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Introduction

Agricultural soil provides an excellent ecological niche

for microbial diversity governed by the soil and type of

vegetation [14]. In particular, the rhizosphere, soil close to

plant roots, is considered to be an environment rich in

substrates for microbes, particularly for those that are

associated with the roots of plants, such as various

heterotrophic bacteria and fungi, as well as phototrophs

like cyanobacteria and microalgae [9]. Rhizospheric

microbes actively respond to the variety of metabolites

released by plant roots. These microbes along with their

metabolites also interact with plant roots in a variety of

beneficial, harmful, and harmless ways [32, 33]. These

interactions can control not only plant growth and

development but also alter the plant's susceptibility to disease

and abiotic stress [33]. In return, the plants modify the

rhizospheric environment by providing the microorganisms

with substrate through root exudates [28]. Plants secrete

more than 40% of their photosynthates in the form of root
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Microorganisms that live in the rhizosphere play a pivotal role in the functioning and

maintenance of soil ecosystems. The study of rhizospheric cyanobacteria has been hampered

by the difficulty to culture and maintain them in the laboratory. The present work investigated

the production of the plant hormone indole-3-acetic acid (IAA) and the potential of biofilm

formation on the rhizoplane of pea plants by two cyanobacterial strains, isolated from rice

rhizosphere. The unicellular cyanobacteria Chroococcidiopsis sp. MMG-5 and Synechocystis sp.

MMG-8 that were isolated from a rice rhizosphere, were investigated. Production of IAA by

Chroococcidiopsis sp. MMG-5 and Synechocystis sp. MMG-8 was measured under experimental

conditions (pH and light). The bioactivity of the cyanobacterial auxin was demonstrated

through the alteration of the rooting pattern of Pisum sativum seedlings. The increase in the

concentration of L-tryptophan and the time that this amino acid was present in the medium

resulted in a significant enhancement of the synthesis of IAA (r > 0.900 at p = 0.01). There was

also a significant correlation between the concentration of IAA in the supernatant of the

cyanobacteria cultures and the root length and number of the pea seedlings. Observations

made by confocal laser scanning microscopy revealed the presence of cyanobacteria on the

surface of the roots and also provided evidence for the penetration of the cyanobacteria in the

endorhizosphere. We show that the synthesis of IAA by Chroococcidiopsis sp. MMG-5 and

Synechocystis sp. MMG-8 occurs under different environmental conditions and that the auxin

is important for the development of the seedling roots and for establishing an intimate

symbiosis between cyanobacteria and host plants. 

Keywords: Auxin, bioassay, Chroococcidiopsis sp., cyanobacterial biofilms, indole-3-acetic acid,

Pisum sativum, plant hormone, Synechocystis sp. 
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exudates that can be actively released from the root

(including mucilage) and passively released (diffusive

compounds) owing to osmotic differences between the soil

solution and the cell [33, 42]. Soil microbes are sensitive to

changes in the environmental conditions that prevail in the

rhizosphere. Cyanobacteria are well-known for their

capacity to produce a variety of secondary metabolites of

which many are infochemicals [22]. Many cyanobacterial

secondary metabolites influence plant growth and

development [24]. Cyanobacteria have been reported to

give a benefit to plants by producing growth-promoting

substances (resembling auxin and giberellin), vitamins,

polysaccharides, and antibacterial and antifungal compounds.

Production of phytohormones is not limited to plants.

Certain microbes, including cyanobacteria, produce all

known phytohormones [42, 44]. The capacity of microbes

to synthesize secondary metabolites such as auxins varies

with minor fluctuations of environmental conditions in the

surroundings [10]. The microbes adapt to the rhizospheric

conditions to sustain their growth and maintain their

metabolic activity [7]. Auxin-producing cyanobacteria have

been reported to stimulate plant growth in vitro [24], in a

hydroponics system [31], as well as under field conditions

[23]. Surprisingly, although cyanobacteria are phototrophic

organisms, they are able to inhabit and live in the dark

rhizosphere. Root colonization of cyanobacteria is not

limited to the ectorhizoshpere (the soil immediately adjacent

to the root) and rhizoplane (root epidermal and mucilage

layer) but also extends to the endorhizosphere (root tissue

including the endodermis and cortical layers) [2]. Some

cyanobacteria penetrate the root cells and grow intracellularly

[38]. The effectiveness of rhizospheric microbe at promoting

growth depends on its density in the rhizosphere, and once

a critical microbial density is reached then the biofilm as a

whole acts as a plant growth-promoting unit [33]. Furthermore,

owing to their extracellular polymeric coating, cyanobacteria

have the ability to attach to solid substrates or to other

organisms and form biofilms [26]. Pisum sativum is a dicot,

commonly used as an experimental plant in many

microbiological, physiological, genetical, and ecological

studies [41, 43]. Its seedlings with hairy roots are used in

bioassays with phytohormones [5, 19]. Thus, cyanobacteria

that have the ability to produce auxin and form biofilms on

roots may be interesting for biotechnological application in

agriculture. The purpose of this study was to assess the

capability of two unicellular rhizospheric cyanobacteria to

form biofilms on seedling roots and to synthesize the plant

hormone auxin under relevant environmental conditions

(such as low pH and less light).

Materials and Methods

Strains and Growth Conditions

The unicellular cyanobacteria Chroococcidiopsis sp. MMG-5 and

Synechocystis sp. MMG-8 have been isolated from rice rhizosphere

in the agricultural fields of the University of Punjab, Lahore,

Pakistan (31°30’13’’ N , 74°17’47.05’’ E), in September 2006, using

standard cyanobacterial isolation and purification techniques [2].

The isolates were characterized by 16S rRNA gene sequencing

technique, and the GenBank accession numbers are FJ839355 and

FJ839359, respectively. Axenic cultures were maintained in BG-11 [39]

medium, kept under constant conditions with light (~150 µE/ m2/s)

provided by four 18W fluorescent tubes at a 16:8 light:dark cycle

and the temperature maintained at 26 ± 2°C.

Morphology

The cyanobacteria were observed by light microscopy and

confocal laser scanning microscopy (CLSM) following the methods

described previously [2]. The cyanobacteria were dispersed in

warm liquid agarose (1% (w/v)) on an object glass and covered

with a cover slip and observed with a light microscope (Zeiss

Axiophot, Oberkochen, Germany) using differential interference

contrast (DIC) microscopy. CLSM was performed using a TCS-NT

microscope (Leica, Heidelberg, Germany) equipped with an Argon-

Krypton laser. Autofluorescence from cyanobacterial chlorophyll a

and phycobiliproteins was used for observation without staining.

The organisms were excited by wavelength 488 nm, and emitted

wavelengths were collected with a 590 nm long-pass filter.

Determination of Chlorophyll a Concentration

For the estimation of growth, chlorophyll a was determined

following the method of Tandeau de Marsac and Houmard [46].

Harvesting of the cyanobacteria was done by centrifugation at

10,000 ×g for 10 min at 4oC. The pellets were extracted by 80%

methanol for 2 h in the dark at 4°C. The extract was centrifuged at

10,000 ×g for 10 min at 4oC, and the absorbance of the supernatant

was measured spectrophotometrically at 665 nm against 80%

methanol. The chlorophyll content (µg/ml) was calculated from

the absorption at 665 nm (OD665nm) × 13.9. 

Extraction of IAA

Released and intracellular auxins were extracted from the spent

culture media and from the cyanobacterial cells, respectively, as

reported previously [3, 42]. Briefly, 3-week-old cultures (incubated

with 1,000 µg/ml of L-tryptophan supplementation) were harvested

by centrifugation at 10,000 ×g for 20 min at 4°C. For estimation of

extracellular IAA, the pH of the supernatant was adjusted to 2.8

(using 1.0 M HCl) and extracted three times with three volumes of

ethyl acetate. The extracts were evaporated at 37°C using a rotary

evaporator (Heidolph LABOROTA, Cole-Parmer, IL, USA) and

the aqueous fraction during extraction was adjusted to pH 7.0

(using 1.0 N NaOH) and extracted three times with water-

saturated n-butanol, followed by drying in a rotary evaporator.
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The extracts obtained were filtered through membrane filters

(Millipore, 0.45 µm). For intracellular IAA, the cyanobacterial cells

were homogenized in liquid nitrogen using a mortar and pestle.

IAA was extracted overnight at 4°C in 80% methanol containing

10 mg/l butylated hydroxytoluene as the antioxidant. The methanolic

fraction was centrifuged at 5,000 ×g for 10 min at 4°C, followed by

filtering through filters (nominal pore size 1.2 µm; GF/C, Whatman).

The filtrate was partitioned with ethyl acetate and water-saturated

n-butanol as described above. The organic phases were dried

under a stream of nitrogen gas and the residues were re-dissolved

in methanol. All extracts were stored at -18°C and assayed within

48 h.

Determination of Concentration of IAA

IAA was measured by the Salkowski colorimetric method [18].

Cyanobacteria were grown in BG-11 medium supplemented with

L-tryptophan (500 µg/ml). After 18 days of incubation, the cultures

were harvested by centrifugation at 10,000 ×g for 10 min at 4°C.

The spent medium was filter-sterilized (Millipore filter, 0.45 µm)

and mixed with two parts of Salkowski reagent (1 ml of 0.05 M

FeCl3 mixed with 50 ml of 35% HClO4), and then incubated for

30 min in the dark at room temperature. The appearance of red

color indicated the presence of an IAA. The absorption was

measured spectrophotometrically at 535 nm against a control of

1 ml culture medium and 2 ml of Salkowski reagent. A standard

curve was made from a concentration series of indole-3-acetic acid

(3-indoleacetic acid; Sigma-Aldrich) solutions. All measurements

were done in triplicate.

Effect of L-Tryptophan on IAA Production

IAA was determined in the culture medium at regular intervals

during 5 weeks as described previously [3]. Each strain of

cyanobacterium was inoculated in six flasks containing 100 ml of

BG-11 medium supplemented with L-tryptophan (250, 500, 750,

1,000, 1,250, and 1,500 µg/ml). Another flask was used as the

control and was not inoculated. Every week, cells from one flask

were harvested for the estimation of cyanobacterial growth

(chlorophyll a) and for the measurement of released IAA. Each

experiment was performed in triplicate.

Effect of pH on IAA Exudation

The effect of pH on the synthesis and exudation of IAA by

Chroococcidiopsis sp. MMG-5 and Synechocystis sp. MMG-8 was

measured. For each of the two strains, five flasks were inoculated,

containing 100 ml of BG-11 medium supplemented with 500 µg/

ml 
L-tryptophan but adjusted to different pH values (5, 6, 7, 8, and

9) by adding HCl or NaOH. After three weeks of growth, the

cultures were harvested and IAA was measured [3]. 

Effect of Light-Dark Regime on IAA Production

Chroococcidiopsis sp. MMG-5 and Synechocystis sp. MMG-8 were

inoculated into 100 ml of BG-11 medium supplemented with

500 µg/ml L-tryptophan. Cultures were grown for three weeks

under four light-dark regimes: 16:8, 8:16, 24:0, and 0:24 h. Cultures

were harvested and IAA was measured from the spent media [3].

Effect of Nitrate on IAA Production

The strains MMG-5 and MMG-8 were grown in BG-11 medium

supplemented with 500 µg/ml L-tryptophan in two sets. The first

set contained 1.5 g/l NaNO3, whereas the second set lacked

NaNO3. Cultures were harvested after three weeks of growth and

IAA was measured in the spent media. 

Quantification of IAA by GC-MS

Chroococcidiopsis sp. MMG-5 and Synechocystis sp. MMG-8 were

grown for three weeks in BG-11 medium supplemented with

500 µg/ml 
L-tryptophan, after which 5 µg/ml of 5-methoxy-

indole-3-acetic acid (5-Me-IAA; Sigma-Aldrich) was added to the

cultures as an internal standard. Both intracellular and extracellular

IAAs were extracted and analyzed by GC-MS following the

method of Gutierrez et al. [20].

Root Bioassay 

The IAA bioactivity of both cyanobacterial strains was

demonstrated by assessing the effect of culture supernatant on the

root growth of pea (P. sativum var. Climax), as described

previously [1, 3]. Pea seeds were obtained from the Punjab Seed

Corporation, Lahore, Pakistan. Seeds were surface sterilized by

washing them for 5 min in 0.1% HgCl2 followed by repeated

washing with sterile distilled water. Subsequently, the seeds (7-

8 seeds) were placed in Petri dishes containing two layers of

Whatman filter paper, which served to retain the moisture. Cultures

of strains MMG-5 and MMG-8 incubated with 1,000 µg/ml of

L-tryptophan were centrifuged at 10,000 ×g for 10 min in sterile

tubes. Filter-sterilized (Millipore filter, 0.45 µm) supernatant (1,

2.5, and 5 ml) was added to Petri dishes along with MilliQ water

(Millipore Corporation, MA, USA) to make a total volume of

10 ml. The Petri dishes were kept in the dark for germination of

the pea seeds. After germination the dishes were transferred to a

16:8 light:dark (200 µE/m2/s) regime. The number and length of

the roots of the seedlings were determined in triplicate after

10 days. These measurements were repeated with supplementation

of filter-sterilized supernatant of the cyanobacteria from cultures

of different age (1-6 weeks). IAA was measured colorimetrically

with the Salkawski reagent from the spent media at each

measurement.

Biofilm Formation

Pea seeds were germinated in Petri dishes under axenic conditions

for 10 days (16:8 h light:dark period, and light intensity of

200 µE/m2/s). Subsequently, the seedlings were suspended in

50 ml tubes with their roots immersed in 25 ml of 10-fold diluted

BG11 medium. Three-week-old cyanobacteria cultures were

harvested by centrifugation at 10,000 ×g for 10 min and suspended

in 10 ml of sterile MilliQ water (Millipore Corporation, MA, USA).

Cyanobacteria were added to the suspension of seedling roots to a
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final amount of 2 µg chl-a/ml. Tubes were incubated at 25°C at a

16:8 h light-dark cycle (200 µE/m2/s light intensity) for 7 days to

allow for biofilm formation on the seedling roots. Subsequently,

the seedling roots were excised, and loosely attached cyanobacterial

cells were removed by washing with sterile MilliQ water by

squeeze bottle. The presence of cyanobacterial biofilm was observed

by CLSM [2].

Confocal Laser Scanning Microscopy

CLSM of the roots and the image analysis were done as

previously described [2, 4]. The root cells were stained overnight

with the fluorescent dye 5-(4,6-dichlorotriazinyl) aminofluores

(DTAF; Cat. # D-16; Invitrogen Corporations, USA) (1 mM).

Excess stain was removed by washing twice with phosphate

buffer saline, pH 8 (1×), followed by two washings with 0.1 M

carbonate buffer, pH 9. CLSM was performed using a TCS-NT

microscope (Leica, Heidelberg, Germany) equipped with an

Argon-Krypton laser. For simultaneous imaging of emission

fluorescence from DTAF and autofluorescence of chlorophyll a

and phycobiliproteins, root sections were excited by 488 nm.

Emitted wavelengths from DTAF were collected using band-pass

filter 530/30 and autofluorescence with a 590-nm-long pass filter.

Images were obtained from the same field at different depths. To

visualize the cyanobacterial colonization, the root surface was

observed, and a stack of images was generated to a depth of 10-

20 µm. The acquired images were analyzed with Leica TCS NT/

SP scanware (ver. 1.6.587) software. Overlaid images were generated

by the outputs of two channels and a maximum projection

algorithm was applied. All figures were produced and edited

with Adobe Photoshop CS3 ver. 10.0.1.

Statistical Analysis

Data were statistically analyzed using the IBM SPSS personal

computer statistical package (ver. 20; SPSS Inc, Chicago, IL, USA).

The Student’s t-test was performed to measure significant difference

between the intra- and extracellular IAA pools (p < 0.05). Analysis

of variance (ANOVA) was performed, and the means were

separated using Duncan’s multiple range test (p < 0.05). The degree

of association of IAA with precursor or time was determined by

Pearson’s correlation (p < 0.05 and 0.01). 

Results

Strain Characteristics

The two strains of cyanobacteria grew differently in BG-

11 medium. Chroococcidiopsis sp. MMG-5 formed aggregates

(Fig. 1A), while Synechocystis sp. MMG-8 grew homogenously

(Fig. 1B). 

Effects of Culture Age and L-Tryptophan Concentration

on IAA Production 

Colorimetric analysis of the cyanobacterial culture

supernatants revealed that both tested parameters (i.e.

culture age and initial L-tryptophan concentration) in media

significantly (ANOVA, p < 0.05) affected IAA production

by the two cyanobacteria. The estimated IAA increased with

culture age (r = 0.986, – 0.995, p = 0.01) and the concentration

of the precursor L-tryptophan (r = 0.955 – 0.977, p = 0.01)

(Tables 1 and 2). In both cyanobacteria, the highest

concentration of IAA was detected after 5 weeks of growth

and with 1.5 mg/ml of L-tryptophan, amounting to 38.2

and 66.0 µg/g chl-a of IAA in Chroococcidiopsis sp. MMG-5

and Synechocystis sp. MMG-8, respectively. The IAA

production rate depended on the initial L-tryptophan

concentration in the media. In media with ≤500 µg/g chl-a

of L-tryptophan supplementation, the IAA production rate

was up to 6 µg/g chl-a/week, whereas in media with

>500 µg/g chl-a of L-tryptophan, the IAA production rate

was higher than 14 µg/g chl-a/week after 1 week of

incubation.

Intra- and Extracellular IAAs

Both strains of cyanobacteria accumulated IAA intracellularly

and released it in the medium during the 5 weeks of the

experiment and showed a similar pattern of gradual increase

in released and intracellular IAA with culture age (Figs. 2A

and 2B). The maximum extracellular IAA was 60 µg/g chl-

a in Synechocystis sp. MMG-8 after 5 weeks of cultivation,

which was 33% higher than the extracellular IAA produced

by strain MMG-5 (45 µg/g chl-a) during the same cultivation

time. The intracellular IAA concentration was in the same

order of magnitude in both cyanobacteria. The maximum

intracellular IAA in MMG-8 cultures of 5 weeks was up to

31 µg/g chl-a, 14% higher than the 27 µg/g chl-a that was

in strain MMG-5 of the same age.

Fig. 1. Morphological characteristics of cyanobacterial strains

(A) Chroococcidiopsis sp. MMG-5 under differential interference

contrast (DIC) microscopy and (B) Synechocystis sp. MMG-8

under confocal laser scanning microscopy. 

Bars = 10 µm.
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Effect of pH on IAA Synthesis

The pH of the medium significantly affected the synthesis

of IAA. IAA production in both cyanobacteria was

enhanced by an acidic pH. Chroococcidiopsis sp. MMG-5

produced the highest amount of IAA (up to 43 µg/g chl-a)

at pH 6, whereas Synechocystis sp. MMG-8 exuded the

highest amount of IAA (more than 45 µg/g chl-a) at pH 5.

Quantities of IAA decreased gradually with an increase in

media pH up to 9 (Table 3). 

Effect of Light Regime on IAA Synthesis

The light:dark period significantly (ANOVA, p < 0.05)

affected IAA production by the two cyanobacteria. The

amount of IAA produced in cultures grown under 8:16 h

light:dark was significantly higher than in cultures grown

under any of the other three light regimes (continuous

light, continuous dark, and 16:8 h light:dark). The maximum

amount of IAA was up to 40 µg/g chl-a for both

Table 1. Time course of auxin concentration in Chroococcidiopsis sp. MMG-5 cultures with different amounts of tryptophan.

Time

(weeks)

Initial tryptophan concentration (µg/g chl-a) Correlation 

coefficients 

(r)a
250 500 750 1,000 1,250 1,500

1 1.58 ± 0.055 3.87 ± 0.058 4.92 ± 0.085 9.68 ± 0.155 11.7 ± 0.179 11.43 ± 0.149 0.965**

2 3.67 ± 0.053 8.32 ± 0.165 11.9 ± 0.281 13.8 ± 0.381 15.3 ± 0.505 17.69 ± 0.455 0.977**

3 4.86 ± 0.073 14.3 ± 0.228 18 ± 0.464 22.95 ± 0.518 23.22 ± 0.720 28.94 ± 0.736 0.965**

4 5.81 ± 0.065 16.12 ± 0.264 23.2 ± 0.608 28.57 ± 0.815 31.88 ± 0.908 32.99 ± 0.980 0.959**

5 7.37 ± 0.060 19.75 ± 0.170 25.65 ± 0.530 34.42 ± 1.116 35.68 ± 1.390 38.2 ± 1.289 0.955**

Correlation

coefficients

(r)b

0.991** 0.986** 0.987** 0.995** 0.990** 0.986**

aCorrelation coefficients (r) of initial tryptophan concentration with given incubation time.
bCorrelation coefficients (r) of incubation time with given initial tryptophan concentration. 

Mean ± SE of three replicates. **Correlation is significant at the 0.01 level; *Correlation is significant at the 0.05 level.

Table 2. Time course of auxin concentration in Synechocystis sp. MMG-8 cultures with different amounts of tryptophan.

Time

(Weeks)

Initial tryptophan concentration (µg/g chl-a) Correlation 

coefficients 

(r)a
250 500 750 1,000 1250 1,500

1 3.87 ± 0.136 5.48 ± 0.121 8.53 ± 0.205 9.24 ± 0.223 13.27 ± 0.115 14.38 ± 0.256 0.912*

2 7.66 ± 0.066 9.77 ± 0.078 16.4 ± 0.088 20.09 ± 0.049 23.96 ± 0.056 28.57 ± 0.102 0.995**

3 9.77 ± 0.057 16.54 ± 0.033 20.83 ± 0.032 22.85 ± 0.033 32.07 ± 0.045 37.97 ± 0.093 0.987**

4 13.27 ± 0.052 23.52 ± 0.034 28.47 ± 0.045 35.18 ± 0.041 44.42 ± 0.033 60.27 ± 0.083 0.983**

5 14.52 ± 0.063 28.38 ± 0.033 34.14 ± 0.011 38.22 ± 0.000 48.77 ± 0.000 66 ± 0.066 0.977**

Correlation

coefficients

(r) b

0.989** 0.983** 0.991** 0.980** 0.992** 0.987**

aCorrelation coefficients (r) of initial tryptophan concentration with given incubation time.
bCorrelation coefficients (r) of incubation time with given initial tryptophan concentration. 

Mean ± SE of three replicates. **Correlation is significant at the 0.01 level; *Correlation is significant at the 0.05 level.

Fig. 2. Intra- and extracellular IAAs. 

Mean values of three replicates. Different letters indicate significant

difference between treatments, using Duncan’s multiple range test

(p = 0.05).
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Chroococcidiopsis sp. MMG-5 and Synechocystis sp. MMG-8

grown under 8:16 h light:dark. There was a marginal

difference between the production of IAA by cultures

grown under 16:8 h light:dark and cultures grown under

continuous light. The cyanobacteria did not grow in the

dark and, consequently, no IAA was produced (Table 3). 

Effect of Nitrate on IAA Synthesis

Chroococcidiopsis sp. MMG-5 could grow without combined

nitrogen and produced IAA under these conditions. IAA

production was significantly higher (ANOVA, p < 0.05)

(28%) in medium containing nitrate. Synechocystis sp.

MMG-8 was unable to grow without combined nitrogen

(Table 3).

Quantification of IAA by GC-MS

Extracts of intracellular and extracellular auxins were

analyzed by using GC-MS in order to verify and quantify

the IAA. The results confirmed the presence of intra- and

extracellular IAAs in both strains. The amount of extracellular

IAA in strain MMG-8 was 17% higher than in strain MMG-

5 (Fig. 3). There was no difference in intracellular IAA

between both strains.

Effect of Supernatant on Root Length and Number of

Lateral Roots

Cyanobacterial supernatant containing high concentrations

of IAA gave a negative effect on root length when

compared with sterile growth medium. Five milliliters of

medium supernatant of Chroococcidiopsis sp. MMG-5 containing

1.58 µg/g chl-a of IAA resulted in an increase of root length

(up to 60%) in one week, as compared with the non-

amended control. The increase of root length became less

with age of the culture and disappeared after 5 weeks,

while after 6 weeks of growth root length started to

decrease (r = -0.995, p = 0.01). Treatment with 1 ml of

supernatant resulted in a gradual increase in root length

with culture age (i.e., increase in IAA) with a significant

positive correlation of 0.974 at p = 0.01 (Fig. 4A). When

using 1 ml of supernatant of Synechocystis sp. MMG-8, root

length increased with a maximum of 81% after 3 weeks of

growth, whereas 2.5 and 5 ml did not result in an increase

of root length, and after 5 weeks of growth the roots

became even shorter than in the control (Fig. 4B).

The number of lateral roots increased when cyanobacterial

culture supernatant was added, and a significant positive

correlation between the number of lateral roots and the

concentration of IAA was found. Five milliliters of

Chroococcidiopsis sp. MMG-5 cultural supernatant after 5

and 6 weeks of growth resulted in the highest increase in

the number of roots (156% and 140%, respectively), as

compared with the control (Fig. 5A). Synechocystis sp.

MMG-8 also increased the number of roots with culture

age and the volume of supernatant added. The highest

stimulation was with 5 ml of supernatant, increasing 149%,

152%, 192%, and 167% after 3, 4, 5, and 6 weeks of growth,

respectively. The correlation of IAA concentration and root

number was highly significant (r = 0.995, p = 0.01) (Fig. 5B).

Table 3. Effect of growth conditions (pH, light:dark period, and nitrates) on auxin biosynthesis (µg/g chl-a) by cyanobacterial

strains.

Strains
pH Light Nitrates

5 6 7 8 9 16:08 8:16 CL CD N+ N-

MMG-5 39 

± 2.12(e)

43 

± 2.36(f)

30 

± 1.24(d)

14 

± 1.17(b)

6 

± 0.77(a)

33 

± 0.83(b)

40 

± 1.54(d)

34 

± 2.33(b)

0 

± 0.00(a)

32 

± 1.29(c)

25 

± 1.12(b)

MMG-8 45 

± 1.73(f)

37 

± 2.43(e)

30 

± 1.92(d)

20 

± 1.02(c)

5 

± 0.85(a)

37 

± 1.22(cd)

42 

± 1.77(d)

35 

± 1.26(b)

0 

± 0.00(a)

28 

± 1.88(b)

0 

± 0.00(a)

16:08, 8:16 = light:dark period in hours; CL = complete light; CD = complete dark.

Mean values of three replicates. Different letters indicate significant difference between growth conditions, using Duncan’s multiple range test (p < 0.05).

Fig. 3. Comparison of intra- and extracellular IAAs in

Chroococcidiopsis sp. MMG-5 and Synechocystis sp. MMG-8 as

analyzed by GC-MS.
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Formation of Biofilms on the Rhizoplane of Pisum sativum

Seedlings 

The cyanobacteria showed ability to colonize the rhizoplane.

Chroococcidiopsis sp. MMG-5 extensively colonized the root

surface and concentrated in the grooves between adjacent

surface cells (Figs. 6A and 6B). Synechocystis sp. MMG-8

was scattered on the root surface but sometimes formed

colonies (Figs. 6C and 6D). Furthermore, the orthogonal

sectioning by CLSM illustrates how the cyanobacteria

invaded the epidermis and the cortex region, because they

appeared inside the root cells or underneath the outermost

layer. Chroococcidiopsis sp. MMG-5 was mainly present at a

depth of 10-15 µm inside the root cells (Fig. 7A).

Synechocystis penetrated the plant cells to a depth of 5-

7 µm (Fig. 7B). 

Discussion

This study shows the ability of rhizospheric unicellular

cyanobacteria to produce IAA and to colonize the roots,

forming a thick biofilm. These two traits are considered to

be pivotal for rhizospheric microbes, and any microorganism

possessing these abilities should be successful in agricultural

ecosystems [35]. 

Cyanobacteria have the ability to attach to surfaces

through their extracellular polysaccharides. Such cyanobacteria

are considered as important colonizers of surfaces and

initiate the development of biofilms [17]. In order to allow

the establishment of an intimate association of rhizospheric

microorganisms, the plant root surface acts as the substrate

to which microbes attach. The roots assist in this process by

Fig. 4. Effect of the volume of spent media (5, 2.5, and 1 ml) of auxin-producing cyanobacteria on the root length of P. sativum. 

The histograms represent auxin content of strains. (A) Chroococcidiopsis sp. MMG-5 and (B) Synechocystis sp. MMG-8. Mean of three replicates;

Correlation coefficient (r) between IAA and root length in different treatments (values beneath the legends). (**Correlation is significant at the 0.01

level; *Correlation is significant at the 0.05 level).

Fig. 5. Effect of the volume of spent media (5, 2.5, and 1ml) of auxin-producing cyanobacteria on root number of P. sativum. 

The histograms represent auxin content of the cyanobacteria. (A) Synechocystis sp. MMG-8 and (B) Chroococcidiopsis sp. MMG-5. Mean of three

replicates; Correlation coefficient (r) between IAA and number of roots in different treatments (values beneath the legends). (**Correlation is

significant at the 0.01 level; *Correlation is significant at the 0.05 level).
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exuding a variety of signal compounds that attract the soil

microorganisms [6]. The formation of a biofilm on the roots

is an important trait of rhizospheric microorganisms, which

prevents them from being dissociated from the plant caused

by various chemical, biological, or physical processes in the

soil [13]. Colonization of microbes on the plant root surface

is not uniform, but instead occurs in patches along the root,

which ultimately covers ~15-40% of the total plant root

surface [32]. The formation of a biofilm depends on several

factors such as the number of attached cells per area of root

surface, ability to withstand abrasive forces, competition

with other microorganisms, and the potential to penetrate

the root cells. Both of the investigated cyanobacteria

colonized the rhizoplane. Once a biofilm formed on the

rhizoplane, the cyanobacteria started to penetrate the root

and colonized intracellular spaces or even penetrated the

root cells or endorhizosphere (root tissue including the

endodermis and cortical layers), probably in order to

establish a more intimate association. It is not clear what

the advantage of the penetration of the root cells is, nor

what the mechanism behind it is. It has been suggested that

proteolytic enzymes play a role in the degradation of the

plant cell wall, thereby allowing the organism to enter the

cell, but it could also be achieved by mechanical force [2,

34]. Furthermore, the extracellular auxins have been

reported to up-regulate the production of cellulases and

hemicelluloses in plants, which ultimately leads to the

disintegration of the cell wall. Such weak patches might be

used by microbes to penetrate the plant roots [20].

The most common pathway for IAA biosynthesis in

plants and microorganisms is from L-tryptophan [42]. Both

strains of cyanobacteria produced IAA only in the presence

of L-tryptophan. Under natural conditions, the plant roots

are the source of L-tryptophan, provided in the form of root

exudates that serve as the substrate for the rhizospheric

microorganisms. Cyanobacteria have been reported to

synthesize IAA from L-tryptophan, and it depends on its

concentration as well as culture age [3, 42]. Synechocystis sp.

MMG-8 converted up to 4.5% of L-tryptophan to IAA. The

metabolism of cyanobacteria is sensitive to environmental

factors such as pH and light [37]. This became apparent by

the effect of pH and light on the IAA biosynthesis.

Generally, cyanobacteria prefer neutral or alkaline pH for

growth [38], but low pH appeared to be favorable for

optimal auxin production. It is well-established that the

rhizosphere is generally characterized by a low pH (pH 5.5),

and many microbial genes involved in the interaction with

plants are expressed higher at this pH. The key gene for

auxin biosynthesis (ipdC) is highly expressed at low pH [16,

40, 48]. The light:dark regime is an important factor for

cyanobacteria, and the metabolic activities are generally

stimulated with the increase of the photoperiod [45]. A

considerable difference was observed in auxin biosynthesis

by the cyanobacteria incubated under various light:dark

regimes. Maximum IAA was detected under a 8:16 h

light:dark regime. Light is directly involved in controlling

the auxin levels in plants by regulating the auxin synthesis

genes and translocation of auxins throughout the plants

[21]. Light regulates the genes that code for enzymes

involved in auxin synthesis and proteins involved in auxin

translocation such as PIN-formed proteins (PIN) and P-

glycoprotein(PGP) [21]. Genes whose products are involved

in tryptophan-dependent IAA biosynthesis are especially

under control by environmental light. By positive and

negative regulation of auxin biosynthesis genes, the plant

maintains a certain auxin concentration, according to what

its developmental stage requires [30, 47]. Auxins, and

especially IAA, are sensitive to light and are readily degraded

through photolysis [15, 27]. Compared with light:dark cycles

with long dark periods, the relatively low amounts of IAA

that were found after the long exposure of the cyanobacteria

to light might have been the result of photolysis of IAA.

Fig. 6. Rhizoplane colonization by cyanobacteria (A and B)

Chroococcidiopsis sp. MMG-5 and (C and D) Synechocystis sp.

MMG-8. 

Images obtained by a confocal laser scanning microscope. Green shows

plant root cells stained with DTAF. Red shows cyanobacterial cells.



Biofilm Formation and IAA Production by Cyanobacteria 1023

August 2014⎪Vol. 24⎪No. 8

The possible reasons for the lower IAA yield in the absence

of nitrate might be that (i) it restricted growth, (ii)

tryptophan appeared to inhibit nitrogen fixation [36], and

(iii) the fixation of nitrogen may have prevented the cells of

synthesizing IAA, thus resulting in a low IAA in the

supernatant. IAA measured by GC-MS gave significantly

lower amounts than the colorimetric method (Salkowski’s

reagent). The difference between the GC-MS technique and

the colorimetric assay is attributed to the fact that the

former only measures the amount of IAA, whereas the

Salkowski reagent also reacts with other indolic compounds

and therefore is a measure of all auxins present [20, 42].

Fig. 7. Display windows of a Z stack in XY horizontal CLSM sections of (A) Chroococcidiopsis sp. MMG-5 and (B) Synechocystis sp.

MMG-8 (red) with seedling roots (green). 

Each slice represents an image at a different depth above the cell surface.



1024 Ahmed et al.

J. Microbiol. Biotechnol.

Hence, both methods do not measure the same, and the

results indicate that other auxins than IAA are produced

and may be involved in the observed effects on the root

development.

Like other phytohormones, auxins are a group of important

signaling molecules involved in the interaction between

rhizospheric microbes and plants that affect plants even at

very low concentrations (10-5–10-6 M) [11, 25]. Roots are the

most sensitive parts of plants with respect to the effect of

auxins. Hence, root length and the number of lateral roots

have been used as a bioassay for auxins, particularly for

IAA [8]. Different volumes of sterile supernatant from the

growth medium of cyanobacterial cultures of different age

were used in the root bioassay in order to detect IAA-like

activity. Pea (P. sativum) was used as the test plant. The

concentration of secreted IAA in the culture supernatant

increased with the culture age. A gradual change in the

root parameters (root length and number of lateral roots)

was observed with the concentration of IAA. The

concentration of auxin in or near roots is critical because a

slight change results in a change in root length. On the one

hand, IAA in low concentration causes an increase in root

length; on the other hand, above a critical concentration,

auxin inhibits the growth of the root or even causes a

decrease of its length. This threshold concentration varies

between different plants [12, 29]. Highly significant correlations

were found between the concentration of IAA in the

supernatant and the root parameters (root length and

number of lateral roots). This could indicate an involvement

of cyanobacterial IAA in the regulation of root growth [3].

Thus, the rhizospheric cyanobacteria showed useful traits

(auxin synthesis and biofilm formation that possibly lead

to intense root colonization) in vitro, as they do in nature.

This ability of rhizospheric cyanobacteria can be exploited

for agriculture.
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