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Abstract

Soil enzyme activities provide a unique biochemical means for assessing soil function as an indicator of soil fertility, which can be
altered by a profusion of fluoride in the soil and seasonal changes. Seven sites were chosen in the fluoride-affected area of Nasipur,
Birbhum District, West Bengal, India, to compare seasonal changes in enzymes (urease, amylase, cellulase and invertase), fluoride
content, physicochemical characteristics and the availability of microbes in the soil with a control. The activity of all the enzymes
varied with season. Urease had greater activity in the summer, followed by winter; it showed marginal differences from the control
area during the winter (p <0.002) and summer (p <0.110) but a significant (p <0.000) difference during the rainy season. Soil pH
had a negative impact on urease activity during both winter and summer. Cellulase activity was accelerated by the organic matter
and organic carbon content of the soil. Fluoride therefore had the greatest activity against urease activity during the rainy, summer
and winter seasons. The microbial population of the soil also showed a negative impact of fluoride, which may in turn affect the
soil enzymes and characteristics.
© 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Fluoride is a common geo-genic contaminant of
drinking-water, and its effects on humans are well known
[1]. An elevated level of fluoride results mainly from
weathering of rocks and leaching of fluoride-bearing
minerals [2,3]. Fluorosis due to the high fluoride content
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of water and soil in the villages of Birbhum District in
West Bengal, India, has been reported [4,5]. Fluoride can
have a negative impact on soil by disrupting soil struc-
ture, alkalization, changing the soil adsorption complex
and increasing the mobility of humic substances, which
promote carbon and nitrogen mineralization [6].
Measurement of the activity of several enzymes has
been used to establish indices of soil fertility [7-9] and
the bio-geochemical cycling of carbon, nitrogen, phos-
phorus, sulfur and other nutrients [10]. Soil enzymes
originate mainly from plant residues [11], both as intra-
and extracellular enzymes [12,13]. Enzymes play the
main biochemical role in decomposition of organic
matter in soil systems [14,15], and soil microbes reflect
soil quality [16]. Some soil enzymes are involved
in transformation of carbon (e.g. invertase), nitrogen
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(e.g. urease) and phosphorus (e.g. acid phosphatase)
[17]. Soil enzyme activities therefore provide a unique
integrative biochemical assessment of soil function and
condition and are useful indicators of soil functional
diversity [18]. Extracellular soil enzymes responsi-
ble for the initial processing of detrital carbon and
organic-bound nutrients [19] should indicate the initial
functional response of the microbial community to crop
harvesting or soil disturbance. Several studies have sug-
gested organic matter, microbial biomass and activity
parameters as indicators of soil quality [20-22]. Three
common enzymes in soil are invertase, amylase and
cellulase, their substrates being the naturally occurring
carbohydrates sucrose, starch and cellulose, respec-
tively. These enzymes, with urease, are important for
understanding the carbon load and fertility of field soil.
The microclimate, soil chemical factors and substrate
availability are the main factors that control enzyme
activity [23] and may be the cause of seasonality.

Fluoride can change metabolism by binding directly
to some enzymes, e.g. those containing haem groups,
or other metal enzymes. The activity of phosphatase
enzyme can be enhanced or depressed by the complex-
forming ability of fluoride with aluminium or beryllium,
which affects the phosphate content of soil [24].
Fluoride also inhibits urease activity, which increases
in an acid environment [25]. Elevated levels of fluoride
are found in soils in which large amounts of phosphorus
fertilizers are used, and these soils also contain less
microbial biomass and dehydrogenase activity [26].
Several physicochemical parameters of soil and water
have a substantial effect on the fluoride concentration
[4,5], which in turn affects the soil enzymes.

Studies have been reported on the response of soil
microbes and enzyme activities to fluoride pollution
[27] and on inhibition of soil enzymes activity by
fluoride [24]; however, few studies have been published
on seasonal variations in enzyme activity and microbial
populations under fluoride stress. As soil enzymes
reflect the fertility of soil, we chose the agriculture-
based area of Nasipur, a known fluoride-endemic area,
in Birbhum District. The aim of the study was to assess
the stress effect of fluoride on soil microbial properties
and soil enzyme activity, to determine the influence of
fluoride on soil properties and to quantify the influence
of season on enzyme activities.

2. Materials and methods
2.1. Study site

The study was based in two areas, a fluoride-prevalent
region and a control region in which fluoride pollution

has not been reported (Fig. 1). The polluted region,
Nasipur (24°17'33.7” N and 87°45'13.6” E) is located in
Nalhati I block of Birbhum District West Bengal, India,
where fluoride contamination was first detected in 1997.
The geophysical cause of fluoride pollution in this region
has been reviewed [28,29]. Geographically, the district
lies at the north-eastern end of Chhotanagpur plateau
and slopes down to merge with the alluvial plains of the
Ganges. The climate is dry and extreme in the western
part of the district but is relatively milder on the eastern
side. The temperature rises well above 40 °C in sum-
mer and it drops to around 10 °C in winter. The average
annual rainfall in this district is 1405 mm. Sandy, hard
red soil of the alfisoil type and latterite soil are the most
interesting aspects of the geology. Bore wells and open
wells are the main sources of water for domestic and
agricultural purposes in this arid region.

The Burdwan University seed multiplication farm and
anearby locality (23°15'12” N and 77°50'51” E) of Bur-
dwan District were chosen as control areas for the study.
The average temperature in this area ranges from 10
to 38 °C, and the average annual rainfall is 1320 mm.
Burdwan District has various soil types in different
topographical, biological, hydrological and geological
conditions. In the study area, alluvial soil attains extreme
thickness due to alluvium brought down by the Damodar
and numerous other rivers. These soils are sandy, well
drained and slightly acidic.

2.2. Soil sampling

Seventy soil samples were collected from the top
layer (10 cm depth) in seven study sites in Nasipur dur-
ing three distinct seasons: rainy, winter and summer.
Samples were collected in the same manner from Burd-
wan University agricultural farm during the same three
seasons. The soil samples were collected in sterilized
polythene zipper packets and were immediately trans-
ported in thermo boxes to the laboratory and stored at
4 °C for subsequent enzyme analysis. A portion of each
sample was air-dried, sieved through a <2-mm sieve,
homogenized and stored at room temperature for deter-
mination of physical and chemical properties.

2.3. Physicochemical analysis

Soil pH was determined in a 1:2.5 soil:water sus-
pension by dipping a digital pH meter (Systronics-335,
Systronic Pvt. Ltd). The same suspension was used to
measure electrical conductivity in a digital conductiv-
ity meter (Model 304-Systronics Pvt. Ltd). Soil organic
carbon content was estimated by Walkley—Black’s [30]
rapid titration method, available nitrogen according to
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Fig. 1. Study area map.

Subbiah and Asija [31] and available phosphorus by
Olsen’s method [32]. Available soil potassium was esti-
mated [33] with neutral normal NH4OAc, standard stock
potassium solutions (1000 mg/L).

2.4. Soil enzyme assay

The carbohydrate reducing enzymes amylase (EC
3.2.1.1), cellulase (EC 3.2.1.4) and invertase (EC
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Fig. 2. Relationship between enzyme activity and fluoride concentration of different samples during three seasons.

3.2.1.26) were estimated by the 3,5-dinitrosalicylic acid
method [34] with starch, carboxymethyl cellulose and
sucrose. After incubation of 3 g of moist soil with
Sorensen’s buffer (0.06 mol/L, pH 5.5) and substrate
solution at 30 °C for 24 h, the supernatant was reacted
with 3,5-dinitrosalicylic acid and heated in a boiling
water bath. Optical density was read at A =540nm and
the result compared with the standard curve for D-
glucose. The results are expressed in micrograms of
glucose equivalent per gram soil per hour.

The activity of urease (EC 3.5.1.5) was determined by
estimating ammonium nitrogen released on incubation
of soil with buffered urea solution [35]. After incuba-
tion of 5 g of fresh powdered soil for 2h at 37 °C with
Tris—HCI buffer mixed with 0.2 mol/L urea, the reaction
was stopped by the addition of KCl-Ag;SO4 solution
and the supernatant was taken after centrifugation for
estimation of ammonia. Alkaline hypochlorite solution
was added to 1 mL of supernatant, and the colour was
developed by adding phenate solution and leaving the

mixture for Smin at 37 °C. Enzyme activity was mea-
sured at 625 nm and expressed in micrograms of urea
equivalent per gram soil per hour.

2.5. Enumeration of bacterial isolates

Immediately after collection, soil samples were
diluted to 1073, and 100 pL were mixed with 100 mL
nutrient agar (Himedia-M1269) and plated. The Petri
plates were incubated at 31 0.1 °C in a biological oxy-
gen demand incubator for 24 h, when the colonies were
counted manually.

2.6. Statistical analysis

Regression analysis, two-tailed r-tests and Pearson
correlations of the soil analysis data were performed
with MINITAB 16 software (State College, Pennsylva-
nia, USA, 2013).
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Table 1

Summary of stepwise multiple regression analysis of soil enzymes.

Regression equations R-square
Urease activity(rainy) = 33.8-11.6x1 — 0.023x2 +0.081x3 0.193
Urease activitywinter) = 960.0 — 57.8x1 — 2.73x + 6.20x3 0.353
Urease activity(summer) = 1106 —23.0x; —2.39x7 +4.17x3 0.592
Invertase activity(Rainy) =—0.264 — 0.0104x; +0.017xoN — 0.001 1x3 0.891
Invertase activitywinter) = —5.25 — 1.06x1 +0.082x2 — 0.166x3 0.724
Invertase activity(Summer) = 3.84 — 0.0023x; — 0.008x7 +0.008x3 0.707
Cellulase activityRrainy) = —0.012 — 0.038x; +0.0005x2 — 0.0002x3 0.952
Cellulase activitywinter) = 0.553 +0.024x; — 0.003x7 + 0.006x3 0.296
Cellulase activitysummer) = —0.282 +0.053x1 +0.0005x2 — 0.0007x3 0.303
Amylase activity(rainy) = —0.136 — 0.07x; +0.0014x; — 0.0009x3 0.946
Amylase activitywinter) =0.378 +0.0004x; — 0.0016x, +0.0036x3 0.397
Amylase activitysummer) = 0.365 +0.057x; — 0.0008x2 +0.0003x3 0.763

x; (i=1-3) stand for soil OM, AN, AP, respectively; (0.13 level, n=84).

3. Results and discussion
3.1. Influence of season on enzyme activity

Soil enzymes originate mainly from plant residues
[11] and are found as both intra- and extracellular
enzymes [12]. The activities of the four enzymes var-
ied significantly (p <0.0001) by season (Fig. 2). Similar
observations were made when the enzyme activities were
compared with those in the control area in different sea-
sons (Table 2). Similar seasonal variation in soil enzyme
activity was reported previously [23,37]. Urease activity
was highest in the summer, as also reported by Joachin
et al. [38]. Sahrawat [39] reported that urease activity
increases with increasing temperature from 10°C to a
maximum at 60 °C for vertisol and 70 °C for alfisol. A
further increase in temperature decreased urease activity,
which was virtually inhibited at 100 °C. As the tempera-
ture changes with season, seasonality in enzyme activity
is justified. Seasonal changes in the microbes that pro-
duce these enzymes may also give rise to seasonality
[40].

3.2. Influence of soil fluoride on enzyme activity

The fluoride level in the control area was <0.5 mg/kg
soil in all seasons (Fig. 2). In the contaminated area,
however, the fluoride concentration ranged from 0.44 to
2.2 mg/kg in the rainy season, from 0.8 to 3.3 mg/kg in
winter and from 0.30 to 1.6 mg/kg in summer (Fig. 2).
Of the four enzymes studied (amylase, cellulase, inver-
tase and urease), only urease fluctuated with fluoride
level. The sensitivity of the enzymes towards fluoride is

therefore season-dependent. Inhibition of enzyme activ-
ity by fluoride has been reported previously [41,42].

Pearson correlation of urease with fluoride gave low
values (0.06-0.17) in all seasons (Tables 3—5). Amylase
showed a slightly higher but nonsignificant correlation
in all seasons. Urease thus appears to be more sensitive
to fluoride than the other enzymes.

3.3. Influence of soil physicochemical parameters
on enzyme activity

In the rainy season, urease activity was nonsignif-
icantly correlated with pH, organic carbon, available
nitrogen and available phosphorus, but electrical con-
ductivity showed a positive correlation (Table 3).
Nonsignificant correlations with available nitrogen and
available phosphorus were also recorded for invertase,
cellulase and amylase. Invertase showed a signifi-
cant (p<0.01) correlation with organic matter, as also
reported by Shi et al. [43]. In summer, invertase, cel-
lulase and amylase showed nonsignificant correlations
with organic carbon and organic matter; urease showed
a significant negative correlation (p < 0.05) with electri-
cal conductivity (Table 6). In winter, however, none of
the enzymes showed significant correlations with pH,
electrical conductivity, organic carbon, organic matter,
available nitrogen or available phosphorus. Neverthe-
less, all four enzymes showed nonsignificant negative
correlations with pH (Table 4). During the rainy sea-
son, urease activity was correlated with pH and available
nitrogen, probably due to the hydrolysis by urease of
urea fertilizer applied to the soil into NH3 and COa,
which would increase soil pH and nitrogen [44,45]. Soil
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Table 2
Seasonal variation of soil enzymes activity (urease, invertase, cellulase and amylase) in polluted and control area.

Enzyme activity Season Study area Mean SD SE t Significant level
Urease Rainy Polluted 18.79 13.96 5.28 15.72 p<0.0001
Control 98.74 0.94 0.35
Winter Polluted 227.0 16.4 6.19 37.30 p<0.0001
Control 465.0 4.0 1.5
Summer Polluted 662.4 20.8 7.86 17.2 p<0.0001
Control 805.3 7.1 2.7
Invertase Rainy Polluted 0.41 0.09 0.04 53.87 p<0.0001
Control 110.93 5.41 2.05
Winter Polluted 3.97 2.23 0.84 40.15 p<0.0001
Control 128.83 7.15 2.70
Summer Polluted 1.77 0.25 0.09 51.36 p<0.0001
Control 118.53 6.17 2.33
Cellulase Rainy Polluted 0.153 0.037 0.014 26.28 p<0.0001
Control 13.203 1.313 0.496
Winter Polluted 0.300 0.090 0.034 47.40 p<0.0001
Control 27.933 1.531 0.579
Summer Polluted 0.158 0.064 0.024 52.33 p<0.0001
Control 21.449 1.108 0.419
Amylase Rainy Polluted 0.356 0.008 0.433 18.993 p<0.0001
Control 8.521 1.146 0.003
Winter Polluted 0.138 0.039 0.015 15.27 p<0.0001
Control 6.003 1.007 0.381
Summer Polluted 0.441 0.072 0.027 17.20 p<0.0001
Control 10.416 1.490 0.563
pH had a negative impact on urease activity in win- in soil [14,15]. Stepwise regression analysis indicated
ter and summer, as also reported by Shi et al. [43]. that available nitrogen and available phosphorus to have
Amylase activity, which is responsible for hydrolysing minute, nonsignificant negative and positive effects on
starch, increases the organic matter and organic carbon urease activity, respectively (Table 1). The organic matter
Table 3
Pearson correlations of soil enzymes, soil chemical parameters and fluoride concentration in rainy season.
U 1 C A F pH EC OoC OM AN AP P,0s AK
U 1.000
I —0.100
C 0.472 —0.077
A —0.161 0.136  0.442
F 0.170 0.288  0.301 0.354
pH 0.559 —0.431 0.304 —0.646 —0.294
EC 0.680° —0.241 0.529 —-0.066 —0.391 0.503
oC 0.536 —0.194  0.665 0.519 —-0.179 0.124 0.770
OoM 0.029 0.928" —0.305 —0.091 0.104 —0.317 —-0.169 —-0.213
AN 0.646" 0432 0.465 0.062  0.195 0.075 ' 0.456 0.412
AP 0.664" 0.377 0416  0.147 0.110  0.005 0.576" 0.398
P,0s5 0.664" 0.377 0416  0.147 0.110  0.005 0.576" 0.398 1.000
AK 0.429 0.548  0.191  0.021  0.641" —0.188 0.123  —0.050 0.492 07117 o711
K,0 0.429 0.548  0.191 0.021 0.641" —0.188 0.123  —0.050 0492 078 07117 07117 1.000
* p<0.05.
™ p<0.01.

Where U, soil urease; I, soil invertase; C, soil cellulase; A, soil amylase; F, soil fluoride; pH, soil pH; EC, soil conductivity; OC, soil organic carbon;
OM, soil organic matter; AN, soil available nitrogen; AP, soil available phosphorus; P,Os, soil available P,Os; AK, soil available potassium; K, O,

soil available K;O.
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Table 4
Pearson correlations of soil enzymes, soil chemical parameters and fluoride concentration in winter season.
U 1 C A F pH EC oC OM AN AP P,05 AK
1 —0.100
C 0.472 —-0.077
A 0.161 0.136 0.442
F 0.170 0.288 0.301 0.354
pH —0.451 —0.033 —-0.604 —0.333 0.349
EC —0.140 0.448 0.139 0.030 —0.303 —0.206
oC —0.473 —-0.474 0.245 0.009 —-0.270 —0.035 —0.080
OM —0.473 —0.473 0.246 0.009 —-0.270 —0.036 —0.080 1.000
AN 0.046 0.531 0.178 0.120 —0.454 —0.750 0.476 —0.038 —0.038
AP 0.092 0.463 0.235 0.199 —0.454 —0.820 0.428 —0.037 —0.037 0.9917
P,0s5 0.092 0.463 0.235 0.199 —0.454 —0.820 0.428 —0.037 —0.037 0.991" 1.00
AK 0.007 0.110 0542 0783 —0.157 —0.810 0.223 0.141  0.141 0.618°  0.699°  0.699"
K>0 0.007 0.110 0542  0.783" —0.157 —0.810 0.223 0.141 0141 0618  0.699°  0.699°  1.000
" p<0.05.
™ p<0.01.

Where U, soil urease; I, soil invertase; C, soil cellulase; A, soil amylase; F, soil fluoride; pH, soil pH; EC, soil conductivity; OC, soil organic carbon;
OM, soil organic matter; AN, soil available nitrogen; AP, soil available phosphorus; P>Os, soil available P,Os; AK, soil available potassium; KO,

soil available K,O.

and organic carbon content of soil are accelerated by
cellulase, which degrades cellulose in plant debris to
glucose, cellobiose and high-molecular-mass oligosac-
charides [46].

3.4. Influence of fluoride and season on soil
microbial population

The bacterial population was much larger in the con-
trol area than in the polluted area in all three seasons
(Table 6). As fluoride is a protoplasmic poison and
a minute amount can change biochemistry, the high

fluoride level in the polluted area might present an
adverse environment for soil bacteria, decreasing the
population [47]. Tscherko and Kandelar [48], working
on the influence of atmospheric fluorine deposits on soil
microorganisms, reported that fluoride contamination
can decrease microbial biomass by up to 80%.

The impact of fluoride on the population of soil micro-
bial populations, in relative proportions and absolute
numbers, varies spatially and seasonally [49]. Fig. 3
shows that the reduction in the bacterial population with
soil fluoride level was highest in the rainy season, fol-
lowed by winter, and lowest in summer. The temperature

Table 5
Pearson correlations of soil enzymes, soil chemical parameters and fluoride concentration in summer season.
8] I C A F pH EC oC oM AN AP P»0s5 AK
I 0.027
C —0.624 0.439
A —0.278 0.580  0.480
F 0.070 0.001 —0.282 0.379
pH —0.144 —-0.517 -0.214 -0.737 —0.226
EC —0.704 0220  0.298 0.533 0.105  0.039
ocC 0.291 0.409 0.433 0.597°  0.127 —0.603 —0.218
OM 0.291 0.409 0.433 0.597° 0.127 —0.604  —0.218 1.000
AN 0.090 —0.423 0.100 —0.246 —0.681" —0.092  —0.368 0.152  0.152
AP 0.713 0.179 —-0.149 -0.373 —0.545 0.131 —0.529 0296 029 0.329
P,05 0.713 0.179 —-0.149 -0.373 —-0.546 0.131 —0.529 0296 0296 0.329 1.000
AK 0.228 0.795 -0.014 0.619° 0.283 —0.440 0.397 0315 0315 —0.565 0.142 0.142
K,O 0.228 0.795 —0.014  0.619° 0.283 —0.440 0.397 0.315 0315 —0.565 0.142 0.142 1.000
* p<0.05.

Where U, soil urease; I, soil invertase; C, soil cellulase; A, soil amylase; F, soil fluoride; pH, soil pH; EC, soil conductivity; OC, soil organic carbon;
OM, soil organic matter; AN, soil available nitrogen; AP, soil available phosphorus; P,Os, soil available P,Os; AK, soil available potassium; KO,

soil available K;O.
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Table 6
Variation of number of soil bacteria in three major seasons (rainy, winter and summer) within the fluoride contaminated area of different study site.
Sample no. Number of bacteria Soil fluoride (mg/kg)

Rainy season Winter season Summer season Rainy season Winter season Summer season
NS1 128 £ 5.7 116 £ 4.6 98 £+ 6.7 2.1 +£0.19 0.80 £ 0.56 1.4 £ 0.51
NS2 52 +48 36 £ 2.6 17 +£25 22 +0.26 1.35 £ 0.48 0.85 £ 0.38
NS3 126 £ 5.9 98 +3.8 82 + 4.7 1.6 £ 0.29 0.95 £+ 0.53 1.6 + 0.62
NS4 142 £ 6.2 112 £ 49 94 £ 7.1 0.44 £ 0.33 1.1 £0.13 1.95 + 0.58
NS5 92 +£53 78 £3.8 64 +39 1.34 £ 0.29 2.0 £ 0.16 1.75 £ 0.54
NS6 54 +42 48 £ 34 37 +£32 1.56 £ 0.26 22 +0.14 0.60 £+ 0.34
NS7 164 £ 6.8 104 + 4.3 86 + 3.3 0.735 £+ 0.37 0.33 £0.23 0.30 £+ 0.17
Control area 206 + 4.9 201 + 4.6 198 £ 3.8 0.006 £ 0.0003 0.007 £ 0.0004  0.006 £ 0.0004

Values are represented as mean = standard deviation (n=5).

|Bacterial population during rainy season(RB)
1 |Fluoride concentration during rainy season(RF)
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Fig. 3. Relationship between bacterial population and soil F level during rainy, winter and summer season.

and conductivity of soil change with the season, with a
strong effect on the microbial community, which varies
as a function of rainfall during the year [49]. Seasonal

variation in soil microbes has been recorded previously
[23,37,50-52].

4. Conclusion

This comparative study of fluoride-contaminated soil
shows the stress effect of fluoride on soil enzymes, other
soil parameters and the availability of microbes, with
strong seasonal variation. The findings concern enzyme
activities related to soil fertility. Urease was found to
be highly sensitive to the soil fluoride level. All the

enzymes studied showed seasonal variation as a con-
sequence of changes in rainfall and temperature. The
combined effects of fluoride, soil parameters and season
on soil enzymes can change the soil profile, with a pos-
sible change in crop production. The effect of fluoride
on bacteria should be studied further study to determine
the effects on crop production.
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