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Abstract Cyanobacteria are commonly used for the

phytostimulation and biofertilization of agriculture crops

due to their nitrogen-fixing ability. However, the contri-

bution by their phytohormones has been neglected. This

study focuses on the screening of rhizospheric and free-

living cyanobacteria for in vitro phytohormones production

and growth stimulation in wheat. Selected isolates were

shown to release cytokinin and indole-3-acetic acid (IAA)

by using UPLC coupled with MS/MS via an electrospray

interface. The maximum cytokinin and IAA concentra-

tion was 22.7 pmol mg-1 ch-a and 38 pmol mg-1 ch-a,

respectively, in the culture medium of Chroococcidiopsis

sp. Ck4 and Anabaena sp. Ck1. The growth of wheat

inoculated with cyanobacterial strains was stimulated

under axenic as well as field conditions. Seed germination,

shoot length, tillering, number of lateral roots, spike length,

and grain weight were significantly enhanced in inoculated

plants. The maximum increase in grain weight (43%) was

demonstrated in wheat plants inoculated with Chroococ-

cidiopsis sp. Ck4 under natural conditions. Positive linear

correlation of cyanobacterial cytokinin with shoot length

(r = 0.608; P = 0.01), spike length (r = 0.682; P = 0.01),

and grain weight (r = 0.0.869; P = 0.01) was recorded.

Similarly, cyanobacterial IAA was correlated with the root

growth parameters shoot length (r = 0.588; P = 0.01),

spike length (r = 0.0.689; P = 0.01), and weight of seeds

(r = 0.480; P = 0.05). The endogenous phytohormones

pool of the plant was enhanced significantly as a result of

the plant–cyanobacteria association in the rhizosphere. It

was concluded that cyanobacterial phytohormones are a

major tool for improved growth and yield in wheat.

Keywords Cyanobacteria � Phytohormones � Cytokinins �
IAA � Wheat

Introduction

Biofertilizers are attracting considerable attention for

replacing chemical fertilizers, which are of environmental

concern. Rhizosphere bacteria having the ability to syn-

thesize indole-3-acetic acid (IAA), mobilize phosphate,

and fix atmospheric nitrogen are already suggested for the

biofertilization of crop plants, including wheat, maize, rice,

and sugarcane [2, 15, 22, 24, 28]. In addition to the bac-

terial biofertilizers, nitrogen-fixing cyanobacteria have

been used to inoculate rice [8, 10, 31]. However, other

crops, including wheat, have attracted very little attention

[1, 18]. The agronomic potential of cyanobacteria has long

been recognized. Besides several other ways, cyanobacte-

ria may use phytohormonal signaling (direct mechanism of

phytostimulation) as a tool for plant growth promotion. The

biosynthesis of cytokinins and IAA is considered to be

crucial for plant growth and development [25]. Cyano-

bacteria have the ability to release phytohormones in the

rhizosphere from where plant roots may absorb these

hormones [3]. Therefore, such isolates may be of interest to

be used as biofertilizers. The aim of the current study

was to explore the phytostimulation and biofertilization
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potential of locally isolated phytohormones producing

cyanobacteria in wheat crop.

Materials and methods

Isolation and growth conditions of cyanobacterial

strains

Cyanobacterial strains were isolated from the rice fields and

fresh water ponds located at the University of the Punjab,

Lahore, Pakistan. Rice plants were uprooted and the roots

along with rhizosphere were shifted to the lab in sterile

containers to isolate cyanobacteria. In the lab, 1 g of rhizo-

spheric soil from the roots was shaken to suspend the sedi-

ments and aliquots of 10 ll were transferred to sterile

distilled water, which was then filtered aseptically through a

47-mm membrane. Water samples were directly filtered.

The filters were incubated on plates containing BG11 med-

ium supplied with cyclohexamide (400 mg l-1) for 3 weeks.

Cyanobacterial colonies (mixed cultures) growing on the

surface of the filter were picked and transferred to 20 ml of

BG11 media in flasks in order to obtain sufficient biomass.

Cells or filaments were washed after being incubated for

three days in light (18 lmol photons m-2s-1) and 24 h in the

dark at 25 ± 1�C under cyclohexamide selection. Cyano-

bacterial suspensions were made in BG11 medium and the

suspensions were then spread on plates of BG11 containing

cyclohexamide. Purified colonies or filaments were picked

and transferred to a new BG11 plate. Contamination and

cyanobacterial growth was monitored on a weekly basis

under a dissecting microscope. Purified colonies or filaments

were transferred to BG11 broth without cyclohexamide,

monitored for contamination regularly and maintained for

further experiments. Axenic cyanobacterial cultures were

screened for cytokinin-like activity by cucumber cotyledon

bioassay as described previously [9].

Identification

The strains were identified by molecular techniques based

on 16S rDNA sequencing and BLAST homology. To

extract genomic DNA, 5 ml of pure cyanobacterial cultures

incubated for 15 days were processed with UltraClean Soil

DNA Isolation KitTM (Mo Bio Laboratories, Carlsbad, CA,

USA) following the manufacturer’s instructions. A 16S

rDNA fragment was amplified by using forward primer

PB36 (5-AGRGTTTGATCMTGGCTCAG-3) and reverse

primer PB38 (5-GKTACCTTGTTACGACTT-3) under

optimized conditions [33]. The amplified fragment was

cloned in pGEMT vector after the vector:insert molar ratio

was adjusted to 3:1 by using Rapid Ligation Buffer (Pro-

mega, Madison, WI, USA) and 1 U Ligase (Promega).

After overnight incubation, the plasmids were transformed

into maximum efficiency competent cells (Life Technolo-

gies, Rockville, MD, USA) and plated onto LB Amp

(60 lg ml-1) agar, followed by another round of overnight

incubation at 37�C. The cloned fragment was amplified by

pGEMF and pGEMR primers and the polymerase chain

reaction (PCR) product was digested with the endonuclease

HaeIII (Life Technologies, Rockville, MD, USA) at 37�C

for 3 h. Sequencing was done by using an ABI PRISM

3100 Genetic Analyzer (Applied Biosystems, Foster City,

CA, USA).

Phytohormones determination (UPLC-ESI–MS/MS)

Cyanobacterial strains were grown in a 250 ml conical flask

containing BG11 media supplemented with 500 lg ml-1 of

tryptophan (precursor of IAA) and 10 lM adenine (cyto-

kinins precursor) at 25�C under continuous light (18 lmol

photons m-2s-1) for 4 weeks (inoculum density adjusted to

0.1 lg ml-1 ch-a). Each strain was grown in three sets of

four flasks labeled as 1, 2, 3, and 4, incubated for 1, 2, 3, and

4 weeks, respectively (three replicates for each week).

Control flasks were without inoculation. Phytohormones

released in the cultures were determined from these flasks

at the end of the incubation period. Biomass was sepa-

rated from culture media by centrifugation at 4�C and

1,1000 rpm, and filtered through filters of 22 lm pore size.

To extract phytohormones from the culture media, 250 ml

of supernatant was concentrated under reduced pressure and

extracted three times with Bieleski buffer (60% methanol,

25% CHCl3, 10% HCOOH and 5% H2O) containing 1 pmol

[2H5] tZ and [2H3] DHZR and 10 pmol [2H5] IAA to

monitor recovery and quantify phytohormones. The pooled

extract was evaporated to dryness and reconstituted in 5 ml

of acidified water adjusted to pH 3. The reconstituted

extract was passed through an SPE column (CHROMA-

BOND� HR-XC, 3 ml, 200 mg) following the manufac-

turer’s instructions. The eluent was dried, re-dissolved in

15 mM ammonium formate (pH 4.0), and analyzed via

UPLC-ESI–MS/MS as described earlier [9]. Cytokinins

and IAA were analyzed in positive and negative modes,

respectively.

ch-a determination in cyanobacteria

Pellets of cyanobacterial biomass collected by centrifuga-

tion were ground in liquid nitrogen and the resulting

homogenate was dissolved in 80% methanol. Supernatant

was obtained by removing the cell debris through centri-

fugation after the homogenate was incubated in darkness

for 2 h. ch-a (mg l-1) was quantified by measuring the

absorbance of the supernatant at 665 nm against 80%

methanol (blank), calculated as OD 665 nm 9 13.9 [30].
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Endogenous phytohormones in wheat seedlings

Surface-sterilized seeds of wheat were soaked in cyano-

bacterial suspension (0.1 lg ml-1 ch-a) and grown in test

tubes containing autoclaved calcinated sand. Seedlings

were harvested after 2 weeks. A quantity of 200 mg of

frozen plant material was ground in liquid nitrogen and

extracted essentially as described [17], with few modifi-

cations. The crude extract was purified by an SPE column

(MCX) as outlined for cyanobacteria. Cytokinin and IAA

were determined by UPLC-ESI–MS/MS under similar

conditions as described for cyanobacteria.

Phytostimulation experiments

Seeds of Triticum aestivum var. Uqab 2000 procured from

NARC Islamabad, Pakistan, were surface-sterilized with

0.1% HgCl2 for 5–10 min with constant shaking. The

seeds were then rinsed five times with sterile water. Two

types of plant growth experiments were conducted

(lab and wire house). Firstly, surface-sterilized seeds

were grown under axenic conditions. Before sowing, the

seeds were dipped in cyanobacterial suspension (cultures

were incubated for 2 weeks) adjusted to 0.1 lg ml-1

ch-a. Unicellular strains were directly suspended in sterile

water, while in the case of filamentous strains, the fila-

ments were homogenized to distribute them equally in the

suspension. The pots, trays, and covers were sterilized by

dipping them in 5% sodium hypochlorite solution for

20 min while the soil was autoclaved. Seeds treated with

the strains were sown and, after germination, their growth

was followed for 2 weeks. The plants were kept at

22 ± 1�C, 60% relative humidity, 12 h photoperiod, and

the light intensity was adjusted to 180 lmol m-2 s-1. For

wire house experiments, the seeds were surface-sterilized

and soaked in inoculum as mentioned. Pots (30 9 30 cm)

containing 10 kg of unfertilized garden soil (pH 7.4; EC

40 ds m-1; organic content 0.60%) were prepared. The

experiment was started with 15 seeds in each pot (repli-

cated ten times), which was reduced to ten seeds per pot

after germination within 10–12 days. The pots were laid

down in a completely randomized design. The third round

of thinning was accomplished after a growth period of

6 weeks by retaining five seedlings per pot, which were

grown till maturity. During the growth period (December

2007 to April 2008), plants were kept in the wire house

in the Botanical Garden of the Department of Botany,

University of the Punjab, Lahore, Pakistan, under ambient

light and temperature. After reaching physiological

maturity, five plants were harvested from each pot.

Growth, biomass, and yield parameters (shoot length,

number of tillers, spike’s length, and weight of 100 seeds)

were measured.

Statistical analysis

The data obtained in the experiments were subjected to

statistical analysis using the software package SPSS

12 (SPSS Inc., Chicago, IL, USA). The statistical tests

performed were standard error of the mean, analysis of

variance (ANOVA; P = 0.05), Duncan’s multiple-range

test (P = 0.05), and Pearson’s correlation (bivariate).

Results

Isolation and identification of cyanobacteria

Five cyanobacterial strains, including Anabaena sp. Ck1,

Oscillatoria sp. Ck2, Phormidium sp. Ck3, Chroococcidi-

opsis sp. Ck4, and Synechocystis sp. Ck5, showing cyto-

kinin-like activity in cucumber cotyledon bioassay were

selected (Table 1). Organisms isolated from the rice field

habitat included three filamentous and one unicellular

strain. The dominant cyanobacterium was a free-floating,

filamentous species, Oscillatoria sp. Ck2. Dominant flora

in the rice rhizosphere was represented by a mixed popu-

lation of Anabaena sp. Ck1 (filamentous) and Chroococ-

cidiopsis sp. Ck4 (unicellular). Pond water, on the other

hand, was dominated by a free-living unicellular organism

identified as Synechocystis sp. Ck5 under a light micro-

scope. Under laboratory conditions, Synechocystis sp. Ck5

showed the most intensive growth, which produced

5.65 mg l-1 ch-a (chlorophyll-a) after an incubation period

of 15 days. Over the same duration, Anabaena sp. Ck1,

Oscillatoria sp. Ck2, Phormidium sp. Ck3, and Chroo-

coccidiopsis sp. Ck4 accumulated 3.83, 3.15, 2.93, and

2.22 mg l-1 ch-a, respectively (Table 1). Initially, selected

cyanobacterial strains were identified by studying their

morphological features a under light microscope and their

identity was confirmed on the basis of homology between

rRNA gene partial sequences from the strains with the

sequences present in the GenBank database. The isolates

Ck1, Ck2, Ck3, Ck4, and Ck5 were assigned to cyano-

bacterial genera Anabaena, Oscillatoria, Phormidium,

Chroococcidiopsis, and Synechocystis, respectively. The

GenBank accession numbers of the strains are presented in

Table 1.

Phytohormones quantification

Cyanobacteria were cultured for 4 weeks and a sample was

drawn for phytohormones analysis via UPLC-ESI–MS/MS

every week. Phytohormones in the culture media of

cyanobacteria were quantified as pmol mg-1 ch-a. Cyanobac-

terial growth was determined simultaneously by measuring

the ch-a concentration in their culture. The most prolific
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growth was shown by Synechocystis sp. Ck5. Its growth

peaked by the end of 2 weeks of incubation (5.65 mg

ch-a l-1), followed by a gradual decrease during the third

and fourth weeks of incubation. The same pattern of growth

was observed in Chroococcidiopsis sp. Ck4, where the

maximum growth was recorded after 2 weeks of incubation

(2.721 mg l-1 ch-a). The highest concentration of ch-a in

Anabaena sp. Ck1 (3.83 mg ch-a l-1), Oscillatoria sp. Ck2

(3.15 mg ch-a l-1), and Phormidium sp. Ck3 (2.93 mg ch-

a l-1) was recorded after 3 weeks of incubation followed

by a decline in its accumulation during the fourth week of

growth. The selected strains were able to release five dif-

ferent cytokinins species, including trans zeatin (tZ), cis

zeatin (cZ), zeatin riboside (ZR), dihydrozeatin riboside

(DHZR), and zeatin-o-glucoside (ZOG), in their cultures.

Unicellular strains, Chroococcidiopsis sp. Ck4, was the

most efficient cytokinins producer among the selected

strains, whereas Oscillatoria sp. Ck2 (filamentous) released

the least amount of this class of hormones (Fig. 1). Among

the filamentous strains, Anabaena sp. Ck1 released the

highest amount of cytokinins. Chroococcidiopsis sp. Ck4

culture had a greater variety of cytokinins as demonstrated

by the presence of tZ, cZ, ZR, DHZR, and ZOG. The rest

of the isolates released two or three species of cytokinins.

For instance, tZ, ZR, and DHZR were detected and quan-

tified in the culture of Anabaena sp. Ck1, while Oscilla-

toria sp. Ck2 and Phormidium sp. Ck3 released two

isomers of zeatin (cZ and tZ), along with ZR. Similarly,

Synechocystis sp. Ck5 synthesized only the zeatin type of

cytokinin. All cyanobacterial strains were able to release

indole-3-acetic acid (IAA) in the presence of tryptophan.

The strain Anabaena sp. Ck1 released IAA most efficiently

among the selected strains. Oscillatoria sp. Ck2 and

Synechocystis sp. Ck5 showed almost similar potential for

IAA synthesis. While Chroococcidiopsis sp. Ck4 released a

relatively smaller amount of this hormone, the least con-

centration was recorded in the culture of Phormidium sp.

Ck3 (Fig. 1). When the difference of hormonal concen-

tration in the culture media was calculated between two

adjacent weeks, there was a clear dependence of their

release on the cyanobacterial growth cycle in spite of

continuous secretion during 4 weeks of incubation. The

concentration of cytokinins ranged between 0.25 and

2.21 pmol in the culture media of different cyanobacteria

after 1 week of growth. Continuous addition to the cyto-

kinins concentration was recorded in the following weeks,

with some variations in their synthesis during different

periods of growth cycle. While unicellular strains released

the maximum amount of cytokinins during the second and

third week of incubation, the cultures of filamentous strains

secreted a greater amount of the hormone during the third

and fourth weeks of growth. Oscillatoria sp. Ck2 (fila-

mentous strain) was an exception to this general rule, as

this strain secreted a uniform amount of cytokinins during

the 3-week growth period; however, in the last week, the

release of the hormones was sharply increased. IAA con-

centration in the culture of cyanobacteria was continuously

increased during the 4-week growth period. However, the

Table 1 Cyanobacterial strains isolated

S. no. Strains Genus Representative sample Habitat Growth in the lab

(ch-a mg l-1)a
GenBank accession

number

01 Ck1 Anabaena Rice field Rice rhizosphere 3.83 FJ982323

02 Ck2 Oscillatoria Rice field Free living 3.15 GQ131852

03 Ck3 Phormidium Rice field Attached to stem 2.93 GQ131853

04 Ck4 Chroococcidiopsis Rice field Rice rhizosphere 2.70 GQ131854

05 Ck5 Synechocystis Fresh water pond Free living 5.65 GQ131855

a Strains were inoculated in BG11 medium in 16 h dark/8 h light (18 lmol photons m-2 s-1) for 15 days before harvesting
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amount released during a particular week varies greatly

among cyanobacterial strains. Of the selected strains,

Anabaena sp. Ck1 and Synechocystis sp. Ck5 released the

greatest amount of IAA during the first week (17.4 and

12.3 pmol, respectively) of growth and a gradual reduction

was recorded in the following weeks (Table 2). In the case

of Oscillatoria sp. Ck2 and Phormidium sp. Ck3, the

secretion of IAA was continuously increased during

the 4-week growth cycle. The release of IAA peaked dur-

ing the second week (7.1 pmol), followed by a lower

increase in the amount of this hormone in the culture of

Chroococcidiopsis sp. Ck4 during the third and fourth

weeks (4.7 and 2.8 pmol, respectively).

Phytostimulation under axenic conditions

Cyanobacterial inoculations stimulated vegetative growth

parameters significantly compared to uninoculated (con-

trol) seedlings. Seedlings inoculated with cyanobacteria

under axenic conditions showed significant increase in

shoot height (Table 3). The significant increases in shoot

height relative to the control were recorded with Phormi-

dium sp. Ck3 (52%), Chroococcidiopsis sp. Ck4 (49%),

and Anabaena sp. Ck1 (40%). Unlike the shoot height, a

decline in root length was observed as a result of cyano-

bacterial inoculation, with the exception of Phormidium sp.

Ck3, where a 24% increase over the control was observed

(Table 3). However, the decline in root length was signif-

icant only in seedlings colonized with Anabaena Ck1

(17.8%). In the majority of treatments, a decline in primary

root length was associated with an increase in the number

of lateral roots as the typical auxins response (Table 3).

The maximum increase in the number of lateral roots was

52% over the control with Anabaena sp. Ck1 inoculation,

the most prolific IAA secretor in the culture media. Pho-

rmidium had no significant effect on the growth of lateral

roots (some decrease was observed) as compared to the

control. Biomass parameters of wheat seedlings were also

significantly improved by cyanobacterial inoculation

(Table 3). Green biomass was maximally enhanced with

Table 2 Indole-3-acetic acid (IAA) released by cyanobacterial strains over time in their culture having 500 lg ml-1 of tryptophan

Incubation time IAA (pmol mg-1 ch-a)

Anabaena sp. Ck1 Oscillatoria sp. Ck2 Phormidium sp. Ck3 Chroococcidiopsis sp. Ck4 Synechocystis sp. Ck5

Week 1 17.4 ± 2 13.4 ± 1.2 2.4 ± 0.02 5.7 ± 0.1 8.3 ± 1.2

Week 2 28.3 ± 2.1 20.3 ± 1.3 3.8 ± 0.07 12.8 ± 0.7 15.3 ± 1.2

Week 3 35.1 ± 4.05 22.8 ± 1.2 5.2 ± 0.61 17.5 ± 1.1 22.3 ± 3.2

Week 4 38 ± 3.1 23.2 ± 1.2 12 ± 0.7 20.3 ± 1.3 25 ± 2.2

Table 3 Phytostimulation in T. aestivum L. var. Uqab 2000 by cyanobacteria under axenic and natural conditions

Strains Axenic conditions Natural conditions

cm Lateral

roots

g plant-1 cm No. of

tillers

g

Shoot

length

Root

length

Fresh

weight

Dry

weight

Shoot

length

Spike

length

Weight of

100 seeds

Control 15.9(a) 3.93(b) 3.14(a) 1.82(a) 0.25(a) 47.4(a) 8(a) 2.3(a) 3.7(a)

Anabaena sp. Ck1 22.23(bc) 3.23(a) 4.77(c) 2.29(d) 0.33(a) 62(c) 9.4(b) 2.6(b) 4.6(c)

Oscillatoria sp. Ck2 19.35(b) 3.44(ab) 4.06(b) 2.09(b) 0.37(b) 59.1(c) 8.2(a) 2.7(b) 4.3(b)

Phormidium sp. Ck3 24.2(c) 4.86(c) 2.97(a) 2.25(cd) 0.41(c) 59.1(c) 7.9(a) 3.2(c) 4.1(b)

Chroococcidiopsis sp. Ck4 23.72(c) 3.89(b) 4.63(c) 2.55(e) 0.37(b) 60.5(c) 10.1(c) 3.5(d) 5.3(d)

Synechocystis sp. Ck5 16.79(a) 2.92(a) 4.5 (c) 2.12(c) 0.35(a) 54.6(b) 9.83(b) 2.5(b) 4(ab)

Correlation (r) with IAA 0.234 -0.641** 0.877** 0.483* 0.163 0.588* 0.689** 0.074 0.480*

Correlation (r) with cytokinins 0.608** 0.097 0.493* 0.834** 0.335 0.466 0.682** 0.331 0.869**

Correlation (r) with ratio

of Cytokinins to IAA

0.777** 0.568* 0.025 0.768** 0.600** 0.444 0.308 0.292 0.643**

Shown are the means of 75 replicates (axenic) and 50 replicates (natural)

Different letters within the same column indicate significant difference among means determined by using Duncan’s multiple-range test

(P = 0.05)

* Correlation is significant at the 0.05 level

** Correlation is significant at the 0.01 level
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Chroococcidiopsis sp. Ck4 (40%) inoculation over the

control. The content of dry matter was elevated to the

highest level (64% over the control) with Phormidium sp.

Ck3 among the different inoculations.

Phytostimulation under natural conditions

Wheat plants were harvested at their full maturity and dif-

ferent parameters, including shoot length, number of tillers,

spike length, and weight of seeds, were recorded (Table 3).

Cyanobacterial inoculations significantly enhanced growth

as well as the yield parameters of wheat crop under natural

conditions. Among the growth parameters, the shoot length

was increased between 15 and 31% with cyanobacterial

inoculations over control plants. A significant increase in

the yield parameters was recorded with the selected inoc-

ulations. Spike length, number of tillers, and weight

of seeds were stimulated significantly (although not sig-

nificantly in all cases) by cyanobacterial inoculations

(Table 3). Maximum improvement in the three yield

parameters was caused by Chroococcidiopsis sp. Ck4 (26,

52, and 43% respectively) as compared to the control.

Endogenous phytohormones

The majority of the cyanobacterial inoculations enhanced

the phytohormones content of T. aestivum var. Uqab 2000

under in vitro conditions. The effect of cyanobacterial

inoculation on the phytohormone content of the root was

more pronounced as compared to the shoot. While alter-

ation in the IAA content in the shoots in most of the cases

was not significant, accumulation of this hormone was

more striking in the root (Fig. 2). A four-folds increase in

IAA accumulation was recorded in the roots of the seed-

lings inoculated with Anabaena sp. Ck1, the most prolific

producer of this hormone. Synechocystis sp. Ck5, on the

other hand, caused more than a three-fold increase in the

endogenously accumulated IAA in the root. In the shoot,

while IAA accumulation was increased by Anabaena sp.

Ck1 and Synechocystis sp. Ck5, the remaining strains

caused only a marginal increase in the amount of this

hormone. There was a positive linear correlation of

cyanobacterial IAA with endogenously accumulated IAA

in the shoot (r = 0.987; P = 0.01) as well as the root

(r = 0.984; P = 0.01) of the seedlings. Accumulation of

cytokinins (Z ? ZR) by the end of 14 days incubation was

almost equal in roots and shoots (Fig. 2). The maximum

increase in cytokinins content of the root and shoot (three-

fold over the control) was caused by Chroococcidiopsis sp.

Ck4 as compared to the control. The rest of the strains also

enhanced the cytokinin content of both root and shoot

significantly. Phytohormones in cyanobacterial cultures

were positively correlated to their endogenous level in

the seedlings. A positive linear correlation (r = 0.902;

P = 0.05) was observed between cytokinins released to

the cyanobacterial culture media (in vitro) and endoge-

nous plant cytokinins level in the shoot. Cytokinins in

cyanobacterial cultures were also positively correlated

(r = 0.841; P = 0.05) with their endogenous level in the

seedlings’ roots.

Discussion

The present work reports on the phytostimulation and

biofertilization of wheat by cyanobacteria capable of

releasing phytohormones (cytokinins and IAA) in their

culture media. The isolated cyanobacteria were shown to

secrete a number of cytokinins (tZ, cZ, ZR, DHZR, and

ZOG) along with IAA in the culture media. The release of

cytokinins and IAA was clearly dependent on the growth

cycle of the selected strains. This observation was in

agreement with Sergeeva et al. [26], who demonstrated the

growth-dependent release of IAA in free-living and sym-

biotic Nostoc strains. Cyanobacteria undergo intimate

associations with the roots of wheat and stimulate its growth

[12]. While most of the work regarding phytostimulation by

cyanobacteria is focused on rice and other plants have

attracted very little attention, the impact of cyanobacteria

on plant growth under fully axenic conditions is limited to a
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few publications [19]. Several cyanobacteria, including

Anabaena, Oscillatoria, and Phormidium, grow naturally in

wheat and rice fields [20, 21]. Here, we provide the first

evidence that cyanobacteria improve a number of growth

parameters in inoculated wheat plants by modifying their

endogenous phytohormones. Inoculation with cyanobacte-

ria stimulated the accumulation of endogenous cytokinins

and IAA in wheat seedlings under in vitro conditions. A

linear correlation of cyanobacterial cytokinins and IAA was

recorded with endogenous hormones of the seedlings. There

are previous reports that rhizobacteria can have marked

effects on plant growth by contributing an exogenous

source of phytohormones [3, 5]. The co-cultivation of wheat

seedlings with cyanobacteria under axenic conditions, as

well as natural conditions, caused a considerable enhance-

ment in growth, biomass, and yield parameters. Contrary to

previous reports that root growth is positively affected by

cyanobacteria [18], we recorded a significant reduction in

root length by some strains, for instance, Anabaena sp. Ck1

and Synechocystis sp. Ck5 associated with an increase in

lateral roots initiation, as the typical IAA response. These

strains had low cytokinin to IAA ratios in their culture.

These results are in line with Barazani and Friedman [4],

who reported that high concentrations of L-tryptophan

inhibited the root elongation of lettuce seedlings because of

excessive secretion of IAA. Significant negative correlation

of IAA with root length (r = -0.641; P = 0.01) and

positive correlation of this hormone with lateral root

(r = 0.877; P = 0.01) demonstrated the involvement of

IAA in such responses. However, some strains, including

Phormidium sp. Ck3, enhanced root growth by 24% over

the control. Contrary to root growth, other parameters, for

instance, the number of tillers, weight of 100 seeds, and

fresh weight increased linearly with the increase in cyto-

kinins secretion by cyanobacterial strains, as evident from

the positive correlation of cytokinin content with these

parameters (Table 3). The shoot length and spike length, on

the other hand, responded equally to IAA and cytokinins, as

evident from the correlation study. The relative amounts of

cytokinin and IAA seemed to be an important factor for

controlling the dry biomass of seedlings instead of their

actual concentration (Table 3). The phytostimulatory

potential of cyanobacteria was attributed to the atmospheric

nitrogen fixation, making it available to the associated

plants [11, 26]. Anabaena sp. associated with wheat plants

were shown to enhance grain yield, dry weight, and nitrogen

content in the plants [27]. Reversal of the salinity effect on

rice by extracellular extract of a cyanobacterium Scytonema

hofmanni was attributed to gibberellins-like activity in the

extract [23]. Cyanobacteria-like Anabaena have the ability

to fix nitrogen and add nitrates to the soil, which are

absorbed by seedlings for their growth requirements [11].

Similarly, vitamins produced by certain cyanobacterial

isolates may also enhance the growth of the seedlings [14].

Oscillatoria and Synechocystis improved the growth in

wheat under heavy metal stress [7]. While these in vivo

experiments have shown the involvement of several

metabolites other than cytokinins and IAA, in a number of

in vitro plant growth experiments, the role of phytohor-

mones in cyanobacterial interaction with plants have been

demonstrated [13, 32]. Although phytohormones in

cyanobacterial culture were positively correlated with their

endogenous level in seedlings, interestingly, some strains

which were characterized by high in vitro phytohormones

production could influence the seedlings’ cytokinins and

IAA pools relatively less than expected. For instance,

Anabaena sp. Ck1 was able to release 153% greater cyto-

kinins relative to Synechocystis sp. Ck5; nevertheless, the

difference in the endogenous cytokinins level was only 3%

in the case of shoots, while roots were influenced by the

former strain to accumulate only 8% more cytokinins as

compared to the later strain. In all such cases, the role of

IAA seemed to be important. Strains which produced high

amounts of IAA (Anabaena sp. Ck1) influenced seedlings’

endogenous cytokinins less than the expected increase

based on in vitro cytokinins production. The reason for this

may be the antagonistic role of IAA and cytokinins in

seedlings. Auxins (IAA) were shown to suppress the ipt

gene and control the local synthesis of cytokinins in the

nodal stem of Pisum sativum. The same results were

reported for pea roots and even Arabidopsis roots [29]. On

the other hand, the induction of cytokinins oxidase (CkX)

by auxins was also reported in tobacco pith explants where

the oxidative breakdown of ZR was increased after the

application of naphthaleneacetic acid (NAA), which is an

auxin. Similarly, the in vitro conversion of zeatin-type

cytokinins to adenine derivatives (inactive conjugates) was

demonstrated after NAA treatment [16]. The expression of

bacterial auxin biosynthesis genes down-regulated ZR and

ZRMP levels in transgenic tobacco plant [6]. The study

provides evidence that cyanobacteria may use phytohor-

mones as a tool for plant growth promotion by enhancing

endogenous levels of cytokinin and IAA.
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