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Abstract

L-Methionine-sulphoximine (MSX) is an inhibitor of glutamine synthetase activity which may be used in short-term soil

incubation assays for studying its e�ects on soil N cycling. In order to monitor the fate of MSX in soil a reversed-phase HPLC
method equipped with UV-detection has been developed. The fate of the inhibitor was assessed by its recovery after incubation
in ®ve contrasting soils. There was a marked decrease of MSX concentration in all cases. The ®rst order kinetic model
f(x) = A�(kr+kf �exp(ÿx�(kf+kr)))/(kf+kr) was ®tted to recovery values and it showed the rate of MSX loss was a time-

dependent equilibrium process. The e�ect of clay minerals in reducing the concentration of MSX in soil solution through
adsorption and binding processes was also assessed in two of the ®ve soils after their amendment with mined clay (either
kaolinite or montmorillonite). Analytical results showed that the amount of MSX recovered was related negatively to soil CEC

values (r=ÿ 0.904) and total C (r=ÿ 0.931) and N (r=ÿ 0.952) content. The weak ability of MSX to block N
immobilization in colloid-rich soils could therefore be due to MSX adsorption±desorption by soil colloids which considerably
reduce the inhibitor concentration. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

In soil, glutamine synthetase (GS), the enzyme cata-

lysing the reaction between NH4
+-N and glutamic acid

in the biochemical process for inorganic N incorpor-

ation into organic compounds (Magasanik and

Neidhardt, 1987), is supposed to play a central role in

the process of N immobilization (McCarty, 1995).

A method based on the use of the L-methionine-DL-

sulphoximine (MSX), an inhibitor of GS activity for

easily and accurately measuring gross N mineralization

rate was proposed by Nannipieri et al. (1994) and

Landi et al. (1995). The premise for this approach was

that net N mineralization in MSX-treated soil would

equal gross mineralization in the untreated soil.

However, during preliminary experiments, this was not

the case partly because MSX was only partially e�ec-

tive at blocking the N immobilization process and was

itself mineralized thereby contributing to the soil

NH4
+-N pool (Hopkins et al., 1995; Landi et al., 1995;

Landi et al., 1999). If MSX is to be used in assays of

N mineralization, two questions need to be answered.

These are: (i) how e�cient is MSX in controlling soil

NH4
+-N immobilization? and (ii) what is the fate of

MSX in the soil? It is possible that the inhibitor mol-

ecule may be either adsorbed on soil colloids or metab-

olized by soil microbial community as a nutrient and

energy source (Landi et al., 1995; Landi et al., 1999).

Our aim was to follow the short-term (up to 48 h)

kinetics of MSX decrease in soil incubation assays, in

order to assess the inhibitor concentration e�ective for

controlling the soil NH4
+-N immobilization process

driven by glutamine synthetase. The MSX loss was cal-

culated by the di�erence between the amount recov-

ered in the soil extract and the amount added. A

reversed-phase HPLC method was developed for deter-

mining MSX content in soil extracts. Due to its amino

acid structure, the inhibitor was determined applying

the HPLC methodology for amino acid analysis (Jones

et al., 1981; Lookhart and Jones, 1985; White and

Hart, 1992). The chromatographic method was based

on McAuley's procedure (McAuley, 1995), with modi-
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®cations, after pre-column derivatization with o-phtha-
laldehyde (OPA) followed by UV-detection of MSX
derivates.

The kinetics of MSX disappearance was investigated
in ®ve soils with di�ering chemical and physical prop-
erties. Two of them were subsequently amended with
mined clay (either kaolinite or montmorillonite) to ma-
nipulate, amongst other properties, the cation
exchange capacity (CEC).

2. Materials and methods

2.1. Soils and clay-amended soils

Agricultural and forest soils with di�ering physical
and chemical properties (Table 1) were surface
sampled (0 to 20 cm), partially air-dried, sieved (<2
mm) and stored at 48C for 15 d before analysis.

Soil pH was measured by a glass membrane elec-
trode in 1:2.5 (w/v) soil:water or soil: 1 M KCl mix-
tures; total C and total N were determined by a Carlo
Erba Na 1500 Autoanalyser (Milan, I); particle size
distribution was measured by the pipette method
(Day, 1965); the CEC was determined by using a 10%
(w/v) BaCl2 H2O±triethanolamine (2.25%, v/v) sol-
ution at pH 8.1 (SocietaÁ Italiana di Scienza del Suolo,
1985); soil water holding capacity (WHC) was deter-
mined according to Forster (1995). Clay characteriz-
ation in tested soils was performed by X-ray
di�raction (XRD) analysis. XRD data (Table 2) were
obtained in 2y intervals from 38 to 158, using Co-Ka1

radiation, with a Philips PW 1710 di�ractometer.
The two soils with the smallest clay contents, Passo

del Mercante-beech forest soil and Romola soil, were
chosen for the preparation of soil±clay mixtures. From
the XRD analysis Passo del Mercante-beech forest soil
showed results typical for kaolinite and Romola soil
for montmorillonite (Table 2). A Twiggs County
(Georgia, USA) kaolinite, and a Clay Spur (Wyoming,
USA) montmorillonite with cation exchange capacity

values of 9.56 and 70.27 meq 100 gÿ1 dry weight, re-
spectively, were from Ward's Natural Science
Establishment, Rochester (New York, USA). The two
soil±clay mixtures were prepared as follows: mixture 1
(beech forest soil:kaolinite, 65:35, w/w) and mixture 2
(Romola soil:montmorillonite, 75:25, w/w) to give ®nal
CEC values of 39.5 and 29.9 meq 100 gÿ1 dry weight,
respectively. The mixtures were incubated and pro-
cessed in the same way as the soils.

2.2. Reagents

MSX was purchased from Sigma (St. Louis, MO).
o-Phthalaldehyde (OPA) of chromatographic grade
was from Pickering Laboratories (Mountain View,
CA); boric acid and b-mercaptoethanol (b-MCE) of
analytical grade and Whatman No. 42 ®lter paper
were purchased from Carlo Erba Reagenti (Milan,
Italy). LiChrosolv gradient grade methanol, tetrahy-
drofuran (THF) for HPLC, 100% glacial acetic acid
and sodium acetate were from Merck (Darmstadt,
Germany).

2.3. Soil incubation assay

Moist soils, equivalent to 10 g soil on an oven-dry
basis (1058C, 24 h), were amended with 1 mmol gÿ1 dry
weight MSX in su�cient water to achieve 50% water
holding capacity (WHC) and incubated for 0.5, 1.0,
1.5, 3, 6, 12, 24 and 48 h at 238C. A zero time control
was also prepared for each sample. At the end of the
incubation period MSX was recovered by shaking with
50 ml 0.5 M K2SO4 (1:5, w/v, soil:solution) for 1 h at
room temperature. The soil mixtures were then centri-
fuged for 15 min at 4000g, the supernatant was ®ltered
through a Whatman No. 42 ®lter paper and the ®ltrate
stored at ÿ208C.

Table 1

Physical and chemical properties of tested soils

Sampling site Vegetation cover Particle distribution

(%)

Texturea pH Total C

(%)

Total N

(%)

CECb WHCc

sand silt clay H2O KCl

Bova Marinad uncultivated 11.0 68.0 21.0 Si-L 8.2 7.8 1.40 0.086 12.4 55

Passo del Mercanted beech forest 61.0 32.0 7.0 Sa-L 5.8 4.6 8.11 0.680 45.6 48

Passo del Mercanted pine forest 76.5 15.0 8.5 Sa-L 5.6 4.6 2.47 0.166 17.5 45

Pistoiae horticultural 63.2 17.6 19.2 Sa-L 6.7 6.1 3.89 0.280 15.2 45

Romolae fallow 90.7 3.6 5.7 Sa 7.2 5.9 1.05 0.098 16.9 35

a USDA classi®cation. Sa: sand; Sa-L: sandy loam; Si-L: silt loam.bmeq 100 gÿ1 dry soil.cWater holding capacity, ml H2O 100 gÿ1 dry

soil.dReggio Calabria (Southern Italy). Passo del Mercante from 850 m altitude.eFirenze (Central Italy).
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2.4. MSX determination

2.4.1. Soil extract pretreatment
Before chromatographic analysis, soil extracts were

puri®ed by passing 2-ml aliquots through a 0.20-mm
pore cellulose-acetate ®lter (Micro Filtration Systems
(MFS), Sierra Court, CA) and then 1 ml aliquots of
the ®ltrate were passed though a C18 Sep-Pak2 car-
tridge (Waters Corporation, Milford, MA). The car-
tridge was then washed with 1 ml of double-distilled
H2O and the eluates were pooled; puri®ed soil extracts
were stored at ÿ208C before derivatization.

2.4.2. Derivatization procedure
The OPA derivatizing reagent was prepared by mix-

ing: (i) 4.5 ml 0.4 M sodium borate bu�er, pH 9.5,
previously ®ltered through a 0.20-mm pore MFS ®lter,
(ii) 0.5 ml of OPA stock solution (50 mg OPA mlÿ1

methanol) and (iii) 80 ml of b-MCE. The derivatizing
reagent was freshly prepared every 24 h and kept in
the dark in an ice-bath. Puri®ed soil extract (100 ml)
was mixed with 200 ml of OPA derivatizing reagent at
room temperature in the dark. Exactly 3 min later 100
ml of 5% (v/v) CH3COOH solution were added and
mixed; 20 ml of the resulting solution were injected
into the HPLC column.

2.4.3. Chromatographic analysis
Gradient high-performance liquid chromatography

(HPLC) was performed on a Perkin-Elmer LC 250
binary pump (Norwalk, CT) equipped with a
Rheodyne 7125 injector (20-ml loop) and a 2 cm
Supelguard2 guard column and a 15 cm � 4.6 mm i.d.
Supelcosil2 C18 (5 mm) analytical column from
Supelco (Bellefonte, PA). A Perkin-Elmer LC 135
diode array detector operating at 340 nm (band width,
5 nm) and a Perkin-Elmer Omega-2 Analytical
Workstation were used for detection and data proces-
sing, respectively.

Elution was carried out using a gradient program
between two degassed solvents at 1 ml minÿ1 ¯ow rate.
Solvent A was 20 mM sodium acetate (pH 5.7):HPLC-
grade methanol:THF (83:16:1 by volume); solvent B
was HPLC-grade methanol. The mobile phase compo-

sition was held at 100% A for the ®rst 10 min; was
then brought to 78/22 A/B over the next 10 min (linear
gradient), followed by 5 min during which it was
brought to 40/60 A/B (linear gradient) and held 5 min
before returning the column to the initial conditions
(100% A) within a further 10 min. The equilibration
time was 10 min and MSX retention time was 17 min
under these conditions.

2.5. Data analysis

The data reported are mean values from three repli-
cates and are expressed on an oven-dry soil basis
(1058C, 24 h). Simple linear correlation and signi®cant
tests were used to investigate the relationships between
MSX equilibrium concentration and soil chemical and
physical properties. A simple equilibrium equation,
forward and reverse rate, ®rst order in both direction,
was ®tted to analytical data by a non-linear regression
software (TableCurve 2D v4.0, Jandel Scienti®c, San
Rafael, CA) using the Levenberg±Marquardt optimiz-
ation algorithm. Non-linear regressions were repeated
at least four times using di�erent initial parameters
estimates for each set of data. All runs gave the same
parameter estimates. The decay curves were plotted
using a SigmaPlot v3.0 (Jandel Scienti®c) software.

3. Results

Monitoring MSX content in ®ve tested soils under
short-term incubation assays (up to 48 h) showed a
marked decrease of the inhibitor concentration, with a
decreasing pattern for each soil investigated (Fig. 1).
The largest and the smallest decreases after 48 h incu-
bation were observed for the Pistoia and Romola soil,
respectively. In fact, the initial MSX concentration (1
mmol gÿ1 dry soil) was reduced to 0.38 (in Pistoia soil)
and 0.49 mmol gÿ1 dry soil (in Romola soil). MSX
recovered in Bova Marina, Beech forest and Pine for-
est soil, after 48 h incubation, was 0.46, 0.41 and 0.46
mmol MSX gÿ1 dry soil, respectively (Fig. 1).

Recoveries of MSX were used to draw a time-depen-
dent curve showing the inhibitor concentration decay.

Table 2

Clay characterization of tested soils

Soil sample Smectite Vermiculite HIV Mica Kaolinite Chlorite Chlorite/

Vermiculite

Montmorillonite/

Vermiculite

Bova marina 0 +(+) + +++ + + (+) +(+) (+) 0 0

Beech foresta 0 0 0 + + trace + 0

Pine foresta 0 0 0 + + (+) trace 0

Pistoia 0 + +++ +(+) ++ + trace +(+) 0

Romola trace +(+) + + (+) +(+) +(+) 0 0 + + (+)

a Sampling site: Passo del Mercante (Reggio Calabria).
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We found that the rate of MSX loss could be well
described by a mathematical model, which is rep-
resented by the non-linear, ®rst order equilibrium
equation:

dCt

dt
� ÿkf � Ct � kr � �CA ÿ Ct�, �1�

where CA is the initial concentration, Ct is the concen-
tration at time t and kf and kr are the forward and
reverse rate constants, respectively. Eq. (1) may be

written in integrated form as the exponential function:

f �x� � A � �kr � kf � exp�ÿx � �kf � kr���
kf � kr

, �2�

where f(x) is the concentration of MSX, in mmol gÿ1

dry soil; x the incubation time in hours; A is the initial
concentration of MSX (time zero) and kf and kr are
the forward and reverse rate constants. Eq. (2) could
also be used to describe the MSX disappearance as a

Fig. 1. Kinetics of MSX depletion in ®ve soils under short-term incubation assays.

Fig. 2. Linear relationship between CEC and MSX equilibrium concentration values from the ®ve tested soils and the two clay-amended soils.
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consequence of an adsorption±desorption equilibrium

process occurring at solid±liquid interfaces. If so, kf
and kr would become the rate kinetic constants for the

adsorption (kad) and desorption (kdes) process, respect-

ively. After a period of time the decline reaches an

equilibrium concentration (Fig. 1) which may be calcu-

lated using the Eq. (2) kinetic parameters found for

each tested soil. Equilibrium is attained when the rate

of adsorption equals the rate of desorption. Soil kin-

etic parameters, equilibrium concentrations and coe�-

cients of determination are reported in Table 3.

Recovery of MSX at zero time never reached a 100%

value: this is probably due to the immediate and irre-

versible adsorption of the molecule by soil colloids

since we suppose that soil microorganisms were not

capable of metabolizing a signi®cant amount of MSX

in such a short time. At zero time MSX loss ranged

between 4.9% (Pistoia soil) to 16.9% (Bova Marina

soil).

MSX equilibrium concentrations calculated for each

curve (Table 3) were correlated to soil chemical and

physical properties. Signi®cant correlations (at

P < 0.01) were only found with total C (r =ÿ 0.931),

total N (r =ÿ 0.952) or CEC (r =ÿ 0.904), suggesting

that MSX recovery was strongly in¯uenced by surface

interactions between the inhibitor molecule and both

mineral and organic soil colloids. No signi®cant corre-

lations were found with other soil properties as pH

(r = 0.573, in water; r= 0.607, in KCl) values and

clay (r = 0.415), sand (r =ÿ 0.304) and silt

(r = 0.247) content.

The MSX decay pattern in the two clay-amended

soils was similar to that of the unamended soils (data

not shown). The MSX recovered in soil±clay mixture 1

and 2 after 48 h was 0.43 and 0.54 mmol gÿ1 d.w., re-

spectively. As for soils, Eq. (2) well ®tted recovery

data from mixtures 1 and 2 and the calculated MSX

equilibrium concentrations are shown in Table 3.

The linear regression between MSX equilibrium con-

centrations and CEC values for soils and soil±clay

mixtures is reported in Fig. 2.

4. Discussion

The results of MSX recovered after soil incubation
(Fig. 1) may help to explain why the MSX concen-
tration (0.5 mmol gÿ1 dry soil), tested by Landi et al.
(1995) was ine�ective in inhibiting NH4

+-N immobiliz-
ation in Pistoia and Romola soils. Probably the rapid
decline of MSX concentration may have reduced the
inhibitor to an ine�ective concentration. An important
e�ect of inhibiting NH4

+-N immobilization only
occurred at the highest concentration (1 mmol MSX
gÿ1 dry soil) during the 0±12 h and 0±24 h incubation
periods in Pistoia and in Romola soil, respectively. In
Pistoia soil, the MSX concentration was reduced to
0.44 and 0.32 mmol gÿ1 dry soil after 3 and 12 h, re-
spectively (Fig. 1). After 12 h the MSX concentration
in Romola soil was almost twice as much as that in
Pistoia (0.71 versus 0.32 mmol gÿ1 dry soil) and it
decreased markedly in Romola soil only after 24 h.

Soil is a complex and heterogeneous environment
dominated by a solid phase consisting of particulates
of di�erent sizes (Stotzky, 1986). Surface-active par-
ticles may play a role in lowering the amount of MSX
available to microorganisms through sorption and
binding processes. Among soil components clay min-
erals may adsorb and bind a spectrum of organic mol-
ecules (Stotzky, 1986) including amino acids
(Greenland et al., 1965a,b; Dashman and Stotzky,
1982). However, in spite of the fact that MSX is an
amino acid analogue the rate of MSX loss did not cor-
relate with soil clay content. This is probably because
other soil colloids are involved in adsorption and the
binding process and clay particles in soil are normally
covered by other materials. Needless to say, studies on
amino acid adsorption on clays have been carried out
with pure homoionic clays (Stotzky, 1986).

The inhibitor, being an amino acid analogue, may
be used as a nutrient and energy source by soil micro-
organisms. Microbial breakdown of MSX has been
assumed to occur at low concentrations (Landi et al.,
1999) and it has been observed at higher concen-
trations (Hopkins et al., 1995) in soil. Therefore MSX

Table 3

Kinetic parameters of MSX depletion curves

Sample A a kad kdes Equilibrium concentrationb r 2

Bova Marina 0.831 0.250 0.524 0.563 0.74

Beech forestc 0.945 0.020 0.003 0.133 0.96

Pine forestc 0.838 0.062 0.087 0.489 0.91

Pistoia 0.951 0.237 0.140 0.353 0.94

Romola 0.866 0.021 0.021 0.429 0.99

Mixture 1 0.804 0.013 0.001 0.058 0.95

Mixture 2 0.724 0.007 0.007 0.343 0.66

a MSX concentration (mmol MSX gÿ1 dry soil) at zero time.bCalculated from the relation (A�kdes/(kad+kdes)) and expressed as mmol MSX gÿ1

dry soil.cSampling site: Passo del Mercante (Reggio Calabria).
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mineralization by soil microorganisms cannot be
excluded at 1 mmol MSX gÿ1 dry weight. However, the
fact that an equilibrium state was reached within a few
hours in Pistoia, Bova Marina and Passo del
Mercante-Pine forest soils (Fig. 1) and later in Romola
in Passo del Mercante-Beech forest soils suggests that
adsorption±desorption processes were occurring.

The most signi®cant correlations were found
between loss of MSX and the total C and N content
suggesting that results were linked to soil organic mat-
ter content. The contribution of soil organic fraction
to MSX adsorption is presently being investigated.

Moreover, signi®cant correlation was also found
with CEC (Fig. 2), which accounts for soil colloids
surface activity due to both mineral and organic col-
loids. It may be possible that the inhibitor, once in
soil, is either degraded by microorganisms or irreversi-
bly bound and protected against microbial breakdown
by soil colloids; both processes would control the
amount of inhibitor available for inhibiting glutamine
synthetase activity, i.e. microbial N immobilization.
The adsorption and binding of organic substrates to
clay minerals usually reduces their availability to mi-
crobes (Stotzky, 1986). Furthermore, bound clay-
amino acids have been shown to be poorly available to
soil microorganisms as a source of C and N, especially
to those with a low amount of energy derived from the
intracellular metabolism (Dashman and Stotzky,
1986).

The addition of mined clays resulted in a decrease of
recovery either in montmorillonite- and in kaolinite-
amended soil (Fig. 2). This could be due to either a
direct e�ect involving surface interaction between clay
mineral and MSX molecule (e.g. sorption) or an indir-
ect e�ect on soil microbial ecology; added clay may
have modi®ed the physicochemical characteristics of
microbial habitats, negatively in¯uencing microbial ac-
tivity and growth (Stotzky, 1986).

In conclusion, CEC, total C and N contents seem to
control the fate of MSX in soil environment. Sorption
by soil organic and mineral colloidal surfaces, can
markedly in¯uence the amount of inhibitor available
to soil microorganisms. This might reduce the e�-
ciency of the MSX in blocking N immobilization.
Consequently, the use of MSX in assays of gross N
mineralization must be carefully considered especially
in colloid-rich soils.
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