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Abstract

An incubation experiment was conducted to investigate the effects of simulated saltwater

treatment with different percentages of artificial seawater on degradation dynamics of herbicide

glyphosate and microbial activities in a riparian soil in Chongming Island, China. The results showed

that 10% seawater treatment showed significantly enhancing effects on degradation efficiency of

glyphosate with the lowest residual concentration among all the treatments. However, glyphosate

degradation was markedly decreased in the riparian soil with 20% and 50% seawater treatments.

The halflives for 20% and 50% seawater treatments were prolonged by 12.1 and 39.0%, respectively,

as compared to control. Microbial investigation indicated that 10% seawater treatment significantly

stimulated microbial activities in the glyphosatespiked riparian soil throughout the incubation

period. At 42 day of incubation experiment, flourescein diacetate (FDA) hydrolysis rate, microbial

adenosine triphosphate (ATP), and basal soil respiration (BSR) in the glyphosatespiked riparian

soil with 10% seawater were 59.2, 42.5 and 31.8% higher than those with no saltwater treatment,

respectively. In contrast, saltwater treatment with 50% seawater significantly inhibited microbial

activities. Especially, FDA hydrolysis rate, microbial ATP and BSR were decreased by 66.4, 58.6 and

66.8%, respectively, as compared to control. The results indicate that levels of simulated saltwater

can exert variable effects on herbicide degradation dynamics and microbial parameters in the

riparian soil.
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Introduction

As an organophosphorous, broad-spectrum

herbicide, glyphosate ([N-phosphonomethyl] glycine) has

been widely used in horticulture, agriculture, silviculture,

and urban landscapes for the elimination of annual and

perennial weeds (Woodburn, 2000). In recent years,

glyphosate is also applied in riparian zone for controlling

the expansion of Phragmites australis and removal of

invasive plant Solidago canadensis L. in many regions

including China (Puertolas et al., 2010; Guo et al., 2009;

Miller et al., 2008). Glyphosate is considered as a moderately

persistent herbicide with a half life, ranging between 20 to

100 days (Hornsby et al., 1996). Some researchers have

demonstrated that glyphosate is highly toxic to some aquatic

organisms such as oligochaete (Contardo-Jara et al., 2009),

mussels (Bringolf et al., 2007) and frogs (Comstock et al.,

2007; Quassinti et al., 2009). Especially, after heavy

application to riparian wetland or nearby cropland,

glyphosate may be transfered into surrounding water easily

through drainage, runoff, leaching and so on (Warnemuende

et al., 2007; Laitinen et al., 2009; Candela et al., 2010) which,

consequently, causes contamination risk to water and

aquatic ecosystem.
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Importance of biogeochemical and transport hot

spots/moments in riparian zones is well recognized (Vidon

et al., 2010). To date, little information is available on

transformation of herbicide or pesticide in a riparian soil.

Most degradation studies have been carried out in

agricultural or grassland soils (Mamy et al., 2005; Stenrød

et al., 2006; Weaver et al., 2007). The transformation pathway

of glyphosate in soil results from a combination of such

mechanisms as chemical hydrolysis, microbial breakdown,

photolysis, and volatility (Strange-Hansen et al., 2004).

Glyphosate is relatively resistant to chemical hydrolysis,

thermal decomposition and photolysis (Doublet et al., 2009).

Microbial degradation by the enzyme systems of some

microorganisms is the predominant mechanism of

glyphosate Transformation in soil (Shushkova et al., 2010)

indicated that most organophosphonate herbicides are

mainly biodegraded by enzyme-catalyzed mineralization in

soil although chemical hydrolytic pathways and

hydroxylation of the aromatic ring also play a significant

role. The intensity of herbicide mineralization in soils

depends on the microbial activities (Sorensen et al., 2006;

Ermakova et al., 2010).

Seawater intrusion into inland freshwater rivers or

lakes is a major issue in many estuary coastal regions

including Changjiang estuary, especially with global

warming and sea-level rise. One possible result of these

saltwater inputs is to increase freshwater riparian soil or

sediment salinity and consequently affect sediment-driven

microbial processes associated with the transformations of

contaminants. Effects of salinization on microbial process

have been well documented in agricultural soils (Yuan et

al., 2007; Egamberdieva et al., 2010). However, little research

is reported on degradation dynamics of herbicide in an

estuary freshwater riparian soil as mediated by saltwater

inputs. The main objective of the current research was to

investigate microbial ecophysiological process and explore

its contribution to glyphosate biodegradation in a riparian

soil receiving different levels of saltwater in Chongming

Island, located in the Yangtze River estuary, China.

Materials and Methods

Site description : The study was conducted in Chongming

Island of Yangtze River Estuary, located in the East of China,

where frequent seawater incursion results in an increase in

salinity of inland freshwater, especially in the Northeast

next to the East China Sea. Our present investigation showed

that the riparian soil salinity in East and Northeast of

Chongming Island is significantly higher than that in West

and Southwest of Chongming Island. The difference in

riparian soil salinity is mainly attributed to the seawater

intrusion into the freshwater rivers. For example, the riparian

soil electrical conductivity (EC) along Bayao River, a vertical

freshwater river from South to North in Chongming Island,

ranges from 166 to 672 µS cm-1 with significant salinity

gradient. Herbicides such as glyphosate and butachlor are

heavily applied in rice field in the Chongming Island.

According to our present field survey and analysis, the

concentrations of glyphosate ranged from 0.986 to 4.983

mg kg-1 in the riparian soils during rice transplanting season

from June to August.

Collection and pre-treatment of the riparian soil for

incubation experiment : Non-contaminated soil was

obtained from the 0-30 cm depth of a riparian wetland (121.26°

E, 31.55° N) in the Southwest of Chongming Island, where

soil salinity is relatively slight due to receieving less seawater

incursion. The riparian soil is calcareous alluvial type with

sandy texture, pH of 7.97, 323.5 μS cm-1 electrical conductivity,

4.41 cmol kg-1 cation exchange capacity, 0.65% organic

matter content, total nitrogen of 1.09 g kg-1, total phosphorus

of 0.74 g kg-1 and 73.5% sand, 18.2% silt and 8.3% clay,

respectively.

Present research aims at the overall effects of

saltwater treatment on biodegradation dynamics of

glyphosate and the related microbial parameters.

Accordingly, the riparian soil for incubation experiment was

spiked with glyphosate only at the concentration of about

5 mg kg-1, which is slightly higher than the maximum of field

concentration in the riparian soils. The collected riparian

soil was spiked with glyphosate following the modified

procedure Brinch et al., 2002. Briefly, soil was air-dried and

then passed through 2 mm mesh sieve. Glyphosate was

initially dissolved in methanol as a stock solution with the

concentration of 1 mg ml-1. Appropriate amount of

glyphosate solution was then spiked to a 25% fraction of

the collected riparian soil. After the solvent was completely

evaporated at room temperature, the contaminated fraction

was stirred and mixed thoroughly with the remaining 75%

of the soil for 30 min to obtain an approximate glyphosate

concentration of 5 mg kg-1. The prepared contaminated soil

with glyphosate was stored at 4 oC in an airtight container

for laboratory incubation experiment.

Soil incubation and saltwater treatment : 200g dry weight

equivalent glyphosate-contaminated riparian soil was

weighed into a 500-ml flask and statically incubated at 30 oC

in an incubator without illumination. Artificial seawater was

prepared by dissolving 24.53 g NaCl, 25.20 g MgCl, 4.09 g

Na
2
SO

4
, 1.16 g CaCl

2
, 0.695 g KCl, 0.201 g NaHCO

3
, and

0.101 g KBr in 1000 ml of deionized water. The pH values

and electrical conductivity of the artificial seawater were

8.01 and 31.8 ds m-1, respectively. The saltwater additions

with 0, 10, 20 and 50% seawater were made once per day for

10 days, and simultaneously the flasks were kept submerged

with 2 cm depth above the soil surface. After that, the soil

moisture was adjusted to 85-90% of the maximum water

holding capacity (WHC, which was 654 g kg-1 for the
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investigated soil) with addition of deionized water by weight

method until the end of the incubation experiment. The

incubation experiments were set up with three replicates

per treatment. The incubation experiment ran for 50 d.

Soil sample collection and analysis : Soil sampling was

carried out at intervals of 1, 7, 14, 21, 28, 35, 42, 50, 60 d of

incubation period. The collected field-moist soil samples were

homogenized and passed through a 2 mm sieve. A portion of

the soil samples were stored in 4 oC for analysis for the

microbial parameters, and the other portion of soil samples

were freeze-dried for determination of the concentrations of

the residual glyphosate as well as other chemical parameters.

Soil electrical conductivity and pH were measured in a 1/5 (w/

v) aqueous solution using a saturated paw method by pH

meter and conductivity meter, respectively.

Residual glyphosate in riparian soil was determined

following the method of Hu et al. (2008) with some

modifications. Briefly, 10 g of frozen-dried soil sample were

weighed into a stoppered centrifuge tube and extracted with

2 M NH
4
OH under microwave assistance, derivatized by

trifluoroacetic anhydride (TFAA) and trifluoroethanol (TFE),

and then determined by gas chromatography with a

nitrogen-phosphorus detector (GC-NPD). Operating

temperatures were as follows: injection port, 160 oC; detector,

320 oC. Nitrogen of 1.2 kg cm2 was used as carrier gas at flow

velocity of 0.3 ml min-1. The limit of detection was 0.01 mg

kg -1. Average recoveries from soils fortified at levels of

0.02-1.25 mg kg-1 ranged from 86.4-95.8% with relative

standard deviations of 5.29-8.96%.

The glyphosate degradation kinetics in the riparian

soil with simulated saltwater treatments was described by a

first-order kinetic model (Chai et al., 2010):

C
t 
= C

0
e-kt

Where C
t
is the mean concentration of glyphosate

as a function of time in hours (mg kg-1), C
0
is the initial

glyphosate concentration (mg kg-1), k is the rate constant

(/days), t is time (days).

Soil dehydrogenase activity (DHA) was estimated

by a modified method described by Singh and Singh, (2005).

Three grams of soil sub-samples were weighed in a 50 ml

polypropylene centrifuge tube and mixed with 4 ml

phosphate buffer (pH 7.6) and 1 ml 3% 1, 3, 5-

triphenyiltetrazolium chloride (TTC) solution. Tubes were

incubated for 24 hr at 37 oC in dark. The concentration of

triphenylformazan (TPF) formed by deoxidization by TTC

was determined by spectrophotometer at 485 nm, and the

results were expressed as µg TPF g-1 soil 24 hr-1.

Flourescein diacetate (FDA) hydrolysis rate was

determined following to the method of Adam and Duncan,

(2001) with modifications. Briefly, 2 g of sub-sample soil

was mixed with 20 ml phosphate buffer (pH 7.6) in 50 ml

Erlenmeyer flasks and 0.2 ml of a solution of FDA (1 mg ml-1)

in acetone was added to each sample. Flasks were incubated

for 20 min at 28 oC and then placed in rotary shaker at 300

rpm for 10 min at room temperature. Fluorescein was extracted

from soil by adding 15 ml of 2:1 chloroform: methanol solution

and centrifuging (200 rpm, 3 min) before filtering. Flourescein

concentration was measured using a spectrophotometer

set at 490 nm. Results were recorded as µg fluorescein g-1

soil hr-1.

Alkaline phosphatase activities (APA) in the soil

samples were assayed using a modified disodium phenyl

phosphate method (Alef and Nannipieri, 1995). Briefly, soil

subsamples (5 g) were mixed with 10 ml of disodium phenyl

phosphate solution (25 g l 21) as substrate and thereafter

incubated for 12 hr at a temperature of 37 oC in pH 10.0

acetate buffer for APA estimation. For analyses, the buffer

was diluted with sterile distilled water to 100 ml and released

phenol was determined at 578 nm. Phosphatase activities

were expressed as mg phenol g-1 soil hr-1 at 37 oC. Analyses

were conducted in triplicate with one no-substrate control.

Soil microbial biomass (MBC) was determined by

fumigation with ethanol free CHCl
3
 and extraction with 0.5m

K
2
SO

4
 described by Vance et al. (1987) with modification.

Total organic carbon in filtered extracts was analyzed using

the Shimadzu TOC-V
CPN

 Total organic carbon analyzer.

Microbial biomass carbon was calculated using a conversion

factor (k
c
) of 0.35. Microbial adenosine triphosphate (ATP),

which represents the total amount of living cellular material

(biomass), was extracted following the method described

by Webstera et al. (1984) and measured by the luciferine–

luciferase assay in a luminometer.

Basal soil respiration (BSR) was determined by

measuring CO
2
 evolution in the aerobic condition (Ohlinger,

1995). The soil sample was humidified to 50% of its water

holding capacity and incubated at 30 oC in the dark for 24

hrs. The CO
2
 evolved was trapped in NaOH solution and

titrated with HCl. Basal soil respiration rates were expressed

by μg CO
2
 kg-1 dry soil hr-1.Then the metabolic quotient

(qCO
2
) was calculated by dividing C-CO

2
 released from the

sample in 1 hr by the MBC content (Anderson and Domesch,

1995).

Data statistical analysis : All analyses were performed in

triplicate. Data were analyzed statistically by analysis of

variance (ANOVA). Duncan’s New Multiple Range Test

(DMRT) was employed to assess differences between the

treatment means. The effects of simulated saltwater

incursion with different seawater addition levels on

glyphosate degradation and related microbial parameters

were declared as significant at 5% probability levels.
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Standard errors were calculated for mean values of all

determinations. All statistical analyses were performed with

SPSS12.0 software.

Results and Discussion

Glyphosate degradation dynamics in the riparian soil :

Glyphosate degradation dynamics in the riparian soil was

shown in Fig. 1. Seawater treatments with different levels

exerted significant differences in degradation potentials of

glyphosate in the riparian soil. Throughout the incubation

period, 10% seawater treatment showed significantly (P<

0.05) higher glyphosate degradation rate in the riparian soil

than the no seawater treatment. As compared to no seawater

treatment, 20% seawater treatment slightly increased

degradation rate of glyphosate in the early stage of

incubation, but then markedly inhibited glyphosate

degradation after 21 days of incubation experiment. 50%

seawater treatment inhibited glyphosate degradation

throughout the incubation period. Consequently, 10%

seawater treatment had the lowest glyphosate residual,

followed by no seawater, 20% and 50% seawater treatments,

respectively. At the end of the incubation experiment for 50

days, the residual glyphosate concentrations in the riparian

soils were 0.517 mg kg-1 for control, 0.103 mg kg-1 for 10%

seawater, 0.638 mg kg-1 for 20% seawater and 1.128 mg kg-1

for 50% seawater treatment, respectively.

The degradation dynamics of glyphosate in riparian

soils were well described by a first-order kinetic model with

the determination coefficient (R2) > 0.95. The kinetic results

showed that half-lives for glyphosate degradation in the

riparian soils treated with different levels of seawater addition

varied from 12.4 to 17.2, with the maximum detected in the

riparian soils treated with 10% seawater (Table 1). The half-

life for 10% seawater treatment was shortened by 25.5%

compared to control, while the half-lives for 20% and 50%

seawater treatments increased by 12.1 and 39.0%,

respectively, relative to control.

The effects of soil salinity on biodegradation of

organic matter and organic pollutants were also documented.

Dariush et al. (2009) showed the presence of NaCl higher

than 1% decrease the oil and PAHs reduction significantly.

To date, little information is available on biodegradation of

herbicide in riparian soils as affected by soil salinity. Our

current research showed that high level saltwater treatment

Fig. 1 : Gyphosate degradation dynamics in riparian soils affected by

saltwater treatments. Error bars represent the standard deviation of

three sampled flasks

Incubation time (days)

1 7 14 21 28 35 42 50

5.00

4.00

3.00

2.00

1.00

0.00

Table 1 : Kinetic parameters of glyphosate biodegradation in

riparian soils affected by saltwater treatments

Saltwater Kinetic formula Half-life/d   R2

treatments

0% C =7.495 e-0.351t 14.1 ba 0.9877

10% C= 9.727 e-0.498t 10.5 a 0.9386

20% C= 6.001 e-0.276t 15.8 b 0.9976

50% C = 5.198 e-0.199t 19.6 c 0.9898

a Means followed by different letter in a column are significantly

different at P < 0.05 by DMRT

C. Yang et al.

(50% seawater) significantly reduced the glyphosate

degradation in the riparian soil. However, saltwater incursion

with 10% seawater significantly enhanced the glyphosate

degradation. Herbicide degradation potential heavily

depends on microbial biological and biochemical activities

in a riparian soil (Yang et al., 2011).

Soil microbial biomass and microbial ATP affected

saltwater treatment : In general, 10% seawater treatment

had the highest microbial biomass carbon MBC and

microbial ATP content in the glyphosate-spiked riparian

soil, followed by 0% seawater treatment, 20% and 50%

seawater treatment, respectively (Fig. 2). As compared to

control, the saltwater treatment with 10% seawater presented

42.2% and 56.7% higher MBC and microbial ATP in the

riparian soil, indicating a greater improvement effect on soil

microbial growth by low level of saltwater treatment.

However, high level of saltwater with 50% seawater

significantly inhibited soil microbial growth throughout the

incubation experiment (Fig.2). Especially, the microbial ATP

in the glyphosate-spiked riparian soil treated with 50%

seawater treatment decreased by 58.6%, relative to the no

saltwater treatment (Fig.2).

Although microbial biomass C has been proven to

presents total soil microbial activity (Vance et al., 1987), soil

ATP content may be a better indicator of riparian soil

microbial dynamics as affected by saltwater treatment in

our current research. Basal soil respiration takes into account
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the use of energy by microflora and expresses the efficiency

of organic carbon degradation by soil microorganisms (Jones

and Ananyeva, 1997).

Enzymatic activities in the glyphosate-spiked riparian as

affected by saltwater treatments : Soil enzymes are

considered to be a major factor contributing to overall soil

microbial activity, and associated with biochemical catalysts

of specific reactions including herbicide degradation (Vallejo

et al., 2010). Saltwater treatment with 10% seawater markedly

stimulated the dehydrogenase activity (DHA), flourescein

diacetate (FDA) hydrolysis rate and alkaline phosphatase

(APA), as compared to (Table 2). Soil enzymatic activities

were inhibited by high level of saltwater treatment with 50%

seawater during the whole incubation period. At the 50 day

Fig. 3 : Basal soil respiration (BSR) (a) and metabolic quotient (qCO
2
) (b) in the glyphosate-spiked riparian soils affected by saltwater

treatments. Error bars represent the standard deviation of three sampled flasks.
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Fig. 2 : Soil microbial biomass C (MBC) (a) and microbial ATP content (b) in the glyphosate-spiked riparian soils affected by saltwater

treatments. Error bars represent the standard deviation of three sampled flasks.
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of incubation experiment, the DHA, FDA hydrolysis rate

and APA in the glyphosate-spiked riparian soil treated by

50% seawater were decreased by 56.7, 66.4 and 46.8%,

respectively, as compared to control. DHA, FDA hydrolysis

rate and APA were stimulated in the riparian soil treated by

20% seawater at the beginning of the incubation experiment

(Table 1), but the enzymatic activities were also significantly

inhibited after the 14 d of incubation experiment. DHA, FDA

hydrolysis rate and APA of the glyphosate-spiked riparian

soil treated by 20% seawater were 28.2, 22.7 and 17.7% lower

than those in the glyphosate-spiked riparian soil with no

seawater treatment at the end of incubation experiment.

Soil basal respiration in the glyphosate-spiked riparian

as affected by saltwater treatments : Basal soil respiration

Saltwater effects on riparian soil glyphosate degradation and microbial dynamics
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(BSR) presents overall microbial activity and the

mineralization of organic matter (Castillo-Monroy et al.,

2011). BSR showed a similar trend with microbial biomass in

the glyphosate-spiked soil with different levels of saltwater

treatments (Fig.3a). As compared to control, 10% seawater

the saltwater treatment presented a significantly (p < 0.05)

higher BSR. Especially at 28 day of incubation, the BSR

increased by 41.6%, relative to control. At the initial stage

of incubation, 20% seawater treatment firstly simulated soil

BSR, and then inhibited the soil respiration rate. When the

level of saltwater was increased to 50%, soil BSR

significantly decreased during the entire incubation period

(Fig.3a). At the end of incubation experiment, the riparian

soil BSR for 50% seawater treatment was 66.8, 74.9 and

44.6% lower than that for 0, 10, and 20% seawater treatments,

respectively.

Although the differences in soil metabolic quotient

(qCO
2
) were not more evident than those in BSR between

different levels of saltwater treatments (Fig.3b), the 10%

seawater treatment displayed significantly (p < 0.05) higher

qCO
2
 in the glyphosate -spiked soil, as compared to the

other saltwater treatments. For example, the qCO
2 
in the

riparian soil treated by 10% seawater was enhanced by 24.6,

78.5 and 109.5%, as compared to control, 20% seawater, and

50% seawater treatments, respectively. The results indicate

that soil microbial biomass for the saltwater treatment was

utilizing soil available carbon for biosynthesis relative more

efficiently than that for the other saltwater treatments.

Salinity has been shown to have significant effects

on microorganisms in saline agricultural soils (Matsuguchi

and Sakai, 1995). For example, microbial biomass, bacterial

diversity, and basal soil respiration are all reported to decline

with increasing soil salinity (Egamberdieva et al., 2010;

Ibekwe et al., 2010). Increasing salinity thus has detrimental

effects on biologically mediated processes in the soil, such

as C and N-mineralisation (Setia et al., 2011). The effects of

soil salinity on biodegradation of organic matter and organic

pollutants were also documented. Dariush et al. (2009)

showed the presence of NaCl higher than 1% can decrease

the oil and PAHs reduction significantly. To date, little

information is available on biodegradation of herbicide in

riparian soils as affected by soil salinity. Our current research

showed that high level saltwater treatment (50% seawater)

significantly reduced the glyphosate degradation in the

riparian soil, which may be attributed to the inhibitory effects

of high salinity on riparian soil microbial biological and

biochemical activities. However, saltwater incursion with

10% seawater significantly enhanced the glyphosate

degradation. This was attributed to increased substrate

availability with relatively high salt concentrations through

either increased dispersion of soil aggregates or dissolution

or hydrolysis of soil organic matter (Wong et al., 2008),

which may offset some of the stresses exerted on the

microbial population from saltwater treatment.

In conclusion, mild salinization stimulated the

riparian soil microbial activities and improved glyphosate

degradation relative to the high level of saltwater treatment.

Microbial ATP, FDA hydrolysis rate and BSR responded

sensitively to simulated saltwater treatments and well

characterize glyphosate degradation dynamics in the

riparian soil.
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