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The present study examines the effects of 30 mg/kg

butachlor on the cyanobacterial diversity of rice fields in

Eastern Uttar Pradesh and Western Bihar in India. A

total of 40 samples were grouped into three classes [(i)

acidic, (ii) neutral, and (iii) alkaline soils], based on

physicochemical and principle component analyses. Acidic

soils mainly harbored Westillopsis, Trichormus, Anabaenopsis,

and unicellular cyanobacteria; whereas Nostoc, Anabaena,

Calothrix, Tolypothrix, and Aulosira were found in neutral

and alkaline soils. Molecular characterization using 16S

rRNA PCR and DGGE revealed the presence of 13

different phylotypes of cyanobacteria in these samples.

Butachlor treatment of the soil samples led to the

disappearance of 5 and the emergence of 2 additional

phylotypes. A total of 40 DGGE bands showed significant

reproducible changes upon treatment with butachlor.

Phylogenetic analyses divided the phylotypes into five

major clusters exhibiting interesting links with soil pH.

Aulosira, Anabaena, Trichormus, and Anabaenopsis were

sensitive to butachlor treatment, whereas uncultured

cyanobacteria, a chroococcalean member, Westillopsis,

Nostoc, Calothrix, Tolypothrix, Rivularia, Gloeotrichia,

Fischerella, Leptolyngbya, and Cylindrospermum, appeared

to be tolerant against butachlor at their native soil pH.

Butachlor-induced inhibition of nitrogen fixation was

found to be 65% (maximum) and 33% (minimum) in the

soil samples of pH 9.23 and 5.20, respectively. In conclusion,

low butachlor doses may prove beneficial in paddy fields

having a neutral to alkaline soil pH. 
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Butachlor (N-butoxymethyl-2-chloro-2',6'-diethylacetanilide)

is a pre-emergence herbicide widely applied to rice fields

and categorized as a toxic compound according to the

chemical database (http://EnvironmentalChemistry.com/yogi/

chemicals/cn/Butachlor.html). It acts either by inhibition

of very long-chain fatty acid (VLCFAs) synthesis or the

inhibition of cell division. Butachlor has been reported to

be carcinogenic to rat liver cells [7], and genotoxic to the

meristematic mitotic cells of Allium cepa [1], plant

seedlings [17], green algae [8], and cyanobacteria such as

Anabaena doliolum [21] and Aulosira fertilissima [15]. In

addition, butachlor has been reported to adversely affect

the nitrogen fixation process of cyanobacteria [6]. 

Cyanobacteria are an ancient and widespread group of

Gram-negative photosynthetic prokaryotes. Among the

diverse habitats they are known to exist in, paddy fields

constitute one of the most favorable natural niches for the

growth and proliferation of cyanobacteria [38], where they

play a major role in primary productivity as well as the

nitrogen economy of this natural ecosystem. Cyanobacterial

growth and diversity are mainly governed by soil physico-

chemical properties, where they prefer a neutral to alkaline

pH for optimum growth [19]. In order to increase crop

productivity, farmers use agrochemicals including herbicides

and pesticides. However, owing to improper use, and lack

of awareness, these modern agricultural practices are

leading to a decline in the soil’s fertility. According to the

Global Assessment of Soil Degradation (GLASOD), 16%

of Indian agricultural land is facing the problem of

declining soil fertility (http://www.fao.org/docrep/v4360e/

V4360E05.htm), where inappropriate use of pesticides

might be playing an important role. Butachlor is the most

commonly used herbicide in the Indo-Gangetic paddy

fields of Eastern Uttar Pradesh (UP) and Western Bihar,

where it is used to eliminate unwanted herbs. The most

commonly applied butachlor doses for rice fields range

from 10-30 mg/kg [24] to 30-40 mg/kg [6]. This range
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might affect non-targeted cyanobacteria negatively. However,

it has also been reported that butachlor hydrolysis takes

place at an acidic pH [41].

Some studies have been conducted to examine the

adverse effects of butachlor on cynaobacteria under culture

conditions [6]. Srivastava et al. [29] used denaturing

gradient gel electrophoresis (DGGE) to estimate salinity-

induced changes in cyanobacterial diversity, and Chen et al.

[5] demonstrated butachlor-induced changes in microbial

activities and nitrogen fixation. However, no information

is available on the toxic effects of butachlor on the

cyanobacterial community of the Indian rice fields, where

it is commonly applied on a regular basis.

Bearing these points in mind, an analysis of how

butachlor affects the cyanobacterial diversity of paddy

field soils, with a range of pH values and different physico-

chemical properties, seems an interesting and worthwhile

venture. In view of the lack of information on butachlor-

induced cyanobacterial diversity shifts and the contribution

of cyanobacteria to the nitrogen economy of agriculture,

this study was undertaken to examine the impact of 30 mg/kg

butachlor on cyanobacterial diversity and nitrogen fixation

ability in the selected paddy fields of Eastern UP and

Western Bihar using DGGE with amplified 16S rRNA

genes in conjunction with analyses of the soil’s physico-

chemical properties.

MATERIALS AND METHODS

Sampling Sites, Sampling, and Biochemicals

A total of 40 rice fields situated in eight districts of Eastern UP and
Western Bihar were selected for sampling (situated from 25o16' to
28o12' N and 79o22' to 85o13' E). The names of the districts along
with their geographical locations, and cyanobacteria present in the
samples (as observed microscopically) are listed in Fig. 1A. The
samples were collected at random during the monsoon season
(September 2008), which is considered the most favorable period
for cyanobacterial growth in paddy fields. The soil samples were
collected on sunny days having an air temperature of 27-30oC, at
10:00 am to 12:00 noon (Indian Standard Time). The collected
samples were transported to the laboratory on ice and stored at
-20oC. From the various samples collected, 8 samples having
different pH and electrical conductivity (EC) values were selected
for further investigation. The samples were microscopically analyzed
using a trinocular microscope (Kyowa Electronic Instruments, Tokyo,
Japan). The morphological characteristics of the cyanobacteria were
compared using methods illustrated by Desikachary [10] and Geitler
[12]. All experiments relating to the physicochemical properties of
soil and PCR-DGGE were performed in triplicate and repeated at
least twice to ensure the reproducibility of the results. All the
chemicals were procured from Sigma-Aldrich (St. Louis, U.S.A.)
unless otherwise specified.

Experimental Setup and Butachlor Treatment 

An agronomically significant dose of butachlor ranges from 1.0 kg
active ingredient (a.i.) ha-1 to 3.0 kg a.i. ha-1, which is considered

equivalent to 10 - 30 mg/kg on a dry soil basis (bulk density 0.5)
[24]. Hereafter, all designations of butachlor dosages are by mass of
the “active ingredient”, not by the mass of the commercial product.
A number of reports are also available about 10-30 mg/kg
treatment [6]. Its average half-life is 7 days, and the nonremnant
time period (after which its concentration can not be detected by
high-performance liquid chromatography or gas chromatography
analysis) is 30 days [9]. The various rice growth stages, namely
transplanting, booting, flowering, ripening, and harvesting, take up
to 120 days, with most of the diversity analyses having been carried
out between 35 and 60 days. Therefore, 30 mg/kg butachlor [6, 24]
and a 45 day time period were chosen. A total of 8 representative
soil samples were taken and their cyanobacterial microcosms were
prepared in two sets (each in triplicate) in 10 l polypropylene pots.
All the soil samples were air dried along with their native
cyanobacterial mats, mixed homogenously, and the microcosms
were prepared according to Chen et al. [5] for butachlor treatment.
Each pot contained 3.5 kg of soil sample (15 cm height) and sterile
water was added, so as to immerse the soil, to a height 3-5 cm
above the surface. The microcosms were supplemented with sterile
water at regular time intervals to maintain 75-90% relative humidity
at 24 ± 2oC under 72 µmol photon m-2/s-1 PAR (photosynthetically
active radiation) with a photoperiod of 14:10 h (light:dark). The set-
ups were aerated manually 2-3 times daily. Butachlor (commercial
grade, EC 50%) was applied at the rate of 30 mg/kg, that being
equivalent to 3.0 kg/ha [24], in 8 microcosms in triplicate under
semi-lab conditions. A second set of 8 microcosms, in triplicate and
without any butachlor treatment, was taken as the control. The
cyanobacterial mat samples were withdrawn from both the control
and the butachlor-treated microcosms after 45 days for further
analyses.

Chemical Composition of Soil Samples 
For the analyses of pH and EC, 50 ml of Milli-Q water was added
to 10 g of soil and homogenized. The suspension was subjected to
centrifugation at 10,000 ×g for 10 min. The supernatant was used
for the measurement of pH and EC using a pH and conductivity
meter (Systronics, India), respectively. Similarly, for the estimation
of metals, such as Na, K, Mg, Ca, Fe, Cu, Mn, Ni, Cr, and Zn,
25 ml of 0.1 M EDTA solution prepared in Milli-Q water was added
to 5 g of each soil sample and the soil-water solution was
homogenized. It was then filtered with Whatman filter paper no. 1,
and the filtrate was used to estimate the metal concentrations with
the help of atomic absorption spectroscopy (AAS Perkin Elmer
2380, Waltham, USA). However, for carbon and nitrogen estimations,
dry soil samples were used in a CHN analyzer instrument (CE400,
Mexico). For every soil sample, analysis was carried out in triplicate.
These data were further used for principle component analysis
(PCA).

Assay of Nitrogenase Activity 

For assessment of the nitrogen fixation ability of the cyanobacterial
mats under control and treatment conditions, nitrogenase activity
was determined by acetylene reduction assay [29]. In the case of
both the samples, 5 g of soil along with the cyanobacterial mats was
withdrawn from each microcosm. The cyanobacterial mats were
washed until they had become separated from the soil. Mat samples
were homogenized 10 ml of sterile water, and then transferred to
13 ml glass vials and sealed with Suba seals. The sealed vials were
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evacuated and flushed twice with argon and then sparged with argon
for 10-15 min. In relation to the nitrogenase assay, acetylene was
injected at a 10% concentration by volume and incubated for 2 h

under the continuous irradiance of 72 µM photon m-2 s-1 PAR. The
reaction was stopped by injecting 0.8 ml of 15% trichloroacetic acid.
The ethylene formation rate was measured using a Varian CP-3800

Fig. 1. Geographical map of India and location of the experimental sites (A) where small arrowheads indicate the names of districts and
thicker arrowheads represent the sample collection path, and (B) principal component analysis of thirteen physicochemical properties of
soil samples from eight different experimental sites. 
The X and Y axes represent the % of total variance of the PC1 and PC2, respectively.
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gas chromatograph equipped with a Porapak R column and a flame
ionization detector (Varian Inc., Palo Alto, USA). Nitrogenase
activity was expressed in terms of nmole C2H4 formed packed cell
volume (PCV) ml-1 h-1. PCV was equivalent to 3 × 109 cells/ml.

DNA Extraction, PCR, and DGGE

Total genomic DNA from the natural samples (paddy field soils and
cyanobacterial mats) was isolated using the phenol and lysozyme-
free method of Srivastava et al. [30]. The cyanospecific primers
CYA106F (5'-CGC ACG GGT GAG TAA CGC GTG A-3') and
CYA359F (5'-GGG GAA TYT TCC GCA ATG GG-3') with a 40
nucleotide GC clamp (5'-CGC CCG CCG CGC CCC GCG CCG
GTC CCG CCG CCC CCG CCC G-3') on the 5' end (forward
primer) and CYA781R [equimolar mixture of CYA781Ra (5'-GAC
TAC TGG GGT ATC TAA TCC CAT T-3') and CYA781Rb (5'-
GAC TAC AGG GGT ATC TAA TCC CTT T-3') (reverse primers)]
were commercially synthesized from Sigma-Aldrich (St. Louis,
USA) for amplification of a segment of cyanobacterial 16S rRNA
genes [20]. A semi-nested PCR reaction was carried out with the
first reaction using the primers CYA106F and CYA781R, followed
by a nested reaction with the primers CYA359F and CYA781R.
PCR was performed in a 25 µl final volume of reaction mixture
containing 100 ng of DNA, 2.5 µl of 10× PCR buffer with 15 mM
MgCl2, 200 µM dNTPs, 10 pmol of each primer, 200 µg of bovine
serum albumin (nuclease free), and 0.2 U Taq DNA polymerase
(Bangalore Genei, Peenya, India) in an Icycler (Bio-Rad Laboratories,
Hercules, USA). The thermal cycling profile was as follows: initial
denaturation for 3 min at 94oC, followed by 35 amplification cycles
each consisting of 1.5 min denaturation at 94oC, 1 min annealing at
59oC, and a 2 min elongation at 72oC, with a final 5 min elongation
at 72oC. A second PCR was performed using diluted 2-3 µl (10 ng)
of first PCR product as a DNA template with CYA359F and
CYA781R primers. The rest of the constituent and PCR cycle was
the same as for the first round of PCR. The PCR products of mat
and soil samples obtained after the second PCR reaction were
subjected to DGGE analysis using the DGGE-2001 system (C.B.S.
Scientific Company, San Diego, USA). An aliquot of 25 µl of PCR
product was mixed with 5 µl of 10× gel loading solution (100%
glycerol, 0.25% bromophenol blue, and 0.25% xylenecyanol) and
applied directly onto a 6% polyacryamide gel (acrylamide:bis
38.93:1.07) (w/v) in 1× Tris-acetate-EDTA (TAE) buffer with a linear
35-55% denaturant gradient [100% denaturant solution contained
7 M urea and 40% (v/v) deionized formamide]. A gradient dye
solution (0.5% bromophenol blue, 0.5% xylenecyanole, and 1× TAE
buffer) was used to check the gradient formation. DGGE was
carried out at 60oC (constant temperature) for 16 h at 100 V
(35 mA). The gel was stained for 15 min with ethidium bromide
(1 µg/ml in 1× TAE buffer) and visualized by UV transillumination
and photographed.

Sequencing of 16S rRNA Genes

The bands that showed significant and reproducible changes were
excised, reamplified, and sequenced. A total of 40 bands were
carefully excised from the DGGE gel using an autoclaved surgical
scalpel and resuspended in sterile Milli-Q water for 3 h to elute the
DNA from the gel matrix [3]. The eluted PCR products were used
as a template for the re-amplification of the corresponding DGGE
bands using the primer sets CYA359F (with GC clamps) and
CYA781R, and subsequently followed by another DGGE as

described above. Only reactions that resulted in a single band with
the predicted mobility were processed further. The specific bands
were again excised and reamplified. The PCR conditions were the
same as mentioned above for 16S rRNA gene amplification, except
that the primers did not have the GC clamp and 0.5 µl of template
DNA was used. The PCR products were sequenced commercially
(Macrogen, Seoul, Korea) with the same amplification primers in
separate reactions.

Phylogenetic Analyses

A multiple sequence alignment was produced using CLUSTAL_X
ver. 2 [16] and manually edited in SeaView for gap column
elimination. Bands with identical migration patterns on DGGE gels
were considered to have identical sequences. The phylogenetic tree
was constructed using the neighbor-joining algorithm presented in
MEGA software [33] and 1,000 bootstrap replicates of the alignment
data were performed to make the consensus tree.

Data Analyses

Results of the soil physicochemical parameters analyses were
statistically examined using PCA implemented in the SPSS package
version 16.0 (IBM, Armonk, USA). For this purpose, the data from
all 40 samples were taken, but the results have been presented only
for 8 samples that were selected for further investigation (Table 1).
To correlate the cyanobacterial abundance and the physicochemical
properties of the soil (pH), each band on a DGGE gel was treated as
an individual species. The total number of bands present in any
individual lane was considered to be the cyanobacterial diversity in
that soil sample. Each experiment was performed in three independent
replications and the results were then finalized.

Accession Numbers

The sequences of 40 reamplified DGGE bands were deposited in
the GenBank database under accession numbers FJ919602-FJ919611,
GQ255907-GQ255929, and GQ982577-GQ982583.

RESULTS 

Soil Analyses and Nitrogen Fixation Assay

Fourteen different physicochemical parameters, such as

pH, EC, and concentrations of Na, K, Ca, Mg, Cr, Ni, Cu,

Zn, Mn, Fe, C, and N, were analyzed to characterize the

soil types, and the results have been presented only for

those samples that were taken for further investigation, in

Table 1. The PCA analysis revealed two principal components

(PC1 and PC2) with 58.87% and 31.89% of total variance,

respectively. Thirteen parameters were then distributed

into four clusters (Fig. 1B): (i) Cu, Cr, Mg, Ni, and Ca, (ii)

K alone, (iii) Zn alone, and (iv) the remaining six

parameters. This suggests that there are four groups of

major physicochemical variables that could significantly

affect soil characteristics and hence the cyanobacterial

diversity in these rice fields. Since the pH value showed

maximum positive correlation coefficient values in

comparison with the other 13 parameters in the PCA

correlation matrix (data not shown), it was selected for the
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categorization of soil samples. Linear regression analysis

showed a significant positive correlation (P<0.05) between

the richness of the cyanobacterial population (DGGE

bands) and pH, whereas total nitrogen content (Fig. 2) also

demonstrated a significant positive correlation with the

cyanobacterial population (DGGE bands). Soils could thus

be classified into 3 groups: acidic, neutral, and alkaline

soils. The soils of the Wajidpur and Bisauri villages of the

Chandauli district were found to be alkaline and near

neutral, having a pH of 7.50 and 6.92, respectively. The

Bihta and Moryawa (Vikram) villages of the Patna district

exhibited acidic and alkaline pH values of 6.67 and 8.25,

respectively, and the soils of the Narayanpur and Shivpur

villages of the Mirzapur district were acidic in nature with

a pH of 5.20 and 6.00, respectively. Microscopic observation

of the samples revealed the presence of diverse forms of

cyanobacteria, with most belonging to the order Nostocales;

such as Anabaena, Nostoc, Aulosira, Gloeotrichia, Rivularia,

Calothrix, and Tolypothrix (Fig. 1A).

The nitrogen fixation process was adversely affected by

butachlor treatment in all the samples (Fig. 3). After 45 days

of butachlor treatment, maximum inhibition (64%) was

Fig. 2. Regression analysis between number of DGGE bands and pH (A) and total nitrogen content (B). 
Analyses depict the effects of these parameters on cyanobacterial abundance in selected paddy fields.

Table 1. Details of selected physicochemical properties of soil samples as used in PCA analysis.

a
S. no. pH EC (dS /m) Na K Mg Ca Fe

1 9.23+0.06 8.69+0.07 5.33+0.05 5.50+0.04 15.00+0.64 700+2.51 213+1.51

2 8.52+0.11 4.94+0.07 3.85+0.04 9.00+0.08 11.00+0.09 656+02.00 202+0.09

3 7.50+0.04 4.32+0.05 2.94+0.04 9.99+0.10 9.08+0.07 720+2.43 157+1.53

4 7.25+0.01 2.95+0.05 2.81+0.02 10.10+0.15 11.50+0.09 685+1.50 151+1.43

5 7.15+0.02 2.52+0.02 2.69+0.04 10.05+0.15 10.50+0.06 691+02.00 149+1.32

6 6.85+0.04 1.25+0.02 1.75+0.02 9.00+0.10 9.00+0.03 710+1.51 120+1.25

7 6.68+0.01 1.15+0.05 1.65+0.02 12.00+0.13 17.00+0.09 750+02.01 119+1.55

8 5.20+0.01 0.91+0.02 0.87+0.01 15.00+0.15 15.00+0.08 730+02.23 95+1.32

aS. no. Cu Mn Ni Cr Zn N C

1 0.70+0.05 7.40+0.06 0.30+0.02 0.15+0.01 0.21+0.02 0.95+0.01 2.75+0.06

2 0.57+0.02 6.50+0.04 0.30+0.01 0.15+0.01 0.33+0.02 0.87+0.02 2.45+0.02

3 0.55+0.01 6.00+0.05 0.27+0.01 0.14+0.02 0.40+0.03 0.85+0.02 2.25+0.01

4 0.60+0.03 6.00+0.02 0.30+0.01 0.15+0.01 0.30+0.01 0.75+0.01 2.22+0.01

5 0.58+0.02 5.90+0.03 0.30+0.01 0.15+0.03 0.33+0.01 0.70+0.01 2.20+0.02

6 0.55+0.01 5.45+0.02 0.28+0.02 0.14+0.01 0.40+0.01 0.68+0.02 1.95+0.01

7 0.80+0.02 5.40+0.01 0.37+0.03 0.19+0.01 0.15+0.01 0.65+0.01 1.90+0.02

8 0.69+0.01 4.50+0.02 0.32+0.01 0.16+0.01 0.20+0.02 0.62+0.02 1.50+0.02

All the data are shown in mg/l + SD, except N and C, which are shown in mg/kg + SD.
a
Serial no. corresponds to the name of districts as given in Fig. 1A.
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registered in the soil samples of Ballia followed by Arrah

(62.50%), Varanasi (60%), Allahabad (54.50%), Chandauli

(48.50%), Gazipur (41%), Patna (38%), and Mirzapur (33%)

respectively, in comparison with their respective control

samples.

DGGE and Molecular Characterization 

The results of molecular identification of cyanobacterial

16S rRNA genes by PCR-DGGE are illustrated in Fig. 4.

Differential banding patterns were observed for various

soil samples of the experimental sites. Bands that showed

significant reproducibility and minor changes in intensity

after triplicate analyses were selected for further assessment.

A total of 40 bands were selected for sequencing on the

basis of their relative position and band intensity on the

gel. Further BLASTn analyses of these sequences revealed

that 37 had a close similarity to cultured cyanobacterial

species, 2 with uncultured cyanobacterial species, and 1

with an uncultured chroococcalean member. There were a

total of 15 major DGGE phylotypes present in these

areas: Nostoc, Anabaena, Aulosira, Calothrix, Tolypothrix,

an uncultured cyanobacteria, Anabaenopsis, Gloeotrichia,

Cylindrospermum, Westiellopsis, Leptolyngbya, Fischerella,

Trichormus, an uncultured chroococcalean member, and

Rivularia. Thirteen DGGE sequences exhibited high

similarities with Nostoc spp. (91-99%), six with Calothrix

spp. (90-99%), five with Anabaena spp. (85-92%), four

with Tolypothrix spp. (97%), and one each with Aulosira

sp. (95%), Cylindrospermum sp. (96%), Gloeotrichia sp.

(98%), Rivularia sp. (95%), Fischerella sp. (87%), Trichormus

sp. (96%), Westiellopsis sp. (93%), and Anabaenopsis sp.

(98%). Of the different 16S rRNA gene sequences having

similarity to non-heterocystous cyanobacteria, one had a

match with Leptolyngbya sp. (95%). The remaining two

sequences showed a similarity with uncultured cyanobacteria

(75% and 93% identity), and one with an uncultured

chroococcalean member (94%) (Table 2).

For the assessment of the genetic relatedness among

different cyanobacteria and the description of genetic

diversity in relation to the pH levels of the different soils, a

Fig. 3. Effect of 30 mg/kg butachlor on the nitrogen fixation
activity of cyanobacterial mats collected from different rice field
microcosms after 45 days. 
The names of districts correspond to the villages from where soil samples

were taken as indicated in Fig. 1A. Bars indicate + SD.

Fig. 4. DGGE band profile of the selected rice fields of different districts: Lanes 1 and 2 = Chandauli, 3 and 4 = Ballia, 5 and 6 =
Gazipur, 7 and 8 = Allahabad, 9 and 10 = Varanasi, 11 and 12 = Patna, 13 and 14 = Mirzapur, and 15 and 16 = Arrah; even number and
odd number lanes represent control and butachlor-treated cyanobacterial samples, respectively. 
The numbers on the gel indicate the nearby DGGE bands as detailed in Table 2.
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neighbor-joining tree was constructed using an additional

20 sequences of 16S rRNA genes from different cyanobacteria,

based upon their close relatedness as observed from a

database search along with the 40 sequences obtained in

this study (Fig. 5). A total of 5 clusters formed in the

phylogenetic tree with the following cyanobacteria:

Cluster I having Nostoc, Anabaena, Aulosira, Calothrix,

Rivularia, and uncultured Chroococcales; cluster II with

Anabaena, Tolypothrix; cluster III with uncultured cyanobacteria,

Anabaenopsis, Anabaena, Calothrix, and Nostoc; cluster

IV with Tolypothrix, Gloeotrichia, and Calothrix; and

cluster V with Tolypothrix, Cylindrospermum, Westiellopsis,

Leptolyngbya, Nostoc, Calothrix, Trichormus, and Fischerella.

These five different clusters were supported by significant

bootstrap values, that being >700 supports out of 1,000

bootstrappings. However, there were some mixed clusters

Table 2. Details of DGGE bands showing significant and reproducible changes after butachlor treatment along with their percentage
(%) sequence similarity, as revealed by NCBI-BLASTn searches.

DGGE band
no.

Accession 
no.

Length of nucleotides 
sequenced (bp)

Most closely related 16S rRNA gene sequence

Organism name Accession no. Sequence similarity (%)

1 FJ919602 566 Calothrix sp. PCC 7101 AB325535.1 95

2 FJ919603 576 Calothrix sp. PCC 7101 AB325535.1 87

3 FJ919604 625 Nostoc sp. 5.1 GU254517.1 97

4 FJ919605 420 Nostoc sp. PCC 9426 AM711538.1 90

5 FJ919606 616 Nostoc sp. 5.1 GU254517.1 97

6 FJ919607 618 Calothrix sp. PCC 7101 AB325535.1 99

7 FJ919608 623 Nostoc calcicola 99 GQ167549.1 97

8 FJ919609 566 Westiellopsis sp. Ar73 DQ786168.1 92

9 FJ919610 703 Nostoc sp. 5.1 GU254517.1 96

10 FJ919611 578 Nostoc sp. PCC 7120 BA000019.2 98

11
a
GQ255907 633 Nostoc sp. PCC 7120 BA000019.2 99

12 GQ255908 637 Tolypothrix sp. PCC 7504 FJ661002.1 98

13 GQ255909 757 Tolypothrix sp. IAM M-259 AB093486.1 97

14
b
GQ255910 637 Calothrix sp. PCC 7101 AB325535.1 99

15 cGQ255911 637 Calothrix sp. PCC 7101 AB325535.1 99

16 GQ255912 634 Nostoc carneum IAM M-35 AB325906.1 97

17 GQ255913 752 Calothrix sp. PCC 7101 AB325535.1 98

18 GQ255914 619 Tolypothrix sp. PCC 7504 GU055199.1 96

19 GQ255915 647 Calothrix sp. PCC 7101 AB325535.1 99

20 GQ255916 723 Anabaena oscillarioides AJ630428.1 89

21 GQ255917 734 Anabaena torulosa GU396091.1 90

22 GQ255918 702 Calothrix sp. PCC 7101 AB325535.1 99

23 GQ255919 610 Nostoc sp. TH1S01 AM711547.1 94

24 GQ255920 679 Nostoc sp. 5.1 GU254517.1 96

25 GQ255921 655 Anabaena variabilis AF247593.1 99

26 GQ255922 675 Nostoc carneum IAM M-35 AB325906.1 97

27 GQ255923 698 Nostoc sp. CENA88 GQ259207.1 97

28 GQ255924 797 Nostoc sp. Cc2 AM711532.1 97

29 GQ255925 636 Nostoc sp. 5.1 GU254517.1 97

30 GQ255926 678 Tolypothrix sp. PCC 7504 FJ661002.1 97

31 GQ255927 707 Nostoc sp. 74.2 GU254516.1 78

32 GQ255928 935 Uncult. Chroococcales EF160010.0 94

33 GQ255929 912 Uncultured cyanobacterium HQ189049.1 75

34 GQ982577 704 Leptolyngbya laminosa 0414 EU057151.1 95

35 GQ982578 300 Uncultured cyanobacterium FJ967935.1 93

36 GQ982579 294 Anabaena sphaerica EU599117.1 87

37 GQ982580 436 Anabaenopsis elenkinii AM773307.1 98

38 GQ982581 639 Trichormus variabilis AJ630456.1 95

39 GQ982582 680 Cylindrospermum sp. A1345 DQ897365.1 96

40 GQ982583 623 Fischerella muscicola AM709634.1 99

a,b,c
Indicates that the organism’s name corresponding to these accession number has been given according to their morphological attributes.
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also. The cluster patterns exhibited a proportional relationship

with soil pH; for example, Nostoc, Anabaena, and Aulosira

were predominantly observed in neutral to slightly alkaline

soils. Acidic soils harbored the Westillopsis, Anabaenopsis,

unicellular cyanobacterium, and chroococcalean member,

whereas alkaline soils contained diverse cyanobacteria

such as Cylindrospermum, Westiellopsis, Leptolyngbya,

Fischerella, Trichormus, Calothrix, Tolypothrix, and

Nostoc. The correlation between the phylogenetic analysis

and the distribution of cyanobacteria with respect to soil

Fig. 5. Neighbour-joining tree showing phylogenetic relationship of the sequenced DGGE bands. 
The Kimura-2 parameter nucleotide substitution model was used for phylogeentic analysis [34]. A total of 1000 bootstraps were performed and only more

than 50% bootstrap support values are mentioned where DGGE1 to DGGE40 designate the sequences obtained from this study (Table 2). Roman numbers

designate the cluster numbers.
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pH values seems particular for this paddy ecosystem. In

general, all identified species of cyanobacteria were mainly

confined to neutral through to slightly alkaline pH soils

[13, 30].

Butachlor-Induced Changes in Cyanobacterial Community

Butachlor treatment reduced the cyanobacterial diversity

as observed by the disappearance of phylotypes from the

DGGE gel (Fig. 4). After 45 days of 30 mg/kg butachlor

treatment, some of the DGGE bands disappeared, whereas

some remained. A total of 4 DGGE bands disappeared

after 45 days of butachlor treatment from the Ghazipur

samples, followed by two bands from Allahabad and one

from each of the rest of the soil samples, respectively.

However, two new DGGE bands appeared in the Mirzapur

and Chandauli soil samples after butachlor treatment.

Sequencing of these bands revealed that Aulosira, Trichormus,

Anabaenopsis, and Anabaena were sensitive to butachlor,

whereas tolerant cyanobacteria included the uncultured

Chroococcales, uncultured cyanobacteria, Nostoc, Calothrix,

Tolypothrix, Gloeotrichia, Cylindrospermum, Westiellopsis,

Leptolyngbya, Fischerella, and Rivularia. The emergence of

these two new DGGE bands corresponded to the uncultured

cyanobacteria and the chroococcalean member in Mirzapur,

and two Nostoc species in the Chandauli soil samples.

DISCUSSION

A soil’s pH, determined by almost all the physicochemical

aspects of the soil, has a profound impact on cyanobacterial

diversity [13, 28]. Soil pH, as a measure of the soil’s

acidity and alkalinity, affects nutrient solubility and

availability in the soil. A soil pH level of near 7 is optimal

for overall nutrient availability, crop tolerance, and soil

microorganism activity. Nutrient availability is greatly

influenced by soil pH. With the exception of P, which is

most available at a pH of 6-7, macronutrients (N, K, Ca,

Mg, and S) are more available within a pH range of 6.5 to

8, whereas the majority of micronutrients (B, Cu, Fe, Mn,

Ni, and Zn) are more available within a pH range of 5 to 7.

Outside of these optimal ranges, the availability of nutrients

is low. Micronutrient availability decreases as soil pH

values approach 8, owing to cations being more strongly

bound to the soil. Metals (Cu, Fe, Mn, Ni, and Zn) are very

tightly bound to the soil at a high pH and are therefore

more available at low pH levels than at high pH levels.

This can cause potential metal toxicities for crops in acidic

soils. Conversely, “base” cations (Ca, K, Mg) are weakly

bound to the soil and prone to leaching at a low pH (http://

www.nssc.nrcs.usda.gov). Since soil properties of rice fields

change significantly because of changes in pH values, this

is presumed to regulate cyanobacterial distribution, diversity,

and hence productivity. In general, cyanobacteria prefer a

neutral to slightly alkaline pH (7.5), but they are known to

survive in a wide range of habitats. Therefore, near-neutral

pH soils (the samples from Allahabad and Ghazipur)

displayed a variety of cyanobacteria, as nutrients were

easily available to them. However, it is well known that

conductivity in terms of salinity and concentrations of

major ions have a strong influence on the distribution of

individual cyanoprokaryotes [25].

In the present study, the total number of phylotypes

observed were fifteen; namely, Nostoc, Anabaena, Aulosira,

Calothrix, Tolypothrix, uncultured cyanobacteria, Anabaenopsis,

Gloeotrichia, Cylindrospermum, Westiellopsis, Leptolyngbya,

Fischerella, Trichormus, an uncultured chroococcalean

member, and Rivularia; and these genera varied considerably

across the different samples. The samples from Chandauli

and BHU exhibited the maximum diversity, whereas the

Mirzapur sample had the minimum diversity. The alkaline

soils of Allahabad and Varanasi supported the growth of

Cylindrospermum, Westiellopsis, Leptolyngbya, Fischerella,

Trichormus, Tolypothrix, Calothrix, and Nostoc. Conversely,

the high EC samples of Oana (Ballia), Nandganj (Ghazipur),

and Kushipur (Varanasi) soils possessed a reduced diversity,

whereas the low EC soil samples, such as those from Bihta

(Patna) and Phoolpur (Allahabad), supported the abundant

growth of nitrogen-fixing cyanobacteria like Nostoc,

Anabaena, Cylindrospermum, Westiellopsis, Trichormus,

Tolypothrix, and Calothrix. The prolific occurrence of

cyanobacterial populations in neutral and alkaline pH soils

as opposed to acidic soils has already been demonstrated

by Kaushik [13], which strengthens our observations.

Microscopic observation finds support from the work of

Nayak and Prasanna [19], where occurrence of the same

cyanobacteria in Indian paddy fields was also observed.

The above-mentioned cyanobacteria have also been

characterized from different soil types in India [34].

Butachlor hydrolysis is faster under acidic, rather than

alkaline conditions, where it persists for a longer duration

[41]. The long-term persistence of butachlor may impart

greater damage to cyanobacterial diversity in rice fields

having a pH of more than 7. Thus, pH assumes a greater

significance in regulating butachlor-induced cyanobacterial

diversity.

For butachlor-inhibited cyanobacterial nitrogen fixation,

the Chandauli sample with 8 DGGE phylotypes exhibited

a 48.5% inhibition in comparison with a 62.50% inhibition

of the Arrah samples with 4 DGGE phylotypes (Fig. 3).

The extent of inhibition appeared to correlate with the

microscopically observed cyanobacterial diversity (Table 1),

as well as DGGE banding patterns (Fig. 4). It is presumed

that in samples containing large numbers of phylotypes,

individual phylotypes are likely to get less butachlor than

the samples with a lesser number of phylotypes. Our results

find support from Varshney and Barman [36], where a

composite inoculum of cyanobacteria used under field
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conditions tolerated 10 times higher concentrations of

butachlor in comparison with individual cultures in liquid

media. Zargar and Dar [40] also demonstrated that a mixed

culture of Anabaena, Nostoc, and Oscillatoria tolerated 90

ppm butachlor in vitro, and had no significant effect on the

algal dry weight produced after eight days. Thus, butachlor

toxicity will presumably decrease in a mixed cyanobacterial

culture.

The results of DGGE profiles of the butachlor-treated

cyanobacteria clearly demonstrate their differential response.

However, many of our 16S rRNA sequences of DGGE

bands did not show complete identity (Table 2) with their

cultured cyanobacterial counterparts available in the

database, which can be discussed in light of the report of

Ferris et al. [11]. Here, Aulosira, Anabaenopsis, Anabaena,

and Trichormus emerged as the sensitive organisms, whereas

uncultured Chroococcales, uncultured cyanobacteria, Nostoc,

Calothrix, Tolypothrix, Gloeotrichia, Cylindrospermum,

Westiellopsis, Leptolyngbya, Fischerella, and Rivularia

were seen to be the tolerant organisms. This response can

be explained in view of the reports of the presence of

different polyunsaturated fatty acids (PUFA) in different

cyanobacteria [14] and their subsequent inhibition by

chloroacetanilide [17]. Chloroacetanilide in general and

butachlor, in particular, are known to decrease the PUFA

content [15, 17]. A higher content of PUFA (C18:3α) has been

reported in the plasma membranes of some cyanobacteria

like Anabaena (35%) and Anabaenopsis (16.8%), whereas

Nostoc (12%), Calothrix (5%), and Tolypothrix (7%)

contain a lesser proportion of C18:3α fatty acid [14, 36]. It

may be theorized that butachlor causes more damage to

cyanobacteria with a higher % of PUFA (C18:3α) than to

those with a lower PUFA %. The colonial behavior of

Nostoc and presence of thick extracellular mucilage might

be responsible for its survival against butachlor stress, as

reported by Mollenhauer et al. [18]. Likewise, the sheath

and outer membrane of Fischerella may contribute to its

survival under butachlor stress [23], and the butachlor

tolerance of Westillopsis can also be explained in light of

the report of Tamiselvam et al. [32], which designated it as

an acid-tolerant cyanobacterium. In parallel to this, mature

filaments of Calothrix, Tolypothrix, Rivularia, and Gloeotrichia

are known to be enclosed in a mucilaginous sheath [27],

which may be helpful to combat butachlor toxicity. Our

finding of the disappearance of the Aulosira phylotype

after butachlor treatment in the DGGE analysis (Fig. 4)

can be explained in light of the report of Kumari et al. [15],

where butachlor-induced reduction in physiological attributes,

photosynthetic pigments, fatty acid and thiol content,

along with a down-regulated GroES and an up-regulated

NusB protein, were held responsible for cell death of

Aulosira fertilissima after 65 µM butachlor treatment.

Of the large number of cyanobacterial sequences analyzed

in this study, Nostoc and Anabaena outnumbered most of

the heterocystous Nostocalean genera. This finds support

from the observation of Prasanna et al. [22], who reported

Nostoc and Anabaena to be the predominant genera in the

rhizospheric soil of Indian paddy fields. Molecular data

matched with morphological attributes, except in a few

cases (Table 1), which may be due to either missing DGGE

band information or phenotypic plasticity. It is believed

that heterocystous cyanobacteria correspond to a monophyletic

lineage [39] that contains the orders Nostocales and

Stigonematales (subsections IV and V) [4]. Still, our results

of different cluster formations by Rivularia, Calothrix,

Tolypothrix, and Gloeotrichia (Fig. 5) are supported by the

work of Berrendero et al. [2], where the sequences of

Rivularia and Calothrix showed great heterogeneity and

were clearly not monophyletic. Samples from alkaline to

neutral soils generally contained heterocystous cyanobacteria

that form clusters like I, II, IV, and V. In contrast to this,

acidic soil samples did not support a population of

heterocyst-forming cyanobacteria and we separately

grouped them as cluster III. In summary, the rice fields of

Eastern UP and Western Bihar contain numerous species

of the nitrogen-fixing Nostoc and Anabaena, but Aulosira

remained the most cosmopolitan cyanobacterium, an

observation which is also supported by Singh [28] and

Srivastava et al. [30].

An interesting point observed in this study was that the

samples having rich cyanobacterial diversity could withstand

butachlor toxicity better and fix atmospheric nitrogen more

effectively. Since composite cyanobacterial inoculum

demonstrated butachlor tolerance [36] and butachlor is

hydrolyzed at an acidic pH [41], it may be hypothesized

that butachlor exerts more toxicity to cyanobacteria

present in alkaline soil. Nevertheless, the various physical

attributes of cyanobacteria such as sheaths, exopolysaccharides,

mucilage, and so on, specific to certain genera, may be

helpful to combat butachlor toxicity in a better way. On the

whole, Aulosira, Anabaena, Trichormus, and Anabaenopsis

emerged as sensitive genera, whereas uncultured cyanobacteria,

a chroococcalean member, Westillopsis, Nostoc, Calothrix,

Tolypothrix, Fischerella, Rivularia, Gloeotrichia, Leptolyngbya,

and Cylindrospermum appeared to be tolerant cyanobacteria

against butachlor at their native soil pH. Owing to

differential responses and other exclusive characteristic

features of cyanobacteria, low doses of butachlor may be

recommended in the paddy fields of neutral to alkaline soil

with rich cyanobacterial diversity.

Acknowledgments

L. C. Rai would like to express gratitude to the ICAR, New

Delhi, for its financial support in the form of a network

AMAAS project, and also to DST for the J.C. Bose

National Fellowship. N.K. and O.P.N. give their thanks to



BUTACHLOR-INDUCED SHIFTS OF CYANOBACTERIAL DIVERSITY 11

the CSIR and ICAR for senior research fellowships,

respectively. We would also like to thank the Head of the

Botany Department at Banaras Hindu University for

provision of the facilities for this work.

REFERENCES

1. Ateeq, B., M. A. Farah, M. N. Ali, and W. Ahmad. 2002.
Clastogenicity of pentachlorophenol, 2,4-D and butachlor evaluated
by Allium root tip test. Mutat. Res. 514: 105-113.

2. Berrendero, E., E. Perona, and P. Mateo. 2008. Genetic and
morphological characterization of Rivularia and Calothrix

(Nostocales, Cyanobacteria) from running water. ISJEM 58:

447-460.
3. Boutte, C., S. Grubisic, P. Balthasart, and A. Wilmotte. 2005.

Testing of primers for the study of cyanobacterial molecular
diversity by DGGE. J. Microbiol. Methods 65: 542-550.

4. Castenholz, R. W. 2001. Phylum BX. Cyanobacteria. Oxygenic
photosynthetic bacteria, pp. 473-487. In R. Boone, R. W.
Castenholz, and G. M. Garrity (eds.). Bergey’s Manual of

Systematic Bacteriology, 2nd Ed. Vol. 1. Springer, New York.
5. Chen, W. C., J. H. Yen, C. S. Chang, and Y. S. Wang. 2009.

Effects of herbicide butachlor on soil microorganisms and on
nitrogen-fixing abilities in paddy soil. Ecotoxicol. Environ. Saf.

72: 120-127.
6. Chen, Z., P. Jauneau, and B. Qiu. 2007. Effects of three

pesticides on the growth, photosynthesis and photoinhibition of
the edible cyanobacterium Ge-Xian-Mi (Nostoc). Aquat. Toxicol.

81: 256-265.
7. Coleman, S., R. Linderman, E. Hodgson, and R. L. Rose. 2000.

Comparative metabolism of chloroacetamide herbicides and selected
metabolites in human and rat liver microsomes. Environ. Health

Perspect. 108: 1151-1157.
8. Couderchet, M. and P. Böger. 1993. Changes in fatty acid

profile induced by herbicide, pp. 175-181. In P. Böger and G.
Sandmann (eds.). Target Assays for Modern Herbicides and

Related Phytotoxic Compounds. Lewis Publ.. Boca Raton, FL,
USA.

9. Debnath, A., A. C. Das, and D. Mukherjee. 2002. Persistence
and effect of butachlor and basalin on the activities of phosphate
solubilizing micro-organisms in wetland rice soil. Bull. Environ.

Contam. Toxicol. 69: 766-770.
10. Desikachary, T. V. 1959. Cyanophyta. Indian Council for

Agricultural Research, New Delhi.
11. Ferris, M. J., G. Muyzer, and D. M. Ward. 1996. Denaturing

gradient gel electrophoresis profiles of 16S rRNA-defined
populations inhabiting a hot spring microbial mat community.
Appl. Environ. Microbiol. 62: 340-346.

12. Geitler, L. 1932. Cyanophyceae, pp. 916-931. In L. Rabenhorst
(ed.). Kryptogamenflora von Deutschland, Österreich und der
Schweiz, Vol. 14. Akad Verlag, Leipzig.

13. Kaushik, B. D. 1994. Algalization of rice in salt-affected soils.
Ann. Agric. Res. 14: 105-106.

14. Kenyon, C. N., R. Rippka, and R. Y. Stanier. 1972. Fatty acid
composition and physiological properties of some filamentous
blue-green algae. Arch. Mikrobiol. 83: 216-236.

15. Kumari, N., O. P. Narayan, and L. C. Rai. 2009. Understanding
butachlor toxicity in Aulosira fertilissima using physiological,
biochemical and proteomic approaches. Chemosphere 77: 1501-
1507.

16. Larkin, M. A., G. Blackshields, N. P. Brown, R. Chenna, P. A.
McGettigan, H. McWilliam, et al. 2007. ClustalW and ClustalX
version 2.0. Bioinformatics 23: 2947-2948.

17. Mathes, B. and P. Böger. 2002. Chloroacetanilides affect the
plasma membrane. Z. Naturforsch. 57: 843-852.

18. Mollenhaur, D., R. Bengtsson, and E. A. Lindstrom. 1999.
Macroscopic cyanobacteria of the genus Nostoc: A neglected
and endangered constituent of the European inland aquatic
biodiversity. Eur. J. Phycol. 34: 349-360.

19. Nayak, S. and R. Prasanna. 2007. Soil pH and its role in
cyanobacteria abundance and diversity in rice field soils. Appl.

Ecol. Environ. Res. 5: 103-113.
20. Nübel, U., F. Garcia-Pichel, and G. Muyzer. 1997. PCR primers

to amplify 16S rRNA genes from cyanobacteria. Appl. Environ.

Microbiol. 63: 3327-3332.
21. Pandey, V. and L. C. Rai. 2002. Interactive effects of UV-B and

pesticides on photosynthesis and nitrogen fixation of Anabaena

doliolum. J. Microbiol. Biotechnol. 12: 423-430.
22. Prasanna, R., P. Jaiswal, S. Nayak, A. Sood, and B. D. Kaushik.

2009. Cyanobacterial diversity in the rhizosphere of rice and its
ecological significance. Indian J. Microbiol. 49: 89-97.

23. Pritzer, M., J. Weckesser, and U. J. Jurgens. 1989. Sheath and
outer membrane component from the cyanobacterium Fischerella

sp. PCC 7414. Arch. Microbiol. 153: 7-11.
24. Roger, P. A. 1990. Microbiological aspects of pesticide use in

wetland rice fields. Presented in a workshop on the environmental
and health impacts of pesticide use at IRRI, Philippines.

25. Sigee, D. C. 2005. Freshwater Microbiology: Biodiversity and

Dynamic Interactions of Microorganisms in the Aquatic

Environments. John Wiley and Sons.
26. Sigler, W. B., R. Bachofen, and J. Zeyer. 2003. Molecular

characterization of endolithic cyanobacteria inhabiting exposed
dolomite in central Switzerland. Environ. Microbiol. 5: 618-
627.

27. Sihvonen, L. M., C. Lyra, D. P. Fewer, P. Rajaniemi-Wacklin, J.
M. Lehtimäki, M. Wahlsten, and K. Sivonen. 2007. Strains of
the cyanobacterial genera Calothrix and Rivularia isolated from
the Baltic Sea display cryptic diversity and are distantly related
to Gloeotrichia and Tolypothrix. FEMS Microbiol. Ecol. 61:

74-84
28. Singh, R. N. 1961. Role of Blue-Green Algae in the Nitrogen

Economy of Indian Agriculture. ICAR, New Delhi.
29. Srivastava, A. K., A. Ara, P. Bhargava, Y. Mishra, S. P. Rai, and

L. C. Rai. 2007. A rapid and cost effective method of genomic
DNA isolation from cyanobacterial mat and soil suitable for
genomic fingerprinting and community analysis. J. Appl. Phycol.

19: 373-382.
30. Srivastava, A. K., P. Bhargava, A. Kumar, L. C. Rai, and B. A.

Neilan. 2009. Molecular characterization and the effect of
salinity on cyanobacterial diversity in the rice fields of Eastern
Uttar Pradesh, India. Saline Syst. 5: 4.

31. Stewart, W. D. P., G. P. Fitzgerald, and R. H. Burris. 1968.
Acetylene reduction by nitrogen fixing blue-green algae. Arch.

Microbiol. 62: 336-348.



12 Kumari et al.

32. Tamiselvam, B., G. Gopalaswamy, and S. Kannaiyan. 2002.
Influence of butachlor on the growth, chlorophyll content and
ammonia excretion by acid tolerance cyanobacteria. Indian J.

Weed Sci. 34: 158-159.
33. Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4:

Molecular Evolutionary Genetics Analysis (MEGA) software
version 4.0. Molec. Biol. Evol. 24: 1596-1599.

34. Tirkey, J. and S. P. Adhikary. 2005. Cyanobacteria in biological
soil crusts of India. Curr. Sci. 89: 515-521.

35. Vargas, M. A., H. Rodríguez, J. Moreno, H. Olivares, J. A. Del
Campo, J. Rivas, and M. G. Guerrero. 1998. Biochemical
composition and fatty acid content of filamentous nitrogen-
fixing cyanobacteria. J. Phycol. 34: 812-817.

36. Varshney, J. G. and K. K. Barman. 2007. Can butachlor be a
component of sustainable rice farming: An Indian perspective,
pp. 315-323. In P. G. Chengappa, N. Nagaraj, and R. Kanwar
(eds.). Proceedings of International Conference on 21

st

 Century

Challenges to Sustainable Agri-food systems. I. K. Int. Publishing
House, ND.

37. Watanabe, A. 1962. Effect of nitrogen-fixing blue-green alga
Tolypothrix tenuis on the nitrogenous fertility of paddy soil and
on the crop yield of rice plant. J. Gen. Appl. Microbiol. 8: 85-
91.

38. Whitton, B. A. 2000. Soils and rice fields, pp. 233-25. In B. A.
Whitton and M. Potts (eds.). The Ecology of Cyanobacteria.
Kluwer Academic Publishers, Dordrecht.

39. Wilmotte, A. and M. Herdman. 2001. Phylogenetic relationships
among the cyanobacteria based on 16S rRNA sequences, pp.
487-493. In D. R. Boone and R. W. Castenholz (eds.). Bergey’s

Manual of Systematic Bacteriology, 2nd Ed. Vol. 1. Springer,
New York.

40. Zargar, M. Y. and G. H. Dar. 1990. Effect of benthiocarb and
butachlor on growth and nitrogen fixation by cyanobacteria.
Bull. Environ. Contam. Toxicol. 45: 232-234.

41. Zeng, H. H. and C. M. Ye. 2001. Hydrolysis of chloroacetanilide
herbicides acetochlor and butachlor. Environ. Sci. (China) 20:

168-171.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


