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Abstract Environmental management is crucial for

sustainable growth and development. The use of

microorganisms to clean up contaminated environ-

ment provides cheap alternative method to the

conventional treatment methods. But the choice of

easily grown, viable and effective natural occurring

microorganism to do the cleaning is a major challenge.

In this article we presented and reviewed the applica-

tion of photosynthetic bacteria in bioremediation due

to their utilisation of various kinds of pollutants,

minimum nutrients requirement and the possibility of

generating valuable products concomitantly cleaning

the contaminated environment. Pollutants such as

pesticides, heavy metals, dyes, crude oil and odour

with the specific photosynthetic bacteria capable of

degrading the pollutants were identified and discussed

in this article. The possible value added products to be

generated as well as the mechanism of degradation are

also highlighted and discussed in the article. The

utilisation of carbon dioxide and the generation of

value added products while cleaning up polluted

environment are the major advantages of using these

bacteria in bioremediation and have both environ-

mental and economic benefits.
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1 Introduction

Increase in human activities such as in agriculture,

industries, urbanisation and population produce pollu-

tants that are harmful to the environment. Industries like

biorefineries are constantly faced with the challenge of

finding an economical and efficient treatment process

before discharging their effluent (ElMekawy et al.

2013). This effluent may include heavy metals, xeno-

biotic compounds, phenolic compounds, nitroaromatic

compounds, volatile organic compounds, polycyclic

aromatic compounds, polychlorinated biphenyls and

pesticides.When these pollutants find their way into the

environment, they do not only affect the environment

but also the life of living organisms in the environment.

For example, a study conducted by Rawson (1985)

revealed that prolong exposure to multiple pesticides

has a great effect on both kidney and liver. Heavy

metals and some volatile organic compounds are non-

degradable and are very difficult to remove from the

environment as such they pose a great health risk

(Radway et al. 1999). Chemical and biological treat-

ment methods are the main techniques employed in

removing such pollutants from the environment.
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However, increased in cost and sludge production are

among the drawbacks of chemical treatment (Nawaz

and Ahsan 2014). Moreover, chemical treatment were

found to promote filamentous algae growth that may

clog water treatment plant filters and result in reduced

backwashing, thus reducing the efficiency of chemical

treatment (Akpor and Muchie 2010). Biological

method therefore offers greater advantages in that it

can be done on site, so eliminate liabilities and

transportation cost (Juwarkar et al. 2010) and can also

be incorporated with other treatment methods, thereby

treating complex and mixed waste (Goel et al. 2010;

McMahon et al. 2008; Yergeau et al. 2009). The

efficiency of this method can be improved by the choice

of microorganism with the potential of removing

complex contaminants.

One of such groups of potential microorganisms is

the photosynthetic bacteria. Photosynthetic bacteria

are prokaryotes that are capable of carrying out

photosynthesis. They are widely distributed occupy-

ing several habitats like soil, lakes, paddy fields,

oceans, rivers, and activated sludge (Koblı́žek et al.

2006; Okubo et al. 2006). They are broadly catego-

rised into two major groups; (1) oxygenic, which are

able to produce oxygen (O2) during photosynthesis

due to their ability to use water as electron donor such

as cyanobacteria and prochlorophytes; (2) anoxygen-

ic, which are unable to produce O2 during photosyn-

thesis due to their inability to use water as electron

donor. Instead, they are capable of assimilating

nitrogen, carbon dioxide (CO2) and other organic or

inorganic compounds such as Rhodobacter and Rho-

dopseudomonas. The main classification of photosyn-

thetic bacteria is represented in Fig. 1.

Photosynthetic bacteria offer various advantages in

bioremediation due to their ability of utilising different

kinds of organic substances as a substrates resulting in

high growth rate. Some species are involved in

denitrification process; they also contained various

important substances like ubiquinone, carotenoids and

vitamin B12 in their cell. The major advantages and

disadvantages of using photosynthetic bacteria in

bioremediation are highlighted in Table 1 below.

2 Application of oxygenic photosynthetic bacteria

(cyanobacteria) in bioremediation

Cyanobacteria are classified under the kingdom

eubacteria and the division cyanophyta. They are

gram-negative, planktonic and non-motile organisms.

They are capable of consuming CO2, a greenhouse gas

which contributes to global warming and release O2

which is vital for cellular respiration. The key enzyme

in CO2 utilisation is carbonic anhydrase (CA) and the

mechanism involved in cyanobacterial CO2 metabo-

lism is described by Badger and Price (2003) in Fig. 2.

Their ability to use inorganic acid and phosphorus

makes them grow well in wastewater. This indicates

their potential ability in wastewater treatment. In

Photosynthetic bacteria

Organic compounds 
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Fig. 1 Schematic classification of photosynthetic bacteria
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addition, they possess certain characteristics that make

them suitable for the treatment process (Subramaniyan

2012a), these are: (1) The ability to be cultivated easily

with minimal nutrient requirement of energy rich

compounds. (2) The ability to growwhere sunlight and

moisture are available as such they produce high

amount of biomass that can be used as a source of food

for animals. (3) Some species have the ability of

combining nitrogen fixation and photosynthesis. (4)

They can also be easily separated from other biomass

because of their size and cause no harm to other

biomass therefore environmentally friendly. Because

of their fast nutrients uptake and storage ability, they

mostly dominate algal community forming a mat of

cells called ‘‘bloom’’. Today the approach to utilise

cyanobacteria in bioremediation has been widely

broadened to include wastewater treatment, heavy

metal removal, crude oil, pesticides, and dye degra-

dations as discussed below.

(a) Wastewater treatment

Groundwater is the major source of drinking water in

most part of the world. However due to the human

activities this water is highly contaminated with

different kinds of pollutant. For example livestock

farming and application of fertiliser increase the

Table 1 Advantages and disadvantages of using photosynthetic bacteria in bioremediation

No. Advantages References Disadvantages References

1 Effective utilization of CO2 hence potentially

reduces the greenhouse effect and the

release of O2 in some cyanobacterial

species which is vital for cellular

respiration

(Badger and Price

2003; Jacob-Lopes

et al. 2008)

Some species of photosynthetic

bacteria such as Rhodobacter

marinus and Rhodobacter adriaticus

show slow growth rate compared

to non-photosynthetic bacteria

(Burgess

et al.

1994)

2 Recovery of high value-added products such

as carotenoids, vitamins, biopolymers,

hydrogen during treatment

(Eroğlu et al. 2004;

Pattanamanee et al.

2012)

Growth rate of cyanobacteria is usually

much lower than many other algal

species, thus require long water

retention times to enable a bloom of

cyanobacteria to form

(Bartram

and

Chorus

1999)

3 Minimum nutrients requirements due to the

utilization of solar energy which is readily

available in nature

(Subramaniyan

2012a)

Many purple sulphur bacteria and purple

non-sulphur bacteria are extremely

sensitive to oxygen that could repress

photosynthetic pigments and

photosynthetic apparatus, thus hampers

the use of these bacteria in aerobic

condition for bioremediation

(Garrity

2006)

4 Their ability to utilise inorganic electron

donor reduce the operating cost related to

the need of additional carbon source during

treatment

(Deng and Jia 2011;

Madukasi et al.

2010)

5 Vast metabolic activities, hence can be able

to treat complex and variety of pollutants

(Kantachote et al.

2005)

6 Some possess two energy metabolic

pathways as such they survive in both light-

anaerobic and dark-aerobic conditions

(Lu et al. 2011)

7 They produce valuable substances for

industrial application such as in medicine,

photosynthetic bacterial 5 aminolevulinic

acid has been commercialized and

diagnosed for the treatment of cancer

(Sasaki et al. 2005)

8 Some effectively remove odours related to

sulphide due to their ability to use sulphide

as sole electron donor

(Do et al. 2003; Kim

et al. 2004)

9 Able to produce single cell protein that can

be used as protein supplement

(He et al. 2010;

Shipman et al.

1975)
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amount of nitrate concentration to a level that is

harmful to living organisms. Since cyanobacteria

require nitrogen for metabolism, the removal of nitrate

by these organisms is usually very effective. Three

different cyanobacterial species were used for the

removal of nitrate from groundwater by Hu et al.

(2000). All the species effectively removed nitrate but

Synechococcus sp. strain PCC7942 showed the highest

removal compared to strain PCC6803 and Synecho-

cystis minima CCAP148014. The strain Phormodium

tenue and Phormodium bohneri were also found to

effectively removed nitrogen and phosphorus (Che-

valier et al. 2000).

Furthermore, mixtures of industrial and domestic

wastewater were also treated with the cyanobacteria

strains, Anabaena variabilis, Anabaena oryzae and

Tolypothrix ceytonica for a week in a batch system

(El-Bestawy 2008). For removal of organic matter, the

highest removal efficiency of BOD5 and COD were

89.29 and 73.68 % recorded by A. variabilis and

HCO3
-

Restricted CO2
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-HCO3

-

Photosynthetic 
energy 

HCO3
-CO2

Carboxysome 

Thylakoid 
membrane 

Outer 
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HCO3
-
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Fig. 2 General mechanism for cyanobacterial CO2 metabolism describing the roles of carbonic anhydrase and Rubisco in CO2 uptake.

Adapted from (Badger and Price 2003)
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A. oryzae respectively. For solid removal, the highest

removal efficiency for TSS and TDS were 64.37 and

38.84 % recorded by T. ceytonica and A. variabilis

respectively. For heavy metal removal, the highest

removal efficiency was recorded by T. certonic for

both Zn and Cu at 86.12 and 94.63 % respectively.

T. certonica also has the highest removal efficiency of

fats, oil and grease of 93.75 %. These results indicate

that the cyanobacteria are very good candidates in

treatment of the wastewater.

One of the major problems facing cyanobacterial

wastewater treatment is the separation of the cyano-

bacteria from the wastewater. The use of immobilised

technique does not only solve this problem but also

shown to have higher pollutants uptake than using free

cells. The cyanobacteria species Chlorella vulgaris

and Anabaena doliolum were used in comparison

between free cells and alginate immobilised cells in

heavy metal removal. The immobilised cells showed

higher Cu and Fe removal compared to the free cell in

all the two species (Rai and Mallick 1992). Another

cyanobacteria species Nostoc calcicola was also used

in the uptake of Cu. Under the same environmental

condition, the immobilised cells showed higher uptake

of Cu (up to two and half time) more than the free cell.

The immobilised cells showed higher positive corre-

lation between copper adsorption and uptake (Singh

et al. 1989). Immobilised cells also offer easy sepa-

ration and regeneration of cells, high loading and reuse

of biomass as well as minimal clogging (Prasanna

et al. 2008).

(b) Heavy metal removal

Unlike organic pollutants, heavy metals are resistance

to biodegradation into less toxic or non-toxic sub-

stances by microorganisms due to their chemical

characteristics. They accumulate in the food chain

usually by changing from one chemical state to

another. Due to their ability to utilise most heavy

metals, Fiore and Trevors (1994) conclude that

cyanobacteria are relatively more tolerant to heavy

metals compared to other photoautotrophs. Several

studies proved this assertion. The cyanobacterial

culture of Anabaena subcylindrica and Nostoc mus-

corum were found to removed copper, cobalt manga-

nese and lead from sewage wastewater. When

sterilised sewage wastewater and the standard medium

were compared, the protein, carotenoids and chloro-

phyll a contents of the former was higher than the

later. Single cell cultures were also found to be more

effective in these metals removal than mixed culture

of these cyanobacteria which was attributed to com-

petition of nutrients in mixed culture (El-Sheekh et al.

2005). When exopolysaccharides producing cyano-

bacteria, Nostoc PCC 7936 and Cyanospira capsulate

were used in removal of Copper(II), the species

C. capsulate removed higher amount of copper

compared to Nostoc PCC 7936. In single and multi-

metal systems, both species removed Ni(II) and Zn(II)

with Cu (De Philippis et al. 2007).

Generally, microorganism developed several

mechanisms to response to the toxicity effect of heavy

metals (Ibrahim et al. 2001). As such, ion exchange

was suggested as the mechanism for removal of zinc

and copper using Oscillatoria anguistissima because

of the liberation of magnesium ion that accompanied

the metal uptake (Ahuja et al. 1999). Similar sugges-

tion was made in the uptake of Cr, Cd, Cu, Pb and Ni

by Greene et al. (1987). The uptake of the above

mentioned metals was accompanied by the release

proton using Spirulina plantensis. But when Spirulina

maxima and Tetraselmis chuii were used in cadmium

uptake, the two cyanobacteria showed different

mechanisms of cadmium uptake. Sorption of cadmium

by T. chuii was mainly restricted on the surface of the

cyanobacterium while accumulation of cadmium by

S. maxima was found on different surface layers of the

cyanobacterium (da Costa and de Franca 2003).

Several other mechanisms depending on the species

and the types of pollutant were also suggested. For

metal uptake, the mechanisms used according to Pandi

et al. (2009) are bioaccumulation and bioadsorption or

both while in some species bioflocculation is the main

mechanism of metal uptake. In bioaccumulation, the

process requires energy and involves the concentration

and retention of metal ion by cyanobacteria. During

the retention time, the metal ion diffuses into the cell

through the cell membrane, forming immobilised

metal ion by ion-binding process. Bioadsorption is a

passive process which requires no energy. It may

involve ion-exchange, chelating, microprecipitation

and physical adsorption followed by chemical bond-

age. The metal ions bind to the cell surface which has

high chemical affinity for the metal. Bioflocculation

may occur in some species of cyanobacteria because

they produced substances like protein, poly-

hydroxylbutrate and lipopolysaccharides. Biofloccu-

lation occurs when the cationic side of organic matter
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electrostatically forms a complex with the reactive

group of the produced substances such as half ester

sulphate (OSO-3) or carboxyl group (COO-).

(c) Crude oil degradation

Oil spill cause serious environmental pollution that

makes the soil unsuitable for plant growth and water

bodies difficult for the survival of aquatic organisms.

Furthermore, due to health related problems associ-

ated with oil spill, studies are directed toward finding a

suitable solution to this problem. Bioremediation

offers a better solution to treat oil spills due to its

cost effective nature. Cyanobacteria are suitable

candidates in bioremediation of crude oil due to their

ability of growing under various conditions and

forming bloom with other organisms. Naphthalene, a

main constituent of water-soluble part of crude oil was

reported to have been degraded by the cyanobacteria

Oscillatoria sp. strain JCM (Narro et al. 1992). The

cyanobacteria species Oscillatoria salina, Aphano-

capsu sp. and Plectonema terenbans were also found

to degrade crude oil (Raghukumar et al. 2001). Within

10 days 50–65 % of pure hexadecane, 45–55 % of

total crude oil fractions and 20–90 % of aromatic

compound were removed. After forming a cyanobac-

terial mat by the mixed culture of the three cyanobac-

terial species about 40 % of the crude oil was

removed. Phormidium corium and Microleus chtho-

noplastes species of cyanobacteria also degraded

crude oil by consuming the individual n-alkanes (Al

Hasan et al. 1994). When the growth were measured in

terms of biliprotein content and dry biomass, the two

species grew better in crude oil suggesting the

utilisation of these hydrocarbon.

Contrary to the above studies, other investigations

revealed that cyanobacteria are not directly involve in

the degradation of petroleum compound but rather

play a major role by enhancing the activity and growth

of the actual degraders. For example Abed and Köster

(2005) concluded that the aerobic heterotrophic bac-

teria associated with the cyanobacteria were respon-

sible for the degradation of oil compounds and not the

cyanobacteria. Oil degrading consortium was also

analysed using 16S rRNA (Sánchez et al. 2005). The

organisms obtained were found to be related to

agrobacterium and rhizobium nitrogen fixing bacteria.

The result indicates that the heterotrophic bacteria

associated with cyanobacteria are the ones responsible

for degradation of the hydrocarbon while the

cyanobacteria provide oxygen, organic matter and

habitat for the heterotrophic bacteria. The same

conclusion was made by Radwan et al. (2002) and

Sánchez et al. (2005). While the actual degraders

degrade the hydrocarbon, the cyanobacteria provide

fixed nitrogen and simple organic compound and

oxygen for the breakdown of aromatic rings (Abed and

Köster 2005) which are also necessary for the growth

and the activity of the actual degraders. The evidences

for degrading and not degrading hydrocarbon by

cyanobacteria are tentative, however Radwan and Al-

Hasan (2002) concluded that some species/strain are

capable of utilising aliphatic and aromatic compounds

while others that occur together with other natural

hydrocarbon degrading bacteria forming cyanobacte-

rial mat only enhance the growth and activities of the

degrading bacteria. The association between the two

appeared to be significant and crucial in remediation of

crude oil.

(d) Pesticides degradation

In effort to enhance food production to meet the

growing human population, the use of pesticide in

agriculture is on increased nowadays. The use of this

pesticide released toxic substances that are hazardous

to man. Pesticides can also bioaccumulate or biomag-

nify and cause danger to the environment (Ragini and

Bisen 2011). Several cyanbacterial species were

revealed to be capable of reducing the toxicity of this

hazardous substance. Lindane, a highly chlorinated

aliphatic pesticide was found to be degraded by two

filamentous cyanobacteria Anabaena sp. PCC 7120

and Nostoc ellipsosporum strain B1453-7 (Kuritz and

Wolk 1995). The same species was also found by

Kuritz (1998) to degrade the same pollutant, first to

pentachlorocyclohexane and then to trichlorobenz-

enes. Because the degradation occurred in the pre-

sence of nitrate and the process is inhibited by both

darkness and ammonia, the mechanism of degradation

was proposed to be nitrate-reduction system of

cyanobacteria. Fenamiphos, an organophosphorus

pesticide was also found to be degraded by five

different cyanobacterial species (Cáceres et al. 2008).

These species are: Anabaena sp., Nostoc muscorum,

Nostoc sp. MMI, Nostoc sp. MM2 and Nostoc sp.

MM3. The degradation of this pollutant was found to

be through hydrolysis and oxidation. The products of

oxidation were toxic while hydrolysis was referred to

be detoxification.
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Pesticide degradation process involves three

phases. Phase I involves hydrolysis, oxidation or

reduction. This phase converts the pesticides into less

toxic and water soluble substances. Phase II involves

the binding of pesticides metabolites or pesticides to

the sugar, glutathione or amino acids. Toxicity is

reduced and solubility is increased in this phase

compared to Phase I. Phase III involves the conversion

of metabolites of phase II to form non-toxic substances

(Hatzios 1991; Shimabukuro 1985). Because of the

complexity and toxicity of pesticides, organisms must

possess certain features to be able to degrade them to

non-toxic substances. According to Ragini and Bisen

(2011) organisms can possess the ability to degrade

pesticide via adaptive enzymes that can be induced in

the presence of pesticides. The constitutive enzymes

may be induced by the adapted organisms in the

polluted environment before degrading pesticide via

random mutation.

(e) Dye degradation

Textile industries release large amount of dye which

find their way into water bodies and cause serious

environmental problems. They consist of many sub-

stances that are highly toxic to aquatic organisms

(Mondal and Chauhan 2012). They also limit light

penetration in the water body thus reduce the photo-

synthetic activity and cause a serious health and

environmental problems (Forgacs et al. 2004). The

cyanobacterium Oscillatoria formosa NTDM 02 was

found to be very effective in removal of dye from

textile industry (Ali et al. 2011). Oscillatoria brevis

and Westiellopsis prolific were also found to be

effective in the treatment of dye (Subramaniyan

2012b). Apart from organic and inorganic chemical

removal, the colour intensity of the effluent was also

reduced. More than 75 % of the colour and 95 % of

both COD and BOD were removed within 30 days.

The result also showed an increase in DO and

complete removal of ammonia, nitrates and phos-

phate. Another cyanobacterium, P. tenue KDM33 has

also shown to be an effective candidate for colour

removal in paper mill effluent. Using this bacterium

decrease in physiochemical parameters such as BOD,

COD, salinity, alkalinity, calcium, magnesium, inor-

ganic sulphite and increase in DO, electricity conduc-

tivity and pH were observed after 20 days of

incubation (Nagasathya and Thajuddin 2008).

Many different mechanisms have been proposed in

dye degradation using cyanobacteria. Adsorption which

results in physical removal of dyes is a rapid process

whereas enzyme mediated degradation results in slower

degradation is the two major mechanisms for dye

degradation using cyanobacteria (Shah et al. 2001).

Generally, longer time is needed for the degradation

process via enzymatic reactions which may result in

eventual mineralisation of the dye molecules. When

Shah et al. (2001) used the cyanobacterium Phormidium

valderianum more than 90 % of dye was removed

instantly indicating adsorption as the mechanisms for

dye removal using this bacterium. Different mechanism

was postulated when Oscillatoria boryana BDU 92181

was used in melanoidin treatment. After about 65 %

decolourizationofpuremelanoidin pigment and60 %of

crude pigment, Kalavathi et al. (2001) postulated that the

mechanism of colour removal was due to the production

of molecular oxygen, hydroxyl anion and hydrogen

peroxide during cyanobacterial photosynthesis.

3 Application of anoxygenic photosynthetic

bacteria in bioremediation

Anoxygenic photosynthetic, example purple photo-

trophic bacteria (PPB) are gram-negative bacteria that

possessed versatile metabolic activities such as pho-

toheterotrophic and photoautotrophic growth under

aerobic-dark and anaerobic-light conditions (Holt

1994). Because of this diverse metabolic activities

they are widely distributed occurring in various

habitats and can be grown in both natural and synthetic

substrate. The diversity in metabolic activities and the

production of valuable products such as enzymes,

proteins, antiviral (Hirotani et al. 1991) are the major

advantages of this group of bacteria in biotechnology.

The two most popular groups of anoxygenic photo-

synthetic bacteria are: purple sulphur bacteria (PSB)

and purple non sulphur bacteria (PNSB). PSB tolerate

small amount of sulphide, oxidised it to sulphur and

store intracellularly. They are strongly photoauto-

trophs with limited capability to photoheterotrophy

and poorly grown in dark. In contrast, PNSB may

tolerate much smaller amount of sulphide and store

extracellularly. They are photoheterotroph capable of

photoautotrophic nutrition and can be grown effec-

tively in the dark (Madigan and Jung 2008).
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(a) Wastewater treatment

Wastewater consists of complex organic and inorganic

pollutants that are discharged into the water bodies

from different sources. For example distillery waste-

water is considered as one of most contaminated

effluent (Pant and Adholeya 2010). It has been shown

to contain high amount of organic and solid content as

well as dark brown colouration (Pant and Adholeya

2009). Most of these pollutants are harmful to living

organisms; they increase the susceptibility to disease

and contaminate the groundwater as well as the whole

ecosystem. Because of their aquatic and versatile

metabolic nature, PPB has high efficiency in waste-

water treatment. The PPB, Rhodobacter sphaeroides

Z08 was applied during pharmaceutical wastewater

treatment. After 1:4 dilutions, reduction of 50 % in

COD was observed, biomass yield of 780 mg/L and

specific growth of 0.015/h were observed (Madukasi

et al. 2011). Using the same R. sphaeroides Z08 by the

same authors, soybeans wastewater was treated. The

results indicate reduction in 80 % COD, 0.025/h

specific growth rate and 1,540 mg/L of biomass yield.

When Rhodovulum sulfidophilium was used in the

treatment of sardine processing wastewater, the COD

removal was 65 % after 96 h. Increased in total

biomass yield, total carotenoids and soluble protein

was also observed (Azad et al. 2001). R. sphaeroides

IL106 also removed phosphorus compound from an

Oyster farm under anaerobic condition (Takeno et al.

1999). 10 and 82 % of the phosphorus and COD were

respectively removed after 7 days of incubation. The

immobilisation of R. sphaeroides S, R. sphaeroides

NR-3 and Rhodopseudomonas palustris using porous

ceramic simultaneously removed COD, nitrate, phos-

phate and H2S from synthetic sewage wastewater. The

result obtained indicates 89 % COD removal, 77 %

phosphate removal, 99 % nitrate removal and 99.8 %

H2S removal after 48 h in batch treatment (Nagadomi

et al. 2000). The strain of Rubrivivas gelatinous

designated as SS51 and SY40 degraded the organic

pollutants from latex processing wastewater. The

COD removal efficiency revealed to be up to 57 %

(Choorit et al. 2002).

The most significant parameter used in determining

the amount of pollutants in wastewater is the oxygen

demand. This is measured in terms of COD, BOD and

TOC. BOD and COD measure oxygen demand

directly while TOC indirectly measures oxygen

demand (Boyles 1997). Reduction of these parameters

is used to determine the effectiveness of the remedi-

ation process. BOD measures the amount of dissolved

oxygen needed for oxidation by microorganisms and

its level in water is proportional to the concentration of

organic matter in the water. High amount of BOD

results in severe depletion of dissolved oxygen and

cause problems to some aquatic organisms (Penn et al.

2006). CODmeasures oxygen demand by determining

the amount of oxygen required for oxidation of

organic matter to carbon dioxide. This method indi-

rectly measures the amount of organic matter in water.

Its measurement reflects the level of pollution by

reductive substance in water (Huang et al. 2013). TOC

measures oxygen demand by determining the amount

of carbon dioxide produced in water (Boyles 1997).

(b) Heavy metal removal

Industrial and human activities increase the release of

heavy metals into the environment. These metals are

non-degradable and tend to bioaccumulate eventually

causing health related problems. PNSB are group of

microorganisms that are known to remove such

pollutants. The strains R. sphaeroides KMS24 and

Rhodobium marium NW16 were found to remove

heavy metals in contaminated shrimp pond under

aerobic-dark and microaerobic-light conditions (Pan-

wichian et al. 2011). The metals removal was in the

order of Cu2?[Zn2?[Cd2?. The two strains pro-

duced exopolymeric substances which played a

significant role in the accumulation of these metals

and they grew better in medium containing higher

heavy metals concentration than that of contaminated

shrimp pond. Under dark aerobiosis condition, the

organophosphorus compound tributyl phosphate

(TBP) was degraded by R. palustris from 2 to

0.6 mM within 3 weeks (Berne et al. 2005). R. cap-

sulatus also absorb the metal Trivalen Aurium (Feng

et al. 2007). In separate study, Rhodovulum sp. PS88

and R. spaheroides S were also found to remove the

metal cadmium in batch culture system. Under both

heterotrophic (aerobic-dark) and photoheterotrophic

(anaerobic-light), the strain PS88 showed higher

empirical constant value and hence higher cadmium

uptake compared to R. sphaeroide S (Watanabe et al.

2003).

The major mechanisms used by PPB for the

removal of metal ions are biosorption and
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bioaccumulation process. The difference between the

two is in terms of energy requirement. The former

does not require energy while the later require energy.

Some PPB may use more than one mechanism for the

removal of metal ions and hence are likely to be more

effective when compared to the ones that use only one

mechanism. The type of mechanism to be used by the

organism is dependent on the properties of the metal

ion that it is exposed to. For example, when Saijai et al.

(2010) used PPB strain NW16 and KMS24 in biore-

mediation of heavy metal and sodium from contam-

inated shrimp pond, both strains were found to remove

metal ions but strain NW16 has higher percentage of

removal than strain KMS24. Under the same incubat-

ing condition, both strains showed differences in the

removal efficiency that were not related to their initial

concentration in the order Pb[Cu[Zn[Cd which

suggested different mechanisms of removal.

(c) Pesticides degradation

Pesticide involves large number of chemicals most of

which are ubiquitous and toxic to the environment. Its

constituent mostly involves the derivatives of benzene

consisting of negative resonance energy and stable

derivatives group of compounds. Many groups of PPB

are capable of utilising this aromatic compound as a

sole source of carbon for metabolism and require no

energy from its catabolism unlike heterotrophic

organisms. These features make them unique and

suitable in pesticide degradation. PPB degrades most

of these toxic substances under light and anaerobic

conditions (Sikdar and Irvine 1998; van der Woude

et al. 1994). A mixed phototrophic bacterial culture in

which R. palustris WS17 is the dominant strain was

found to completely degrade 3-chlorobenzoate to CO2

and biomass in the presence of light and benzoate and

in the absence of oxygen (Kamal and Wyndham

1990). The same pollutant was degraded by different

strain, R. palustris DCP3 under phototrophic and low

oxygen condition (Krooneman et al. 1999). The

degradation followed the dechlorination pathway in

which 3-chlorobenzoate was dechlorinated to benzo-

ate. In another study three species of PNSB, Rhodo-

spirullum photometrican, R. palustris and

Rhodospirullum rubum were found to grow on two

and three carbon halocarboxylic acid in the presence

of CO2 (McGrath and Harfoot 1997). The process

occurred by reductive dehalogenation and subsequent

assimilation of the resulting acids. The utilisation of

halocarboxylic acid by these organisms indicates their

ability to degrade such pollutant.

The degradation of these compounds is dependent

on the catabolic ability of the bacteria, the chemical

structure of pesticides, physiochemical conditions of

the environment in addition to anaerobic and light

conditions. Anaerobic condition provides favourable

environment for the proliferation of these bacteria and

it is beneficial in areas where there is limited oxygen.

The light energy is transformed through photosyn-

thetic membrane into electrochemical gradient of

proton and use in generation of ATP, motility, active

transport and other processes that require energy

(Kushalatha 2010).

(d) Odour removal

In removing odour, the identification of compound

responsible for the emission of the odour is very

important. In most cases hydrogen sulphite and

volatile organic acids are the main compounds

responsible for odour emission. In the case of volatile

organic acid the PNSB are mostly apply due to their

ability to utilised different organic acids as a substrate

while PSB are well known in reducing odour resulting

from hydrogen sulphite due to their ability to effec-

tively use sulphur. When Byler et al. (2004) compared

the emission of odour, H2S, and NH3 from non-

phototrophic and phototrophic swine lagoons, higher

emission of these gases were found in non-photo-

trophic swine lagoon than phototrophic one. This was

attributed to the presence of phototrophic organisms

like PSB which normally have high affinity in utilising

H2S during its metabolism and is highly connected to

odour. In the same view, eight swine lagoons were also

studied base on their colour appearance purple and

non-purple. The purple colour lagoon is expected to

emit lower odour due to the presence of phototrophic

bacteria. When characteristics of the two groups of

lagoons were analysed, bacteriochorophyll a was

found to be more abundant in purple lagoon which

indicates the presence of phototrophic organisms.

Temperature and other conditions in the purple lagoon

were favourable to phototrophism (Chen et al. 2003).

In separate study, PNSB R. palustris was found to

remove odorous organic compounds when cultured in

odorous swine wastewater for seven days. COD and

phosphate were also effectively removed (Kim et al.

2004). Rhodobacter sp. strain PS9 was also found to

grow on different organic compounds including VOC
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Table 2 Valuable products obtained during bioremediation with photosynthetic bacteria

Species/strain (s) Product (s) Waste/pollutant Removal efficiency References

Rhodobacter sphaeroides

O.U 001

Hydrogen Sugar refinery wastewater N.A (Yetis et al. 2000)

Rhodobacter sphaeroides

Z08

Single cell protein Soybean wastewater 96 % COD removal (He et al. 2010)

Rhodobacter sphaeroids O.U

001

Hydrogen

Carotenoid

Polyhydroxybutrate

Olive mill wastewater 34.5 % COD removal and

57.9 % BOD removal

(Eroğlu et al.

2004)

Rhodospeudomonas

capsulata

Single cell protein Cow dung N.A (Vrati 1984)

Rhodobacter sphaeroides 5-Aminolevulinic

acid

Swine waste N.A (Sasaki et al.

1990)

Rhodopseudomonas

gelatinosa

Single cell protein Wheat bran N.A (Shipman et al.

1975)

Rhodobacter sphaeroides 5-Aminolevulinic

acid

Sewage sludge and swine

waste

N.A (Sasaki 1999)

Rhodobacter spharroide P47 Vitamin B12

Carotenoid

Pineapple peep waste 85.3 % COD removal (Noparatnaraporn

et al. 1986)

Rhodocyclus gelatinosus/

Rhodobacter sphaeroides

Single cell protein Cassava waste N.A (Noparatnaraporn

et al. 1987)

Rhodobacter sphaeroides

O.U 001

Poly-ß-hydroxy

(PHB) butyric acid

Sugar refinery wastewater N.A (Yiğit et al. 1999)

Scenedesmus obliquus Biodiesel Aquaculture effluent N.A (Mandal and

Mallick 2012)

Rhodobacter sphaeroides Hydrogen Tofu wastewater 41 % TOC removal (Zhu et al. 1999)

Aluslosira fertilissima Poly-b-

hydroxybutrate

Aquaculture effluent 3.2–6.9 increase in DO.

Phosphate, nitrite and ammonia

decrease to almost zero

(Samantaray et al.

2011)

Nostock linckia HA46 Hydrogen Textile wastewater N.A (Kaushik et al.

2011)

Rhodopseudomonas blastica Single cell protein Latex rubber sheet

wastewater

54 % COD removal and 70 %

BOD removal

(Kantachote et al.

2005)

Rhodobacter sphaeroide Z08 Crude protein Pharmaceutical wastewater 80 % COD removal (Madukasi et al.

2010)

Rhodopseudomonas palustris

PBUM001

Hydrogen Palm oil mill effluent

(POME)

30.5 ± 9.85 % COD removal (Jamil et al. 2009)

Rhodobacter sphaeroides Hydrogen Brewery wastewater 41 % TOC removal (Zhu et al. 1999)

Rubrivivax gelatinosus Biomass Poultry slaughter house 91 % COD removal (Ponsano et al.

2008)

Rubrivivax gelatinosus Oxycarotenoides Fish industry effluent 52 % COD removal (de Lima et al.

2011)

Rhodovulum sulfidophilum Biomass Sardine processing

wastewater

85 % COD removal (Azad et al. 2004)

Rhodocyclus gelatinous R7 Protein

Biomass

Carotenoid

Tuna condensate effluent 66 and 47 % COD removal

within 5 and 6 days

respectively

(Prasertsan et al.

1997)

Rhodospirillum

molischianum

Hydrogen Straw paper mill effluent

and sugar refinery wastes

More than 30 % COD removal (Vincenzini et al.

1982)

N.A not available
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(Do et al. 2003). Decrease in VOC concentrations of

80–93 % was observed during the photosynthetic

bloom, which indicates the strain ability to degrade

VOA associated with odour. The result further

revealed that population changes which leads to the

reduction of VOA in the swine lagoon occur naturally.

Maintenance of temperature above 20 �C and organic

loads of less than 4 g (dry weight) per litre were

suggested by the researchers as a strategy for increas-

ing the photosynthetic bloom.

(e) Dye degradation

Textile wastewater is considered as one of the most

polluted wastewater that increased colour, COD and

toxicity of wastewater due to large quantity of

chemical and dye (Ibrahim et al. 2010). In degrading

or removal of these dye, investigating the microor-

ganisms that possess the azoreductase enzyme is

essential in developing a practical bioprocess for

degradation or decolourisation of azo dye. The

azoreductase is the necessary enzyme responsible for

catalysing the reductive cleavage of azo bond making

it less or non-toxic. The PNSB, R. palustris ASI.2353

has been shown by Liu et al. (2006) to possess the

enzyme azoreductase which is responsible for decolo-

urisation of azo dye. Anaerobic condition was found to

be necessary for the decolourisation of this dye and the

optimum temperature and pH were 30–35 �C and 8

respectively. Another strain R. palustris 51ATA

effectively mineralised and degraded reactive red

dye (RR195) under anaerobic condition. The result

shows that bacterial growth, decolourisation and

degradation were increased in the presence of this

dye and co-substrate (Çelik et al. 2012). In a separate

study, five different species of PNSB were also found

to be capable of decolourising azo dye. These species

are; R. blasticus, R. adriaticus, Rhodopseudomonas

capsulatus, R. palustris and Rhodovulum strictrum.

About 96 % of dye were decolourised by these

bacteria within 2 days under anaerobic and light

conditions (Tran et al. 2012). The study further

showed that mixed culture of these bacteria was more

effective in decolourisation than pure culture. The

degradation of azo dye by the above mentioned

bacteria indicates the possession of azo reductase

enzyme by these bacteria. The reductase enzyme is the

common enzyme reported to be responsible for dye

decolourisation but in some cases oxidase enzyme has

also been reported. Goszczynski et al. (1994) and

Molina-Guijarro et al. (2010) reported the role of

oxidase in the degradation of dye. Also reported are

laccase in decolourisation of remazol brilliant blue

(Niladevi and Prema 2008) and phenol oxidase

combined with NADH–DCIP reductase in the decolo-

urisation of reactive dye (Telke et al. 2009).

4 Generation of value added products

during bioremediation with photosynthetic

bacteria

As stated earlier, photosynthetic bacteria have the

potential of degrading pollutant yielding a product of

high value. Most of these products can be used as food

supplement for animals. They produced biomass rich

in carotenoids, vitamin, protein that can be used as

animal feed (Carlozzi and Sacchi 2001; Ponsano et al.

2003). This biomass can be obtained by drying and

cell breakage for easy digestion (Benemann 2013).

Some species possess hydrogenase enzyme as such

they are good candidates for biohydrogen production.

The Table 2 below gives some valuable products, the

pollutants, and the species involved during

bioremediation.

5 Conclusion

Human activities have resulted in the released of

various pollutants that have negative impacts on the

environment. Bioremediation as a green process offers

a better solution to the conventional method in

treatment of such pollutants. Most of these pollutants

can be effectively remove from the environment by the

use of photosynthetic bacteria. The use of photosyn-

thetic bacteria in the process further reduces the

environmental impact due to their ability to use CO2.

While bioremediation using some microorganisms

produces substances that sometimes are more toxic

than the original pollutants, photosynthetic bacteria

mostly produce highly valuable substances. The

application of this group of bacteria is therefore much

more economical compared to the use of other groups

of microorganism. Hence for economic and environ-

mental benefits, this group of bacteria is highly

recommended as an alternative to other groups of

bacteria in bioremediation.
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