these results, none of the primers worked. Therefore, 

another PCR was set for optimization process. At this time, only housekeeping gene 

primer ATPase and WT cDNA were used. Unlike the first experiment, 50 oC was 

used for annealing temperature to lower the specifity of primer. Same protocol with 

the previous optimization step was used except the cycle number and template 

amount (Table 2.3). The cycle number was determined as 35 and 6 µl sample were 

taken from each group at 27-30th cycles for the cycle determination and the amount 

of cDNA template was multiplied by 2 considering the previous one (4µl). 

Amplification products were analyzed by 1% Agarose gel electrophoresis. 

Table 2.3: PCR cycles (Second step) 

 Temperature (ºC) Time Cycle number 
Denaturation 94 2 min 1 
PCR  
Denaturation 94 15 sec 

35*(lowered) Annealing 50* (lowered) 30sec 
Extension 68 60 sec 
Final extension 68 5 min 1 

 
Third step: Unlike second step, the amount of template (cDNA) was increased to 8 

µl and the cycle determination process was not performed. Only 30 cycles were 

performed and the annealing temperature was changed to 53 oC (Table 2.4). 

Amplification products were analyzed by 1 % agarose gel. 

Table 2.4: PCR cycles (Third step) 

 Temperature (ºC) Time Cycle number 
Denaturation 94 2 min 1 
PCR  
Denaturation 94 15 sec 

30*(lowered) Annealing 53* (increased) 30sec 
Extension 68 60 sec 
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Final extension 68 5 min 1 

Fourth step: As a last try, a new procedure was applied due to small amount of 

cDNA in previous tests. At this time the SuperScript® III One-Step RT-PCR System 

with Platinum®Taq kit (Cat. No. 12574-026) was used and this kit does both cDNA 

synthesis from isolated total RNA and amplification of target gene. Therefore, it was 

achieved to increase template RNA due to skipping of cDNA synthesis step, in 

which the samples were diluted in a ratio of 1/10 due to protocol. 4 µl RNA template 

was used for each PCR set from stock. The protocol used in this experiment is given 

below in Table 2.5. 

Table 2.5: RT-PCR cycles (Fourth step) 

 Temperature (ºC) Time Cycle number 
cDNA synthesis 55 30 min 1 
Denaturation 94 2 min 1 
PCR  
Denaturation 94 15 sec 

40 Annealing 54 30sec 
Extension 68 60 sec 
Final extension 68 5 min 1 

 

Amplification products were analyzed by 1 % agarose gel. 
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3. RESULTS 

3.1 Growth Curve 

It was so crucial to know the growth behavior of Bacillus boroniphilus bacterium 

during the whole experiment: therefore, wild-type Bacillus boroniphilus was 

inoculated in 400 ml media for 48h incubation. Growth curve with respect to OD600-

time is given in Figure 1; Growth curve with respect to lnOD-time is given in Figure 

2.  

 

Figure 3.1: Growth curve with respect to OD600-time  

 

Figure 3.2: Growth curve with respect to lnOD-time 
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Growth curve results showed that required incubation time for optimum growth of 

Bacillus boroniphilus bacterium is 24h (overnight incubation).   

3.2 EMS Mutated Populations 

EMS was applied to wild-type Bacillus boroniphilus bacteria at different level and 

time periods. After EMS application, six different mixed population were obtained 

and these 6 mutated population and wild-type (control group) were taken to 

incubation room at 30 0C. Survival ratios and OD results of these six populations and 

wild-type are shown in Table 3.1. 

Table 3.1: Survival ratios and OD values after EMS application 

EMS Application OD600 Survival Ratios Incubation Time (h) 

Control 0.513 - 72 

10' 20 µl (EMS1) 0.426 0.83 72 
10' 30 µl (EMS2) 0.492 0.96 72 
30' 20 µl (EMS3) 0.450 0.88 72 
30' 30 µl (EMS4) 0.486 0.95 72 
60' 20 µl (EMS5) 0.465 0.91 72 
60' 30 µl (EMS6) 0.020 0.03 72 

EMS4 and EMS5 populations were selected for further analysis by considering 

applied EMS amount and their survival ratios. These two mixed populations and 

wild-type were inoculated in fresh media for overnight incubation and OD600 results 

are shown in Table 3.2. 

Table 3.2: OD results of overnight incubation 

According to overnight incubation results, EMS4 was selected as initial culture for 

generation obtaining. 

 

Samples 24h 

WT 0.6228 

EMS4 0.6639 

EMS5 0.6564 
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3.3 Screening of the EMS4 and the Wild-type for Determination of Initial Boron 
Stress Level 

For initial stress level determination, the range between 50 mM and 1000 mM 

H3BO3 was  screened and this process was performed in 3 steps. In the first step; the 

range between 50 mM and 1000 mM H3BO3 (50-100-200-500-600-700-800-900-

1000 mM H3BO3), in second step; the range between 50 mM and 500 mM H3BO3 

(50-100-200-300-400-450-500) and in third step the range 50 mM and 300 mM 

H3BO3 (50-100-140-180-200-220-250-280-300 mM H3BO3) was screened. Survival 

ratio results are shown in Table 3.3, Table 3.4 and Table 3.5, respectively. 

Table 3.3: Screening results of wild-type and EMS4 incubated in different boric acid  
                  (H3BO3) concentrations from 50 mM to 1000 mM 

Table 3.4: Screening results of cultures (wild-type, EMS4) incubated in different  
                   boric acid (H3BO3) concentrations from 50 mM to 500 mM 

H3BO3 

(mM) 

Number of cells Survival ratio 

72 h (cell/ml) 96 h (cell/ml) 72 h 96 h 

WT EMS4 WT EMS4 WT EMS4 WT EMS4 

50 (control) 3.5*107 3.5*107 5.4*107 5.4*107     

100 24*106 24*106 3.5*107 3.5*107 0.68 0.68 0.64  0.64 

200 24*105 3.5*106 5.4*106 1.1*107 0,68*10-1 0.1 0.1 0.2

500 0.33*102 0.33*102 0.33*102 0.33*102 0.94*10-6 0.33*102 0.6*10-6 0.6*10-6 

600 0.23*102 0.23*102 0.23*102 0.23*102 0.65*10-6 0.65*10-6 0.42*10-6 0.42*10-6

700 0.23*102 0.23*102 0.23*102 0.23*102 0.65*10-6 0.65*10-6 0.42*10-6 0.42*10-6

800 0.23*102 0.23*102 0.46*102 0.46*102 0.65*10-6 0.65*10-6 0.85*10-6 0.85*10-6

900 0.23*102 0.23*102 0.23*102 0.23*102 0.65*10-6 0.65*10-6 0.42*10-6 0.42*10-6

1000 0.23*102 0.23*102 0.23*102 0.23*102 0.65*10-6 0.65*10-6 0.42*10-6 0.42*10-6

H3BO3 
(mM) 

Number of cells Survival ratio 
24 h (cell/ml) 48 h (cell/ml) 24 h 48 h 

WT EMS4 WT EMS4 WT EMS4 WT EMS4 

50 (control) 24*104 24*104 3.5*107 16*107     

100 24*103 24*104 9.2*106 9.2*107 10*10-2 10*10-2 0.26 0.57 

200 24*102 24*102 5.4*104 5.4*105 1.00*10-2 1.00*10-2 1.54*10-3 0.33*10-2

300 0.23*102 0.23*102 0.23*102 0.23*102 0.01*10-2 0.01*10-2 0.65*10-6 0.14*10-6

400 0.23*102 0.23*102 0.49*102 2.4*102 0.01*10-2 0.01*10-2 0.14*10-5 0.15*10-5

450 2.4*102 2.4*102    2.4*103 16*103 0.10*10-2 0.10*10-2     0.68*10-4 1*10-4 

500 0.23*102 0.23*102 0.23*102 0.23*102 0.01*10-2 0.01*10-2 0.65*10-6 0.14*10-6
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Table 3.5: Screening results of cultures (wild-type, EMS4) incubated in different 
boric acid (H3BO3) concentrations from 50 mM to 300 mM 

Results showed that survival ratio decreased after 300 mM H3BO3 in a crucial ratio 

and optimum growth was observed between 50 mM and 100 mM H3BO3. Besides, 

this bacterium showed a growth in 1000 mM H3BO3, which should also be 

considered throughout the experiment. According to these results, 55 mM boric acid 

is chosen as initial stress level.  

3.4 Obtaining Generations through Increasing Stress Strategy and 

Determination of Boron Resistance 

Continuous stress application strategy is adopted for obtaining the generations and 

applied to EMS4 mixed population. As control groups, cultures grown in media 

containing 50mM boric acid were used, it is because that Bacillus boroniphilus can 

not survive without boron. Stress level was increased gradually by 5 mM at each 

level of stress (55  60  65  70  so on).  During this experiment, fifty mutant 

generations were obtained that were resistant up to 300 mM boron concentration, a 

highly toxic level. Survival results are shown in Table 3.6 and Figure 3. 

 

 

 

H3BO3  (mM) 

Number of cells Survival ratio 
24 h (cell/ml) 48 h (cell/ml) 24 h 48 h 

WT EMS4 WT EMS4 WT EMS4 WT EMS4 

50 (control) 3.5*104 24*104 24*106 5.4*106  

100 3.5*104 3.5*105 16*106 2.4*107 1 1.45 0.66 4.44 

140 2.4*103 2.4*104 5.4*106 16*106 0.06 0.1 0.225 2.96 

180 2.4*104 3.5*103 9.2*105 2.4*106 0.68 0.014 0.038 0.44 

200 3.5*102 2.4*103 16*104 16*105 0.01 0.01 0.006 0.296 

220 3.5*102 240 5.4*104 24*105 0.01 0.001 0.00225 0.44 

250 33 240 5.4*103 5.4*105 0.9*10-3 0.001 2.25*10-4 0.1 

280 23 240 5.4*102 24*103 0.65*10-3 0.001 2.25*10-5 4.44*10-3 

300 23 240 3.5*103 24*104 0.65*10-3 0.001 0.14*10-3 4.44*10-2 
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Table 3.6: OD values of both the generations and the controls considering incubation    
                  time 

Increasing stress 
generations (G#) 

Boric acid 
H3BO3 
(mM) 

OD600 
Control 
50 mM 
H3BO3

OD600 
generation Survival ratio Incubation 

time (h) 

1 55 0.891 0.915 1.03 24 
2 60 1.335 1.528 1.14 24 
3 65 1.170 0.639 0.55 24 
4 70 1.404 1.146 0.82 24 
5 75 1.305 1.095 0.84 24 
6 80 1.488 0.999 0.67 48 
7 85 1.566 1.428 0.91 36 
8 90 1.377 1.092 0.79 24 
9 95 1.533 1.315 0.85 24 

10 100 1.068 1.069 1,00 24 
11 105 1.321 0.940 0.71 24 
12 110 1.402 0.790 0.56 22 
13 115 1.466 1.246 0.84 24 
14 120 1.876 1.156 0.61 24 
15 125 1.654 1.093 0.66 24 
16 130 1.423 0.979 0.68 24 
17 135 1.514 1.130 0.74 24 
18 140 1,377 0,990 0,72 24 
19 145 1,694 0,881 0,52 24 
20 150 1,419 1,089 0,77 24 
21 155 1,710 0,956 0,56 24 
22 160 2,497 1,757 0,70 30 
23 165 1,392 0,739 0,53 24 
24 170 1,696 0,979 0,58 24 
25 175 1,496 0,764 0,51 24 
26 180 1,389 0,984 0,71 24 
27 185 1,804 1,028 0,57 24 
28 190 1,618 0,949 0.59 24 
29 195 1,918 0,772 0,40 24 
30 200 1,712 0,860 0,50 24 
31 205 2,199 0,908 0,41 24 
32 210 1,834 0,870 0,47 24 
33 215 1,951 0,782 0.40 24 
34 220 1,578 1,043 0,66 24 
35 225 1,420 0,480 0,34 24 
36 230 1,320 0,597 0,45 24 
37 235 1,186 0,555 0,47 24 
38 240 1,391 0,644 0,46 24 
39 245 1,666 0,651 0,39 24 
40 250 1,516 0,813 0,54 24 
41 255 1,805 0,510 0,28 24 
42 260 1,670 0,629 0,38 24 
43 265 1,668 0,577 0,35 24 
44 270 1,971 0,634 0,32 24 
45 275 1,170 0,679 0,58 24 
46 280 1,323 0,483 0,37 24 
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47 285 0,914 0,584 0,64 24 
48 290 1,346 0,639 0,47 24 
49 295 1,883 0,641 0,34 24 
50 300 1.823 0.657 0.36 24 

 

 

Figure 3.3: Survival ratios of generations  

3.5 Selection of Individual Mutants and Determination of the Most Resistance 

Individuals 

The final generation (50th generation) was used for individual selection; it is because 

that this generation showed growth at final boric acid concentration (300 mM). 

Overnight liquid 50th generation cells were spread on agar media and 72 h later 15 

individuals were selected. MPN method was applied to these 15 individuals for 50 

mM, 150 mM, and 300 mM boric acid stress levels to determine the most resistant 

mutants. MPN results are given in Table 3.7 (survival ratio) and Table 3.8 (fold of 

wild-type). 

Table 3.7: Screening results for the determination of the most resistant individuals   

 

Individuals 

24 h  48 h  72 h  

150 mM 

H3BO3 

300 mM 

H3BO3 

150 mM 

H3BO3 

300 mM 

H3BO3 

150 mM 

H3BO3 

300 mM 

H3BO3 

1       

2 4,89*10-3 4,8*10-4 1*10-3 1,65*10-5 3,03*10-3 4,17*10-5 
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3 8,58*10-3 14,1*10-4 10*10-3 32,92*10-5 30,3*10-3 21,51*10-5 

4 1,45*10-3 0,541*10-4 1*10-3 2,65*10-5 4,89*10-3 16,122*10-5 

5 58,69*10-3 0,532*10-4 22,4*10-3 1*10-5 11*10-3 1,61*10-5 

6 3,76*10-3 0,176*10-4 1,1*10-3 0,343*10-5 1,85*10-3 2,42*10-5 

7 1*10-3 0,62*10-4 1*10-3 1,38*10-5 2,25*10-3 1,4*10-5 

8 3,03*10-3 1,64*10-4 0,4*10-3 0,288*10-5 0,6*10-3 0,22*10-5 

9 3,80*10-3 2,6*10-4 8,5*10-3 1,1*10-5 5*10-3 0,47*10-5 

10 22,57*10-3 68,5*10-4 46,47*10-3 76,47*10-5 9,4*10-3 6,85*10-5 

11 30,37*10-3 6,2*10-4 13*10-3 37,69*10-5 4,44*10-3 2,40*10-5 

12 71,42*10-3 16,12*10-4 10*10-3 4,18*10-5 6,85*10-3 6,85*10-5 

13 15,42*10-3 6,8*10-4 1,3*10-3 0,608*10-5 10*10-3 1,5*10-5 

14 14,58*10-3 10*10-4 1,1*10-3 1,18*10-5 1,59*10-3 3,59*10-5 

15 24,07*10-3 44,44*10-4 10*10-3 6,2*10-5 3,71*10-3 3,71*10-5 

EMS4 2,04*10-3 2,04*10-4 4,8*10-3 1,61*10-5 16,1*10-3 6,73*10-5 

WT 10*10-3 1,76*10-4 1,4*10-3 0,218*10-5 5*10-3 0,1*10-5 

Table 3.8: Screening results for the determination of the most resistant individuals  
                  (As fold of wild-type)    

 

Samples 

24 h 48 h 72 h 

150mM 

H3BO3 

300mM 

H3BO3 

150mM 

H3BO3 

300mM 

H3BO3 

150mM 

H3BO3 

300mM 

H3BO3 

1       

2 0,49 2,73 0,71 7,57 0,61 41,7 

3 0,86 8,01 7,14 150 6,06 215 

4 0,15 0,31 0,71 11,9 0,98 161 

5 5,87 0,3 16 4,46 2,2 16,1 

6 0,38 0,1 0,79 1,56 0,37 24,2 

7 0,1 0,35 0,71 6,27 0,45 14 

8 0,3 0,93 0,29 1,31 0,12 2,2 

9 0,38 1,48 6,07 5 1 4,7 

10 2,26 38,9 33,2 348 1,88 68,5 

11 3,04 3,52 9,29 171 0,89 24 

12 7,14 9,16 7,14 19 1,37 68,5 

13 1,54 3,86 0,93 2,76 2 15 

14 1,46 5,68 0,79 5,36 0,32 35,9 

15 2,41 25,3 7,14 28,2 0,74 37,1 

EMS4 0,2 1,16 3,43 7,32 3,22 67,3 



 40

Individuals labeled by bold characters (numbered 3-5-10-11-12-15) were selected for 

further analysis due to their higher boron resistance compared to wild-type. 

3.6 Characterization of Selected Individuals  

3.6.1 Cross resistance tests of individual mutants and wild-type 

Cross-resistance tests were performed in two steps; in first step, all of the heavy 

metals and NaCl stress were examined on solid culture to see if there is a response 

such stress and in second step, MPN method was applied to stresses determined 

according to solid culture results as well as some other stresses which can not be 

examined through solid cultures.   

3.6.1.1 Chromium stress 
Selected individuals were examined under continuous 2 mM CrCl3 stress level 

through solid culture. Solid culture results are shown in Figure 3.4.  

                
Figure 3.4: Images in first column of both CrCl3 and Control show individuals  

        numbered 11, 10, 5, 3 in order and images in second column of both   
        CrCl3 and Control shows wt, individual 15 and 12 in order 

None of the individuals survived under continuous 2 mM CrCl3 stress condition; 

therefore, MPN method was not applied for chromium stress level to mutant 

individuals for further analysis.  

3.6.1.2 Zinc stress 
Selected individuals were examined under continuous 1mM ZnCl2 stress level 

through solid culture. Solid culture results are shown in Figure 3.5. 
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.           

Figure 3.5: Images in the first column of both ZnCl2 and Control show individuals                      
                   Numbered 11, 10, 5, 3 in order and images in second column of both  
                   ZnCl2 and Control shows wt, individual 15 and 12 in order 

None of the individuals survived under continuous 1mM ZnCl2 stress level in solid 
culture; therefore, MPN method was not applied for zinc stress. 

3.6.1.3 Cobalt stress 
Selected individuals were examined under continuous 2 mM CoCl2 stress level 

through solid culture. Solid culture results are shown in Figure 3.6. 

             
Figure 3.6: Images in first column of both CoCl2 and Control show individuals  
                   numbered 11, 10, 5, 3 in order and images in second column of both   
                   CoCl2 and Control shows wt, individual 15 and 12 in order 

According to solid culture results of cobalt stress, none of the individuals survived; 

thereby, MPN method was not applied cobalt stress. 

3.5.1.4 Copper stress 
Selected individuals were examined under continuous 0.5 mM CuCl2 stress level 

through solid culture. Solid culture results are shown in Figure 3.7. 
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Figure 3.7: Images in first column of both CuCl2 and Control show individuals                      
                    numbered 11, 10, 5, 3 in order and images in second column of both  
                    CuCl2 and Control shows wt, individual 15 and 12 in order 

Solid culture stress results showed that individuals can survive under 0.5 mM CuCl2 

stress; hence, MPN method was applied to 1mM CuCl2 and MPN results given in 

Table 3.9 and Table 3.10.   

Table 3.9: MPN results for 1mM CuCl2 stress level 

        
Individuals 

24h 48h 72h 

Numbers 
of cell/ml 
(Control) 

Numbers 

of cell/ml 

(CuCl2 

1mM ) 

Survival 
Ratio 

Numbers 
of cell/ml 
(Control)

Numbers of 

cell/ml 

(CuCl2 

1mM ) 

 

Survival 
Ratio 

Numbers of 
cell/ml 

(Control) 

Numbers 

of cell/ml 

(CuCl2 

1mM ) 

Survival 
Ratio 

3 
35*106 3.5*106 0.1 92*106 35*106 0.38 79*106 35*106 0.44 

5 
54*106 35*106 0.65 54*106 92*106 1.70 49*106 160*106 3.27 

10 
35*106 2.4*106 0.07 110*106 24*106 0.49 110*106 35*106 0.32 

11 
35*106 9.2*106 0.26 170*106 54*106 0.14 170*106 54*106 0.32 

12 
24*106 9.2*106 0.38 140*106 54*106 0.59 140*106 13*106 0.09 

15 
240*106 9.2*106 0.038 240*106 160*106 0.66 240*106 240*106 1 

Wild-type 35*106 1.6*106 0.045 240*106 16*106 0.067 240*106 54*106 0.23 

Table 3.10: Survival ratio as fold of wild-type for 1mM CuCl2 

Individuals 24h 48h 72h 

3 2.22 5.67 1.91 

5 14.44 25.37 14.21 

10 1.55 7.31 1.39 

11 5.77 2.09 1.39 

12 8.44 8.81 0.39 

15 0.84 9.85 4.34 
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3.6.1.5 Iron stress 
Selected individuals were examined under continuous 1 mM and 2 mM FeCl2 stress 

level through solid culture. 1 mM FeCl2 solid culture results are shown in Figure 3.8 

and 2 mM FeCl2 in Figure 3.9. 

                  
Figure 3.8: Images in first column of both 1mM FeCl2 and Control show individuals  
                    numbered 11, 10, 5, 3 in order and images in second column of both 1  
                    mM FeCl2 and Control shows wt, individual 15 and 12 in order 

 

                  
Figure 3.9: Images in first column of both 2mM FeCl2 and Control show individuals  
                    numbered 11, 10, 5, 3 in order and images in second column of both  
                    2mM FeCl2 and Control shows wt, individual 15 and 12 in order 

Solid culture results showed that individuals showed resistance under both 1mM and 

2 mM FeCl2 stress levels. 1 mM FeCl2 stress level was chosen for MPN method and 

results are shown in Table 3.11 and 3.12. 
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Table 3.11: MPN results for 1 mM FeCl2 stress level  

Individuals 

24h 48h 72h 

Numbers 
of cell/ml 
(Control) 

Numbers 
of cell/ml 

(FeCl2 
2mM ) 

Survival 
Ratio 

Numbers 
of cell/ml 
(Control)

Numbers of 

cell/ml 

(FeCl2  2mM )

Survival 
Ratio 

Numbers 
of cell/ml 
(Control) 

Numbers 

of cell/ml 

(FeCl2 

2mM ) 

Survival 
Ratio 

3 
35*106 35*106 0.26 92*106 35*106 0.38 79*106 35*106 0.44 

5 
54*106 54*106 1.7 54*106 280*106 5.18 49*106 280*106 5.71 

10 
35*106 35*106 0,07 110*106 35*106 0.31 110*106 35*106 0.32 

11 
35*106 35*106 0.15 170*106 92*106 0.54 170*106 92*106 0.54 

12 
24*106 24*106 0.66 140*106 160*106 1.73 140*106 240*106 1.71 

15 
240*106 240*106 0.1 240*106 35*106 0.14 240*106 540*106 2.25 

Wild-type 35*106 35*106 0.1 240*106 54*106 0.225 240*106 54*106 0.23 

 

Table 3.12: Survival ratio as fold of wild-type for 1mM FeCl2 

Individuals 24h 48h 72h 

3 2.6 1.69 1.91 

5 17 23 24.82 

10 0.7 1.38 1.39 

11 1.5 2.4 2.35 

12 6.6 7.69 7.43 

15 1 0.62 9.78 

3.6.1.6 Osmotic stress 
Selected individuals were examined under continuous 5 % NaCl stress level through 

solid culture. Solid culture results are shown in Figure 3.10. 

                  
Figure 3.10: Images in first column of both 5 % NaCl and Control show individuals  
                      numbered 11, 10, 5, 3 in order and images in second column of both 5  
                      % NaCl and Control shows wt, individual 15 and 12 in order 
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MPN method was applied for 5 % NaCl considering the solid culture results given 

above and MPN results are shown in Table 3.13 and Table 3.14. 

Table 3.13: MPN results for  5 % NaCl stress level 

Individuals 

24h 48h 

Numbers of 
cell/ml 

(Control) 

Numbers of 
cell/ml    

(NaCl 5%) 

Survival 
Ratio 

Numbers of 
cell/ml 

(Control) 

Numbers of 
cell/ml   (NaCl 

5%) 

Survival 
Ratio 

3 92*106 24*106 0.26 920*106 160*106 0.17 

5 160*106 54*106 0.34 350*106 >240*106 >0.34 

10 54*106 2.4*106 0.04 460*106 16*106 0.03 

11 92*106 5.4*106 0.06 330*106 54*106 0.16 

12 160*106 5.4*106 0.03 460*106 35*106 0.08 

15 24*106 2.4*106 0.1 130*106 24*106 0.18 

Wild-type 92*106 0.17*106 0.001 160*106 2,4*106 0.015 

Table 3.14: Survival ratio as fold of wild-type for 5 % NaCl 

Individuals 24h 48h 

3 260 11.33 

5 340 22.66 

10 40 2 

11 60 10.66 

12 30 5.33 

15 100 12 

3.6.1.7 Ethanol stress 

Solid culture test was not applied for ethanol because of the difficulties in 

experimental application; hence, MPN method was applied and results are given 

below in Table 3.15 and Table 3.16. 

Table 3.15: MPN results for  5 % ethanol stress level 

Individuals 

24h 48h 

Numbers of 
cell/ml 

(Control) 

Numbers of 
cell/ml 

(Ethanol 5%) 

Survival 
Ratio 

Numbers of 
cell/ml 

(Control) 

Numbers of 
cell/ml  

(Ethanol 5%) 

Survival 
Ratio 

3 92*106 94*103 1.02*10-3 920*106 >240*106 >0.26 

5 160*106 24*106 0.15 350*106 >240*106 >0.69 

10 54*106 5.4*103 0.1*10-4 460*106 70*103 1.5*10-4 
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11 92*106 3.5*102 3.8*10-6 330*106 130*102 0.39*10-4 

12 160*106 5.4*102 3.37*10-6 460*106 94*104 20.4*10-4 

15 24*106 7*103 0.3*10-3 130*106 7*105 4.6*10-3 

Wild-type 92*106 3.5*104 0.38*10-3 160*106 170*105 10.6*10-3 

 

Table 3.16: Survival ratio as fold of wild-type for 5 % ethanol 

Individuals 24h 48h 

3 2.68 24.53 

5 394.73 65.09 

10 0.026 0.014 

11 0.01 0.004 

12 0.0089 0.19 

15 0.69 0.434 

 

3.6.1.8 Oxidative stress 
Continuous H2O2 was applied to selected individuals and wild-type through MPN 

method and results are given in Table 3.17 and Table 3.18. 

Table 3.17: MPN results for 1 mM H2O2 stress level 

Individuals 

24h 48h 72h 

Numbers 
of cell/ml 
(Control) 

Numbers 

of cell/ml 

(H2O2 

1mM ) 

Survival 
Ratio 

Numbers 
of cell/ml 
(Control) 

Number

s of 

cell/ml 

(H2O2 

1mM ) 

Survival 
Ratio 

Numbers 
of cell/ml 
(Control) 

Number

s of 

cell/ml 

(H2O2 

1mM ) 

Survival 
Ratio 

3 35*106 240 6.9*10-6 92*106 4900 53.2*10-6 79*106 0.54*106 0.0068 

5 54*106 2400 44.4*10-6 54*106 0.16*106 0.003 49*106 0.92*106 0.19 

10 35*106 920 1.4*10-6 110*106 16000 145.4*10-6 110*106 0.22*106 0.002 

11 35*106 240 6.86*10-6 170*106 540 3.1*10-6 170*106 790 4.65*10-6 

12 24*106 240 10*10-6 140*106 790 8.6*10-6 140*106 5400 38.6*10-6 

15 240*106 240 10*10-6 240*106 2400 10*10-6 240*106 16000 66.7*10-6 

Wild-type 35*106 540 15.4*10-6 240*106 3500 14.6*10-6 240*106 2400 10*10-6 

Table 3.18: Survival ratio as fold of wild-type for 1mM H2O2 stress level 

Individuals 24h 48h 72h 

3 0.45 3.64 680 

5 2.88 205.4 19000 

10 0.09 9.96 200 

11 0.44 0.21 0.465 
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12 0.65 0.59 3.866 

15 0.65 0.68 6.67 

3.6.1.9 Sorbitol stress 
5 % sorbitol stress level was analyzed with continuous stress strategy through MPN 

method and results are given in Table 3.19 and Table 3.20. 

Table 3.19: MPN results for 5 % sorbitol stress level 

Individuals 

24h 48h 72h 

Numbers of 
cell/ml 

(Control) 

Numbers 

of cell/ml 

(Sorbitol) 

Survival 
Ratio 

Number
s of 

cell/ml 
(Control

) 

Number
s of 

cell/ml 
(Sorbitol

) 

Survival 
Ratio 

Numbers 
of cell/ml 
(Control) 

Numbers 
of cell/ml 
(Sorbitol) 

Survival 
Ratio 

3 35*106 240 6.9*10-6 92*106 790 8.6*10-6 79*106 1300 1.65*10-6 

5 54*106 920 17*10-6 54*106 4900 90*10-6 49*106 7900 161*10-6 

10 35*106 240 6.86*10-6 110*106 2400 21.8*10-6 110*106 2400 21.8*10-6 

11 35*106 49 14*10-6 170*106 240 1.4*10-6 170*106 240 1.41*10-6 

12 24*106 240 10*10-6 140*106 240 2.6*10-6 140*106 240 1.71*10-6 

15 240*106 23 0.1*10-6 240*106 33 0.14*10-6 240*106 23 0.95*10-6 

Wild-type 35*106 240 6.69*10-6 240*106 350 1.4*10-6 240*106 350 1.45*10-6 

Table 3.20: Survival ratio as fold of wild-type for 5 % sorbitol 

Individuals 24h 48h 72h 

3 1.03 1.25 1.14 

5 2.54 5.29 111.03 

10 1.03 3.18 15.03 

11 2.09 0.1 0.97 

12 1.49 0.26 1.18 

15 0.015 1.4 0.66 

 

3.6.1.10 Heat stress 

Individuals exposed to 55ºC were examined through MPN method and results are 

given in Table 3.21 and Table 3.22. 
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Table 3.21: MPN results for 55ºC heat stress level 

Individuals 

24h 48h 72h 

Numbers 
of cell/ml 
(Control) 

Numbers 

of cell/ml 

(Heat ) 

Survival 
Ratio 

Numbers 
of cell/ml 
(Control)

Numbers of 
cell/ml (Heat )

Survival 
Ratio 

Numbers 
of cell/ml 
(Control) 

Numbers 
of cell/ml 
(Heat ) 

Survival 
Ratio 

3 35*106 5400 154*10-6 92*106 3.5*106 0.038 79*106 3.5*106 0.044 

5 54*106 54000 0.001 54*106 7*106 0.13 49*106 22*106 0.449 

10 35*106 16000 26.3*10-6 110*106 2.2*106 0.02 110*106 9.2*106 0.084 

11 35*106 2400 68.6*10-6 170*106 0.7*106 0.004 170*106 1.1*106 64.7*10-4 

12 24*106 5400 225*10-6 140*106 3.5*106 0.038 140*106 3.5*106 250*10-4 

15 240*106 5400 225*10-6 240*106 1.7*106 0.007 240*106 5.4*106 225*10-4 

Wild-type 35*106 16000 457*10-6 240*106 0.54*106 0.002 240*106 0.79*106 32.9*10-4 

Table 3.22: Survival ratio as fold of wild-type for 55ºC heat stress level 

Individuals 24h 48h 72h 

3 0.34 19 13.3 

5 2.19 65 136.5 

10 0.056 10 25.5 

11 0.15 2 1.97 

12 0.49 19 7.6 

15 0.49 3.5 6.84 

3.6.1.11 Freeze-thaw stress 
Individuals exposed to -20ºC (stress temperature) were examined by using MPN 

method and results are given in Table 3.23 and Table 3.24. 

Table 3.23: MPN results for freeze-thaw stress 

Individuals 

24h 48h 72h 

Numbers 
of cell/ml 
(Control) 

Numbers 

of cell/ml 

(Freeze-

thaw) 

Survival 
Ratio 

Numbers 
of cell/ml 
(Control)

Numbers of 
cell/ml 

(Freeze-thaw) 

Survival 
Ratio 

Numbers 
of cell/ml 
(Control)

Numbers 
of cell/ml 
(Freeze-

thaw) 

Survival 
Ratio 

3 35*106 13*106 0.37 170*106 54*106 0.317 170*106 54*106 0.32 

5 35*106 35*106 1 110*106 92*106 0.83 110*106 92*106 0.83 

10 54*106 7.9*106 0.14 110*106 92*106 0.83 110*106 92*106 0.83 

11 35*106 13*106 0.37 170*106 54*106 0.32 170*106 92*106 0.54 

12 35*106 13*106 0.37 240*106 92*106 0.26 240*106 54*106 0.23 

15 24*106 13*106 0.69 240*106 160*106 0.46 240*106 160*106 0.67 

Wild-type 35*106 5.4*106 0.15 240*106 160*106 0.67 240*106 160*106 0.67 
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Table 3.24: Survival ratio as fold of wild-type for freeze-thaw stress 

Individuals 24h 48h 72h 

3 2.47 0.47 0.48 

5 6.67 1.23 1.24 

10 0.93 1.23 1.24 

11 2.47 0.48 0.81 

12 2.47 0.39 0.34 

15 4.6 0.69 1 

3.6.2 Analysis of cross-resistance test results  

3.6.2.1 Analysis via Excel charts 

All of the survival ratios of different stresses used in cross-resistance MPN methods 

are compared with each other considering the incubation time in Figure 3.11, Figure 

3.12, and Figure 3.13. 

 
Figure 3.11: Survival ratios of individuals obtained from cross-resistance tests (24 h) 
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Figure 3.12: Survival ratios of individuals obtained from cross-resistance tests (48 h) 

 
Figure 3.13: Survival ratios of individuals obtained from cross-resistance tests (72 h) 

According to these results, all of the selected individuals showed higher resistance 

than wild-type against almost all of the stress conditions. Especially, individual 5 

showed a remarkable resistance to all of the stresses compared to other individuals 

and in addition to individual 5, individual 12 and individual 15 also made difference 

in response to stresses among other individuals.   

3.6.2.2 Analysis via principle component analysis (PCA) program  

Additionally, survival ratio results of all cross-resistance tests were analyzed via 

PCA and results with respect to incubation time are given in Figure 3.14, Figure 

3.15, and Figure 3.16. 

 
Figure 3.14: PCA results of 24 h incubation of different stress conditions 
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Figure 3.15: PCA results of 48 h incubation of different stress conditions 

 
Figure 3.16: PCA results of 72 h incubation of different stress conditions  

Here, by using PCA MATLAB code, it was aimed to obtain the answers of two 

different and significant questions, which are the essence of the cross-stress 

experiment. The first question is that which individuals showed higher tolerance than 

others did and the second one is that which stress conditions indicated difference in 

response. As mentioned in material-method section, spots staying side by side or 

close show almost same or close response to each other, besides spots staying far to 

each other shows different response, which means response, is completely related 

with the distance between the spots. If the Figure 3.14 is checked, it can clearly be 

seen that wild type (WT) and individual 12 showed almost same responses and in 

order individual 11 and 3 showed close response to wild-type, however individual 

12, 15 and especially individual 5 made a big difference in response to different 

stress types. Stress (loads) figure of Figure 3.14 shows that all the individuals gave 

almost same response to heat, H2O2 and close responses to sorbitol, ethanol; on the 

contrary, NaCl, freeze-thaw, CuCl2 and FeCl2 made a difference, especially FeCl2 
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showed the most significant result which is consistent with the 48 h and 72 h results. 

In Figure 3.15, individuals started to show different response but still individual 5 is 

different than others, additionally disperse of stress spots of 48 h is almost same with 

the 24 h results. As regards Figure 3.16, results are consistent with the 24 h results, 

which mean individual 5, 12 and 15 showed a difference among the others, and so do 

freeze-thaw, CuCl2 and FeCl2. 

In conclusion, by looking at the figures, it can be easily said that individual 5 showed 

the higher tolerance to stress and besides individuals 12 and 15 showed significant 

resistance; however, other individuals showed almost same tolerance with the wild-

type. In addition, diverse responses to FeCl2, freeze-thaw and CuCl2 were observed 

among the individuals while all the individuals including wild type showed almost 

same response to sorbitol, C2H5OH, heat and H2O2. As a result, PCA results are 

consistent with the previous analysis.  

3.6.3 Boron contents of individuals measured by AAS 

Individual 15 was eliminated due to low resistance to boron (Table 3.7). Boron 

contents of other individuals were measured by AAS after 48h incubation and results 

are given in Table 3.25 and Figure 3.17 with respect to boric acid concentration 

(50mm-150mM-300mM H3BO3). 

Table 3.25:  Boron Held by Cell Pellets  (mg/mg cell dry weight) 

Individuals 50mM 150mM 

3 0.094769406 0.329332016 

5 0.101086353 0.66840159 

10 0.03350889 0.420416407 

11 0.019514576 0.52855668 

12 -0.146504566 0.229762932 

WT 0.044034615 0.187363337 
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Figure 3.17: Boron content of individuals (as fold of wild type) 

Results showed that all of the mutant individuals hold more boron than wild type and 

individual 5 hold the highest amount of boron. 

 3.7 Transcriptomic Analysis 

By considering the previous results, individual 5 was selected for transcriptomic 

analysis. RNAs of  individual 5 and wild-type incubated overnight in different boron 

concentration (50 mM (control) and 300 mM H3BO3) were isolated. RNA amount of 

each sample were counted by Qubit and RNA samples were driven in 1 % agarose 

gel electrophoresis. Results are given in Table 3.26 and Figure 3.18. 

Table 3.26: RNA amounts of each individual (mg/ml) 
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Figure 3.18: 16S and 23S isolated from individuals by using Invitrogen-PureLinkTM  
                      RNA mini kit (the order of bands: ladder, 5/50mM, WT/50mM,  
                      5/300mM, WT/300mM) 

For transcriptomic analysis, five genes called recG, yhaP, luxS, yhaQ, and atpA 

(housekeeping gene) were designed according to nucleotide information of a close 

species Bacillus subtilis (http://bacillus.genome.jp/). Unfortunately, Bacillus subtilis 

and Bacillus boroniphilus did not show any nucleotide similarities; hence, no results 

were obtained during optimization studies. Results are shown in Figure 3.19, Figure 

3.20, Figure 3.21, and Figure 3.22 with respect to optimization steps. 

 

Figure 3.19: Two different images of PCR results (First step) 
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Figure 3.20: Two different images of PCR results (Second step) 

 

Figure 3.21: PCR results (Third step) 

 

Figure 3.22: PCR results (Fourth step) 
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4. DISCUSSION & CONCLUSION 

In this study, it was aimed to obtain boron resistant Bacillus boroniphilus strains and 

characterize these mutant strains by using diverse techniques. In order to achieve 

these goals, an ‘in vivo’ evolutionary engineering strategy, which is an inverse 

metabolic engineering approach, was designed and employed. As a first step of 

evolutionary engineering strategy, a chemical mutagen ethyl methane sulphonate 

(EMS) was applied to wild-type Bacillus boroniphilus cells at different levels in 

order to increase the genetic diversity and obtain mutant strains. 

A general screening for boron stress was performed to both wild type and mutant 

Bacillus boroniphilus cultures in order to determine initial stress level for generation 

obtaining step. The screening was performed under continuous stress conditions by 

using MPN method. As mentioned before, very little information is known about 

Bacillus boroniphilus; therefore, it was also aimed to see the general resistance of the 

bacterium against boron stress. According to the screening results, this bacterium 

could survive in a medium containing H3BO3 up to 1 M, which is a highly toxic level 

for a bacterium to survive. However, the survival ratio decreased in a serious level 

especially after 300 mM H3BO3 and optimum growth was observed in a range 

between 50 mM and 100 mM H3BO3 for both wild type and mutants. So, 50mM 

H3BO3 was determined as initial stress level for obtaining generation. 

While obtaining generations, only mutant strains were used and mutant strains grown 

in medium containing 50 mM H3BO3 were used as control groups due to necessity of 

boron for the growth of the bacterium. Besides, the increasing stress selection 

strategy was used for obtaining generation and stress level was increased by 5 mM 

for each generation. The stress level was increased up to 300 mM where the mixed 

population showed a low survival ratio depending on the high stress level and so 50 

generations were obtained. The 50th generation, final generation, was used in order to 

select individuals for further analysis. A few crucial feature of the bacterium were 

observed during the generation obtaining step; this bacterium is quite sensitive to 
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both heat and pH, which should certainly be considered during inoculation. Optimum 

growth was observed around pH 7.3-8. 

The final generation was inoculated in agar media after a dilution and 15 individuals 

were randomly selected from these agar cultures. Then, these 15 individuals and 

wild-type were screened under different boron concentrations via MPN method. 

According to the MPN results, the survival ratios of both mutant individuals and wild 

type cells were calculated. The survival ratios of the mutant individuals were then 

determined as fold of wild type. As a result, 6 individuals (3-5-10-11-12-15) were 

selected for further characterization with respect to their higher survival ratios than 

wild-type under different boron stress levels.   

As a first step of characterization of the selected individuals, cross-resistance tests 

were applied. Iron, copper, zinc, cobalt, ethanol, osmotic, oxidative, heat, freeze-

thaw stresses were selected for cross-resistance tests. Initial stress levels of these 

stresses were determined according to previous studies in the literature. At first; iron, 

copper, cobalt, zinc, osmotic stresses were tested on solid culture with different 

concentrations. The reason why these stresses were selected for solid culture is their 

applicability on agar culture and to see whether there is a response or not; thus, some 

of the stresses could be eliminated for MPN methods. During the solid culture tests, 

cultures grown in medium containing 20 mM H3BO3 were used as control groups. 

According to solid culture results, none of the individuals survived under chromium, 

zinc and cobalt stresses. However, most of the individuals showed significant 

tolerances against iron, copper, osmotic stress types. Especially, individual 5 showed 

higher tolerance than the other individual including wild-type under these three 

stresses. More interestingly, the survival ratio value of individual 5 under both 1 mM 

and 2 mM FeCl2 was 1, which means the presence of iron in the medium did not 

significantly affect the growth of this individual or maybe the presence of iron 

increased the survival ratio. The other individuals were affected negatively in the 

presence of iron as expected. Although copper limited the survival ratios of 

individuals, significant resistances were observed for all of the individuals and 

particularly individual 5 showed the highest resistance. It seems that all of the 

individuals can tolerate 5 % NaCl stress level with high survival ratios. Therefore, 

iron, copper and osmotic stresses were selected with heat, ethanol, sorbitol, oxidative 

and freeze-thaw stresses for MPN methods. 
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The reason why MPN method was used instead of solid agar culture is that it can be 

applied any kind of stresses and gives empirical results, which might be used in other 

studies. In this study, MPN method was applied for 72 h and number of cells were 

counted in each 24 h periods. First 24 h results showed that none of the individual 

except individual 5 showed a significant tolerance against selected stress types. 

Individual 5 showed a significant tolerance against iron and freeze-thaw stress types 

and it also exhibited higher tolerance than other individuals including wild-type 

against other stress types. According to 48 h results, individuals started to show 

considerable tolerance against some certain stress types such as iron, copper and 

freeze-thaw. During the experiments, it is experienced that individuals generally do 

not show any growth after 72 h; therefore, it can be easily said that 72 h results are 

the final results which are consistent with 48 h results. According to these final 

results, individual 5 and 12 showed some significant tolerances among other 

individuals including wild-type; both of these individuals showed high tolerance 

against iron stress and in addition to iron stress, individual 5 showed a significant 

resistance against freeze-thaw and copper stress types. Especially the resistance of 

individual 5 against iron stress was remarkable (survival ratio: 5.71), which might 

support the idea that iron might encourage the growth of individual 5. 

More interestingly, all of the individuals including wild-type showed different 

resistance from each other against different stress types, which means that genetic 

diversity between individuals was successfully increased via evolutionary 

engineering strategy. Besides, according to cross-resistance MPN results, all of the 

mutant individuals showed higher tolerances than wild type against all of the stress 

types, which indicates that evolutionary engineering strategy increased the resistance 

of individuals against other stress types in addition to boron stress. 

MPN results were also analyzed via principle component analysis (PCA) with almost 

95 % accuracy rate. The results of PCA indicated that individual 5, 12 and 15 

showed a difference in response to all of the stress types used in cross-resistance tests 

among the individuals including wild type. Individual 12 and 10 showed almost same 

response with wild type against all of the stress types. According to 24 h, 48 h and 72 

h PCA results, individual 5 showed the maximum tolerance against all of the 

stresses, which means individual 5 can be selected for further analysis. 24 h, 48 h and 

72 h PCA results also indicated that all of the individuals showed almost the same 
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response to oxidative, heat, sorbitol and ethanol stresses and a close response to 

osmotic stress. The responses of individuals against these stresses were almost 

insignificant; however, in response to iron, copper and freeze-thaw stresses, all of the 

individuals showed a huge diversity and all of the responses were significantly high. 

Especially iron showed the highest diversity among these three stresses. It is known 

that approximately 40 genes are responsible from iron uptake and resistance in 

Bacillus [51]. Therefore, resistance iron obtained in this study has confirmed this 

fact. In addition, it can be easily hypothesized that some of these 40 genes are related 

with boron transport and resistance of Bacillus boroniphilus by looking at the results 

of PCA. It can be also said that it might be useful to study iron resistance in 

understanding the general boron response mechanism of Bacillus boroniphilus. 

The second step of characterization of mutant individuals was to determine the boron 

content of individuals including wild type via atomic absorption spectrometer (AAS). 

In fact, application of nuclear reaction and atomic emission/absorption spectrometric 

(AES/AAS) methods for boron determination has remained limited because these 

methods have poor sensitivity and suffer from serious memory effects and 

interferences [50]. Currently, in order to overcome these problems, many studies are 

being conducted in this field. Therefore, the results given in this study have some 

errors and standard deviations due to low sensitivity of AAS. However, results could 

give general information about the boron content of individuals including wild type. 

50 mM H3BO3 results showed that all of the individuals except individual 12 showed 

higher boron content than wild-type. Medium containing 50 mM H3BO3 was 

generally being used as control groups; so, the results of 50 mM might not be 

significant in characterization of mutant individuals. Rather than 50 mM H3BO3, 150 

mM H3BO3 results are more significant. 150 mM results showed that all of the 

individuals showed higher boron content than wild type. Individual 5, which showed 

the highest tolerance against all of the stress types used in cross-resistance tests 

including boron stress, exhibited the maximum boron content among all of the 

individuals including wild-type. This result might support the idea that Bacillus 

boroniphilus might use boron to stabilize its DNA in order to resist higher boron 

stress levels. 

The last step of this study was to analyze the expression levels of genes responsible 

for boron metabolism. The genes used in this step were selected from previous 
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studies in the literature. Primers of these genes were designed according to the 

nucleotide sequence of Bacillus subtilis due to lack of sequence information of 

Bacillus boroniphilus. For this step, in addition to wild-type, individual 5 was 

selected among mutant individuals considering the previous results. Unfortunately, 

primers did not show any specifity to the genes of Bacillus boroniphilus; therefore, 

no band was observed in gel images. Another transcriptomic analysis test cannot be 

applied to Bacillus boroniphilus without its own gene sequence; however, proteomic 

analysis with two-dimensional gel electrophoresis followed by mass spectrometry 

might be useful at this level. Proteomic analysis does not only give information about 

known genes, but also other genes affected from high boron resistance. In other 

words, it could say which genes’ expression levels are increased and which genes’ 

expression levels are decreased. 

In conclusion, boron resistant populations and individuals were successfully 

generated via evolutionary engineering strategy in this study. Characterization results 

showed that the resistance values of the mutant populations were highly 

heterogeneous, which means the evolutionary engineering strategy was performed 

successfully. In addition, some significant information were obtained from cross-

resistance studies about resistance of individuals against a variety of stress 

conditions. Especially, iron stress showed considerable results and further analysis is 

required in order to determine its significance for this bacterium. AAS results 

exhibited that the organism requires high-level boron in order to maintain its life, 

which is consistent with results Ahmed and his coworkers found [17]. Instead of 

transcriptomic analysis, proteomic analysis might be much more proper approach 

due to lack of sequence information of Bacillus boroniphilus for gene-level boron 

resistance analysis. Finally, this study showed that evolutionary engineering is a 

useful strategy in further improving boron-resistance in B. boroniphilus, a very 

specific bacterium. 
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APPENDIX A: MPN Index for 96 Well Plates 

No. of Tubes Positive in MPN in the 
inoculum of the 

middle set of 
tubes

first 
set 

middle 
set 

last 
set 

0 0 0 ‹0.01 
0 0 1 0.02 
0 1 0 0.02 
0 2 0 0.04 
1 0 0 0.02 
1 0 1 0.04 
1 1 0 0.04 
1 1 1 0.06 
1 2 0 0.06 
2 0 0 0.05 
2 0 1 0.07 
2 1 0 0.07 
2 1 1 0.09 
2 2 0 0.09 
2 3 0 0.12 
3 0 0 0.08 
3 0 1 0.11 
3 1 0 0.11 
3 1 1 0.14 
3 2 0 0.14 
3 2 1 0.17 
4 0 0 0.13 
4 0 1 0.17 
4 1 0 0.17 
4 1 1 0.21 
4 1 2 0.26 
4 2 0 0.22 
4 2 1 0.26 
4 3 0 0.27 
4 3 1 0.33 
4 4 0 0.34 
5 0 0 0.23 
5 0 1 0.31 
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5 0 2 0.43 
5 1 0 0.33 
5 1 1 0.46 
5 1 2 0.63 
5 2 0 0.49 
5 2 1 0.7 
5 2 2 0.94 
5 3 0 0.79 
5 3 1 1.1 
5 3 2 1.4 
5 3 3 1.8 
5 4 0 1.3 
5 4 1 1.7 
5 4 2 2.2 
5 4 3 2.8 
5 4 4 3.5 
5 5 0 2.4 
5 5 1 3.5 
5 5 2 5.4 
5 5 3 9.2 
5 5 4 16 
5 5 5 ›24 
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APPENDIX B: Buffers 

TBE (Tris-Borate-EDTA) Buffer (10X) 

Tris base    108 g  

Boric Acid    55 g 

EDTA     40 ml (0.5 M, pH 8.0) 

Add ddH2O to 1 liter and adjust the pH to 8.0 

Mini Agarose Gel (1.5 %)  

Agarose    0.75 g 

TBE buffer (1X)   50 mL 

Add 2.5 μL EtBr before pouring the gel into tray. 

Midi Agarose Gel (1.5 %)  

Agarose    2.25 g 

TBE buffer (1X)   150 mL 

Add 7.5 μL EtBr before pouring the gel into tray. 

10X Phosphate Buffered Saline (PBS) 

NaCl     90 g 

Na2HPO4.7H2O   26.8 g 

NaH2PO4    3.2 g 

Add up to 1 L by ddH2O, and adjust the pH to 7.2 after every 1/10 dilution. 
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