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The use of the tetrazolium reduction test for the detection of the
terminal electron transport system (ETS) activity in decomposing
reed (Phragmites australis /Cav./ Trin. ex Steud.) rhizome
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Tetrazolium reduction and enzyme kinetics were examined to estimate the ETS activity of decomposing reed (Phragmites aus-
tralis /Cav./ Trin. ex Steud.) rhizome to collect information on the activity of microbial decomposers. Optimal incubation time
was determined at 22 °C. For complete enzyme extraction, 4-6 min. of homogenization was necessary. The main substrates of
the enzymatic reaction were NADH and NADPH. The reaction was fastest when 2-(-p-iodophenyl)-3-(-p-nitrophenyl)-5-phenyl
tetrazolium chloride (INT ; 0.8 mM), NADPH (0.25 mM) and NADH (1.7 mM) were applied simultaneously. The optimal incu-
bation time should be less than 20 minutes. The pH optimum of the enzyme reaction is 8.0-8.4. ETS activity of decomposing
reed rhizome can be used to estimate potentially the oxygen consumption of microorganisms involved in decomposition and,

indirectly, the rate of decomposition.
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Introduction

In wetland ecosystems a considerable part of the or-
ganic material production is formed by emergent ma-
crophytes (Wetzel 1990, Gessner et al. 1996), which
play an important part in the detritus food chain (Wet-
zel 1981). Their decomposition has a significant in-
fluence on the structural and functional aspects of wet-
lands because the nutrients stored by them find their
way back to the aquatic ecosystem during their decom-
position. The direction of the decomposition is deter-
mined by two factors, the initial composition of the
plant detritus and the activity of the microbial decom-
poser community (bacteria, fungi, etc.). Bacteria and
fungi dominate decomposition of organic material
(Saunders et al. 1980). They produce enzymes that can
break down macromolecular organic material into
smaller, more easily digestible molecules (Sinsabaugh
& Linkins 1990).

The terminal electron transport system (ETS) is si-
tuated in the cell membrane in bacteria and in the inner
mitochondrial membrane in eucaryotes. It transfers
electrons from the coenzymes produced by the Szent-

Gyorgyi & Krebs cycle (NADH, NADPH, Na-succi-
nate) to the terminal electron acceptor. Using an enzy-
matic approach, Packard (1971) suggested that respira-
tion should be closely related to the activity of the res-
piratory electron transport system (ETS). Kenner &
Ahmed (1975), Christiansen et al. (1980) demonstra-
ted that a first order relationship exists between ETS-
activity and respiratory capacity in aquatic microorga-
nisms.

The ETS test is based on the reduction of 2-(-p-iodo-
phenyl)-3-(-p-nitrophenyl)-5-phenyl tetrazolium chlo-
ride (INT), which, acting as an artificial electron ac-
ceptor, connects to the electron transport chain bet-
ween the ubichinon and the cytochrome-b complex be-
fore the natural electron acceptor, and transforms into
red formazan. There are two main spectrophotometric
methods used to measure ETS-activity, both are based
on the reduction of INT, the main difference between
the two methods is, that in one of the cases the in vitro
dehydrogenase activity of microorganisms is measu-
red, cell free extracts are incubated in a reaction mix-
ture containing ETS stimulators (NADH, NADPH)
and INT solution in surplus and in the other case,
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viable microorganisms are incubated with INT for
maintaining the electron flow in the respiratory chain,
which indicates the in vivo ETS-activity because the
result reflect the apparent level of the intracellular sub-
strates, supposing that the INT uptake of the microor-
ganisms does not limit the reaction. Although the sta-
tistical correlation between the in vivo measured ETS-
activity and the direct measured oxygen consumption
exists (Trevors 1984), the ETS-activity is not equiva-
lent with the directly measurable O, consumption be-
cause the INT interfere with the cell biochemistry (An-
tonietti 1998). Nevertheless, this version of the ETS is
widely used for sediments, soils and biofilms (Trevors
1984, Mulholland et al. 1984, Blekinsopp & Lock
1990, Maamri et al. 1999). The advantage of the in vi-
tro measured microbial ETS-activity is that the method
is well standardized by an enzyme extraction step and
the saturation of the reaction rate adding electron do-
nors (NADH, NADPH). The assay estimates the rate
of respiration when neither substrates nor acceptor of
electrons limit the reactions. The electron flow in the
respiratory chain is maintained by the input of substra-
te (NADH and NADPH) and the result is considered as
a measure of the maximum activity of the enzyme. The
reaction product produced during the process can be
determined spectrophotometrically at a wavelength of
490 nm and is closely correlated with oxygen
consumption of the investigated organisms.

Studies of the relationship between in vitro measu-
red ETS-activity and oxygen consumption (R) have
shown that ETS-activity can predict the respiration ra-
te of zooplankton, phytoplankton (Kenner & Ahmed,
1975, Owens & King 1975, Devol & Packard 1978,
Packard 1985), sediments (Broberg 1985) and bacteria
(Christensen et al. 1980). The in vitro measured ETS
activity of decomposing reed rhizome is a measure of
the potential microbial activity. However, the micro-
bial activity is also influenced by the availability of nu-
trients (Burton & Lanza 1986) and correlates with the
decomposition rate of organic material as well (Maam-
ri et al. 1999). The ETS activity of decomposing reed
rhizome is considered as a global activity parameter
because we are not able to distinguish to what extent
the activities of the different individual components
(bacteria, fungi, protozoa, algae) in the microbial com-
munity contribute to total ETS activity.

The ETS test developed by Packard (1971), Kenner
& Ahmed (1975), Owens & King (1975), and Broberg
(1985), which is widely used to measure in vitro dehy-
drogenase activity of organisms, was applied with en-
zyme kinetic experiments on the decomposing reed
rhizome. The aim of this work was to develop a quick

and easy method to determine the microbial activity
and the potential oxygen consumption of microbial de-
composers so as to evaluate the relative contributions
of microorganisms to litter breakdown, additional stu-
dies were also conducted to examine the seasonal
changes in microbial activity and the effect of tempe-
rature on potential respiratory activity during the de-
composition of the reed rhizome.

Materials and methods

The ETS-assay described by Kenner & Ahmed
(1975) and Owens & King (1975) has been taken as the
standard method.The optimal measuring conditions of
the ETS activity of the decomposing reed rhizome we-
re determined with the help of enzyme kinetic experi-
ments, which is necessary for the correct estimation of
the potential microbial electron transport activity. If the
enzyme preparation or the assay conditions are less
than the optimum the ETS measurement will underesti-
mate the respiratory capacity of the microorganisms.

We first determined the optimal enzyme preparation
procedure (homogenization technique and time, sepa-
ration of the ETS fractions), the optimal incubation ti-
me, the saturating levels of the reagent, INT and the
substrates NADH, NADPH.

After determining the wet weight of decomposing
reed rhizome, it was homogenized with a potter homo-
genator (5000 rpm, 0-4 °C, B. Braun Biotech. Interna-
tional) in 10-15 cm3 of a homogenizing mixture,
consisting of MgSOy (75 uM), Triton-X-100 0.5 %
(v/v), polyvinyl pyrolidone (PVP) 1.5 % w/v, in 0.1 M
phosphate buffer (pH 8.4). We used decomposing reed
rhizome (180-days-old) in these experiments at
concentration of about 5 mg wet weight decomposing
reed rhizome per ml of homogenate. Samples were ho-
mogenized for 2, 4, 6, 8, and 10 minutes, respectively
in order to determine the optimal homogenization time.

The effect of ultrasonic treatment (Labsonic L. B.
Braun) on ETS activity was checked at 0-4 °C and the
effect of centrifugation (Medifuge Heraeus, 5000 g, 2,
4, 6, 8, 10 minutes, 0 °C), the optimal composition of
the substrate mixture (NADH, NADPH, Na succinate)
and the optimal quantity of the INT reagent were chec-
ked at 22 °C. There was no more than 10-15 minutes
between the preparation of the homogenate and the
start of the reaction. Samples were stored at 0-4 °C un-
til the beginning of the incubation.

During the kinetic experiments the same aliquot of
the homogenate was always incubated in the series of
substrate solutions, which contained either NADH,
NADPH, or Na succinate at different concentrations
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and had the same INT concentration (0.8 mM) and pH
(8.4).

When applying the substrates simultaneously, one
was always used in excess and the concentration of the
other one was changed. With constant NADH concen-
tration (1.7 mM) the NADPH concentration (0.015-
0.5 mM) was changed and vica versa, with constant
NADPH concentration (0.25 mM) the NADH concen-
tration (0.1-3.4 mM) was changed.

Having set the other parameters to their optimal va-
lues, we examined the pH optimum of the reaction bet-
ween 4.5 and 9.0. The optimal incubation time was de-
fined at 22 °C, 0.5 cm3 of the homogenate was incuba-
ted with 0.5 cm3 INT reagent in three parallel 1.5 cm3
substrate mixtures. The reaction was stopped after
5, 10, 20, 40, 80, and 160 minutes with a 0.5 cm3,
1 : 1 mixture of concentrated phosphoric acid and for-
malin. Within ten minutes after stopping the reaction,
the absorbance of the formazan produced during the
reaction was determined against the blind probe at a
wavelenght of 490 nm (Spektronom 195 D photome-
ter). The blank sample contained 1.5 cm3 substrate so-
lution and 0.5 cm3 INT reagent and it was incubated
for the same length of time as the sample but the
0.5 cm3 homogenate was added to it only after the
reaction was stopped. The residual ETS activity was
determined after sterilization of the rhizome samples
with autoclave (221 kPa, 120 °C, 20 minutes).

The respiratory ETS-activity at different stage of de-
composition was determined after adaptation of the
method to decomposing reed rhizome. Decomposition
of Phragmites australis (Cav. Trin ex Steudel) rhizome
was studied at Lake Ferto/ Neusiedler See using a lit-
ter bag technique. Healthy, intact rhizomes were col-
lected for decomposition studies at the site of reed da-
mage caused by harvesting machines, wet rhizome
pieces were put into the nylon litter bags and placed
out at 30 cm above the sediment at a die-back reed
stand area of Lake Ferto/Neusiedler See, on 9th March
1999. Litter bags were periodically retrieved for deter-
mination of the dry mass at 105 °C and of the ETS-ac-
tivity. The ETS activity measured in the laboratory
(ETS;,.) was adjusted to ambient lake temperature
using the Arrhenius equation:

ETS; = ETS;,,, e Ea*(I/T,

in situ inc 1/Tin situ
(Packard et al. 1971, Owens & King 1975), where E,
is the energy of activation, T;,. the incubation tempe-
rature expressed in Kelvin, T;, ¢, the ambient lake
water temperature (°K) and R is a gas constant (1.987
cal mol-! K-1). The value of E, has been calculated by
constructing an Arrhenius plot of log ETS-activity
against 1/T, where T is the absolute temperature ex-

pressed in Kelvin), the value obtained was 16.88 kcal
mol-! °K-1.

Results

Homogenization of 20-40 mg decomposing reed rhi-
zome for 4-6 minutes (potter homogenizer, 0-4 °C,
5000 rpm) proved to be enough for the maximum ex-
traction of the ETS. Homogenization time exceeding
8 minutes reduced ETS activity. In further measure-
ments samples were homogenized for 4 minutes. The
ETS activity of the centrifuged homogenate was lower
than that of the non-centrifuged homogenate probably
due to the higher turbidity caused by plant fibres (Figu-
re 1). Centrifugation eliminated this effect. The ultraso-
nic treatment did not have a considerable influence on
the ETS activity this step was therefore deleted. Howe-
ver, a 20-30 second ultrasonic treatment can be applied
in the procedure. The produced formazan (which is
proportional to ETS activity), plotted against time, sho-
wed a saturation curve. It grew gradually at first, then
after 20 minutes of incubation the slope of the curve de-
creased, thus defining the optimal incubation time less
than 20 minutes (Figure 2). ETS activity also exhibited
a saturation curve when plotted against concentration
of the INT solution. Formazan production stabilized
over 0.8 mM INT concentration (Figure 3).

The dependence of the INT reduction substrate was
the following :

When the reaction mixture contained only NADH
(Figure 5) or only NADPH (Figure 4), lower ETS acti-
vity values were recorded than when the two substrates
were applied simultaneously (Figure 4, 5). The addi-
tion of Na succinate inhibited the reaction, and was
therefore deleted from the reaction mixture (Table 1).
The reaction rate was fastest when 0.25 mM NADPH
and 1.7 mM NADH concentrations were applied si-
multaneously.

Table 1. Substrate dependence of the ETS activity (mean +
SE, n=3).

Substrate (mM) ETS (%) SE

NADH (1.70) 93.6 0.10
NADPH (0.25) 80.8 0.20
Succinate (80) 34.0 0.00
NADH (1.70)+NADPH (0.25) 100 0.07
NADH (1.70)+Succinate (80) 89.3 0.14
NADPH (0.25)+Succinate (80) 62.4 0.29
NADH (1.70)+NADPH (0.25)+

Succinate (80) 91.5 0.07
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The pH strongly influenced the reaction rate (Figure
6), the pH optimum of the enzyme reaction was deter-
mined to be between 8.0-8.4. The ETS-activity of ste-
rilized rhizome was 12.76 + 2.76 % of the original
ETS-activity. The ETS-activity of decomposing reed
rhizome showed a seasonal trend during the 597 days
of decomposition period and ranged from 0.03 mg O,
¢! dry mass h-! in November to 2.22 mg O, g! dry
mass h-! in July (Figure 7). A strong relationship bet-
ween the ETS-activity and temperature was observed,
the changes in the pattern of potential oxygen uptake
varied almost in parallel with the in situ temperature of
the lake water. The microbial ETS-activity was maxi-
mum in July in each year. The temperature dependen-
ce of the ETS-activity is well described by the expres-
sion ETS = 0.196 e 0.0768T (2 = (0.87), where ETS is
the specific ETS-activity in mg O, g*! dry mass h'! and
T is the temperature expressed in °C. The exponential
term is equivalent to a Qg of 2.15.

Discussion

In this study we determined the optimal measuring
conditions of the ETS-activity of decomposing reed
rhizome and we investigated the seasonal changes in
the microbial activity during the decomposition. Ac-
cording to our results, the substrates, which were ap-
plied one by one, passed down their electrons to the
respiratory chain with different intensity in the follo-
wing order: NADH, NADPH, Na succinate. When Na
succinate was applied together with other substrates,
the activity values were lower than when it was not in-
cluded in the reaction mixture (see Table 1). The si-
multaneous application of the substrates was not addi-
tive in any combination. The microbial communities
participating in reed rhizome decomposition contain
both eucaryotic (fungi) and procaryotic (bacteria) or-
ganisms (Kuehn et al. 1999), which have different
electron transport systems (Packard 1971). Under cer-
tain circumstances, the respiratory chain of the proca-
ryonts can change even in cells of the same species.
The main substrate of the eucaryotic type electron
transport chain is NADH. NADPH can pass down
electrons either directly or indirectly to such chains (it
can reduce NAD™ in the presence of active dehydroge-
nase to NADH). Unlike this system, where NADPH
can be a main electron donor in procarytes (eg. in
Pseudomonas perfectomarinus, Packard (1985). This
is the reason why almost identical absorbance values
was recorded when only NADH or NADPH was
applied.

We compared our results with ETS-activity measu-
rements in other organisms. A longer homogenization
time (4-6 minutes) is necessary to get a cell free enzy-
me extract from decomposing reed rhizome than from
zooplankton, fish spawn (2-3 minutes), and the phyto-
plankton (3-4 minutes). Phytoplankton and the sedi-
ment require a further 20-30-second and a 4-20-minu-
te ultrasonic treatment, respectively (Broberg 1985,
G.-T6th 1993). G.-Té6th (1999) also recommends ultra-
sonic treatment for the cell free enzyme extraction of
heterotrophic nanoflagellata and bacterial colonies.
Urbanc-Bercic (1977) produced a cell free homogena-
te from reed root after a 3-4 minutes potter homogeni-
zation and a 20-30 second ultra sound treatment as a
next step the samples were centrifugated (10000 rpm)
for 4 minutes, which were applied without previous
enzyme kinetic experiments. The optimal substrate
concentrations in our experiments were similar to tho-
se applied by Owens & King (1975) and Packard
(1985). Incubation periods of minutes to days for the
ETS activity have been reported in previous studies.
Our results suggest that the incubation time should be
less than 20 minutes. A similar incubation time (20 mi-
nutes) has also been shown for the in vitro measured
ETS activity of sediment, phyto- and zooplankton
(Packard et al. 1971, Owens & King 1975, Kenner &
Ahmed 1975, Broberg 1985). However under the low
temperature conditions it may be necessary to incuba-
te samples longer until measurable INT-formazan for-
mation occurs. (Blenkinsopp & Lock 1990). Burton &
Lanza (1986) suggested that it is advantageous to res-
trict the incubation period to a minimum because ex-
tended incubation results in decreased rates of forma-
zan production and promotes changes in microbial
community. The pH optimum of the examined reaction
was 8.0-8.4, which is similar to the pH optimum given
for zooplankton organisms (Owens & King 1975,
Kenner & Ahmed 1975, G.-Té6th & Zlinszky 1989), la-
ke sediment (Broberg 1985, G.-T6th 1993), and river
biofilm (Blekinsopp & Lock 1990). Since the ETS ac-
tivity is pH dependent, pH influences the decomposi-
tion rate and the nutrient cycle. In alkaline lakes
(pH > 8) the decomposition rate may be twelve times
higher than in extremely acidic (pH < 4) waters (G.-
Té6th & Zlinszky 1989). The existing postmortem en-
zymatic activity suggest that ETS fractions can survive
after the death of the cells and may increase the enzy-
matic activities. Bamstedt (1980), G.-Té6th & Zlinszky
(1989) also demonstrated that ETS-activity of dead
planktonic crustaceans and algae may remain active
for days after death. The role of postmortem enzyma-
tic activity in the mineralization of the dead plant ma-
terial need further studies.
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Results from field studies suggest a strong relation-
ship between ETS-activity and temperature, the
changes in the pattern of potential oxygen uptake va-
ried almost in parallel with the in situ temperature of
the lake water as also reported by Andersen (1978),
and Barik et al. (2000). The increasing ETS activity
between spring and summer reflected an enormous de-
composition process (Dinka & Szabé 2002) and mi-
crobial activity in the dead reed rhizome during the
summer season.

The temperature is an important influencing factor
of the decomposition (Hietz 1992), whereas the activi-
ty of the organisms involved in decomposition is tem-
perature dependent (Harrison 1977).

The Q;( value of 2.15 is similar with the Q, repor-
ted by Kuehn et al. (1999) and Kuehn & Suberkropp
(1998) for microbial assemblages associated with stan-
ding litter of Erianthus giganteus (Q;o = 2.56) and
Juncus effusus (Qy = 1.95), respectively. Comparing
our results with other studies (Mulholland et al. 1984,
Maamri et al. 1999) where the ETS-activity had been
applied to plant material decomposing in aquatic envi-
ronments, we found that the variation of the ETS acti-
vity during the decomposition period had a similar ten-
dency. The initial increase in the ETS-activity reflects
the microbial colonization process on the decompo-
sing plant material. The seasonal changes in the micro-
bial oxygen consumption of the decomposing reed rhi-
zome and of the decomposing leaf material (Maamri et
al. 1999) were also similar, but we measured 2.5-3.0
times higher activity values, which was due to the dif-
ferences in the methodology used. This differences can
be explained by the fact that the potential oxygen
consumption expressed as the ETS-activity (when the-
re is no substrate and electron acceptor limitation) is
2.6-3.0 times higher than the real oxygen consumption
determined by titrimetric version of the Winkler oxy-
gen method (Szabd, unpublished data).

The in vitro ETS assay, which is well standardized
by the enzyme extraction step and it yields the respira-
tory capacity of the microorganisms, which is normal-
ly higher than the normal respiration rate, but from the
relationship (ETS/R) between ETS activity and respi-
ration (R), which is constant for a specific group of or-
ganisms, the respiratory oxygen consumption (R) can
be calculated (Packard 1985, Kenner & Ahmed 1975,
Owens & King 1975, Devol & Packard 1978, Chris-
tensen et al. 1980, Broberg 1985, G.-T6th et al. 1994,
G.-T6th & Drits 1991, Muskoé et al. 1995, Muskoé et
al.1998 etc.).

The ETS method is sensitive, specific, simple, easi-
ly standardised and relatively fast. The ETS activity of

the decomposing reed rhizome can be an indicator of
microbial organisms participating in the decomposi-
tion, if we disregard their physiological status and
growth conditions.

This paper presented the first adaptation of the tetra-
zolium reduction test for measuring the in vitro ETS-
activity of decomposing plant material. Our results are
in accordance with the standard ETS test applied for
plankton (Packard 1971, Kenner & Ahmed 1975,
Owens & King 1975). From the speed of tetrazolium
reduction the potential oxygen consumption of the
reed rhizome, the ETS function and activity of decom-
posing organisms can be estimated.
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