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Abstract

The purpose of that article was to show the significance of water as the
source of plant pathogens, and need of it effective disinfection methods in
modern agriculture and horticulture. The increase in the cost of agricultural
water use for crop irrigation and the necessity of using the same water sev-
eral times, as well as the changing climatic conditions, including prolonged
shortage of atmospheric precipitation and often extreme temperatures dur-
ing the summer, necessitate the selection of an effective, easy to apply and
economical method of disinfecting recirculated water to eliminate or mini-
mize the occurrence of the most serious plant pathogens inhabiting various
water sources. Among them, microorganisms of the genera Phytophthora,
Pythium and Fusarium, and the species Rhizoctonia solani, Verticillium
dahliae and some pathogenic bacteria pose the most serious threat. Some
of them can be found in rivers, streams, ponds and water reservoirs, others
are soil-borne pathogens that cause root and stem base rot of many plant
species. The available literature describes at least a dozen methods of wa-
ter disinfection, among them slow filtration through sand or lava filters,
chlorination and heating. The literature data indicates that the use of sand
filters is the most effective, safe and cheapest method of water disinfection.
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INTRODUCTION

The acquisition of large areas of land by owners or leaseholders in the
past 30 years has resulted in the emergence of many specialized, high produc-
tivity farms. One of the most important factors affecting their functioning is the
availability of water so that, regardless of weather conditions, the farming can
be profitable. In Poland, irrigation is already widely used not only in protect-
ed cultivation but also in the open-field cultivation of vegetables, orchards and
ornamental plants.

WATER AS A SOURCE OF MICROORGANISMS, INCLUDING PLANT
PATHOGENS

Systematic irrigation of crops has been conducted on horticultural farms
for many years, mainly in protected cultivation, container nurseries, orchards
and in vegetable production (Stewart-Wade, 2011). The sources of water are wa-
ter reservoirs, ponds, streams, rivers, as well as deep water wells. Along with
the water taken from natural watercourses and reservoirs, plant pathogens can
be carried to the crops, during periods of a significant increase in their numbers
or abundant rainfall, from forests and groves through which streams and rivers
flow, as well as from container nurseries, orchards and vegetable gardens, and
sometimes from cultivated crops (Brenner et al. 2000, Orlikowski and Ptaszek
2009). Hong and Moorman (2005) argued that microorganisms from different
groups can live in the water. Among them, the most dangerous are soil-borne
pathogens, including species of the genera Cylindrocladium, Phytophthora, Py-
thium, special forms of Fusarium oxysporum, and also Alternaria, Aspergillus,
Ascochyta, Botrytis, Cephalosporium, Cladosporium, Colletotrichum, Diplo-
dia, Gnomonia radicicola, Helminthosporium, Isaria, Macrophoma, Monilia,
Mucor, Penicillium, Pestalotia, Phoma, Phomopsis sclerotioides, Pyrenochae-
ta, Rhizoctonia solani, Sclerotium rolfsii, Stachybotrys, Thielaviopsis basicola,
Trichoderma spp. and Verticillium, as well as pathogenic bacteria and viruses
(Mafia et al. 2008, McPherson et al. 1995, Orlikowski et al. 2011b, Mclntosh
1966, Thomson and Allen 1974, Werres et al. 2007).

The first information on the occurrence of Phytophthora in the water was
published in 1921 by Bewley and Buddin, who isolated Phytophthora cryptogea
from water intended for watering plants in greenhouse cultivation. After about
a 30-year break, many other works have appeared showing that water is one of
the most important sources of microorganisms, including plant pathogens. On
the other hand, microorganisms present in plant material or in the soil can be
brought into the water causing it to become contaminated. In the opinion of Mil-
groom and Peever (2003) water is the fastest source of pathogen spread in a par-
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ticular region, country or even continent. Hong and Moorman (2005), in turn,
further expand the role of water in the spread of pathogens claiming that it is the
principal, if not the only, source of Phytophthora species in nurseries, orchards
and vegetable crops. The authors also point to this group of microorganisms as
the most dangerous plant pathogens. This has been confirmed by other research-
ers, including Thomson and Allen (1974), Themann et al. (2002a, b), Werres et
al. (2007), who consider species of this genus as the main cause of root and stem
base rot. According to Baker and Matkin (1978), the most significant role in the
rapid spread of this group of pathogens is played by zoospores. Studies conduct-
ed over the past quarter of a century in Poland also point to Phytophthora, main-
ly P. cactorum, P. cinnamomi, P. cambivora, P. citrophthora, P. cryptogea and
P. plurivora as one of the most dangerous pathogens in nurseries, which often
cause mass withering of coniferous, ericaceous and deciduous plants, and, in the
past 10 years, also perennials (Orlikowski et al. 2012, Ptaszek 2017). Phytoph-
thorosis also occurs in apple orchards and on gooseberry, highbush blueberry
and raspberry plantings (Bielenin and Borecki 1970, Meszka and Bielenin 2011,
Orlikowski et al. 2015).

NEED FOR WATER DISINFECTION

Due to the possibility of irrigation water being inhabited by plant patho-
gens carried during heavy rains from forests, groves and arable fields, it is nec-
essary to disinfect it before further use. In closed systems of nutrient circulation,
in the cultivation of plants under cover and in container nurseries, contamination
of water occurs by unconscious introduction into cultivation, even sporadically,
of infected cuttings, seedlings or older plants. The cultivation conditions that are
beneficial to the growth of plants, and often leading to them becoming overly
delicate, also promote root system infections and rapid disease development,
combined with abundant sporulation of microorganisms on the infected tissues,
which in turn affects the growth of populations of pathogens, including vari-
ous species of fungi and fungus-like organisms, viruses and nematodes (Amsing
and Runia 1995, Norman et al. 2003) and their entry into the water. Themann
et al. (2002a) detected 12 species of Phytophthora, with the dominance of P,
cryptogea, in the water. Repeated use of such contaminated water to irrigate
plantings under cover or open-field crops may lead to significant losses in the
irrigated production. Reused irrigation water can often be the main source of
a pathogen in new plantings and, besides infecting plants, also a cause of soil
contamination (Hong et al. 2001). An increase in the number of infected plants is
usually associated with the intensification of chemical protection and water pol-
lution with pesticide residues (James et al. 1995). For these reasons, Lane (2004)
believes that disinfection of water used repeatedly to irrigate plants should be
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a priority, not only to eliminate pathogens from it but to reduce the use of plant
protection products.

DETECTION OF PATHOGENS IN WATER

The composition of microorganisms and nematodes occurring in water de-
pends on the location of its source, pH and temperature, the time of year, weather
pattern, species of cultivated plants, organic matter and mineral content (Baker
and Matkin 1978, Ehret et al. 2001, Hong et al. 2001, Hong and Moorman 2005,
MacDonald et al. 1994, Themann et al. 2002a, Werres et al. 2007). One of the
methods used for detecting microorganisms is water filtration, followed by the
laying out of the filters onto a growth medium suitable for a given genus (Bush et
al. 2003, Hong et al. 2002, Hong and Moorman 2005). Using a 5 um pore filter,
this method enables detection of Pythium and Phytophthora species (Hong et
al. 2002). Quite popular are also plant baits that are placed in the water or soil,
and after symptoms of rotting have appeared on them, the affected fragments are
transferred onto a growth medium (Bush et al. 2003, Hong and Moorman 2005).
Shokes and McCarter (1979) found plant baits to be very effective for detecting
Pythium species, explaining that the baits were rapidly colonized by zoospores.
For the detection of Phytophthora spp., Steddom (2009) found the use of bait-
ing plants much more effective than other methods. This was also confirmed by
Themann et al. (2002a). Studies by Orlikowski et al. (2011a) showed particularly
high usefulness of the leaves of rhododendron, as well as alder and lilac, for de-
tecting Phytophthora species in water. An additional advantage is the possibility
of using rhododendron leaves throughout the year irrespective of the tempera-
ture and pH of the water (Orlikowski et al. 2012). The authors showed (Tab. 1)
that, regardless of the source of water and the time of year, eight Phytophthora
species, with the dominance of P. plurivora, were present in watercourses and
reservoirs. Hong and Moorman (2005) and Kong et al. (2003) emphasize the
high usefulness of the PCR technique for the identification of microorganisms
from the water.

Of the eight species found in the water, only P. lacustris and P. plurivo-
ra occurred regardless of its source. Other species were detected mainly in the
ponds tested (Tab. 1). Orlikowski et al. (2012) found the occurrence of Phytoph-
thora spp. in the water to be independent of the time of year. Only in February
did the authors not detect any of the Phytophthora species in the tested water
sources. It is likely that with the water surface being frozen in that month Phy-
tophthora species were present in bottom sediments.
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Figure 1. Frequency of Phytophthora spp. detection depending on the baiting plant
species (Orlikowski et al. 2011a)

Table 1. Phytophthora species occurring in rivers, canals and ponds (Orlikowski et al.

2011a)
Phytophthora species Rivers Canals Ponds

P. cactorum - - +

P. cambivora + - -

P. cinnamomi - + +

P. citrophthora - + +

P. cryptogea - + +

P. lacustris + + +

P. megasperma + - -

P. plurivora + + +

POSSIBLE METHODS OF WATER DISINFECTION

1. SLOW FILTRATION

In the case where the filter matrix consists of sand, the method is referred
to as slow sand filtration (SSF). It has been used for over 100 years for munic-
ipal water treatment and for about 40 years for disinfecting water in closed cir-
cuits, mainly in protected cultivation (Wohanka et al. 1999). The method gives
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the possibility of eliminating species of the genera Fusarium, Cylindrocladium,
Phytophthora, Pythium, Thielaviopsis, Verticillium, Xanthomonas, and the nem-
atode Rodopholus similis from the water (Brand and Wohanka 2001, Calvo-Ba-
do et al. 2003a, Zheng and Dunets 2012). Sand, volcanic lava, granular mineral
wool, charcoal are used as the filtering substrate. The most commonly used is
sand with a particle size of 0.15 to 0.35 mm, which is much more effective than
the 0.5 to 1.6 mm fraction (van Os et al. 1998). The effectiveness of filtering de-
pends on the amount of inoculum in the water, water flow rate, pathogen species,
and also the presence of microorganisms antagonistic towards the pathogens,
and organic matter content (Brenner et al. 2000, Calvo-Bodo et al. 2003b, Pet-
titt et al. 1998). The optimal flow rate of water through the filter is considered
to be from 100 to 300 I/m*h, giving the elimination of pathogens from 93 to
100% (Ehret et al. 1999, van Os et al. 1998). Filtration effectiveness increases
when isolates of Pseudomonas putida or Bacillus cereus, which are antagonis-
tic towards many pathogens, are introduced into the filter matrix (Déniel et al.
2004). The advantage of a sand matrix is low installation cost, low energy con-
sumption for disinfection, no residue in the filtered water, adaptability to almost
any conditions, independence from water pH, and low cost of disinfection (Ufer
et al. 2008a, b). The disadvantage is the necessity of replacing the individual
sand fractions, the difficulty in changing the filtering site due to the considerable
weight of the filtering substrate, slow disinfection of water, decreased filtration
effectiveness over time due to the accumulation of organic and inorganic parts
and peat, and, with an increase in filtering temperature above 20°C, the possibil-
ity of the occurrence of Legionella sp., bacteria harmful to humans (Calvo-Bodo
et al. 2003a, Wohanka and Helle 1996).

Apart from sand, granular mineral wool is considered to be the most useful
product for slow water filtration, as it is about 10 times lighter than sand, easier
in the construction and relocation of the filtering installation, and does not re-
quire, as is the case with sand, several layers of different grain size, and does not
suffer from frequent clogging of pores. It also has a larger filtering surface, but is
four times as expensive as sand and does not guarantee the complete elimination
of harmful microorganisms (Chin 2005, Ufer et al. 2008a, b, Wohanka and Helle
1996, Wohanka et al. 1999).

The use of volcanic lava as the filter matrix allows water to flow faster than
through sand, eliminates pathogens of the genera Fusarium, Pythium and Phy-
tophthora to the extent of almost 100%, and gives the possibility of disinfecting
water at temperatures between 5 and 25°C. The system requires less space be-
cause of the faster flow of water, and can be operated for longer than a sand filter
(Ufer et al. 2008a, b).

Park et al. (1998) and Wohanka and Helle (1996) are of the opinion that
charcoal can be the most useful substrate for filtering, as evidenced by the elim-
ination of more than 90% of Fusarium oxysporum spores from the water, com-
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pared with about 80% for a sand filter and only about 50% for perlite. Such
properties are also ascribed to ‘keramzyt’ (LECA — light expanded clay aggre-
gate), but it is much more expensive to use and less effective than either sand or
mineral wool (Wohanka and Helle 1996).

2. UV IRRADIATION

UV radiation is often used for disinfecting water when plants are grown
under cover. A centrally mounted lamp emits UV-C rays at 254 nm destroy-
ing the RNA and DNA of water-dwelling microorganisms (Newman, 2004). To
eliminate plant pathogens, including viruses, it is recommended to use UV radi-
ation at doses of 100 mJ/cm? and 250 mJ/cm?. To eliminate nematodes, the dose
should be doubled (Amsing and Runia 1995). According to Jamart (1998) and
Mebalds et al. (1996), UV radiation is most useful in eliminating zoospores of
Phytophthora spp., as the most common forms of this group of pathogens (Baker
and Matkin 1978), and spores of Fusarium oxysporum and Colletotrichum cap-
sici, but is less effective against Alternaria zinniae and Fusarium solani. Runia
and Boonstra (2004) believe that the effectiveness of UV radiation can be in-
creased by adding 200 to 400 ppm hydrogen peroxide to the water immediately
prior to disinfection. The effectiveness of irradiation depends on the water flow
rate and the presence of organic debris, including plant parts and mineral salts.
The disadvantage of the system is the inhibition of the development of plants
irrigated with water immediately after it has been irradiated, the destruction of
iron chelates, high operating costs, elimination of beneficial microorganisms,
and no effect on pathogens present within plant debris (Daughtrey and Schippers
1980, Nasser et al. 2006).

3. CHLORINATION

For disinfection, chlorine can be added in a solid form as calcium chloride,
a liquid form as sodium hypochlorite, or a gaseous form (Chin 2005, Clark and
Smajstrla 1992). The decomposition of these compounds results in the forma-
tion of hypochlorous acid, which causes oxidation and elimination of microor-
ganisms. In addition, OH ions are released, which cause the pH of the water to
increase. Mebalds et al. (1996) showed that at pH 6 the effectiveness of disinfec-
tion was about 96%, and with an increase to pH 7, the effectiveness decreased to
73%. A further increase in pH eliminates only about 22% of pathogens (Mebalds
et al. 1996). The use of chlorine in a gaseous form, despite its strong effect on
pathogens, including Phytophthora, is dangerous because of the possibility of
causing irritation of the respiratory tract, especially at high concentrations (Clark
and Smajstrla 1992). It has been shown that many microorganisms already re-
spond to 1-3 mg Cl/l, but 5-10 mg Cl/1 should be applied to water containing
more mineral compounds. With a high level of organic and inorganic substanc-
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es, the dose should be increased to 25-30 mg CI/1 (Clark and Smajstrla 1992).
A study by Hong et al. (2003) indicates that 2 mg of free chlorine per 1 litre of
water kills zoospores of Phytophthora spp., whereas the hyphae of P. nicotianae
can still survive at 8 mg/l of this element. Taking into account the possibility
of some pathogens, especially Phytophthora, surviving within organic debris,
the effectiveness of chlorination can be improved by subjecting water, before
the treatment, to sedimentation (Steadman et al. 1979) or slow sand filtration
(Ufer et al. 2008a, b).

4. HYDROGEN PEROXIDE

Newman (2004) considers hydrogen peroxide to be a potent oxidant used
to minimize the occurrence of pathogens in the water and also to eliminate algae
(Vanninen and Kuskula 1998). A study by Chikthimmah et al. (2005) indicates
that, in addition to the important role of this agent in inducing plant resistance
to pathogenic bacteria, it plays an important role in controlling the populations
of Pseudomonas, Cladosporium and Botrytis species. Hydrogen peroxide is also
used for the disinfection of greenhouses and polytunnels. To improve the stabili-
ty of the agent and increase its effectiveness, silver ions are added to it. A product
available in Poland is Huwa San TR 50 containing 50% hydrogen peroxide and
0.036% silver. Rompaey (2015) has shown that the agent can be successfully
used to eliminate the biofilm from an irrigation system, an important compo-
nent of which is Agrobacterium rhizogenes, the bacterium that causes the ‘crazy
roots’ disease in tomatoes. The authors’ own studies also indicate the possibility
of using this agent to minimize the occurrence of Phytophthora species in the
water used for irrigating nurseries of ornamental plants. A double application of
the agent to the water at a dose of 50 ml/m? resulted in an approx. 4 times reduc-
tion in the population size of P. plurivora (Fig. 2).

5. HEATING

This is a method of disinfecting recycled water in the protected cultivation
of crops (Newman 2004). In the first stage, the water is pumped into a heat ex-
changer, where it is heated by the heat generated by the cooling of the already
disinfected water, and then it enters another heat exchanger, where it is heated
to the desired temperature. This method offers the possibility of eliminating spe-
cies of the genera Pythium and Phytophthora, and also Fusarium oxysporum,
Verticillium dahliae, Erwinia chrysanthemi, the nematode Rodopholus similis,
as well as the tobacco and tomato mosaic viruses (Runia and Amsing 2001). Ac-
cording to Pettitt et al. (1998), instead of heating the water up to 95°C, it is suffi-
cient to heat it up to 60°C for 2 minutes to eliminate pathogenic bacteria, fungi,
fungus-like organisms and nematodes. This results in a 42% reduction in energy
costs. However, to eliminate viruses, 85°C for 3 minutes is necessary (Runia
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and Amsing 2001). To disinfect 10 thousand litres of recycled water, approx. 1
GJ of energy must be used in the form of fuel gas (Yiasoumi 2005). At the same
time, it is important to remember to cool the disinfected water before using it for
irrigation, which entails additional costs (Ehret et al. 2001).
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Means in columns, followed by the same letter, do not differ according to Duncan’s multiple range test

Figure 2. Relationship between tested compounds, their concentrations and efficacy in
the control of Phytophthora plurivora in water (Orlikowski et al, unpublished)

CONCLUSIONS

1. Water shortages associated with drought or low rainfall and limited access
to deep underground water make it necessary to use it repeatedly for the ir-
rigation of crops grown under cover and in closed-circuit field cultivation.

2. The use of irrigation water from natural sources can introduce into cul-
tivated crops very dangerous soil-borne pathogens, which can cause
losses occasionally reaching as much as several dozen percent.

3. The most commonly found in the water are species of the genera Phy-
tophthora and Pythium, forms of Fusarium oxysporum, Cylindrocladi-
um spp., Verticillium dahliae, Erwinia chrysanthemi.

4. Pathogens can also originate from cuttings or seedlings brought into plant-
ings, on which they multiply rapidly and then enter the irrigation water.

5. Before planting and irrigating plantings, the composition of harmful
microorganisms present in the water should be determined using for
this purpose, for example, the baiting plant method, which is easy to
use, cheap, and available throughout the year.
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6. Among the various methods of water disinfection in the protected cul-
tivation of crops in Poland, the most commonly used is UV irradiation.

7. Literature data indicate great advantages of water filtration, including
the use of sand, granular mineral wool or volcanic lava filters for this
purpose. Due to the high effectiveness and low operational costs, this
method has the potential of being widely introduced into the disinfec-
tion of recycled water.
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