J Appl Phycol (2015) 27:2279-2287
DOI 10.1007/s10811-014-0512-2

Impact of cyanobacterial extracts on the growth and oil
content of the medicinal plant Mentha piperita L.

Zeinab Shariatmadari - Hossein Riahi - Mandana Abdi -
Mehri Seyed Hashtroudi - Ali Reza Ghassempour

Received: 14 June 2014 /Revised and accepted: 13 December 2014 /Published online: 13 January 2015

© Springer Science+Business Media Dordrecht 2015

Abstract Extracts of four heterocystous cyanobacteria isolat-
ed from wheat field soils (7riticum aestivum L.) were used as a
promoter of growth and essential oil production in Mentha
piperita L., which is mostly used for medicinal purposes. An
axenic monoalgal culture was prepared using nitrate-free BG-
11 medium. Pot experiments were performed by spraying
algal extracts on the soil of treated plants on the first day of
planting and every 20 days thereafter. Growth of plants was
evaluated by measuring growth parameters such as plant
height, root length, dry and fresh weight of plant, as well as
leaf number, leaf area, and ramification after 100 days plant-
ing. In addition to growth factors, the quantity of essential oil
of plants was also assessed. Statistical analysis showed that
there were significant differences in the studied parameters
compared to the control. The addition of some cyanobacterial
inocula had a positive effect on the plant growth parameters
and essential oil content. HPLC analysis of the cyanobacterial
extracts detected some auxins, which may be the possible
factor contributing to the positive growth responses and en-
hanced essential oil content of the treated plants.
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Introduction

Mentha piperita L., commonly known as peppermint, is a
hybrid created by cross-breeding of Mentha aquatica and
Mentha spicata. It is native to Europe and has been commonly
cultivated and naturalized in several countries. The chemical
components identified in the mint species, mainly, menthone,
menthol, pulegone, and carvone (Kizil et al. 2010; Santoro
et al. 2011), are among the most popular and widely used
essential oils. The metabolites of the herbal plants such as
peppermint have economic impact due to their wide applica-
tions in food, cosmetic, and pharmaceutical industries (Torres
Salazar et al. 2011; Neeraj et al. 2013).

The chemical composition and yield of these essential oils
can be affected by several exogenous factors. Therefore, due
to their wide application and beneficial effects, the study of
exogenous factors, particularly the composition of soil
(Mihajilov-Krstev et al. 2010), are of great significance.

Cyanobacteria or blue-green algae (BGA) constitute im-
portant components of the soil microflora that directly or
indirectly increase soil productivity (Vaishampayan et al.
2001; Mishra and Pabbi 2004). Earlier studies indicate that
cyanobacteria play a major role in increased nitrogen content
of the surface soil, growth-promoting substances, and essen-
tial microelements known to be necessary for plant growth
and ion uptake (Misra and Kaushik 1989a, b; Stirk et al. 2002;
Karthikeyan et al. 2007; Obana et al. 2007; Maqubela et al.
2008). Moreover, cyanobacteria have also been shown to
enhance the production of secondary metabolites in plants
(Saker et al. 2000, Shanab 2001), among which essential oils
are of particular importance.

Although numerous studies have shown the effects of
cyanobacteria as a biofertilizer source on the growth of rice
and many other crop plants, not much attention has been paid to
the impact of these microorganisms on medicinal plants. The
aim of this study was to investigate the effect of some
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monospecific cyanobacterial cultures, applied as an inoculum,
on growth and essential oil content of peppermint. In addition,
the presence of three major auxins, indole 3-acetic acid (IAA),
indole 3- propionic acid (IPA), and indole 3- butyric acid (IBA)
was evaluated, and chemical content of algae extracts was
determined.

Materials and methods

Isolation of cyanobacteria species For isolation of
cyanobacterial species employed in this study, soil samples
were collected from several western fields of Iran
(Kermanshah Province) under cultivation of Triticum
aestivum L. (common wheat). Over two consecutive summers
of 2012 and 2013, and according to the methodology of
Rangaswamy (1966), the soil samples were collected, and
several cyanobacterial species were isolated from them.

The sieved soils from different sites were transferred to
sterile Petri dishes containing sterile liquid nitrate free BG-11
medium (Stanier et al. 1971). The Petri dishes were incubated
at 25+2 °C for 2 weeks of artificial light illumination
(74 pmol photons m 2 s ') with a 12/12 h light/dark cycle.
After colonization, isolates were transferred to agar plates for
purification. For taxonomic determinations, the semi-
permanent slides of colonies were prepared and morphometric
study was performed by light microscopy and based on
Desikachary (1959), Prescott (1970), Wehr et al. (2002) and
John et al. (2002). For molecular determination of the isolates,
16S rRNA gene sequencing was performed.

Seedling growth test To select efficient strains, a seedling
growth test was performed. For this purpose, air-dried seeds
of T aestivum were soaked in separate algal extracts (5.0 g
fresh algal material in 500 mL of distilled water; experimental)
for 24 h. For controls, seeds were soaked in distilled water for
24 h. Twenty experimental and control-treated seeds of each
were spread on thick filter papers in a Petri dish soaked with
5.0 mL of a specific cyanobacterial extract or water, respec-
tively. Each experiment was performed with four replicates.
The plates were incubated in a culture chamber at 25 °C with
illumination cycle of light—dark (12/12 h). Efficiency of seed-
ling growth was evaluated by calculating the percent seed
germinations and measurement of root and leaf lengths after
10 days of incubation.

Preparation of cyanobacterial extract Based on the morpho-
logical, molecular, as well as seedling growth tests described
above, the following four species of heterocystous
cyanobacteria were chosen for this study: Anabaena
vaginicola 1SB42, Nostoc calcicola 1SB43, Trichormus
ellipsosporus 1SB44, and Cylindrospermum
michailovskoense ISB45. These species were cultured in
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nitrate-free BG-11 solid medium at 25+2 °C exposed to
artificial illumination (74 wmol photons m > s ') with a 12/
12 h light-dark cycle. The cultures were harvested after
4 weeks of incubation and cyanobacterial extracts were pre-
pared by grinding in a blender; 1 % cyanobacterial extract
contains 5.0 g of fresh cyanobacteria material ground in
500 mL distilled water.

Pot culture Rhizomes of M. piperita were obtained from
Medicinal Plants and Drugs Research Institute, Shahid
Beheshti University, Tehran, Iran. Healthy rhizomes (20 for
each treatment) were grown in 3-L pots (14 cm diameter),
containing 60 % peat, 25 % sand, and 15 % normal soil, for
100 days. In place of fertilizer, M. piperita planted pots were
sprayed with individual 1 % cyanobacterial extracts, and for
controls, the similarly planted pots were sprayed with water
alone. The cyanobacterial extracts were applied on the first
day of planting and every 20 days thereafter. The pots were
arranged in a completely randomized order in an experimental
greenhouse. The parameters employed to assay for plant
growth rates are as follows: plant height, root length, dry
and fresh weights, leaf number, leaf area, and ramification.
In addition to growth rates, the quantity of the essential oils
extracted from these plants was analyzed.

Extraction and quantification of essential oil The essential
oils of air-dried leaf samples (100 g) were isolated by hydro-
distillation for 3 h (until no more essential oil was recovered),
using a Clevenger-type apparatus and according to the method
recommended in Anon (1993). Subsequently, the distilled
essential oils were dried over anhydrous sodium sulfate and
refrigerated at 4 °C before weighing. The yield of extraction
for each sample was calculated based on the fraction of the
weight of the dried oils and total dry weight of the plant used
whw %).

Preparation of auxin standards and cyanobacterial
extracts Identification and quantification of the endogenous
auxins was performed according to the procedure of
Hashtroudi et al. (2013). The standard solutions of the studied
auxins, namely, IAA, IPA, and IBA were prepared by dissolv-
ing 1 mg of each standard in methanol-water 80:20, and
successive dilution was made to obtain the required concen-
tration of 5, 10, 25, 50, 100, and 250 ng mL ! for calibration
curves. The freeze dried algal biomass was extracted with
methanol-water 80:20 by ultrasonication in a Sonorex
Digitec DT103H ultrasonic bath (Bandelin, Germany) with
an ultrasonic frequency of 35 kHz and an effective ultrasound
power of 140 W for 30 min at 20 °C. The suspensions were
centrifuged at 6728 g for 10 min, and the supernatants were
filtered through 0.45-um PTFE filters and concentrated to the
final volumes of 500-1000 uL under a mild stream of pure
nitrogen.
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Table 1
treatment (values are means=SE)

The effect of cyaobacterial extracts on germination percentage and seedling growth parameters of Zriticum aestivum L. after 10 days of

Traetments Root length (cm) Leaves length (cm) Germination percentage (%)
Anabaena vaginicola ISB42 11.46+1.75% 9.20+1.25% 88
Anabaena oscillarioides 1ISB46 7.60+0.34 3.6+0.33 87
Anabaena torulosa 1ISB20 7.65+0.50 3.55+0.38 89
Anabaena sphaerica ISB23 6.6+0.40 4.05+£0.23 86
Trichormus ellipsosporus 1SB44 13.7242.60* 7.76+1.13 87
Nostoc calcicola ISB43 7.21+1.32 8.80+0.69" 87
Cylindrospermum michailovskoense ISB45 15.43+1.90* 8.55+1.25% 89
Control 7.12+1.75 7.60+0.80 88

# Significant at the 0.05 level

HPLC analysis An Agilent 1200 series high-performance
liquid chromatography (HPLC) system with a quaternary
pump and a degasser, equipped with a G1315D diode array
detector and a G1321A fluorescence detector and a
Eurosphere RP-column (100-5 C18 column, 250x4.6 mm
Knauer, Germany) was used for the chromatographic separa-
tions and quantification of the studied auxins. The Agilent LC
Chemstation software was employed for instrument control,
data acquisition, and processing. The mobile phase system
consisted of solvent A (methanol) and solvent B (water)
containing 0.3 % AcOH. The elution was started with an
isocratic step of 60 % A for 5 min and continued with a linear
gradient to 100 % A within 15 min. The flow rate was
1 mL min ', and the column temperature was maintained at
25 °C. UV detection was at 225 nm, and excitation and
emission wavelengths were 280 and 360 nm, respectively.

The injections of standards and extracts were both manu-
ally done through a 20-uL loop and the analytes were iden-
tified with comparing the retention times and UV spectra of
the sample peaks with the standard mixture. Each experiment
was repeated three times and run in triplicate. Recoveries were
also calculated by adding known amounts of auxin standards
to the cyanobacteria and extracting the auxins with the same
procedure as the studied samples. Calibration curves of the
peak areas versus six concentrations of the three studied
auxins were used to quantify the auxins. Linearity of the
calibration curve was assessed by coefficient of determination
R). High purity standards were used for high accuracy and
precision was expressed as relative standard deviation (RSD)
for each of replicate concentrations (n=3).

Evaluation of chemical contents of cyanobacterial
extracts The chemical content of cyanobacterial biomass ho-
mogenates (cyanobacterial extracts) was determined by Arian
Fan Azma Institute, Tehran, Iran. The chemical analyses
included the total nitrogen and inorganic nitrogen (NO, ,
NO;~, and NH, "), phosphate, bicarbonate, and cation contents
(Na", K", Mg"™, Ca™.

Statistical analysis One-way ANOVA statistical analysis was
performed employing SPSS software version 16 (Package for
the Social Sciences, SPSS Inc., Chicago IL, USA). Means
were separated using the Tukey HSD test at P<0.05.

Results

Cyanobacterial extracts as inoculants for Triticum aestivum
L. In total, seven heterocystous morphospecies from four gen-
era were isolated from several sites (Table 1) and tested in a
T aestivum seedling growth test. There was a significant growth
difference between treated and the control seedlings. Among
the strains tested, as compared with controls, 4. vaginicola
ISB42, C. michailovskoense 1SB45, T. ellipsosporus 1SB44,
and N. calcicola 1SB43 significantly enhanced the length of
both roots and leaves of the seedlings (Table 1). Thus, for this
study, these four species were selected as inocula for the
M. piperita pot trial. Among the taxa, seedlings treated with
A. vaginicola ISB42 and C. michailovskoense ISB45 exhibited
the most significant differences, and seedlings treated with
N. calcicola 1SB43 showed the least as compared with the
controls. Among the positive effects observed in seedling
growth parameters, the differences in root length are the most
prominent. Interestingly, despite these positive effects, the
cyanobacterial extracts did not affect other growth parameters
such as germination rates (Table 1).

For further characterization, the morphology of each
cyanobacterial strain was examined by light microscopy
showing their filamentous trichomes with distinctive hetero-
cysts (Fig. 1).

Selected cyanobacterial extracts as inoculum for Mentha
piperita L. Compared with the controls, treatment of
M. piperita with the cyanobacterial extracts induced differen-
tial changes in morphology of the treated plants. These differ-
ences were obvious in the density and length of roots, stems,
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Fig. 1 Light microscopy
presentation of the four
heterocystous cyanobacteria
species applied in this study: a
Anabaena vaginicola ISB42, b
Nostoc calcicola ISB43, ¢
Trichormus ellipsosporus 1ISB44,
and d Cylindrospermum
michailovskoense 1SB45. The
heterocysts are marked with
arrows

leaves, and the plant ramifications. Fresh and dry weight of
roots treated with cyanobacterial extracts were also signifi-
cantly higher than control plants irrigated with water alone
(P<0.05; Fig. 2, Table 2). These differences are more pro-
nounced in peppermint plants irrigated with the extracts of
A. vaginicola 1SB42 and C. michailovskoence 1SB45 than,
although significant, the plants irrigated with N. calcicola
ISB43 extract. On the other hand, the extract from

Fig. 2 Comparison between
control and treated plants in
growth parameters. Treatment
conditions: 1 % algal extracts
(5.0 g fresh algal material in

500 mL of distilled water) were
sprayed on soil of treated pots.

0 Plant irrigated by distilled water
(control plant). / Plant treated by
Anabaena vaginicola 1SB42. 2
Plant treated by
Cylindrospermum
michailovskoense ISB45. 3 Plant
treated by Nostoc calcicola
ISB43. 4 Plant treated by
Trichormus ellipsosporus 1ISB44
(bar=5 cm)
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T. ellipsosporus 1SB44, unlike its positive effect on
T. aestivum growth, did not induce significant changes in the
growth of the peppermint plant.

In addition, as compared with control peppermint plants,
the content of essential oils in plants treated with the extracts
of A. vaginicola 1SB42, C. michailovskoence 1ISB45 and
N. calcicola 1SB43 were significantly increased (Table 2).
As expected, there was no significant difference in the
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Table2  Effect of 1 % algal culture on growth of Mentha piperita L. and quantity of air-dried leaf samples essential oil after 100 days planting (mean+SE)

BGA characters Trichormus Nostoc Cylindrospermum Anabaena Control

Root length (cm) 17.70+0.85 21.70+1.00% 30.50+0.90% 24.00+0.70% 15.00+0.40
Shoot length (cm) 23.50+1.50 30.00+1.20% 40.75+£2.10% 42.5+1.44% 23.25+0.26
Fresh root (g) 3.90+0.22 5.37+£0.37 8.25+£0.47" 7.22+0.25% 3.77+£0.49
Dry root (g) 0.31£0.06 0.35+£0.08 1.10+£0.22° 0.72+0.17° 0.40+0.04
Fresh stem and leaf (g) 6.37+0.94 6.62+0.94 9.62+1.02° 9.25+1.10° 4.62+0.47
Dry stem and leaf (g) 0.45£0.02 0.57+0.02° 1.00£0.02° 0.90+0.04° 0.37£0.07
Leaf number 35.00+£2.04 53.00+£2.30% 65.00+2.04° 72.00+1.77% 30.00+3.50
Leaf area (cm?) 4.50+0.28 4.55+0.26 5.77+0.77* 6.10+0.33* 2.80+0.15
Ramification (no.) 10.75+0.75 15.00+1.08* 20.50+0.50% 23.75+1.31* 8.70+0.75
Node number (no.) 18.75+1.25 26.00+2.27 36.75+£2.28* 37.25+2.40° 14.50+1.55
Essential oil (%) 0.73+0.15 0.87+0.35% 1.09+0.00* 1.01£0.00* 0.68+0.15

# Significant at the 0.05 level

essential oil content of the peppermint plants treated with the
extract of T ellipsosporus 1ISB44 and that of the control plants.

Determination of plant growth stimulating factors in
cyanobacterial extracts The presence of the growth promot-
ing hormones (auxins) in the microcyanobacterial biomass
was quantified. The HPLC chromatograms of three studied
auxin standards and four microcyanobacterial samples under
the optimized HPLC conditions are shown in Figs. 3 and 4,
respectively. The retention times for each auxin were 4.26,
5.24, and 7.36 min for IAA, IPA, and IBA, respectively. To
examine the reproducibility of the retention times, the stan-
dards were injected at 100 ng mL ™', and each injection was
done five times (n=5). The RSDs of the retention times for all
analytes were in the range of 0.45-0.85 %. There was a linear
correlation between concentration and the peak area for the
three auxins in the range of calibration concentrations; typi-
cally R? values were in the range of 0.997-0.998. The auxin
recoveries were 84—-86 %. The equation of calibration curves,
Rz, RSDs, and recoveries are summarized in Table 3.

Two endogenous auxins, i.e., [AA and IPA, were present in
three cyanobactrial biomasses but not in the biomass of
T. ellipsosporus 1SB44. The concentration of IAA in
C. michailovskoense ISB44 was higher than that in the other
species, whereas IPA concentration was the highest in
Anabaena (Table 4).

Total content of nitrogen, ammonium, and nitrate were
higher in the extract of 4. vaginicola 1ISB42 than that in the
other extracts (Table 5). Compared with 7. ellipsosporus
ISB44, the extracts of N. calcicola 1SB43,
C. michailovskoense 1SB45, and A. vaginicola 1SB42 had
higher total contents of nitrogen, nitrate, nitrite, ammonium,
and bicarbonate and K.

Discussion

In this study, as environmentally safe fertilizers, we have
investigated the potential effects of widespread and naturally

Fig. 3 HPLC chromatogram of a Lu  FLD1A,EX=280, Em=360
500 ng mL ! standard of three
auxins with fluorescence detector.

HPLC conditions: UV detection

704

wavelength at 225 nm; IAA

. . 60
fluorescence excitation and

emission wavelengths at 280 and
360 nm, respectively; column
temperature of 25 °C

404

304

104

IPA
IBA

/

o

12 min|
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Fig. 4 HPLC chromatograms of the ultrasonicated samples for 30 min
with fluorescence detector. a HPLC chromatograms of the ultrasonicated
sample of Cylindrospermum michailovskoense 1SB45 for 30 min. b
HPLC chromatograms of the ultrasonicated sample of Nostoc calcicola

occurring cyanobacteria on the peppermint plant. There are
few reports regarding cyanobacteria as biofertilizers for
medicinal plants, although these plants are an important
economic bioresource. Some studies have revealed that the
cyanobacterial content of soil can positively affect several
growth parameters of these herbaceous plants. For example,
initial work by Riahi et al. (2013) demonstrated the positive
effect of cyanobacteria on vegetative and reproductive growth
of the medicinal plants Matricaria chamomilla L. (chamo-
mile), Satureja hortensis L. (garden savory), and Mentha
aquatica L. (water mint). Similarly, the results of the present
study showed that cyanobacteria can significantly increase
several growth parameters of the treated plants, from the root
to the stem and leaf growth parameters. The amount of essen-
tial oil was also increased in all treated plants. This increase
was significant in most treatments.

Although the inoculation of M. piperita with
cyanobacterial culture showed significant differences in
growth factors, the effect was not the same for all parts of
the treated plants (Fig. 2). For example, as seen in Fig. 2,
compared with controls, within the same cyanobacterial treat-
ment, M. piperita exhibited significant differences in leaf

Table 3  Equation of calibration curves, R? values, precisions, and
recoveries of the three auxins

Auxin  Equation of R? RSD (%)  Recovery (%)
calibration curves

IAA y=0.5882x—4.7659  0.9996  0.58 84

IPA y=0.5168x—0.0168  0.9997 0.85 86

IBA y=0.5815x—-0.2735  0.9996 045 85
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ISB43 for 30 min. ¢ HPLC chromatograms of the ultrasonicated sample
of Trichormus ellipsosporus 1SB44 for 30 min. d HPLC chromatograms
of the ultrasonicated sample of Anabaena vaginicola 1ISB42 for 30 min

numbers, while the differences, although significant, in the
dry weight of roots, stems, or leaves were not as prominent.
Likewise, as compared with controls, there is a variable en-
hancement of vegetative growth among the different
cyanobacterial-treated plants. These differences are significant
and include increases in root, stem, and leaf dry weights as
well as sizes.

Our data suggest a direct correlation between the improve-
ment in growth parameters of the treated peppermint plants
and the nutrient and auxin concentrations of cyanobacterial
inocula. In general, as compared with controls, peppermint
plants treated with A. vaginicola 1SB42 and
C. michailovskoense ISB45 demonstrated the most significant
differences in their growth parameters and total essential oil
contents, which paralleled the rich chemical content as well as
the high levels of auxins in the corresponding cyanobacterial
extracts. Conversely, the low levels of nutrients and auxins in
extract of 7. ellipsospours ISB44 were associated with the low

Table 4 Estimated concentrations of three auxins in the microalgal
samples

Cyanobacteria Estimated concentration (ng g”') in
DW
IAA IPA IBA
Trichormus ellipsosporus Nd Nd Nd
Cylindrospermum michailovskoense 16,751.59 20.54 Nd
Nostoc calcicola 2665.08 55.43 Nd
Anabaena vaginicola 1935.32 503.10 Nd

DW dry weight, /44 indole 3-acetic acid, /B4 indole 3-butyric acid, /P4
indole 3-propionic acid, Nd not detected
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Table 5 Chemical content of algal extracts (1 % water extract; fresh algal biomasses homogenates in distilled water)

Analytical method Anabaena extract ~ Nostoc extract  Cylindrospermum  Trichormus
pH Electrometric 7.43 7.24 7.35 7.54
EC (uS cm™ ) Platinum electrode 23.00 19.00 25.00 22.00
Total nitrogen (mg L") Macro Kjeldahl 42.00 36.90 34.80 27.70
NO, (mg L™ Colorimetric 0.09 0.08 0.08 0.07
NO; (mg L™ Ultraviolet spectrophotometric 19.80 10.00 10.20 1.20
NH," (mg L™ Nesslerization 27.60 24.20 21.10 13.70
Phosphate (mg L") Vanadomolybdophosphoric acid colorimetric 1.10 1.10 1.10 1.20
COs* (mgL™ Titrimetric 0.00 0.00 0.00 0.00
HCO; (mg L) Titrimetric 40.00 40.00 40.00 30.00
Ca®" (mg L™ EDTA titrimetric 30.00 30.00 30.00 30.00
Mg* (mg L™ EDTA titrimetric 20.00 20.00 20.00 20.00
Na" (mg L") Flame emission photometric 30.00 20.00 30.00 30.00
K" (mg L™ Flame emission photometric 4.00 3.00 8.00 2.20

NO,™ nitrite, NO; nitrate, NH,” ammonium, CO;>~ carbonate, HCO; bicarbonate, Ca," calcium, Mg®" magnesium, Na* sodium, K" potassium,

EDTA ethylenediaminetetraacetic acid

growth rates and content of the essential oils in the peppermint
plants treated with the same cyanobacterial extract.

Recent studies indicate that several nitrogen-fixing
rhizobacteria such as Azotobacters and Azospirilla, purified
from soil, stimulated vegetative growth and essential oil con-
tent of Mentha plants. Thus, the nitrogen-fixing ability of
these bacteria was proposed to be one of the reasons for the
growth improvement of the treated plants (Gantar et al. 1995;
Irisarri et al. 2001; Nilsson et al. 2002). In our previous work,
we have also reported the positive effect of heterocystous
cyanobacteria, including Nostoc and Anabaena, on nitrogen
content of the surface soil (Shariatmadari et al. 2013). Our
results here also revealed the presence of high levels of total
nitrogen and ammonium contents in the cyanobacterial
extracts, efficiently promoting growth. Therefore, we can
draw the conclusion that, one way, these cyanobacteria can
enhance the growth of peppermint plant by elevating the
readily available nitrogenous compounds. This conclusion is
in line with our findings that the highest levels of the total
nitrogen, nitrite, nitrate, and ammonium contents in the
extracts of A. vaginicola 1SB42 and C. michailovskoence
ISB45 were associated with the highest improvements in
growth parameters of the treated plants.

Besides the nitrogenous content of cyanobacterial suspen-
sions, stimulation of growth in the treated plants can be
attributed to other chemical elements in the cyanobacterial
extracts. Obana et al. (2007) suggested that the necessary
micro-elements for plant growth can be supplied by
cyanobacteria. This fact was strongly supported by the analy-
sis of chemical content of cyanobacterial extracts in our study
(Table 5). This analysis demonstrated that, in addition to the
total nitrogen, nitrite, nitrate, and ammonium contents,
elemental cations such as K in the extracts of A. vaginicola

ISB42 and C. michailovskoence ISB45 are present at highest
and in the extract of 7. ellipsosporus 1ISB44 at lowest levels.
Furthermore, we have previously reported that high amounts
of cations such as K™ and Ca®", found in the cyanobacterial
extracts (genera Anabaena and Nostoc), correlate with en-
hanced effects on plant growth (Shariatmadari et al. 2013).
Because of the necessity of such cations in regulation of
metabolic and molecular activities of plant cells,
cyanobacterial growth or provision of their extracts in the soil
should be considered as natural, free, and productive means to
promote growth. Therefore, as in this study, subsequent re-
search work in the field should partly be concentrated on
determining the cyanobacterial species, in isolation or in com-
bination, capable of exerting the most effects on plant growth.
Thus, the chemical content in the cyanobacterial extracts used
in the present study may also influence plant growth.

In addition to the above effects, heterocystous
cyanobacteria produce organic compounds, such as phytohor-
mones, that can greatly influence plant growth. For example,
the positive effect of rhizobacteria, especially cyanobacteria,
on growth parameters and composition of essential oils in
M. pipperita and other plants was suggested to be the result
of special metabolites, phytohormones (auxins), which are
synthesized and released by these microorganisms (Sergeeva
et al. 2002; Santoro et al. 2011; Hashtroudi et al. 2013;
Thangavelu et al. 2013). These reports are further strength-
ened by the results of the current study. Specifically, we have
shown the presence of IAA and IPA to be prominent in the
cyanobactrial biomass employed in our studies (Table 4). The
dominant auxin observed in three isolates of cyanobacteria
was IAA (in the range of 1935.32-16,751.59 ng g ' dry
weight) followed by lower levels of IPA (in the range of
20.54-503.10 ng g~ dry weight). Among the studied isolates,
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C. michailovskoense 1SB45 with highest amounts of IAA
exerted the most effect and 7. ellipsosporus 1ISB44 with the
lowest amounts of this phytohormone exerted the least impact
on peppermint growth and essential oil production.

Particular effects of auxins, as phytohormones, are found to
be in mediating a number of essential plant growth and devel-
opmental processes, such as cell elongation, cell division, as
well as induction of root growth and flower development
(Kukavica et al. 2007). Previous studies also have shown that
low concentrations of IAA can increase some growth param-
eters such as internodal length and leaf area (Meenakashi and
Lingakumar 2011). Phytohormones also have been shown to
stimulate root induction and initiation as well as to improve
rooting (Simpson 1986). Our findings suggest that improve-
ment of rooting and increase in lateral root production in the
treated plants may be the effect of auxins such as [AA.
Furthermore, our studies also indicate that the leaf number
and area size are other vegetative growth property that can be
influenced by these especial secondary metabolites (Table 2).

In conclusion, the cyanobacteria 4. vaginicola 1SB42,
N. calcicola 1ISB43, and C. michailovskoense ISB45 are able
to promote M. piperita growth and production of essential
oils. Enhancement of number and size of peppermint leaf are
of particular importance, considering the value and applica-
tion of these structures in food, cosmetic, and pharmaceutical
products. Altogether, our findings suggest that the selected
cyanobacteria, isolated domestically, can serve as potential
biofertilizer candidates to promote robust production of me-
dicinal plants such as peppermint.
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