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ABSTRACT

This research is part of a project aimed at verifying the potential of a specifically assessed
wooded riparian zone in removing excess of combined nitrogen from the Zero river flow
for the reduction of nutrient input into Venice Lagoon. General objectives of this project
were to increase knowledge on the processes which allow the riparian strips to act as a
buffer and to identify the most appropriate management strategies in order to maximize the
efficiency of these systems in supporting the microbial activities involved in the process.
For this purpose, specific objectives were pursued to determine seasonal fluctuations of the
microbial populations in the soil/water of the wooded riparian strip. The bacterial
communities were determined by combined approaches involving cultivation, microscopic
approaches and DNA bases techniques to characterize both culturable and total microbial

community inside and outside the riparian strip.

ARDRA and DGGE analyses of soil collected at different depths, showed a clear decrease
of the microbial diversity in deeper horizons as compared to the medium depth and surface
ones. A comparison between this soil and that collected from an undisturbed zone external
to the riparian strip, indicated that this effect can be also observed in the external area,
although higher microbial diversity was always present in the internal soil. DGGE cluster
analysis and PCA of both genetic and chemical properties of water samples indicated that
the bacterial populations present at the drainage ditches are rich in denitrifiers as a result of
a mixing of bacterial communities carried by the Zero river flux and those already present

in the soil of the riparian strip.

Taken together, the overall results confirm what it was demonstrated by other chemical-
physical analysis: the wooded riparian buffer zone assessed for water remediation (nitrogen
removal from Zero river) is effectively working as a result of the special conditions there
produced to support the work of specific microbial populations. The microbiological
analysis here accomplished can also contribute to understand the bacterial population
dynamic of an agricultural soil when transformed in a wooded strip and to provide key

indications for the management of a phytoremediation site.



RIASSUNTO

Questa ricerca fa parte di un piu ampio progetto finalizzato a verificare ’attivita di zone
riparie atte a rimuovere 1’eccesso di azoto combinato nel fiume Zero, con il fine ultimo di
ridurre I’imput di nutrienti nella Laguna di Venezia. Obiettivo generale di questa ricerca ¢
stato quello di aumentare le conoscenze relative ai processi che consentono alle zone riparie
di agire come tamponi e identificare le strategie di gestione piu appropriate per

massimizzare |’efficienza di questi sistemi nel supportare le attivita microbiche coinvolte.

A questo scopo, sono stati perseguiti obiettivi specifici per determinare le fluttuazioni

stagionali delle popolazioni microbiche nei suoli/acque della fascia tampone.

Le comunita microbiche sono state determinate tramite un approccio combinato che ha
previsto la coltivazione, tecniche microscopiche e tecniche molecolari al fine di
caratterizzare sia la comunita microbica coltivabile sia quella totale, all’interno e all’esterno

della fascia tampone.

Le analisi ARDRA e DGGE di suoli raccolti a diverse profondita, mostrano una chiara
diminuzione della diversitd microbica negli orizzonti piu profondi rispetto agli strati

intermedi e superficiali.

I1 confronto tra suoli raccolti nella fascia tampone e suoli raccolti in una zona indisturbata
esterna, indicano che questo effetto puo essere osservato anche all’esterno sebbene una

maggiore diversita microbica sia sempre rilevabile all’interno.

Indagine DGGE e elaborazioni statistiche con PCA, sia delle proprieta genetiche che di
quelle chimiche dei campioni d’acqua, hanno indicato che le popolazioni microbiche
presenti nelle scoline sono ricche di denitrificanti e sono il frutto del rimescolamento delle

comunita microbiche del flume Zero con quelle gia presenti nei suoli della fascia tampone.

Nel complesso, questi risultati confermano quanto dimostrato da altre analisi fisico-
chimiche: la fascia tampone messa a punto per il biorimedio delle acque (rimozione
dell’azoto dal fiume Zero), sta effettivamente funzionando come risultato delle speciali

condizioni che favoriscono specifiche popolazioni microbiche.



Le analisi microbiologiche qui riportate possono inoltre contribuire alla comprensione delle
dinamiche di popolazioni in suoli agricoli convertiti in fasce tampone e fornire indicazioni

chiave per la gestione di siti di fitorimedio.
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1.1. The wooded riparian zone

A riparian zone (see an example in Fig 1.1) generally encompasses the vegetated strip of
land that extends along streams and rivers and is therefore the interface between terrestrial
and aquatic ecosystems (Gregory et al., 1991; Martin et al., 1999). In the literature, in
addition to streams and rivers, the definition of riparian zones often includes the banks of
lakes, reservoirs and wetlands.

Riparian areas are often included in wetland classifications (Dahl et al., 2007). Wetland
definitions commonly include three characteristics: water table near, at or above land
surface; these unique soils are typically characterized by reduced conditions, organic matter
accumulation and ecological communities adapted to these wet conditions (Mitsch and
Gosselink, 1986; Brinson et al., 2002). However, classification systems vary, emphasizing
one or the other aspect, depending on purpose (Zoltai et al., 1975; Gosselink and Turner,

1978; Cowardin et al., 1979).

Ingram (1983), Carter (1986) and NWWG (1997) conclude that wetland hydrology is the
primary driving force controlling wetland ecology and function. Consequently, the main
wetland classification criterion might consider sources of water distinguishing between
solely precipitation dependent (bogs), mainly groundwater dependent (fens) or mainly
surface water dependent (swamps, marshes and shallow open water). Riparian areas
including the latter two types are situated adjacent to both perennial, intermittent, and

ephemeral streams, lakes, and estuarine—marine shorelines (Brinson et al., 2002).

Buffer zones or strips have also been variously labelled as Stream Protection Zones (SPZ),
Streamside Management Zones (SMZ), or Riparian Management Zones (RMZ). In
agricultural landscapes, buffer zones often consist of a fenced area alongside streams and
this may be left as a grassy sward, or planted with woody vegetation. In forestry systems, a
buffer zone is generally one of production trees left beside the stream when the surrounding

area is harvested.
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hydrology vegetative
growth

nutrient
dynamics

sediment

Fig 1.1. A wooded riparian zone

Riparian management can be conducted in different ways, some of which are summarised

below:

Grass Filter Strips: Fenced strip of rank paddock grasses to filter nutrients and sediment.
Headwater or riparian wetlands: Fenced wetlands as hotspots for nutrient removal
Rotational Grazing: Filter strips with varied stock grazing practices, such as occasional
light grazing by sheep.

Forested or planted native trees: A buffer of native trees to return ecological function to

the stream and provide water quality benefits.

Production trees or plants: A buffer of forestry trees left unharvested along stream banks,
or production trees that are planted in riparian zones for selective harvesting with minimal
disturbance (e.g., Tasmanian blackwoods). Plants such as flax for weaving, or fruit and nut
trees, or high value native tree species that can be selectively harvested may also provide
ecological function and a mechanism to remove nutrients such as phosphorus from the

riparian zone.
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Multi-tier system: A combination of buffers where native forest trees may be used beside
the stream to enhance ecological function and biodiversity, a buffer of production trees may
occur outside of that and at the outer edge beside agricultural land a grass filter strip may be

used.

1.1.1. Functions of the riparian buffer zones

Riparian buffer zones are used as a management tool to perform many functions including
stabilising channels, preventing stock access to waterways, filtering sediment and other
particulates terrestrial and aquatic habitat (Table 1.1). In addition, wet riparian soils,
generally rich in carbon and low in oxygen, can promote a significant loss of N through
denitrification. Riparian vegetation can also provide corridors for the movement of native
fauna and flora between geographically separate areas, although the spread of weed species
can also be facilitated in this way (Welsch, 1991).

Riparian zones are commonly areas with heterogeneous vegetation and soils and therefore
provide a diverse habitat for terrestrial and semi-aquatic organisms (birds, insects,
amphibians and plants) (Boothroyd and Langer,1999). Vegetation in the riparian zone can
influence water flow, both in surface and subsurface (through root systems) and has direct
effects on stream functioning. Forest vegetation in particular can shade streams and lower
stream temperatures. High light levels from deforestation around streams, lead to increase
in algae and in-stream primary production, and changes to invertebrate community
composition. Stream temperature has a direct impact on aquatic species as most metabolic
processes are accelerated with increasing temperature and many fish and invertebrate
species have thermal tolerances that can be exceeded in unshaded streams (Quinn et al.,
1994; Martin et al., 1999). Trees provide organic matter inputs in the form of leaves and
woody debris, creating a diversity of food resources and habitats for in-stream fauna.
Terrestrial insects may also be attracted to vegetated riparian zones and become a valuable

food source for fish when they fall into the stream (Barling and Moore, 1994).
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Key riparian zone functions

Explanatory notes

Stream bank stability

Filtering overland flow

Suitable habitat for adult phases of

stream insects

Shade for stream temperature

Shade for instream plant control

Woody debris and leaf litter input

Plant nutrient uptake from
groundwater
Denitrification N Control

Control of direct animal waste
input

Downstream flood control

Terrestrial biodiversity

The root systems of trees and grasses strengthen streambanks and
groundcover reduces surface erosion — provides habitat stability in
the form of refuges during floods.

Surface roughness provided by grassy vegetation, or litter, reduces
the velocity of overland flow, enhancing settling of particles. High
infiltration of uncompacted soils encourages subsurface flowpaths,
with resulting particulate filtering and nutrient uptake by plants and
microbes.

Some stream insects spend extended periods (weeks — months) as
adults in the terrestrial area. Riparian vegetation may be a key
element of these species ability to persist in pastoral streams. (e.g.,
humidity, temperature, food resources)

Removal of shade can result in summer temperatures that can be
lethal to some invertebrates and fish, or winter temperatures that are
too warm for successful trout spawning.

Shade removal provides light for instream plant growth, sometimes
resulting in streams becoming choked and/or variations in dissolved
oxygen and pH that stress invertebrates and fish.

Riparian trees add leaf litter and wood that are an important source
of habitat diversity for invertebrates and fish, particularly in silt-bed
streams. Leaf litter is also a food resource for stream invertebrates.
Roots of riparian plants intercept groundwater reducing nutrient
input to streams.

Denitrifying bacteria can remove substantial quantities of nitrate
from groundwater passing through riparian wetlands, venting this to
the atmosphere as nitrogen gases.

Preventing direct access of stock to waterways prevents hoof-
damage to streambanks and direct input of nutrients, organic matter
and pathogens in dung and urine.

Well-developed riparian vegetation increases the roughness of
stream margins, slowing down flood-flows. This reduces the peak
flows downstream but may result in some local flooding. Riparian
wetlands provide temporary storage of water during rain events.
Riparian zones contain a high diversity of soil and water conditions,
resulting in correspondingly diverse terrestrial plant and animal
communities

Table 1.1. Summary of the possible functions of a riparian zone

1.1.2. Modes of particulate and dissolved nutrient transport in the riparian buffer

zone

Nitrate and other compounds are gradually transformed through the changing redox zones

observed during passage of the aquifer (Dahl, 1995; Hoffmann, 1998; Hoffmann et al.,

2006). For this reason, entry point and flow paths to a large extent control where

transformation processes take place. The ability of buffer zones to attenuate pollutants will

depend upon the mechanisms by which these pollutants reach surface waters. Mainly three

transport processes can occur:
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» direct pollution (e.g., stock access to streams, bank erosion);

» surface runoff;

» subsurface flow and drainage.
Surface runoff
Surface runoff can occur through several mechanisms. It may result when the surface soil
becomes saturated (saturation excess) which is common where flow pathways converge as
a result of topography. It may also occur when rainfall intensity exceeds the infiltration
capacity of the soil (infiltration-excess) a process that is common in poorly drained clay-
rich soils (Muscutt et al., 1993). Surface runoff can be a major transport mechanism for
water soluble pollutants, particularly when land beside a stream has been grazed, or
fertiliser or livestock waste applied to the land during or prior to rain events. Surface runoff
can also be a conduit for sediment and particulate pollutants. Sediment transport can occur
through sheet erosion in spatially uniform flows over hillslopes, but is most likely to result
from areas where flow is concentrated, and from bare soils (e.g., stock tracks, slips,
cultivated soils). Sediment in surface runoff can also carry particulate forms of phosphorus,
and a high proportion of total P loss has been found to occur during periods of high flow

(Culley & Bolton, 1983; Smith 1987).

Subsurface flow and drainage

Subsurface flow is frequently the major pathway of N transport in catchment runoff and
high concentrations commonly occur in artificial subsurface drains (Muscutt et al., 1993).
Intensive agriculture is often accompanied by subsurface drainage especially in clay-based
soils. These drains provide routes for the rapid transport of water and pollutants from the
soil during high water table conditions and, in many cases, can bypass the riparian zone by
directly discharging to the stream.

Subsurface flow paths are influenced by the surrounding topography and soil drainage
characteristics. For instance, on land that is free draining, water and associated pollutants
may bypass the riparian zone, whereas on poorly drained soils or where the water table is
high, pollutants in subsurface water may be carried into the soils of the buffer zone. On

occasion, subsurface flows may re-emerge, and discharge downslope as surface runoff.
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1.2. Nitrogen removal in riparian buffers

The USEPA (United States Environmental Protection Agency) considers nitrogen one of
the primary stressors in aquatic ecosystems (USEPA, 2002a). Though nitrogen is an
important nutrient for all organisms, excess nitrogen is a pollutant that causes
eutrophication in surface water and contaminates groundwater (Carpenter et al., 1998).
Streams receive chronic nitrogen inputs in various chemical forms such as nitrate (NOj3"),
ammonia (NHs3), and organic N from upland sources such as fertilizers, animal wastes, leaf
litter, leaking sewer lines, atmospheric deposition, and highways (Carpenter et al., 1998;
Swackhamer et al., 2004). Subsequent eutrophication leads to environmental impacts such
as toxic algal blooms, oxygen depletion, fish kills, and loss of biodiversity (Vitousek et al.,
1997). NO;5™ is of particular concern as an environmental stressor because it is biologically
reactive, poses a human health risk (i.e., methemoglobinemia; USEPA, 2002b), and often is

found in groundwater (Welch, 1991).

Riparian buffers are thought to be an effective, sustainable means of protecting aquatic
ecosystems against anthropogenic inputs of nitrogen (Phillips, 1989; Verhoeven et al.,
20006), a place where nitrogen species may be transformed by various processes including
plant uptake, microbial immobilization or denitrification, soil storage, and groundwater
mixing (Lowrance et al., 1984). Especially nitrate removal has been in focus (Hoffmann, et
al., 2006; Peterjohn and Correl, 1984; Cooper, 1990; Haycock and Pinay, 1993). In riparian
wetlands characterized by shallow lateral groundwater flow originating from upland areas
discharging groundwater to a nearby stream, denitrification is believed to be the main
process responsible for nitrate removal (Cooper, 1990; Schipper et al., 1993; Hoffmann et
al., 2000; Vidon and Hill, 2004a; Gumiero et al., 2011). Denitrification has been
determined using different approaches based on stable isotopes (Mariotti et al., 1988;
Ostrom et al., 2002), soil sampling and immediate incubation with C,H, (Cooper, 1990;
Schipper et al., 1993), conservative tracer experiments with chloride and bromide (Jacobs
and Gilliam, 1985; Smith et al., 1996), laboratory microcosmos experiments (Groffman et
al., 1996; Hoffmann et al., 2000), and mass balance calculations (Haycock and Pinay,

1993).
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1.2.1. Mechanisms of nitrogen removal

Nitrogen removal is achieved by two major processes, physicochemical and biological
treatment techniques. Traditional biological nitrogen removal from soil, water and
wastewater, primarily composed of a combination of aerobic nitrification and anaerobic
denitrification, is usually considered to accomplish optimal and economic nitrogen
treatment. The nitrogen removal mechanisms in constructed buffer zones are known to
involve ammonification, nitrification-denitrification, plant uptake, and physicochemical
methods such as sedimentation, ammonia stripping, breakpoint chlorination, and ion

exchange (Kadlec and Knight, 1996; USEPA, 1993; Lee et al., 2009).

1.2.1.1. Ammonification

Ammonification is the process where organic N is biologically converted into ammonia.
Pollutants containing nitrogen are readily degraded in both aerobic and anaerobic zones of
reed beds, releasing inorganic ammoniacal-nitrogen (NH4—N). The inorganic NH4s—N is
mainly removed by nitrification-denitrification processes in constructed wetlands.
Ammonification proceeds more rapidly than nitrification (Lee et al., 2009). The rates of
ammonification are fastest in the oxygenated zone and then decrease as the mineralization
circuit changes from aerobic to facultative anaerobic and obligate anaerobes. The rates are
influenced by temperature, pH, C/N ratio, available nutrients, and soil structure (Reddy
and. Patrick, 1984). NH4—N in subsurface flow systems can be reduced by other processes,
which include adsorption, plant uptake and volatilization (Vymazal, 2007). However, it is
generally believed that the contribution of these processes to the NH4—N removal is very
limited compared with nitrification-denitrification.

1.2.1.2. Nitrification

Decomposition processes in the wetlands are believed to convert a significant part of the
organic nitrogen to ammonia (Mayo and Mutamba, 2004). Biological nitrification, which is
performed by nitrifiers such as Nitrosomonas, Nitropira, Nitrosococcus and Nitrobacter,
followed by denitrification is believed to be the major pathway for ammonia removal in
both surface flow and subsurface flow constructed wetlands/ buffer zone (Kadlec et al.,

2000; Gersberg, et al., 1985).
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In traditional nitrogen treatments, the biological nitrogen removal requires a two-step
process:  nitrification  followed by denitrification.  Nitrification implies a
chemolithoautotrophic oxidation of ammonia to nitrate under strict aerobic conditions and
is performed in two sequential oxidative stages: ammonia to nitrite (ammonia oxidation)
and nitrite to nitrate (nitrite oxidation). Each stage is performed by different bacterial
genera which use ammonia or nitrite as an energy source and molecular oxygen as an
electron acceptor, while carbon dioxide is used as a carbon source. The most commonly
recognized genus of bacteria is that of Nitrosomonas for the ammonia oxidation process
and Nitrobacter for the nitrite oxidation process. The overall equations for these two
reactions can be represented as follows (Metcalf and Eddy, 1991).

NH," +3/2 0, - NO, + H,0 + 2H" (1)

NO, +1/2 0, —» NO; 2

In the subsurface flow systems, significant nitrification generally does not take place before
substantial BOD (Biological Oxygen Demand) reduction (Zhao et al., 2004a; Zhao et al.,
2004b). The rate of nitrification is influenced by temperature, pH, alkalinity, inorganic
carbon source, moisture, microbial population, and concentrations of ammonium—N and

dissolved oxygen.

1.2.1.3. Denitrification

In this process, denitrifying bacteria decrease inorganic nitrogen such as nitrate and nitrite
into innocuous fundamental nitrogen gas (Prosnansky et al., 2002; Szekeres et al., 2002).
From the biochemical point of view, biological denitrification is an oxidation process in
which the oxidation of organic substrate differs from respiration with molecular oxygen
only in the final step, in which nitrite and/or nitrate-nitrogen serves as an electron acceptor.
Many bacteria are capable of growing by reducing ionic nitrogenous oxides to gaseous
products and this process requires an organic carbon source. Bacteria belonging to the
genera Rhizobium, Allorhizobium, Azorhizobium, Mesorhizobium, Sinorhizobium and
Bradyrhizobium are able to interact symbiotically with legume plants to produce nitrogen-
fixing root nodules. While some traits are common among all rhizobia, selected traits such
as denitrification and the dissimilatory reduction of nitrate to gaseous nitrogen oxides seem

to be randomly distributed (Basaglia et al., 2007). Some species are complete denitrifiers,
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for example Bradyrhizobium japonicum (Bedmar et al, 2005), while others are only partial
nitrogen oxide-reducers, for example, strains of Rhizobium sullae (Casella et al., 1986).
Denitrifying bacteria (denitrifiers) can be classified into two major groups: heterotrophs and
autotrophs. Heterotrophs are microbes that need organic substrates to obtain their carbon
source for growth and evolution, and get energy from organic matter. In contrast,
autotrophs utilize inorganic substances as an energy source and CO; as a carbon source
(Rijn et al., 2006). So far, the heterotrophic denitrification process has been mainly engaged
in conventional wastewater treatment plants, while autotrophic denitrification has only
recently been studied (Kim et al., 2004). The second step of denitrification is conducted by
a heterotrophic microorganism (such as Pseudomonas, Micrococcus, Achromobactor and
Bacillus) under anaerobic or anoxic conditions. The proportion of total nitrogen removal by
denitrification is typically 60-95%, in comparison to 1-34% assimilated by plants and
algae. Heterotrophic microorganisms utilize an oxidized form of nitrogen, NOs~, NO,~, NO
and N,O as terminal electron acceptors and organic carbon as electron donor under anoxic
conditions (Metcalf and Eddy, 1991). Consequently, the denitrification provides energy to
denitrifiers and it is also affected by the organic matter as the electron donor. This process

is shown in the following Fig 1.2 (Peterjohn and Correll, 1984).
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Nitrogen removal processes
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The nitrogen removal is due to: ~ NO3"—NO;"—NO — N,O —N,

Bacterial denitrification
process
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biomass
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Denitrifying bacteria in sediment ~

From Peterjohn & Correll, 1984
Fig 1.2. Denitrification process (Peterjohn and Correll, 1984)

Denitrification can take place only in the anoxic zones of the systems, as the presence of
dissolved oxygen suppresses the enzymatic system required for this process (Metcalf and
Eddy, 1991). High concentrations of nitrate in the inlet zones can lead to more vigorous and
robust populations of denitrifiers within the inlet sediments (Sirivedhin and Gray, 2006). In
constructed wetlands, it is believed that microsites with steep oxygen gradients can be
established, which allow nitrification and denitrification to occur in sequence, in very close

proximity to each other

The rate of denitrification is influenced by many factors, including nitrate concentration,
microbial flora, type and quality of organic carbon source, hydroperiods, different plant
species residues, the absence of O,, redox potential, soil moisture, temperature, pH value,
presence of denitrifiers, soil type, water level, and the presence of overlying water
(Sirivedhin and Gray, 2006; Vymazal, 1995; Bastviken and Eriksson, 2005). Numerous
studies have shown that the denitrification rate in organic carbon-restricted water and
wastewater can be improved continually by supplementing any carbon sources (Killingstad
et al., 2002), even though there are some issues regarding external organic carbon sources

in heterotrophic denitrification (Joo et al., 2005).
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1.2.1.4. Plant uptake

The uptake of ammonia and nitrate by macrophytes converts inorganic nitrogen forms into
organic compounds, as building blocks for cells and tissues (Vymazal, 1995). The
capability of rooted plants to use sediment nutrients partly explains their extensive yield
compared with planktonic algae in many systems (Wetzel, 2000). Various plant species
differ in their favored forms of nitrogen absorbed, depending on the forms available in the
wetland. The uptake and storage rate of nutrients by plants depend on the nutrient
concentration of their tissues. Thus, desirable features of a plant used for nutrient
assimilation and storage include fast growth, high tissue nutrient content, and the ability to
obtain a high-standing crop. Conversely, plants that have great biomass accumulation
during autumn and winter may release much of their accumulated nitrogen back into the

water during the winter season (Vymazal, 2007).

1.2.1.5. Physicochemical processes

The contribution of physicochemical processes to overall nitrogen removal is generally
high in newly built wetlands, but decreases with time. Although many physicochemical
processes can take place in constructed wetlands, the major mechanisms for nitrogen

removal are ammonia adsorption and sedimentation.

1.2.1.5a. Ammonia adsorption

In constructed wetlands, adsorbed ammonia is bound loosely to the substrates and can be
released easily when water chemistry conditions change. When the ammonia concentration
in the water column is reduced as a result of nitrification, some ammonia will be adsorbed
to regain equilibrium with the new concentration. If the ammonia concentration in the water
column is increased, the adsorbed ammonia will also increase (Vymazal, 2007). If the
wetland substrates are exposed to oxygen, adsorbed ammonium may be oxidized to nitrate
by periodic draining (Sun et al., 2005; Sun et al., 2006; Connolly et al., 2004). The
ammonium ion is generally adsorbed as an exchangeable ion on clays, and adsorbed by
humic substances. The rate and extent of these reactions are reported to be influenced by

several factors, such as the type and amount of clay, alternating submergence and drying
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patterns, characteristics of soil organic matter, submergence period, and the presence of

vegetation.

1.2.1.5b. Sedimentation

Most particulate organic nitrogen in constructed buffer strip is removed by sedimentation
(Taylor et al., 2005). Particulates may settle on the wetland floor or may adhere to plant
stems. The decomposed materials such as TN, TP, and organics of low molecular weight
are used by microorganisms and plants (Kadlec and Knight, 1996). In nitrogen removal in
buffer strip, combined physical and chemical processes can be employed. An enhanced
sedimentation method using magnesium-ammonium-phosphate (MAP), as added
precipitation reagent, has been developed for the removal of nitrogen and phosphorus in

wastewater treatment and has the potential to be applied in constructed wetlands.

1.2.2. Environmental factors affecting nitrogen removal efficiency

Considering that pollutants are removed by a variety of physicochemical and biological
processes in constructed riparian strip, numerous environmental factors can influence the
removal of nitrogen. Major factors include temperature, HRT (Hydraulic residence time),
type and density of vegetation, the characteristics of microbial communities, climate, the
distribution of wastewater etc. These factors are often related, and a change in one factor
can cause a change in the others (Sirivedhin and Gray, 2006). Among these, two of the

most significant factors are temperature and HRT (Kuschk et al., 2003).

1.2.2a. Temperature affecting nitrogen removal efficiency

Temperature, as a key environmental factor, is important in relation to the activities of
nitrifying bacteria and the denitrification potential in treatment wetlands (Langergraber,
2007). Biological nitrogen removal is most efficient at 20~ 25°C and temperatures affect
both microbial activity and oxygen diffusion rates in constructed wetlands (Phipps and
Crumpton, 1994). The microbial activities related to nitrification and denitrification can
decrease considerably at water temperatures below 15 or above 30°C, and most microbial
communities for nitrogen removal function at temperatures greater than 15°C (Kuschk et

al., 2003). Several studies have shown that the activity of denitrifying bacteria in
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constructed wetland sediments is generally more robust in spring and summer than in
autumn and winter (Herkowitz, 1986), and the overall removal rate of nitrate is higher in
summer than in winter. While denitrification is commonly believed to cease at temperatures
below 5°C, some studies have demonstrated denitrification activity at 4°C or lower, albeit
at lower rates (Richardson et al., 2004). Vymazal (2007) reported that the optimum
temperature range for nitrification is 30—40°C in soils, and the optimal ammonification
temperature is 40~ 60°C, while the optimal pH is between 6.5 and 8.5. At low temperature,
nitrification can be insufficient to prevent a net increase in ammonia concentration due to

ammonification (Akratos and Tsihrintzis, 2007).

1.2.2b. Hydraulic residence time affecting nitrogen removal efficiency

HRT plays a critical role in nitrogen removal efficiency. Huang et al. (2000) described that
ammonium and TKN (Total Kjehldahl nitrogen) concentrations in treated effluent decrease
dramatically with increase in wastewater residence time. In most wetland systems, nitrogen
removal requires a longer HRT compared with that required for BOD and COD removal.
Accordingly, nitrogen removal efficiency varies greatly with flow conditions and residence

time (Taylor et al., 2005).

1.2.2c. Types of vegetation affecting nitrogen removal efficiency

The roots of macrophytes provide surface areas for microbial growth and aerobic zones in
constructed buffer. The rhizosphere is the most energetic reaction zone in a constructed
buffer. Microphytes also play an important role in wastewater treatment through uptake of
nutrients, surface bed stabilization, and other mechanisms (Kadlec and Knight, 1996). The
type of macrophytes in constructed wetlands has a greater influence on nitrogen removal
than the removal of organic matter (Akratos and Tsihrintzis, 2007; He and Mankin, 2002).
Common macrophytes used in constructed wetlands are reed (Phragmites australis), cattail
(Typha spp.) and bulrush (Scirpus spp.), all characterized as water-tolerant macrophytes
that are rooted in the soil but emerge above the water surface (Kadlec et al., 2000). Their
growth changes with temperature and dissolved oxygen concentrations in sediment and

water.
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Buffer systems with vegetation typically remove greater amounts of total nitrogen than
non-vegetated systems (Akratos and Tsihrintzis, 2007; Taylor et al., 2006). Nutrient
removal by the emergent plants is achieved by two processes: absorption of the plant itself
and microorganism activity around the rhizome (Cooper and Boon, 1987). Plants dead
matter accumulated in the soils may cause eutrophication, increasing the BOD of fresh
water in constructed wetlands for a long time. Thus, the plant harvest should be conducted
at an appropriate time. If not, nutrients within the dead plants are re-discharged into the
receiving water, so that a variety of adverse effects occur in constructed wetlands, because
the ambient CO, gas influx is increased in the wetland. In general, the main role of
hydrophytes in constructed wetlands is to promote microbial growth within media surfaces,
and to assist the permeation velocity of the wastewater for pollutant treatment efficiency.
Several operational factors such as water depth, water level, and uneven bed surfaces can
be used to control vegetation populations and manage colonization (Bach and Horne,
2000). Hammer (1992) indicates that the optimum plant species in constructed buffers

should be autochthonous species suitable for regional climate and soil.

1.3. Biodiversity in soil

Biological diversity (or biodiversity) can be defined as the set of microbial, animal and
vegetable species, their genetic material and the ecosystems they belong to, and it includes
ecosystem, species and gene diversity (Ohtonen et al. 1997). As the biodiversity of an
ecosystem increases, the resilience and stability of the ecosystem should increase (Garbeva
et al., 2004; Torsvik and Ovreas, 2002). Conversely, as ecosystems degrade, ecosystem
biodiversity decreases (Garbeva et al., 2004; Sun et al., 2004). Loss of biodiversity leads to
loss of ecosystem resistance and resilience to anthropogenic as well as natural stresses (van
Elsas et al.,, 2002). Recently, the biodiversity of soil biota is becoming increasingly
essential with the requirement of preserving the integrity, function and long-term
sustainability of natural and managed terrestrial ecosystems (Chapman et al., 2007; Costa et
al., 2007; Lagomarsino et al., 2007; Martins-Lou¢do and Cruz , 2007; Winding and
Hendriksen, 2007; Xu et al., 2008a, b).

Soil biodiversity (bacteria, protozoa, fungi, nematodes, springtails, annelids, isopods, and

coleopterans) influences a huge range of ecosystem processes that contribute to the
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sustainability of life on earth. Soil biodiversity maintains critical and key processes such as
carbon storage, nutrient cycling, plant species diversity, soil fertility, soil erosion, nutrient
uptake by plants, formation of soil organic matter, nitrogen fixation, biodegradation of dead
plant and animal materials, reducing hazardous waste, production of organic acids that
weather rocks, and control of plant and insect populations through natural biocontrol
(Cragg and Bardgett, 2001; Wolters, 2001; De Deyn et al., 2003). Soil biodiversity is
several orders of magnitude higher than that above ground (Heywood, 1995; Swift, 1999)
and humans have relied directly on that to provide food and medicinal products (e.g.
leeches to antibiotics). The biotic elements (micro and macro-life forms) within soil interact
with the soil abiotic elements (chemical and physical properties) to maintain the diverse,
multi-functional value of soils (Bater, 1996; Van der Heijden et al., 1998; Hafez and
Elbestawy, 2009)

1.3.1. Microbial diversity in soil

Soil microbial diversity is important because it is often regarded as an important index of
soil ecosystem health. Soil microbial communities are often difficult to be fully
characterized, mainly because of their immense phenotypic and genotypic diversity,
heterogeneity, and crypticity. To date, only 1-5% of the world's microorganisms have been
identified (Mills et al., 2007; Nannipieri et al., 2003; Hugenholtz et al., 1998). Moreover
the fraction of the cells making up the soil microbial biomass that have been cultured and
studied in any detail are negligible (Borneman and Triplett, 1997, Torsvik et al., 1990,
Garbava et al., 2004): approximately only 1% of the soil bacterial population can be
cultured by standard laboratory practices. Few data are available concerning how closely
colturable fraction reflects the composition of whole communities.

A hypothesis to explain the large microbial diversity of surface soil is based on the
presence of a greater variety and content of organic compounds (Tiedje et al., 2001;
Nannipieri et al., 2003). This presence would be responsible for the diverse heterotroph-
dominated microbial community in surface soil. However, microbial diversity of soil from
preferential flow paths (cracks, fissures, biopores such as earthworm burrows or root

channels) was similar to that of the bulk soil (Bundt et al., 2001), inspite of the fact that the
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former sample showed a greater concentration of organic C and organic N and greater

microbial biomass values than the latter sample.

1.3.1.1. Bacterial diversity in soil

Bacteria are the most abundant and diverse group of organisms in soil, with estimates of
1010 distinct genomes per gram of soil (Torsvik and Ovreas, 2002; Garbava et al., 2004;
Tiehang et al., 2008; Gans et al., 2005). They are critical to many of the biological,
chemical, and physical processes that drive terrestrial ecosystems. Plant growth is affected
directly through their activities as plant pathogens or plant growth promoters and indirectly
via interactions with other soil microorganisms (Benizri et al., 2001; Compant et al., 2005;
Garbaye, 1994; Sturz and Nowak, 2000). Several key inorganic nutrients (C, N S, P, Fe, Ni,
Ag, etc.) in soil are transformed and cycled through their metabolic activities (Cole and
Brown, 1980, Kandeler et al., 2005, Lovely and Coates, 1997, Tichang et al., 2008). Soil
structure is affected through their production of organic and inorganic acids, facilitating the
weathering of soil minerals and formation of soil aggregates (Gorbushina and Krumbein,
2005, Tisdall et al., 1978).

New species and taxa are constantly described, adding to the bacterial list. Consequently,
some species or even higher taxa may be transferred to a newly described taxon with more
suitable descriptions. Described taxa may be merged together forming a more coherent
arrangement and high rank taxa may be sub-divided or even raised to a higher rank.
According to the second edition of Bergey’s Manual of Systematic Bacteriology (Garrity
and Holt, 2001), members of the domain Eubacteria include about 4,000 bacterial species
assigned to at least 941 validated genera and organised into 23 phyla.

Comparative phylogenetic analysis of the DNA sequences of cloned 16S rDNA (see below)
has shown that members of four major phylogenetic groups are ubiquitous to almost all soil
types: class a-proteobacteria and phyla Actinobacteria, Acidobacteria and Verrucomicrobia.
These four groups are represented in >75% of 16S rDNA clone library studies of soil
bacterial communities (Hugenholtz et al., 1998). Other classes of the phylum Proteobacteria
and phyla Firmicutes and Planctomycetes are detected in 25-75% of studies (Hugenholtz et
al., 1998). Phyla Proteobacteria, Cytophagales, Actinobacteria and Firmicutes are well

represented by culturable organisms and these four phyla account for 90% of all culturable
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bacteria characterised by 16S rDNA sequences (result was compiled from 5,224 sequences
from cultivated organisms in ARB (ARBor, Latin: tree; a software environment for
sequence data) database; Hugenholtz et al., 1998). Some phyla which are revealed by clonal
analysis, such as Acidobacteria and Verrucomicrobia, are poorly represented by sequences
from cultivated organisms. For example, Acidobacteria appear to be numerically dominant
and active members of most soils form up to 52% of 16S rRNA gene sequences in clone
libraries (Kuske et al., 1997; Nogales et al., 1999; Felske et al., 2000). However, only few
isolates have been obtained from soil (Kishimoto and Tano 1987; Sait et al., 2002). The
Proteobacteria not only contain a large number of culturable species but also are well
represented by cloned 16S rDNA sequences (Dunbar et al., 1999; Buckley and Schmidt,
2003; Saul et al., 2005). Some brief information on the phyla whose members are related to

soil bacterial diversity studies is summarised in the following section.

1.3.1.1a. Proteobacteria

The Proteobacteria are a metabolically diverse group of microorganisms sub-divided into
five groups, four of which, a-, B-, y- and d-proteobacteria, are commonly detected in soils
(Madigan and Martinko, 2005). The a-proteobacteria appears to be one of the most
abundant microbial groups in many soils, as assessed by both molecular and cultivation-
dependent methods. This diverse microbial group contains many nitrogen-fixing bacteria
and certain methylotrophic organisms. Members of B- and y-proteobacteria, though
generally not as abundant as the a-proteobacteria, are also commonly detected in the soils.
Microbes known to mediate nitrification are found among the B-proteobacteria, whereas
organisms such as the fluorescent pseudomonads, which are well known for their ability to
metabolise a diverse array of carbon compounds are in the y-proteobacteria. The 6-
proteobacteria mainly consist of sulphate- and iron-reducing bacteria. These organisms are
commonly found in the soils, although, because of their intolerance for atmospheric oxygen

concentrations, they are rarely represented in isolate collections grown under aerobic

conditions (Gupta, 2000).
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1.3.1.1b. Acidobacteria

The acidobacteria have been detected in nearly all soil samples analysed (Dunbar et al.,
1999). This bacterial group contains at least six phylogenetic sub-groups (Dunbar et al.,
1999). Although acidobacteria are widespread and abundant in soils, little is known about
these microbes. Currently, only few strains of acidobacteria have been cultivated under
laboratory conditions (Sait et al., 2002; Joseph et al., 2003), providing new insights into the

metabolic capabilities of this diverse group of microorganisms.

1.3.1.1c. Verrucomicrobia

The Verrucomicrobia are commonly detected in the soils by molecular techniques, but
rarely represented in soil isolate collections. Currently, only a few strains from this group
have been characterised. The cultivated strains seem to specialise in the degradation of
carbohydrates. It is difficult to speculate on the specific function of Verrucomicrobia in
soils, but observation that this group is widespread and abundant in diverse soils indicates
that these organisms are important components of soil microbial communities (Janssen et

al., 2002).

1.3.1.1d. Cytophagales

Cytophagales are commonly detected in soil clone libraries and frequently isolated from
soil samples (Furlong et al., 2002). Many of these organisms are involved in the aerobic
degradation of cellulose or chitin and thus suspected to be of great importance in the
decomposition of plant materials. Despite their widespread distribution and ease with which
many of the members of this group have been obtained in pure culture, there have been few

studies addressing the diversity or ecologic significance of these microbes.

1.3.1.1e. Actinobacteria

Members of Actinobacteria are high G + C contents Gram positive microorganisms and
tend to be abundant in soil microbial communities. These bacteria are well represented in
pure cultures and metabolically diverse. The coryneform bacteria and the filamentous
actinomycetes are the Actinobacteria most commonly recovered in soil isolate collections.

It is interesting to note that the Actinobacteria are recovered less frequently in clone
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libraries collected from soils than in soil isolate collections. This observation may be due to
the over-representation of these organisms in culture collections or their under-
representation in clone libraries owing to the difficulty in extracting nucleic acid from these

resilient Grampositive cells (Janssen et al., 2002).

1.3.1.1f. Firmicutes

The Firmicutes are low G + C Gram-positive bacteria which are well represented in pure
cultures and are metabolically diverse. This group contains the endosporeforming bacteria,
the lactic acid bacteria and Gram-positive cocci. The over-representation of this group can

also be observed in culture collections (Ahmad et al., 2000).

1.3.1.1g. Planctomycetes

Planctomycetes are aerobic organisms that grow best in dilute media. These organisms
divide by budding and are one of the few bacterial groups that lack peptidoglycan in their
cell walls. Though a number of strains are present in culture collections, few
Planctomycetes have been obtained from soil samples. It has been suggested that
Planctomycetes are both diverse and abundant members of soil microbial communities.
Their display of unusual distinctive features such as compartmentalized cell organization,
ability of some species to grow anaerobically and autotrophically via oxidation of
ammonium, and the possession of large genomes combined with their wide distribution in a

variety of habitats reinforces an increasing interest in them.

1.3.1.2. Effect of different factors on soil microbial diversity

1.3.1.2.1. Soil type as the determinant of the structure of microbial communities in
soil.

Soil is fundamental and irreplaceable; it governs plant productivity of terrestrial ecosystems
and it maintains biogeochemical cycles because microorganisms in the soil degrade, sooner
or later, virtually all organic compounds including persistent xenobiotics and naturally
occurring polyphenolic compounds. Soil problems such as, soil loss, soil degradation, soil

contamination are some of the emergencies that mankind must resolve in the third
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millennium to safeguard the planet and ensure survival of mankind. Soil is a fascinating
biological system with the microorganisms inhabiting soil responsible for much of its broad
metabolic capacity (Nannipieri et al., 2003). Therefore, microbiological properties are
considered to be more sensitive than chemical and physical properties to changes in
management and environmental conditions. Changes in the composition of soil microflora
can be crucial for the functional integrity of soil (Insam, 2001).

Soil type likely represents another important factor influencing the structure of microbial
communities. Soil, on the basis of different particle size distribution, pH, cation exchange
capacity, or organic matter content, thus can affect microbial community structure either
directly, i.e., by providing a specific habitat that selects specific microorganisms, or
indirectly, i.e., by affecting plant root functioning and exudation in a soil-specific manner.
Several relatively recent studies have indeed provided evidence that soil type can be an
important determinant of the composition of microbial rhizosphere communities (de
Ridder-Duine et al., 2005; Girvan et al., 2003; Nunan et al., 2005). Indeed, bacteria and

fungi are highly versatile; they can carry out almost all known biological reactions.

1.3.1.2.2 Plant type as the determinant of the structure of microbial communities in
soil

Plant roots release a wide variety of compounds into the surrounding soil, including
ethylene, sugars, amino acids, organic acids, vitamins, polysaccharides, and enzymes.
These materials create unique environments for the microorganisms living in association
with plant roots, in the rhizosphere. Bacteria respond differently to the compounds released
by the plant root, and thus different compositions of root exudates are expected to select
different rhizosphere communities. The most efficient plant growth— promoting bacteria
have been found among-the genera Pseudomonas, Agrobacterium, Bacillus, Variovorax,
Phyllobacterium, and Azospirillum, (Burdman et al., 1997; Molla et al., 2001; Bertrand et
al., 2001). Several studies on different plant species in different locations, using a range of
cultivation-based and molecular methods, indicated that plant type is indeed a major factor
influencing the structure of microbial communities (Table 1.2).

It has been reported that plants have a major influence in shaping rhizosphere microbial

communities when they are grown in monoculture (Grayston et al., 1998; Steer and Harris,
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2000). Rhizodeposition of carbon from plant roots drives many complex chemical and
biological interactions in the soil (Jones et al., 2004; Singh et al., 2004). These include
sustaining a complex food web of prokaryotes and eukaryotes in, on or near to the root, the
composition of which is thought to be regulated by complex signalling (Phillips et al.,
2003). However, it is not conclusively known whether plants actively select beneficial soil
microbial communities in their rhizospheres. Some studies have found selection of specific
groups of microorganisms in the rhizosphere (Grayston et al., 1998; Smalla et al., 2001;
Kowalchuk et al., 2002; Duineveld et al., 2001; Costa et al., 2006). However, other studies
have provided evidence of a stronger impact of soil characteristics on the rhizosphere
microbial community structure (de Ridder-Duine et al., 2005; Girvan et al., 2003; Nunan et
al., 2005), while a few indicated the importance of both plant species and soil types (Alvey
et al., 2003; Marschner et al., 2001). There are few reports which studied the impact of
plant species and soil type on both microbial (fungal and bacterial) communities (Mougel et

al., 2006; Costa et al., 2006).
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System and factors studied Methods Results and conclusions References
used
Plant species (chickpea, rape, and Sudan grass); soil type PCR-DGGE Bacterial community structure in the rhizosphere is Marschner et
(sandy, sandy loam, and clay); root zone location affected by a complex interaction between plant al.,2001
species, and root zone location
Soil type, plant type (clover, bean, alfalfa), plant age PCR-TGGE The plant species type had the greatest effect in Wieland et al.,
determining microbial community structure 2001
Soil type, plant type (wheat, rygrass, bentgrass, and clover) Biolog CLPP Plant effect with significant difference in microbial Grayston et al.,
communities from the different plant species 1998
Plant cultivar (maize) and soil-effect on the specific PCR-DGGE Soil type showed higher effect than plant cultivar type Da Silvaetal.,
bacterial group of Paenibacillus on Paenibacillus communities 2003
Plant type (canola, wheat); soil type FAME Effect of plant type stronger than that of soil type Germida et al.,
1998
Plant (flax, tomato) and soil type; effect on fluorescent Cultivation; Soil effect stronger than plant effect Latour et al., 1996

pseudomonads

Plant (maize) development, cultivar, and soil effect

Microbial community in the spermosphere as affected by
soil type and seed type

Rhizosphere bacterial community composition in natural
stands of Carex arenaria (sand sedge) is determined by bulk
soil community composition

The bacterial community composition in the rhizosphere of
canola, clover and two tomato genotypes

Arbuscular mycorrhizal (AM) colonisation influences
rhizosphere bacteria differently depending on plant species

The bacterial and fungal rhizosphere communities of
strawberry (Fragaria ananassa Duch.) and oilseed rape
(Brassica napus L.)

Rhizosphere microbial community and its response to plant
species and soil history

Plant growth-promoting rhizobacteria

Influence of grass species and soil type on rhizosphere
microbial community structure in grassland soils

REP-PCR, RFLP

Cultivation—
methohd

Biolog CLPP;
FAME

PCR-DGGE

PCR-DGGE

PLFA

PCR-DGGE

PCR-DGGE

PCR-DGGE

TRFLP

Between the factors studied, soil had the dominant
effect on microbial diversity

Soil type affected microbial community structure more
than seed type

Large differences were observed between the bacterial
communities of the different sites for both bulk and
rhizosphere soi

Plant growth, mycorrhizal colonization and bacterial
community composition of the two tomato genotypes
were affected by a complex interaction between tomato
genotype

The plant species had greater effects on the bacterial
community in the rhizosphere than AM colonisation
and the effect of AM differed between plant species

The structure of different microbial groups in the
rhizosphere is influenced by plant species and sampling
site.

Plant species and soil type are two important factors
affecting the structure of total bacterial, Pseudomonas
and Bacillus community.

The bacterial communities analyzed here hardly varied,
regardless of different vetiver genotypes

Growth of plants has a major impact on microbial
community structure in soils

Chiarini et al.,
1998

Buyer et al., 1999

De Ridder-Duine
etal., 2005

Marschner and
Timonen, 2004

Soderberg, et al.,
2002

Costa et al., 2006

Garbeva et al.,
2008

Monteiro et al.,
2009

Singh et al., 2007

Table 1.2. Effect of plant and soil type on microbial community structure.
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1.3.1.2.3. Agricultural management regime as the determinant of the structure of
microbial communities in soil.

The effects of alteration in land-use on the physical and chemical properties of soils have
been well studied. The land-use change can have significant and long-lasting effects on soil
carbon and nutrient contents, soil texture, and pH (Murty et al., 2002); these effects largely
arise from changes in plant species composition and associated management practices
across land-use types (Christian et al., 2008). Several studies have shown that soil
management practices, such as crop rotation, tillage, fertilizer, compost, manure, or
pesticide applications and irrigation greatly affect soil microbial parameters (Table 1.3).
Steenwerth et al. (2003) evaluated soil microbial community structure for nine land uses,
including irrigated and non-irrigated agricultural sites, non native annual grassland and
relict, and never-tilled or old field perennial grassland. The results showed a distinct
grouping of microbial communities from different treatments and suggested that non native
annual grasses may be associated with a unique microbial community. The impact of long-
term grassland management regimes (N-fertilizer application and soil drainage) on
microbial community structure was assessed by Clegg et al. (2003) using PCR-DGGE and
PLFA profiling. McCaig et al. (2001) compared bacterial communities in grassland under
different management regimes by 16S rDNA clone libraries and PCR-DGGE. Palmer &
Young (2000) also showed clear effects of soil-management regime on rhizobial diversity
in soil, as a higher diversity of Rhizobium leguminosarum was measured in arable soil than

in grassland soil.
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Soil management regimes

Impact

Reference

Organic, low-input, and conventional

farming system

Application of model herbicide
2,4-D in three different soils

Long-term grassland management
regimes (N-fertilizer application and soil
drainage)

Unimproved, semi-improved, and

improved grassland soil

Plots in sod and cropped to wheat. No-till,
subtill, or plow managed

Change from forest to pasture vegetation

Improved, unimproved, and semi-

improved grassland pastures

Permanent grassland, arable land under
rotation and under monoculture of maize

Increases in microbial biomass resulting
from high organic matter inputs in the
organic and low-input systems

The same population of 2,4-D degraders
became dominant in the three soils

Grassland management practice impacts
on

Community structure of specific bacterial
groups. N fertilizer has significant impact
on  eubacterial and  actinomycete
community

and soil drainage on actinomycetes

and pseudomonad community

Clear difference in microbial community
between the three differently managed
grasslands

Cropped plots were higher in microbial
biomass. Prevalence of mycorrhizal fungi
in sod and sensitivity to tillage under
wheat-fallow cropping

Shifts in bacterial community structure.
Significantly higher G + C content in the
pasture soil

Significant effect of soil management on
diversity of ammonia oxidizer populations
with higher diversity in unimproved soil

Significant  difference in  microbial
community structures. Higher diversities in
the permanent grassland

Bossio et al,
1998

Tiedje et al,
1999

Clegg et al,
2003

McCaig et al,
2001

Drijber et al,
2000

Nusslein and

Tiedje, 1999

Webster et al.,
2002

van Elsas et al.,
2002

Table 1.3. Effects of major soil changes on microbial community structure

1.3.1.2.3a. Cropping effect

Soil microorganisms are critically important in the decomposition of crop residues. The
physical and chemical nature of plant materials influences microbial decomposition
(Collins et al., 1990). The use of cover crops generally increased soil organic C and
stimulated bacterial growth and activity (Bolton et al., 1985; Kirchner et al., 1993; Mullen
et al., 1998). Knowledge of the impact of transgenic crop residues on soil microbial
ecology is essential for understanding the long-term agronomic and environmental effects

of genetically modified crops and for developing appropriate management practices for
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minimizing potential negative impacts (Min et al., 2007). Continuous cultivation of the
same crop in conducive soil, after some years of severe disease, can eventually reduce
disease pressure by stimulating microorganisms antagonistic to the pathogen. Next to cover
crops, compost application, and tillage, also crop rotation is important (Abawi and Widmer,
2000), as the densities of both soilborne pathogens and the antagonistic microorganisms are

affected.

1.3.1.2.3b. Soil amendment and tillage

Management systems, such as tillage regimens, have also been investigated. Curci et al.
(1997) discovered that enzyme activity was higher in the uppermost 20 cm of soil in plots
tilled by shallow ploughing and scarification than in those tilled by deep ploughing.
Boddington and Dodd (2000) investigated the effect of soil disturbance on the spore
density, species richness, and extraradical mycelium lengths of arbuscular mycorrhizal
fungi. All factors were reduced in disturbed soil in comparison with undisturbed soil,
further indicating that microbial communities are influenced by management practices
(Fang et al., 2005).. Although organic farms have been shown to have slightly higher levels
of organic matter and carbon than neighboring conventional farms (Lockeretz et al., 1981;
Reganold, 1993; Girvan et al., 2003), only limited research has investigated the structures
and compositions of microbial communities following a switch to organic farming
practices. Soil management including tillage also affects residue decomposition because
incorporation in soil often leads to more rapid decomposition than in no-tillage systems in

which residues remain on the soil surface (Mungai et al., 2005).

1.3.1.2.4. The soil habitat

Habitat complexity may affect soil biota positively or negatively via changes due to
disturbance regimen (Hendrix et al., 1986; Millar and Barbercheck, 2002) and plant identity
and diversity (De Deyn et al., 2004; John et al., 2006). Soil represents a highly
heterogeneous environment for the microbiota inhabiting it; the different components of the
solid fractions in soil (sand, silt, clay, and organic matter) provide myriads of different
microhabitats (van Elsas and Trevors, 1997). The organisms resident in soil are exposed to

abiotic and nutritional conditions that may vary even over the micrometer scale, i.e., the
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scale experienced as their biosphere. In a “stable” system, one can hypothesize that each
microhabitat is occupied by organisms that were best able to colonize the niche and become
established. These organisms collectively are the underlying catalysts of the biochemical

processes in soil.

1.3.1.2.4a. The effect of soil structure and environmental conditions on microbial
diversity

Soil is a very complex system that comprises a variety of microhabitats with different
physicochemical gradients and discontinuous environmental conditions. Microorganisms
adapt to microhabitats (van Elsas and Trevors, 1997) and live together in consortia with
more or less sharp boundaries, interacting each other and with other parts of the soil biota.
A number of investigations emphasize the impact of soil structure and spatial isolation on
microbial diversity and community structure (Tiedje et al., 2001; Sessitsch et al., 2001).
Analysis of the spatial distribution of bacteria at microhabitat levels showed that, in soils
subjected to different fertilization treatments, more than 80% of the bacteria were located in
micropores of stable soil micro-aggregates (2-20 cm) (Tiedje et al., 2001). Such
microhabitats offer the most favourable conditions for microbial growth with respect to
water and substrate availability, gas diffusion and protection against predation. Particle size
had a higher impact on microbial diversity and community structure than did factors like
bulk pH and the type and amount of organic compound input. Results showed that the
microbial diversity in fractions with small soil particles was higher than that in fractions
with large soil particles, and that most of the soil microbial community was particle-

specific.

1.3.1.3. Microbial diversity versus community structure

The term biodiversity has been defined in various ways. In microbial terms, it describes the
number of different types (species) and their relative abundance in a given community in a
given habitat. In molecular-ecological terms, it can be defined as the number and
distribution of different sequence types present in the DNA extracted from the community
in the habitat. However, the term “community structure” implies that information is

included on the numbers of individuals of different recognizable taxa (van Elsas and
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Trevors, 1997). These divergent terms are often used interchangeably in publications on
soil microbial diversity. With respect to microbial diversity, the number of types present
and the evenness of their distribution are important. A habitat with a larger number of
species is more diverse, whereas an evenly distributed community is more diverse than an

unevenly distributed community with the same number of species (Hedrick et al., 2000).

1.3.1.3.1. Definition and measurement of microbial diversity

Microbial diversity is a general term used to include genetic diversity, that is, the amount
and distribution of genetic information, within microbial species; diversity of bacterial and
fungal species in microbial communities; ecological diversity, that is, variation in
community structure, complexity of interactions, number of trophic levels, and number of
guilds. Here we consider microbial diversity simply to include the number of different
bacterial species (richness) and their relative abundance (evenness) in soil microflora.
Equations used to calculate species richness and evenness and diversity indices, which
combine both richness and evenness, have been discussed by Kennedy & Smith (1998).
Microbial diversity is measured by various techniques such as traditional plate counting and

direct counts as well as the newer molecular-based procedures.

1.3.1.3.1.1 Diversity index

Biological diversity can be quantified in many different ways. The two main factors taken
into account when measuring diversity are richness and evenness. A synthetic definition of
both these concepts is following:

a) Richness

The number of species per sample is a measure of richness. The more species present in a
sample, the 'richer' is the sample. Species richness as a measure on its own takes no account
of the number of individuals of each species present. It gives as much weight to those

species which have very few individuals as to those which have many individuals.

b) Evenness
Evenness is a measure of the relative abundance of the different species making up the

richness of an area.
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1.3.1.4. Methods for the assessment of soil microbial diversity

1.3.1.4.1. Cultivation — based methods

Traditionally, methods to analyze soil microorganisms have been based on cultivation and
isolation (van Elsas et al., 1998; Gamble et al., 1977; Ehrenreich et al., 2000; Brettar et al.,
2001; Joseph et al., 2003; Burgmann et al., 2004; Heylen et al., 2006). A wide variety of
culture media has therefore been designed to maximize the recovery of diverse microbial
groups. These methods are fast, inexpensive and can provide information on the active,
heterotrophic component of the population.

Limitations include the difficulty in dislodging bacteria or spores from soil particles or
biofilms, growth media selection (Tabacchioni et al.,, 2000), growth conditions
(temperature, pH, light), the inability to culture a large number of bacterial and fungal
species with current techniques and the potential for colony—colony inhibition or of colony
spreading (Trevors, 1998). In addition, plate growth favours those microorganisms with fast
growth rates and those fungi that produce large numbers of spores (Dix and Webster,
1995). All of these limitations can influence the apparent diversity of the microbial
community

Garland and Mills (1991) developed a technique using a commercially available 96-well
microtitre plate to assess the potential functional diversity of the bacterial population
through sole source carbon utilization (SSCU) patterns. Gram-negative (GN) and gram-
positive (GP) plates are available from Biolog (Hayward, CA, USA, www.biolog.com) and
each contains 95 different carbon sources and one control well without a substrate.
Inoculated populations are monitored over time for their ability to utilize substrates and the
speed at which these substrates are utilized. Multivariate analysis is applied to the data and
relative differences between soil functional diversity can be assessed. This method has been
used successfully to assess potential metabolic diversity of microbial communities in
contaminated sites, plant rhizospheres arctic soils, soil treated with herbicides or
inoculation of microorganisms (Kirk et al., 2004).

The Biolog-based method for directly analyzing the potential activity of soil microbial
communities, defines a community-level physiological profiling (CLPP) (Garland, 1996).

Unfortunately, as a result of biases favouring copiotrophic organisms, the resulting
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metabolic fingerprints are unlikely to represent accurately the in situ functional diversity in
a natural microbial community (Smalla et al., 1998).

In conclusion cultivation-based methods are limited in that only a small fraction of the
microbial cells in soil are accessible to study, although a recent study claimed that this
percentage can be raised substantially by using special cultivation techniques (Janssen et

al., 2002).

1.3.1.4.2. Cultivation- independent methods

1.3.1.4.2.1. Fatty acid methyl ester (FAME) analysis

A biochemical method that does not rely on culturing of microorganisms is fatty acid
methyl ester (FAME) analysis. This method provides information on the microbial
community composition based on groupings of fatty acids (Ibekwe and Kennedy, 1998).
Fatty acids make up a relatively constant proportion of the cell biomass and signature fatty
acids exist that can differentiate major taxonomic groups within a community. Therefore, a
change in the fatty acid profile would represent a change in the microbial population. It has
been used to study microbial community composition and population changes due to
chemical contaminants (Siciliano and Germida, 1998; Kelly et al., 1999) and agricultural
practices (Bossio et al., 1998; Ibekwe and Kennedy, 1998). For a comprehensive review of
the use of fatty acid patterns of phospholipids and lipopolysaccharides to characterize
microbial populations see Zelles (1999).

For FAME analysis, fatty acids are extracted directly from soil, methylated and analyzed by
gas chromatography (Ibekwe and Kennedy, 1999). FAME profiles of different soils can be
compared using multivariate analysis. This method will detect changes in the composition
of the bacterial and/or fungal community, as well as enable one to follow signature fatty
acids of different groups of microorganisms. Ibekwe and Kennedy (1998) used
phospholipid fatty acid analysis (PLFA) and CLPP to study microbial communities in the
rhizosphere of plants from the field and from greenhouse pots.

Although FAME analysis is one method to study microbial diversity, if using total
organisms, fatty acid analysis is a poor method with limitations. If using fungal spores to
study the potential fungal diversity, approximately 130 to 150 spores are needed (Graham

et al., 1995) and this may obscure detection of minor species in the population. Cellular
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fatty acid composition can be influenced by factors such as temperature and nutrition, and
the possibility exists that other organisms can confound the FAME profiles (Graham et al.,
1995). In addition, individual fatty acids cannot be used to represent specific species
because individuals can have numerous fatty acids and the same fatty acids can occur in

more than one species (Bossio et al., 1998).

1.3.1.4.2.2. Metabolically active communities (Direct methods)

Several methods, based on direct microscopy, have been proposed to enumerate
metabolically active bacteria, i.e. heterotrophic bacteria found in water samples and soil
samples. They include for example CTC (5-cyano-2, 3- ditolyl tetrazolium) , or INT (2-(p-
iodophenyl)-3-(p-nitrophenyl)-5- phenyl tetrazolium chloride) reduction to CTC- or INT-
formazan respectively; the resulting red fluorescent spots or black precipitates inside cells
indicate effectively respiring bacteria (Zimmerman et al., 1978; Yu and McFeters, 1994;
Pyle et al., 1995; Toffanin et al., 2000; Casella et al., 2001; Lepeuple et al., 2004; Basaglia
et al., 2003; Basaglia et al., 2007).

A convincing method, in which microbial activity can be linked to phylogenetic
information, is to incorporate 5-bromo-2-deoxyuridine (BrdU) into DNA, followed by
fingerprinting of the active communities (Urbach et al., 1999; Yin et al., 200). In addition,
C incorporation (stable isotope labeling) followed by separation and fingerprinting has
been proposed as a way to assess the metabolically active fractions (Bailey and McGill,

2002).

1.3.1.4.2.3. DNA based methods

In recent years, various culture-independent molecular techniques have been employed; in
these nethods the sequence variation in ribosomal RNA (rRNA) genes have been exploited
for inferring phylogenetic relationships among microorganisms and used to estimate the
genetic diversity of complex microbial communities in natural ecosystems (Hackl et al.,
2004; Jin et al., 2006). These molecular techniques are generally based on PCR or RT-PCR
of specific or generic targets in soil DNA or RNA. The 16S and 18S ribosomal RNA
(rRNA) or their genes (rDNA) represent useful ecological markers for prokaryotes and

eukaryotes, respectively. However, the shortcomings of these techniques and their related
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problems have also been well documented (Janssen et al., 2002; VonWintzingerode et al.,
1997). PCR products generated with primers based on conserved regions of the 16S or 18S
rDNA from soil DNA or RNA yield a mixture of DNA fragments representing all PCR-
accessible species present in the soil. The mixed PCR products can be used for (a)

preparing clone libraries and (b) a range of microbial community fingerprinting techniques.

1.3.1.4.2.3a. Clone libraries

Clone libraries are useful to identify and characterize the dominant bacterial or fungal types
in soil and thereby provide a picture of diversity (Axelrood et al., 2002). However, to
accurately describe the microbial diversity within a soil sample, clone libraries usually need
to be quite large. There are as yet few studies in which the representativeness issue has been
satisfactorily resolved, and hence microbial diversity has not been adequately covered in
most studies to date. Rarefaction analysis, calculation of coverage values, or other statistical
techniques are needed to evaluate whether the number of screened clones is sufficient to
realistically estimate the true diversity (Lauber et al., 2008; Lozupone and Knight, 2008).
Great progress can be expected in this area, as our capacity for rapid sequencing of large
numbers of clones increases and as statistical techniques to determine representativeness
improve.

1.3.1.4.2.3b. Microbial community fingerprinting techniques

A range of techniques has been developed to fingerprint soil microbial communities. These
include denaturing or temperature gradient gel electrophoresis (DGGE/TGGE) (Heuer et
al., 1997; Muyzer et al., 1993; Muyzer and Smalla, 1998; Yu and Morrison, 2004; Yu et al.,
2008; Wang et al., 2007; Green et al., 2009), amplified rDNA restriction analysis
(ARDRA) (Sharma et al., 2008; Zhang et al., 2008; Zhao et al., 2008; Heylen et al., 2006;
Li et al., 2006; James et al., 2006; Kirk et al., 2004)., terminal restriction fragment length
polymorphism (T-RFLP) (Osborn et al., 2000; Sakamoto et al., 2003), single-strand
conformational polymorphism (SSCP) (Schmalenberger and Tebbe, 2002.), and ribosomal
intergenic spacer length polymorphism (RISA) (Ranjard et al., 2001). Although these PCR-
based methods are in principle reproducible and robust, they are susceptible to the potential
biases described above that are inherent in both nucleic acid extractions and PCR

amplifications (Table 1.4).
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Advantages

Dependence on efficient cell lysis only and not on the physiological status of cells

Direct picture of the diversity of dominant microbial types, including the unculturables
Direct assessment of shifts in microbial community structure

Ease in handling. Simultaneous analysis of high sample numbers

Reproducible results

Generation of sequences resulting in identification and specific probes to track the specific
organism in the ecosystem

Disadvantages

Incomplete lysis of some species, notably gram-positive spore-formers

Possible biases in DNA extraction and PCR amplification, inhibition by soil compounds
Possible presence of one particular sequence or band in different organisms

Heterogeneous bands that may originate from one bacterial strain due to heterogeneity in
the rTDNA genes

Phylogenetic information only is usually obtained, and the link to functional information is
difficult

Table 1.4. Advantages and disadvantages of culture-independent PCR-based microbial
community fingerprinting methods.

Denaturing gradient gel electrophoresis (DGGE) / temperature gradient gel
electrophoresis (TGGE)

DGGE and TGGE are two similar methods for studying microbial diversity. These
techniques were originally developed to detect point mutations in DNA sequences.

Muyzer et al. (1993) expanded the use of DGGE to study microbial genetic diversity. DNA
is extracted from soil samples and amplified using PCR with universal primers targeting
part of the 16S or 18S rRNA sequences. The 5end of the forward primer contains a 35-40
base pair GC clamp to ensure that at least part of the DNA remains double stranded. This is
necessary so that separation on a polyacrylamide gel with a gradient of increasing
concentration of denaturants (formamide and urea) will occur based on melting behaviour
of the double-stranded DNA. If the GC-clamp is absent, the DNA would denature into
single strands. On denaturation, DNA melts in domains, which are sequence specific and
will migrate differentially through the polyacrylamide gel (Muyzer, 1999). Theoretically,
DGGE can separate DNA with one base-pair difference (Miller et al., 1999). TGGE uses
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the same principle as DGGE except the gradient is temperature rather than chemical
denaturants. DGGE/TGGE have the advantages of being reliable, reproducible, rapid and
somewhat inexpensive. Multiple samples can also be analyzed concurrently, making it
possible to follow changes in microbial populations (Muyzer, 1999). Limitations of
DGGE/TGGE include PCR biases (vonWintzingerode et al., 1997), laborious sample
handling, as this could potentially influence the microbial community, (Muyzer, 1999;
Theron and Cloete, 2000), and variable DNA extraction efficiency (Theron and Cloete,
2000).

It is estimated that DGGE can detect only 1-2% of the microbial population representing
dominant species present in an environmental sample (MacNaughton et al., 1999). In
addition, DNA fragments of different sequences may have similar mobility characteristics
in the polyacrylamide gel. Therefore, one band may not necessarily represent one species
(Gelsomino et al., 1999) and one bacterial species may also give rise to multiple bands
because of multiple 16S rRNA genes with slightly different sequences. (Gelsomino et al.,
1999; Maarit-Niemi et al., 2001). Maarit-Niemi et al. (2001) used different combinations of
DNA extraction and clean-up procedures and reported the method used does influence the
banding pattern on DGGE gels. They reported that the Soil DNA Isolation Kit (MO Bio
Laboratories Inc., Solana Beach, CA, USA) gave consistent, clear bands with the most
extensive banding patterns.

Gelsomino et al. (1999) found that direct and indirect DNA extraction methods yielded
DNA fingerprints that were 90% identical, with sample variation for each extraction
method being less than 5%. Most of the differences in extraction methods and in
reproducibility were between faint bands, presumably representing less dominant species
(Gelsomino et al., 1999). Holben et al. (2004) used DGGE in combination with G+C
fractionation to assess microbial community diversity and to detect minority populations of
bacteria in the digestive tracts of chickens. This approach shows promise in that the
fractionation reduces the complexity of the community and allows the detection of species
that are present in low abundance. DGGE/TGGE has been used to assess the diversity of
bacteria and fungi in the rhizosphere (Duineveld et al., 1998, 2001; Smalla et al., 2001),

caused by changes of nutrient addition (Iwamoto et al., 2000) and addition of
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anthropogenic chemicals (Torsvik et al., 1998; el Fantroussi et al., 1999; MacNaughton et
al., 1999; Whiteley and Bailey, 2000).

The partial community level fingerprints derived from DGGE/TGGE banding patterns have
been analyzed for diversity studies based on the number and intensity of the DNA bands as
well as similarity between treatments. However, with the limitations of PCR and of banding
pattern separation, care must be exercised when interpreting results with respect to
microbial diversity. Specific DGGE/TGGE bands can also be excised from gels, re-
amplified and sequenced or transferred to membranes and hybridized with specific primers
to provide more structural or functional diversity information (Theron and Cloete, 2000).
By sequencing bands, one can obtain information about the specific microorganisms in the
community.and the taxonomic groups within the community. While the rRNA genes have
been the main target of microbial diversity studies using DGGE, some researchers have
targeted catabolic genes, such as methane monooxygenase (Knief et al., 2003) or nitrite
oxygenase (Nogales et al., 2002; Throbick et al., 2004) for DGGE analysis. This would
provide information on the diversity of specific groups of microorganisms competent in a

defined function such as pollutant degradation.
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1.3.1.5. Future perspectives

It is important to study microbial diversity not only for basic scientific research, but also to
understand the link between diversity and community structure and function. Human
influences such as pollution, agriculture and chemical applications could adversely affect
microbial diversity, and perhaps also above and below-ground ecosystem functioning. For
instance, Buckley and Schmidt (2001) found significantly higher amounts of 16S rRNA for
all microbial groups analyzed in fields that have never been cultivated as compared to
agricultural fields. This suggests a decrease in bacterial biomass or activity in cultivated
fields. Similarly, the diversity of AMF (Arbuscular mycorrhizal fungi) has been shown to
increase from arable fields to natural systems (Daniell et al., 2001; Menendez et al., 2001).
However, it is not known what these reductions in diversity mean to ecosystem functioning
and it is important for sustainability of ecosystems that the link between diversity and
function be examined and better understood.

There is disagreement within the scientific community of whether taxonomic or genetic
diversity is important as long as functional diversity is maintained. Given the limitations of
our ability to study diversity and how diversity relates to function, it would be prudent to
assume functional redundancy does not exist and taxonomic diversity is important to
maintain. It was once thought that AMF were functionally redundant given a lack of host
specificity, but it has since been found that they are not functionally redundant and do
provide different benefits to different plant hosts.

Knowledge of microbial diversity and function in soils is limited because of the taxonomic
and methodological limitations associated with studying these organisms. Although
methods to study diversity (numerical, taxonomic, and structural) are improving for both
bacteria and fungi, there is still not a clear association between diversity and function. Even
if an organism is functionally redundant in one function, chances are it is not redundant in
all functions and will have different susceptibilities and tolerances to abiotic and biotic
stresses. It is generally thought that a diverse population of organisms will be more resilient
to stress and more capable of adapting with environmental changes.

Bacterial and fungal diversity increases soil quality by affecting soil agglomeration and
increasing soil fertility. They are both important in nutrient cycling and in enhancing plant

health through direct or indirect means. In addition, a healthy rhizosphere population can
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help plants deal with biotic and abiotic stresses such as pathogens, drought and soil
contamination.

Our current ability to study and understand soil microbial diversity is wrought with
taxonomic and methodological limitations. Soil microbiologists face the difficult task of
attempting to define and identify microorganisms and their functions. Although molecular
methods have the advantage of obtaining information about non-culturable organisms, they
also have limitations that cannot be ignored. It is challenging to soil microbiologists to
develop techniques to study soil microbial diversity when it is currently impossible to know
how accurate these techniques are. We do not know what is present in a gram of soil, and
therefore it is difficult to conclude whether one technique of studying diversity is better
than another. Given the current state of knowledge, we feel that the best way to study soil
microbial diversity would be to use a variety of tests with different endpoints and degrees
of resolution to obtain the broadest picture possible and the most information regarding the
microbial community. In addition, methods to understand the link between structural
diversity and functioning of below- and above-ground ecosystems need to be developed so
that the question of how diversity influences function can be addressed.

Our knowledge of plant-microbe—soil interactions is increasing, but the complexity of
interacting biological, chemical and physical factors means that much remains to be
understood. As new techniques are developed, our level of understanding will increase and

our knowledge expand.
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2. EXPERIMENTAL SITE
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2.1. Introduction

The experimental site is situated inside the Pilot Demonstrative Farm “Diana”, in the
municipal district of Mogliano Veneto (North East part of Italy, Venice Lagoon catchment),
managed by Veneto Agricoltura. It was built within the project promoted and carried out by
the local drainage authority “Consorzio di Bonifica Dese Sile” (from 2010 renamed
“Consorzio di Bonifica Acque Risorgive”) and titled "Environmental restoration actions
along the low course of Zero River for the reduction of nutrient input into Venice Lagoon",
funded by Veneto Region through the “Plan for pollution prevention in the watershed
flowing directly into Venice Lagoon”.

The experimental design was planned according to the protocols and methods of the
European project NICOLAS (Nitrogen Control by Landscape Structures in Agricultural
Environment - EC DGXII, 1997-2000 ENV4-CT97-0395).

2.2. The study area

North East Italy includes one of the major drained reclamation regions of the country and a
considerable portion of the Venice Lagoon watershed area is located within this region (Fig
2.1).

Over the past decades nutrient loads delivered to the Venice Lagoon have attracted
considerable concern, so the local government (Regional Authority) in 1995 established a
series of targets to reduce eutrophication by reducing the level of nitrogen and phosphorus
entering the Lagoon. For Dese and Zero (Fig 2.2) rivers, two of the main rivers managed by
the local drainage authority (Consorzio di Bonifica Acque Risorgive), 150 x 10° Kg/year of
total N and 40 x 10° Kg/year of total P loads reduction were established.

In order to reach these objectives several experimental actions were undertaken, one of
which was the conversion of a cultivated area of about 30 ha to a forested buffer strip,
irrigated with freshwater from the Zero river. Inside this afforested area, a pilot
experimental scale system was established in order to find the most suitable conditions for
enhancing denitrification activity. The Zero joins the Dese river just before the latter flows
into Venice Lagoon; it is a resurgence river 41.5 km long, with a 7283 ha watershed, 94%
of which is used for agriculture and 6% as urban areas. The watershed is mostly covered by
herbaceous cultivations (corn, soy, wheat) farmed ‘“alla ferrarese”, i.e. in regular plots,

longitudinally convex with 1-3% steepness, 30-50 m large and 200-500 m long, bordered
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by lateral permanent drainage.The climate is sub continental with temperatures ranging
from a daytime average of 1°C in January to 23°C in July and August. The mean value of
rainfall is 900 mm per year, with higher peaks in Autumn and Spring and lower values in

Winter and Summer.

Portion of watershed managed by
Dese Sile Drainage Authority

Zero river
Experimental site

/ City of Venice

Venice

Fig 2.1. The experimental site, situated on the left bank of the terminal reach of Zero river,
in the watershed draining into Venice Lagoon. This portion of basin is managed from the
drainage authority Consorzio di Bonifica Dese Sile (from 2010 renamed Consorzio di
Bonifica Acque Risorgive)

W

Fig 2.2 The Zero River in the reach adjacent to the experimetal site
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The soil (texture category “silty clay loam”) belong to the “Zerman soil consociation”
according to the “Carta dei suoli del Bacino Scolante in Laguna di Venezia” (Soils map of

the watershed draining into Venice Lagoon) (ARPAYV 2004).

2.3. Experimental site description

The experimental site is situated within a much wider (about 30 ha) forested buffer zone,
developed in lands previously used for arable crops, along the left bank of the lower course
of Zero river (locality Bonisiolo) 15 km far from Venice (Fig 2.2).

The afforested area is divided in plots of the same size (0.35 ha each) and structure, but

with different forest configuration (Fig 2.3). Each plot is watered through a system of

ditches carrying water (through a pumping system), from Zero river.
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Fig 2.3. Plan of the 30 ha wide forested buffer zone.

The experimental site was built in 1999 in two of these different plots (Fig 2.4). It occupies
a total area of about 0.70 ha (227 m long and 30 m wide). It required rebuilding the
hydraulic structures (furrows facilitating sub-superficial water flow) and the water pumping
plant, upgrading the meteorological station already existing in the Diana farm, installing the

piezometric network, preparing the soil, planting the saplings.
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50 m —> \Water flow
=== Sub-surface water flow

O Piezometers
— PLOTA —1 = pLOT B —
Fila 1: Fila 2: Fila 3: Fila 4:
Alnus glutinosa  Alnus glutinosa  Acer campestre Acer campestre
Salix alba Quercus robur Quercus robur Quercus robur
Salix triandra Frangula alnus Crataegus monogyna Fraxinus ormus

Corylus avellana

Corylus avellana "

Irrigation". /1

e Y 4 __‘.,lrrigation
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Fig 2.4. Plan (above) and section (below) of the experimental site: each of the 2 plots is
watered through an irrigation ditch carrying water from the Zero river. Soil setting allows a
difference in elevation among the irrigation ditches and the drainage ditch, resulting in a
sub-surface flow of water running through the wooded buffer strips.
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2.3.1. Soil characteristics

A soil profile was determined near the experimental site by digging a trench 150 cm deep
(ARPAV, 2004) (Table 2.1). Soil is fine textured (according to textural classification
USDA-SCS, 1984; Ritchie 1972), with a deep calcic horizon. In particular, the top layer of
the soil horizon (0 to a 70 cm depth) is olive-brown, with silty clay loam texture (according
to textural classification USDA-SCS, 1984; Ritchie 1972), low limestone content and
alkalinity. Underneath the top soil is a weathered subsoil (Bw) 20 cm thick, light olive-

brown, with silty-clay texture, lower limestone content.

(Zerman soil - ZMR1 (SINAP 13 profile) —Location: Diana Farm (Bonisiolo)

Exchange complex

Granulometry | « | ¢ o 3
al18]8le S) (meq/100g)
c =) p <lelcsleslws
= E;. H © CC) 7’ T O] +~= E Ks
I~ Fer) = S [} 9 | © &5 |\/|
= a H, | Sa | Clal s |S|1ElgSF 3 Ca K |TS
S 2| g Silt 21813 2] CsC g B
T o) y > S SC | oo | SC
(<5) .
|_
cm % % mg/kg (meq/100g) % mm/hr
Apl 0-40 8.0 | 129 | 514 | 357 | FLA | 4 1109 22 262 | 21.7 | 3.4 | 03 | 100 | 0.88

Ap2 | 40-70 | 8.0 | 122 | 51.8 | 36.0 | FLA | 4 | 2 | 0.9 16 20.6 | 209 | 39 | 03 | 100
Bw | 70-90 | 81 | 7.4 | 523 | 403 | AL 1 1103 19.7 | 189 | 64 | 03 | 100 | 1.20
Bk 193(_) 86 | 105|634 |261 | FL [ 15|13 |02 144 | 642 | 6.0 | 0.1 | 100 | 0.08
Ckg 1125%- 84 | 181|648 | 17.1 | FL |46 | 11 | 0.1 13.6 | 323 | 5.1 | 0.1 | 100

Table 2.1. Table summarizing the physical and chemical characteristics of the various soil
horizons as surveyed in the experimental site in 2001 — Source ©2003-2007 ARPAV.

The following horizon is 30 cm thick, light olive gray with grey and yellow-brown streaks,
loamy sand textured, highly calcic and strongly alkaline, characterized by limestone
accumulation (calcic horizon Bk) forming irregular concretions or soft masses, of light
colour. At 120 cm depth begins the Ckq substratum, with no structure and with colours and

texture similar to the previous horizon.

2.3.2. Site hydrology

The experimental site was designed to rigorously monitor the hydrological fluxes and to
carefully characterize the hydrology of the buffer system. Ridges and furrows facilitate sub-
surface water flow throughout the field from the inlet point, represented by two irrigation

ditches where water is pumped through, to the parallel drainage ditches localized at lower
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elevation (Fig 2.4). The average slope between irrigation and drainage ditches is 4%. The
drainage ditches are connected to a canal which brings back water to Zero river (Fig 2.4).
As a consequence of the irrigation (an average of 55,000 m’ ha™ year”, about three times
rainfall), a perched aquifer was created on the calcic layer located at around 90-150 cm
depth.

The water level in the experimental site was always between 25 to 60 cm below the soil
surface (Fig 2.5). While the surface soil layer was subjected to the normal seasonal cycle,

the medium and depth layers were often saturated.
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Distance from the irrigation ditch throught the buffer zone (m)

Fig 2.5. Ground level and mean annual water table elevation measured in plot A (monthly
measures in ditches and piezometers) during the three monitored years. These values are
not significantly different to those from plot B. Bars represent standard error.

2.3.3. Vegetation

Several tree and shrub species white willow (Salix alba L.), almond willow (Salix

triandra), black alder (Alnus glutinosa (L.) Gaertner), pedunculate oak (Quercus robur L.),
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field maple (Acer campestre L.), common hazel (Corylus avellana L.), common hawthorn
(Crataegus monogyna Jacq.), manna ash (Fraxinus ornus L.), black dogwood (Frangula
alnus L.) were planted in spring 1999 using 2-3 years old harvested plants and were
arranged in four parallel rows for each plot as indicated in Fig 2.4 and Fig 2.6. The chosen
forest configuration was: 1.5 m for shrubs and 3.5 m for trees spaced along the row at 3.5 m
wide inter-rows, for a total of 4 rows for each plot.

Before "une_ 999

 ouv 200z el ol BB oo 2000

Fig 2.6. Pictures allow to compare the quick transformation occurring in the experimental
site from the initial condition of agricultural area with newly-planted saplings to a forested
buffer area
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3. OBJECTIVES
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3.1. General objectives

General objectives of this project are the following

To quantify the amount of the nitrogen removal due to a 30ha wide wooded buffer
zone.

To increase knowledge on the processes which allow the riparian forest buffer strips
to act as buffers.

To identify the most appropriate management strategies, in order to maximize the
efficiency of these systems supporting the microbial processes involved in nitrogen

removal.

3.2. Specific objectives

The nitrogen removal mechanisms in constructed buffer zone are known to involve

ammonification, nitrification and denitrification processes where microorganisms are

directly involved to these processes. So, it is important to identify and characterize types of

involved microorganisms, how can they work and how are they distributed.

For this purpose, main and specific objectives were pursued in order to determine spatial

and seasonal fluctuations of the microbial communities in the soil/water of the wooded

riparian strip.

The following tasks were followed to obtain these main objectives:

a)

b)

c)

d)

f)

To determine culturable bacteria of the microbial communities in the soil/water
samples.

To quantify viable and metabolically active cells of the microbial communities in soil
samples.

To identify and characterize microorganisms of the microbial communities from soil
and water samples.

To operate a comparison between the microbial communities in the wooded riparian
strip soil (internal) to that outside soil of the experimental site (external).

To find out the variations and fluctuations of microbial communities with time by
collecting samples at different season in different years.

To resolve the distribution of the microbial communities at different soil levels and

water sites.
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4. Metabolic activity and microbial diversity of the
wooded riparian strip soil by using culture dependent
and independent methods.
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4.1. Introduction

Soil microbial diversity is an important index of agricultural productivity (George et al.,
1995, Kent and Triplett, 2002; Tilak et al., 2005). The extent of the diversity of
microorganisms in soil is seen to be critical to the maintenance of soil health (Smith and
Goodman, 1999) and quality, as a wide range of microorganisms is involved in nutrient
cycles (N, C, S, P etc) and, consequently, in soil functions. The nitrogen cycle strongly
depends upon microbial activities and it is important to note that combined nitrogen is
considered one of the most important limiting factors for plant growth. While nitrogen
fixation can be considered as a positive activity for the whole ecosystem, denitrification
may play a double role in relation to the context it takes place: while nitrogen removal from
a NOj -fertilized soil is an absolutely detrimental process, the gasification of nitrate from
surface and subsurface water flows of terrestrial and aquatic ecosystems may result as a
very useful tool for reducing nitrate and nitrite pollution (Knowles, 1982).

Riparian buffer zones are particularly studied for such a purpose. Nitrogen removal from
water fluxes crossing a wooded riparian strip is due to the metabolic activity of soil
bacterial communities (in particular denitrification process) (Pinay et al., 1993; Hunter and
Faulkner, 2001; Spruill, 2004) and to assimilation and uptake by plants (Hanson et al.,
1994; Hefting and Klein, 1998). For this reason, the most important factor to be
investigated is the relationship of the soil bacterial communities and the distribution of
bacterial communities in different soil layers.

Microbial diversity within the soil is crucial to many functions but it has been difficult to be
determined using the traditional plating methods, since only a small fraction of the bacteria
known to occur in natural habitats can be cultivated on laboratory media (Colles et al.,
2008; Zhang et al., 2008).

Fluorescent stains, such as those contained in the LIVE/DEAD BacLight* Bacterial
Viability Kit developed by Molecular Probes Inc, can be used to evaluate microbial
viability (Boulos et al., 1999; Lepeuple et al., 2004). Unfortunately direct microscopic
methods can provide only an estimated number of viable/dead cells but do not give any
information related to biodiversity.

Molecular characterization was developed and adopted almost 20 years ago to detect both

culturable and unculturable microbial species (Ranjard et al., 2000; Lynch et al., 2004); it
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represents an accurate, effective and fast technology for identification of microbial diversity
in different environments (Ogram et al., 1987; Pace, 1997, Hatamoto et al., 2008):
individual organisms can be identified from some unique part of their 16S r DNA or RNA,
providing definitive information on soil biodiversity (Ward et al., 1990; Zhao et al., 2006;
Betancourt et al., 2008; Hatamoto et al., 2008; Mocali et al., 2008; Norton et al., 2008;
Sallam and Steinbiichel 2008; Wang et al., 2008). For this purposes, 16S rDNA-based
techniques have been widely used to characterize microbial community structure in
environmental samples (Sharma et al., 2008; Zhang et al., 2008; Zhao et al., 2008; Heylen
et al., 2006; Li et al., 2006; James et al., 2006; Kirk et al., 2004).

In this study, culture and culture independent 16S rDNA-based methods were performed to
analyze microbial diversity through: a) quantification of metabolic activity of the soil
microbial communities; b) operating a comparison between the microbial communities in
the inside (internal) and outside (external) soils of wooded riparian strip; ¢) find out the
fluctuation of microbial communities with time by collecting samples at each season; d)

determination of the distribution of the microbial communities at different soil depths.

4.2. Material and Methods

4.2.1. Collection of samples and preparation of serial dilution

Soil samples were collected at four different seasons (March 08, April 08, July 08 and
October 08) from the wooded riparian strip at three different depths (surface level: 0-15 cm;
medium level: 45-60 cm, and deep level: 80-100 cm). The areas where the soil was sampled
are reported in experimental site section (see section 2. Experimental sites).

To get suitable control, in October 08, April 09 and October 09, soil samples were also
collected outside of the experimental site (External) (see Fig 4.1) for verification of long

term efficiency of the buffer system and compare microbial population dynamics.
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Inside of riparian strip (Internal)

Outside of riparian
strip (External)

Irrigation
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Irrigation
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Soil sample
collection

Fig 4.1. Sampling areas
At least 3 independent replicates were sampled for each soil depth. All analyses were
performed within 24 h from sampling. 20 g of soil were suspended in sterile NaCl (0.9%)
and maintained on a rotary shaker for 45 min at the maximum speed. Soil serial dilutions
(1:10) were prepared for the analyses described below. All analyses were performed at least

in triplicate.

4.2.2. CTC-assay

CTC (5-cyano-2, 3-di-4-tolyl-tetrazolium chloride) reduction assay indicates, when
positive, respiration ability of soil bacteria. In CTC test, the oxidized and soluble
tetrazolium chloride enters bacterial cells and it is reduced to the insoluble and fluorescent
formazan by the reducing power of metabolically active bacteria (Fig 4.2). The procedure
of Gribbon and Barer (1995) was followed: in short, samples of soil serial dilutions were
incubated with 4 mM CTC (Polysciences Inc, USA) in phosphate buffer solution (PBS) for
2 h. After staining, aliquots were filtered through a 0.2 um pore size black polycarbonate

membrane filter (Millipore). Filters were air dried and mounted with low-fluorescence
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immersion oil (Molecular Probes) on glass microscope slides. CTC-reducing cells were
observed by fluorescence microscopy (Olympus fluorescent microscope BX60) equipped
with a blue 420-nm exciter filter (Olympus BP 490). At least 20 fields or 300 cells were

recorded for each sample.

Formazan (reduced: insoluble,
red fluorescescence)

Fig 4.2 Counting metabolically active cells by CTC-assay: red spots correspond to
metabolically active bacteria.

4.2.3. Direct Viable Counts

Direct viable and total counts of bacteria were obtained using LIVE/DEAD BacLight*
bacterial viability kit provided by Molecular Probes. BacLight contains of two nucleic acid
binding stains: SYTO 9 and propidium iodide. SYTO 9 penetrates intact and damaged
bacterial membranes staining the cells green, while propidium iodide penetrates only cells
with damaged membranes; the combination of the two stains produces red fluorescing cells.

Thus bacteria with intact membranes (i.e., viable bacteria) absorb the stain that fluoresces
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green while excluding the red fluorescent stain, whereas bacteria with damaged membranes
(i.e., dead bacteria) absorb the fluorescent red stain (Fig 4. 3). To perform the test, the two
dyes were mixed together (1:1), 3 pL of the mixture were added tol ml of soil/water
suspension. After 15 minutes incubation, the stained sample was filtered through a 0.2-mm
black polycarbonate filter (Millipore), and the filter mounted with BacLight mounting oil,
as described in the instructions provided by the manufacturer. Fluorescence microscopy

conditions were the same as CTC assay.

Dead cell

Living cell

Soil Sample Liquid media

Fig 4.3 Counting of total living cells using LIVE/DEAD BacLight* bacterial viability kit:
green cells are living, red cells are dead.

4.2.4. Determination of Culturable Microorganisms

0.1ml aliquots of the soil serial dilution (1:10, 1:100) were dropped and spread onto the
solid media plate count agar (PCA) for determinations of total culturable aerobic bacteria.
Petri-dishes were incubated aerobically at 30 °C. After 14 days the number and the
morphology (shape, size, colour etc) of colonies were recorded. Representative colonies of

different morphologies were isolated and stored in glycerol at -20° for molecular analyses.
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4.2.5. DNA extraction from colonies

For molecular analysis, DNA was extracted from isolated colonies by alkaline lysis. One
colony was suspended in an Eppendorf tube with 50 pL of lysis buffer (2.5 ml 10% sodium
dodecyl sulfate, 5 ml 1 M NaOH, 92.5 ml MilliQ water). After 15 min at 95°C and the tube
was centrifuged for 5 min at 13,000xg, and the supernatant was transferred to a new tube to
add 90 pL MilliQ water. Extracted DNAs were stored at -20°C for further molecular

analyses.

4.2.6. Amplified ribosomal DNA restriction analysis (ARDRA)

For amplification of 16StDNA from cultural bacteria PCR was performed in a final
volume of 25 pl containing buffer 10X, 1.0 unit of Tag DNA polymerase (Amersham
Biosciences), 0.2 mM each of dNTPs, 200 nM of each primer 63F
5’CAGGCCTAACACATGCAAGTC (  Marchesi et al, 1998) and 1389R
5’ACGGGCGGTGTGTACAAG (Osborn et al., 2000) and 50 ng template DNA. The
thermal cycler (Bio Rad ICycler 170-8740) was programmed for the initial denaturation
step (94°C) of 5 min, followed by 44 cycles of 1 min denaturation along with 1 min primer
annealing (37°C) and 2 min primer extension (72°C), followed by the 7 min primer
extension (72°C) step.

For the ARDRA analysis, 5Sul of amplified reaction products were digested using 10U of
the Hinfl and Hpall endonucleases (Amersham Biosciences) in final volume of 20 pul for a
minimum of 2 h at 37 °C. Fragments were analyzed by 2% agarose gel electrophoresis in
0.5% tris Borate EDTA buffer, at a constant voltage of 100V. Gel images were acquired in
digital format using an EDAS 290 Image capturing system (Kodak, Rochester,NY).
Profiles were sorted and compared using the BioNumerics software version 4.5 (Applied
Maths, Sint-Martens-Latem, Belgium).

4.2.7. The sequence of 16S rDNA culturable bacteria

16S rDNA sequences of culturable bacteria were carried out as described previously (Tan et
al., 2007). Operational taxonomic units (OTUs) were defined by a 2% difference and each
OTU was represented by a type sequence. The 16S rDNA sequence was analyzed using
Chromas LITE (Version 2.01); the most similar bacterial species was found in the GenBank

by using BLAST search (http://www.ncbi.nlm.nih.gov). Neighbor-joining phylogenetic
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trees were constructed based on 16S rDNA sequences using BioNumerics software version

4.5 (Applied Maths, Sint-Martens-Latem, Belgium).

4.2.8. Diversity index and principal component analysis (PCA)

Based on groupings of unique OTUs (operational taxonomic units) using 16S rDNA
sequencing, the diversity indices Shannon’s evenness index for general diversity (H'=-
YPilnPi) and Simpson’s dominance index (D = Zni(ni — 1)/ N(N -1) were calculated as
described previously (Brandt et al., 2006; Kapley et al., 2007; Wani et al., 2006). In the
equations, N is the total number of OTUs in the ith (i value is 0, 1, 2,...00) 16S rDNA
sequence phylogroup, Pi is the proportion of OTUs in the ith 16S rDNA sequence
phylogroup and ni is the number of OTUs in the ith 16S rDNA sequence phylogroup.
Principal component analysis (PCA) was performed with quantitative data of 16S rDNA
sequence phylotype distributions by culturable bacteria using Xlstat 2007 software.
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4.3. Results and Discussion

4.3.1. Viable (living) cells, metabolically active cells (CTC+) and culturable bacteria
(CFU)

Internal soil

Viable, metabolically active cells and culturable bacteria were determined at different soil
depths in different seasons of 2008 and 2009. Results are reported in Fig 4.4, 4.5 and 4.6.
Living, metabolically active and culturable cells showed higher values in surface soil and
decreased according to depth on both 2008 (Fig 4.4A, Fig 4.5A and Fig 4.6A) and 2009
(Fig 4.4B and Fig 4.5B Fig 4.6B)

In all samples, at any depth and at any time, the culturable bacteria are only a small
percentage of CTC+ cells that are themselves a percentage of the total living fraction.
These results confirm the well known evidence that in natural environments, such as soil,
culturable bacteria are only a small percentage of the totals number of living cells.

External soil

Living, metabolically active and culturable bacteria were also enumerated in a soil from an
external area, and results compared with those obtained from the internal one (Fig 4.7 and
Fig 4.8). In October 08, living and culturable bacteria showed comparable values, while
metabolically active cells showed significantly lower numbers in the external soil (Fig 4.7).
Similar results were obtained when internal and external samples of October 09 were
compared (Fig 4.8). In both internal and external soil samples the numbers of living,
metabolically active and culturable bacteria were higher in surface soil levels and decreased

their number with the soil depth.
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Fig 4.4. Living cells/g dry soil at different soil depths in different seasons. A: results of

year 2008; B: results of year 2009.
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Fig 4.5. Metabolically active cells/g dry soil (CTC+) at different soil depths in different
seasons. A: results of year 2008; B: results of year 2009.
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Fig 4.7. Living, metabolically active and culturable cells per g of dry soil inside (Internal,
A) and outside (External, B) the buffer strips, at three different soil depths in October 2008.
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Fig 4.8. Living, metabolically active and culturable cells per g of dry soil inside (Internal,
A) and outside (External, B) the buffer strips, at three different soil depths in October 2009.
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4.3.2. Biodiversity of culturable bacteria

With the aim to analyze the microbial diversity of the culturable fraction of microbial soil

community, a total of 1500 colonies were isolated from the wooded riparian area and from

an external soil.

4.3.2a. Morphological observations of colonies

Different morphologies of colonies (colors, margins and shapes) were observed among

isolates from inside (Internal) and outside (External) the wooded riparian strip; the related

results are reported in Fig 4.9 and Fig 4.10.
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Fig 4.9. Number of morphologies inside the buffer strips (Internal) at three soil depths in

2008 samples.
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Taken together, these preliminary results indicate that the culturable fraction of the soil
bacterial population shows more biodiversity in March than in July, although the
differences among the soil layers lean to be lower in the hot season. In 2009, the differences

between internal and external soils were evident only in October.
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Fig 4.10. Number of morphologies inside (Internal) and outside the buffer strip (External)
at three different soil levels for 2009 samples.

Taken together, these preliminary results indicate that the culturable fraction of the soil
bacterial population shows more biodiversity in March than in July, although the
differences among the soil layers lean to be lower in the hot season. In 2009, the differences

between internal and external soils were evident only in October.
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4.3.3. Amplification of 16 S rDNA and ARDRA analysis
16S rDNA was amplified from the isolated colonies by PCR. The majority of isolates did

produce amplification (examples of amplification of culturable bacteria are shown in Fig
4.11).

500bp

Kb= Marker kilo base pair N.C= Nagative control

Fig 4.11. Examples of electrophoretograms of 16S r DNA amplicons from culturable
bacteria.
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Amplified 16S rDNA was digested by two restriction enzymes, Hinfl and Hpall. A variety
of different DNA fragment patterns was revealed; in total 2420 ARDRA profiles were

obtained (examples of restriction patterns of culturable bacteria are shown in Fig 4.12).

Digested by Hinf1 Digested by Hpall

A B

Fig 4.12. Restriction patterns of PCR-amplified 16S rDNA region digested with restriction
enzymes: A) Hinfl and B) Hpall.
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ARDRA profiles were clustered by computer assistant program BioNumerics, version 4.5
(see Appendix 1) and their analysis discerned high numbers of OTUs (Operational
Taxonomic Units) for all the seasons tested in 2008. The 16S rDNA clustered with 151 and
177 colonies and comprised 75 and 103 different ARDRA patterns in March and July,
respectively, with higher percentage of OTUs and single OTUs obtained in July (Table
4.1A).

These results confirm the consideration made on the culturable fraction of the soil microbial
population by observing the morphology of the colonies, but giving further details on the
microbial diversity distribution occurring in the wooded riparian soil.

The same analysis was performed on the samples collected during the year 2009, including
the external soil, and the related results are reported in Table 4.1B and Table 4.1C.
Percentage of total OTUs and single OTUs were higher in the internal soil samples when
compared with the external. This confirms again that the artificial riparian system seems to
sustain higher microbial diversity among the culturable fraction of the microbial
population.

Considering the different percentages of common OTUs recovered from the internal and
external soils, in different seasons and at different depths, a low level of similarity can be
observed between treated and untreated soils. Moreover, it seems to be clear that the soil

depth clearly affects the composition of the culturable fraction of the bacterial community.
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Colony OTUs OTUs OTUs% OTUs OTUs% OTUs OTUs%
Sample names number number (%) (common) (single  (single  (similar (similar
profile) profile) profiles) profiles)

March 08 Internal

Surface 75 45 60.0 28 62.2 17 37.8
Medium 46 24 66.0 13 54.2 11 45.8
Deep 30 18 60.0 13 72.2 5 27.8
Total 151 75 49.7 139 47 62.7 28 37.3
July 08 Internal
Surface 58 48 82.8 40 83.3 8 13.7
Medium 61 44 72.1 35 79.6 9 20.5
Deep 58 41 70.7 30 73.2 11 26.8
Total 177 103 58.2 22.6 73 70.9 30 29.1
March and July
08 Internal
Surface 133 76 57.1 183 49 64.5 27 35.5
Medium 107 62 579 83 36 58.1 26 41.9
Deep 88 48 546 18.6 30 62.5 18 37.5
Total 328 155 473 16.7 92 59.4 63 40.6

Table 4.1A. ARDRA analysis of the colonies isolated from the wooded riparian strip in
March and July 08 (Internal soil).

Colony OTUs OTUs OTUs% OTUs OTUs% OTUs OTUs%
Sample names number number (%) (common) (single (single  (similar (similar
profile) profile) profiles) profiles)

April 09 Internal

Surface 48 33 68.8 26 78.8 7 21.2
Medium 46 28 60.9 21 75.0 6 21.5
Deep 45 27 60 19 70.4 8 29.6
Total 139 76 54.7 13.7 53 69.7 23 30.3
April 09 External
Surface 49 30 61.2 18 60.0 12 40.0
Medium 46 26 56.5 16 61.5 10 38.5
Deep 47 22 46.1 9 40.9 14 63.6
Total 142 63 44.4 19.2 40 63.5 23 36.5
April 09 Internal
and External
Surface 97 59 60.8 6.35 42 71.2 17 28.81
Medium 92 50 54.4 7.04 36 72.0 14 28.00
Deep 92 46 50.0 6.15 26 56.5 20 43.48
Total 281 120 42.7 13.7 78 65.0 42 35.0

Table 4.1B. ARDRA analysis of the colonies isolated from the wooded riparian strip and
from the external soil in April 2009.
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Colony OTUs OTUs OTUs% OTUs OTUs% OTUs OTUs%
Sample names number number (%) (common) (single  (single  (similar (similar
profile) profile) profiles) profiles)

October 09 Internal

Surface 56 41 73.2 34 82.9 7 17.0
Medium 58 33 56.9 23 69.7 10 30.3
Deep 54 30 55.6 20 66.7 10 333
Total 168 94 56.0 9.6 66 70.2 28 29.8
October 09 External
Surface 57 34 59.7 24 70.6 10 29.4
Medium 51 28 54.9 19 67.9 9 32.1
Deep 52 24 46.2 12 50.0 12 50.0
Total 160 73 45.6 15.1 43 58.9 30 41.1

October 09 Internal
and External

Surface 113 65 57.5 13.3 45 69.2 20 30.8
Medium 109 54 49.5 11.5 32 59.3 22 40.7
Deep 106 46 43.4 14.8 28 60.9 18 39.1
Total 328 130 396 21.2 77 59.2 53 40.8

Table 4.1C. ARDRA analysis of the colonies isolated from the wooded riparian strip and
from the external soil in October 2009.

Interestingly, by analyzing the ARDRA profiles of the external soil in the same season, but
after one year (October 08 and October 09). The observed differences resulted as not
significant (Table 4.1D). This may suggest that the level of biodiversity in the external soil,
not conditioned by the treatments applied with the artificial system, could follow well

established oscillations that replicate every years.

Colony OTUs OTUs OTUs% OTUs OTUs% OTUs OTUs%
Sample names number number (%) (common) (single (single  (similar (similar
profile) profile) profiles) profiles)

October 08 External

Surface 114 59 51.8 32 54.2 27 45.8
Medium 76 47 61.8 32 68.1 15 31.9
Deep 81 50 61.7 31 62.0 19 38.0
Total 271 137 50.6 84 61.4 53 38.7 12.2
October 09 External
Surface 57 34 59.7 24 70.6 10 29.4
Medium 51 28 54.9 19 67.9 9 32.1
Deep 52 24 46.2 12 50.0 12 50.0
Total 160 73 45.6 15.1 43 58.9 30 41.1

Table 4.1D. Comparison between ARDRA analysis of the colonies isolated from the
external soil in October 2008 and after one year, in October 2009.
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4.3.4. Sequence analysis of 16S rDNA of culturable bacteria

Before sequencing 16S rDNA of the culturable fraction of bacteria, all ARDRA profiles, obtained from the total 1385 isolates, were
clustered together. 508 (OTUs: Operational taxonomic units) unique ARDRA patterns were obtained. Representative bacteria of each
unique ARDRA pattern were sequenced, while unsequenced bacteria with identical ARDRA patterns were assigned to the same
Phylotypes. The majorities (93.36%) of the sequences were obtained less than 5% different from those present in the current databases;
5.08% of the sequences differed 5 to 10% from those in the databases, 1.17% of the sequences differed 10 to 15%, and only 0.39% of

the culturable bacteria differed more than 15%. Detailed results of 16S rDNA sequencing are reported in Table 4.2.

Isolate and . % Accession Phylogenetic group

. Closest relative T I A
Isolation sources Similarity number (division,subdivision
A51, surface, March 08 Micrococcus sp. AKB-2008-HE95 100 AMO988871  Actinobacteria
D27, medium, March 08 Bacillus muralis 100 FJ609713 Firmicutes
B23, medium, March 08 Bacillus arsenicus 97 AJ606700 Firmicutes
B10, medium, March 08 Bacillus flexus 99 EU869200  Firmicutes
D14, medium, March 08 Brevundimonas kwangchunensis 97 AY971369  Alphaproteobacteria
F27, deep, March 08 Enterobacter aerogenes 97 FJ811873 Gammaproteobacteria
F4, deep, March 08 Bacillus sp. BAMS565 100 AB330414  Firmicutes
F8, deep, March 08 Bacillus sp. BAMS565 100 AB330414  Firmicutes
Al1, surface, March 08 Bacillus sp. Al 100 FJ535468 Firmicutes
C35, surface, March 08 Bacillus weihenstephanensis 100 FJ390462 Firmicutes
B67, medium, March 08 Arthrobacter sp. 1b-1 99 AY561524  Actinobacteria
A36, surface, March 08 Actinomycetales bacterium TLI002 99 EU699479  Actinobacteria
G23, surface, March 08 Nocardia cummidelens 91 EU593591 Actinobacteria
A7, surface, March 08 Janthinobacterium sp. 100 FI006906 Betaproteobacteria
D35, medium, March 08 Acetobacter pasteurianus 100 FM179769  Alphaproteobacteria
G24, surface, March 08 Bosea sp. AKB-2008-KK9 99 AMO988982  Alphaproteobacteria
J1, deep, March 08 Sphingomonas sp. Tan25 98 FJ459996 Alphaproteobacteria
F16, deep, March 08 Xanthomonadaceae bacterium 100 AB461065  Gammaproteobacteria
AS50, surface, March 08 Xanthomonas sp. L60 98 DQ196469  Gammaproteobacteria
A40, surface, March 08 Lysobacter sp. GH41-7 99 DQ462462  Gammaproteobacteria
B68, medium, March 08 Pseudomonas mandelii 99 FM955880  Gammaproteobacteria
B32, medium, March 08 Pseudomonas jessenii 99 AM707022  Gammaproteobacteria
G12, surface, March 08 Pseudomonas sp. TADO0O1 100 FJ225153 Gammaproteobacteria

78



A15, surface, March 08
B75, medium, March 08
G4, surface, March 08
G20, surface, March 08
G14, surface, March 08
G3, surface, March 08
F6, deep, March 08
A39, surface, March 08
C24, surface, March 08
D48, medium, March 08
D7, medium, March 08
D33, medium, March 08
A24, surface, March 08
A48, surface, March 08
J26, deep, March 08
C1, surface, March 08
B76, medium, March 08
G16, surface, March 08
G17, surface, March 08
Da31, medium, July 08
AalO, surface, July 08
Fa2, deep, July 08
Da29, medium, July 08
Bal6, medium, July 08
Da25, medium, July 08
Fal0, deep, July 08
Ha4, medium, July 08
Aa7, surface, July 08
Ha3, medium, July 08
Aa20, surface, July 08
X14, deep, July 08
Ja3, deep, July 08
X22, deep, July 08
Ca4, surface, July 08

Flavobacterium sp. Tanl6
Pseudomonas plecoglossicida
Microbacterium sp. R148
Arthrobacter sulfonivorans
Bacillus bataviensis
Bacillus bataviensis
Bacillus boroniphilus
Bacillus sp. GB02-14B
Bacillus sp. CL1.120
Kribbella karoonensis
beta proteobacterium
Bacillus silvestris
Variovorax sp. SRS16
Lysobacter niastensis
Variovorax sp. Is-BDOE5
Microbacterium sp. Y19
Pseudomonas gingeri
Agromyces sp.

Bacillus sp. BC-1
Micrococcus lylae
Micromonospora coxensis
Saccharopolyspora sp
Streptomyces sp. AR2
Kocuria sp.

Streptomyces exfoliatus
Streptomyces rubrolavendulae
Streptomyces pseudovenezuelae
Bacillus licheniformis
Thermocrinis sp. P2L2B
Isoptericola dokdonensis
Paenibacillus sp. N8-3
Oceanobacillus profundus
Paenibacillus polymyxa
Paenibacillus pabuli

98
98
98
93
97
100
94
99
99
98
98
99
99
99
96
98
98
98
100
99
99
92
99
100
99
96
99
98
88
96
99
99
100
99

F1459992
AY972231
DQ530139
FM955888
EU334358
EU334358
EU620409
DQ078995
AM934695
AY995146
AY 162061
AJ550464
AY621157
DQ462462
EF435021
FJ654469
EU196770
DQ497242
FI584315
AF057290
FI532383
EF104116
EF491601
DQ107400
FI532461
F1441643
F1796459
AM910586
AJ320219
DQ387860
EF690420
DQ386635
FJ468005
F1189794

Flavobacteria
Gammaproteobacteria
Actinobacteria
Actinobacteria
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Actinobacteria
Betaproteobacteria
Firmicutes
Betaproteobacteria
Gammaproteobacteria
Betaproteobacteria
Actinobacteria
Gammaproteobacteria
Actinobacteria
Firmicutes
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Firmicutes
Aquificae
Actinobacteria
Firmicutes
Firmicutes
Firmicutes
Firmicutes
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Da33, medium, July 08 Paenibacillus sp. EK-10 94 EU910230  Firmicutes

Ga36, surface, July 08 Bacillus sp. DBTMGS2 100 FJ842658 Firmicutes

Jal2, deep, July 08 Bacillus pumilus 100 EU647705  Firmicutes

Bal3, medium, July 08 Bacillus licheniformis 100 FJ808719 Firmicutes

Bal0, medium, July 08 Paenibacillus sp. B22a 100 EU558281  Firmicutes

X16, deep, July 08 Paenibacillus anaericanus 99 AM745262  Firmicutes

X26, deep, July 08 Brevibacillus sp. 100 AY372923  Firmicutes

Aal7, surface, July 08 rhizosphere soil bacterium 95 AJ252586 Unclassified bacteria
Hal8, medium, July 08 Lysobacter sp. KNUC361 98 EU239150  Gammaproteobacteria
Ba20, medium, July 08 Lysobacter sp. MH24 100 EU182852  Gammaproteobacteria
X3, deep, July 08 Stenotrophomonas sp. M445 100 AB461783  Gammaproteobacteria
Dal4, medium, July 08 Pseudomonas sp. S15 100 FM163469  Gammaproteobacteria
Ha30, medium, July 08 Pseudomonas plecoglossicida 99 AY972231  Gammaproteobacteria
Ga2, surface, July 08 Variovorax sp. T71 99 FJ719347 Betaproteobacteria
Ga 24, surface, July 08 Variovorax paradoxus 99 AJ969086 Betaproteobacteria
Aa28, surface, July 08 actinobacterium CH12i 94 FJ164055 Actinobacteria

Ca8, surface, July 08 Microbacterium sp. ORS 1418 98 AJ968704 Actinobacteria

X25, deep, July 08 Rhizobium leguminosarum 100 AY505131  Alphaproteobacteria
Ja28, deep, July 08 Microbacterium foliorum 100 EU834263  Actinobacteria

X10, deep, July 08 Microbacterium maritypicum 100 AJ853910 Actinobacteria

Cal2, surface, July 08 Ensifer adhaerens 100 FJ609719 Alphaproteobacteria
Ca7, surface, July 08 Bacillus pumilus 100 EU647705  Firmicutes

Gal?2, surface, July 08 Arthrobacter sp. SMCC G970 100 EU446197  Actinobacteria

Ha8, medium, July 08 Actinomycetales bacterium 94 EU699478  Actinobacteria

Bal4, medium, July 08 Arthrobacter sp. AM55T 99 AM983491  Actinobacteria

Aa26, surface, July 08 Frigoribacterium sp. OS-12A 100 EF612311 Actinobacteria

Jal7, deep, July 08 Bacillus jeotgali 100 FJ609706 Firmicutes

Aa22, surface, July 08 Bacillus sp. SeaH-As9s 98 FJ607361 Firmicutes

Dal7, medium, July 08 Bacillus sp. BWDY-19 99 DQ314538  Firmicutes

X4, deep, July 08 Bacillus senegalensis 96 EF690434  Firmicutes

Aa9, surface, July 08 Paenibacillus castaneae 97 EU099594  Firmicutes

Gal, surface, July 08 Curtobacterium flaccumfaciens 99 DQ512787  Actinobacteria

Gal4, surface, July 08 Agromyces ramosus 99 X77447 Actinobacteria

Ga3, surface, July 08 Pseudomonas brassicacearum 100 DQ377746  Gammaproteobacteria
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Ga31, surface, July 08

Fa3, deep, July 08

Bal8, medium, July 08
Ga29, surface, July 08

Gal9, surface, July 08

Aa5, surface, July 08

Ja26, deep, July 08

Hal5, medium, July 08
Hal2, medium, July 08

Ba3, medium, July 08

Ja4, deep, July 08

Fal4, deep, July 08

Ca3, surface, July 08
XS5, deep, July 08

Falé6, deep, July 08

Ga34, surface, July 08
Jb33, deep,October 08 ex
Hb44, medium, October 08 ex
Hb4, medium, October 08 ex
Jb17, deep, October 08 ex
Jb23, deep, October 08 ex
Fb2, deep, October 08 ex
Hb5, medium, October 08 ex
Bb33, medium, October 08 ex
Hb42, medium, October 08 ex
Hb21, medium, October 08 ex
Jb36, deep, October 08 ex
Xb7 , deep, October 08 ex
Bb30, medium, October 08 ex
Hbl, medium, October 08 ex
Xb2, deep, October 08 ex
Hb34, medium, October 08 ex
Bb29, medium, October 08 ex
Bb21, medium, October 08 ex

Streptomyces macrosporeus
Bacillus sp. K5T
Microbacteriaceae bacterium
Pseudomonas sp. EC-V20-9
Stenotrophomonas maltophilia
Microbacterium sp. K6-01
Brevibacillus ginsengisoli
Agromyces bracchium
mercury-resistant bacterium
Arthrobacter sp. J3.37
Paenibacillus sp. FYD11
Stenotrophomonas sp. IK1_83
Ensifer sp. MH23
Microbacterium sp. ORS 1417
Frigoribacterium sp. GIC6
Agromyces sp. VS2
Paenibacillus castaneae
Agromyces italicus
Agromyces cerinus
Agromyces allium
Actinomycetales bacterium Tpl
Lysinibacillus sphaericus
Bacillus sp.

Ochrobactrum anthropi
Bacillus sp. CS8

Bacillus thuringiensis
Arthrobacter polychromogenes
Bacillus sp. JY01

Bacillus sp. MHS037
Arthrobacter humicola
Rhodococcus sp. DM5
Arthrobacter scleromae
Arthrobacter sulfonivorans
Arthrobacter sp

98
100
99
100
100
98
95
97
98
99
100
99
99
98
99
96
98
99
99
100
100
100
86
92
100
100
99
99
100
98
99
100
100
99

EF371436
AMO983517
EF540491
AB379687
EF620444
EF612295
AB245376
AB023359
DQ401833
DQ157997
EU833937
AB461056
EU182851
AJ968703
AY439262
AMO039785
EU099594
AY618215
AM410681
DQ673874
EU375385
EU741101
FJ601631
FJ873801
FM202726
F1772071
AB167181
EU798946
DQ993294
AB279890
FJ447540
FM955866
FM955860
EF451631

Actinobacteria
Firmicutes
Actinobacteria
Gammaproteobacteria
Gammaproteobacteria
Actinobacteria
Firmicutes
Actinobacteria
Unclassified bacteria
Actinobacteria
Firmicutes
Gammaproteobacteria
Alphaproteobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Firmicutes
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Firmicutes
Firmicutes
Alphaproteobacteria
Firmicutes
Firmicutes
Actinobacteria
Firmicutes
Firmicutes
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
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Hb47, medium, October 08 ex  Arthrobacter humicola 100 AB279890  Actinobacteria

Xb17, deep, October 08 ex Arthrobacter nitroguajacolicus 99 AJ512504 Actinobacteria

Xb33, deep, October 08 ex Streptacidiphilus sp. SB-B35 98 DQY904528  Actinobacteria

Hb31, medium, October 08 ex ~ Pantoea sp. 98 EU216737  Gammaproteobacteria
Ab 12, surface, October 08 ex  Variovorax soli 98 DQ432053  Betaproteobacteria
Hb20, medium, October 08 ex  Sphingobacterium sp. 93 DQ530064  Sphingobacteria
Jb29, deep, October 08 ex Achromobacter denitrificans 96 EU869274  Betaproteobacteria
ADb32, surface, October 08 ex Rhodovulum sp. SMB1 97 DQ868668  Alphaproteobacteria
Bb6, medium, October 08 ex Rhodococcus sp. 93 AY429711  Actinobacteria

Jb4a, deep, October 08 ex Mycobacterium sp. WPCB170 100 FJ006915 Actinobacteria

ADb33, surface, October 08 ex Streptomyces tanashiensis 99 EU841673  Actinobacteria

Bb26, medium, October 08 ex  Bacillus altitudinis 100 FM955870  Firmicutes

Db22, medium, October 08 ex  Bacillus licheniformis 100 FJ641027 Firmicutes

Xb6, deep, October 08 ex Microbacterium sp. 98 FJ405359 Actinobacteria

Hb38, medium, October 08 ex  Stenotrophomonas maltophilia 99 EU931549  Gammaproteobacteria
Bb36, medium, October 08 ex  soil bacterium SI01 99 DQ518548  Unclassified bacteria
Jb31, deep, October 08 ex Sphingomonas sp. BBCT69 99 DQ337553  Alphaproteobacteria
Jb26, deep, October 08 ex Sphingomonadaceae bacterium 93 AB377219  Alphaproteobacteria
Gbo, surface, October 08 ex Lysobacter enzymogenes 96 EU668316  Gammaproteobacteria
Db26,medium, October 08 ex soil bacterium S65D1 98 AY039429  Unclassified bacteria
Fb46, deep, October 08 ex Agromyces fucosus 97 AY158025  Actinobacteria

Cb33, surface, October 08 ex Agromyces allium 98 DQ673874  Actinobacteria

Cb44, surface, October 08 ex Stenotrophomonas sp. DCY38 98 EU873315  Actinobacteria
Hb28,medium, October 08 ex Xanthomonas retroflexus 100 AM495257  Gammaproteobacteria
Jb30, deep, October 08 ex Xanthomonas sp. BBCT38 98 EF471219 Gammaproteobacteria
Xb43, deep, October 08 ex Sinorhizobium sp. T10 93 FJ687972 Alphaproteobacteria
Xb19, deep, October 08 ex Serratia marcescens 97 FJ789679 Gammaproteobacteria
Jb41, deep, October 08 ex Pseudomonas chlororaphis 100 EF620458 Gammaproteobacteria
Hb37,medium, October 08 ex Pseudomonas kilonensis 100 AJ292426 Gammaproteobacteria
Jb34, deep, October 08 ex Microbacterium imperiale 99 AF526906  Alphaproteobacteria
Fbl11, deep, October 08 ex Pseudomonas sp. S15 100 FM163469  Gammaproteobacteria
Gb45, surface, October 08 ex bacterium TLCLS5 100 EU086572  Unclassified bacteria
Ab36, surface, October 08 ex Pseudomonas plecoglossicida 99 AY972231  Gammaproteobacteria
Fb6, deep, October 08 ex Variovorax sp. SRS16 98 AY621157  Betaproteobacteria
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ADb28, surface, October 08 ex Variovorax soli 99 DQ432053  Betaproteobacteria
Cb6, surface, October 08 ex Microbacterium testaceum 97 EF602568 Actinobacteria
Bb9, medium, October 08 ex Microbacterium natoriense 98 AY566291  Actinobacteria
Db37,medium, October 08 ex Microbacterium sp. ASD 100 AY040877  Actinobacteria
Hb6, medium, October 08 ex Microbacterium foliorum 100 EU834263  Actinobacteria
Jb13, deep, October 08 ex Microbacterium arborescens 99 AMT711565  Actinobacteria
Cb17, surface, October 08 ex Microbacterium sp. M412 98 AB461754  Actinobacteria
Hb7, medium, October 08 ex Microbacterium resistens 99 AY277553  Actinobacteria
Jb11, deep, October 08 ex Microbacterium sp. CQ0110Y 100 DQ852355  Actinobacteria
Hb30,medium, October 08 ex Microbacterium sp. d9829 99 FJ595885 Actinobacteria
Fb7, deep, October 08 ex Microbacterium sp. 46 98 AF388031 Actinobacteria
Cb8, surface, October 08 ex Sphingobacteriaceae bacterium 99 EU723088  Sphingobacteria
Cb34, surface, October 08 ex Sphingobacterium siyangense 99 EU046272  Sphingobacteria
Cb13, surface, October 08 ex Pantoea agglomerans 83 FM202485  Gammaproteobacteria
Cb27, surface, October 08 ex Enterobacteriaceae bacterium 99 AB461749  Gammaproteobacteria
Xb10, deep, October 08 ex Terribacillus saccharophilus 99 AB243847  Firmicutes

Cb9, surface, October 08 ex Cellulosimicrobium cellulans 99 DQ359937  Actinobacteria
Jb4b, deep, October 08 ex Isoptericola variabilis 100 FJ502236 Actinobacteria
Cb19, surface, October 08 ex Nocardioides panaciterrae 99 AB257719  Actinobacteria
Jbl6, deep, October 08 ex Curtobacterium flaccumfaciens 100 DQ512787  Actinobacteria
Bb2, medium, October 08 ex Brevibacillus laterosporus 99 EU159585  Firmicutes
Hb46,medium, October 08 ex Bacillus sp. SH5 100 EU374137  Firmicutes
Bb28,medium, October 08 ex Bacillus sp. SH60 100 EU374154  Firmicutes

Db8, medium, October 08 ex Paenibacillus sp. 132 99 DQ196465  Firmicutes
Hb36,medium, October 08 ex Bacillus niacini 100 EU221360  Firmicutes
Hb13,medium, October 08 ex  Bacillus sp. JISM 081037 99 F1527422 Firmicutes

ADb21, surface, October 08 ex Achromobacter sp. AO22 99 EU696789  Betaproteobacteria
Fb8, deep, October 08 ex actinobacterium '#33 white' 96 AF423074 Actinobacteria
Gb20, surface, October 08 ex Agromyces sp. SC19T 99 AM983476  Actinobacteria
Hb40,medium, October 08 ex Elizabethkingia miricola 98 FJ938215 Flavobacteria
ADb30, surface, October 08 ex Chryseobacterium indologenes 97 AYO050493  Flavobacteria
Gb22, surface, October 08 ex Flavobacterium sp. AKB-2008- 96 AMO988915  Flavobacteria
Gb25, surface, October 08 ex Flavobacterium johnsoniae 98 DQ256490  Flavobacteria
Ab42, surface, October 08 ex Agromyces allii 99 DQ673874  Actinobacteria
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Hbl, medium, October 08 ex
GDb5S, surface, October 08 ex
ADb40, surface, October 08 ex
ADb1, surface, October 08 ex
Fb31, deep, October 08 ex
Fb24, deep, October 08 ex
Hb26,medium, October 08 ex
Xb41, deep, October 08 ex
Hb39,medium, October 08 ex
Db27,medium, October 08 ex
1F3, deep, April 09 in

1C1, surface, April 09 in
1J7b, deep, April 09 in
1D33, medium, april 09 in
1C15, surface, April 09 in
1G14, surface, April 09 in
1X4, deep, April 09 in

1F2, deep, April 09 in

1X14, deep, April 09 in
1X20, deep, April 09 in

1C7, surface, April 09 in
1A16, surface, April 09 in
1D24, medium, April 09 in
1J17, deep, April 09 in
1X13, deep, April 09 in
1X17, deep, April 09 in
1X12, deep, April 09 in

2A3, surface, April 09 ex
2A10, surface, April 09 ex
2C15, surface, April 09 ex
2H2, medium, April 09 ex
2H19, medium, April 09 ex
2B3, medium, April 09 ex
2D1, medium, April 09 ex

Arthrobacter sp. S21011
Variovorax paradoxus
Lysobacter niastensis
Microbacterium oleivorans
Microbacterium sp. AGL 12
Chryseobacterium sp. C127
Microbacterium sp. SMT-5
Pantoea sp. GJT-8
Lysobacter sp. G6

Agromyces sp. VS2
Arthrobacter sp. SMCC G992
Isoptericola variabilis
actinobacterium kmd 043
Aerococcus sp. LV65.5:W1
Bosea sp. AKB-2008-KK9
Bosea sp. AKB-2008-KK 10
Bacillus arbutinivorans
Frigoribacterium sp. VC
Paenibacillus telluris
Arthrobacter sp. SK1.18
Bacillus sp. PL-26
Variovorax sp. MG56
Paenibacillus panacisoli
Bacillus benzoevorans
Bacillus sp. MM4

Agromyces cerinus
Kitasatospora kepongensis
Arthrobacter sp. SMCC G992
Arthrobacter sp. S11
Arthrobacter sp. SMCC G992
Arthrobacter sp. SMCC G970
Arthrobacter sp. SMCC G970
Cellulosimicrobium sp.
Streptomyces sp. SU1-1/28

100
99
97
98
100
99
99
87
98
98
100
99
99
100
98
99
93
100
99
100
98
100
99
100
100
100
98
100
99
99
99
100
99
99

D84563
AY512828
DQ462462
EU164543
EU118778
DQ530090
AM689980
FJ426593
AB429529
AMO039785
EU446218
AB167235
EU723094
AF076639
AMO988982
AMO988983
AB508884
EU734598
AM745265
AY436810
AF326369
AY621157
AB245385
EU833938
F1228147
AY277619
AY858888
EU446218
EU747692
EU446218
EU446197
EU446218
EU438938
AM397444

Actinobacteria
Betaproteobacteria
Gammaproteobacteria
Actinobacteria
Actinobacteria
Flavobacteria
Actinobacteria
Gammaproteobacteria
Gammaproteobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Firmicutes
Alphaproteobacteria
Alphaproteobacteria
Firmicutes
Actinobacteria
Firmicutes
Actinobacteria
Firmicutes
Betaproteobacteria
Firmicutes
Firmicutes
Firmicutes
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
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2G7, surface, April 09 ex Chryseobacterium sp. AKB-2008 99 AMO988902  Flavobacteria
2G20, surface, April 09 ex Chryseobacterium taichungense 98 AJ843132 Flavobacteria
2D24, medium, April 09 ex Chryseobacterium taichungense 99 AJ843132 Flavobacteria
2D2, medium, April 09 ex Bacillus sp. T83 100 FJ719320 Firmicutes

2H9, medium, April 09 ex Staphylococcus sp. AKB-2008 100 AM988975  Firmicutes

2H20a, medium, April 09 ex Leifsonia kafniensis 99 AMS889135  Actinobacteria
2D11, medium, April 09 ex Paenibacillus pabuli 99 DQ288948  Firmicutes

2A6, surface, April 09 ex Variovorax soli 99 DQ432053  Betaproteobacteria
2D5, medium, April 09 ex Paenibacillus sp. Gi-662 95 DQ462448  Firmicutes

2A16, surface, April 09 ex Microbacterium sp. JDM308 98 EU260088  Actinobacteria
2C8, surface, April 09 ex Pseudomonas sp. SY7 99 EUO073118  Gammaproteobacteria

Table 1.2. Analysis of the bacterial isolates on the basis of partial 16S rDNA sequences, including the closest relatives as identified by
BLAST program in the GenBank database (in: Internal, ex: External)
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4.3.5. Phylogenetic analysis of culturable bacteria

Fig 4.13, 4.14 and 4.15 show the dendrograms of the phylogenetic analysis of internal soil
samples of March and July 08 in surface, medium and deep soil, respectively. The
dendrograms indicate that some groups of species seem to be typical for a specific season
and soil layer. For example, in the surface soil layer some group of species were found only
on March and some only in July, while some groups were common in both March and July
(Fig 4.13). Similar results were obtained with the soil coming from the medium depth (Fig
4.14) and deep soil (Fig 4.15). It is interesting to note that in the deeper soil the common
groups are no longer present.

Taking into account a comparison between internal and external soils, the phylogenetic
analysis also indicates that some groups of species seem to be representative for a specific
site. For instance, some groups were found only in the surface internal soil while some ones
only in the surface external soil and some groups resulted as common in both internal and
external surface soil (Fig 4.16 and Fig 4.19). Similar results were obtained with the soil
coming from the medium depth (Fig 4.17 and Fig 4.20) and deep soil (Fig 4.18 and Fig
4.21).
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Fig 4.13. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
bacteria from surface soil levels of March and July. Sequences marked M are those from
March, and those marked J are from July. Bar indicates 5% sequence divergence. Aligned
sequences were 1389 bp in length. Additional number shows the number of isolates the
sequences are coming from. Yellow, blue and pink colors indicate the groups recovered in
March, in July and in both the seasons, respectively.
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Fig 4.14. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
bacteria from medium soil levels of March and July. Sequences marked M are those from
March, and those marked J are from July. Bar indicates 5% sequence divergence. Aligned
sequences were 1389 bp in length. Additional number shows the number of isolates the
sequences are coming from. Yellow, blue and pink colors indicate the groups recovered in
March, in July and in both the seasons, respectively.
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Fig 4.15. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
bacteria from deep soil levels of March and July. Sequences marked M are those from
March, and those marked J are from July. Bar indicates 5% sequence divergence. Aligned
sequences were 1389 bp in length Additional number shows the number of isolates the
sequences are coming from. Yellow and blue colors indicate the groups recovered in March
and in July, respectively.
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Fig 4.16. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
bacteria from internal and external surface soil of April 09. Sequences marked In are from
internal and those marked EX from external soil. Bar indicates 5% sequence divergence.
Aligned sequences were 1389 bp in length. Additional number shows the number of
isolates the sequences are coming from. Yellow and blue colors indicate some groups
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Fig 4.17. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
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divergence. Aligned sequences were 1389 bp in length. Additional number shows the
number of isolates the sequences are coming from. Yellow and blue colors indicate some
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Fig 4.18. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
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divergence. Aligned sequences were 1389 bp in length. Additional number shows the
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groups recovered in the internal and external soils, respectively.
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Fig 4.19. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
bacteria from internal and external surface soil of October 09. Sequences marked In are
those from internal and those marked EXx are from external soil. Bar indicates 5% sequence
divergence. Aligned sequences were 1389 bp in length. Additional number shows the
number of isolates the sequences are coming from. Yellow and blue colors indicate some
groups recovered in the internal and external soils, respectively.
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Fig 4.20. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
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the number of isolates the sequences are coming from. Yellow and blue colors indicate
some groups recovered in the internal and external soils, respectively.
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Fig 4.21. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of culturable
bacteria from internal and external deep soil of October 09. Sequences marked In are those
from internal and those marked EX are from external soil. Bar indicates 5% sequence
divergence. Aligned sequences were 1389 bp in length. Additional number shows the
number of isolates the sequences are coming from. Yellow and blue colors indicate some
groups recovered in the internal and external soils, respectively.
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4.3.6. Phylotypes distribution of culturable communities

The Phylotypes distributions of the March and July 2008 soil bacterial communities for the
internal samples collected at different depths are shown in Table 4.3.

From surface soil samples the 16S rDNA Phylotypes were affiliated with seven major
bacterial  divisions, namely Firmicutes, ~Gammaproteobacteria, Actinobacteria,
Alphaproteobacteria, Betaproteobacteria, Flavobacteria and Unclassified bacteria (Table 4.
3). The Flavobacteria division (2.6% OTUs and 1.3% colonies) was found only in March.
Bacteria isolated from medium depth soil were also affiliated with seven major bacterial
lineages, namely Firmicutes, Gammaproteobacteria, Actinobacteria, Alphaproteobacteria,
Flavobacteria, Aquificae and Unclassified bacteria (Table 4.3). Firmicutes division
presented high percentage of OTUs (45.8% and 43.2%) and high percentage of colonies
(47.8% and 52.5%) in March and July 08 medium depth soil, respectively. The
Flavobacteria division (2.6% OTUs and 1.3% colonies) and Aquificae division (2.3%
OTUs and 1.6% colonies) were found only in March and July 08.

The isolates from deep soil were affiliated with five major bacterial lineages, namely
Firmicutes,  Alphaproteobacteria,  Betaproteobacteria, = Gammaproteobacteria  and
Actinobacteria (Table 4.3). Firmicutes were the most dominant division (58.8% and 61.0%
OTUs, 71.4% and 63.8% colonies) in March and July 2008, respectively. Flavobacteria and
Aquificae were absent in deep soil.

Some interesting data are referred to the most representative groups. Particularly, it clearly
results that while the number of OTUs are increasing with the depth for the Firmicutes,
such a number is decreasing for the Actinobacteria group. It seems to happen both in March
and July 2008 within the riparian buffer soil (Tab 4.3). This finding may be considered as a
microbiological picture of the riparian soil, here always mentioned as “internal soil”,
exposed to the artificial pressure deriving from the forced hydrology of the site and from
the vegetation there introduced.

Indeed, the Firmicutes are generally gram positive, spore forming bacteria often able to
adapt to extreme conditions and sometimes capable of carry on photosynthesis. These
characteristics make this bacterial division more able to colonize deep soil where organic

carbon, nitrogen and oxygen are less available. On the other hand, Actinobacteria that are
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much more involved in the organic carbon utilization, such as cellulose and lignin

degradation, results as more distributed toward the soil surface.

Surface Medium Deep
% % % % % %
Sampling  Divisions OTUS colonies OTUS colonies OTUS colonies
Firmicutes 34.2 37.3 45.8 47.8 58.8 71.4
Actinobacteria 29.0 22.7 20.8 17.4 17.7 14.3
Alphaproteobacteria 2.6 1.3 8.3 6.5 59 3.6
March 08 gy teobacteria  21.1 307 167 217 118 7.1
Internal ammaproteobacteria
Betaproteobacteria 53 4.0 4.2 2.2 59 3.6
Flavobacteria 2.6 1.3 0 0 0 0
Unclassified bacteria 5.3 2.7 4.2 4.4 0 0
Firmicutes 31.3 32.8 43.2 52.5 61.0 63.8
Actinobacteria 41.7 41.4 34.1 31.2 29.3 27.6
Alphaproteobacteria 4.2 3.5 2.8 1.6 2.4 3.5
July 08 Gammaproteobacteria 12.5 13.8 13.6 9.8 4.9 35
Internal Betaproteobacteria 6.3 5.2 0 0 0 0
Flavobacteria 0 0 0 0 0 0
Unclassified bacteria 4.2 3.5 4.6 3.2 2.4 1.7
Aquificae 0 0 2.2 1.6 0 0

Table 4.3. Phylotypes distributions of culturable communities of March and July 2008 for
the Internal soil.

Considering that the vegetation in the riparian zone has been introduced in the recent years,
the contribution of the growing plants to the soil organic carbon budget is increasing every
year. This may account for the results shown in Tab 4.5 and 4.6 showing that the trend of
the Actinobacteria biodiversity seems to change gradually. The distribution of bacteria
belonging to this division, although remaining abundant in the surface soil, seems to extend
to the medium depth and deep soil in 2009. This behavior may be ascribed to the increasing
development of the plant roots that can extend to deeper soil providing there organic carbon
exudates to the bacteria, and in some extent to the increasing organic matter input due to the
green fraction decay of the growing plants. As a consequence, the Firmicutes could have
reduced chances to colonize these environments and their high biodiversity observed in

2008 and 2009 in the deeper soil could tend to be reduced in the future.
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Surface Medium Deep

% % % % % %
Sampling Divisions OTUS colonies OTUS colonies OTUS colonies
Firmicutes 9.4 14.4 31.9 39.4 18.2 18.5
Actinobacteria 50.9 54.8 46.8 46.1 50.9 55.6
Alphaproteobacteria 1.9 1.0 4.35 2.6 7.3 6.2
October 08 Gammaproteobacteria 9.4 6.7 12.8 9.2 16.3 14.8
External Betaproteobacteria 11.3 12.5 44 2.6 7.3 4.9
Flavobacteria 5.7 3.85 0 0 0 0
Unclassified bacteria 5.7 2.85 0 0 0 0
Sphingobacteria 5.7 3.85 0 0 0 0

Table 4.4. Phylotypes distributions of culturable communities of October 2008 for the
External soil.

By comparing these data with those referred to an external soil, the above considerations
seem to assume more and more consistency. Indeed, the data reported in Tab 4.3, 4.4, 4.5
and 4.6 indicate that Actinobacteria are much more present in terms of biodiversity in all
the soil layers, while Firmicutes experienced a clear decrease as compared to the internal
soil data. The reason of that may be found on the history of the soil itself: the external soil

adopted for this study has been periodically subjected to plough, thus mixing the soil layers.

Surface Medium Deep
% % % % % %
Sampling Divisions OTUS colonies OTUS colonies OTUS colonies
Firmicutes 35.7 54.2 52.0 76.1 52.0 62.2
Actinobacteria 32.1 23.0 28.0 10.9 28.0 222
Alphaproteobacteria 10.7 6.3 4.0 2.2 0 0
April09  Gammaproteobacteria 10.7 10.4 0 0 12.0 8.9
Internal Betaproteobacteria 7.1 4.2 12.0 8.7 4.0 2.2
Flavobacteria 3.5 2.1 0 0 0 0
Unclassified bacteria 0 0 4 2.2 4.0 4.4
Sphingobacteria 0 0 0 0 0 0
Firmicutes 31.0 40.8 37.5 47.8 50.0 42.6
Actinobacteria 44.8 40.8 50.0 45.7 45.0 48.9
Alphaproteobacteria 0 0 4.2 2.2 0 0
April 09 Gammaproteobacteria 6.9 4.1 4.2 2.2 5 8.5
External  Betaproteobacteria 3.5 4.1 0 0 0 0
Flavobacteria 6.9 6.1 4.2 2.2 0 0
Unclassified bacteria 0 0 0 0 0 0
Sphingobacteria 7.0 4.1 0 0 0 0

Table 4.5. Phylotypes distributions of culturable communities of April 2009 for Internal
and External soils.
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Surface Medium Deep

% % % % % %

Sampling Divisions OTUS colonies OTUS colonies OTUS colonies
Firmicutes 34.1 30.4 42.4 51.7 46.7 64.8
Actinobacteria 17.1 17.9 18.2 12.1 36.7 22.2
Alphaproteobacteria 4.9 3.6 3.0 3.5 33 1.9

October 09 = Gammaproteobacteria 22.0 32.1 30.3 27.6 6.7 7.4

Internal Betaproteobacteria 9.8 7.1 3.0 3.5 6.7 3.7
Flavobacteria 7.3 5.4 0 0 0 0
Unclassified bacteria 2.4 1.8 0 0 0 0
Sphingobacteria 2.4 1.8 3.0 1.7 0 0
Firmicutes 26.5 19.3 12.9 13.7 333 28.9
Actinobacteria 52.9 59.7 54.8 64.7 50.0 59.6
Alphaproteobacteria 2.9 3.5 0 0 0 0

October 09 ~ Gammaproteobacteria 11.8 14.0 22.6 13.7 16.7 11.5

External Betaproteobacteria 2.9 1.8 9.7 7.8 0 0
Flavobacteria 0 0 0 0 0 0
Unclassified bacteria 0 0 0 0 0 0
Sphingobacteria 2.9 1.8 0 0 0 0

Table 4.6. Phylotypes distributions of culturable community of October 2009 for Internal
and External soils.

4.3.7. Principal component analysis (PCA) of culturable isolates

All the above data were analyzed by PCA, studying the relationships among microbial
culturable communities.

Phylotypes distributions of March and July 08 internal soil are shown in Fig 4.22.

A distinct difference in microbial community composition was observed in relation to
seasons and different soil levels. In fact, the microbial communities of March and July 08
surface soil were significantly different from those recovered in the medium and deep soil.
The relationships among microbial communities distribution of April 2009, internal and
external soils, are shown in Fig 4.23A. The samples from April 2009, internal soil, were
well separated from the samples of April 2009, external soil, at all the soil depths. These
results clearly confirm the considerations made above that the overall community structure
of the riparian zone experienced conditions significantly affecting its composition and
biodiversity.

Similar results were obtained when the relationship among microbial communities where

carried out for the data related to October 2009, internal and external soils (Fig 4.23B).
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Fig 4.22. Principal component analysis (PCA) of surface, medium depth and deep Internal
soil of March and July 08, based on data of 16S rDNA Phylotypes distribution.
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Fig 4.23. Principal component analysis (PCA) of Internal and External surface, medium
depth and deep soils (April 09 and October 09) based on 16S rDNA Phylotypes
distribution. A: April 2009, B: October 2009.
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4.3.8. Diversity index of culturable bacteria

Shannon-Wiener Diversity Index (H) was determined for the microbial communities of the
surface, medium depth and deep soil for 2008 and 2009, as shown in Table 4.7. The results
seem to reinforce the observations made in the above sections, clearly indicating a decrease
in the diversity for deep soil as compared to the medium and surface ones, in both internal
and external samples.

Simpson’s dominance index (D) was also calculated and the data are shown in Table 4.7.

Index values are lower for surface soil and increase according to the depth.

Surface Medium Deep
Sampling H D H D H D
Internal 08
March 08 Internal 1.56 0.25 1.45 0.29 1.20 0.40
July 08 Internal 1.43 0.29 1.31 0.32 1.20 0.46
Internal and External 09
April 09 Internal 1.52 0.26 1.27 0.34 1.21 0.37
April 09 External 1.39 0.31 1.11 0.40 0.86 0.46
October 09 Internal 1.75 0.21 1.35 0.31 1.20 0.36
October 09External 1.20 0.36 1.16 0.38 1.01 0.39

Table 4.7. Diversity Index of culturable bacterial communities. H: Shannon-Wiener
Diversity Index, D: Simpson’s dominance index

4.4. Further considerations

In the current study, culture independent and culture dependent approaches were used to
analyze soil microbial diversity inside and outside the riparian strip at different soil depths
and seasons.

In general it can be observed that in accordance with literature (Braun et al., 2006; Fierer et
al., 2003; Fritze et al., 2000), in deep soil all the analyzed parameters (total, CTC+ and
culturable cells) have lower values if compared with those of surface soil. These results
clearly indicate that in surface soil microorganisms are present in higher number and are

more metabolically active than deeper in the soil (Fig 4.7-Fig 4.8). Moreover, from colony
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morphologies observation, the microbial diversity seems to be more intense in surface soil
(Fig 4.10). These evidences are confirmed by DNA based analysis.

In July, when the temperature was higher, a lower number of living and metabolically
active cells was observed when compared with April-October sampling time (Fig 4. 5).
This result is confirming that metabolic activity of microorganism strongly depends upon a
number of environmental factors such as temperature, as described by Promeroy & Wiebe
(2001) and Price & Sowers (2004).

In this study, in all samples, at any level and at any time, the culturable cells are a small
percentage of CTC+ that are themselves a percentage of total living population. These
results confirm the well-known evidence that in natural environments, such as soil,
culturable bacteria are only a small percentage of the totals (Janssen et al., 2002;
Zdanowski et al., 2001; Sigler et al., 2002; Aislabie et al., 2006; Edenbor and Sexstone,
2007; Stress, 2007).

More metabolic active cells were obtained in internal samples at three different soil depths
as compared with the external ones (Fig 4.7 and Fig 4.8). These results could be explained
by the fact that the external soil was left uncultured, while in the internal soil several plants
were grown. Root exudates contain organic, inorganic and growth stimulating substances
that enrich soil quality and the nitrogen flux coming from the Zero river can further support
their growth. These clearly confirm that the plants can play an important role for supporting
and developing microbial diversity in soil (Kuske et al., 2002; Smalla et al., 2001; Grayston
et al., 2001; Curl and Truelove, 1986; Garbeva et al., 2004).

Molecular techniques based on ARDRA and 16S rDNA sequencing have been widely used
to evaluate changes in microbial community structures. For example Smit et al. (1997) and
Torsvik et al. (1998) found a distinct difference in microbial community structure in soil
contaminated with heavy metals compared to uncontaminated soil. The ARDRA technique
provided information on the genetic diversity among the culturable bacteria in soil
populations revealing a higher biodiversity in the riparian strip soil as compared to the
outside soil (Table 4.1B and Table 4.1C).

A number of studies have found 16S rDNA sequences that identify a single bacterial
species or differentiate among a limited number of different species or genera (Becker et

al., 2004; Bertilsson et al., 2002; Choi et al., 1996; Clarridge, 2004; Kataoka et al., 1997;
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Lu et al., 2000; Marchesi et al., 1998; Maynard et al., 2005; Rothman et al., 2002; Yang et
al., 2002). On the basis of 16S rDNA analyses, Hugenholtz et al. (1998) reported that the
phyla Proteobacteria, Cytophagales, Actinobacteria and Firmicutes are well represented
among cultivated microorganisms ccounting for 90%. In the present study, 16S rDNA
Phylotypes distribution within soils from March 08 and July 08 internal samples were
affiliated with five to seven major bacterial divisions, namely Firmicutes,
Gammaproteobacteria,  Actinobacteria,  Alphaproteobacteria, Betaproteobacteria,
Flavobacteria and Unclassified bacteria (Table 4.3).

Bacterial divisions were slightly more in internal soil as compared to the external. Five to
eight major bacterial divisions were found in internal soil samples in April 09 and October
09 (Table 4.4 and Table 4.5), whereas three to six major divisions were found in external
soil samples of April 09 and October 09 (Table 4.4 and Table 4.5). These results indicate
that in the riparian strip soil the microflora biodiversity increased if compared with that of
the external area. Moreover, the numbers of divisions seem to be higher within the surface
soil layer and to decrease according to soil depth. In this analysis, Acidobacteria and
Verrucomicrobia were not found within the culturable bacterial community. These phyla
such are mainly revealed only by clonal analysis, and are poorly represented by sequences
from cultivated organisms. For example, Acidobacteria appear to be numerically dominant
and active in most soils and form up to 52% of 16S rRNA gene sequences in clone libraries
(Kuske et al., 1997; Nogales et al., 1999; Felske et al., 2000); however, only few isolates
have been obtained from soil (Kishimoto and Tano, 1987; Sait et al., 2002).

In the riparian strip ecosystem, Firmicutes were dominant with high percentage of colonies
and OTUs as compared to the external soil (Table 4.4 and Table 4.5). Similarly, many
researchers have found Firmicutes to constitute a dominant portion of culturable bacterial
populations in metal-polluted soils (Gans et al., 2005; Desai et al., 2009). It has been also
established that Firmicutes contribute to a mere 12% to the total pristine soil bacterial
community (Kapley et al., 2007) an, recently Ishii et al. (2009) demonstrated that they are
dominant in rice paddy soils and potential key players in nitrate respiration and
denitrification; these results were obtained by comparing the community structures of soils
with strong denitrifying activity to those of soils without denitrification. The riparian strip

soils described in this research are in a water management systems carrying dissolved
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nitrogen from Zero river through specifically designed ditches thus supporting a potential
selection of Firmicutes bacteria as dominant members of the community.

Bacillus and Paenibacillus are members of Firmicutes and were well represented in the
isolates from our soils. Previous researches reported that the genera Bacillus are able to
remove nitrogen and phosphorus as well as organic matter efficiently (Choi et al., 2000,
Kim et al., 2005).

Proteobacteria found in the internal surface soil in March and July 08 shared common
lineages with different species of the genera Pseudomonas, Lysobacter, Xanthomonas,
Stenotrophomonas, Ensifer, Bosea, and Variovorax. It must be noted that Ensifer sp was
present only in surface soil in July 08, while Bosea sp was present in March 08 (Fig 4.13).
This result is indicating seasonal and spatial variations in microbial community structure as
previously reported in other studies (Tan et al., 2009).

Alphaproteobacteria found in deep soil in March and July 08 shared common lineages with
Rhizobium, Sphingomonas, Enterobacter, Stenotrophomonas and Xanthomonas that are
completely different than those found in both surface and medium soils in March and July
08 (Fig 4.15). This means that the bacterial groups present in the surface and medium depth
soils are not always found in the deeper horizons, suggesting that this deeper level produces
a selective pressure on the microbial community reducing or suppressing one or more
fractions of the bacterial population. On the other hand, some microbial groups dominate
only in the deeper soil horizons, thus demonstrating that this deep environment can even
support some bacterial species which has to be specifically adapted. On the same line are
some previous observations (Tsai et al., 2007, Tsai et al., 2009).

Phylogenetic analysis of Proteobacteria division revealed that more diverse genera were
present in April and October 09 in the internal soil as compared to the external, Some of
these genera, especially found in the internal samples, are detected as denitrifiers, like
Bosea sp (Falk et al., 2010) and Rhodovulum (Srinivas et al., 2007), while Sphingomonas is
reported as organic matter (OM) degrader (Leys et al., 2004; Stolz, 1999; Cassidy et al.,
1999; Keim et al., 1999).

The genera Pseudomonas and Xanthomonas were common in both sites (Internal and

External) at all the soil depths (Fig 4.16 and Fig 4.21). A similar result was obtained by
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Shuai et al. (2010). These evidences could be explained by the fact that some genera are
well distributed in many environments due to their nutritional flexibility.

Proteobacteria division revealed that the genera Lysobacter and Stenotrophomonas were
well distributed in the internal soil in April and October 09. This abundance could be
expected in soils with adequate organic carbon content (Maeda et al. 2009, Yu et al., 2009)
Phylogenetic analyses of Proteobacteria have also indicated that some genera are typical for
specific soil sites, seasons and levels. For example, the genera Variovorax, Acetobacter and
Stenotrophomonas were present only in the medium depth layer of the internal soil in April
09, while Ochrobacterium sp was present in the external (Fig 4.17). Similarly, in October
09, Sinorhizobium sp, Lysobacter sp and Stenotrophomonas sp were present only in the
medium depth internal soil, while Citrobacter and Subtercola were present in the same
layer of the external soil (Fig 4.20)

Betaproteobacteria were absent in the medium depth external soil of April 09 and deep soil
of both April 09 and October 09 (Fig 4.18 and Fig 4.21) and in the internal soil were
present with different strains of Variovorax and Achromobacter sp (Fig 4.21). In other
studies, Betaproteobacteria predominance coincided with that found in other heavy metal
contaminated soils, gold tailings, and uranium mine sediments (Akob et al., 2007; Chang et
al., 2001; Fields et al., 2005; Peacock et al., 2004; Reardon et al., 2004).

The Actinobacteria showed less percentage in both March and July 08 for the internal soil
as compared to Firmicutes division (Table 4.3) even if the numbers of genera were variable
with soil depth (Fig 4.13-Fig 4.15). These evidences agree with previously published works
on the average abundance of 16S rDNA clones of Actinobacteria, originating from various
soils and depths (Girvan et al., 2003; Borneman and Triplett, 1997; Lee et al., 1996;
McCaig et al., 1999).

The Actinobacteria division were the most dominant in the external (46.8% - 48.9%
colonies in April 09 and 59.7% - 64.7% colonies in October 09) as compared to the internal
soil (10.9% - 22.9% colonies in April 09 and 12.1% - 17.9% colonies in October 09) (Table
4.4 and Table 4.5). This may reflect the lack of organic carbon and energy sources in the
external soils. Similarly, Yendi et al. (2010) detected Actinobacteria as the most abundant
group in bulk soils with a high concentration of heavy metal-sulfur complexes, and lacking

carbon and organic energy sources. This is in accordance with other studies where
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Actinobacteria phylum was largely represented in ribosomal libraries from heavy metal
polluted soils (Gremion et al., 2003; Herrera et al., 2007; Mendez et al., 2008).

Among the isolates from external soil on April and October 09, the majority of the isolates
belong to the genus Arthrobacter of the Actinobacteria division. Some researcher reported
that these bacteria are considered to be very common in soil and have been found to be
among the predominant members of culturable communities from several terrestrial
subsurface environments (Crocker et al., 2000; Overhage et al., 2005). Among the
explanations advanced for their ubiquity or even predominance in soil are their resistance to
desiccation and nutrient depletion, and their nutritional versatility.

The genera Microbacterium and Streptomyces were other abundant genera in the external
soils (Fig 4.16-Fig 4.21). Similar results are obtained by Niva et al. (2006) from boreal
forest with acidic and poor nutrient containing soil. Agromyces and Isoptericola were most
abundant in April 09 internal soils at surface and deep soil levels (Fig 4.16).

In addition several rare and novel Actinobacteria genera were detected, including
Frigoribacteria, Kitasatospora sp. and Isoptericola sp in the internal deep soil of April and
October 09, whereas Leifsonia sp. and Cellulosimicrobium sp. were found only at medium
soil depth of external samples. For instance, Kitasatospora is reported as a novel species
(Liu et al., 2005), Isoptericola sp was described as a new genus (Zhang et al., 2005) and
Leifsonia sp as a novel species (Pindi et al., 2009).

Differences in Flavobacteria community complexity were observed between the internal
and external soils. For example, Flavobacteria with Flavobacterium sp was found at low
percentage (2.6% OTUs and 1.3% colonies in March 08, 3.5% OTUs and 2.1% colonies in
April 09 and 7.3% OTUs and 5.3% colonies in October 09) in the internal surface soil. On
the other hand, Flavobacteria with Chyseobacterium sp. was observed only in the April 09
external surface and medium depth soil with less percentage (6.9% OTUs and 6.1%
colonies in surface, and 4.2% OTUs and 2.2% colonies in medium depth soil) (Table 4.4
and Fig 4.16 and 4.17). The presence of the Flavobacteria subdivision is less common
according to some authors (Dunbar et al., 1999; Chow et al., 2002; Fierer et al., 2005; Tsai
et al., 2009).

The bacterial division Sphingobacteria, with Sphingobacterium, was found in the external

surface soil of April 09 (Fig 4.16), while Pedobacter was only found in the internal surface
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soil of October 09 (Fig 4.19). The type genus Sphingobacterium was proposed by Liu et al.
(2008), while the genus Pedobacter was detected from forest soil as a novel sp. by Gordon
et al. (2009).

Principal components analysis (PCA) is a very useful tool in ecosystem studies (Clement et
al., 1998; Tiquia, 2005). In this study, PCA was used to determine the relationships among
microbial communities by 16S rDNA Phylotypes distribution. The results of PCA indicate
a completely different microbial community composition between internal and external
soils (Fig 4.23), with enhanced differences for the surface soil (Fig 4.22).

A range of diversity indexes have been used with bacterial communities, in particular the
ubiquitous Shannon index, the evenness index derived from it, and Simpson’s dominance
index (Dunbar et al., 1999; Cho and Kim, 2000; McCaig et al., 1999). The Shannon index
(H) seems to be a useful general diversity index that is influenced by both richness and
evenness and is more sensitive to changes in abundance of the rare groups (Hill et al.,
2003). In contrast, the reciprocal Simpson’s indexes (D) are heavily weighted by the
dominant(s) and it has been widely used for microbial ecological studies and has good
discriminating ability (Zhou et al., 2002). In this study, Diversity index was determined by
two alternative ways for comparative diversity analysis. Higher Shannon—Wiener or lower
reciprocal Simpson’s index values describe a community with greater numbers of species
and a more even distribution of species (Gomez-Alvarez et al., 2007). In this study an
increased species evenness index and a decreased species dominance index was found for
the internal soil samples as compared to the external one (Table 4.7). Moreover, a lower
evenness index and higher dominance index for the deep and medium depth as compared to
that of the surface soil indicate a possible effect of plant and organic matter on bacterial
community structures. Aeration and organic substrate supply decreased with the increasing
soil depth, leading to reduction of the bacterial species number and disappearance of
bacteria unable to survive such adverse conditions. Other studies using, 16S rRNA gene
(Tsai, et al., 2009), phospholipid fatty acid analysis (Blume et al., 2002), fluorescence in
situ hybridization (Kobabe et al., 2004), and terminal restriction fragment length
polymorphism analysis (LaMontagne et al., 2003) have also shown a significant reduction

in the species number of soil microbial communities with changes in soil depths.
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5. Microbial Community Analysis in Wooded Riparian Strip
Soil by 16S rDNA PCR-DGGE.
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5.1. Introduction

Despite considerable interest in the microbiology and biochemistry of soils, relatively little
is know about the diversity and ecology of the microbial community (Nakatsu et al., 2000).
Studies have demonstrated that microbial community is dependent on available organic
matter, macro flora, and fauna. .The enormous range of complexity in soil microbial
communities has made it an incredibly challenging ecosystem to study (Torsvik and
@vreés, 2002; Torsvik et al., 2002).

A number of molecular biological approaches are now being used to gain a better
understanding of the ecology of soil microbiota (Nakatsu, 2004). This has helped soil
scientists to evaluate differences in microbial communities with respect to their
environment. It has enabled advancement beyond the traditional laboratory cultivation
approaches that were able to capture only about 1% of the community in the past (Staley
and Konopka, 1985). The majority of molecular methods currently being used for
community analysis examine nucleic acids, whereas PCR amplification has been used to
increase copies of a target gene for easier detection. Examples of methods being used to
directly analyze nucleic acids are DNA:DNA reassociation kinetics (Torsvik et al., 1990),
nucleic acid hybridization (Buckleyet al., 1998), fluorescent in situ hybridization
(Christensen et al., 1999; Ravenschlag et al., 2000), microarrays (Rhee et al., 2004; Small
et al., 2001), and metagenome sequence analysis (Handelsman, 2004).

The sequence composition based separation technique of PCR products of the same length
utilising chemical denaturants (urea and formamide) has become a standard method for
rapid and accurate screening of complex microbial communities in clinical microbiology,
food safety, and environmental microbiology (Muyzer et al. 1993). Specific primers have
been designed for assessing microbial communities, functional groups, genus, or species of
complex ecosystems (Muyzer et al. 1993; Nakatsu et al. 2000; Vainio and Hantula 2000;
Kowalchuk et al. 2006; Miihling et al. 2008; Cheng et al. 2009). The strength of the DGGE
method applied to soil ecology is the rapid, simple, reproducible, efficient (contemporary
processing of a large number of samples), and low-cost way to assess microbial populations
in complex communities and to monitor their response to environmental changes (Agnelli

et al. 2004; Lynch et al. 2004; Ascher et al. 2009a).
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Bacterial communities have been examined by PCR-DGGE from almost every soil
environment, including fresh soil (Jolanda et al., 2008), archived soil (Tzeneva et al., 2009),
agricultural soils (Nakatsu et al., 2000), plant rhizospheres (Duineveld et al., 1998;
Marschner et al., 2001; Yang and Crowley, 2000), forests (Jaatinen et al., 2004; Laverman
et al., 2005; Marschner and Timonen, 2005, Toms et al., 2010), grasslands (Felske and
Akkermans, 1998; Griffiths et al., 2003; Ritz et al., 2004), upland (Dilly et al., 2004; Sun et
al., 2004), rice paddy agricultural soils (Weber et al., 2001), oil-contaminated paddy soil
(Zhang et al., 2005), orchards (Yao et al., 2005), wetlands (Ibekwe et al., 2003; Jaatinen et
al., 2005; Wartiainen et al., 2003), industrial sites (Zocca et al., 2004), desert soil crusts
(Nagy et al., 2005), sand dunes (Kowalchuk et al., 1997b; Smith et al., 2004), landfills
(Wise et al., 1999), nematode egg masses (Papert et al., 2004), and plant endophytes
(Kuklinsky-Sobral et al., 2005; Seghers et al., 2004). These studies were able to illustrate
and compare the complexity of communities in these various environments. Because
DGGE does not depend on cultivation, it has revealed greater diversity than previously
uncovered using traditional cultivation methods (El Fantroussi, 2000; Nakatsu et al., 2005;
Wise et al., 1999).

Taking into account the above reason, the distribution and dynamic of the bacterial
communities in the soil systems under study have been here investigated by PCR-DGGE

analysis.
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5.2. Materials and Methods

5.2.1. Collection of samples

(Same as Chapter I, material and methods section)

5.2.2. DNA extraction and purification from dry soil

DNA from soil was extracted using the Power Soil "™ DNA Isolation Kit (Mo Bio
Laboratories Inc., USA). DNA isolation was performed from 0.50 g dry soil according to
the manufacturers’ instructions, modified as follows: extra glass beads (0.15 — 0.30 g., bead
size 0.1 mm) were added to the soil samples and the cells were disrupted by bead beating
(Mini-bead beater™, Bio Spec products, USA). To obtain pure DNA, the samples were
incubated at 37°C with RNase A (Sigma) at a final concentration of 100 pg ml™' for 10 min
(Griffiths et al., 2000).This purified DNA was used for PCR.

5.2.3. Polymerase Chain Reaction (PCR) of 16SrDNA from total DNA of soil samples
PCR was performed for 16S r DNA in a final volume of 25 pl containing 10% assay buffer,
1.0 unit of TaqDNA polymerase (Amersham Biosciences), 0.2 mM each of dNTPs, 200 nM
of each primer 63F5’CAGGCCTAACACATGCAAGTC (Marchesi et al.,1998) and
1389R5’ACGGGCGGTGTGTACAAG (Osborn et al., 2000) and 100 ng template DNA.
The thermal cycler (Bio Rad ICycler 170-8740) was programmed for the initial
denaturation step (94°C) of 5 min, followed by 44 cycles of 1 min denaturation along with
1 min primer annealing (37°C) and 2 min primer extension (72°C), followed by the 7 min
primer extension (72°C) step. Fragments were analyzed by 1% agarose gel electrophoresis
in 0.5% tris Borate EDTA buffer, at a constant voltage of 100V. Gel images were acquired
in digital format using an EDAS 290 Image capturing system (Kodak, Rochester,NY).

5.2.4. Denaturing Gradient Gel Electrophoresis (DGGE) analysis of PCR-amplified
16S rDNA fragments

A 433 bp fragment (V6-V8 region) of the 16S rDNA sequence was amplified by using the
primer pair F984GC/R1378, which is suitable for total community fingerprinting (Heuer et
al., 1997). Each 25 pl reaction contained 10x buffer, 3.75 mM MgCl,, 4% (w/v) acetamide,
0.2 mM deoxynucleoside triphosphates (Roche Diagnostics, Mannheim, Germany), 0.2 uM
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of each primer (GC-F968-984, R1378-1401, synthesized by TIB-MolBiol, Berlin,
Germany) and 2.5 U Taq DNA polymerase fragment (Applied Biosystems, Darmstadt,
Germany), to which 1 pl template DNA (ca. 20 ng) was added. After 5 min of denaturation
at 94 °C, 35 thermal cycles including 1 min at 94 °C, 1 min at 53 °C and 2 min at 72 °C
were performed, followed by a final extension at 72 °C for 10 min. At least two
independent PCRs were done per sample and analyzed separately. Amplicons were checked
on 1% agarose gels. DGGE analysis was performed as described by Heuer et al. (2002)
with a denaturing gradient of 26 to 58% (where 100% denaturant contains 7 M urea and
40% formamide) but with an additional acrylamide gradient of 6 to 9%to enhance the bands
resolution and sharpness (Gomes et al., 2005). The DCode™ Universal Mutation Detection
System (Bio-Rad Laboratories, Miinchen, Germany) was used. Approximately equal DNA
amounts of the PCR products were loaded on the DGGE either in blocks of samples from
the same site, or randomly. The products were separated during the running in 1x TAE
buffer (40 mMTris—acetate, | mM EDTA, pH 8.0) for 6 hours at a constant voltage of 220
V and temperature of 58 °C. The gels were silver stained, dried at 37 °C and scanned. At
least two different DGGE runs were carried out for all samples and for both loading orders
of the samples on gel, in order to estimate the reproducibility of DGGE profiles generated

with different loading schemes of samples.

5.2.5. Identification of DGGE bands and cluster analysis of profile

DGGE bands were identified by visually inspecting gel images in BioNumerics version 4.5
software program through band intensity. Brightness and contrast were adjusted for each
image to facilitate band identification. Similarities between microbial communities of
DGGE profiles generated by Dice similarity index were based on UPGAMA (Unweighted
Pair Group Method using Arithmetic Averages) analysis using the BioNumerics version 4.5

software (www.applied-maths.com).

5.2.6. Statistical analysis of DGGE banding patterns

Diversity index was measured by Shannon diversity index (H) (Shannon and Weaver, 1963,
Ibekwe et al., 2010). The Shannon diversity index (H) is commonly used to characterize
species diversity in a community. In this analysis we used single band as a species. Because

as different species may have same melting behavior, a single band in DGGE profiles could
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be identified as different bacterial species (Wang et al., 2007). Shannon's index accounts for
both abundance and evenness of the species present. The proportion of species i relative to
the total number of species (p;) is calculated, and then multiplied by the natural logarithm of

this proportion (Inp;). The resulting product is summed across species, and multiplied by -1:

H= _Zpi Inp;

Principal components analysis (PCA) was performed by XLSTAT 2007 software to
determine the possible relationships between microbial communities on the basis of the

DGGE banding patterns.
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5.3. Results and Discussion

5.3.1. PCR amplification of 16S rDNA of soil microbial communities

Total DNA was extracted directly from the dry soils of inside (Internal) and outside
(External) the riparian zone, at different depths and at different seasons. 16S rDNA was
amplified from the extracted DNA by PCR. The extracted DNA from surface and medium
depth soil produced satisfactory amplification in both internal and external samples
(examples of amplification 16S rDNA of October 09 are shown in Fig 5.1). Different
dilutions (no dilution, 1/10, 1/100) of extracted DNA were used for PCR. 1/100 dilutions
were proved reliable and produced high yields of PCR products compared to undiluted and
1/10 diluted DNA (Fig 5.I). 16SrDNA PCR products from surface and medium levels
resulted more intense as compared to those from deep levels (i.e. see Fig 5.1), indicating

that the microbial population is more abundant in the surface levels.

Internal soil October 09 | | External soil October 09 |
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- ey s |
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B o [ -
A oo | o | [ o |

2000bp = =
1500bp [EEEEEEE

[ 1000bp e X

C 2500bp
2000bp |t

—

Fig 5.1. 16SrDNA amplification of DNA extracted from 0.5g dry soil. A, B, & C indicate no
Dilution, 1/10 dilution and 1/100 dilution, respectively. S, M, &D indicate surface, medium
and deep level soil, respectively. Kb is 1000 base pair marker and CN mean negative control.
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5.3.2. DGGE band analysis of microbial communities of soil samples

In the current study, 16S rDNA PCR-DGGE based approaches were used to analyze the

microbial populations in the riparian strip.

The variable region V6-V8 of 16S rDNA was amplified from the 16S rDNA and produced

good amplification in all the soil samples (as an example see Fig 5.2).

Internal soil October 09 External soil October 09

A A

[ \
1500bp El B I I N BN B B I D G kR
1000bp '
500bp

| S= surface level soil I I M= medium level soil I I D= Deep level soil |

I Kb= Marker (kilo base pair)l

Fig 5. 2 Amplification of the V6-V8 variable regions of 16S rDNA for DGGE analysis.

In DGGE pattern of amplified variable region V6-V8 of 16S rDNA, each DNA band at
different locations and its relative concentration (brightness), may represent a particular
microbial species and its relative abundance/richness within the microbial community
(Muyzer et al, 1993, Wenhui et al, 2007). Because the PCR template is the total soil DNA,
which included the DNA of culturable and unculturable microorganisms, PCR-DGGE can

reflect more microbial species than culturable microorganisms.

In the present study this technique produced good amplification in all the soil samples (as
an example see Fig 5.2). The amplified variable region was used in DGGE analysis to
identify the total microbial communities of internal and external soils at three different
depths (surface, medium depth and deep soil) for years 2008 and 2009. Band positions were
measured by percentage of denaturant concentration through BioNumerics version 4.5

software and the results are shown in Fig 5.3 and Fig 5.4.
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Some bands were found only in the internal soils, whereas some ones were present only in

the external one (Fig 5.4).

A

09SI= October 9 surface internal,
A9SI= April 9 surface internal,
08SI= October 8 surface internal,
J8SI=July 8 surface internal,
A8SI= April 8 surface internal,
M8SI= March 8 surface internal
Ma= marker

A%SI || Ma |l ossi 1851 Assl || mssI

Serratia sp

Sphingobacterium sp

Aarnhacteriim
Xanthomonas sp
Flavobacterium johnsoniae

Terribacillus saccharophilus
Rhizobium sullae

Agromyces allii

Arrows a indicate common bands
and d indicate dissimilar bands.
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Arrows a indicate common band
and d indicate dissimilar band.

Serratia sp
Sphingobacterium sp

éﬁ Agrobacterium sp

E Omoas 5o
<= Flavobacterium johnsoniae

Terribacillus saccharophilus
Rhizobium sullae
Agromyces allii

09MI= October 9 medium internal,
A9MI= April 9 medium internal,
08MI= October 8 medium internal,
J8MI=July 8 medium internal,
A8MI= April 8 medium internal,
M8MI= March 8 medium internal
Ma=marker
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09DI= October 9 deep internal,
A9DI= April 9 deep internal,
08DI= October 8 deep internal,
J8DI=July 8 deep internal,
A8DI= April 8 deep internal,
M8DI= March 8 deep internal
Ma= Marker

Serratia sp
Sphingobacterium sp

R —

Agrobacterium
Xanthomonas sp
Flavobacterium johnsoniae

Terr bac illus sac /mrophl/us
IZO um su ae

Agromyces allii

Arrows a indicate common band
and d indicate dissimilar band.

—H 4% HE RN . |

Fig 5.3. DGGE band patterns of microbial communities at different seasons and depths of
soil. A, B and C indicate surface, medium depth and deep of internal 2008 and 2009 soil,

respectively
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DGGE lane indicates
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Sphingobacterium sp
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120



C

October %Internal October %Internal

4
[va [[ D] LMILS |IL D | LMI[S \|‘| Ma |  DGGE lane indicates
S=surface, M= medium,
D = deep and Ma= marker
a= common band in internal
b= common band in external

¢ = common band both internal
and external

d= different band from Internal and
external

Serratia sp
Sphingobacterium sp

Agrobacterium sp
[_)I(antgomonas S .
avobacterium Johnsoniae
Terribacillus saccharophilus
Rhizobium sullae
Agromyces allii

Fig 5.4. DGGE band patterns of microbial communities at different seasons and depths of
internal and external soil samples. A, B and C indicate October 09, April 09 and October 08
soil samples (internal and external), respectively.
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The number of bands obtained (Table 5.1) are in accordance with previous research:
Nakatsu (2007) reported that, from soil samples, 20 to 40 bands in a DGGE profile can be
clearly resolved in a gel.

A rapid observation of the number of bands, as reported in Table 5.1, confirms what it was
observed for the culturable fraction of the microbial community: in both internal and
external soils the numbers of species increase from deep to medium depth and from
medium depth to surface soils. Indeed, the surface soil seems to hold always higher
numbers as compared to the other two soil layers, with the deeper one showing the lowest
diversity. Moreover, the samples collected in October 2008, April and October 2009 enable
to compare external and internal soils and show that higher numbers of bacterial species
were present in the internal soil microbial communities: 25-44 bands were obtained for
internal soil at three different soil depths, while only 12-35 bands were found for the
external soil. Once again, these results indicate that the treatment applied to the buffer zone

is positively affecting the soil microbial biodiversity.

Surface Medium Deep
Internal External Internal External Internal External

2008 March 41 28 25

April 39 27 25

July 36 30 27

October 37 31 32 26 27 14
2009 April 39 30 29 25 27 22

October 44 31 35 26 31 20

Table 5.1. Difference in band numbers obtained from microbial communities present in
internal and external soil samples.
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5.3.3. Identification of the main microbial groups

Eight know bacterial species (Serratia sp, Sphingobacterium sp, Agrobacterium sp,
Xanthomonas sp, Flavobacterium johnsoniae, Terribacillus saccharophilus, Rhizobium
sullae and Agromyces allii) were used as a marker to identify the microbial communities of
soil. The results shown in Fig 5.3 and 5.4 may be used in the future to better understand the
key bacterial genera living in these soils and to try to identify some particular microbial
groups showing specific properties related to the buffer zone developed for water
remediation. This intent is out of the main objectives of this study and will be extended in

the coming years.

5.3.4. Cluster analysis

The presence and absence of bands in two PCR-DGGE profiles have been used to create a
binary matrix for quantitative comparisons between two communities (Kropf et al., 2004;
Wilbur et al., 2002). In this current study, similarities between microbial communities of
DGGE profiles were generated by Dice similarity index based UPGAMA (Unweighted Pair
Group Method using Arithmetic Averages) analysis using the BioNumerics version 4.5
software.

The related results are shown in Fig 5.5, Fig 5.6 and Fig 5.7.

As clearly shown in Fig 5.5, distinct and separate cluster groups were obtained from
different soil depths for the samples collected in the buffer zone, further confirming that
microbial community composition is different for each soil layer, probably according to the
sources and availability of nutrients and oxygen accessibility. This is also in agreement
with a number of previous studies showing that subsurface microbial communities are
distinct in composition from the surface communities (Ghiorse and Wilson, 1988;
Zvyagintsev, 1994; Fritze et al., 2000; Blume et al., 2002). Similarly, other Authors (Fierer
et al., 2003; Steenwerth et al., 2008; Thoms et al., 2010) reported that the microbiota is
more abundant within the first few centimeters of the topsoil, due to the possible copious
food supply deriving from the decomposition of plant litter and plant residues.

On the other hand, profiles obtained from the external soil samples revealed that they do
not cluster separately in different groups (Fig 5.6), indicating that outside the buffer zone

under study no significant differences in the microbial community compositions occur at all
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the soil depths tested. This is probably due to agronomic treatments of ploughing, applied
to the external soil. Some authors reported, for several soils, that the microbial population
structure and activity are affected by plough (Lynch and Panting, 1980; Patra et al., 1990;
Buchanan and King, 1992; Kaiser and Heinemeyer, 1993; Blume et al., 2002).

Finally, by clustering together the DGGE profiles related to the internal and the external
soils, the groups remain perfectly separated. (Fig 5.7), thus reflecting the different history
of the two soils in terms of assessment, treatments and vegetation there developed (root
exudates contain organic, inorganic and growth stimulating substances that enrich soil
quality, and the nitrogen flux coming from the Zero River can further support their growth).
This clearly confirms that the plants play an important role in supporting and developing
microbial diversity in soil, as previously reported (Kuske et al., 2002; Smalla et al., 2001;
Grayston et al., 2001).

The above observations definitely confirm that the treatments applied to the wooded
riparian zone in terms of water flux and vegetation, unambiguously affect the soil microbial
composition by selecting some specific bacterial groups for each soil depths, thus assuming
a very different structure as compared to the bacterial community of an untreated soil

located outside the riparian buffer strip.
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Fig 5.5. DGGE clusters analysis of microbial communities of internal soil samples (2008
and 2009). S, M and D indicate surface, medium depth and deep soil, respectively. The
dissimilarity matrix for each sample was determined using Pearson correlation, and
clustering was performed by BioNumerics.
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Fig 5.6. DGGE clusters analysis of microbial communities of external soil samples (2008

and 2009). S, M and D indicate surface, medium depth and deep soil, respectively. The

dissimilarity matrix for each sample was determined using Pearson correlation, and
clustering was performed by BioNumerics.
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Fig 5.7. DGGE clusters analysis of microbial communities of internal and external soils for
both year 2008 and 2009. S, M and D indicate surface, medium depth and deep soil,
respectively. The dissimilarity matrix for each sample was determined using Pearson
correlation, and clustering was performed by BioNumerics.
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5.3.5. Principal component analysis (PCA) of the soil microbial communities
Multivariate analysis methods, such as principal components analysis (PCA; Pielou, 1969),
have been used to analyze large data sets with greater sources of variation (Gremion et al.,
2004; Joynt et al., 2006). A PCA calculates and ranks the contribution of each variable in a
profile, and the approach can be used to identify the main sources of variation observed
between profiles (Wilbur et al., 2002). For example, in DGGE profiles, the source (band)
contributing to the greatest variability can be statistically determined, then the bands can be
extracted from the gel, and their nucleotide sequences determined to identify specific
components of the bacterial population.

The results here obtained are shown in Fig 5.8.

PCA analysis, while confirming the results discussed above, gives further information on
the composition and dynamic of the microbial community of these soils. Fig 5.8A shows
the behavior of the principal components, as revealed by the DGGE band distribution, of
the population living in the soil inside the buffer zone. It is evident that the surface soil of
this strip, characterized by higher number of species, shows a distinct collocation in the
panel, thus confirming that the microflora living in this soil layer received a quite different
selective pressure as compared to the other communities living deeper in the soil. However,
the other two soil layers, although less clearly, tend to separate in different parts of the PCA
box. The same behavior is not occurring in the soil outside the riparian strip. Indeed, Fig
5.8B shows that in this case the different soil layers are not clearly separated.

More interesting is Fig 5.8C, showing in the same box the PCA analysis of all the samples.
Once again the profiles related to the internal soil remain as definitely separate from those

of the external ones and maintain an excellent separation among the three soil layers.
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Fig 5.8. Principal component analysis based on DGGE band distribution. Fig A, B and C
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5.3.6. Diversity index of soil microbial communities

Shannon-Wiener Diversity Index (H) were determined for the microbial community of
surface, medium depth and deep soil for both years 2008 and 2009, as shown in Table 5.2.
Niibel et al. (1999) reported that the number of bands and the Shannon—Wiener diversity
index can be used as an estimate of the bacterial diversity. Shannon—Wiener diversity index
(H) Shannon—Wiener diversity index provides a numerical indicator to evaluate the
structure of the microbial community (Sigler and Turco, 2002). Since H is based on the
entire proportional abundances of individual organism types (DGGE bands and their
intensity), a decrease in H either implies a decrease in the number of organism types
(bands) or a decrease in the proportional abundance of a given type (band intensity).

In the current study, Shannon— Wiener Index (H) were clearly indicating a decrease in the
diversity in deep soil levels compared to the medium and surface ones in both internal and
external samples. High microbial diversity was present in the internal soil as compared to
the external soil. These values represent a further validation of the results described above,
indicating that the microbial diversity is higher in the soil subjected to the assessment of the
buffer strip as compared to an external soil. It is interesting to underline that in a normally
managed soil such as the external one, the deeper layer shows a very reduced biodiversity,
but on the other hand the particular hydrology applied to the buffer strip and especially the
vegetation there introduced made the goal of strongly enhancing the microbial colonization
of the deeper portion of the soil. Finally, the different distribution among the three layers is

confirmed for both internal and external soils.

Sampling Surface Medium Deep
Diversity Index(H)

Internal

March 08 3.578 3.332 3.052
April 08 3.387 3.244 3.052
July 08 3.284 3.262 3.193
October 08 3.386 3.335 3.193
April 09 3.423 3.158 3.093
October 09 3.646 3.476 3.255
External

October 08 3.299 3.151 2.639
April 09 3.152 3.107 2.838
October 09 3.299 3.204 2.920

Table 5.2. Shannon-Wiener Diversity Index for microbial communities of the internal and
external soils.
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6. Characterization of the microbial diversity in the water fluxes
of the wooded riparian strip set up for nitrogen removal.
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6.1. Introduction

Bacteria are recognized as important agents in biogeochemical processes in all aquatic
ecosystems. It is well known that heterotrophic prokaryotes play relevant roles in the
structure and dynamics of trophic web networks and in the remineralization of organic
matter (Azam et al., 1983; Azam and Long, 2001). Surveys have already been performed in
many marine environments, including oligotrophic open ocean (Fuhrman et al., 1993),
coastal temperate (Kelly and Chistoserdov, 2001; Acinas et al., 2004) and marine sediments
(L1 et al., 1999; Bowman et al., 2003; Heijs et al., 2008). These studies have helped to
discover the spatial distribution of bacterial populations (Sala et al., 2008; Vieira et al.,
2008), improved the overall understanding of the global patterns of aquatic bacterial
diversity (Pommier et al., 2007) and even helped to comprehend local and global
biogeochemical processes (Zehr and Ward, 2002; DeLong and Karl, 2005).

The wooded riparian strips or buffer strips consist in wooded areas interposed between
terrestrial and aquatic ecosystems. They play an important role in the regulation of nutrient
dynamics and in particular in nitrogen removal. The nitrogen cycle strongly depends upon
microbial activities and it i1s important to note that combined nitrogen is considered one of
the most important limiting factors for plant growth. While nitrogen fixation can be
considered as a positive activity for the whole ecosystem, denitrification may play a double
role in relation to the context it takes place: while nitrogen removal from a NOj -fertilized
soil is an absolute detrimental process, the gasification of nitrate from surface and
subsurface water flows of terrestrial and aquatic ecosystems, may result as a very useful

tool for reducing nitrate and nitrite pollution (Knowles, 1982).

Most of the heterotrophic denitrifiers prefer to use oxygen if it is present, but removal of
nitrate via denitrification is assumed to take place typically under anoxic condition (Tiedje,
1989). For this reason, the most important factor to be investigated is the site hydrology
which regulates the succession of anoxic and aerobic conditions together with nitrate input
to the system, thus also affecting the distribution of bacterial communities in the riparian
strip. Our understanding of microbial diversity in aquatic environments is still limited due
to the highly variable physical and biogeochemical conditions. In this study, we determined
the composition of bacterial assemblages in the water passing through the riparian strip and

coming from Zero river during different seasons, using 16S rDNA sequences and DGGE

131



analysis. Our primary focus was to find spatial and seasonal patterns of bacterial

communities and to gain an overall understanding of the bacterial diversity.

6.2. Materials and Methods

6.2.1. Sample collection

The particular structure of the experimental field described above (see experimental site
section Fig 2.4), which is characterized by ridges and furrows, facilitates surface and sub-
surface flows of water through the woodland strips. The water drains through the field from
the irrigation ditch (located on a small ridge) towards the parallel network of drainage
ditches. Water samples were collected on March 08 (M), April 08 (A) and July 08 (J) from
the three different sites: Zero river (Z), irrigation ditch (S) and drainage ditch (E) (Fig 2.4).
The water of the Zero river has a pH of 8 and chemical characteristics are given in Table

6.1.

6.2.2. Microbial enumeration

0.1 ml aliquots of the serial dilution (1:10) were dropped and spread onto the solid media
(PCA) for determinations of total culturable aerobic bacteria. Petri-dishes were incubated
aerobically at 30 °C. After 14 days the number and the morphology (shape, size, colour etc)
of colonies were recorded. Representative colonies of different morphologies were isolated

and stored in glycerol at -20° for molecular analyses.

6.2.2. Microbial enumeration

0.1 ml aliquots of the serial dilution (1:10) were dropped and spread onto the solid media
(PCA) for determinations of total culturable aerobic bacteria. Petri-dishes were incubated
aerobically at 30 °C. After 14 days the number and the morphology (shape, size, colour etc)
of colonies were recorded. Representative colonies of different morphologies were isolated

and stored in glycerol at -20° for molecular analyses.
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Sampling
Nitrate (N-No3)
mg/L
Nitrite(N-
No2)mg/L
NH4) mg/L
N Total mg/L
Dissolved
Organic Carbon
(DOC)mg/L
Chloride(Cl)
mg/L
Sulphate(SO4)
mg/L

Ammonium(N-

March 08 (M)
Zero river (Z) 1.80 0.03 029  2.50 2.80 11.20 51.70
Irrigation ditch (S) 1.70 0.03 0.01 2.10 3.70 11.90 47.20
Drainage ditch (E)  0.70 <0,010  0.02 1.20 4.10 13.10 44.50
April 08 (A)
Zero river (Z) 1.60 0.04 <0.20 2.30 4.70 10.60  44.40
Irrigation ditch (S)  1.80 0.05 0.19  2.50 1.70 12.00 44.20
Drainage ditch (E) 0.35 0.01 0.10 1.20 3.60 12.80 40.30
July 08 (J)
Zero river (Z) 1.70 0.10 0.07 2.50 5.90 11.40 33.40
Irrigation ditch (S)  1.50 0.05 0.15 220 3.80 12.50  30.00
Drainage ditch (E) 0.59 0.02 0.53 1.50 12.30 23.70  22.60

Table 6.1. Chemical properties of water at different sites in different seasons

6.2.3 DNA extraction from isolated colonies

DNA was extracted from single colony by alkaline lysis. Thus, one colony was suspended
in an Eppendorf tube with 50 pL of lysis buffer (2.5 ml 10% sodium dodecyl sulfate, 5 ml 1
M NaOH, 92.5 ml MilliQ water). After 15 min the suspension was heated at 95°C, then the
tube was centrifuged for 5 min at 13,000xg, the supernatant was transferred to a new tube
and 90 pl MilliQ water was added. Extracted DNA was stored at -20°C for further
molecular analyses.

6.2.4. DNA extraction directly from water

250 ml water was filtered through polyethersulfone filters (0.2um pore size; Pall
Corporation). 1/2 (half) filters was used to extract DNA using the Power Soil ™ DNA
Isolation Kit (Mo Bio Laboratories Inc., USA). DNA isolation was performed according to
the manufacturers’ instructions, modified as follows: extra glass beads (0.15 — 0.30 g., bead
size 0.1 mm) were added to the half filter and the cells were disrupted by bead beating
(mini-bead beater™, Bio Spec products, USA). Final purification of the extracted DNA
was performed using the Wizard® DNA clean-up system (Promega, USA).
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6.2.5. Amplified ribosomal DNA restriction analysis (ARDRA) of culturable bacteria
(same as Chapter I, Material and Methods section)

6.2.6. Sequencing 16S rDNA from culturable bacteria.

(same as Chapter I, Material and Methods section)

6.2.7. DGGE analysis

(same as Chapter II, Material and Methods section)

6.2.8. Diversity index and principal component analysis (PCA)

(same as Chapter I, Material and Methods section).

6.3. Results and Discussion

A first morphological characterization was performed on the basis of the colony shape,
color and margins as shown in Fig 6.1. Such a preliminary analysis demonstrated 18-25
different morphologies that are indicative of the abundant bacterial diversity among the
isolates. The samples coming from the drainage ditches (E) (Fig 6.1) showed higher
microbial diversity. Seasonal fluctuations of culturable microbial populations are reported
in Fig 6.2. The number of CFU seems to increase from March 08 to July 08, especially for
the drainage ditch. As expected, the values related to the Zero river and the irrigation
ditches are not significantly different.

Discussion 1- The microbial diversity of the water coming from the drainage ditch seems to
be higher as compared to the river water and to the irrigation ditches. It was expected, at
least in some extent, because the output water could contain microbial populations also

collected during the transit through the soil.
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Fig 6.1. Number of morphologies of culturable bacteria of water in the buffer strips at three
sites.
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Fig 6.2. Colony forming units/ ml water at different sites in different seasons.
6.3.1. Amplified ribosomal DNA restriction analysis (ARDRA)

To investigate on microbial diversity of the culturable bacteria present in the water flux of

the wooded riparian strip, several hundred colonies were isolated from March 08 (M) and
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July 08 (J) at the three different sites: Zero river (Z), irrigation ditch (S) and drainage ditch
(E). DNA was extracted from the isolated colonies and 16S rDNA was amplified by PCR.
Amplified 16S rDNA was digested by two restriction enzymes (Hinfl and Hpall). A variety
of different DNA fragment patterns were revealed. ARDRA patterns, clustered by
BioNumerics version 4.5 software, discerned high numbers of OTUs in both seasons. The
16S rDNA clustering consisted of 83 and 85 colonies and comprised 57 and 56 different
ARDRA patterns in water samples of March 08 and July 08, respectively.

6.3.2. The sequences of 16S rDNA of culturable bacteria

For sequencing of 16S rDNA of culturable bacteria, total soil and water sample were
clustered together (Appendix.l). Then representative colonies of each unique ARDRA
pattern were sequenced. A list of 16S rDNA sequences of culturable bacteria are reported in
Table 6. 2 according to their source, closest relatives, similarity percentage, accession
number, phylogenetic group, and inherited blast name as identified by using the BLAST
program in the GenBank databases. All of the culturable bacteria sequenced (except one

isolate) had sequences that were less than 5% different from those in the current databases.
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Z1,MZ  Duganella zoogloeoides 98 NR 025833 Betaproteobacteria b-proteobacteria
E6, ME  Zoogloea ramigera 93  X74914 Betaproteobacteria b-proteobacteria
S2,MS  Janthinobacterium sp. 100 FJ006906 Betaproteobacteria b-proteobacteria
S36, MS  Exiguobacterium undae 100 DQO19165  Firmicutes firmicutes
E37, ME Aeromonas sp. AKB-2008- 100 AM989245 Gammaproteobacteria  g-proteobacteria
S7,MS  Aeromonas punctata 100 FJ646664 Gammaproteobacteria ~ g-proteobacteria
E10, ME Agreia pratensis 100 NR 025460 Actinobacteria high GC Gram+
E14, ME Sphingomonas azotifigens 98 AB217472  Alphaproteobacteria a-proteobacteria
E4, ME  Pedobacter alluvionis 99 EU030688  Sphingobacteria CFB group bacteria
E18, ME Labedella kawkjii 99 DQ533552  Actinobacteria high GC Gram+
772, MZ Plantibacter flavus 100 NR_025462 Actinobacteria high GC Gram+
S50, MS  Subtercola sp. FB10 99  AM940948  Actinobacteria high GC Gram+
E53, ME Brevundimonas sp. GOBB3 99  AF321047  Alphaproteobacteria a-proteobacteria
E19, ME  Nocardioides sp. Tibet-1IR12 99 DQI177472  Actinobacteria high GC Gram+
S18, MS  Pseudomonas libanensis 98 NR 024901 Gammaproteobacteria  g-proteobacteria
E21, ME Flavobacterium sp. AKB 99  AM988928  Flavobacteria CFB group bacteria
E55, ME Xanthomonas cynarae 100 AF208315  Gammaproteobacteria  g-proteobacteria
S9,MS  Acinetobacter johnsonii 100 EU275352  Gammaproteobacteria ~ g-proteobacteria
S35, MS Flavobacterium sp. WB4.3-51 98  AM934670 Flavobacteria CFB group bacteria
S60, MS  Klebsiella oxytoca 99 ABO053117  Gammaproteobacteria  enterobacteria
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79,MZ  Terrabacter sp. DFA1 100 ABI180233  Actinobacteria high GC Gram+
766, MZ Xanthomonas theicola 100 Y10763 Gammaproteobacteria  g-proteobacteria
78, MZr Rheinheimera sp. W2 99 EU794394  Gammaproteobacteria  g-proteobacteria
760, MZ Janthinobacterium sp. Man12 99  AY788973  Betaproteobacteria b-proteobacteria
Z7a,MZ Tiedjeia arctica 99 DQI107523 Gammaproteobacteria  enterobacteria

719, MZ Citrobacter farmeri 98 EU030438  Gammaproteobacteria  enterobacteria
S1,MS  Acidovorax sp. PPs-5 99  FJ605421 Betaproteobacteria b-proteobacteria
E56, ME Bosea sp. AKB-2008-KK9 98  AM988982  Alphaproteobacteria a-proteobacteria
E24, ME Sphingomonas sp. BR12262 98  FJ455075 Alphaproteobacteria a-proteobacteria
Za34,]Z Streptomyces sp. 331H08 96 AB124219  Actinobacteria high GC Gram+
Sa29,JS  Enterobacter sp. 253a 100 AYO082447  Gammaproteobacteria enterobacteria
Ea24,JE Pantoea vagans 99  EF688012 Gammaproteobacteria ~ enterobacteria
Ea8,JE  Pseudomonas cannabina 100 NR_025550 Gammaproteobacteria  g-proteobacteria
Ea36,JE  Microbacterium sp. VTT E- 100 EU438940  Actinobacteria high GC Gram+
Sa41,JS Rahnella sp. BIHB 783 99 DQ885948  Gammaproteobacteria  enterobacteria
Za6,JZ  Sphingomonas sp. AKB-2008- 99  AM989050  Alphaproteobacteria a-proteobacteria
Sa42,JS  Arthrobacter sp. HK-2 100 FJ477042 Actinobacteria high GC Gram+
Ea29,JE Microcella putealis 97  AJ717388  Actinobacteria high GC Gram+
Ea30,JE Paenibacillus sp. HDDMMO03 100 EU723825  Firmicutes firmicutes

Ea37,JE Sphingobacter sp 99  EU723088  Sphingobacteria CFB group bacteria
Zal4,JZ Pedobacter borealis 98 EU030687  Sphingobacteria CFB group bacteria
Eal5,JE Curtobacterium flaccumfaciens 98 DQS512787  Actinobacteria high GC Gram+
Sa45,JS  Curtobacterium sp. K6-02 99  EF612296  Actinobacteria high GC Gram+
Ea47,JE Arthrobacter sp. 4C1-b 98  AM409362  Actinobacteria high GC Gram+
Za28,]7 Chryseobacterium sp. H-6-6 98 ABI164637  Flavobacteria CFB group bacteria
Za8,JZ  Chryseobacterium piscium 97 DQB862541  Flavobacteria CFB group bacteria
Za7,JZ  Chryseobacterium indoltheticum 99  AY468444  Flavobacteria CFB group bacteria
Sa3,JS  Kocuria palustris 100 NR_026451 Actinobacteria high GC Gram+
Eal0, JE Chryseobacterium sp. Cl44 100 DQ530096  Flavobacteria CFB group bacteria
Eal,JE  Curtobacterium sp. Fon07 99  AY788956  Actinobacteria high GC Gram+
Ea46, JE Flavobacterium johnsoniae 97 DQ256490  Flavobacteria CFB group bacteria
Ea45,JE Pantoea agglomerans 99  FM202484 Gammaproteobacteria  enterobacteria

Ea6, JE  Burkholderia caryophylli 98 AMI184283 Betaproteobacteria b-proteobacteria
Ea34,JE Acinetobacter calcoaceticus 99  AY346314  Gammaproteobacteria  g-proteobacteria
Za38,JZ Caulobacter sp. AKB-2008- 99  AM989012  Alphaproteobacteria a-proteobacteria
Sa21,JS  Caulobacter sp. 100 AJ227777  Alphaproteobacteria a-proteobacteria
Sa31,JS  Aeromonas veronii 99  FJ940834 Gammaproteobacteria ~ g-proteobacteria
Sal6,JS Acidovorax sp. 75 99  EU304287  Betaproteobacteria b-proteobacteria
Eal6, JE actinobacterium kmd 323 99  EU723164  Actinobacteria high GC Gram+
Zal3,JZ Kurthia gibsonii 100 EF204299  Firmicutes firmicutes

Zal5,JZ Arthrobacter sp. AE05102002 100 AM260537  Actinobacteria high GC Gram+
Sal8,JS  Microbacterium sp 99  AB362420  Actinobacteria high GC Gram+
Sa32,JS  Sphingobacterium sp. F1 98  AF380159  Sphingobacteria CFB group bacteria
Za35,]Z Sphingomonas sp. Ixb-8 99  GQ249218  Alphaproteobacteria a-proteobacteria
Sa34,JS  Agrobacterium sp. RF-152 99  GQ205108  Alphaproteobacteria a-proteobacteria

Table 6.2. Analysis of isolates from water samples on the basis of partial 16S rDNA
sequences, including the closest relatives as identified by BLAST program in the GenBank
databases.(MZ = March-Zero river, MS = March-irrigation ditch, ME = March-drainage
ditch, JZ = July-Zero river, JS = July-irrigation ditch, JE = July-drainage ditch).
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6.3.3. Distribution of culturable community

The Phylotypes distributions of the bacterial community were reconstructed from different
sites of March 08 and July 08 water samples as shown in Table 6.3. 16S rDNA sequences
Six major bacterial lineages, namely Firmicutes, Gammaproteobacteria, Actinobacteria,
Alphaproteobacteria, Betaproteobacteria and Flavobacteria, seem to be present in MZ and
JZ samples, with a seventh one, Sphingobacteria, present only in the JZ samples. The
Gammaproteobacteria were the most dominant in both seasons with high percentage of
colonies (58.6% in MZ and 32.1% in JZ) and OTUs (40.1% in MZ and 22.7% in JZ) (Table
'6.3). With some differences, the same groups were also present in the MS and AS samples
(irrigation ditches).

Concerning the drainage ditches, ME samples exhibited six major bacterial phylogenetic
affiliations  with  Alphaproteobacteria, Betaproteobacteria, =~ Gammaproteobacteria,
Actinobacteria, Flavobacteria and Sphingobacteria, while JE samples showed also members

of the Firmicutes and of an unclassified group bacteria (Table 6.3).

o Zero river (2) Irrigation ditch Drainage ditch
£ (S) (E)
% Divisions OTUs Colonies OTUs Colonies OTUs Colonies
n % % % % % %
Firmicutes 13.6 10.3 6.3 33 0 0
~ | Actinobacteria 22.7 17.2 18.8 10 23.5 20.8
>3 Alphaproteobacteria 4.5 3.5 0 0 11.8 16.7
2 Gammaproteobacteria ~ 40.1 58.6 50 66.7 29.4 333
O | Betaproteobacteria 4.5 34 12.5 13.3 11.8 12.5
‘2“ Flvobacteria 9.1 6.9 12.5 6.7 17.7 12.2
Sphingobacteria 0 0 0 0 59 4.2
Unclassified bacteria 0 0 0 0 0 0
Firmicutes 13.6 10.7 14.3 20 9.1 6.2
Actinobacteria 22.7 21.4 19.0 16 22.7 15.6
= | Alphaproteobacteria 9.1 7.1 14.2 12 4.5 3.1
© | Gammaproteobacteria ~ 22.7 32.1 333 36 31.8 40.6
> | Betaproteobacteria 4.5 3.5 4.7 4 9.1 18.7
= | Flvobacteria 22.7 21.4 0 0 9.1 6.2
Sphingobacteria 4.5 3.5 4.7 4 9.1 6.2
Unclassified bacteria 0 0 9.5 8 4.5 3.1

Table 6.3. Phylotypes distributions of culturable communities of water samples in March
and July 08.
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Discussion 2- It is interesting to note that Gammaproteobacteria are much more
represented, in terms of different species, as compared to the analysis related to the soil, as
described in the previous sections (Chapter 4). This may indicate that the water flow from
the Zero river uses to abundantly carry several bacterial species that are originally absent
into the riparian soil. Since Gammaproteobacteria, together with some important
phototrophic species, include also a number of potentially pathogens, it may represent a
possible indication of the degree of contamination of the river. Of course, in order to
confirm such a hypothesis, learning much more on the nature of such a population at
species level would be strongly required. However, it is worthy of notice the fact that the
drainage ditches seem to contain a lower amount of bacteria belonging to this class, at least
for the March season, thus suggesting a possible role of the buffer strip in the biological
abatement of water contamination. Since this is not happening with the same trend in the
July samples, it would be important to verify whether this action is a casual effect or it is
linked to the seasonal variations.

Finally, no significant content and oscillation of Actinobacteria can be observed for the
three different water sampling (Z, S and E), and that Firmicutes seem to be reduced in the
drainage ditch water. This last observation may be explained by considering that a fraction
of the bacterial population the river water uses to convey may have a soil origin and would

find back in the soil a suitable ecological niche to colonize.

6.3.4. Phylogenetic analysis of culturable bacteria of water samples

Phylogenetic analysis of 16S rDNA sequences of March and July 08 water samples are
outlined in Fig 6.4 and Fig 6.5. As an example, the 16S rDNA sequences of Firmicutes of
March 08 samples revealed that the genera Bacillus, Exiguobacterium and Kurthia were
found from MZ and MS (Fig 6.4). On the other hands, in July 08 samples, the genera
Bacillus and Paenibacillus were found from culturable isolates at three sites (Fig 6.5). The
genus Bacillus was common in both seasons (March and July 08), while Exiguobacterium
(from MZ) and Kurthia (from MS) were found only in March 08, and Paenibacillus only in
JE.

All these results give an insight of the community composition for each class of bacteria
allowing to verify the presence or the absence of the most common bacterial groups. Some

interesting examples can be extracted from these results, supporting in some extent the
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considerations made in the previous section (see par. 6.3.3). For instance, the genus
Xanthomonas in the gamma subdivision consists of 27 plant-associated species, many of
which are conducive of important diseases on at least 124 monocot species and 268 dicot
species, including fruit and nut trees, solanaceous and brassicaceous plants, and cereals
(Hayward, 1993). Moreover, individual species comprise multiple pathogenic variants
(pathovars, pv.) able to cause a variety of symptoms including necrosis, cankers, spots, and
blight, and they affect a variety of plant parts including leaves, stems, and fruits.
Interestingly, as shown in Fig 6.4 this genus is well represented in March, but it is
completely absent in July, thus suggesting a reduction of the contamination of the river or,
possibly, a sort of decontamination role of the buffer zone. The same observations can be
drawn for the genus Aeromonas that includes fourteen species, most of which have been
associated with human diseases. Even this genus is well represented in March and reduced
in July. On the other hands, the genus Pantoea, generally isolated from plant surfaces,
seeds, soil, and water, as well as from animals and human wounds, blood, and urine, seems

to be sporadically present in March and to enrich the water flux in July.
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Fig 6.4. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of bacteria
isolated from March 08 water samples and selected at random. Sequences marked as Z are
those from Zero river, S from irrigation ditch and E from drainage ditch. Bar indicates 5%
sequence divergence. Aligned sequences were 1389 bp in length. Additional number shows
the number of sequences in their respective isolates.
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Fig 6.5. Neighbor-joining tree showing phylogeny of 16S rDNA sequences of bacteria
isolated from July 08 water samples and selected at random. Sequences marked Z are those
from Zero river, S from irrigation ditch and E from drainage ditch. Bar indicates 5%
sequence divergence. Aligned sequences were 1389 bp in length. Additional number shows
the number of sequences in their respective isolates
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6.3.5. DGGE analysis of the microbial community of water

The 16S rDNA variable region V6-V8 was used in DGGE analysis to identify the total
microbial communities of March 08 (MZ, MS and ME), April 08 (AZ, AS and AE) and
July 08 (JZ, JS and JE) in water and the results are shown in Fig 6.6. Some common bands
and some dissimilar bands where obtained from the water samples coming from different
sites. Band positions were measured by percentage of denaturant concentration through
BioNumerics version 4.5 software. 22-26 bands in drainage ditches (ME, AE and JE), 12-
24 bands in irrigation ditches (MS, AS and JS) and 16-21 bands in Zero river (MZ, AZ and
JZ) were found, indicating higher microbial diversity for the water of the drainage ditches
as compared to irrigation ditches and Zero river. Once again, this confirms the bacterial

enrichment of the water flux during the transit throughout the buffer strip soil.

MZ= March 08 zero river

AZ= April 08 zero river

JZ= July 08 zeroriver

MS= March 08 irrigation ditch
AS= April 08 irrigation ditch
JS=July 08 irrigation ditch
ME= March 08 drainage dicth
AE= April 08 drainage ditch
JE= July 08 drainage ditch

M= Marker

Arrows a indicate common
band

Arrows b indicate dissimilar
band

Fig 6.6. DGGE analysis of water samples at different sites and in different seasons
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6.3.6. Comparison of microbial communities in water at different seasons and sites

DGGE profiles were clustered by BioNumerics software and three main clusters where
found, as shown in Fig 6.7. The main difference was observed between the profiles of July
08 and all other samples. Indeed, July 08 samples clustered separately with about 25%
similarities. The profile of samples AZ and MZ fall into the same cluster and those of AE,
AS, ME, and MS were included into another cluster. These observations confirm that in

July the composition of the microbial community of the water flux is changed.

Pearson correlation (Opt:2.40%) [0.0%-100.0%]

DGGE

April Zero river AZ
March Zero river MZ
Aprilimgationdicth ~ AS
March imigationditch ~ MS
Aprildrainage ditch ~ AE

‘ .Marchdraina(_;editch ME
! - Julyimigationditch ~ JS

:ﬂ, July Zero river JZ
_ July Drainage ditch ~ JE

Fig 6.7. Comparison of the bacterial community compositions in different sites of the
riparian strip by cluster analysis of DGGE profiles prepared with 16S rDNA fragments
(V6-V8). The dissimilarity matrix for each sample was determined using Pearson
correlation, and clustering was performed by BioNumerics. The highest dissimilarity value
between samples was set at 100%.

6.3.7. PCA analysis

PCA was analyzed on the basis of 16S rDNA Phylotypes distribution and the results are
reported in Fig 6.8. PCA1 shows a variability of 33.35% and PCA2 of 25.61%. Drainage
ditches (JE and ME) were well separated from irrigation ditches (JS and MS) and Zero river
(JZ and MZ) in both seasons. This analysis confirms once again that a distinct microbial
community was present at the drainage ditches as compared to the Zero river and irrigation

ditches water, at both the seasons.
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Fig 6.8. PCA biplot of the 16S rDNA band patterns from water samples from all seasons
and sites. Samples of March from Zero river, irrigation ditch and drainage ditch are
represented by MZ, MS and ME and samples of July by JZ, JS and JE, respectively. Gray
circles indicate the Phylotypes distribution. The percentages in the axis labels represent the
percentage of variation explained by the principal coordinates.

PCA analysis was also performed for the chemical properties of water samples from all
seasons and sites, as shown in Fig 6.9. The results show that there were no significant
differences between Zero river and irrigation ditches among all the seasons (March, April
and July 08) although drainage ditches were well separated from irrigation ditches and Zero
river. These results suggested that a particular variation of the chemical properties occurred
in the drainage ditches as compared to the irrigation ditches and the Zero river, particularly

during the hot season.
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PCA2 (28.00 %)

PCA1(51.13 %)

Fig 6.9. PCA biplot of the chemical properties of water from all seasons and sites. Samples
from Zero river, irrigation ditch and drainage ditch of March 08 are represented by MZ, MS
and ME, those of April 08 by AZ, AS and AE and samples of July 08 by JZ, JS and JE,
respectively. Gray circles indicate the Phylotypes distribution. The percentages in the axis
labels represent the percentage of variation explained by the principal coordinates.

6.3.8. Diversity index

Shannon-Wiener Diversity Index (H) was determined for Zero river, irrigation ditches and
drainage ditches water of March and July 08, as shown in Table 6.4. These values indicate
an increase in the diversity for the drainage ditches as compared to the irrigation ditches
and the Zero river, for both the seasons. Simpson’s dominance index (D) was also
calculated for March and July 08. Simpson’s dominance index values were lower at
drainage ditches. A decreased species evenness index and increased species dominance
index were recorded for Zero river and irrigation ditches as compared to that of drainage
ditches. These results further confirm that a higher microbial diversity is present in the
drainage ditches as compared to Zero river and irrigation ditches, and this is a constant for

all the seasons taken into account
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Sampling names Shannon-Wiener Diversity Index  Simpson Diversity Index

March 08
Zero river (MZ) 1.50 0.27
Irrigation ditch (MS) 1.35 0.32
Drainage ditch (ME) 1.68 0.20
July 08
Zero river (JZ) 1.76 0.19
Irrigation ditch (JS) 1.81 0.20
Drainage ditch (JE) 1.97 0.17

Table 6.4. Diversity Index of culturable bacterial communities of water at three different
sites.

6.4. Further considerations

The bacterial diversity of water in the riparian buffer zone was investigated by both culture
dependent (conventional) and culture-independent molecular methods. The culture-
independent molecular approaches based on small-subunit rDNA have also been used for
studies of microbial ecology in freshwater sediments (Tamaki et al., 2005; Altmann et al.,
2003; MacGregor et al., 2001; Purdy et al., 2003; Spring et al., 2000). In the current study,
morphological analysis of culturable colonies demonstrated diverse forms, colors, margins
and shapes suggesting a great bacterial diversity among the isolates. The analysis of
culturable bacteria suggested that fluctuations are also depending upon seasonal factors,
thus supporting previous studies (Lindstrom et al. 2005).

The chemical properties of water samples showed lower nitrogen content in the drainage
ditches than Zero river and irrigation ditches, whereas higher amount of organic carbon was
found in the drainage ditches (4.1-12.3 mg/l) compared to irrigation ditches (1.7-3.8 mg/l)
(Table 6.1). These data suggest that nitrogen compound may be reduced in drainage ditches
by denitrification process and carbon compounds may play a vital role to enhance
denitrification process. In agreement with our results, several studies reported that carbon
compounds can be used as the substrates by denitrifying bacteria (Kutako et al., 2009;
Sobieszuk and Szewczyk, 2006; Shrimali and Singh, 2001; Ferguson, 1994; Mateju et al.,
1992).

In the current study, a 16S rDNA based molecular approach was also applied to
characterize the total microbial population of water samples at different sites in the riparian

buffer zone
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Sekiguchi et al (2002) reported that 16S rDNA sequences affiliated to Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, Firmicutes and Actinobacteria were most
abundant in water. In this study, six to seven Phylotypes divisions from Zero river, five to
seven divisions from irrigation ditches and six to eight divisions from drainage ditches were
found in the March and July 08 water samples respectively (Table 6.3). Overall results
showed that bacterial divisions are slightly high in July 08 water sample, especially in JE
(drainage ditch of July 08). This could be explained with the fact that drainage ditches can
pick up soil sediments from runoff water flowing over the soil surface. Feng et al. (2009)
reported that more microflora was present in the sediment compared to water samples.
Gammaproteobacteria were the most dominant division at Zero river and irrigation ditches
water samples in both seasons. Similarly, other reports showed that Gammaproteobacteria,
which are known to be water organisms, formed large clusters in all of the sea areas
surveyed (Fuhrmanet al., 1993; Suzuki et al., 1997; Acinas et al., 1999; Crump et al., 1999).
Betaproteobacteria is commonly detected in freshwater lakes worldwide, where they are the
most numerically dominant cell and clone type (Mueller-Spitz et al., 2009; Zwart et al.,
2002). Interfaces between riverine and marine systems also appear to be dominated by
Betaproteobacteria (Crump et al, 1999; Cottrell et al., 2005). In this study, the
Betaproteobacteria were slightly high in JE samples compared to JZ and JS samples
indicating that the higher presence of Betaproteobacteria is due to the influence between
soil and water on the structure of bacterial community.

The phylogenetic analysis of Proteobacteria division in March 08 water samples showed
that some genera seem to be a distinctive for a specific site. For example, the genera
Duganell, Citrobacter, Tiedjeia, Rheinheimera and Caulobacter were found only in MZ
water sample; Acinetobacter, Klebsiella, Janthinobacterium and Acidovorax in MS water
sample, and Bosea, Brevundimonas, Enterobacter, Zoogloea and Variovorax in ME water
sample (Fig 6.4). Interestingly, some isolates from drainage ditch (ME) appeared as soil
microorganism. In this study, Bosea and Variovorax were isolated from riparian soil. Falk
et al. (2010) classified Bosea sp as denitrifying and Variovorax as a soil bacterium
frequently associated with important biodegradation processes in nature.

Actinobacteria were the second abundant division in March 08 and July 08 water samples

at three different sites. Arthrobacter and Streptomyces were common at Zero river and the
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genus Microbacterium was more common at irrigation ditches and drainage ditches in both
seasons. It was not possible to find a common genus in both seasons at three different sites.
For example, in Zero river, Terrabacter and Plantibacter were found only in MZ samples,
while Curtobacterium and Microbacterium were found only in JZ. Likewise, in irrigation
ditches, Subtercola was only found in MS samples and Curtobacterium, Arthrobacter and
Kocuria were found only in JS water samples. Moreover, in drainage ditches, Aeromonas,
Nocardioides and Labedella were found only in ME samples, and Curtobacterium,
Actinobacterium, Arthrobacter and Microcella were found in JE samples (Fig 6.4 and Fig
6.5). These evidences agree with previously published works on the average abundance of
16S rDNA sequence of Actinobacteria, originating from diverse water (Jensen et al., 2005,
2007; Jiang et al., 2008).

Bacterial subdivision Flavobacteria with Flavobacterium sp. and Chryseobacterium sp.
were found both in March and July 08 water samples at the sites (Zero river and drainage
ditch) (Fig 6.4 and Fig 6.5). These distributions of Flavobacteria community could confirm
the fact that soil certainly contributes significantly to the Flavobacteria richness and
abundance in river water. Similarly, von Wintzingerode et al (1997) assumed that the
Flavobacteria populations are universal populations, spreading from soil to aquatic
environments.

The bacterial subdivision Sphingobacteria with Sphingobacterium and Pedobacter were
more abundance at three different sites in July 08 water samples compared to March 08
water samples. For example, Sphingobacteria with Pedobacter sp represented 4.2% of the
bacterial community in ME water samples (Fig 6.4). On the other hand, Sphingobacteria
were found in sites JZ, JS and JE water samples and shared common lineages with genera
Sphingobacterium and Pedobacter (Fig 6.5).

DGGE band numbers suggest that drainage ditches seem to be more diverse compared to
irrigation ditches and Zero river at different seasons. Cluster analysis of the DGGE profiles
(Fig 6.7) demonstrated that a distinct microbial community was present in the July 08 water
sample compared to March 08 and April 08 water samples. There were no significant
differences between irrigation ditches and drainage ditches, although a significant
difference was found from irrigation ditches and drainage ditches by PCA based on 16S

rDNA of the culturable fraction. So, it is reasonable to speculate that culturable bacteria are
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metabolically more active and they can actively work on nitrate reduction. Nitrogen
removal may be directly influenced by soil type, watershed hydrology (e.g., soil saturation,
groundwater flow paths, etc.) and drainage ditches biogeochemistry (decomposition of
plant materials, organic carbon supply, high NO; inputs) through cumulative effects.

Diversity index was calculated by two alternative ways for comparative diversity analysis.
Higher Shannon—Wiener or lower reciprocal Simpson’s index values describe a community
with greater numbers of species and a more even distribution of species (Gomez-Alvarez et
al., 2007). An increased species evenness index and decreased species dominance index
was found in drainage ditches in comparison to irrigation ditches and Zero river (Table
6.4). The bacterial diversity appears to be much more complex in drainage ditches than that

of other water samples.
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7. CONCLUSIONS
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Agricultural practices are specifically directed toward the achievement of the conditions
required for optimal plant growth. The use of rationalized water supply and fertilizers, and
especially the treatments operated on an agricultural soil, are part of a strategy to pursue the
goal. However, a main role in the soil fertility achievement is played by soil
microorganisms that can properly operate if allowed to live in a suitable environment. Their
activities can support plant health and growth, making available many nutrients and
contributing to make suitable the physical structure of the soil for root development.

If the main objective of soil management is not the cultivation of plants of agricultural
interest, but the establishment of a buffer zone specifically designed to remove nitrogen
excess from a water flux, the soil management strategy may change in order to take into
account the conditions needed to make the soil in the optimal situations to carry out this
task. In the present study, the main objective of the overall project was to reduce the
nitrogen input into the Venice lagoon through a specifically-designed afforested riparian
zone. Therefore, the site management adopted was quite different from that applied to a
normal agricultural soil. Particularly, the buffer zone was set with irrigation ditches
carrying water from the river Zero and producing a sub-surface water flow, running through
the entire buffer strip to the drainage ditches, thus creating a semi-natural floodplains where
water flows can be efficiently managed. As a consequence of the irrigation, a perched
aquifer was created on the clay-calcic layer at around 90-150 cm depth. Thus, the water
level in the experimental site was always between 25 to 60 cm below the soil surface, with
a slope of 4%. While the 0-15 cm soil layer was subjected to the normal seasonal cycle, the
40-55 cm and 80-95 cm layers were often saturated. This particular water flow management
became conducive for reducing oxygen availability and, in some seasons and deeper in the
soil, for promoting anoxic conditions, thus supporting the co-occurrence of two main
processes: vegetation and microbial uptake and denitrification.

In other words, the translation of an agricultural soil into a buffer zone should have a
precise effect on a key microbial community specifically tailored to carry out the main
activities required by the system. Therefore, in order to verify the possible changes
occurred in the composition of the microbial populations of this soil, proper
microbiological analysis have been carried out on both soil and water, taking also into

account a soil outside the buffer strip, as a control. The main results obtained, although far
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to be definitive, provided interesting advances of knowledge related to the bacterial

population dynamic and biodiversity, by using both conventional and advanced methods.

Specifically, it can be stated that:

a)

b)

d)

g)

h)

The microbial community found into the buffer zone appears to be much more

active as compared to that of the external soil

The microbial biodiversity found in the buffer zone is more pronounced than that

typical of the external soil

Microbial activities and bacterial biodiversity follow the soil profile: the surface
layer was found as overactive and more rich in bacterial taxa as compared to the
medium depth, but especially to the deeper soil layer; a number of bacterial species

appear to be typical for a specific soil layer.

Seasonal fluctuations related to soil bacterial populations can be monitored and
follows different trends within the buffer zone as compared to an external soil; a

number of bacterial species appear to be typical for a specific season.

The conditions created by the specific management of the site were found
effectively conducive of an increase in bacterial biodiversity and proficient in

supporting bacterial denitrification.

The introduced vegetation was able to develop abundantly and to contribute to the
nitrogen removal by (i) direct plant uptake and (ii) by indirect support to the soil

microbiota through the organic matter release.

The microbial diversity of the water increases as a consequence of the transit
through the soil; the bacterial population of the output water could be studied to

understand a possible “filter effect” or the degree of bacterial release by the soil.

Water decontamination of undesired bacterial taxa might be proposed after a deeper
analysis of the in-stream and out-stream, in terms of composition of the bacterial

population.

To sum up, the above observations clearly indicate that microbial analysis can be

successfully performed in order to obtain a good picture of the soil/water ecosystem when a

different management was applied.
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It is worthy of our attention a parallel study carried out within the same project, and aimed
at obtaining further information on the chemical changes occurring in the buffer soil and
water flux, especially in terms of combined nitrogen removal. The results there obtained
can be successfully combined with the microbiological analysis here performed. Taken
together, these data unambiguously indicate that the wooded riparian buffer zone assessed
for water remediation is effectively working, confirming that the soil management adopted
was appropriate.

As an important side result, it was ascertained that these analysis could be used to design ex
novo special DNA primers and probes to target bacterial groups of interest. For instance,
the system here described showed to effectively enhance denitrification processes and it
was possible to identify several species of denitrifiers by 16S rDNA sequence analysis.
Even more interesting, novel and rare bacterial species could be also identified, thus adding

new information to our knowledge.
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Appendix 1. BioNumerics similarity dendrogram
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