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ABSTRACT

Enzymatic activity during decomposition is extremely important to hydrolyze molecules that are
assimilated by microorganisms. During aquatic macrophytes decomposition, enzymes act mainly in the
breakdown of lignocellulolytic matrix fibers (i.e. cellulose, hemicellulose and lignin) that encompass the
refractory fraction from organic matter. Considering the importance of enzymatic activities role in
decomposition processes, this study aimed to describe the temporal changes of xylanase and cellulose
activities during anaerobic decomposition of Ricciocarpus natans (freely-floating), Oxycaryum cubense
(emergent) and Cabomba furcata (submersed). The aquatic macrophytes were collected in Oleo Lagoon,
Luiz Antonio, Sdo Paulo, Brazil and bioassays were accomplished. Decomposition chambers from each
species (n = 10) were set up with dried macrophyte fragments and filtered Oleo Lagoon water. The
chambers were incubated at 22.5°C, in the dark and under anaerobic conditions. Enzymatic activities and
remaining organic matter were measured periodically during 90 days. The temporal variation of enzymes
showed that C. furcata presented the highest decay and the highest maximum enzyme production.

Xylanase production was higher than cellulase production for the decomposition of the three aquatic

macrophytes species.
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INTRODUCTION

Decomposition processes are mediated by microorganisms
that are extremely important for environment maintenance
because of their fundamental role on nutrients and organic
matter cycling, changing organic matter into inorganic matter
and providing nutrients which propitiates energetic balance in
aquatic ecosystems (27, 44).

Considered as an important detrital and nutrient source in

aquatic environments, the aquatic macrophytes are present

mostly in the littoral zones of lakes (7, 37). Aquatic
macrophytes tissues are constituted by fibers (mainly as
particulate organic matter - POM), and by dissolved organic
matter (DOM) and dissolved inorganic matter (DIM). Organic
matter in these systems is basically composed by non-living
matter and detritus that can be found as DOM and POM (21,
23). Decomposition of POM into DOM is mostly mediated by
microbial extracellular enzymes (8).

The sediments detritus are basically constituted by fibers

(e.g. lignocellulosic matrix) (6). The major component of
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lignocellulose materials is cellulose, along with lignin and
hemicellulose. The portion known as holocellulose is a
combination of cellulose and hemicellulose portions (38). The
composition and percentages of these polymers vary for each
plant species and can change depending of the growth stage
(18). A great variety of fungi and bacteria can fragment these
macromolecules using several hydrolytic or oxidative enzymes
(30). These compounds are hydrolyzed by cellulases and
xylanases from microbial extracellular enzymes (43). Some
biotic factors can hinder this process, as microbiota metabolic
activity, biomass and diversity (11).

Considering that microbial degradation is the main process
during decomposition once it results in a significant mass loss
(22) and that enzymes assays can be used to examine microbial
activities (28), this study aimed to describe production and
temporal activities of xylanase and cellulase during anaerobic
decomposition of three aquatic macrophytes: Ricciocarpus
natans, Oxycaryum cubense and Cabomba furcata from an

oxbow lagoon.

MATERIAL AND METHODS

Description of sampling site and studied species

Oleo Lagoon (21° 36’S and 47° 49°W) is situated within
Jatai Ecological Station, Luiz Antonio, Sdo Paulo, Brazil), is
one of the many oxbow lagoons comprised in the Mogi-Guagu
river floodplain (39). It is shallow (average Z = 2.55 m), small
(0.0195 km?), presents low concentrations of dissolved oxygen
(4.8 +1.4 mg L'l) and pH = 5.49 + 0.65 (31). Its littoral zone is
colonized by several species of aquatic macrophytes (31). The
species selected for this study present different life forms.
Ricciocarpus natans (L.) Corda (Ricciaceae family) is a small
floating moss (bryophyte) with maximum length of 1.5 cm
(33). Oxycaryum cubense Poepp & Kunth (Cyperaceae family)
is an emergent plant found mainly in the littoral zone of lentic
systems, the stolons are scaly, rooting at nodes or with long-
hanging roots and stems are slender, triangular and erect (20,
16). Cabomba furcata Schult. & Schult. F. (Cabombaceae

family) is a submerged plant rooted to the ground (40).

Xylanase and cellulase activities

Water and plant material sampling

Water samples (20 L) were collected on May, 2009 from
littoral and pelagic zone with a 5.0 L Van Dorn bottle at
different depths (surface and bottom). Water samples were
mixed in a polyethylene container in order to get vertically
integrated samples. In laboratory the samples were pre-filtered
through a cellulose ester membrane (¢ pore= 0.45 um,
Millipore). Entire fresh living mature samples were manually
collected on April, 2009 in the littoral zone of the lagoon. In
the laboratory, the plants were washed with tap water to
remove periphyton, sediment particles and coarse material
(29). After washing, each plant material was oven-dried (50°C),
grounded and homogenized. The initial holocellulose content
from intact fragments of each species was measured by

gravimetric method according to Han and Rowell (15).

Incubations assays

For each plant species there were prepared 30 chambers
containing 500 mg of plant (dry weight) plus 50 mL of filtered
water from the lagoon (in the proportion of 10 g L) the
incubations were kept under controlled temperature (22.5°C;
the average temperature of lagoon in 2008), anaerobic
condition and in the dark. Prior to the enzyme assays, on each
sampling day (1, 3, 5, 10, 15, 20, 30, 45, 60 and 90 days),three
chambers of each species were filtered (@ pore = 1.2 pum;
Millipore AP20) in order to fractionate plants and water into
POM and DOM. The fractionated POM was dried at 40-50°C
until constant dry weight and incinerated in a muffle furnace at

550°C for two hours, in order to quantify the remaining organic

matter content (45).

Mathematical modeling of organic matter decay

The temporal variations of remaining POM (as ash free)
were fitted two a biphasic decay model (25, 19) using non-
linear regression, the iterative algorithm of Levenberg-

Marquardt (34) according to Equation 1:

POM = (PGME X e_kT‘) + (PGMF. X e_kﬁt)(l),

76



Nunes, M.F. et al.

where: POM;s = initial labile organic matter content (%);
POMy = initial particulate refractory organic matter content
(%); kr = k; + ko; global mass loss coefficient (= labile
mineralization coefficient (k;) + soluble leachate coefficient

(ko) (day '1)); kg = refractory mass loss coefficient (day '1).

The half-time (t,,) of organic matter decay was calculated with

Equation 2:

ty,= In(0.5)/-k (),

where: k = decay coefficient of each fraction type of the plant;
for POM;s, coefficient used was ky; and for POMg, the

coefficient used was kg.

Enzyme Assays

From each analyzed chamber (three per plant in each
sampling day), two enzyme extracts were prepared with 10 mL
of DOM and 0.3 g POM (fresh mass). In sequence, samples
were homogenized with an Ultra-Turrax (model T10;
Germany), sonicated with an ultrasound (Unique, Brazil) and
centrifuged (3,000 xg, 30 min, 4°C; Heraeus Instruments,
Megafuge 3.0R, Germany) for determination of cellulase and
xylanase activities separately. The assays were performed in
duplicate for each enzyme. Both cellulase (C1 = endoglucanase
- EC: 3.2.1.4 and exoglucanase - EC: 3.2.1.91) and xylanase
EC 3.2.1.8) activities determined

(B-xylanase - were

spectrophotometrically (Amersham Biosciences, Ultrospec
2100 pro, Sweden) by measuring the concentration of released
reducing sugar acting on specific substrates (41): solution of
xylan (modified from Ghose and Bisaria) (12) and pure
cellulose filter (Whatman n° 1) (26). One unit of cellulase or
xylanase activity was referred as the amount of enzyme that
liberates 1 pumol of reducing sugar under the assay condition.
Cellulase activities were expressed as mol of reducing sugar
per g of fresh weight from C. furcata, O. cubense and R. natans
decomposition and calculated as activity day' (17).
Cumulative cellulase and xylanase activities were calculated by

integrating the enzyme activities over time.

Xylanase and cellulase activities

Mathematical modeling of cumulative enzyme production
through time

The temporal variations of cumulative cellulase and
xylanase activities were fitted to a sigmoidal curve using non-
linear regression (iterative algorithm of Levenberg-Marquardt)
following Press et al. (34). The coefficient of enzymatic
activity (kp) values were derived from the sigmoidal fittings. In
these procedures, the time evolution of enzymes production

was described by Equation 3:

E=Epax (1-e7e)
where: E= accumulated produced enzyme (molmin™'ml'g™);

E..x = maximum enzyme produced (umolmin"lml'lg'l); kp =

enzyme production coefficient (day™); t = time (day).

The doubling-time (D,,) of maximum enzyme production
was calculated according to Equation 2; in this case the

coefficient used was kp.

Statistical analysis
The non-parametric test Kruskal Wallis was applied to
corroborate data similarities and differences between the

species, with a significant a = 0.05.
RESULTS

POM decay

The temporal organic matter decay presented a biphasic
pattern for the three species (Figure 1). This pattern occurred
because of the faster mass losses in the beginning of the
experiment, representing POM,g percentages (which varied
from 5.2 % for O. cubense to 27.8% for C. furcata), and slower
decay later, representing POMy percentages (which varied
from 70% for C. furcata to 94.8% for O. cubense).

The determination coefficients (r*) from decay fittings
varied from 0.86 (R. natans) to 0.99 (O. cubense). The
statistical analysis of the kinetics model pointed significantly

differences between C. furcata and R. natans decay (p < 0.01)
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and C. furcata and O. cubense (p < 0.001) and similarities

between R. natans and O. cubense (p > 0.05).
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Figure 1. Temporal organic matter decay for the three studied

species and mathematical modeling applied.

Cellulase and xylanase activities

The temporal variations in cellulase and xylanase activities
are shown in Figure 2. For the selected species, production of
xylanase was higher than cellulase and the greatest difference
between both enzymes production occurred in decomposition
of O. cubense, where production of xylanase was ca. 16 times
higher than cellulase production (Table 2). Table 2 also shows
that E .« for cellulose varied from 0.107 £ 0.121 mol min Iml
g™ (0. cubense) to 0.995 + 0.303 mol min"'ml"'g™" (C. furcata)
and for xylanase it varied from 1.677 + 0.073mol min"'ml'g"
(R. natans) to 11.301 + 0.304mol min’lml'lg’1 (C. furcata).

The temporal patterns for enzymes production during R.
natans and O. cubense decomposition were similar and C.
furcata decay presented the highest production of both
enzymes. For xylanase, difference were 6.8-fold the production
measured for O. cubense and R. natans decomposition and for
cellulase, the production difference was 9.3 times over O.
over R.

cubense decomposition and 6.7 times natans

decomposition.

Xylanase and cellulase activities
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Figure 2. Temporal variation and standard deviation of
cellulase (M) and xylanase () production during anaerobic

decomposition of R. natans, O. cubense and C. furcata.
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Table 1. Parameters obtained from organic matter decay model, where POM

Xylanase and cellulase activities

L= labile fraction of organic matter; ky = Global decay

coefficient (labile fraction mineralization coefficient + leaching coefficient); POMg= refractory fraction of organic matter; kg =

refractory fraction mineralization coefficient; t/2 = half-time; E = error.

(POM. ) E ky E ty, (POM.) E kg E ty, r
LS 1 R -1
(%) (day ) day) (%) (day ) (day)
O. cubense 5.2 0.9 1.31 0.64 0.53 94.8 04 0.0021 0.0001 330 0.99
C. furcata 27.8 4.9 0.61 0.28 1.14 70 29 0.0027  0.0010 259 0.92
R. natans 12.1 34 1.41 1.16 0.49 87.9 1.6 0.0016  0.0005 433 0.86

In the beginning of the process (ca. first 20" days) a higher
amount of xylanase was produced and cellulase production
showed no great variations, presenting low production during
experimental period tending to stabilization (Figure 2).

The determination coefficients (rz) varied from 0.96 to
0.99 for the kinetic model fitting (Figure 2). According to the
statistical analysis, xylanase production was similar between O.
cubense and R. natans decomposition (p > 0.05). Yet, C.
furcata and R. natans decomposition presented differences (p <
0.01). O. cubense presented a significant difference with C.
furcata (p < 0.001). For cellulase production during
decomposition, it was pointed differences between C. furcata
and R. natans (p < 0.01) and O. cubense (p < 0.05), and

similarities with O. cubense and R. natans (p > 0.05).

Holocellulose content

Initial holocellulose contents for the three studied species
were: 79.55 * 6.63 % (R. natans); 72.77 = 10.53% (O.
cubense); 65.99 £ 3.79 % (C. furcata).

DISCUSSION

The analysis and comparison between results of both
enzyme production and POM decay shows that there is a
relation between these two parameters. The decomposition of
C. furcata, which presented the highest enzyme production,
showed the highest organic matter loose of mass before the 10"

day of experiment (Figure 1). Decomposition of R. natans and

O. cubense had similarities in both enzymatic production
(xylanase and cellulase) and POM decay. The high
determination coefficient from kinetic fittings indicates that
this model was adequate to represent two phase organic matter
decay during anaerobic decomposition and also enzyme
production.

According to the degrading potential of detritus, the POM
can be differed in labile and refractory fractions (2, 10, 42).
High mass decay observed in the beginning of decomposition
occurred because debris usually loses their labile fraction
(more reactive and easily processed by microorganisms) by
leaching process. Labile fraction is characterized by a faster
decay, while refractory decay can be 10 to 20 times slower
(14).

C. furcata presented the highest percentage of labile
organic matter (Figure 1), indicating that its debris decomposed
faster than the other studied species. Another result which
supports this fact is that for the refractory portion, C. furcata
also showed the shortest half-time period (Table 1), which
means that it demands a shorter period to be completely
decomposed.

Bioassays carried out with O. cubense presented a higher
cellulose percentage than C. furcata (9), configuring that C.
furcata is, among the three studied species, the more
susceptible to decomposition. Submerged plants, such as C.
furcata presents less structural materials contents in their cell

wall than the emergent macrophytes (3).
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Table 2. Parameters obtained from kinetic model for accumulated enzyme production, where: E,,= maximum enzyme

production, E = error, kp = enzyme production coefficient and D,, = doubling-time.

Emax E kp E D, r’
(mol min'lml'lg'l) (day'l) (days)

Celullase
R. natans 0.148 0.059 0.632 2.362 1.10 0.96
C. furcata 0.995 0.303 0.058 0.049 12.02 0.99
O. cubense 0.107 0.121 0.030 0.073 22.78 0.98

Xylanase
R. natans 1.677 0.073 0.165 0.031 421 0.96
C. furcata 11.301 0.304 0.057 0.004 12.06 0.99
0. cubense 1.679 0.064 0.061 0.007 11.41 0.98

A compilation about degradable fractions of macrophyte  hydrolysis of crystalline cellulose, showing that the action of
species showed that POM content calculated for R. natans  each enzyme and the fiber structure may also have caused these
presented a smaller percentage of the labile/soluble (12.1%)  differences.
fraction than the average values for floating species (54.4%); About 5-10% of cellulose is degraded in nature under
for C. furcata, the percentage of labile/soluble fraction (27.8%)  anaerobic condition. The cellulose system of anaerobic
was close to the average found for submerged species (34.1%);  microorganisms is clearly different from that of aerobic fungi
for O. cubense (5.2%) this percentage was smaller than and bacteria (30). The action of each enzyme and the fiber
parameterized for emergent species (31.6%) (5), showing that  structure may also have caused these differences.
cell wall constitution vary even between similar types of plants. As hemicelluloses surround the cellulose microfibrils it

Holocellulose content data showed no directly must be degraded, at least in part, before cellulose in plant cell
proportionality with enzyme activity, this result is probably  walls (24). Xylans are the principal class of hemicelluloses in
explained by physical and chemical characteristics of substrates  angiosperms contributing with ca. 15 to 30% of the total dry
(e.g. lignin/hemicellulose association and degree of cellulose  weight (32).
cristallinity) that contribute with cellulose recalcitrance to Decomposition experiments with O. cubense, C. furcata
enzyme hydrolysis. As cellulose chains are tightly packed with  and Ludwigia inclinata under aerobic and anaerobic conditions,
hemicellulose and lignin, it has been proposed that, to an  showed that C. furcata was the only species which presented a
efficient hydrolysis, cellulase must delaminate and disrupt the  higher xylanase activity under anaerobic conditions, the same
surface area to create a larger accessibility to the enzymes by  occurred in present study. The other species presented higher
increasing the reactive internal surface (1). xylanase activity under aerobic conditions (36).

Xylanase production was higher than cellulase production Ghose and Bisharia (12) suggested that xylanase helps to
probably because structures of hemicelluloses are easily create more accessible cellulosic regions, thereby resulting in a
hydrolysable polymers than cellulose (30). Gilbert &  higher sugar production by cellulase. Most cellulose is
Hazelwood (13) reported that although the higher complexity = degraded aerobically, only 5-10% is degraded anaerobically
of xylan in comparison with cellulose and the needs of several  (24).
types of enzymes to hydrolyze this compound, this polymer do In terms of structure and appearance, cellulose appears in
not form tightly packed structures what results in an easier nature associated with other plant substances, embedded in a
accessibility to hydrolytic enzymes. Consequently, the specific =~ matrix primarily containing hemicelluloses, pectin, and

activity of xylanase is ca. 2 to 3 times higher than for cellulase proteins. This association may affect its biodegradation. High
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compression strengths are achieved when lignin (a complex
aromatic polymer) replaces water in the matrix of cell walls.
Lignification greatly increases bonding within the wall and
produces rigid, woody tissues (24, 30). Only a small percentage
of non-organized cellulose chain form amorphous cellulose
which conformation turns it more susceptible to enzymatic
degradation (4).

The ecology of cellulose degradation in anaerobic
environments is very complex; it involves numerous, varied
interactions of metabolically diverse microorganisms whose
activities are influenced by a wide range of environmental
factors (24). Some microorganisms simultaneously excreted
both cellulase and xylanase and/or that a certain amount of
enzymes had both cellulolytic and xylanolytic abilities (43).
at

cellulolytic activities from U. breviscapa detritus and found a

Cunha-Santino and Bianchini Jr. measured
higher activity of integral detritus at 15°C, showing that
temperature affects cellulase activity.

A study from Romani er al. (35) suggested that some
interactions between fungi and bacteria communities may
impact their own activities, influencing decomposition
processes by altering the growth, enzyme production of
microorganisms and quality of released DOM and intermediate
decomposition products. In present assay, besides the
interference of physical conditions (temperature and dissolved
oxygen availability), some biotic factors could have interfered
enzymatic activities.

Following a proposed four stage model for decomposition
processes (43), the present study contemplated the second
phase (1* month), characterized by a rapid increase in biomass
of decomposing bacteria followed by xylanase and cellulase
activities, and the third phase (between 2™ and 5 months),
characterized by low enzyme activities, low decay rates and
constant decomposer bacteria biomass.

Overall, the results allow us to infer that for Oleo Lagoon,
after senescence, the macrophytes detritus lost great amounts of
DOM and POM, the dissolved detritus is processes within
water column and POM (the refractory fraction) tends to

accumulate in the upper layers of sediment that usually

Xylanase and cellulase activities

presents a lower oxi-reduction potential allowing anaerobic
metabolism to predominate. In the first stage of decomposition
this conditions stimulated the xylanase production over
cellulase during breakdown of lignocellulosic detritus. The
accumulation over time of POM from autochthonous source as
macrophyte detritus turns sediment of Oleo Lagoon a suitable
site to degradation of these natural polymers regarding to oxi-

reduction potential.
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