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ABSTRACT: The effects of solar radiation in disinfection of water have been activated as a growing technology in
less developed areas of the world. One mechanism of solar disinfection has been attributed to cellular damage as a
result of the alteration and intoxication induced by ultra violet (UV) rays on the respiratory systems inherent within
the microbial cell envelopes. Riboflavin as a major factor in microbial cellular respiratory activities within the cell
membrane has potentials of UV-coupled catalysis of cellular damage against water borne microorganisms in solar
disinfection systems. Bacillus subtilis AG06 was used in biosynthesizing riboflavin using glucose minimal salt
(GMS) medium. Highest riboflavin production of 90mg/L was obtained at culture conditions of 36h incubation, pH
7.2 and temperature 40°C. Different concentrations (30, 60, and 90mg/L) of biosynthesized riboflavin (at constant
volume of 100ml) was applied in local solar disinfection set-ups using 1.5L polyethelene teraphtalate bottles
containing clear water samples at varying times (2, 4 and 6 hours) starting from 10am. Microbial load of treated and
untreated water samples was observed spectrophotometrically (at 600nm) and culturally (plating on Nutrient agar,
MacConkey agar and Chloramphenicol-Yeast extract agar), showing a reduction in microbial life in treated samples
and continuous growth in untreated samples. The highest values of reduction in total microbial life (up to 90%) were
observed in set-ups supplemented with 100ml of 90mg/L riboflavin at 6h solar exposure. Riboflavin augmented
solar disinfection systems have proven to be a simple means of enhanced domestic water disinfection for resource-
poor settings.
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Introduction Solar disinfection is an age long practice with proven
Water is a key agent that supports humanity and is an results. According to Baker (1981), the practice of solar
everyday demand for the sustenance of life. According disinfection dates back to over 2000 years ago;
to the United Nations (UN, 2012), projections for 2015 attributed to practices by local Indian communities who
show that 605 million people will still remain without regarded it as a means for obtaining blessing of the sun
access to quality source of drinking water. on their water before consumption. In this regard, solar
Approximately, this is a staggering 10% of the world disinfection as a viable means of obtaining improved
population, thus showing the extent to which poor water quality has been the focus of some vigorous
water quality burdens the entire planet especially researches over the years (Acra et al., 1980; Acra et al.,
manifest in the form of diarrhoeal infections and 1989; Sommer et al., 1997; Reed, 1997; Mc Guigan et
general poor health. Water disinfection mechanisms al., 1998; Joyce et al., 1992, Ubomba-Jaswa et al.,

have been shown to aid in domestic reductions in 2010; Dejung et al., 2007). For an improvement of the
water-borne infection rates (WHO/UNICEF, 2005, efficacy of solar disinfection and designing of new
Esrey et al., 1991). A number of water disinfection methods of application, it is important to assess the
methods have been practiced over the many years of mechanism of action against microorganisms, the
water quality control and management. The household major cause of water-borne diarrhoeal infections.
methods include filtration, boiling, chlorination and Ultraviolet (UV) rays usually span a wavelength of
solar disinfection. 100-400nm and have direct effects on microbial DNA

when irradiated causing formation of unnatural bonds
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between pyrimidine bases on adjacent formations and
subsequently leading to pyrimidine dimmers (Godsell,
2001) causing dysfunctional base pairing with purines
of complementary DNA strands and thus changing the
whole conformity of the DNA molecule at such points,
leading to improper copying by DNA polymerases. In
the case of solar disinfection which comes in the form
of visible light, at a wavelength range of 315-400nm,
the effect on microbial DNA bases is not directly
damaging, but can indirectly lead to the formation of
Reactive Oxygen Species (ROS) like hydrogen
peroxide, hydroxyl radical and singlet oxygen in water.
Upon formation of ROS, DNA damage is imminent as
well as amino acid and fatty acid oxidation within the
cells, which can be quite deleterious to cellular life
(Reed et al., 2000). Previous researchers (Eisenstark,
1987; Tuveson and Sammartano, 1986; Sammartano
and Tuveson, 1987), have determined the effect of
microbial cellular respiratory cofactors as endogenous
photosensitizing agents, quinone, porphyrin and flavin
containing compounds have been identified as
photosensitizing agents that can react with oxygen to
produce ROS which can have a disinfecting action
against water borne microbes (Jagger, 1981; Reed et
al., 2000; Bosshard et al., 2010; Lonnen et al., 2005).

Riboflavin as a flavin containing agent of microbial
respiration is an ideal photosensitizing candidate that
can be applied in the improvement of solar disinfection
of water samples. Lloyd et al. (1990) earlier reported
the efficacy of riboflavin against Escherichia coli at
UV wavelength of 320-400nm. It was also reported
that introduction of riboflavin as an exogenous addition
into a solar disinfection setup for water led to a major
enhancement of the disinfection process against
organisms like Candida albicans, Escherichia coli and
Fusarium solani cells (Heaselgrave and Kilvington,
2010). Riboflavin is the precursor of coenzymes flavin
mononucleotide  (FMN) and  flavin  adenine
dinucleotide (FAD), and can be biosynthesized by
many plants and microorganisms, however, one of the
most effective microbial source of riboflavin is the
bacteria Bacillus subtilis (Lim et al., 2001) and its
inherent riboflavin biosynthetic pathways have been
very well elucidated (Vitreschak et al., 2002). This
makes the bacteria an ideal candidate for easy
industrial application in riboflavin synthesis.

The use of commercially synthesized riboflavin
additives for water treatment can have its toll on the
sustainability of the treatment process due to the
process cost of chemical synthesis. It is then imperative
that a more grass-root means of synthesizing riboflavin
be applied in water disinfection. This work focuses on
biosynthesizing riboflavin from Bacillus subtilis
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because of its efficiency and subsequently, its

application in a simple water disinfection process.
Materials and Methods
Microorganism and Media

Bacillus subtilis AG05 obtained from earlier research
work (Ajunwa et al., 2014) was used for this study.
The isolate was grown and maintained in nutrient
medium and subsequently propagated unto the
production media - glucose minimal salt (GMS)
medium with the following composition: Glucose -
10g/l, (NH4)2S04 _ 24, , KH2PO4 - 1g/l, KoHPO4 — 0.49/l,
MgS04.7H,0 - 0.5¢/l, FeSO4 - 0.01g/l. Media was
sterilized at 121°C for 15 minutes

Riboflavin production and quantification

Riboflavin  production was conducted following
modifications to the procedure of Viashnavi and Daniel
(2012) by inoculating two loopfuls of the isolate into
the production media and incubating at 35°C for 36h
using pH 7.2. To quantify the amount of riboflavin
produced, the procedure of Bartzatt and Wol (2014)
was adopted. Standard solution of 0.5¢/I of riboflavin
(1.4 x 10 molar), mixed with sterile distilled water
was prepared, and varying concentrations of this
standard solution were constituted. The absorbance was
determined using a UV-visible spectrophotometer (at
440nm), and standard plots of riboflavin concentration
was used for estimating the riboflavin content of the
test samples at different conditions. The percentage of
riboflavin present in the sample was subsequently
quantified.

Effects of physicochemical parameters on riboflavin
yield

The effects of pH, temperature and incubation time on
riboflavin yield were assessed. pH values of 4.2, 7.2
and 10.2 were tested. Test temperatures of 35°C, 40°C
and 45°C and incubation times of 24h, 36h and 48h
were used for this study. For varied temperatures, pH
value was maintained at 7.2 and incubation time at 36h.
For pH variations, conditions were maintained at 40°C
temperature, and 36h incubation time. For incubation
time variations, pH was maintained at 7.2 while
temperature was 40°C. Riboflavin yield was measured
at the end of each test condition.

Application of biosynthesized riboflavin

The crude riboflavin product was obtained by
centrifuging the production broths at 5000 rpm for 20
mins. The cell free liquid was applied in treatment of
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clear domestic water samples in 1.5L PET bottles.
Known volumes (100ml) of the biosynthesized
riboflavin at varied concentrations (30, 60 and 90mg/L)
were added in water samples and the samples were
exposed to sunlight exposure on a clear, bright and
warm day (average temperature of 39°C) for varied
times of 2, 4, and 6 hrs starting from 10am.. Samples
not treated with riboflavin but exposed to solar
radiation, and samples not treated with riboflavin and
not exposed to solar radiation served as both positive
and negative controls.

Measurement of antimicrobial effect in treated water
samples

Antibacterial effects were determined by correlative
quantification of microbial growth culturally and
spectrophotometrically. The water samples at different
exposure times were tested for their absorbance at
600nm. For cultural assessment, the samples were
serially diluted, plated on Nutrient agar, MacConkey
agar and Chloramphenicol-yeast extract agar and
incubated at 35°C for 18-24 h. The total viable bacterial
count was determined by counting surviving colonies
and subsequently correlated with absorbance values.

Results and Discussion

Quantification of riboflavin produced under different
pH values showed that pH 7.2 favoured best riboflavin
production with B. subtilis AG06. The best temperature
was 40°C, while an incubation time of 48h best
supported riboflavin yield. Figures 1, 2 and 3 show the
values of riboflavin concentration under different
conditions.  Riboflavin is a primary metabolite of
Bacillus subtilis, thus its synthesis was correlated with
optimum growth conditions of the organism.
Temperature, pH, and incubation time optima exhibited
by the isolate was in direct relationship with the range
of values for functional growth of Bacillus species.
Younis et al. (2010) reported a pH optimum range of
6.5-7, temperature optimum range of 40-45°C, and best
incubation periods of between 24-28 hours for B.
subtilis strains tested. Korsten and Cook (1996) also
corroborated that fact and reported an optimum
incubation time for 24 hours onnwards and temperature
of 30-37°C with maximum at 43°C
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Figure 1: Riboflavin yield under different pH values
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Figure 2: Riboflavin yield under different temperatures
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Figure 3: Riboflavin yield under different incubation times

At the end of the cultural and spectrophotometric
assessments of bacterial growth, it was observed that
there was a steady decline in bacterial growths as the
exposure time increased. There was however an
obviously evident difference in the bacterial cell
number/load decline between the riboflavin treated
samples and the untreated samples. The effect of
riboflavin on solar water treatment was positive as it
led to higher decline in microbial load within the water
samples as showed by both the cultural and the
spectrophotometric readings. Tables 1,2 and 3 showed
the decline in microbial load based on the different
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media used in assessing microbial growth. The
functionality of the media was to aid in general
microbial growth of all bacterial pathogens (using
nutrient media), selective growth of coliforms (using
mac conkey media) and selective growth of fungi
(using  chloramphenicol-yeast  extract = media).
Inactivation and elimination of microbial life was
observed in all water samples tested, including the
control (without addition of ribloflavin) however, there
was marked reduction in the riboflavin augmented test
systems.
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Table 1: Microbial load (on nutrient agar) of concentration based riboflavin-augmented water samples with varied

solar exposure times

CFU/ml of microbial growth on nutrient agar at different exposure times

Riboflavin

concentration Ohour 2hours 4hours 6hours
30mg/L 5.0x108 3.0x108 2.7x10* 2.0x10?
60mg/L 4.7x108 3.7x10* 6.1x10° 1.3 x 102
90mg/L 6.2x108 3.3x108 1.1x10? 62
Control 5.2x108 3.2x107 6.0x10° 3.1x108

Table 2: Microbial load (on mac conkey agar) of concentration based riboflavin-augmented water samples with

varied solar exposure times

CFU/ml of microbial growth on mac conkey agar at different exposure times

Riboflavin

concentration Ohour 2hours 4hours 6hours
0.3g/L 4.0x108 2.5x10* 1.1x10? 60
0.6g/L 4.7x10° 3.7x108 710 88
0.99/L 5.6x10° 6.3x10? 553 39
Control 5.4x108 4.1x107 6.8x10° 7.3x10°

Table 3: Microbial load (on chloramphenicol-yeast extract agar) of concentration based riboflavin-augmented water

samples with varied solar exposure times

CFU/ml of microbial growth on chloramphenicol-yeast extract agar at different

Riboflavin exposure times
concentration

Ohour 2hours 4hours 6hours
30mg/L 4.4 x 104 5.0 x 102 3.1x10! 30
60mg/L 4.7 x 104 90 41 -
90mg/L 2.8x 104 42 33 -
Control 8.4 x 108 2.9 x 107 8.4 x10° 3.3x10°

With respect to bacterial inactivation within solar
disinfection setups, Escherichia coli a highly
genomically characterized bacterium and also a major
indicator of fecal contamination of water, formed the
crux of some earlier studies on bacterial inactivation by
solar disinfection. Webb and Brown (1979) reported a
ultraviolet wavelength and oxygen dependent
inactivation of E. coli cells, while Reed (1997) reported
an inactivation in solar treated E. coli cells based on the
effects of dissolved oxygen. Berney et al. (2006)
adopted flow cytometric studies to determine the
inactivation of E. coli by solar disinfection. It was
shown that solar disinfection caused a disruption in
sequence of normal cellular functions including ATP
synthesis and efflux pump activity, as well as a
progressive loss of membrane potential and reduced
glucose uptake culminating in permeability of the
cytoplasmic membrane, loss of culturability and
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subsequent death of cells. The solar exposure time also
influenced gradual cellular decline, as more effective
reduction in microbial loads was observed at higher
exposure times with highest reduction at 6 hours
exposure. Basically, most water borne bacteria have
been proven to be negatively affected by solar
disinfection mechanisms after exposure to about 6
hours of exposure under suitable conditions (Dejung et
al., 2007, Waeglin et al., 1994)

Inactivation of fungi by the solar experimental set-up
was also observed in this study, with maximum
reduction of up to 100% observed at 6h exposure times
with 60mg/l and 90mg/I riboflavin augmented setups.
Cellular activation of Candida albicans in water
samples using solar disinfection was reported by
Lonnen et al. (2005) and Sichel et al. (2007) at 6 hours
of exposure. Other works on the effects of solar
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disinfection on Fusarium species showed a specie-
variable decline of Fusarium under natural solar light
as a function of ultraviolet energy per unit volume in

kilo Joules per liter (KJ/L) (Fernandez-lbanez et al.,
2009).
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Figure 4: Optical density of water samples treated with different concentrations of riboflavin and exposed to solar

radiation at different exposure times.

From figure 4, the riboflavin concentrations when
increased made more impact in disinfection of the
samples, and reduction in microbial life. The least
decline was observed with the untreated samples, while
the highest growth decline of up to 90% was observed
for the setup augmented with 90mg/L riboflavin and
exposed to solar radiation for up to 6hours, showing the
effect of riboflavin in inactivation of microbial
contaminants of water. The effect of riboflavin was
also similar in a test carried out by Heaselgrave and
Kilvington (2010) as it enhanced solar disinfection
against bacterial, fungal and protozoan pathogens. The
effects of riboflavin are determined as photocatalytic
and can lead to the formation of reactive oxygen
species (ROS) within the water which can be highly
deleterious to microbial life (Blake et al., 1999). From
the riboflavin untreated samples which was exposed to
solar radiation, there was visible time dependent
reduction in growth, owing to the effects of ultraviolet
rays alone, however, it was less effective than the
riboflavin aided samples. Thus a riboflavin augmented
solar disinfection system for water samples was far
more efficient than a system without riboflavin.

Conclusion

In conclusion, solar disinfection methods for water
treatment are a very cheap alternative to the several
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other methods proposed. It is very energy efficient and
user friendly with little manipulative skills required.
With the proven abilities of this form of water
disinfection to reduce drastically all forms of microbial
life, it stands as a viable tool for the reduction of rates
of infantile dysentery and diarrhea, as well as other
water related microbial infections, that ave plagued less
developed areas of the world which our country falls
under. Research on simple methods of upgrading and
enhancing this disinfection process are very welcome,
and  further  sensitization  programmes  and
enlightenment campaigns to promote the concepts of
this promising technology are advocated.
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