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a b s t r a c t

Three bacteria, named L2, L3 and L4, were isolated from contaminated cultures of Chla-

mydomonas reinhardtii strain cc849 in laboratory. The phylogenetic analysis based on 16S

rDNA sequences showed that L2, L3 and L4 belonged to genus Stenotrophomonas, Micro-

bacterium and Pseudomonas, respectively. The co-cultivation of isolated L2, L3 and L4 with

purified algae, respectively, demonstrated that moderate bacterial concentration did not

affect algal growth significantly but improved algal H2 production obviously. The maximal

H2 yields were gained by the co-culture of algae with L2 or L4, about 4.0 times higher than

that of the single algal culture. Increased respiration rate or O2 consumption was the main

reason for the enhancement of H2 yield of the co-cultures.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction However, Fe-hydrogenase is highly oxygen sensitive [2],
Photobiological production of H2 by green algae has great

potential to be used for generating renewable and clean fuel

from nature’s most plentiful resources, i.e. light and water, to

replace the traditional fossil fuels in the future [1,13]. At pre-

sent, a green alga, Chlamydomonas reinhardtii has been chosen

to be a model species for studying photohydrogen production

because its Fe-hydrogenase, the key enzyme for H2 produc-

tion, has high activity, its culture is easy, and its genomic

background is comprehensible (reviewed by Ref. [14]).
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while O2 is the principal product of algal photosynthesis,

leading to low efficiency of H2 production and inhibiting in-

dustrial utilization of this technology. Many efforts, relying on

physiochemical and molecular biology methods, have been

attempted to enhance H2 productivity in algae. The landmark

method is to use a sulfur-deprived medium for the inactiva-

tion of O2 evolution at algal PSII (Photosystem II) under illu-

mination, to create an anaerobic condition and enactive Fe-

hydrogenase [13], thus finally to significantly prolong H2 pro-

duction time for better H2 yield.
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Aside from the above method, strategies of co-cultivation of

algae andbacteriawere also attempted. For instance, Kawaguchi

et al. [8] grew photosynthetic bacterium Rhodobiummarinum and

Lactobacillus amylovorus along with algal biomass for metabo-

lizing the algal starch into lactate as an electron donor for

hydrogen production in bacteria. Melis et al. [12] co-cultivated

photosynthetic, hydrogen-producing algae (wild type and

genetically engineered for reduced sulfate utilization) with a

hydrogen-producing bacterium, Rhodospirillium rubrum for a

successfulenhancementofH2production.Kimetal. [9]described

that incubation of algal biomass of C. reinhardtii with Clostridium

butyricumandRhodobacter sphaeroidesKD131underanaerobicand

photosynthetic fermentation conditions to improve H2 produc-

tion. Similar results have also been reported by Refs. [15,16].

Actually, microalgae in large-scale cultivation are always

associatedwithgrowingof othermicrobes, and thesemicrobes

often conversely affect algal growth and metabolism. Wata-

nabeetal. [23]had isolated fourbacterial strainsandone fungal

strain fromagreenalgaChlorella sorokiniana culture andproved

that bacterium Microbacterium trichotecenolyticum and funga

Acremonium-likehyphomycete couldpromoteChlorellagrowth.

Rivas et al. [20] had isolated and identified two species, Pseu-

domonas sp. and Rhizobium sp. from microalgal Botryococcus

braunii cultures, and found Rhizobium sp. increased the algal

growth significantly. Park et al. [18] also reported that the iso-

lated bacteria, highly homologous with Brevundimonas nasdae

and Brevundimonas vesicularis, improved algal growth in a long-

term laboratory culture of the green alga Chlorella ellipsoidea.

These cases show that the interaction between algae and its

symbionts involved both mutualism and commensalism.

In our laboratory, repeated routine cultures of C. reinhardtii

straincc849 (Cr849)wereeasily contaminatedbybacteria.After

contamination, the liquid media of algal cultures became

slightlymilky, and somecolonieswithwhite or yellowish color

and round shape formed on agar plates during algal sub-

cultures, showing itmight be bacterial contamination.Wealso

found thesebacteria could coexistwith thealgaeonagarplates

for a long term. However, what these bacteria are andwhether

theyaffect thegrowthandH2productionofC. reinhardtiiarenot

clear. In this study,we isolatedandpurified threebacteria from

the contaminated cultures of Cr849 on different media, iden-

tified them based on phylogenetic analyses of 16S rDNA se-

quences, andalso investigated theireffectsonalgal growthand

H2 production. The results will direct algal culture strategy for

further improvement of H2 productivity of C. reinhardtii.
2. Material and methods

2.1. Algal materials and cultures

The regular culturing and purification of Cr849 were carried

out as our previous reports [6,24] or in the Supplemental

Material S.1 and S.2.

2.2. Isolation of bacteria from contaminated algal
cultures

1ml of contaminated algal cultures at different growth periods

were taken and diluted by 10�1, 10�2 and 10�3 times with the
sterile Triseacetateephosphate (TAP, pH 7.0) medium before

streaked on TAP agar plates, TAP-LB agar plates (mixed by TAP

medium and LBmedium [21] with the volume ratio at 1:1) and

YEMagar plates [19], respectively. The cultureswere incubated

at 25 �C, 28e30 �C and 37 �C, respectively, until bacterial col-
onies grew up. The colonies were picked up one by one and

subcultured on the solid media, on which they originally grew

up, for many times to get pure colonies.
2.3. Preparation of bacterial genome DNA

A2mlofeach isolatedbacterialcolonycultures in theexponential

growthphasewere taken forDNAextractionby the routineNaCl-

CTABmethod [21], as mentioned in Supplemental Material S.3.
2.4. Phylogenetic analysis based on 16S rDNA sequences

Bacterial 16S rDNA fragments were amplified as reported by

Park et al. [18] or as in the Supplemental Material S.4,

sequenced in Beijing Genomics Institute, Shenzhen, China.

The sequences were analyzed by using BioEdit and Blast

programs in GenBank (www.ncbi.nlm.nih.gov/blast/Blast.cgi)

and aligned by using ClustalX V2.0 software. The phylogenetic

trees were calculated by using the maximum likelihood al-

gorithm with full-length 16S rDNA sequences of nearest

neighbours for determination of their phylogenetic position.
2.5. Co-cultures of algae and isolated bacteria and their
growth, O2, H2 measurements

Both purified algal and bacterial cultures were collected at the

late exponential phase, washed for three times, resuspended

in fresh TAP medium with cell densities at 1� 107 cellsml�1

(for algae) and OD600 of 1.0 (for bacteria), mixed together at

variant ratios, respectively, and grew at 25 �C in 60 mmol

m�2 s�1 of light intensity, the optimized conditions for algal

growth and hydrogen production proved in our previous work

[26], to observe their growth, O2 evolution andO2 consumption

or H2 and O2 contents in the headspace of the cultures for 1e2

weeks [11,24]. Purified cultures of Cr849, L2, L3, and L4were set

as the control. The detail procedures were in Supplemental

Material S.5 and S.6.
3. Results

3.1. Isolation and identification of alga-associated
bacteria

C. reinhardtii is frequently contaminated by bacteria in labo-

ratory routine cultures, but sometimes the algal growth on

TAP plates seems not to be affected by bacteria. In this work,

we used three different agarmedia to isolate bacteria from the

contaminated algal cultures of Cr849. After five rounds of

isolation and purification, two single colonies, named L2 and

L3, which were transparent, small-size colony and milky yel-

low color, big-size colony, respectively, were isolated from the

TAP-LB plate. One single colony, named L4, with small-size

and transparent color, was isolated from the YEM plate.

http://www.ncbi.nlm.nih.gov/blast/Blast.cgi
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Three above isolated bacterial colonies were identified by

sequencing of their 16S rDNA genes and phylogenetic analysis

respectively. The results showed that 16S rDNA sequences of

L2, L3 and L4 had high similarity, up to 99%, 100% and 99%,

with that of Stenotrophomonas maltophilia strain 776, Micro-

bacterium paraoxydans strain 591 and Pseudomonas sp. A8,

respectively, based on the GenBank data (Fig. 1). The 16S rDNA

gene sequences of L2, L3 and L4 were submitted to the Gen-

bank with the accession number of JQ946047, JQ946048, and

JQ946049, respectively.
3.2. The growth of co-culture of algae and isolated
bacteria

To study the effect of isolated bacteria on the growth of Cr849,

each isolated bacterial solution, with the cell concentration at

OD600 of 1.0, was added into the purified algal culture with the

volume ratio (bacteria to algae) of 2 ml:30 ml. The growth of

co-cultures was detected every day for 7 days. Pure cultures of

Cr849, and bacteria L2, L3 and L4 were set as the control,

respectively (Fig. 2A). The results showed that the growth

periods of both bacteria and algae were not affected signifi-

cantly after co-cultivation, compared with those of control

cultures (Fig. 2A, B). For bacteria, they all grew to saturation

levels within 2 days and kept in constant in the following days

both in their pure-culture and co-culture conditions (Fig. 2A).

Moreover, the growths of all three bacteria were improved

obviously by co-cultivation with algae (Fig. 2A). For algae, the

maximal algal cell density of all the cultures appeared on Day

4 (Fig. 2B). Furthermore, L2 and L3 did not inhibited algal

growth significantly, and theirmaximal algal cell densitywere
Fig. 1 e Phylogenetic analysis of bacteria isolated from contam

rDNA sequences. Phylogenetic trees were constructed by the boo

branch points indicate bootstrap confidence values as the perce

parentheses represent the sequences’ accession number in Gen
about 3.67� 107 ml�1 and 3.48�107 ml�1, respectively, similar

to that of purified algal culture, about 3.56� 107 ml�1. On the

contrary, the maximal algal cell density of the co-culture with

L4was only about 2.90� 107 ml�1, with about 18.5% decreased.

Therefore, in moderate inoculation concentration, bacterium

L2 and L3 did not affect the algal growth significantly but

bacterium L4 inhibited the algal growth slightly.
3.3. Effect of isolated bacteria on hydrogen production of
Cr849

To test whether isolated bacteria L2, L3 and L4 affected H2

production of Cr849, each isolated bacterial solution was

mixed with purified algal culture in different inoculation ra-

tios and cultured under hydrogen production condition. The

results showed that all three isolate bacteria promoted algal

H2 accumulation significantly (Fig. 3). Furthermore, the pro-

motion effect was concerned with the inoculation ratio of

algae to bacteria. The maximal H2 yield, about 60.16 mmol,

43.83 mmol and 62.66 mmol, was gained when the algal culture

was mixed with the bacterial solution L2, L3 and L4 in the

volume ratio at 8:1, 200:1 and 8:1, respectively, about 4.0, 2.9

and 4.1 times higher than that of pure algal culture, nearly

15.11 mmol. To increase or decrease the bacterial inoculation

quantity consequently led to a decrease in the algal H2 accu-

mulation of the co-cultures (Fig. 3).

At the optimal inoculation ratio of algae to isolated bacteria

for the maximal H2 production, the dynamics of H2 and O2

accumulation in the headspace of the cultures were moni-

tored (Fig. 4A, B). The results showed that H2 accumulation of

the co-cultures lagged in the first 5 days but increased rapidly
inated cultures of C. reinhardtii strain cc849 based on 16S

tstrapping andmaximum-likelihood rule. Numbers at each

ntage of 1000 bootstrap replications. Numbers in

Bank. Bar indicates 0.01 substitutions per nucleotide.
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Fig. 2 e Growth of bacteria L2, L3 and L4 (A) as well as the co-cultures of Cr849 and isolated bacteria L2, L3 and L4 (B). The growth of bacteria was indicated by their

absorbance at 600 nm (A). The growth of Cr849 was shown by cell numbers accounted under the microscopy (B).
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Fig. 3 e The effects of different bacterial cell density on the hydrogen production of C. reinhardtii strain cc849. “C” in X-axile

refers to “control”.
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and significantly from Day 6 and reached the maximal levels

at Days 9e10 (Fig. 4A). Especially for the algal co-culture with

L2 and L4, the maximal H2 accumulation reached

60.1e61.5 mmol, which was 4.0e4.1 times higher than that of

the single Cr849 culture. While the maximal H2 production of

the algal co-culture with L3 was around 44.0 mmol, about 2.9

times higher than that of the single Cr849 culture.

On the contrary, the O2 content in the headspace of each

co-culture decreased more quickly than that of the pure algal

and bacterial cultures (Fig. 4B) and reached minimal level at

5.7e6.4% on Day 2 and kept in such low levels in the following

days. Whereas O2 content in the headspace of the single algal

and bacterial culture decreased gradually to 7.6% and 6.6%,

respectively, until Day 6 and kept in such high level in the

following days.

3.4. Oxygen evolution and consumption in the co-
cultures of algae and bacteria

Using a Clark-type electrode, the changes of dissolved oxygen

contents (DOC) in the co-cultures of Cr849 and isolated bacteria

L2, L3 and L4 were measured respectively in both normal TAP

and TAP-S medium. We found, in TAP medium, there was no

net photosynthetic oxygenevolutiondetected, evenunder high
light intensity (data not shown). However, the respiration rates

of the co-culture systems were obviously enhanced compared

with that of thepure algal culture (Fig. 5). During 7-day’s period,

the respiration rate of the pure algae kept constant at

4.46e4.49 mmolO2mg�1 chl h�1, while those of the co-cultures

were all increased gradually since the first day of co-

cultivation and arrived the saturation level on Day 6, about

5.61 mmolO2mg�1 chl h�1, 5.51 mmolO2mg�1 chl h�1 and 5.31

mmolO2mg�1 chl h�1 for the algal co-cultures with L4, L2 and

L3, respectively, for about 25%, 23% and 18%higher than that of

the pure algal culture, respectively.

InTAP-SmediumforH2 production, photosynthetic oxygen

evolution of the co-cultures was inhibited due to sulfur

deprivation andnot detectable neither (data not shown). In the

first 3 days of the cultivation, the respiration rate of the pure

algal culture kept at about 4.68e6.59 mmolO2mg�1 chl h�1

(Fig. 6), whereas those of the co-cultures with isolated bacteria

were extremely stimulated in the first two days but could not

be detected since the 3rd day. Particularly for the algal co-

cultures with L2 and L4, the highest respiration rate on the

1st day was about 34.796e36.273 mmolO2mg�1 chl h�1, which

was 7e8 timeshigher than that of purified algae, but decreased

by almost 45% on the 2nd day. The respiration rate of the algal

co-culture with L3 was slightly less than other two bacteria’s

http://dx.doi.org/10.1016/j.ijhydene.2013.02.102
http://dx.doi.org/10.1016/j.ijhydene.2013.02.102


Fig. 4 e The kinetics of H2 accumulation (A) and O2 consumption (B) in the headspace of the cultures of pure algal culture and its co-cultivation with isolated bacteria at

optimal inoculation ratios.
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Fig. 5 e The respiration rate of Cr849 and its co-cultures with isolated bacteria in TAP medium.
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co-cultures, around 26.796 mmolO2mg�1 chl h�1 on 1st day

and decreased by 50% on the 2nd day in TAP-S medium.
4. Discussion

Cr849 is used to study the mechanism of green algal photo-

hydrogen production in our laboratory though its hydrogen

productivity is lower than the common used strain cc124 [25]

because it is a cell wall-deficient mutant and easy for molec-

ular manipulations. The algae are frequently contaminated

during routine culture work, especially in large-scale cultures.

Faintlymilky bacterial colonies formed along the algal colonies

and coexisted with the algae on agar plates for a long term. In

this work, we isolated three bacteria, named L2, L3 and L4,

from contaminated cultures of Cr849 and identified by the

phylogenetic analysis based on their 16S rDNA sequences. L2,

L3 and L4 showed high similarity, up to 99%, 100% and 99%, to

S. maltophilia strain 776, M. paraoxydans strain 591 and Pseudo-

monas sp. A8, respectively (Fig. 1). S. maltophilia is an aerobic,

nonfermentative, gram-negative bacterium and ubiquitous in

aqueous environments, soils, plants and foods (frozen fish,

milk, eggs, etc.) [3]. M. paraoxydans is a strictly aerobic, gram-

positive, coryneform bacterium [10]. Pseudomonas species are

strictly aerobic, gram-negative, rod-shaped bacteria that are

found in most saprotrophic soil and water habitats and have a

very diverse metabolism, including the ability to degrade

organic solvents which are significant to the environment and
used in bioremediation to control pollution [17]. All these

bacteria are aerobic, grow well around 25e30 �C and in low

nutrition supplies by using a variety of carbon and nitrogen

sources for growth, which C. reinhardtii could supply for.

Pseudomonas, Bacillus, Microbacterium and Agrobacterium are

usually plants endosymbionts in nature [4], which refer to that

microorganisms in certain stage of life history live in living

plant tissues, without causing significant plant disease [7],

widely distributed in lower plants and higher plants [4]. In this

work, purified bacterium L2 of Stenotrophomonas genus, bac-

terium L3 of Microbacterium genus and bacterium L4 of Pseu-

domonas genus could long-term habitat with Cr849 on the TAP

agar plate at room temperature in laboratory conditions,

seemed no toxic to the algae. However, their relationship and

interaction mechanism with C. reinhardtii need further study.

Especially for bacterium L4, it shows high similarity to Pseu-

domonas sp. A8, which was reported to be also found in the

cyanobacterial cultures [22].

Furthermore, these bacteria considerably enhanced H2

accumulation of Cr849 (Figs. 3 and 4). The maximal H2 yield of

the co-cultures of the isolated bacteria and algae was about 4

times higher than that of the pure algal cultures of Cr849,

equal to the common H2 yield of green algae [25]. These bac-

teria could be thought to be stronger than the one produced by

genetic techniques because they are isolated from natural

algae cultures. Therefore, these bacteria have potential to be

used to improve the H2 production of C. reinhardtii by intro-

ducing them with proper concentrations into the algal

http://dx.doi.org/10.1016/j.ijhydene.2013.02.102
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Fig. 6 e The respiration rate of C. reinhardtii strain cc849 and its co-cultures with isolated bacteria in TAP-S medium and

anaerobic conditions for hydrogen production.
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cultures in hydrogen production conditions. Furthermore,

these bacteria are aerobic and cannot survive for long time in

the anaerobic hydrogen production condition, indicating the

utilization of these bacteria for this purpose is easily under

control when considering the problems of environmental

protection.

The main reason for the improvement of H2 accumulation

of the co-cultures of isolated bacteria and algae was demon-

strated to be the increase of the respiration rate of the co-

cultures both under normal conditions (Fig. 5) and under

anoxia conditions (Fig. 6). Especially under anoxia condition

for H2 production, the respiration rates of co-cultures of bac-

teria L2 and L4 with algae were 7e8 times higher than that of

the purified algal culture (Fig. 6). High respiration rates in the

co-cultures of bacteria and algae led to rapid O2 consumption

in the cultures, resulting in the improvement of activity of

hydrogenase, the anaerobic-induced enzyme, and thus lead-

ing to enhancement of H2 yield. The results were in accord

with the aerobic characteristics of these bacteria. However,

high concentrations of isolated bacteria inhibited the H2 yield

of the co-cultures (Fig. 3). One reason may be that a large

quantity of bacterial fermentation metabolites under anaer-

obic condition inhibited the H2 metabolism of C. reinhardtii.

Another reason might be that high concentrations of bacteria

competed carbohydrate materials, which provide protons and

electrons through glycolysis pathway, with H2 metabolism of

C. reinhardtii [5].
Most interestingly, thenet photosynthetic oxygen evolution

of theco-culturesof isolatedbacteriaandpurifiedalgaewasnot

detectable even under normal culture condition and in normal

TAP medium (data not shown). The main reason might be the

increase of the respiration rate of the co-cultures, even though

it was only 18e25% increased comparedwith that of pure algal

cultures. However, because the DOC which can be used for the

respiration metabolism in liquid medium is much lower than

that in the air, even small decrease or increase of DOC in the

mediumwould cause significant effects on algal essential me-

tabolisms, including respiration and photosynthetic metabo-

lisms. Further examination on algal cell growth showed that

algal cells begun to break after one week of the co-cultivation,

indicating that such low oxygen condition or fermentation

metabolism in such condition, possibly also including bacterial

toxicity, seriously inhibitedalgal normal growingprocess in the

co-cultures. The detail reason should be revealed by using

further physiological, biochemistry andmolecular techniques,

which were undergoing in our laboratory.
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