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THE EFFECTS OF DISEASE MANAGEMENT PRACTICES ON 

PHYLLOPLANE MICROORGANISM POPULATIONS OF APPLE. 

by G.R. Bakker 

Worldwide, growing concern about the harmful effects of pesticides on humans and 

non-target organisms has resulted in an incre~ing demand from international 

markets for fruit that is produced using sustainable management systems. This study 

measured the effects of fungicides on population density and species richness of 

phylloplane microorganisms in apple orchards under different management systems. 

A secondary objective was to identify one or a few microorganisms that could be 

easily recognised by colony morphology and be used as bioindicators of sustainable 

orchard management. 

During the 1998/1999 season, a sampling, isolation and enumeration method was 

developed that determined the amount of natural variation in microorganism 

populations among trees, among locations within trees and between spring and 

autumn, in an unsprayed orchard. The results showed that during spring, the variation 

. among trees, locations within trees, and dilution plates were responsible for 49, 39 

and 12 percent, respectively, of the total variation. During autumn, the variation 

among trees, locations within trees, shoots, and dilution plates were responsible for 

34,0,49 and 17 percent, respectively of the total variation. 

The information gained from the frrst study was used to modify the methods, which 

were used in a second study in 199912000, to compare microorganism populations 

from apple orchards under different management systems, at four times during the 

season. Three orchards followed ENZA-IFP (Integrated Fruit Production) 

requirements for export, three produced for the local market (IFP-Iocal market) and 

two produced apples organically, complying with BIO-GRO standards. An 

unsprayed orchard was also included in the study. The results showed that 

populations increased during the season, by factors of 11, 47, 774 and 80 for 

bacteria, 'smooth yeasts', Aureobasidium spp. and filamentous fungi, respectively. 



Throughout the season, population densities of bacteria and 'smooth yeasts' were 

similar in all orchards (1 x 105 to 1 X 106 colony forming units per leaf [CFU/leaf]), 

whereas those of Aureobasidium spp. and filamentous fungi were lower in IFP 

orchards (about 1 x 103 and 1 x 104 CFU/leaf respectively) than in BIO-GRO and 

unsprayed orchards (3 x 104 and 1 x 105 CFU/leaf respectively). The mean species 

richness (number of recognisable taxonomic units per sample [RTU/sampleD varied 

from 5.3 in IFP orchards to 6.6 in the BIO-GRO and unsprayed orchards, but species 

richness was lower in IFP orchards (5) than in BIO-GRO and unsprayed orchards 

(13) during spring, and it increased during the season and became similar to that of 

BIO-GRO orchards in autumn. 

In a third study, the direct effects were determined of the fungicides, captan, copper 

hydroxide, myclobutanil, dodine, inorganic sulphUr and a fish-based foliar fertiliser, 

on phylloplane microorganism populations. Products were sprayed four times during 

the 1999/2000 season, and the microorganism populations assessed immediately 

before treatment and at 1, 3 and 7 days after treatment. With all microorganisms 

combined there were significant differences (P:S0.05) in the level of increase or 

decrease in microorganism populations among the four treatment dates, but 

differences among products were only significant at P:S:O.l. 'Smooth yeasts', 

fIlamentous fungi and species richness, showed significant (P:S:0.05) changes in 

population densities due to foliar treatments. Although this trend was observed only 

in a few (3/60) cases, this indicates that a single isolated foliar application of a 

chemical product can affect microbial population densities and species richness. The 

effect of repetitive fungicide applications, different products and product 

combinations and insecticide use on non-target microorganism as applied in 

commercial situations requires further investigation. 

During the second and third study, Cladosporium spp. were identified as having 

potential to be suitable indicators of sustainable orchard management, because they 

were present in most orchards, during most of the growing season, and most often 

showed a significant response to orchard management systems and fungicide 

treatments. 

Keywords: Population density, species richness, apple, Malus x domestica, orchard 

management, organic, IFP, Integrated Fruit Production, BIO-GRO, fungicides, 

pesticides, non-target microorganisms, beneficial microorganisms, fungi, yeasts, 

phylloplane microorganisms, bioindicator. 
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1 Introduction 

1.1 Apple production 

1.1.1 Economic importance 

Apples are one of the world's most important crops with a worldwide annual fresh 

production of 43 million tonnes in 199912000, and 44.5 million tonnes in 2000/2001. For 

comparison with other major agricultural crops, the world apple production in 1999/2000 

was 11 % of the world rice production at 408 million tonnes and 7% of the world wheat 

production at 586 million tonnes (USDA 2002). 

New Zealand has produced between 443,000 (199111992) (USDA 1995) and 938,000 

(1996/1997) (USDA 2000) tonnes of apples since 199111992 and apples are one of New 

Zealand's most important horticultural export products, with the main markets being those 

that require fresh produce during the off-season in the Northern hemisphere. In 2000, New 

Zealand exported 20 million cartons (containing 360,000 tonnes of apples) (Scoop Media 

2000), which dropped to 15.4 million cartons during the year ending September 2001, 

although it recovered to 17.7 million by 2002 (MAF 2002b). 

1.1.2 The apple tree 

1. 1.2. 1 Origin 

The domestic apple, Malus x domestica Burkh., is widely thought to have originated from 

M. pumila Mill., a species with small fruit that occurs naturally in eastern Europe and 

western Asia. However, Stebbins and Aldwinckle (1990) suggested that it is more likely to 

have originated from M. sieversii (Ledeb.) M. Roem, from the mountains of central Asia, 

because this species exhibits several characteristics that are found in many commercial 

apple cultivars. Juniper et al. (1998) have confirmed this using DNA techniques, and 

suggested that the apple started evolving in central and southern China 10 - 20 million 

years ago. Originally it was a bird disseminated fruit with edible seeds, which evolved 

through natural selection by forest deer, wild pigs, and bears into a larger, sweeter, juicier 

fruit with toxic (cyanide containing) seeds. After the last ice age, 10,000 years ago, humans 

began to carry apples along the 'silk trail' spreading it into other areas where it was 

cultivated from seed and cuttings. 
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1.1.2.2 Physiology 

Fruiting apple cultivars are commonly budded onto seedling or clonal apple rootstocks, 

which have been selected to control tree size, induce early flowering, and to confer 

resistance to Phytophthora crown rot, fire blight and woolly apple aphid (W AA). In most 

European orchards, dwarfing rootstocks, such as M.9, are grown because they allow up to 

ten times more trees to be planted per hectare than conventional rootstocks. In such high

density orchards, the trees need support in the form of trellises or stakes, and trickle or 

overhead irrigation to improve establishment. Overhead irrigation has the additional 

advantage of providing some frost protection and maintaining a healthy cover crop. The 

high costs of irrigation and training of the trees is justified by higher returns from the high

density orchards (Stebbins and Aldwinckle 1990) .. A range of 15 rootstocks is available in 

New Zealand, of which M.9, Mark (MAC9), M.26, MM.106, Northern Spy, M.793 and 

Aotea 1 (in order from low vigour to high vigour) are the most common. The smaller ones 

are generally more resistant to crown rot, but less resistant to W AA and fire blight. M.9 is 

highly susceptible to W AA and fire blight, resistant to crown rot and powdery mildew and 

has intermediate resistance to apple black spot (ENZA 1998). 

Apple leaves usually develop at two or three stages of the annual growing cycle. In spring, 

'mixed' buds produce spurs on which five to seven flowers and up to ten leaves are 

formed. The central bud flowers first and produces the largest fruit. All spur leaves unfold 

around full bloom, after which the leaves mature but no new leaves are formed. Vegetative 

growth of the spurs is usually about 10 mm (Morley-Bunker 1999, personal 

communication). Axillary shoots appear from vegetative buds on the previous year's 

growth. The first flush of leaves to be produced on shoots appears during the first period of 

vegetative growth, which can last from November to January. In most trees there is also a 

second period of vegetative growth, which can last from January to March, depending 

upon environment and cultivar. Leaves of the first period of vegetative growth are usually 

darker in colour due to higher nitrogen availability, and broader in appearance, than the 

leaves of the second period of vegetative growth, which are paler in colour and narrower. It 

is possible that the leaf micro flora varies with these phases (Morley-Bunker 1999, personal 

communication), but there have been no reports on such studies in the literature. 

1.1.2.3 Cultivars 

There are two types of apple cultivars, those that produce many axillary shoots and need 

substantial pruning, and those that produce few or no axillary shoots, called spur types 
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(Stebbins and Aldwinckle 1990). Regular pruning is usually necessary to contain tree 

height and spread, to open the tree for light and spray penetration, to renew fruiting wood 

and to improve access for thinning, pruning and picking. Pruning requirements differ 

among the different cultivars that produce more or fewer axillary shoots and that have 

different light requirements. Red culti vars need an open canopy to allow sufficient 

penetration of light to enhance colour, while green cultivars need enough shading to avoid 

sunburn of the fruits (Stebbins and Aldwinckle 1990). 

Over many centuries, thousands of apple cultivars have been selected for better taste, 

appearance, disease resistance and other characteristics, and currently approximately 

10,000 apple cultivars are known (Vines 2002). Only a few of these cultivars are currently 

grown commercially, and different countries show preferences for different cultivars. Gala, 

Royal Gala, Braeburn, Fuji, Pacific Rose and Southern Snap are popular New Zealand 

export cultivars, but none of these are resistant to the main apple diseases. Cultivars for the 

local New Zealand market, such as Sansa, Akane, Baujade, Freedom, James Grieve, 

Jonafree, Jonathan, Liberty, Prima and Vanda,show slightly better resistance to these 

diseases, in particular to apple black spot (ENZA 1998). 

Most apple cultivars produce too much fruit and need thinning to produce fewer but larger 

fruits in the current season. Apples are frequently thinned chemically, normally at 25-30 

days after full bloom to prevent biennial bearing (heavy bearing in one year resulting in 

lighter bearing in the next) (Stebbins and Aldwinckle 1990). 

1.1.3 The orchard community 

Apple orchards form a complex community that includes, besides the apple trees, an inter

row grass sward often consisting of a variety of plants and a variety of invertebrates, birds 

and mammals. Depending on several factors such as type, density and management of the 

inter-row grass sward, this inter-row grass sward and the trees themselves can harbour a 

range of insects and other invertebrates, birds and small mammals such as mice, rabbits 

and hares, and microorganisms. These populations are in constant eqUilibrium with each 

other, and most of these cause little or no effect on the apple trees, but some of the plants 

(weeds) may compete for water and nutrients, while others provide nutrients and mulch to 

preserve soil moisture. Some birds may cause direct damage to ripe apples, but during the 

rest of the season may keep populations of invertebrate pest populations under control. The 

under storey will also contain many invertebrates and microorganisms that are responsible 

for the breakdown of apple leaf litter, which in return can contribute to reduced pest and 
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disease pressure during the following season, in particular apple black spot. Therefore, 

careful selection of the type and management of inter-row grass sward can affect the 

overall health of the orchard and indirectly influence the quality and quantity of the apples 

produced. 

1.1.3.1 Microorganisms of the phyl/op/ane 

Many different microorganism spores and other propagules are likely to be randomly 

deposited on plant surfaces, in particular on leaf surfaces. Some of these, called transients 

(Forrester and HoIqc~men 1994; Bonnen and Hopkins 1997), will die or remain dormant 

until they are transferred to other, more suitable media, while others, may germinate under 

suitable conditions or start to colonize the leaf ~y other means, but die soon afterwards. 

Some of these microorganisms however, call,ed residents (Andrews and Kinkel 1986), 

may survive on the leaf surface for a longer period and together form the microflora of the 

phylloplane. Under suitable conditions, some may enter the leaf through stomata or 

wounds, or penetrate the epidermis directly. Those that do enter the leaf may grow 

successfully inside the leaf as endophytes, as symbionts or as parasites that cause disease. 

Common phylloplane microorganisms include Cladosporium spp., Phoma spp., Epicoccum 

spp., Alternaria spp., Aureobasidium pullulans (de Bary) Arnaud, white and pink yeasts 

(Cryptococcus and Sporobolomyces spp. respectively), Pan toea agglomerans (Ewing & 

Fife) and Pseudomonas spp. 

The most important foliar diseases of apple that occur commonly in New Zealand are apple 

black spot, caused by Venturia inaequalis (Cooke) Winter, powdery mildew, caused by 

Podosphaera leucotricha (Ell. & Everh.) E. Salmon and fire blight, caused by Erwinia 

amylovora (Burrill) Winslow et al. Other diseases of apple include bitter rot 

(Colletotrichum gloeosporioides [Penz.] Penz. & Sacc.), white and black rot 

(Botryosphaeria doth idea [Moug.] Ces. & De Not. and B. obtusa [Schwein.] Schoemaker 

respectively), sooty blotch (Gloeodes pomigena [Schwein.] Colby) and flyspeck 

(Schyzothyrium pomi [Mont. & Fr.] Arx) (Jones and Aldwinckle 1990). For a detailed 

description of pathogenic and epiphytic microorganisms on apple leaves, see Appendix 1 . 

The following section describes the biotic and abiotic factors that affect the survival and 

development of these microorganism populations. 
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1.2 Factors affecting phylloplane microorganisms 

1.2.1 General 

Microorganism populations of the leaf surface are affected by abiotic factors such as the 

microclimate and biotic factors such as the leaf surface itself and interactions between the 

microorganisms. Before studying differences in phylloplane microorganism populations 

among different trees, orchards or fungicide treatments, it is necessary to understand the 

factors that influence the development and survival of phylloplane microorganisms. This 

section summarises 'first the abiotic and then the biotic factors, which are often a function 

of abiotic factors, and their interactions, that have been published. 

1.2.2 Abiotic factors 

1.2.2.1 Microclimate 

The boundary layer of a leaf is the layer of air immediately surrounding the leaf, between 

the ambient wind speed and the surface of the leaf where the wind speed is nil. The 

thickness of the boundary layer is determined by the presence or absence and density of 

trichomes (Mauseth 1988), and is usually less than 1 mm. This layer is sometimes referred 

to as the phyllosphere, and it is this layer in which phylloplane microorganism interactions 

take place. The microclimate in the boundary layer of the leaf usually differs considerably 

from the ambient climate (Dix and Webster 1995). 

Abiotic factors such as the macroclimate and seasonal changes cause the microclimate of 

the leaf surface to fluctuate constantly. Other factors such as the orientation of the leaf 

surface to solar irradiation, its position within the canopy, and the compass location of the 

leaves relative to the entire canopy, also influence the microclimate of the leaf surface 

(Shell et al. 1974; McMillen and McClendon 1979). Consequently, the relationship 

between host, pathogen, and the associated phylloplane microorganisms will differ with 

these factors (Blakeman 1985). 

1.2.2.1.1 Temperature 

The temperature of a leaf depends on a number of factors such as the ambient temperature 

and the solar irradiation, as well as position, shape, surface topography, transpiration, wind 

speed and wetness of the leaf. Temperatures can vary over the surface of a single leaf but 

generally by not more than 2-3 °C, with the highest temperature occurring at the centre of 

the leaf. Leaves are often cooler at night and warmer during the day than the surrounding 
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air, and the temperature of the leaf surface fluctuates more in the periphery than within the 

canopy (Burrage 1976; Blakeman 1985; Dix and Webster 1995). However, leaves are 

cooler than the surrounding air when the daytime temperature is above a threshold, which 

differs among plant species, but averages approximately 33°C (Linacre 1964; Gates 1968, 

cited in Burrage 1971). 

1.2.2.1.2 Humidity and leaf wetness 

Under normal conditions, leaves transpire continuously, causing the humidity of the 

boundary layer to be higher than the surrounding air, depending on the thickness of the 

boundary layer, the number and status of stomatal apertures and the availability of water 

(Burrage 1971). Due to a generally greater number of stomata and a lower occurrence of 

convection currents, the humidity is often higher on the abaxial surface than on the adaxial 

surface (Mauseth 1988). Furthermore, a lower solar irradiation on leaves within the 

canopy, results in a lower day temperature and less fluctuation in humidity than in the 

periphery (Blakeman 1985). 

During most nights, dew forms on the leaves due to a lower leaf temperature than the 

ambient temperature, and this is a very important factor because most phylloplane 

microorganisms can only germinate and grow on wet leaf surfaces or when the relative 

humidity exceeds 95% (Blakeman 1985). Roughness of the leaf surface results from the 

distribution and shape of surface features such as trichomes, epidermal cells and 

epicuticular wax crystals, and may cause the leaf surface to be water repellent, reducing the 

duration of leaf wetness and therefore the germination and survival rates of phylloplane 

microorganisms (Blakeman 1985; Dix and Webster 1995). 

Many fungi have developed mechanisms to survive high temperatures and humidity 

fluctuations and these enable them to colonize leaf surfaces. For example, the germ tubes 

of Alternaria tenuis Nees (syn. Alternaria alternata [Fries: Fries] von Keisler), 

Cladosporium cladosporioides (Fres.) de Vries, Cladosporium herbarum (Pers.) Link, 

Bipolaris sorokiniana (Saccardo in Sorokin) and Stemphylium botryosum Wallr. can all 

survive exposure to relative humidities as low as 40% for up to 8 h, although the survival 

rates decrease with the increased length of the germ tube (Diem 1971, cited in Dix and 

Webster 1995). In some fungi, the hyphal apices are very tolerant of desiccation, which 

allows them to survive dry conditions in which other parts die, and to resume growth upon 

rewetting (Park 1982, cited in Dix and Webster 1995). Moreover, in some pathogenic 

fungi, intermittent wetting can stimulate infection. For example, infection of apple leaves 
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by Venturia inaequalis was enhanced when dry periods of 8 h occurred during the 

infection process, while infection was only slightly reduced by dry periods of 24 h 

(MacHardy·1996). Furthermore, Mycosphaerella pomi (Pass.) Lindau, which causes 

Brooks' fruit spot of apple, requires 96 h of leaf wetting before appressoria formation or 

penetration takes place. This situation rarely occurs in vivo, but germinating spores can 

withstand 24-h dry periods without any reduction in infectivity, and sometimes infection 

was even enhanced by a 12-24 h interruption of the wetting period (Sutton et al. 1987). 

Other fungi, such as Aureobasidium pullulans, Cladosporium herbarum and Epicoccum 

nigrum Link can survive dry periods by forming micro-conidia and chlamydospores (Pugh 

and Buckley 1971,cited in Dix and Webster 1995). Moreover, Helander et al. (1993) 

reported that Aureobasidium and Hormonema species, which are morphologically similar, 

can change their growth form between filamentous and yeast-like forms to overcome 

drought, but also between producing hyaline or melanin-pigmented hyphae, and produce 

yeast-like budding cells or swollen hyaline cells depending on the environment (Dickinson 

1986). 

1.2.2.1.3 UV light 

Natural ultraviolet (UV) radiation can be harmful and often lethal to many microorganisms 

because it "damages DNA by causing adjacent pyrimidine bases to join up as dimers and 

by causing a number of other subtle changes" (Bridges 1976, cited in Dickinson 1986). 

Some pathogenic fungi that produce long germ tubes are therefore less likely to survive on 

leaf surfaces than fungi that produce short germ tubes or pigmented haustoria immediately 

after germination. Microorganisms that grow by means of budding, like yeasts and 

bacteria, rather than by means of mycelia, like filamentous fungi, are also more protected 

against UV radiation, and are therefore more abundant on leaf surfaces than filamentous 

fungi (Dix and Webster 1995). However, some microorganisms that inhabit adaxial leaf 

surfaces, such as Aureobasidium and Hormonema species, have pigmented spores or cell 

walls in order to survive intense exposure to UV radiation (Helander et al. 1993), and the 

pigmented fungal spores of Alternaria, Cladosporium and Epicoccum spp. survive UV 

light better than the hyaline spores of A. pullulans and other phylloplane yeasts (Dix and 

Webster 1995). Some fungi are known to produce UV-radiation absorbing pigments as a 

response to exposure to UV light (Scherer et al. 1988; Asthana and Tuveson 1992). 

UV light is also responsible for the degradation of the cuticular wax layer of leaves and 

fruit, allowing for longer periods of surface wetness and thus facilitating the penetration of 

germinating pathogens. Apple black spot symptoms therefore occur more frequently on the 
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side of the fruit facing direct sunlight, than on the green side of the fruit facing inward, 

where the wax layer reduces wetness duration and germination, and so penetration by the 

V. inaequalis germ tube (MacHardy 1996). 

1.2.2.1.4 Wind 

The wind speed within the boundary layer of the leaf is low relative to the ambient wind 

speed. However, many microorganism propagules are windborne and therefore many 

spores form on top of conidiophores, which expose them to higher wind speeds outside the 

boundary layer (Grace and Colins 1976). 

Deposition of airborne fungal spores onto the leaf surface occurs by wind impaction, for 

which the spores need to pass through the boundary layer, and air turbulence. Large spores 

are more easily deposited than small spores, because of their more favourable surface area

to-mass ratio. However, larger, heavier spores and high impact are incompatible with 

efficient dispersal, which is more efficient in smaller spores. A compromise between the 

two appears to be a diameter of about 10 Jlm. Spores of wood rotting fungi for example, 

which are normally deposited at relatively high wind speeds, are close to this size, whereas 

smaller spores, of Penicillium spp. for example, are suited for wide dispersal and are 

frequently deposited by lower wind speeds and by being 'washed' out of the air with rain 

(Dix and Webster 1995). 

Wind may also cause leaves to rub against each other, allowing direct transmission of 

phylloplane microorganism propagules from leaf to leaf Moreover, rubbing can lead to 

leaf damage and increased nutrient leakage, enhancing germination and growth of leaf 

surface microorganisms (Hislop 1976). 

The wind speed is often higher at the periphery of the canopy than within the canopy, 

which contributes to higher evaporation rates, lower temperature and reduced leaf wetness 

than of leaves within the canopy. 

1.2.2.2 Nutrients 

Various types of debris, such as pollen, honeydew, fungal spores and other substances on 

the leaf surface, provide nutrients for the survival and growth of phylloplane 

microorganisms and have a major influence on microbial diversity and activity (Fokkema 

1981; Blakeman 1985). Leben (1985), showed that the application of yeast extract and 

sucrose to the leaf surface of field-grown wheat, increased popUlation densities of 
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antagonistic yeasts, and nutrients added to protectant fungicide sprays improved disease 

control in greenhouse experiments, possibly due to enhanced activity of antagonists. 

Pollen grains are deposited on the leaf surface in the same way as fungal spores. When 

wet, they release sugars, amino acids and proteins, which can be utilized by germinating 

spores. Airborne pollen and fungal spores are present in high numbers in mid summer and 

are deposited together on the leaf surfaces, which partially explains the increase of 

epiphytic fungi during this season (Dix and Webster 1995). 

Honeydew, an excrement from aphids, is reported to be an important source of nutrients 

and to enhance the growth of phylloplane microorganism popUlations (Ashbolt and 

Inkerman 1990; Dik and Pelt 1992; Stadler and Muller 1996). Phylloplane fungi have been 

reported to successfully remove honeydew from cereal leaves, resulting in increased 

exposure of leaf area to solar irradiation, and increased yield compared to crops in which 

microorganisms were controlled by fungicides (Dik and Pelt 1992). 

1.2.2.3 Pesticides 

The use of foliar pesticides to control diseases can cause major disruption of phylloplane 

microorganism populations, often reducing the number and diversity of organisms. This 

can have a negative effect on naturally-occurring biological control, which in some cases, 

makes the plants more susceptible to other disorders (Hislop 1976; Bosshard et al. 1987). 

For example, when pathogenic microorganisms on the leaf surface are less sensitive to 

pesticides than their antagonists are, this may result in increased disease severity (Fenn et 

al. 1989). In an experiment by Dix and Webster (1995), the use of non-selective 

fungicides, such as zineb and mancozeb, increased disease severity due to the removal of 

antagonists from the leaf surface, while the more selective fungicides benomyl and maneb 

initially reduced pathogen as well as epiphytic populations, but antagonist popUlations 

recovered and disease severity was reduced. 

In some cases, microorganisms that were previously not considered plant pathogens, may 

become pathogenic due to reduction of antagonist populations (Hislop 1976). Smedegaard

Petersen and Tolstrup (1986) reported that epiphytic fungi, such as Alternaria alternata, 

Aureobasidium pullulans, Cladosporium species and Epicoccum purpurascens Ehrenberg, 

do occasionally attempt to penetrate the leaf either through stomata or directly through the 

epidermis. Although this normally does not result in disease symptoms, diverting energy to 

combat these epiphytes results in reduced plant growth, and therefore, treatment of crops 

against epiphytes has occasionally increased yields in cereals up to 16%. These and other 
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experiments have indicated that the effects of fungicide use are quite complex. Not only· 

may fungicides reduce direct antagonism, but also competition for nutrients, and therefore 

enhance pathogen populations (Dix and Webster 1995). 

The activity of fungicides may be affected by naturally-occurring compounds on the leaf, 

interacting synergistically or antagonistically with the fungicides (Dik 1991). These 

compounds can affect the fungicide either directly, for example by redistribution and 

solubilisation, or indirectly if able to enhance the growth of the microorganism populations 

(Hislop 1976). Several authors reported that most carbohydrates, except fructose and 

lactose, could reduce the effect of fungicides, while amino acids can either be synergistic 

or antagonistic. The toxicity of do dine to Cladosporium fulvu",! Cooke (syn. Fulvia fulva 

[Cooke] Cif.) was found to be reduced by tom~to leaf exudates (Grover et al. 1969). 

Glucose and sucrose found in leaf exudates from Phaseolus aureus R. were found to 

increase the toxicity of benomyl to Fusarium solani (Mart.) Sacco f sp. phaseoli 

(Burkholder) W c., while most amino acids decreased it (Jhooty and Bains 1976). The 

toxicity of benomyl, thiophanate-methyl, chloroneb and quintozene against mycelial 

growth of Rhizoctonia solani Kuhn was found to be reduced by low concentrations of 

glucose (0.05-0.1 M) and glutathione (50 ~g/mL). Hydroquinone and tyrosine reduced the 

toxicity of chloroneb and quintozene respectively (Kataria and Grover 1978). Other 

substances like thiols and lipids are usually antagonistic to pesticides (Buchenauer 1980; 

Mailman et al. 1971 both cited in Dik 1991). 

The toxicity of fungicides has also been shown to be affected by leachates from fungal 

spores present on the leaf. A mixture ofzmeb and water-soluble leachates collected from a 

spore suspension of A. cucumerina (Ellis & Everh.) Elliot increased the EDso from 45 

~g/mL to 700 ~g/mL (Chopra and Jhooty 1974). 

1.2.2.4 Pollution 

Phylloplane microorganism populations are often affected by atmospheric pollution in the 

form of lead and sulphur dioxide emissions and also by ozone and oxides of nitrogen. Plant 

damage may be caused by the direct effect of high concentrations of toxic material, but 

also indirectly by reducing the activity of sensitive phylloplane microorganisms (Fenn et 

al. 1989). However, the growth and sporulation of some other microorganisms are 

enhanced by air pollution (Smith 1976). 
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1.2.2.4.1 Sulphur dioxide 

In general, sulphur dioxide is inhibitory to phylloplane. microflora, _ with increased 

concentrations causing greater reductions in their total biomass. However, different 

microorganisms are affected in different ways; for example, fungi such as Alternaria and 

Cladosporium species have been reported to be stimulated by low concentrations of 

sulphur dioxide (Dix and Webster 1995). On barley, populations of A. pullulans increased 

after fumigation with low concentrations of S02 (penn et al. 1989), whereas on Valencia 

orange (Citrus sinensis [L.] Osbeck) they decreased. However, these contradictory results 

may be due to the different plant species and different environments of the trials (Magan 

and McLeod 1991b). 

The toxicity of S02 is known to depend on environmental conditions such as temperature 

and humidity. When in the form of acid rain, S02 may affect the activity of fungi 

considerably. The normal pH of rain is about 5.7 due to C02 in the atmosphere, but pH 

levels as low as 2.1 have been measured in areas where S02 is released into the atmosphere 

by industrial and domestic sources (Lepp and Fairfax 1976). Under laboratory conditions, 

Helander et al. (1993) found that A. pullulans was tolerant of a low pH of 2.5 - 3.0, but in 

the field, colonies of A. pullulans and Hormonema spp. declined significantly at a pH 

below 3.5. They concluded that this was caused by the acid irrigation water used in the 

study, which had concentrated on the phylloplane, lowering the pH even further. They also 
-

found that the effect of nitric acid was not as strong as that of sulphuric acid, and at the 

higher pH levels, nitric acid might have a fertilising effect. Apart from directly reducing 

leaf surface microbial populations, acid rain also increases leaching from leaves (Lepp and 

Fairfax 1976), potentially damaging the leaves and enhancing microbial growth. 

1.2.2.4.2 Lead 

Lead appears to affect different microorganisms in different ways. Although banned from 

car fuels in most countries, lead still enters the atmosphere from a range of industrial 

sources. At low levels, it enhances development of Aureobasidium pullulans populations 

but greatly reduces populations of Sporobolomyces roseus Kluyver & van Niel and 

bacteria (Dix and Webster 1995). 

1.2.2.4.3 Ozone 

Ozone (03) is regarded as the most important photochemical air pollutant because it can 

affect all organisms through its high oxidation potential. Natural concentrations do not 
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exceed 0.03 ppm, but hydrocarbon and nitrogen oxide exhausts from combustion of fossil 

fuels can, under the influence of solar radiation, lead to ozone concentrations of 0.20 ppm 

in,the atmosphere (photochemical smog) (RistandLorbeer 1981). Ozone has occasionally 

been reported to reduce populations of microorganisms. For example, Alternaria alternata 

and Cladosporium cladosporioides populations in Valencia orange trees were reduced after 

long-term exposure to 10.6 ppbm (parts per hundred million) ozone, but short term 

exposure of Californian black oak and giant sequoia to natural (8 ppbm) levels of ozone 

did not affect the phylloplane micro flora (Fenn et al. 1989). 

On the other hand, some microorganisms are resistant to ozone and several reports have 

shown that the protectant activity of foliar microorganisms gave some protection from 0 3 

injury to the leaves they occupied. French bean, Phaseolus vulgaris L., and sunflower, 

Helianthus annuus L., infected with rust, Uromyces phaseoli (Pers.) G. Winter and 

Puccinia helianthi Schw.respectively, showed less injury to photochemical smog than 

'healthy' plants (Yarwood and Middleton 1954). Other authors found similar results in 

experiments with broad bean (Vicia laba L.) infected with Botrytis cinerea Pers., lilac 

(Syringa vulgaris L.) infected with Microsphaera alni (Walk.) Wint., peanut (Arachis 

hypogaea L.) infected with Cercospora arachidicola Hori. and wheat (Triticum aestivum 

L.) infected with Puccinia graminis Pers. f. sp. tritici Eriks. & E. Henn (Heagle 1973; 

Heagle and Key 1973; Magdycz and Manning 1973). Rist and Lorbeer (1981) suggested 

that these pathogenic fungi may produce antioxidant substances that protect the leaf tissue 

from ozone damage. In addition, Yarwood and Middleton (1954) found that heat treatment, 

which killed the fungus, did not inhibit protection of the leaftissue against ozone. 

1.2.3 Biotic factors 

1.2.3.1 Leaf position 

Many plant species maximise their ability to photosynthesise by heliotropism. Sunflower 

and bean leaves were reported to face north to north-east during the morning, disperse 

during the day and face west during the evening, while leaves of many deciduous woody 

plants were found to be horizontally oriented in shade, but vertically oriented during the 

middle of the day (Shell et al. 1974; McMillen and McClendon 1979). Heliotropism 

ensures optimum solar irradiation, resulting in generally higher temperatures and UV light, 

and lower relative humidity of the leaf surface than the surrounding air, conditions 

generally considered to be inhibitory to the development of microorganisms. 
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In the periphery of the canopy, leaves are usually exposed to high variations in solar 

radiation and wind etc., while leaves positioned within the canopy of a tree are relatively 

protected from UV-radiation. rain drop impact. temperature variations and wind. and are 

more likely to have a higher relative humidity (Blakeman 1985). They are. however. less 

likely to trap airborne microflora or nutrients than those on the outside of the tree 

(Andrews et aL. 1980). Microorgan ism communities on leaves within the canopy are 

therefore likely to be less diverse but more abundant than on leaves on the outside of the 

tree or orchard, and. because of the different habitat. may also be of a different 

composition. Andrews et al. (1980). found larger numbers of bacteria on leaves within the 

apple canopy than on the periphery. while numbers of yeasts and filamentous fungi were 

similar. They also found higher numbers of all groups of microorganisms closer to the 

ground than at higher elevations. possibly because leaves in the bottom of the canopy are 

more likely to trap soil particles and microorganisms that originate from leaf litter than 

leaves in the top. Lower leaves are also thought to be more likely to trap microorganisms 

dripping from leaves at higher positions in the canopy by means of water, in the form of 

dew. rain or guttation fluid (MacHardy 1996). 

[n the case of inoculum dispersed with water dripping from one leaf to another. the 

inoculum is more likely to be deposited on adaxial leaf surfaces. but germination and 

growth is more abundant on the abaxial leaf surfaces because these are more sheltered. and 

the relative humidity is generally higher due to a higher number of stomata on the abaxial 

surface (Dix and Webster 1995; Mauseth 1988). 

1.2.3.2 Leaf topography 

The distribution and shape of leaf surface features such as veins. trichomes. stomatal pores. 

glands. epidermal cells and epicuticular wax crystals determine the topography of plant 

leaves (Blakeman 1985). The topography of plant leaves varies among different plant 

species. among different leaf ages of the same species, and for different locations within 

plants. Topography may also differ for leaves with different functions as well as between 

the abaxial surface, which generally has more trichomes and stomata and the adaxial 

surface of the same leaf (Hallam and Juniper 1971; Holloway 1971). 

The presence or absence of trichomes also affects the ability of a leaf to trap airborne 

microorganisms and nutrients such as pollen, dust and soil particles (MacHardy 1996). 

Trichomes trap these particles if they move across the leaves at relatively high speeds. 

However, a spore may germinate on the trichomes well above the leaf surface and so 
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exhaust its nutrient reserves before the genn tube can reach the leaf surface (Dix and 

Webster 1995). Phylloplane microorganisms are usually not distributed evenly across the 

surface of a leaf. In pear for example, Pseudomonas syringae pv. syringae van Hall is more 

common on the trichomes and in depressions of the cuticular layer, where it multiplies 

more quickly, than in other areas (Mansvelt and Hattingh 1987). 

Interspecies differences in leaf topography may be partly responsible for the observed 

differences in phylloplane microorganism populations reported for different types of 

plants. For example, microbial diversity is known to be more than twice as high on leaves 

of Californian black oak and birch than on leaves of scots pine and giant sequoia. The leaf 

surfaces of oak and birch are rougher than those of pine and sequoia, and retain moisture 

longer, trap more airborne nutrients and microorganisms, and offer a more shaded 

environment for the organisms (Helander et al. 1993). 

1.2.3.3 Surface wax 

The adaxial leaf surface generally has a thicker cuticle with more waxes than the abaxial 

surface, which acts to prevent transcuticular transpiration and to deflect excessive sunlight 

(Mauseth 1988). These waxes can contain anti-microbial substances, for example those in 

apple leaf wax, which inhibit spore germination of Podosphaera leucotricha (Martin et al. 

1957, cited in Dix and Webster 1995). However, microorganisms are known to affect the 

properties of the wax layer. Almihanna et al. (1995) reported that the wax layer on the leaf 

surface of wheat increases significantly in thickness after infection with Erysiphe graminis 

DC., whereas genninating spores of Magnaporthe grisea (Hebert) Barr. were reported to 

produce enzymes that dissolve wax crystals on rice leaves (Arase et al. 1994). Rossall and 

Mansfield (1980) reported that Botrytis spp. growing on the leaf surface of broad bean 

caused inhibitory substances from the wax to be released. In addition, Samanta et at. 

(1986) reported that some nitrogen-fixing microorganisms were able to utilize leaf wax as 

an energy source. 

1.2.3.4 Leakage from leaf 

Substances from within the leaf leak continuously into water films on the leaf surface. 

These water films may originate from dew, rain or guttation droplets from hydathodes and 

stomata, as well as through the bases of trichomes, cracks in the epidermis and also 

directly through the leaf cuticle. The areas along the veins leak more nutrients than other 

parts of the leaf surface and this is where microbial colonies are often concentrated 

(Blakeman 1985; Dix and Webster 1995). In addition, these water films can trap air borne 
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spores and aid in the dispersal of microorganisms across leaf surfaces or from leaf to leaf 

(Frossard 1981). 

Leakage of nutrients from the leaf generally increases with the maturity of the leaf. In 

young leaves the demand for nutrients and metabolites is high to support growth, but when 

growth slows down, leakage of nutrients increases. Leaves with more waxy surfaces are 

more water repellent and therefore less suitable for leakage. Therefore, waxy leaves often 

have fewer phylloplane microorganisms than leaves with less waxy surfaces. However, 

wax layers deteriorate with age by weathering and through the activities of lipase 

producing epiphytic yeasts and bacteria (Dix and Webster 1995). 

Leakage of nutrients from leaf cells is believed to be one of the most important factors 

influencing the growth of phylloplane microorganisms (Dix and Webster 1995). A wide 

range of compounds leaks from cells, including sugars, amino acids, mineral elements and 

plant growth hormones (Blakeman 1985; Mauseth 1988). Leaf surface microscopy, 

showing enhanced germination of antagonists in or near lesions, suggests leachates as 

possible promoters, and therefore certain nutrients may have the same effect (Cullen et al. 

1984). 

Guttation fluid of some plants has been shown to contain a range of nutrients that support 

growth of bacteria and yeasts (Wilson 1923; Ivanoff 1941; Perrin 1972, cited in Frossard 

1981) and to enhance spore germination of filamentous fungi ,Weintraub et al. 1958; 

Suryanarayanan 1958; Lewis 1962, cited in Frossard 1981). However, the effects are not 

always clear-cut, since other authors have reported that guttation fluid collected from some 

plants can inhibit bacterial growth, spore germination and appressorium formation in some 

microorganisms, possibly because it contains antagonistic microorganisms (Frossard 

1981). 

The leaf surface also leaks substances such as phenols and terpenoids that can inhibit 

microbial growth. Two types of antifungal inhibitors are known to be produced by plants: 

preformed inhibitors, that are normal metabolic by-products, and phytoalexins, that are 

synthesized in response to the invasion of tissue by a fungus (Blakeman 1985). 

Hislop (1976) reported that conidia of Venturia inaequalis, known to be present in leaf 

washings, were not isolated on growing media and concluded that this was not due to 

presence of fungicide in the washings, because washings from unsprayed control leaves 

behaved in the same way, but probably because of the presence of naturally occurring toxic 

polyphenolic materials in the highly coloured wash liquid. 
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Several authors also reported that systemic fungicides applied to seed or soil can be· 

released onto the leaf surface and may also affect the phylloplane microorganism 

populations (Crowdy and Tanton 1970; Tanton and Crowdy 1972, cited in Hislop 1976), 

while Dix and Webster (1995) reported that addition of some fertilizers to the soil could 

also increase leakage from the leaf cells. 

1.2.3.5 Antagonists and competitors 

~ Among the total micro flora on leaf surfaces,microorganisms compete for nutrients or 

space or antagonise each other by production of antibiotics or by mycoparasitism or 

(exo)lysis of other microorganisms (Campbell 1989), or they may stimulate the leaf to 

produce phytoalexins. 

Collins (1976) studied interactions on Anthirrinum leaves of Cladosporium 

c/adosporioides and Sporobolomyces roseus, two microorganisms that are also common on 

apple leaves. When inoculated together on leaves, S. rose us demonstrated reduced growth 

and C. c/adosporioides shorter germ tubes, but only on older leaves. Moreover, presence of 

S. rose us delayed germination of C. c/adosporioides by 2 days. Yamasaki et al. (1951) 

(cited in Collins 1976), demonstrated that S. rose us produces antifungal substances, which 

Collins (1976) used to explain the observed inhibition of C. c/adosporioides. In addition, S. 

rose us growth on older leaves was greater than on younger leaves, which explains the 

shorter germ tubes of C. c/adosporioides on older leaves but not on younger leaves when 

competing with S. roseus. Diem (1969) (cited in Collins 1976) showed that the antagonism 

of S. rose us by C. c/adosporioides on barley leaves was due to nutrient competition. 

However, in in vitro experiments using low nutrient conditions, S. rose us was not inhibited 

by C. c/adosporioides, possibly due to the presence of leachates from fungal spores 

(Collins 1974, cited in Collins 1976). Another possible cause of these effects was that 

Cladosporium spp. might produce substances that stimulate phytoalexin production in the 

leaf tissue (Bailey 1971). 

Boudreau and Andrews (1987) showed that in apples in growth chambers, antagonism 

from Chaetomium globosum Kunze ex Fr. reduced apple black spot severity up to 20%. 

Moreover, they found that C. globosum spore germination increased by 25% on V 

inaequalis infected leaftissue compared to healthy leaf tissue. 
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1.2.3.6 Adhesion to leaves 

Phylloplane microorganisms have developed different mechanisms for adhering to leaf 

surfaces exposed to windy conditions and rain. Yeasts, for example A. pullulans, and other 

species produce extracellular, sticky, polysaccharide slimes that prevent their spores and 

cells from being washed off the leaves (Arase et al. 1994; Dix and Webster 1995). 

Bacterial cells produce fibrils that secure them to leaf surfaces, for example the fibrils used 

by Pseudomonas syringae pv. syringae cells to secure themselves to pear leaves. and those 

used by Agrobacterium tumefaciens (Smith & Towns.) Conn. cells to secure themselves to 

carrot tissue (Dickinson 1986; Mansvelt and Hattingh 1987). 

1.2.3.7 Sources of phylloplane inoculum. 

The main sources of primary inoculum of epiphytic bacteria, yeasts and filamentous fungi 

of the phylloplane of deciduous trees are the overwintering colonies in buds and on twigs, 

while later in the season airborne spores settle on the leaf surfaces. Other sources include 

seed, soil, orchard undergrowth, air and shoots.· Once yeasts become established, their 

spores are transferred mainly by water splash and deposited from air, or by insect, bird and 

animal vectors. Filamentous fungi are transferred mainly by airborne spores from 

established populations, either on live, senescing or decaying leaves (Davenport 1976; 

Blakeman 1985). 

1.2.3.8 Succession of establishment 

Dix and Webster (1995) summarised reports from several authors describing the seasonal 

succession of microorganisms that colonise living leaves. In early spring, the levels of 

epiphytic nutrients and airborne inoculum are usually low, which allows the epiphytic 

bacteria to predominate in the phylloplane because bacteria take up scarce nutrients more 

readily than fungal spores in environments low in nutrients. They can even compete for the 

nutrient reserves present in fungal spores, which partially explains the very slow start 

observed for some fungal spores (Brodie and Blakeman 1975). As leaves get older they 

leak more nutrients, and fungal spores are less affected by competition with bacteria. 

During this period, inoculum pressure increases and therefore yeasts start to dominate the 

phylloplane. In apple trees, yeasts, bacteria and filamentous fungi colonize buds 

extensively and contribute significantly to the composition of the phylloplane microflora 

during the season (Dix and Webster 1995; MacHardy 1996). A. pullulans is often found in 

buds and this may be the reason why this species is always found early in the season on 

young leaves. It needs to invade the leaf surface early, because when it comes into contact 
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with hyphae of other epiphytic species e.g. C. herbarum, its growth is inhibited and it 

fonns microsc1erotia. Its growth phase is therefore relatively short, and isolation from 

leaves later in the season depends on persistence of the microsclerotia (Dix and Webster 

1995). Spores of filamentous fungi are deposited on the leaf surface throughout the season, 

but many do not germinate until there are sufficient nutrients available on the leaves. Only 

then do populations start to increase and produce abundant spores for further colonization 

(Blakeman 1985; Dix and Webster 1995). The sequence of microflora colonization of the 

phylloplane is illustrated in Figure 1.1. 
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Figure 1.1. Dominant phases of the main groups of microorganisms on leaves of 
herbaceous and woody deciduous plants (Blakeman 1985) (Modified for southern 
hemisphere by author). 

1.3 The effect of pesticides on the environment 

To maintain competitive quality at a sustainable level of production, apple production in 

New Zealand has traditionally relied heavily on the use of pesticides. For the production of 

apples, ENZA-registered apple orchards in Canterbury (1000 ha), Hawkes Bay (6625 ha) 

and Waikato (727 ha) together used 53.4 tonnes of insecticides, 327 tonnes of mineral oil, 

25.8 tonnes of herbicides and 127.8 tonnes of fungicides (more than 500 tonnes of 

pesticides in total) in 2001 (MAP 2002a). 
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There is worldwide growing concern about the use of pesticides, for their effect on the 

producers, consumers and the environment in general, and the non-target organisms in 

particular. In their "Report of the WHO Commission on Health and Environment", the 

World Health Organization (1992, cited in Pimentel 1997) estimated that three million 

people worldwide suffer from pesticide poisoning each year, of which 220,000 die, while 

750,000 develop chronic illnesses like cancer. 

Pimentel et al. (1992) estimated that there are 10,000,000 organism species on Earth, of 

- which 14,000 are bacterial species and 63,000 fungal species, and estimated that 30 to 300 

of all species become. extinct each day, which exceeds the rate of species formation. The 

extensive use of pesticides is partly responsible for species extinction. 

Microorganism populations in apple orchards consist of many species, including pathogens 

as well as saprophytes and antagonists to the pathogens. The populations of these 

organisms are in constant equilibrium, which can be disturbed by the use of pesticides. 

However, the different pesticides have a different effect on the different phylloplane 

microorganisms. Therefore, presence or absence of certain species can be indicative of 

pesticide use. 

Early pesticides had a very broad-spectrum of activity but over the last 50 years these have 

mostly been replaced by more specific, more efficient products, whose toxicity has 

increased at least 10 fold compared with earlier products (Pimentel 1997; Brent 1995). 

However, with increased specificity of the 'single-site' or 'site specific' fungicides, the 

problem of pesticide resistance was introduced (Brent 1995). Bakker et al. (1995) found 

that populations of Venturia inaequalis in apple orchards that had received conventional 

spray programmes using DMI fungicides, had reduced sensitivity to these fungicides 

compared with populations from unsprayed orchards. It can be assumed therefore that if 

pesticides to which the target organism had developed resistance (e.g. V. inaequalis), were 

used in situations where the non-target antagonists (e.g. Aureobasidium pullulans or 

Chaetomium globosum) were susceptible, the use of those pesticides could lead to 

increased rather than reduced disease incidence. In addition, many species of 

microorganisms that live epiphytically on apple leaves during the growing season are 

responsible for the decay of leaf litter during the winter (Dix and Webster 1995). If their 

numbers were reduced with applications of broad-spectrum pesticides, this could result in 

reduced decay of the litter and increased release ~f V. inaequalis ascospores, for example, 

at the beginning of the following season. 
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The effects of pesticides have led to increasing global demand for sustainable food· 

production. In the development of sustainable crop production systems, the effects of 

pesticides on non-target organisms need to be determined. The effects of pesticides on 

beneficial arthropod populations have been studied extensively, but research into the 

effects on microorganism populations has been relatively limited (Jacobsen 1997). In New 

Zealand apple production, research has been initiated to develop sustainable pest and 

disease management systems and orchard indicators of environmental health. New 

methods have been developed to improve sustainable control of black spot, powdery 

mildew and Phytophthora diseases in apples, and research into the effect of mulch and 

orchard understorey on weed competition and development of young apple trees has been 

shown to be promising. Other initiatives include the release of a parasitoid to control 

thrips, and identification of resistance in apple to leaf roller, mealybug and brown rot. 

Methods for monitoring soil carbon and soil copper residues as standards for eco-Iabelling, 

are currently being developed. Some indicators for sustainable production have been 

developed to measure pesticide use, leaching, and diversity of orchard fauna 

(HortResearch 1998). 

1.4 Objectives 

This study was undertaken to determine the effects of different orchard management 

systems, which had different fungicide application programmes, on the population density 

and species richness of phylloplane microorganisms, with a -view to providing a 

bioindicator of sustainable orchard management. The objectives were to: 

1. develop a method for the sampling, isolation and enumeration of microorganisms from 

the phylloplane (Chapter 2), 

2. examine the effects of within-orchard environmental factors on distribution of 

culturable phylloplane microorganisms in order to develop a robust sampling method 

(Chapter 2), 

3. determine the effects of different orchard management systems on the numbers and 

diversity of culturable phylloplane microorganisms (Chapter 3), 

4. determine the effects of six commonly used fungicides on numbers and diversity of 

culturable phylloplane microorganisms (Chapter 4). 
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2 Sampling strategy and method 

development 

2.1 Introduction 

2.1.1 General 

Within any tree, there is a wide range of microenvironments, each with different biotic and 

abiotic characteristics, which are largely determined by the effects of climatic factors on 

different parts of the tree (Chapter 1). The effect of leaf position within the trees on 

diversity and abundance of phylloplane microorganisms therefore needed to be determined 

before beginning an investigation into the effects of different orchard management 

systems. A sampling strategy was needed that would minimise the location effects within 

an orchard, while clearly demonstrating the effects of different management strategies on 

microorganism populations. Moreover, the whole process had to be completed in a 

relatively short period to reduce variation in results. Delays in processing of leaves could 

cause decline or increase of different microorganisms during storage. In addition, the time 

of day and the growth stage of trees in orchards could also affect results and so had to be as 

uniform as possible if comparisons among orchards were to be valid. Therefore, a quick 

and robust method was needed that could provide answers to the main questions and that 

suited the available resources, such as laboratory equipment and the experience of the 

researcher. 

The literature was reviewed to identify suitable methods for sampling, isolation, recovery 

and enumeration of phylloplane microorganisms. Published methods were found to range 

'::-;~::-~:;~::~=:,f:~:: : 
~~..;.-~ .. ".";~-:~~ 

from those that are specific for a narrow range of microorganisms, to those used to-

enumerate the widest possible range of microorganisms. After evaluation of available 

methods, those selected as being most appropriate were evaluated in a preliminary study 

that aimed to quantify the sources of variation in phylloplane microorganism populations 

within and among trees. 

2.1.2 Sampling 

In addition to the broad effects of leaf position, high variation in microbial populations has 

been reported among leaves from similar positions within a tree (Whitham and Schweitzer 
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2002). These effects may be due to a range of factors including leaf age, which determine 

the quantity and quality of leaf exudates (Dix and Webster 1995). To minimise such 

effects, equal numbers of leaves from different positions on a shoot needed to be sampled. 

These could then be combined in a bulk sample. Hirano and Upper (1986) reported that 

bacterial populations of the phylloplane are extremely variable and log-normally 

distributed, and that leaf samples can only be bulked if sufficiently high numbers of leaves 

are included in each sample. Such a high variance could mask differences among variables 

of interest such as leaf positions, orchards or fungicides, and therefore need to be 

minimised. The numqer of leaves needed in a bulked sample was studied by Donegan et al. 

(1991) who reported that the variance among samples of one to two leaves was quite high, 

but that the variance among bulked samples of five leaves did not differ significantly from 

that of 20 leaf samples, indicating that bulked samples did not need to have very large 

numbers of leaves if they were selected in a uniform way. 

2.1.3 Recovery 

Methods for the recovery of phylloplane microorganisms can be divided into three main 

types: direct, indirect and semi-direct recovery. Direct recovery is achieved by examining 

the leaf surfaces using a dissecting microscope (Bernier et al. 1996), a light microscope 

(Baker 1981) or a scanning electron microscope (Parberry 1981; Boudreau and Andrews 

1987), either immediately after sampling or after incubation of the leaves (Andrews 1986). 

Direct inspection has the main advantage that non-culturable ffiicroorganisms can be 

detected and that there is no need for isolation and incubation processes (Baker 1981). A 

disadvantage of the direct method is that small, non-germinated or non-sporulating 

microorganisms may remain undetected or may be difficult to identify. Moreover, similar

looking microorganisms may be hard to distinguish, and high densities of microorganisms 

on the leaf surface may also be difficult to enumerate (Baker 1981; Lee and Hyde 2002). 

This method is therefore more suitable if a few specific, easily identified microorganisms 

need to be studied. 

For the indirect method, microorganisms are usually washed off the leaf surface in a wash 

buffer (Lindow et al. 1978; Hirano et al. 1982; Kinkel et al. 1989; Morris et al. 1997), 

which is then inoculated onto artificial growing media and incubated. An advantage of this 

method is that many leaves can be combined into one sample, while dilution ranges can be 

used to control the density of microorganisms on the plates and to recalculate the number 

of colony forming units (CFUs) recovered from the leaves. The bulking of samples allows 

large numbers of samples to be processed in a relatively short period. Another advantage is 
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that the published descriptions of microorganisms more often include descriptions of 

colony morphology on artificial media than in situ on natural substrates. However, some 

microorganisms that grow poorly or not at all on artificial media may be excluded, while 

transient microorganisms may be erroneously included with the phylloplane 

microorganisms (Lee and Hyde 2002). 

The semi-direct recovery method imprints leaves onto agar surfaces, which are then 

incubated (Andrews and Kenerley 1978). This ensures a realistic image of the location of 

microorganism populations relative to each other on the leaf surface, and reduces the risk 

of excluding microorganisms that do not survive a washing step. However, resulting 

microorganism populations on the agar plates may be too dense to enable identification or 

enumeration, and some microorganisms may interfere with the growth of others (Lee and 

Hyde 2002). 

2. 1.3. 1 Buffer 

Using buffers instead of water to wash the microorganisms from the leaf surfaces ensures 

the stability of the osmotic pressure and maintains the pH at a predetermined level that 

allows survival of the microorganisms under investigation. Table 2.1 shows a range of 

different buffers used by different researchers for the recovery of different microorganisms 

from leaf surfaces. 

Table 2.1. Different types of buffers used by different researchers for the recovery of 
different groups of microorganisms from leaf surfaces. 

ButTer Target microorganisms Researchers 
0.01 M Tris (pH 7.5) Pan toea agglomerans (Donegan et al. 1991) 
0.1 M phosphate buffer (pH 7.0) Epiphytic bacteria (Hirano et al. 1982) 
0.01 M phosphate buffer (pH 7.0) 
0.01 M phosphate buffer (pH 7.1) Epiphytic fungi 
+ 0.01 % Tween 80 
0.05 M phosphate buffer (pH 7.4) 

1.2 mM phosphate buffer (pH 
7.2) 
0.1 M potassium phosphate + 0.1 
% bacto peptone 
0.05 M potassium phosphate (pH 
7.0) + 0.01 % Tween 20 

2.1.3.2 Washing 

Athelia bombacina 
(Pers.) Hilich 
Burkholderia cepacia 
(Palleroni and Holme) 
Pseudomonas syringae 

Gram negative and gram 
positive bacteria, yeasts 
and filamentous fungi 

(Kinkel et al. 1989) 

(Young and Andrews 
1990) 
(Knudsen et al. 1988) 

(Lindow et al. 1988) 

(Morris et al. 1997) 

A range of options is available for the removal of microorganisms from leaf surfaces. 

These include the use of a blender, shaker or sonicator. A common blender, although 
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quick, damages the leaves, allowing endophytes and phytoalexins to be released into the 

buffer. The use of a rotary shaker overcomes these disadvantages, but this process is slow 

and so compromises the ability to process large numbers of samples in a short time. The 

use of a sonicator allows conglomerates of bacterial and yeast propagules to be separated, 

but is also slow. 

Knudsen et al. (1988) and Donegan et al. (1991) used a 

stomacher blender (Figure 2.1), which has two paddles 

that alternately strike a plastic bag containing the 

sample and the wash buffer. This results in the gentle 

massaging and washing of the microorganisms from the 

leaves. Washing the samples in their original sample 

bags minimises cross contamination by unnecessary Figure 2.1. BagMixer 400, by 

handling of the leaves, and the need to sterilise InterScience, used for washing 
microorganisms from leaf surfaces. 

glassware between samples. 

Donegan et al. (1991) compared the efficiency of different washing methods in the 

recovery of Enterobacter cloacae (Jordan) Hormaeche and Edwards from inoculated bean 

leaves and recommended the stomacher blender as the most effective method (Table 2.2). 

Table 2.2. Comparison of methods, for the recovery of Enterobacter cloacae from bean 
leaves (Donegan et al. 1991) 

Method 

Stomacher blender 
Blender 
Sonicator 
Rotary shaker 

2.1.4 Enumeration 

Time 

1 minute 
1 minute 

7 minutes 
2 hours 

Mean recovery 
(log 10 CFU/g leaf) 

6.59 
6.39 
6.00 
5.88 

To allow enumeration of microorganisms by the naked eye, they need to be grown on 

artificial media to form colonies. Transferring the recovered microorganisms from washed 

samples to the growing medium can be done using the 'pour-plate' technique, the 'drop

plate' technique or the 'spread-plate' technique. In the 'semi-direct recovery' method, the 

microorganisms are also grown on agar, allowing them to be enumerated. 

Hoben and Somasegaran (1982) allowed sterile molten agar to cool down to 45°C at which 

temperature they mixed the spore-suspension of Rhizobium spp. from peat with the agar 

before pouring the mix into Petri dishes ('pour plate technique'). A disadvantage of this 
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method is that heat sensitive and obligate aerobic microorganisms may die in the process. 

Moreover, when colonies are embedded within the agar, their growth is restricted, which 

makes identification by colony morphology difficult. 

Hoben and Somasegaran (1982) and Donegan et al. (1991) also used the 'drop-plate' 

technique, by which small droplets of spore suspensions of Enterobacter cloacae and 

Erwinia herbicola were placed onto agar surfaces. This method is very economical 

because several drops of different concentrations can be placed onto a single Petri dish. 

In the 'spread plate' technique, a small volume of dilute wash suspension is spread evenly 

over the agar surface. 

Donegan et al. (1991) compared different plate techniques including the 'spread-plate 

technique', and found neither trends nor significant differences in numbers of bacterial 

colony forming units recovered using the different methods. 

2. 1.4. 1 Isolation 

When large numbers of different microorganisms are recovered from leaves, they need to 

be sufficiently separated from each other to allow enumeration of the different types. With 

imprinting leaves onto agar and in the drop plate technique, the microorganisms may not 

be sufficiently separated to allow this. The pour plate and the spread plate techniques allow 

colonies to be sufficiently separated for enumeration, but only the spread plate technique 

allows for optimum growth of colonies to assess their individual characteristics. Despite 

being more expensive in terms of resources, the spread plate technique is therefore the 

most commonly used for isolation of general phylloplane microorganisms, especially 

filamentous fungi (Andrews 1985; Kinkel et al. 1989). 

2.1.4.2 Incubation environment 

Some researchers have used selective or semi-selective media or growing conditions, such 

as high temperatures, for the enumeration of previously specified microorganism species. 

The advantage of using selective media or temperatures is that they can be optimised to 

allow for maximum recovery of the microorganisms under investigation, while suppressing 

microorganisms of no interest. The disadvantage is that many different selective media or 

temperatures are needed to recover a wide range of microorganisms. Andrews (1985) and 

Kinkel et al. (1989) recommended the use of potato dextrose agar (PDA) for enumeration 

of culturable, microorganism populations from apple leaf surfaces because it was suitable 
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for the growth of the widest range of microorganisms, including bacteria, yeasts and 

filamentous fungi. 

2.1.5 Identification 

2. 1.5. 1 General 

Microorganisms can be identified to different levels of precision, depending on the method 

used: molecular, biochemical, or morphological. However,the types of methods selected 

need to be appropriate to the resources available and the purpose of the identification. 

When large numbers and a wide range of phylloplane microorganisms are to be identified 

for the purpose of enumeration into broad groups, the identification method needs to be 

quick and cheap and require a minimal amount of equipment, but need not be very 

specific. Molecular and biochemical identification methods are expensive, and too time

consuming for large numbers of samples to be assessed in a short time, while the level of 

accuracy is unnecessarily high in the context of the study. When a large number of samples 

needs to be processed quickly, the primary categorisation must be by colony morphology, 

which can be used to differentiate among broad groups of microorganisms. 

2. 1.5.2 Morphology 

Identification by morphology is the quickest and most direct method of identification. 

Morphological identification methods can be subdivided into microscopic identification of 

reproductive organs, either sexual or asexual fruiting bodies, and identification by colony 

morphology. Both require a high level of experience because many microorganisms have a 

wide range of different characteristics that vary with age and growing conditions (Rotem, 

1994), in some groups forming a continuum of qualities across certain characteristics. 

2.1.5.2.1 Microscopic 

Since early 1600, microscopic identification has been (UCMP 2002), and still is, the 

primary method for identification of filamentous fungi. It requires the use of a compound 

microscope and the preparation of suitable slides of the microorganisms. However, not all 

microorganism colonies found on the agar plates can be identified in this way, as it is too 

time-consuming to conduct at the same time as the initial assessment. Once the colony 

types have been placed into categories according to their colony morphology, microscopic 

examination is essential for identification of the microorganism. 
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2.1.5.2.2 

Colony morphology (Macroscopic) 

Identification by colony morphology can be done by the naked eye and is the quickest, but 

least accurate of all methods reviewed. 

2.1.5.2.2.1 Bacteria 

On standard media, differentiation of bacterial species by colony morphology is limited to 

a few characteristics including colour, texture and shape of the surface, and the shape of 

the margin. Beyond that, selective and differential media are needed. For example, a 

number of Pseudomonas spp. produce a fluorescent pigment on King's B medium, and 

levan producing Pseudomonas spp. can be distinguished from non-levan producing species 

by the characteristic raised colonies on sucrose containing media (Schaad et al. 2001). 

2.1.5.2.2.2 Yeasts 

Barnett et al. (1990) provided 18 keys for the identification of yeasts including some 

morphological characteristics, for example whether colonies were pink or white/cream and 

whether or not the colonies were filamentous or produced pseudohyphae. Kockova

Kratochvilova (1990) gave detailed descriptions of the surfaces and margins of yeast 

colonies on artificial media (Appendix 2 ). Many authors have referred to phylloplane 

yeasts as 'pink' and 'white yeasts' (Wildman and Parkinson 1979; Mangiarotti et al. 1987; 

Pandey 1990; Magan and McLeod 1991a; Teixido et al. 1999). 

2.1.5.2.2.3 Filamentous fungi 

Most filamentous fungi have been described by the morphology of their sexual or asexual 

reproductive organs such as conidia and conidiophores, ascogonia, asci and ascospores 

(Barnett, 1972; Arx 1981). However, descriptions of filamentous fungi by colony 

morphology are less common and very variable depending on the wide range of growing 

media and growing conditions. 
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2.2 Materials and methods 

2.2.1 General 

The methods below were selected from those described in the literature as being most 

suitable for sampling, recovery, enumeration and identification of the broadest possible 

range of microorganisms on apple leaves. 

2.2.2 Orchard and trees 

For a preliminary assessment of natural variation in populations of phylloplane 

microorganisms, an unsprayed orchard was chosen because it was expected to have the 

greatest abundance and variety of phylloplane species, while unexpected effects from 

pesticide applications were eliminated. The apple cultivar Braebum was chosen because it 

was the most widely grown apple cultivar in Canterbury. Four 8 year-old Braebum trees 

were selected in the Horticultural Research Area (HRA) of Lincoln University, in 

Figure 2.2. South facing block of 8 year-old Braebum apple trees at the Horticultural 
Research Area of Lincoln University, used for the sampling strategy and method 
development. 

Canterbury, New Zealand (Figure 2.2). The only orchard management practice carried out 

during the study was mowing of the inter-row grass sward. The block was sheltered on the 

west and north sides by an 8-10 m tall hedge of poplar tree"s (Figure 2.3). The block was 
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four rows wide by approximately 40 trees long. The sample trees were within the middle 

two rows, with at least one non-sample tree on either side of each sample tree. Within the 

canopies of the four trees, seven locations were identified for sampling: north, east, south, 

west, and the top, middle and bottom through the tree centre. These locations within the 

trees were sampled in late spring (1112/1998) and in late autumn (1114/1999). 

Figure 2.3. Layout of the unsprayed Braeburn block at the Horticultural Research Area of 
Lincoln University from which the leaf samples were collected on 1112/1998 and 
1114/1999. The pink trees indicate the location of the sample trees. 

2.2.3 Leaves and sampling 

Samples of five leaves were collected from each of two shoots (replicates) at each of the 

seven locations. The leaves were selected randomly and so represented all possible leaf 

ages. They were hand-picked by holding the petiole only, and each sample of five leaves 

was placed into a labelled, new, heavy-duty, low-density polyethylene bag of20 x 30 cm. 

Experience showed that these bags were sterile, and strong enough to resist rupturing in the 

stomacher blender. Immediately after sampling, the sample bags were closed by folding 

the open top over, placed in a small polystyrene container at 5-1 DoC, and placed in the 

shade to minimise deterioration of the leaf and microorganism samples. The samples were 

either processed within 2 h after sampling or after storage overnight in a cold room at 

2±1°C. 

2.2.4 Recovery 

Phylloplane microorganisms were washed from the leaves by adding 20 mL sterile 

phosphate buffer (0.05 M KlhP04 + 0.05 M K2HP04 + 0.5 mLlL Tween 20, all chemicals 
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of analytical grade, BDH) to each bag of five leaves and agitating it for 1 mm m a 

stomacher blender. Initial tests showed that longer wash treatments did not recover more 

microorganisms. After washing, serial dilutions of the wash suspensions were made in 

sterile phosphate buffer, and 0.5 mL aliquots of 1.25 x 10-4 and 1.25 x 10-5 were spread

inoculated onto replicate PDA plates, using a sterilised 6 mm diam. bent glass rod ('hockey 

stick'). The agar plates had been poured 24-48 h beforehand and stored wrapped in plastic 

bags at 4 ± 1°C until used. At the spring sampling, two replicate plates were made for each 

sample, while in autumn three replicates were made for each sample, and 100J..lL aliquots 

of the wash suspensions were plated out. 

After incubation (Contherm incubator) for 5-8 d at 20°C in a 12-hour diurnal photoperiod, 

the resulting colonies were assessed. Of the two dilutions cultured, the agar plates assessed 

were those with about 20-200 colonies. However, if numbers of filamentous fungi or 

Aureobasidium spp. on the plates exceeded 30, or bacteria or yeasts colonies exceeded 200, 

plates with a higher dilution were assessed if possible (Figure 2.4). 

a. b. 

Figure 2.4. Dilution plates with phylloplane microorganisms isolated at (a) low dilution 
(1.25 x 10-4) and (b) high dilution (1.25 x 10-5

), 8 days after incubation on PDA, at 20°C, 
12 h lightl12 h dark (0.7 x magnification). 

2.2.5 Assessment of microorganism populations 

Phylloplane microorganism populations can be described in terms of population density 

and species richness. The density of culturable microorganisms is commonly described as 

the numbers of colony forming units (CFUs) per unit of sample. Species richness may be 

described in terms of the number of recognisable taxonomic units (RTUs) present in the 

sample, and should not be confused with diversity, which also takes into consideration the 

relative abundance of the different species (Krebs 1998). 
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2.2.6 Identification 

At the time of assessing the dilution plates, numbers of microorganism colonies isolated 

from apple leaves had to be placed immediately into categories based on their morphology 

on PDA after incubation. This needed to be done as consistently as possible throughout the 

study to minimise errors in comparing results among different seasons. To ensure this 

consistent categorisation, a dynamic system of descriptions was developed (Appendix 3 ). 

2.2.7 Weather data 

Weather data recorded at hourly intervals by the Broadfield Automatic Weather Station, 

Lincoln, during the period relevant for this study (10 days before each sampling) were used 

to allow interpretation of possible climate effects on microorganism populations at the time 

of sampling. 

2.2.8 Statistical analyses 

2.2.8.1 Sources of variation 

The main aim of this study was to determine the main sources of variation in population 

density and species richness within the orchard to enable fine-tuning of the sampling 

strategy for future studies. These sources of variation were calculated for: 

1. all phylloplane microorganisms combined (population density) (l ANOV A), 

2. each of the four microorganism groups (population density) (4 ANOVAs), 

3. species richness (l ANOV A). 

The popUlation density was expressed in CFUlleaf and the species richness in RTU/sample 

(of five leaves). The spring and autumn data were analysed separately. 

2.2.8.1.1 Spring 

For the spring assessment, some missing values limited the analysis, so that only the 

analysis of variation for population density and species richness among trees, locations and 

plates (= error) could be run, using the nested general linear model of ANOVA (Minitab, 

version 11.12). The degrees of freedom, sums of squares and mean squares from each of 

the six ANOV A tables were used to determine the main sources of variation by applying 

the following equations (Frampton 1999, personal communication): 
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Variation among trees 

sSli 
SSI SSt . . .. SSt /D 

If -) - , the vanatIOn among trees was 0, otherwIse It was - - Yr,>fl 
Djl Dft Dft Ns 

Nt 

Variation among locations 

SSe/ 
SSe SSI . . . " SSI / D e 

If -) -, the vanatlon among locatIOns was 0, otherwIse It was - - Yr, ~ 
Die Djl Djl Ns 

Variation among plates 

Th 
.. . ' I SSe 

e vanatIOn among pates was -
Die 

Where: 

Dft = Degrees of freedom for tree 

Djl = Degrees of freedom for location (tree) 

Die = Degrees of freedom for error 

SSt = Sum of squares for trees 

SSI = Sum of squares for location (tree) 

SSe = Sum of squares for error 

Ns = A vailable number of samples (trees x locations x reps x plates) 

Nt = Number of trees 

Ntl = A vailable number of trees x locations 

2.2.8.1.2 Autumn 

Ntl 

For the autumn assessment, the data of all samples were used to calculate the analysis of 

variation among trees, locations, shoots and plates (= error), using the nested general linear 

model of ANOVA (Minitab, version 11.12). The degrees of freedom, sums of squares and 

mean squares from each of the six ANOV A tables were used in the following equations 

(Frampton 1999, personal communication): , .... 

Variation among trees 

MSt _ SSI + SStl 

If NtsP:5 ° , the variation among trees was 0, otherwise it was 
Nlsp 

MSt _ SSI + SStl 
Ntsp 

Nlsp 
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Variation among locations 

SSt + Stt _ MSstt 
If Ntsp 

Nsp 
~ 0 , the variation among locations was 0, otherwise it was 

SSt + Stt _ MSstt 
Ntsp 

Nsp 

Variation among replicate shoots 

If MSstl - MSe 0 'h .. l' h 0 h . . ----- ~ , t e vanatlon among rep lcate soots was , ot erwlse It was 
Np 

MSstl-MSe 

Np 

Variation among plates (error) 

The variation among plates was MSe 

Where: 

MSt = 
SSl = 
SStl = 
MSstt = 
MSe = 
Ntsp = 
Ntsp = 
Nsp = 

Np = 

Adjusted mean square for trees 

Adjusted sums of square for location 

Adjusted sum of squares for tree x location 

Adjusted mean square for shoot(tree location) 

Adjusted mean square for error 

Number of observations for all locations (4 trees x 2 shoots x 3 plates) 

.. Number of observations per tree (7 locations x 2 shoots x 3 plates) 

Number of observations per location (2 shoots x 3 plates) 

Number of observations per shoot (3 plates) 

2.2.8.2 Variation in space and time 

To allow description of the spatial and temporal differences in phylloplane microorganism 

populations of apple, all the data from both assessments were analysed, using the general 

linear model of ANOV A (Mini tab, version 11.12). The emphasis of this section is on the 

variation of phylloplane microorganism populations in space and time within the orchard 

and not on the development of the sampling strategy or enumeration method. Therefore, 

the differences among replicated dilution plates are irrelevant, and the means of replicated 

plates were used for the ANOV As. 
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2.3 Results 

2.3.1 Phylloplane microorganisms 

A total of 42 different colony forms was recognised during the assessment of the spring 

and autumn sampling; 4 bacteria, 9 'smooth yeasts', 6 Aureobasidium spp. and 23 

filamentous fungi. The most common colony forms were of the pink and white yeasts 

(Sporobolomyces and Cryptococcus spp.), Cladosporium spp., Aureobasidium spp., and 

Phoma spp. 

Table 2.3 shows the incidence of the most commonly isolated microorganisms. 

Table 2.3. Incidence of the phylloplane microorganisms isolated on PDA from sampling 
all locations in four unsprayed Braebum apple trees during spring and autumn of the 
199811999 season. 

Genus 
Cladosporium 
White yeasts 
Pink yeasts 
Aureobasidium 
Phoma 
Pseudomonas-like colonies 
Pantoea agglomerans 
Unidentified filamentous fungi 
Unidentified yeasts 
Unidentified smooth yeasts 
Epicoccum 
Fusarium 
Alternaria 
Chaetomium 
Penicillium 
Venturia inaequalis 
Trichoderma 

2.3.2 Sources of variation 

2.3.2.1 Spring assessment 

Occurrence 
351 
254 
223 
202 
202 
201 
198 
89 
79 
75 
44 
29 
27 
12 
8 
3 
1 

Group 
4-Filamentous fungi 
2-Smooth yeasts 
2-Smooth yeasts 
3-Yeasts with pseudomycelia 
4-Filamentous fungi 
I-Bacteria 
I-Bacteria 
4-Filamentous fungi 
2-Smooth yeasts 
2-Smooth yeasts 
4-Filamentous fungi 
4-Filamentous fungi 
4-Filamentous fungi 
4-Filamentous fungi 
4-Filamentous fungi 
4-Filamentous fungi 
4-Filamentous fungi 

The relative sources of variation for population density and species richness in the spring 

assessment are summarised in Table 2.4. When the data of all microorganisms were 

combined, the main sources of variation were among trees (49.3%) and among locations 

within trees (38.7%), while there was little variation among plates (12%). However, the 

relative sources of variation for the individual microorganism groups were different. For 
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bacteria, for example, the variation among plates was very high (68.5%), while there was· 

little variation among trees (7.2%). 

Table 2.4. Relative sources of variation (%) ·of the population density (CFU/leaf) for the 
spring assessment (1/12/1998), for all phylloplane microorganisms, combined and by 
groups. and for the species richness (RTU/5-leafsample). The rank: (R) of these sources of 
variation for each group (1 = small effect, 3 = large effect) is shown. 

Sources of 
variation 

Tree 
Location 
Plates 
Total 

Population density 
--------------------~--------~-----------------

All micro- Bacteria 'Smooth Aureobasidium Filamentous 
organisms yeasts' spp. fungi 
combined 

R R R R R 
49.3 3 7.2 1 44.9 3 37.1 2 14.6 1 
38.7 ·2 24.3 2 42.2 2 43.8 3 51.7 3 
12.0 1 68.5 3 12.9 1 19.1 1 33.7 2 

100.0 100.0 100.0 100.0 100.0 

Species 

richness 

R 
37.8 2 
21.5 1 
40.7 3 

100.0 

The sources of variation were assigned rank: numbers for population density in the different 

microorganism groups and for the species richness. For trees, location within trees, and 

plates, the mean rank: numbers were 2, 3 and 1 respectively, indicating that the highest 

variation was among the locations within trees, while the variation was lowest among 

plates (Table 2.4). 

2.3.2.2 Autumn assessment 

The relative sources of variation for population density and speCIes richness are 

summarized in Table 2.5. When the data of all microorganisms were combined, the main 

sources of variation were among shoots (49.4%) and trees (33.6%), while there was no 

variation among locations and little variation among plates (17%). However, the relative 

sources of variation for the individual microorganism groups were different. For bacteria, 

for example, the variation among plates was very high (49.5%), while there was little 

variation among trees (17.2%). 

The sources of variation were assigned rank: numbers for population density in the different 

microorganism groups and for the species richness. For trees, location within trees, shoots 

and plates, the mean rank: numbers were 2, 1, 4 and 3 respectively, indicating that the 

highest variation was among the shoots, while the variation was lowest among locations 

(Table 2.5). 
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Table 2.5. Relative sources of variation in percent of the population density (CFUlleaf) for 
the autumn assessment (I 114/1999), for all phylloplane microorganisms, combined and by 
group, and for the species richness (RTU/5-leaf sample). The rank (R) of these sources of 
variation for each group (I = small effect, 4 = large effect) is shown. 

Sources of Po(!ulation densitl' 
variation All micro- Bacteria Smooth Aureobasidium Filamentous Species 

organisms yeasts spp. fungi richness 
combined 

R R R R R R 
Tree 33.6 3 17.2 2 22.8 2 5.7 2 23.7 3 3.5 2 
Location 0.0 I 6.8 I 2.5 I 25.1 3 1.8 I 0.0 I 
Shoot 49.4 4 26.6 3 49.6 4 3.7 I 59.5 4 90.6 4 
Plate 17.0 2 49.5 4 25.1 3 65.5 4 15.0 2 5.9 3 
Total 100.0 100.0 100.0 100.0 100.0 100.0 

2.3.3 Variation in space and time 

The probability values determined by ANOV A for the maIO effects of the factors, 

'assessment date', 'tree', 'location within tree' and 'shoot within location' and those of the 

relevant interactions on the microorganism populations of apple leaves are listed in Table 

2.6. The ANOV As found significant (P:<s0.05) differences among assessment dates and 

among trees for population densities of all microorganisms combined, for all 

microorganism groups and for species richness. However, significance levels differed for 

effects of these factors on the different microorganism groups. All factors, except for the 

shoots, had a significant effect on the population densities of all microorganisms 

combined. Both 'smooth yeasts' and Aureobasidium spp. were affected by location within 

trees, while bacteria and filamentous fungi were not. Species richness differed among trees 

and shoots (Table 2.6). The ANOVA tables are given in Appendix 4. 

Table 2.6. Probability values of the main factors and the relevant interactions CANOVA) 
on population density and species richness of microorganism populations isolated from 
apple leaves on 1/1211998 and 1114/1999. 

Factor P-value 
Total micro- Bacteria Smooth Aureobasidium Filamentous Species 

organism yeasts spp. fungi richness 
(!o(!ulations 

Assessment 0.000 0.000 0.000 0.000 0.000 0.002 
date 
Tree 0.000 0.001 0.000 0.000 0.000 0.000 
Location 0.000 0.738 0.000 0.003 0.096 0.447 
Shoot 0.274 0.112 0.925 0.345 0.271 0.036 
Assessment 0.001 0.257 0.000 0.000 0.021 0.241 
date x tree 
Assessment 0.001 0.085 0.000 0.001 0.257 0.104 
date x location 

The effects of the orchard factors on the population density and species richness of 

phylloplane microorganism populations are shown in Figure 2.5 to Figure 2.10. 
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In spring, the total microorganism population densities were lower in tree 4 than in other 

trees. Between spring and autumn the total microorganism populations of trees 1 and 2 

decreased but were similar for tree 4. However, the pattern of relative population densities 

of total microorganisms in the four trees were similar in spring and in autumn (Figure 2.5, 

P~O.05). 
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Figure 2.5. Densities (CFUlleaf) of total phylloplane microorganism populations, isolated 
from four different apple trees in spring (1/12/1998) and autumn (11/4/1999) error bar = St. 
Dev. (standard deviation of the mean). 
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During spring, tree 4 had a lower species richness than trees 1 and 2, and that of tree 2 and 

3 was also lower than that of tree 1. During autumn, the species richness of trees 2 and 4 

was lower than that of trees 1 and 3. The species richness of trees 3 and 4 was higher in 

autumn than in spring, but there was no interaction of assessment date and tree (Figure 2.6, 

Pg>.05). 
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Figure 2.6. Species richness (RTU/5-leafsample) ofphylloplane microorganisms isolated 
from four different apple trees in spring (1/12/1998) and autumn (11/4/1999) (error bar = 

st. Dev.). 

38 

1:-•• 



The population densities (CPU/leaf) of phylloplane microorganisms differed among the 

two sampling dates and among the four main groups of phylloplane microorganisms. 

Bacterial and filamentous fungal populations were lower in spring than in autumn, while 

those of 'smooth yeasts' and Aureobasidium spp. were higher in spring than in autumn 

(Figure 2.7, P::SO.05). 
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Figure 2.7. Densities (CPU/leaf) of the four main groups of phylloplane microorganism 
populations isolated from four different apple trees in spring (1/12/1998) and autumn 
(11/4/1999) (error bar = St. Dev.). 
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Total phyUoplane microorganism populations from apple leaves were higher in spring than 

in autumn in the north, south and bottom locations of the canopy, while there was no 

difference between spring and autumn in the other locations (Figure 2.8, P~0.05). 
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Figure 2.8. Total phylloplane microorganism population densities (CPU/leaf) at different 
locations within the canopy, isolated from four different apple trees in spring (1112/1998) 
and autumn (1114/1999) (error bar = St. Dev.). 
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Bacterial populations in the north, east, south and top locations of the trees were 

significantly higher in autumn than in spring, while 'smooth yeast' populations were 

higher in spring in most locations, except in the middle, where they remained the same. 

Populations of Aureobasidium spp. were much higher in spring than in autumn in all 

locations in the trees, and populations of filamentous fungi were lower in most locations in 

spring than in autumn, except in the middle and bottom locations of the canopy (Figure 

2.9, P::SO.05). 
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Figure 2.9. Population densities of each of the four groups of phylloplane 
microorganisms, (a) bacteria, (b) 'smooth yeasts', (c) Aureobasidium spp. and (d) 
filamentous fung~ at different locations within the canopy isolated from four different 

apple trees in spring (.=1112/1989) and autumn (0=11/4/1999) (error bar = 
St.Dev.). 
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The species richness in the north, east and top location of the trees was higher in autumn 

than in the top location in spring (Figure 2.1 0, P~O.OS). 
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Figure 2.10. Species richness (RTU/S-Ieaf sample) of phylloprane microorganism 
populations isolated from four different apple trees in spring (1112/1998) and in autumn 
(1114/1999) (error bar = St. Dev.). 

2.3.4 Weather data 

The daily temperatures, solar radiation and rainfall for the 10 days immediately before the 

spring and autumn sampling are presented in Figure 2.11 and Figure 2.12. The weather 

data show that the temperature and solar radiation immediately before the autumn 

sampling were higher than in spring. About 30 h before the fIrst sampling, 2.3 mm of rain 

was recorded, while I.S mm of rain was recorded about 24 h before the second sampling. 
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Figure 2.11. Daily solar radiation, mean temperature and rainfall during the 10 days before 
the spring sampling (1/12/1998) of apple trees for phylloplane microorganisms assessment. 
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Figure 2.12. Daily solar radiation, mean temperature and rainfall during the 10 days before 
the autumn sampling (12/4/1999) of apple trees for phylloplane microorganisms 
assessment. 

43 



2.4 Discussion 

In this study, using the stomacher blender for the recovery of phylloplane microorganism 

populations from apple leaves was convenient and relatively effective. It removed a wide 

variety of microorganisms from the leaf surfaces, including bacteria, yeasts and 

filamentous fungi, in a short period, while causing little damage to the leaves. In addition, 

it allowed processing to occur in the sampling bags and so avoided potential for 

contamination. 

For isolation of phyUoplane microorganisms, PDA proved to be a suitable medium for the 

culturing of the wide range of RTUs. Although the use of nutrient agar was considered 

likely to increase the range of bacteria recovered, this would have doubled the time spent 

on processing of the samples, while contributing relatively little information, because the 

wider range of bacteria which may have been recovered was unlikely to show differences 

in colony characteristics that could allow for satisfactory categorisation. The use of a 

second isolation medium might have significantly affected the accuracy of the study 

because of delays in processing or having to reduce the numbers of samples taken. 

A major source of variation among dilution plates was observed for numbers of bacterial 

colonies, which was attributed to initial lack of experience in using the spread-plate 

technique. The high volume of sample used, caused the plates to remain wet for a long 

time during incubation, resulting in secondary spread of bacteria across the plates. In the 

autumn assessment, reducing the inoculated sample volume from 500 p,L to 100 p,L and 

allowing the plates to dry before incubation resolved this problem. To reduce the source of 

variation in CFUs among plates further and to allow for detection of less common RTUs in 

future studies, it was recommended that the number of replicate plates per sample be 

increased from three to ten (Frampton 1999, personal communication). 

The system that was used to categorise colonies growing on the dilution plates seemed 

initially quite straightforward, but with increasing experience more characteristics were 

recognised, which resulted in subdivisions of previously established categories. This ability 

to recognise subtle differences among colonies kept developing throughout the study, to 

the level where morphologically different strains within a species may have been put into 

different categories, or vice versa, morphologically similar colonies of different species 

being placed in the same category. This was a recognised limitation of the identification of 

microorganism colonies by colony morphology, but after some training, the most common 

genera such as white and pink yeasts, Cladosporium spp., Aureobasidium spp., Phoma 
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spp., Epicoccum spp. and Alternaria spp., but not bacteria, could be successfully· 

distinguished and the system was therefore considered adequate for the enumeration of the 

most common culturable microorganism species from apple leaf surfaces. 

The range of microorganism types isolated from the leaf surfaces, using the current 

method, was similar to that isolated from apple leaves by other authors. Andrews and 

Kinkel (1986) and Andrews and Kenerley (1978) for example, reported that Alternaria 

spp., Cladosporium spp., Epicoccum purpurascens, Cryptococcus spp. and 

Sporobolomyces spp. were usually the most dominant fungal species recovered from leaf 

surfaces. They reported that other fungal species were usually represented by low numbers 

of individuals, and 27% of the 120 species detected were isolated only once out of a total 

of 14,000 individuals. Teixido et al. (1999) reported that the predominant mycoflora of 

apple leaves in Spain were the filamentous fung~ Cladosporium and Alternaria spp., and 

white and pink yeasts. Other genera isolated included mainly species of Epicoccum, 

Fusarium and Acremonium. The same range of microorganisms has also frequently been 

reported to be dominant on other plant species in temperate, subtropical and tropical parts 

of the world. Wildman and Parkinson (1979) reported that aspen leaves were extensively 

colonised by pink and white yeasts, and by Aureobasidium pullulans, Cladosporium spp., 

Alternaria alternata and Epicoccum purpurascens. This similarity in range of 

microorganism species found, confirmed the suitability of the laboratory techniques chosen 

in the current study. 

The actual number of 42 different RTUs recognised using the categorisation system was 

relatively similar to that published by other authors. Andrews and Kenerley (1978) 

reported about 48 microorganism types isolated from pesticide-treated and untreated apple 

leaves. This included non-sporulating fungi and unidentified members of the 

Sphaeropsidales, as well as Rhodotorula spp., Sporobolomyces spp. and Phoma spp., but 

their total number ofRTUs was not reported. 

In this study, the mean density per leaf of total microorganism populations ranged between 

6.4 x 104 and 2.6 x 106 CFU/leaf. The population densities of the individual microorganism 

groups ranged from 0 - 1.4 X 106
, 8 X 103 

- 2.6 X 106
, 0 - 4.0 X 105 and 0 - 6.1 X 105 

CFU/leaf for bacteria, 'smooth yeasts', Aureobasidium spp. and filamentous fungi, 

respectively. In a similar study in the USA, Andrews et al. (1980) reported that numbers of 

yeasts varied from 1.6 x 104 to 4.0 X 105 CFU/g of fresh leaf and numbers of filamentous 

fungi varied from 5.0 x 102 to 1.0 X 105 CFU/g of fresh leaf. However, they excluded 

Pseudomonads from the statistical analyses because of their highly variable numbers. 
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5 . 
Crosse (1959) reported 0 to 1.5 x 10 CPU/leaf of Pseudomonas mors-prunorum van Hall 

on cherry leaves, indicating their abundance in the phylloplane. These reports indicate that 

the numbers of microorganisms found in the current study are similar to those of other 

studies, which further confinns the suitability of the methods chosen. 

The mean species richness varied from 4.3 to 10.8 RTU/sample. There is little published 

information available that reports species richness of phylloplane microorganism 

populations in deciduous trees. However, one publication by Lee and Hyde (2002), on 

mangrove species in Hong Kong, reported that they isolated between 2 and 12 fungal 

species from leaf surfaces. Although their species richness was similar to that found in the 

current study, the validity of the comparison is questionable because the trees used in their 

study were not deciduous, grew in a tropical climate with minimal seasonal fluctuations, 

and the ground cover was mainly seawater. 

The differences in numbers of microorganisms among the spring and autumn sampling in 

this study did not reflect a unifonn trend for all types of microorganisms (Figure 2.7). In 

spring, populations of bacteria and filamentous fungi were lower than in autumn, with the 

opposite trend for 'smooth yeasts' and Aureobasidium spp. This disagrees with the 

ecological succession of phylloplane microorganisms described by Blakeman (1985), in 

which numbers of bacteria usually declined during the season and numbers of A. pullulans 

usually increased. Andrews et al. (2002), also reported that A. pullulans populations on 

apple leaves increased during the growing season. In the current study however, the leaves 

were sampled on 1/12/1998, well after the first leaves appeared, and Aureobasidium spp. 

may already have colonised the leaf surfaces before sampling took place. 

Blakeman (1985) reported that short periods of drought may cause a sharp decline in 

bacterial populations, but in the current study, the climatic conditions were relatively 

similar immediately before each of the samplings (Figure 2.11 and Figure 2.12). Therefore, 

a lower density of bacterial populations in spring than in autumn was not due to weather 

factors and remains, therefore, unexplained. 

The patterns described by Blakeman (1985) also predicted an increase in yeast populations 

during the season, but did not distinguish between 'smooth yeasts' and Aureobasidium spp. 

In the current study, populations of both fonns were much lower in autumn than in spring. 

One possible explanation for the relatively low numbers of bacteria recorded in spring and 

the high numbers of 'smooth yeast' in autumn is that some bacteria, which were hard to 

distinguish by colony morphology, may have been categorised as 'smooth yeasts' in 
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spring, but correctly as bacteria in autumn, as experience of the researcher increased .. 

However,-since Andrews et al. (1980) also found that numbers of both fungi and bacteria 

... increased during the season, Blakeman's (1985) conclusion may be open to question. On 

the other hand, microbial populations were assessed only twice during the season in the 

current study, and therefore definitive comparisons between this study and published 

reports cannot be made. Such comparisons require sampling over a wider time span in a 

range of sites. 

For the filamentous fungi, the increased numbers observed from the spring to autumn 

sampling were in agreement with Blakeman's (1985) observation that populations of 

filamentous fungi increase during the season as more spores become available. These 

colonies, in particular Cladosporium spp., were visible on the leaves with the naked eye. 

The significantly lower number of phylloplane microorganisms in tree 4 than in the other 

trees in this study was responsible for the high level of variation found among the trees. 

Tree 4 appeared to be in the vegetative phase of a biennial cycle since it did not produce 

flowers or fruit in that season, while the other trees produced abundant flowers and fruit. 

Apple trees have been reported to revert to biennial bearing in an orchard like that sampled 

in the HRA, where no attention was paid to thinning and pruning during previous years 

(Stebbins and Aldwinckle 1990). Trees in a vegetative phase continuously produce new 

leaves, while trees in their reproductive phase produce no new leaves after flowering until 

around January, when the second flush occurs (Morley-Bunker 1999, personal 

communication). Younger leaves have been reported to support lower populations of 

phyUoplane microorganisms because they leak fewer or different substances from within 

the leaf, and they have been exposed to immigration of microorganism propagules for a 

shorter period than older leaves (Dix and Webster 1995). The study by Andrews et al. 

(1980) on phylloplane microorganism populations of apple trees found no significant 

difference in microorganism populations among trees. The eight McIntosh trees used by 

them were of uniform age (18 years) and size, and since they made no comment on the 

standard of the orchard, it seems likely that their study was carried out in a commercially 

productive orchard, in which biennial bearing will not have occurred. To reduce the 

relative amounts of variation among trees for future studies, it was therefore suggested that 

the number of sample trees per orchard be increased to 12 (Frampton 1999, personal 

communication). However, it seemed likely that all trees in the commercially managed 

orchards which were to be sampled (Chapter 3), would be more homogenous and therefore 

the tree variation low. 
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The higher population density of 'smooth yeasts' found in the south of the canopy during· 

spring compared to other locations in the tree during the current study, can be explained by 

the relative protection from solar radiation, as described by Blakeman (1985). Bridges 

(1976, cited in Dickinson 1986) stated that natural ultra violet radiation could be harmful 

and often lethal to many microorganisms. In their study of the positional variation in 

phylloplane microbial populations, Andrews et al. (1980) found significant location effects 

for yeasts at P~0.05, but not for bacteria. They occasionally found location effects at 

P~O.1 0 for bacteria and filamentous fungi, with bacterial populations being higher in the 

exterior than in the interior of trees. 

In the current study, the source of variation for locations within trees was low, and so the 

sampling method developed for future trials was based on practicality, i.e. only including 

samples from tree locations that were easy to reach. 

The high amount of variation found among replicated shoots was likely to be due to the 

high variation known to occur among individual leaves, as reported by other authors 

(Crosse 1959; Andrews et al. 1980; Hirano et al. 1982; Whitham and Schweitzer 2002). 

Hirano et al. (1982) for example, reported that ice nucleation active (INA) bacteria on 

maize leaves differed up to 500-fold among leaves, while total bacterial populations 

differed from 100- to 1000-fold on other crops. For future studies it was therefore 

recommended that the number of apple leaves per sample be increased to 60 by bulking all 

of the spore suspensions from two five-leaf samples, from each ~f six trees (Frampton 

1999, personal communication). 

Although population densities of some phylloplane microorganisms may have been low at 

anyone time during the current study, the small numbers of each present on the leaves will 

have been detected using the current technique. This suggests that species richness is 

relatively stable in orchards, and may therefore not be a suitable bioindicator of the effects 

of environmental factors on phylloplane microorganism populations. 

The results of this study showed a high spatial and temporal variation within the orchard. 

To minimise this variation when comparing phylloplane microorganism populations of 

orchards, it was decided that five leaves from each inter-row side of each of 12 trees could 

be sampled randomly at any height convenient for the sampler. After processing in the 

stomacher blender, the liquid sample could be bulked and serial dilutions plated onto 10 

replicated PDA plates. After 5-8 days incubation the resulting colonies could then be 

visually categorised into four main microorganism groups and the data analysed using 

ANOVA. 
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3 Comparing phylloplane microorganism 

populations in orchards under different 

management systems 

3.1 Introduction 

3.1.1 General 

Under conventional New Zealand apple orchard management, the main foliar fungal 

diseases of apple orchards, black spot and powdery mildew, are controlled following a 

calendar':'spraying programme at 10-14 day intervals. However, some simple modifications 

of the calendar-spraying practice have been recommended to reduce fungicide use. These 

include the 'alternate middle spraying' where alternate rows are sprayed at 7-day intervals 

rather than each row at 10-14 day intervals (Lewis and Hickey 1972), while Byers et al. 

(1989) (cited in Sutton and Unrath 1988) proposed that the volume of fungicides sprayed 

be based on the size and density ofthe canopy. Furthermore, along with the introduction of 

the first synthetic pesticides half a century ago, many orchard management practices have 

been developed to enhance disease management in apple orchards. 

When used appropriately, most of these practices also result in reduced fungicide use in 

orchards. For example, the use of Mills' curves (Mills 1944) and its two modifications, 

"modified Mills" (Jones et al. 1980) and "revised Mills" (Schwabe 1980; MacHardy and 

Gadoury 1989), can determine the optimum time for fungicide application that best 

controls apple black spot, whilst at the same time eliminating unnecessary spray 

applications. Modern forecasting systems for the control of apple black spot, such as 

SpotCheck, proposed in New Zealand to monitor apple black spot infection periods, are 

based on Mills' curves (Henshall et al. 1997). In addition to weather-based systems, 

Gadoury and MacHardy (1986) proposed that the timing of the first fungicide application 

for the control of apple black spot be based on the potential ascospore dose (PAD). They 

determined the number of pseudothecia per lesion, the number of asci per pseudothecium 

and the number of ascospores per ascus, and were therefore able to estimate the PAD from 

the number of leaves with lesions just before leaf fall, and the amount of leaf litter present 

on the orchard floor during bud break. Wilcox et al. (1992) proposed a simplified system: 

to base the number of fungicide applications on previous years' apple black spot lesions on 
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fruit. When the incidence was less than 1 % in the previous year, four DMI + protectant . 

fungicide applications were found to be sufficient, which was a reduction in pesticide use 

. compared to the commonly used six fungicides applications. This system worked well for 

13 out of 14 orchards in Western New York during three seasons. 

3.1.2 New Zealand orchard management systems 

ENZA-IFP (Integrated Fruit Production) and BIO-ORO are two main orchard production 

types in New Zealand that promote sustainable pipfruit production by using their own 

selection of disease management systems. IFP-export orchardists are required to keep a 

detailed spray diary; which is assessed by ENZA before export of the produce can be 

approved (ENZA 1998). After consultation with ENZA New Zealand (International) 

(Hoggett 1998, Personal communication), it appeared that most New Zealand apple 

orchards follow ENZA-IFP principles, but those that produce for export are bound by the 

IFP principles, while those that produce for the local market are more free in their choice 

of pesticides. The main difference between IFP-export and IFP-local orchards is that the 

use of dithlocarbamates (EBDC) such as mancozeb, metiram, zineb and disulfide (thiram) 

is disallowed on IFP-export orchards while it is only discouraged in IFP-orchards for local 

market, because they disrupt predatory mite breeding and thus european red mite control. 

BIO-ORO is ''New Zealand's leading organic producers and consumers organisation and 

certification agency" (BIO-ORO 2000). No synthetic pesticides or herbicides are allowed 

for the control of diseases and weeds in BIO-ORO orchards. All weed control must be 

mechanical or by biological control agents where available. Crop varieties should be 

selected that minimise the requirement for· pest and disease management. However, 

selection of resistant apple cultivars is difficult, because most available apple cultivars 

have been bred for other traits than for resistance to apple black spot or powdery mildew. 

The control of diseases on current varieties therefore requires the use of full spray 

programmes using copper (no more than 3 kg/ha/year) and sulphur (BIO-ORO 2000, 

2001b). 

It takes a three-year certification procedure before orchards are entitled to market certified 

BIO-ORO products, of which during the last two years, the orchard may be 'certified in 

conversion to BIO-ORO certified organic production' (transitional). During this three-year 

period, transitional BIO-ORO orchards undergo five audits. Full BIO-ORO certification is 

subject to annual audits (BIO-ORO 2001a). 
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3.1.3 Objectives 

In Chapter 2, the spatial and temporal variation of phylloplane microorganisms within 

apple orchards was explored, within the development of a method for the sampling, 

recovery, isolation and enumeration ofphylloplane microorganism populations from apple 

trees. The results ofthat study led to the refinement ofthe method, to enable comparison of 

microorganism populations in orchards under different disease management systems. The 

current chapter describes a study that was conducted to: 

1. determine the effects of orchard management systems on population density and 

species richness of microorganism populations in apple orchards, 

2. determine the seasonal effects on population density and species richness for 

microorganism populations in apple orchards, . 

3. determine whether population sizes of specific microorganism species or groups of 

microorganisms varied significantly with the orchard management system and 

therefore could serve as bioindicator (s) of sustainable orchard management. 

Bioindicators are organisms whose relative abundance can serve as an indicator of 

environmental health. These can be plants, animals or microorganisms etc. According to 

Davidson (1996), such bioindicators need to be: 

1. commonly present in most orchards. 

2. present for a sufficiently long period during the season. 

3. easy to isolate and culture. 

4. easy to identify. 

5. representative ofthe total population studied. 

6. sensitive to the environmental condition that it was selected for. 

3.2 Materials and methods 

3.2.1 Orchards and trees 

To determine if differences among orchards were consistent with the management system, 

sampling a minimum of three orchards of each type was expected to be an acceptable 

compromise between a reduced variation within management systems and a manageable 

workload. Therefore, three orchards were chosen that followed IFP principles for export 

market, and three other orchards that followed IFP principles, but produced for the local 

market. Unfortunately, there were only one certified and one transitional BIO-GRO 
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orchard available in the district. In addition to these BIO-GRO orchards, one unsprayed 

orchard was included as an untreated control (Table 3.1). All orchards were situated near 

Christchurch in Canterbury, New Zealand. 

One orchard block of Braebum apple trees of 8 to 10 years old was selected in each 

orchard. Two groups of three trees were selected along the perimeter of each chosen block 

and two groups of three trees in the centre to allow for the detection of differences in 

phylloplane microorganism populations among locations within the orchards. The trees 

were marked with ribbons and the same trees were used throughout this study during the 

1999/2000 growing season. 

The trees in most orchards were similar in shape (Figure 3.2), except in Greystone 

Orchard, where heavy pruning occurred to control apple black spot (Figure 3.1). The 

owner ceased disease control in the orchard after the second assessment. 

Table 3.1. Details of apple orchards used for this study. 

Orchard Name of orchard Type Location 
no. 
3 Crawford Road Orchards IFP-export Belfast 
7 Lincoln Grange Orchards IFP-export Lincoln 
1 Rolleston Orchard IFP-export Rolleston 
8 Mottram's Fruit Fann IFP-Iocal market Christchurch 
5 Tai Tapu Orchard IFP-Iocal market Tai Tapu 
4 Willow grove Orchard IFP-Iocal market RaIswell 
2 Greystone Orchard BIO-GRO (transitional) Dunsandel 
6 Robbie's Patch BIO-GRO (certified) Springston 
9 Horticultural Research Area Uns2rayed Lincoln University 
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Figure 3.2. Example of an orchard showing trees, marked branches and grass 
sward management. 

Figure 3.1. Greystone Orchard, showing the open canopies due to severe 
pruning to control apple black spot. 
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3.2.2 Sampling 

3.2.2. 1 Intervals 

The orchards were sampled four times during the 1999/2000 season, at intervals of 

approximately 25 and 50 days after full bloom, and at 25 days before harvest and shortly 

before harvest, as these represent stages with the greatest physiological differences in leaf 

composition and therefore in nutrient availability for microbial growth on the leaf surfaces 

(Morley-Bunker 1999, personal communication). However, for logistic reasons, such as a 

minimum interval of 5 days between spraying and sampling, and availability of the 

researcher, these sampling dates had a maximum margin of a week and are, therefore, 

referred to as Assessments 1,2,3 and 4 (Table 3.2). 

Table 3.2 Sampling dates of the nine orchards during the 1999/2000 season. 
Orchard Assessment 1 Assessment 2 Assessment 3 Assessment 4 

1 6/11199 30/11199 413/00 114100 
2 6111199 30/11/99 413/00 1/4/00 
3 6/11199 3/12199 4/3/00 114100 
4 6111199 5/12/99 4/3100 114100 
5 6111199 4/12199 4/3/00 1/4/00 
6 6/11199 1112/99 5/3/00 8/4/00 
7 6/11199 5/12199 5/3/00 114100 
8 6111199 2/12199 1213/00 8/4/00 
9 6/11199 30/11/99 513/00 9/4/00 

The orchard managers were always consulted before sampling, to ensure that samples were 

taken at least 5 days after the latest spray application, to allow for microbial populations to 

recover from possible direct impacts of pesticide applications. Sampling was done at any 

time of the day that was practical for the study. 

3.2.2.2 Sizes 

At each assessment, in each orchard, ten leaves of an even distribution of leaf ages were 

sampled randomly from both of the row-sides of each tagged tree to minimize compass 

direction effects. They were handpicked by holding the petiole only and placed into 

individually labelled, new, heavy-duty, low-density, polyethylene bags of 20 x 30 cm. The 

tops of the bags were folded over to close them and the bags were stored in a small 

polystyrene container per orchard at 10 ± 5°C~ Upon arrival in the laboratory, the samples 

were stored overnight at 4 ± 2°C until processed. 
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3.2.3 Recovery 

Microorganisms were washed from the leaves and plated as described in Chapter 2, by 

adding 40 mL sterile phosphate buffer to the individual bags and washing them in the 

stomacher blender for 1 min. The suspensions from the two groups of trees on the outside 

of the orchards were then bulked (60 leaves in 240 mL buffer) and mixed, as were those 

from the groups of trees within the orchards. Serial dilutions of 2.5 x 10-4 and 2.5 x 10-5 of 

the wash suspensions were made in sterile phosphate buffer, and aliquots of 100 ILL of the 

serial dilutions spread onto ten replicated PDA plates. They were incubated for 6-8 days at 

20°C in a 12/12 h diurnal photoperiod using one 'daylight' fluorescent light tube in each 

comer of the incubator. 

3.2.4 Identification and enumeration 

The resulting colonies were counted and classified by their morphology into four main 

microorganism groups as described in Chapter 1 and Appendix 3 . Depending on the 

colony density on the agar plates, either those with 2.5 x 10-4 or 2.5 x 10-5 dilutions were 

assessed. For the more numerous colonies such as most bacteria, smooth yeasts and 

Cladosporium spp., only the first five dilution plates were assessed, while all ten dilution 

plates were assessed for less common colonies. The mean numbers of CPU/plate were 

calculated accordingly. 

3.2.5 Data analyses 

Microbial population densities were log-transformed and expressed as mean CPU/leaf, 

while species richness was expressed as RTU/sample. Analysis of variance was used to 

determine the main effects of: 

1. the management systems (IFP-export, IFP-Iocal, BIO-GRO, Unsprayed orchard), 

2. the conventionally (IFP-export and IFP-Iocal) versus unconventionally managed 

orchards (BIO-GRO and the unsprayed orchard), 

3. all sprayed orchards versus the unsprayed orchard, 

4. the four sampling dates (seasonal effects), 

5. the unsprayed orchard 1999/2000 versus 1998/1999. 

on: 

1. each of the four main groups of phylloplane microorganisms (bacteria, 'smooth yeasts', 

Aureobasidium spp. and filamentous fungi), 
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2. the species richness. 

Differences within significant datasets were determined using Fisher's LSD (least 

significant difference). 

In order to identify bioindicators of sustainable orchard management, the effects of the 

above-mentioned factors were analysed for each RTU isolated during the study. The RTU 

that showed the most significant variation among orchard management systems during 

- most of the assessment dates, and at the same time possessed most of the characteristics of 

a bioindicator, was selected as a bioindicator of sustainable orchard management. 

The results described in chapter 2 and 3 showed that bacterial and smooth yeast 

populations were generally a factor 5 to 10 higher. than those of Aureobasidium spp. and of 

filamentous fungi. Analysis of variance of all microorganisms combined was therefore not 

considered to contribute valuable information to this study, because the total results would 

be a reflection of the microorganism group with the highest population density, while 

masking the contribution of those with lower population densities. 

All analyses were carried out using ANOVA (Minitab v. 11.12 and a tailor-made data 

analysis program using Visual dBASE v. 5.7). 

3.2.6 Weather data 

Weather data were recorded at hourly intervals by the Broadfield Automatic Weather 

Station, Lincoln. 

3.3 Results 

3.3.1 Main treatment effects 

The population density for all microorganism groups and the species richness showed a 

highly significant season effect. Most of the other factors studied, but not all, also showed 

significant differences for population density or species richness (Table 3.3). Three sample 

ANOVA tables for the management system effect (in three different combinations) for 

bacteria are attached in Appendix 5 . 

Among the IFP-export orchards, population densities of all microorganism groups were 

similar (P>O.05), while among some of the IFP-local market orchards populations of 

bacteria and Aureobasidium spp. differed (P:SO.05) (Figure 3.3). Population densities of the 
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microorganism groups were similar between the BIO-ORO and the unsprayed orchard.· 

Species richness was not significantly different among orchards (ANOV A, P>O.05, Table 

3.3). 

Table 3.3. Probability values of the main factors and their interactions, of individual 
orchards, management systems, conventionally versus unconventionally managed 
orchards, sprayed versus unsprayed orchards and the time of sampling (season). The values 
are given for the population densities for the four individual microorganism groups and the 
species richness of microorganism populations isolated from apple orchards during the 
199912000 season. 

Probabilit~ values (CFUlleaf) 
Factors Po~ulation densit~ Species 

Bacteria Smooth Aureobasidium Filamentous richness 
~easts s~~. fun'; (RTU/sam~le) 

Season <0.001 <0.001 <0.001 <0.001 <0.001 
Orchard 0.004 <0.001 <0.001 <0.001 0.075 
Orchard x season <0.001 <0.001 <0.001 <0.001 <0.001 
Management system 0.383 0.224 <0.001 <0.001 0.185 
Management s:tstem x season 0.810 0.394 0.014 0.022 <0.001 
Conv.lunconv. 0.192 0.032 <0.001 <0.001 0.030 
Conv.lunconv. x season 0.877 0.076 <0.001 0.001 <0.001 
Spr.lunspr. 0.967 0.283 0.018 0.003 0.234 
S~r.luns~r. x season 0.811 0.275 0.250 0.019 0.031 

The effect of sampling date showed differences (P:SO.05) among orchard management 

systems for some microorganism groups (Figure 3.4). There were no significant (P>O.05) 

interactions between sampling date and management system for population densities of 

bacteria or smooth yeasts. Population densities of Aureobasidium spp. and filamentous 

fungi, however, were lower during the first two assessments in bot~ types of IFP orchards 

than in the BIO-ORO and unsprayed orchards, but increased in both types of IFPorchards 

during the last two sampling dates, becoming similar to those of the BIO-ORO and 

unsprayed orchards (P:SO.05). 

The effect of orchard management systems on the species richness showed significant 

differences among different sampling dates (Figure 3.5). Species richness in the IFP 

orchard types was lower during the first and second assessment than in the BIO-ORO and 

unsprayed orchards. However, the species richness increased significantly among the first 

three assessments in the IFP orchards to become similar to the species richness in the BIO

ORO and unsprayed orchards, while it remained stable between the third and fourth 

assessments. In the BIO-ORO and the unsprayed orchards however, the species richness 

remained stable throughout the season (P:SO.05). 

Numbers of Aureobasidium spp. and filamentous fungi were significantly lower in the IFP 

orchards than in the BIO-ORO and unsprayed orchards (P:SO.05) (Figure 3.6). 
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Figure 3.3. Mean population densities of the four main phylloplane microorganism 
groups, isolated from nine orchards during the 1999/2000 season (error bar = St. Dev. 
(Standard Deviation)). 
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isolated from apple orchards at four sampling dates during the 1999/2000 season (error bar 
= St. Dev.) 
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Figure 3.S. Species richness (RTU/sample) ofphylloplane microorganisms isolated from 
three IFP-export, three IFP-Iocal market, two BIO-GRO and one unsprayed apple 
orchards at assessments 1, 2, 3 and 4, during the 1999/2000 season (error bar = S1. Dev.). 

When the results for management systems were combined into conventionally and 

unconventionally managed orchards, population densities of Aureobasidium spp. and 

filamentous fungi were significantly higher in the unconventionally managed orchards than 

in the conventionally managed orchards (P~0.05, Figure 3.6). The species richness of 

unconventionally managed orchards was higher than that of conventionally managed 

orchards (P~O.05, Figure 3.6). 
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Figure 3.6. Population densities and species richness of the four main phylloplane 
microorganism groups isolated from apple orchards during the 1999/2000 season. Results 
show the conventionally (IFP-export + IFP-Iocal market) versus the unconventionally 
managed orchards (BIO-GRO + unsprayed) (error bar = St. Dev.). 

3.3.2 Unsprayed orchard 1998/1999 compared with 1199/2000 

Comparison of the phylloplane microorganism populations of the unsprayed orchard in 

1998/1999 and 199912000 showed that patterns of population densities of different 

microorganism groups were similar in both seasons (Figure 3.7). All microorganism 

groups tended to start at lower densities early in the season, and were higher during March 

to April, but reducing slightly during April (P>0.05). 
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Figure 3.7. Comparison of the mean population densities of the four main phylloplane 
microorganism groups isolated from the unsprayed orchard on 1112/1998 and 1114/1999, 
(Chapter 2, indicated with a 'I') and on 14/11/1999,30/11/1999, 18/3/2000 and 31412000 
(Chapter 3, indicated with a '2'). The results are in the order of date rather than year to 
show seasonal trends (error bar = St. Dev). 

3.3.3 Bioindicators of sustainable orchard management 

A total of 80 different RTUs were isolated from the orchards during the 1999/2000 season. 

Each could potentially occur 72 times during the study (9 orchards x 2 locations x 4 

assessment dates). However, only eight RTUs (Table 3.4) occurred in half or more of the 

samples. Table 3.4 also indicates the number of times that microorganism RTUs were 

significantly affected by the four orchard management systems, by conventional versus 

unconventional orchards, and by sprayed versus unsprayed orchards. Sporobolomyces spp. , 

Aureobasidium spp. , Cladosporium spp. and Phoma spp. all occurred in more than half of 

the samples and were significantly affected by at least one of the three factors studied. 
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Table 3.4. Incidence of the most common microorganism types, as recognisable taxonomic 
units (RTU) in the total 72 phylloplane samples of apple orchards during the 1999/2000 
season. Results also show the number of times that their incidence was significantly 
affected by the orchard management system, individually or when combined into 
conventional and unconventional, or sprayed and unsprayed orchards (ANOV A, P~O.05). 
RTU Incidence No of times ~O.05 

Cryptococcus spp. 
Pseudomonas-like bacteria 
Pink yeasts 
Pantoea agglomerans 
Aureobasidium spp. 
Cladosporium spp. 
Phoma spp. 
Alternaria spp. 

72 
69 
66 
61 
58 
58 
44 
36 

Management ConvJ 
system unconv. 

o 0 
o 0 
1 1 
o 0 
1 1 
2 2 
1 1 
o 0 

SprJ 
unspr. 

o 
o 
o 
o 
1 
2 
1 
o 

When the population densities of these microorganisms were rearranged by management 

system and by assessment date (Figure 3.8), the results showed that most species differed 

among the management systems during the first half of the growing season but not during 

the second half of the season. Phoma spp. increased significantly during the season in most 

orchards until the third assessment and declined by the last assessment, except in the 

unsprayed orchard, where there was no difference between the second and third assessment 

(p~O.05). 
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Figure 3.8. Population densities of pink yeasts, Aureobasidium spp., Cladosporium spp. 
and Phoma spp., isolated from apple orchards during the 1999/2000 season. Results are 
shown for different orchard management systems (error bar = St. Dev.). 

3.3.4 Fungicide applications and weather 

On average, fungicide spray applications were most numerous during the months of 

October and November (Appendix 6 ). This coincided with a peak in rainfall events during 

the same months. The mean daily temperatures were highest between mid January and mid 

March, while solar radiation was highest between December and February (Figure 3.9). 

The climate data were recorded in Lincoln only, but the main patterns are known to be 

representati ve of the Canterbury area where the apple orchards were located. The data 

show a slightly higher number of rainfall events between October and December than 

between December and April. 
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Figure 3.9. (a) Total fungicide application frequencies in four of the nine apple orchards 
sampled during the 1999/2000 season. (b) frequency of rain events per 10-day period and 
(c) mean daily temperature, solar radiation and cumulative rainfall (mm) for 10-day 
periods. 
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3.4 Discussion 

The results of this study showed that the methods developed in the previous study (Chapter 

2) could be used to demonstrate changes in phylloplane microorganism populations during 

the season, and differing populations in individual orchards and orchard management 

systems. Overall, microorganism populations increased as the season progressed. Bacterial 

popUlations increased ll-fold, smooth yeasts increased 47-fold, Aureobasidium spp. 

increased 774-fold and filamentous fungi increased 80-fold (Figure 3.4). Such overall 

increases have been noted in previous studies and were considered by Sundin et al. (1988) 

and Pennycook and Newhook (1981) to be initially due to increases in numbers of 

epiphytic bacteria and some yeasts, that developed quickly from small amounts of 

overwintering inoculum in the buds. This inoculum was able to spread to the leaves, and 

under favourable environmental conditions, developed into multi-celled colonies (Breeze 

and Dix 1981). Airborne inoculum of other bacteria, yeasts and filamentous fungi usually 

becomes more abundant during the season and settles on the leaves (Kelly and Pady 1954; 

Bovallius et al. 1978). This pattern was clearer in the IFP orchards than in the BIO-ORO 

and unsprayed orchards (Figure 3.8), which suggests that disease management systems in 

orchards may be an additional factor responsible for temporal changes in microorganism 

populations. More (Figure 3.9a.) and different (Appendix 6) fungicides are usually applied 

during the earlier part of the season than later in the season because apple trees are more 

susceptible to diseases during the more humid spring (Figure 3.91? and c), when ascospore 

release is high (ENZA 1998) and leaves are younger and less resistant to germ tube 

penetration. In summer and autumn, leaves are more mature and hardier, and so more 

resistant to fungal penetration (Li and Zhao 2001). Moreover, market access and safety 

regulations require varying withholding periods from the last spray application until 

harvest, during which chemical control of fungi is limited (O'Connor 1998). 

In this study, the phylloplane microorganism populations differed among individual 

orchards (Figure 3.3). However, when the orchard results were combined by orchard 

management system, the differences in population density and in species richness were less 

significant because of the high variation among individual orchards within the 

management systems. This was particularly true of the results for individual 

microorganism groups. Therefore, quite large differences in population densities and 

species richness were not significant among IFP-export orchards and IFP-Iocal market 

orchards. However, when the results of all IFP-orchards (conventionally managed) were 

combined and compared with the combined results of the BIO-ORO and unsprayed 
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orchards (unconventionally managed), the results showed that numbers of Aureobasidium 

spp. and filamentous fungi were significantly lower in conventional than in unconventional 

orchards (Figure 3.6). 

Andrews and Kenerley (1978) found significant differences in population densities in 18-

year old McIntosh trees, among unsprayed trees and those that followed a common (USA) 

spray schedule. The latter received 14 fungicide (metiram), 2 bactericide (streptomycin) 

_ and 5 insecticide (azinphos methyl) applications, which reduced populations of all 

microorganisms 10-1000 fold. However, not all groups were affected in this way, because 

Aureobasidium spp. were only marginally affected and numbers of Sporobolomyces spp. 

were higher on sprayed trees than on unsprayed trees. In the current study however, 

smooth yeasts (including Sporobolomyces spp.) were generally unaffected by individual 

orchard practices, while Aureobasidium populations were generally higher in BIO-GRO or 

unsprayed orchards than in conventionally sprayed orchards (Figure 3.3). However, it is 

hard to compare the results of the current study with the study by Andrews and Kenerley, 

because metiram was used only once in each of two different IFP-export orchards. 

Moreover, the trees of the current study were all in commercial orchards, which received 

winter spray applications comprising copper formulations, while those of Andrews' and 

Kenerley's study appeared to have been experimental trees, and use of winter copper 

sprays was not described. 

Species richness in the current study was greatly affected by orchard disease management 

systems (Figure 3.5). During the beginning of the season, species richness was lower in the 

IFP-orchards than in the BIO-GRO and unsprayed orchards. It is possible that this was 

caused by a winter spray programme with more effective broad-spectrum fungicides in the 

IFP orchards than in the BIO-GRO orchard (Appendix 6 ), but may also have been affected 

by the 10 to 12 fungicides applied between September and the first assessment, including 

2-5 applications of dodine, 1-2 of DMI and three of strobilurins, plus a variety of other 

fungicides. During the entire sampling period, the IFP orchards received 10 to 25 fungicide 

applications, which included dodine, DMIs, dithianon (Del an) and several other fungicides 

in lower frequency. The BIO-GRO orchards on the other hand received 5-7 spray 

applications of mainly copper and lime (Appendix 6 ). 

The summer spray programme seemed to have had little effect on bacteria and smooth 

yeasts. It is likely that bacteria are less affected by conventional spray programmes, 

because they consist of specific fungicides rather than bactericides or broad range 

products. Geeson (1979), in an experiment to control storage fungi in cabbage, observed 
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higher numbers of bacteria on fungicide drenched cabbages than on untreated cabbages. 

Meunier and Meyer (1985) observed 7-40- and 2-9-fold reductions of yeasts and 

filamentous fungi respectively, on winter wheat leaves treated with eight different 

fungicides, but only chlorothalonil and sulphur affected bacteria. Southwell et al. (1999) 

reported that bacterial populations of barley leaves were not directly affected by the narrow 

spectrum fungicides, mancozeb and triadimefon. Unconventionally managed orchards 

commonly receive more copper based sprays, which are known to have a much broader 

range of activity including bacteria (O'Connor 1998) and perhaps also yeasts. These 

reported effects of fungicides might explain the differences in species richness, seen in this 

study, among conventionally and unconventionally managed orchards. 

It was expected that the sampling and enumeration method would detect a clearer 

- difference among orchard management systems, and a less clear difference among 

individual orchards within one management system. However, microorganism populations 

varied widely among orchards of the same management system. Among IFP-export 

orchards for example, population sizes varied 315-357% for each of the four 

microorganism groups. Smooth yeasts in IFP-Iocal market orchards varied 22%, but 

Aureobasidium spp. varied 203,000% (2,030-fold!). In BIO-GRO orchards, bacterial 

populations varied 35% while Aureobasidium spp. varied 546%. A wide range of factors 

may have been responsible for these orchard differences. Some of these factors were 

associated with sampling practices such as delays due to orcharfl spraying or weather, 

delays in processing, due to distances travelled, time of day that sampling could be done, 

the interval between the latest wetness period or the latest spray application and sampling. 

Some variation was also due to different management systems within individual orchards, 

such as the type of the latest spray application made. Other factors included differences in 

orchard location and local climate differences, such as duration of leaf wetness, or 

proximity to buffer zones, to microorganism inoculum sources (Bovallius et al. 1978; 

Lindemann et al. 1982; Lacey 1996), or to sources of industrial and traffic emissions 

(Smith 1976; Helander et al. 1993). The transitional BIO-GRO orchard in Dunsandel for 

example, was isolated by distance from other apple orchards and was situated along a 

minor provincial road, while the IFP export orchard in Belfast was situated in the comer 

between two very busy roads. 

The results from the unsprayed orchard were compared between the 1998/1999 and 

199912000 seasons. The mean population densities during the 1998/99 season were slightly 

lower than during the 199912000 season, however, the standard deviations were much 

higher, which resulted in these numbers not being significantly different from those of the 
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1999/2000 season. If the microorganism populations were similar between the two 

seasons, these results show that the adjusted method detected microorganism populations 

similarly to the initial method. 

Of the microorganisms isolated during this study, Sporobolomyces spp, Aureobasidium 

spp. and Cladosporium spp. were the most commonly occurring species that were at the 

same time easily isolated and easily identifiable. The variability of these species was 

demonstrated in Figure 3.8, which showed that they varied with management systems 

during the earlier part .of the season but not during the latter part of the season. Of these 

species, Cladosporium spp. gave the greatest variation around 25 days after full bloom 

(DAFB), while Sporobolomyces spp were more variable around 50 DAFB. None of the 

species was variable enough during the later part of the season to serve as bioindicator 

species. It is therefore suggested that orchards be evaluated for environmental health using 

bioindicators during the period between 25 DAFB to 50 DAFB, and that Cladosporium 

spp. or Sporobolomyces spp may be used. 

Disease management systems clearly had an effect on population density and species 

richness of phylloplane microorganism populations in apple orchards in Canterbury. 

However, the effects of individual fungicides on the overall population density and species 

richness, or on individual microorganism groups needs to be investigated in order to 

provide further understanding of their effects within a fungicide programme. This is 

addressed in Chapter 4. 
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4 Direct impact of fungicides on phylloplane 

microorganism populations. 

4.1 Introduction 

- A range of different types of chemicals is commonly used to control apple black spot 

(Venturia inaequalis) , and powdery mildew (Podosphaera leucotricha), the two most 

economically important fungal diseases of apple. These types of chemicals have different 

properties, which can be classified by mode of action and systemicity and are described 

below in general terms. 

The activity of pesticides is frequently described by the timing of application, their degree 

of selectivity and by the site of interaction within the target organism (IPMRC 2003). Most 

fungicides are fungistatic rather than fungicidal, but may become fungicidal after 

prolonged interaction with the fungus (Lyr 1995). They may interact with different 

developmental stages of a fungus. Most fungicides, such as captan, inorganic copper and 

sulphur, myclobutanil and do dine, have protectant action. They need to be present on or in 

the plant before infection by a pathogenic fungus takes place, and usually act to inhibit 

spore germination. Some of these fungicides also have curative action, such as 

myclo butanil (Sharma and Verma 1996) and dodine (Gupta and Kumar 1985; Gupta and 

Gupta 1986). Both are used for control of V. inaequalis, being applied after infection has 

- taken place, but before symptoms develop, when they may be effective in inhibiting 

mycelial growth. They may be applied shortly after a weather event that specifies an 

infection period. When the curative action extends beyond 48 h, fungicides are said to also 

have eradicant action, and are capable of preventing further disease development after 

symptoms have appeared. These fungicides may be used after infection when an earlier 

application was not possible, for example because the ground was too wet to support the 

spray equipment. O'Connor (1998) also uses the term 'reachback' to refer to the maximum 

interval elapsed after infection, at which a fungicide could control the growth of the fungal 

pathogen. Dodine for example has a 48 h reachback effect for the control of V. inaequalis 

according to O'Connor (1998), although other authors extended the qualification of dodine 

to eradicant action (Gupta and Kumar 1985; Gupta and Gupta 1986). Antisporulant 

fungicides such as myclobutanil (Sharma and Verma 1996) and do dine (Gupta and Kumar 
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1985) reduce spore formation in V. inaequa/is, which reduces inoculum pressure and 

therefore secondary infection, but not primary infection. 

' Selectivity' in fungicides is a very broad and poorly defmed term. Some authors refer to a 

selective fungicide as one that controls fungi, but has no phytotoxic effect on the host 

plant, or has low toxicity to mammals, fish, bees and other non-target organisms (Lyr 

1995). However, the selectivity of a fungicide can be as narrow as a small number of 

fungal species. The spectrum of activity of fungicides ranges from very broad for the 

inorganic fungicides such as copper, which affect fungal as well as bacterial diseases 

(Hislop 1976), to very specific fungicides such as dodine, whose economic use is limited to 

the control of black spot of apple and roses. Captan and the dithiocarbamates are more 

specific, but still affect some bacteria and non-pathogenic fungi (Hislop 1976). The term 

can therefore cause different authors to assign apparently contradictory properties to the 

same fungicide. Pommer and Lorenz (1995) for example, described the group of 

dicarboximides as selective fungicides, while O'Connor (1998), in the New Zealand 

Novachem Manual, describes captan as being able to control many fungal diseases. 

Different fungicides can interact with different steps (sites) in the metabolism of the fungal 

cells. Inorganic compoWlds such as sulphur and copper are thought to have multi-site 

modes of action, although it is not clear which sites they are (FRAC 2003). Dodine also 

has multi-site action, including the ability to alter the permeability of the cell membrane 

and to interact with the mitochondrial membranes (Gasztonyi and Lyr 1995). 

Demethylation inhibiting fungicides (DMIs), such as myclobutanil, have a single site of 

action, inhibiting the demethylation at position 14 of lanosterol (Kuck el 01. 1995). 

Fungicides that are currently available for the control of fungal diseases of apple can be 

non-systemic, semi systemic or systemic. Non-systemic (amobile) fungicides do not enter 

the plant tissue and are not translocated within the plant. They reach the microorganisms 

by direct contact, by means of a water bridge or, when dry, by vapour action (Hislop 

1976). Semi-systemic (locally mobile, locosystemic) fungicides enter the plant tissue, but 

do not move within the plant, while systemic fungicides can be translocated within the 

plant either through the network of free space, cell walls and non-living cells (apoplastic) 

or through the network of protopIasts connected by plasmodesmata (symplastic). Long 

distance transport within the plant can be through the xylem (xylem-mobile, apoplastic), or 

through the phloem (phloem-mobile, symplastic) usually in acropetal and basipetal 

directions, respectively. Most early fungicides such as copper and sulphur are non

systemic and rely on full coverage and repeated application as new plant tissue develops. 
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Modern, systemic fungicides usually rely on apoplastic transport, with a major advantage 

being that the newly developed leaves are also protected by the fungicide (Neumann and 

Jacob 1995). Systemic fungicides that are translocated through the plant may exude onto 

the leaf surface (Crowdy and Tanton 1970; Tanton and Crowdy 1972, cited in Hislop 

1976) and affect non-target phylloplane microorganisms. 

The selectivity, activity and application methods of the different types of fungicides can 

cause differences in their direct impacts on phylloplane microorganisms. Stirling et al. 

(1999), for example, reported reduction of bacterial, yeast and filamentous fungal 

populations on avocado leaves due to treatment with copper-based sprays, compared to 

unsprayed leaves. Pandey and Kumar (1988) found that populations of Alternaria alternata 

on soybean leaves were reduced by thiram, and that captan, ziram, mancozeb, zineb and 

carbendazim caused decline in species richness, whilst populations of Aspergillus nidulans 

(Eidam) Winter and Penicillium citrinum Thorn increased. 

The comparison of different orchard disease management types (Chapter 3) showed 

different effects on phylloplane microorganism populations. However, a high variability 

within management types was ascribed, among other possible factors, to the direct impact 

of the latest fungicide treatment immediately before sampling. In this study, the direct 

impact of the six most commonly used fungicides was investigated during the 1999/2000 

growing season. The secondary objective of this study was to further investigate which 

microorganism species or group of species was most sensitive to fungicide treatments so 

that it could be used as an indicator of sustainable orchard management. 

4.2 Materials and methods 

4.2.1 Treatments 

The range of fungicides tested included copper hydroxide, captan, do dine and 

myclobutani~ which comprised inorganic copper and sulphur, an organochlorine, a 

guanidine derivative and a DMI (demethylation inhibitor), respectively (Table 4.1). A fish

based foliar fertiliser, which has been shown to have some antimicrobial activity (Harvey 

and Jones 1997), is also commonly used as a fungicide in BIO-GRO orchards, and its 

manufacturer, Foliafeed, asked for it to be included as one of the fungicides in this study. 

This product will, therefore, be regarded as one of the fungicides in this chapter, and 

further referred to as fish fertiliser. One of the products (myclobutanil) was systemic within 

the leaf, while another (do dine) was reported to have trans laminar activity. The others were 
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non-systemic. All fungicides were mixed according to their label recommendations and 

sprayed to run-off using a 500 mL trigger pump-action, hand sprayer. No additives were 

used; because the recommendations for additives differed among products, and the use of 

different additives for different treatments might have affected the results. 

Table 4.1. Application rates of products that were tested for their impact on phylloplane 
microorganism populations of apple. 

Treatment Active Ingredient Product name ratellOO litre water 
0 water 

- I captan Orthocide® WDG 100 g 
2 copper hydroxide Kocide® DF 500 g 
3 do dine Syllit Plus™ 80mL 
4 fish-baSed foliar Simply Organic 5L 

fertiliser 
5 mydo butanil Systhane® 12 g 
6 sulphur CosavetDF' 150 g 

4.2.2 Trees 

For this study, the same block of trees in the Horticultural Research Area (HRA) of 

Lincoln University was chosen because it was unsprayed and had a high level of 

microorganisms (see Chapter 2). Although niydobutanil was reported to be systemic, it 

translocates acropetally (Pscheidt 2003), without affecting microorganism populations on 

other shoots. There were no other systemic fungicides used in this study, and therefore 

different treatments were applied to different shoots within the same trees. 

4.2.3 Experimental design 

The effect of the six fungicide treatments was compared with an untreated control (tap 

water), and replicated three times in a completely randomised design, using seven trees and 

three treatment branches in each tree (Figure 4.1). The trial was repeated four times during 

the 1999/2000 season, on 23/1111999 (Treatment date 1), 17112/1999 (Treatment date 2), 

23/3/2000 (Treatment date 3) and 18/4/2000 (Treatment date 4) (Appendix 7 ). These 

treatment dates were chosen to coincide with 25 and 50 days after full bloom, at 25 days 

before harvest and immediately before harvest, respectively, the growth stages with the 

greatest physiological differences (see Chapter 3). 
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For each treatment, three replicate branches and two shoots in each branch were randomly 

selected. Two shoots were selected for each treatment replicate to provide sufficient leaves 

for four sampling times (4 x 5 leaves = 20 leaves). The treatment shoots were located at 

sufficient distances to avoid spray drift from one treatment reaching another. For each 

treatment date, a new set of trees was selected to eliminate the possibility of residual 

fungicides on leaf surfaces affecting results. 

Figure 4.1. Layout of the portion of the orchard block used to study the direct impact of 
six fungicides and an untreated control on phylloplane microorganisms, showing the 
location of the trees and the position of the sample branches within the trees (e.g. 4,3 = 
treatment 4, rep 3) for Treatment date 1. New, unsprayed trees were selected for each of 
the four treatment dates. 

4.2.4 Sampling 

Five leaves were sampled from each set of sprayed shoots immediately before treatment 

application (ODAT) , and at 1, 3 and 7 days after treatment (1, 3 and 7DAT). Due to 

excessive rainfall at the planned time of sampling, the assessment at 7DAT for Treatment 

date 2 was delayed to 9DAT (but analysed with the 7DAT data of the other treatment 

dates), and the assessment at 1DAT for Treatment date 4 was omitted. Sampling, isolation 

and enumeration of the microorganism colonies was done as described in Chapter 3. 

4.2.5 Data analysis 

Throughout this chapter, the results were expressed as proportional changes of either the 

population density (colony forming units per leaf, CFU/leat) or species richness 

(recognisable taxonomic units per sample, RTU/sample) and have therefore no unit of 

measure. The CFUs per leaf were log-transformed [loglO(CFU/leaf + 1)] before data 
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analysis and presentation in the graphs, but back-transformed for presentation in the tables. 

No data transfonnation for the species richness was necessary before analysis of variance. 

The changes in populatiori density or species richness at 1, 3 and 7 days after treatment 

application (NDAT) were expressed relative to the pre-treatment assessment (ODAT) of 

the same replicate branch, because seasonal variations in population densities or species 

richness can be greater than the variation among treatments: 

PN=NDAT 
ODAT 

where: 

PN = Change in population density or species richness relative to ODAT 

N = 1, 3 or 7 days after treatment 

The data of the fungicide treated samples were also normalised for the previously 

normalised water controls of the same replicate branch because the variation in population 

density or species richness of the leaf surface can also vary significantly among individual 

leaves, branches and trees: 

(
NDATJ 

PN fungicide ODAT fungicide 
PF = = --'--:---~"""--

PN Waler ( NDAT J 
ODAT water 

where: 

PF = Proportional change in population density or species richness relative to the water 

control. 

Therefore, for non-transfonned or back transformed data (in tables), a value for PF=1 

means there was no change in population density or species richness, a value for PF> 1 

indicates an increase, while a value for PF<l indicates a decrease. For log-transformed 

data (in figures), however, a value for PF=O means no change, PF>O means an increase 

and PF<O means a decrease on population density or species richness. 

These proportional changes (PF) for each of the four treatment dates were analysed using 

ANOV A (General Linear Model, GLM) , to determine the overall effects of fungicide 

treatments, treatment dates, assessment dates and their interactions, on the proportional 

changes in: 
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1. population density for all microorganisms combined, 

2. population density for the four main groups of phylloplane microorganisms (bacteria, 

'smooth yeasts', Aureobasidium spp. and filamentous fungi), 

3. species richness. 

Differences within significant treatment combinations were determined using Fisher's LSD 

(least significant difference) test. 

Subsequently, ANOVA and Fisher's LSD tests were used once again to determine 

significance of proportional changes in population density for microorganism groups or 

individual RTUs, or in species richness, that wer~ caused by fungicide treatments, at each 

of the treatment dates. 

To determine if the four microorganism groups were affected similarly by the same 

treatments, the correlation coefficients were calculated for the proportional changes in 

population density, using Pearson's correlation method (Minitab 11.12). 

The seasonal effect on the development of species richness was determined by ANOV A 

using non-transformed data. 

In addition to the comparison of changes in species richness among fungicide treatments, 

Andrews (1981) suggested that the similarity index of Sorensen (1948), as described by 

Odum (1971), could be used to assess the effects of pesticides on microbial communities. 

This index is calculated as follows: 

s =-.l£. 
A+B 

where: 

S = similarity index 

A = the number of RTUs in the untreated control 

B = the number of RTUs in the treated sample 

C = the number ofRTUs common for both samples. 

Similarity indices are often used to match DNA sequences. Woo et al. (2002) separated the 

similarity indices into three broad categories. Those between 0.6 and 1.0 were an excellent 
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match, those between 0.3 and 0.6 were a fairly good match and an index of less than 0.3 . 

was not a good match. The same system was used in this study, with the microorganism 

. populations having an index ~.6 being regarded as similar to the untreated control. 

4.2.6 Weather data 

Weather data, recorded by the Broadfield Automatic Weather Station, Lincoln, during the 

period relevant for this study, were used to explain possible effects on microorganism 

populations during the study. 

4.3 Results 

4.3.1 Main effects 

Analysis of variance showed (Table 4.2) that for all microorganisms combined, there were 

significant differences in proportional changes in population densities among treatment 

dates (P:50.05), but they were not significantly different for the treatment-DAT interaction 

(P>O.05). Although the fungicide treatments did not cause significant differences in the 

proportional changes in population density at a probability level of P:5Q.05, they did at 

P:50.1 for all microorganisms combined and for the four main microorganism groups. For 

species richness, there were significant effects (P:50.05) of treatment date, fungicide 

treatment and assessment date. Table 4.3 shows that the species richness (RTU/sample) 

initially increased and then decreased towards the end of the season. 

The mean proportional increases in population density are shown in Figure 4.2 (a, b, c, d 

and e) and for the species richness in Figure 4.3£ Individual fungicides caused changes in 

population densities of some microorganism groups. Copper caused a decrease in all 

microorganism popUlations combined, in bacteria and in 'smooth yeasts', but not in 

Aureobasidium spp., and caused an increase in filamentous fungi. Captan caused an 

increase in 'smooth yeasts', and fish fertiliser an increase in Aureobasidium spp. 

Myclobutanil and dodine caused an increase in bacteria, and myclobutanil also caused an 

increase in filamentous fungi. The species richness generally remained the same after 

treatment application, but increased after application with captan and myclobutanil. 
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Table 4.2. ANaVA table showing the effects of six fungicide treatments on changes in 
population density and species richness. The treatments were applied at different times 
(Treatment date) during the 1999/2000 season, with sampling done at different days after 
treatment (DAT). The changes are expressed as a proportion of 0 days after treatment 
(ODAT) and ofthe water control [(NDAT/ODAT)filDgicidd(NDAT)/ODAT)water]. 

Source DF Seg-SSI Adj-SS2 Adj-MS3 F P 
All microorganisms combined 

Treatment date 3 10.82 10.74 3.5795 16.30 0.000 
Treatment 6 2.89 2.73 0.4542 2.07 0.058 
DAT 2 0.59 0.59 0.2969 1.35 0.261 
Treatment*DAT 12 0.99 0.99 0.0821 0.37 0.971 

Bacteria 
Treatment date 3 25.81 24.58 8.1920 18.58 0.000 
Treatment 6 4.66 4.86 0.8099 1.84 0.093 
DAT 2 2.16 2.16 1.0818 2.45 0.089 
Treatment*DAT 12 2.65 2.65 0.2210 0.50 0.913 

'Smooth rea!lts' 
Treatment date 3 3.18 3.17 1.0568 1.38 0.248 
Treatment 6 13.72 12.88 2.1466 2.81 0.012 
DAT 2 0.57 0.57 0.2834 0.37 0.690 
Treatment*DAT 12 3.43 3.43 0.2855 0.37 0.971 

Aureohasidium sl!l!' 
Treatment date 3 11.12 5.61 1.8690 0.26 0.855 
Treatment 6 83.39 84.18 14.0300 1.94 0.076 
DAT 2 49.34 49.34 24.6720 3.42 0.035 
Treatment*DAT 12 30.29 30.29 2.5240 0.35 0.978 

Filamentous fungi 
Treatment date 3 5.54 5.53 1.8421 2.66 0.049 
Treatment 6 13.29 13.12 2.1867 3.16 0.005 
DAT 2 0.79 0.79 0.3935 0.57 0.567 
Treatment*DAT 12 1.79 l.79 0.1493 0.22 0.998 

Sl!ecies richness 
Treatment date 3 2.0802 2.1816 0.7272 4.24 0.006 
Treatment 6 2.4686 2.4183 0.4030 2.35 0.032 
DAT 2 1.6209 1.6209 0.8105 4.73 0.010 
Treatment*DAT 12 0.7424 0.7424 0.0619 0.36 0.975 
[ 'Seq-SS' = Sequential sums of squares, 2 'Adj-SS' = Adjusted sums of squares, j 'Adj-MS' = Adjusted 
mean squares. 

Table 4.3. Mean species richness (RTU/sample) of all treatments, at all treatment dates 
and all assessment dates, of apple leaves treated with a range of fungicides during the 
1999/2000 season. 

Treatment date 
23/11/1999 17/12/1999 23/3/2000 16/4/2000 

Sl!ecies richness 5.9a l 8.6c 7.9b 5.9a 
IMeans sharing the same letter are not significantly different from each other (LSD, P>O.05). 

Population densities of all microorganisms combined and bacteria generally increased 
during the first treatment date, but decreased during the second treatment date, while those 
of filamentous fungi and species richness generally increased at all treatment dates, but the 
amount of increase declined during the season (Figure 4.3a-d). Populations of 
Aureobasidium spp. and species richness increased at 1, 3 and 7DAT, but the increase was 
greatest at 3DAT (Figure 4.3e-t). 
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Figure 4.2. Mean proportional changes in population densities of all microorganisms 
combined (a) and the four main microorganism groups (b, c, d, and e) as well as in species 
richness (f) for microorganisms isolated from apple leaves after treatment with a range of 
fungicides during the 1999/2000 season. The data are expressed relative to 0 days after 
treatment (ODAT) and relative to the water control 
[(NDAT/ODAT)fungicide/(NDAT)/ODAT)water] (error bar = St. Dev.). 
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Figure 4.3. Mean proportional changes in population densities for selected microorganism 
groups and species richness at different treatment dates (a, b, c and d), at different days 
after treatment (DAT) (e, f), for microorganisms isolated from apple leaves after treatment 
with a range of fungicides during the 1999/2000 season. The data are expressed relative to 
o days after treatment (ODAT) and relative to the water control 
[(NDAT/ODAT)fuogicidel'(NDAT)/ODAT)water] (error bar = St. Dev.). 
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4.3.2 Main groups of microorganisms 

Correlations of the proportional changes in population density caused by treatment dates, 

fungicide treatments, and assessment dates gave non-significant relationships (coefficients 

ranged from 0.113 to 0.257) among microorganism groups, indicating that different groups 

of microorganisms responded differently to these factors. 

Analysis of variance of the fungicide effects on the proportional changes in population 

density for the four main microorganism groups and on the species richness, showed 

significant treatment effects (P:S;0.05) for three out of 44 data sets l (Table 4.4). There were 

no significant effects for Aureobasidium spp. Only one significant treatment effect 

occurred for species richness, after treatment with myclobutanil at Treatment date 1, but 

not after any of the other fungicides treatments, at any other treatment date or at any other 

assessment date (P>0.05). 

Table 4.4. Mean proportional changes in population densities of bacteria (group 1), 
'smooth yeasts' (group 2) and filamentous fungi (group 4), and in species richness, 
measured at 1, 3 and 7 days after treatment (DAT) with a range of fungicides during 
treatment dates (Tr-date) 1 to 4 during the 1999/2000 season. The proportions were 
calculated relative to ODAT and the water control 
[(NDAT/ODAT)fungicidJ(NDAT)/ODAT)water]. Only data sets that showed significant 
treatment effects are shown. 

Tr-date DA T Group P- Changes in population density 
value Treatment 

wate? captan copper myclobutanil dodine fish sulphur 
fertiliser 

Microorganism groups 
23/3/00 
18/4/00 
18/4/00 

3 
7 
7 

1 
2 
4 

0.009 1.00bcdI 1.1Scd 0.19a 0.26ab 
1.99bc 
0.S9a 

O.Slabc 4.22d 0.7labc 
O.OOS 1.00ab 2.77c 2.90c 0.99ab l.SObc 0.39a 
0.023 1.00a 7.SSb 2.17a 1.26a 1.10a 1.47 a 

Species richness 
23/11/99 1 n.a. 0.005 1.00a 1.1 Sa 1.34a 1.93b 0.99a 1.0Sa 1.19a 
IMeans within rows sharing the same letter are not significantly different (LSD, 1'>0.05). 
2Proportions for the water treatment are presented, although always 1.00, to allow comparison of the 
fungicide treatments. 

4.3.3 Interactions among fungicide treatments and assessment dates 

A total of 76 different RTUs were recognised during this study, which comprised 8 

bacteria, 12 'smooth yeasts', 7 yeasts with pseudomyceJia and 49 filamentous fungi. 

Analysis of variance of the proportional changes in population density for each individual 

I [4 groups x 3 treatment dates x 3 assessment dates (for Treatment dates 1, 2 and 3), plus 4 groups x 1 
treatment date x 2 assessment dates (for Treatment date 4)] 
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RTU, showed significant differences among fungicide treatments (p~0.05) for a number of 

RTUs (Table 4.5). 

Table 4.5. Mean proportional changes in population densities of phylloplane 
microorganisms classed as recognisable taxonomic units (RTU), measured at 1, 3 and 7 
days after treatment (DAT) at Treatment dates 1 to 4 during the 1999/2000 season. The 
proportions were calculated relative to ODAT and the water control 
[(NDAT/ODAT)fungicidel'(NDAT)/ODAT)water]. Only data sets that showed significant 
treatment effects are shown. 

DA T RTU3 p. Changes in population density 
value Treatment 

water2 captan copper myclobutanil dodine ("ISh 

fertiliser 
23/11/1999 

3 Ib 0.025 l.00a1 LOS a 1.22ab 1.70c 1.4Sbc 1.50bc 
7 2k O.OlS 1.00 a 1.00a 1.00a 1.00 a 3S4.6Sb 1.00 a 
1 20 0.015 1.00 a 2.0Sab 3,341.1Sbc 221,76S.57c 253,S04.90c 31.75ab 
1 4c 0.045 1.00 a 27.15a 14S.39ab 16,002.95b 1.55a 43.09a 
3 
7 

7 
3 
3 

1 
1 
3 

4c 0.047 
4n 0.012 

1a 0.029 
2b 0.027 
4z 0.01l 

4r 0.007 
4zc 0.019 
4zf O.OlS 

1.00abc 
1.00 a 

1.00b 
1.00 a 
1.00bc 

1.00b 
1.00 a 
1.00 a 

O.Wab 
6,nO.4Sb 

1.33b 
1.79ab 
1.00bc 

0.02ab 
1.00 a 
1.00a 

54.29bc 1,566.03c 
305.2Sab 305.25ab 

17/12/1999 
1.09b 
1.35 a 

305.2Sc 
23/3/2000 
O.OOa 
1.00 a 
1.00 a 
18/4/2000 

3.34b 
2.94ab 
1.00bc 

11.01 b 
1.00 a 

657.66b 

O.Ola 
17.47a 

1.65b 
2.50ab 
O.OOa 

15.27b 
1.00a 
1.00 a 

0.95 abc 
1.00a 

2.2Sb 
6.57bc 
O.OOab 

O.OOa 
1.26a 
1.00a 

sulphur 

l.24ab 
1.00 a 

1,160.91abc 
34.20a 
39.15bc 

7,611.65b 

O.OOa 
13.39c 

1.00bc 

0.03ab 
3S4.6Sb 

1.00 a 

7 2d 0.004 l.00b 2.73c 3.15c 2.12bc 1.32bc 1.S9bc O.4la 
3 4ea 0.004 1.00 a 25.04a 4,39S.45b 1.91 a 2.50a 1.9la 2.53a 
7 4el 0.022 l.00c O.OOa 0.07bc O.OOab 0.05bc O.OOabc O.OObc 

IMeans within rows sharing the same letter are not significantly different (LSD, P>0.05). 
2Proportions for the water treatment are presented, although always as 1.00, to allow comparison of the 
fungicide treatments. 
3RTUs: l=bacterium, 2=smooth yeast, 4=filamentous fungi. la=Pseudomonas-like bacteria, 2b is Pantoea 
agglomerans, 2d=White yeasts, 4c=Cladosporium spp., 4z=Alternaria spp. 

After Treatment date 1, significant increases in population density were found for some 

RTUs for each of the fungicide treatments at some assessment dates, but none of the 

fungicide treatments significantly reduced population densities. After treatment dates 2, 3 

and 4, the population densities of some RTUs were significantly increased and others were 

decreased after fungicide application (Table 4.5.). 

All significant proportional increases and decreases in population density and species 

richness from the analyses of variance for the four microorganism groups, species richness 

and the individual RTUs, were counted and summarised in Table 4.6, which showed that at 

least one significant change occurred for each fungicide treatment. A total of 24 increases 

and five decreases occurred (Table 4.6). 
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Table 4.6. Summary of changes in population density and species richness of 
microorganism populations isolated from apple leaves after treatment with a range of 
fungicides at four treatment dates during the 1999/2000 season, showing the numbers of 
times that the treatment caused a significant (P~0.05) increase or decrease in population 
density or species richness. 

Fungicide 
captan 
copper 
myclobutanil 
dodine 
fish fertiliser 
sulphur 
Total 

Increase 
4 
5 
5 
5 
2 
3 

24 

Decrease 
2 
1 
o 
o 
o 
2 
5 

These increases ranged from 1.48-fold for an unidentified bacterium (lb, 23/11/1999), 

three days after treatment with do dine, to a 254,000-fold increase for an unidentified 

bacterium, one day after treatment with do dine (20, 23/11/1999, Table 4.5). 

4.3.4 Index of similarity 

Similarity indices were calculated for 66 datasets2 of the mean species richness (RTUs) of 

three replicates. The similarity indices of all datasets were greater than 0.6 and were 

therefore not significantly different from the water control. The indices are presented in 

Appendix 8. 

2 {6 treatments (relative to the water control) x [3 treatment dates x 3 assessment dates (for Treatment dates 1, 
2 and 3) + 1 treatment date x 2 assessment dates (for Treatment date 4)]} 
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4.3.5 Weather 

Figure 4.4 shows that there was some rainfall between the assessments of Treatment date 1 

and Treatment date 2, while it rained on ODAT of Treatment date 3. Rain fell between each 

of the assessments during Treatment date 4. However, no treatment needed to be re-applied 

because it did not rain immediately after treatment. 
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Figure 4.4. Mean temperatures and total solar radiation and rainfall recorded per day 
during (a) Treatment date 1, (b) Treatment date 2, (c) Treatment date 3 and (d) Treatment 
date 4. Vertical dotted lines indicate the assessment dates (0, 1, 3 and 7 or 9DAT [days 
after treatment]). 
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4.4 Discussion 

This study showed a significant effect of treatment date on proportional changes in 

population densities for all phylloplane microorganisms combined, bacteria, filamentous 

fungi and also on species richness (Table 4.2 and Figure 4.3a-d). In all cases, the amount of 

increase after the first treatment date was greater than after the other treatment dates. This 

may be explained by lower species richness early in the season than later in the season 

(Table 4.3), when more species have had the opportunity to immigrate from external 

sources (Zak: 2002). ,Immigration processes also cause functional diversity of phylloplane 

microorganism populations to initially increase rapidly with increased species richness, 

with subsequent addition or removal of speci~s having less effect on the functional 

diversity of the microorganism population (Zak: 2002). 

The effects of fungicide treatments on the proportional changes in population density and 

species richness of phylloplane microorganisms was significant at P::S0.05 only for the 

group of 'smooth yeasts' and filamentous fungi (Table 4.2). The effects of fungicide 

treatments on the bacteria and Aureobasidium spp. were significant at P::SO.l. This low 

level of significance among microorganism groups might be an indication of the wide 

variation in sensitivity of different microorganism species within the groups to different 

types of fungicides, and of compensation effects caused by competition among them. The 

low level of significance (p>O.05) in the differences in proportional changes in population 

densities of all microorganism groups except Aureobasidium spp. among assessment dates 

(Table 4.2) indicates merely that changes at 3 and 7DAT were not different from the 

change at IDAT. The significantly higher proportional increase of Aureobasidium spp. at 

3DAT than at 1 or 7DAT was a result of a higher than usual proportional increase in 

population density at 3DAT after treatment with fish fertiliser than at IDAT and 7DAT. 

Although there was a general trend (P::SO.05) in diminishing increases in species richness 

during the season after treatment application (Figure 4.3d), these increases in species 

richness remained relatively similar throughout the season compared to the changes in 

population densities (Figure 4.3a-c). The increase in species richness for captan and 

myc10butanil (Figure 4.2f, P::SO.05) suggests that these fungicides controlled a small 

number of microorganisms that suppressed larger numbers of other microorganisms, 

allowing the total species richness to increase. The greater increase in species richness at 

3DAT than at 7DAT (Figure 4.3f) might confirm the observations of increased species 
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richness after fungicide treatment compared with the water treatment, which gradually 

decreased as suppressive populations recovered after the fungicide effect wore off. 

Overall, there were no significant interaction effects for fungicide treatments with 

assessment date (P>O.05, Table 4.2) for population densities of all microorganisms 

combined, microorganism groups, individual RTUs or for species richness. However, data 

analysis for individual RTUs showed that 7% of the data sets (3 replicates x 7 fungicides) 

gave significant interaction effects (Table 4.5). A decrease in population density was 

observed four times (2%) for individual RTUs (Table 4.6), and once for a group of 

microorganisms (6.7%, Table 4.4). No fungicide application resulted in a decrease in 

species richness (Table 4.4). Overall, the population density increased in 24 data sets for 

individual RTUs, twice for microorganism groups (13%), and the species richness 

increased in one out of 15 data sets. If any fungicide effects had been observed, one would 
, 

have expected at least some microorganism populations to decrease immediately after 

treatment application and then to recover during the course of the week following 

treatment application. However, insufficient significant data were available to detect such 

trends. 

Reports on the effects of sulphur, dodine, myc10butanil or fish fertiliser on the phylloplane 

mycoflora of apples were not found in the literature. The only relevant reports of work 

with one of these six fungicides in apples were those by Hislop and Cox (1969) and Dunn 

et al. (1971). Hislop and Cox (1969) found that numbers of yeasts and filamentous fungi 

on apple leaves were reduced by six applications of captan but that the populations 

recovered within two months. Dunn et al. (1971) found that leaf exudates of apple reduced 

the toxicity of copper to Alternaria brassicicola (Schw.) Wiltshire. In the current study, 

captan was sprayed only once per treatment date, which may explain why the current 

results do not agree with those of the literature, and only one decrease but four increases in 

population densities was found (Table 4.4 and Table 4.5). Magan and McLeod (1991a) 

found that Aureobasidium spp. on winter barley were reduced after application of sulphur, 

but Killham et al. (1981) found that A. pullulans was resistant to the fungicidal properties 

of sulphur and was able to oxidise sulphur enzymatically to sol-, which suggests that 

these populations would not have been reduced by sulphur treatments in this study, but 

might even have increased, as shown by a trend in Figure 4.2d. In addition, Aureobasidium 

spp. did show significant effects due to fish fertiliser. Harvey and Jones (1997) reported 

that an unidentified yeast with pseudomycelia grew on plates used for testing the effect of 

fish fertiliser, and suggested that this may have been present in the product. This may 
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explain the significant increase in population density of Aureobasidium spp. overall after 

applications of fish fertiliser during this study (Figure 4.2d). 

Stirling et al. (1999) found that frequent use of copper hydroxide on avocado reduced total 

microorganism populations, including bacteria, yeasts and filamentous fungi, by lO-fold. 

In the current study, copper hydroxide reduced populations of one unidentified filamentous 

fungus (4r at 23/3/2000, Table 4.5), the overall groups of 'smooth yeasts' (Figure 4.2c) and 

bacteria (Table 4.4). This last effect is in agreement with the common knowledge that 

copper is effective as a bactericide. The group of bacterial microorganisms may under 

normal conditions have been responsible for suppression of filamentous fungi, while its 

reduction due to copper treatment here resulted in the increases of some filamentous fungi 

and yeasts. Experiments by several authors have shown that bacteria compete successfully 

with fungal spores for exogenous nutrients and for nutrients leaked from the fungal spores 

themselves just before germination (Dix and Webster 1995), because bacteria use the 

amino acids, which are essential for spore germination, more efficiently than do fungal 

spores (Brodie and Blakeman 1975). 

Adams (1960; 1968) reported that captan affected fermentation of wine due to reduced 

yeast populations on grapes, but that copper, sulphur, and dodine had little or no effect on 

Saccharomyces spp. Although this may suggest that captan affects some yeast populations, 

this result cannot be extrapolated onto other yeast species without further study. In this 

study, captan caused populations of the group of 'smooth yeasts' to increase overall 

(Figure 4.2c) and of the yeast 2d to increase at 7 days after treatment (Table 4.5). 

Kuthubutheen and Pugh (1978) reported that captan has little effect on mycelial growth of 

Alternaria alternata, Cladosporium cladosporioides, and Epicoccum purpurascens in 

vitro, but that it greatly reduced the germ tube lengths of all species. They also reported 

that spore germination was greatly reduced in C. cladosporioides and E. purpurascens but 

not in A. alternata. This could explain why no significant effects of captan on these 

commonly isolated species were found in the current study, because if ungerminated 

spores survived on the leaves in the orchards, the wash and isolation procedure would have 

diluted the fungicides to a level at which spores were capable of germinating on the 

dilution plates. 

Dodine has antisporulant action and 48 h 'reachback' as a fungicide for the control of 

apple black spot (O'Connor 1998), which means that it reduces sporulation of established 

Venturia inaequalis colonies on leaves, and that it reduces spore germination and growth 

before penetration. It is assumed that a greater number of spores was already present on the 
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leaves before treatment application than what was produced between treatment and· 

assessment. The antisporulant effects of a fungicide would therefore have been difficult to 

detect. Moreover, as the example of Kuthubutheen and Pugh (1978) above suggests, the 

effects of fungicides on different growth stages of a fungus differ among different fungal 

species, and therefore the antisporulant action of do dine may not be assumed to have 

affected other fungal species during the current study in the same way as V. inaequalis, 

without specifically having been studied. 

Microorganism species that might be useful bioindicators should be. sensitive to the 

fungicide treatments . used and should be present during most of the season. One or a few 

microorganisms were expected to respond significantly to the application of some of the 

fungicides, to confirm their suitability as bioindicators of sustainable orchard management. 

The fungicides used here had significant direct effects (increase or decrease) on 29 

different RTUs once only, and twice on Cladosporiumspp. (Table 4.5). In one case, the 

numbers of Cladosporium spp. increased immediately after treatment with myclobutanil, 

while in the other case, their numbers decreased three days after treatment with dodine. In 

the previous chapter, Cladosporium spp. appeared a promising candidate for use as a 

bioindicator for sustainable orchard management, and its suitability appears to have been 

confirmed by the observations in this study. 

The results of this study showed that the direct impacts of fungicides on phylloplane 

microorganism populations of apple after a single fungicide application were complex. It is 

impossible to determine individual interactions among RTUs in a complex community 

such as the phylloplane, and this can only be assessed in specially designed trials for this 

purpose. Factors that could have attributed to fewer significant changes in population 

density or species richness compared to the literature include: 

1. It is possible that interactions among individual microorganisms resulted in 

increases in some species within the individual microorganism groups, which 

compensated for decreased populations in other individual microorganisms. 

2. Each time the trial was repeated, a new set of trees was selected to minimize long

term effects of fungicides on the microorganism populations. If fungicides were 

applied repeatedly to the same leaves, like in an orchard situation, and like in most 

studies reviewed here, it is likely that more significant fungicide effects would have 

been detected. 
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3. Only two shoots per branch were sprayed with fungicide, leaving the surrounding 

branches unsprayed. [t is possible that the treatment effects were masked by 

immigration of inoculum from the surrounding untreated branches and trees onto 

treated leaves, which has been reported to be quite substantial (Lindow and 

Andersen 1996). If the entire tree or block of trees had been treated with the same 

fungicide, it is possible that more instances of the direct impact of fungicides would 

have been detected. 

4. Most fungicides affect spore germination, mycelial growth or sporulation, but do 

not directly kill fungal spores, and would have been washed off or diluted during 

the processing of the samples. Transient and other spores present on the leaves may 

therefore have germinated freely on the dilution plates, resulting in numerous 

colonies masking the direct effect of fungicides on phylloplane microorganisms. 

5. The period of seven days between the application of a treatment and the last 

assessment may have been insufficient for microorganism populations to recover 

significantly or for effects of spore germination (settlement on leaves after 

treatment application), mycelial growth and sporulation to become detectable. 

Therefore, a study involving a large block of trees and longer sampling intervals after 

treatment application, may detect 'direct' impact of fungicides. 
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5 Summary and conclusion 

The production of apples in New Zealand depends upon regular use of a range of 

pesticides to control pests and diseases. However, continued access to overseas markets 

and economic apple production requires minimal use of pesticides, and use of only those 

with relatively low impact on the environment. For the development of sustainable orchard 

- production systems, the impact of pesticides on the biotic environment should be 

measured. The current study was carried out to develop methods to study phylloplane 

microorganism populations in apple orchards, to determine the effects of different disease 

management systems on phylloplane microorganism populations, and to identify one or a 

few microorganism species that could be used as indicators of sustainable orchard 

management. 

A range of methods was selected from the literature as being suitable for the sampling, 

isolation and enumeration of microorganisms from the phylloplane. These methods were 

tested in an unsprayed orchard. The results showed that the species richness and population 

density among different trees can vary significantly (P~0.05), depending on the physiology 

of the tree at the time of sampling, but that the differences among locations within trees 

were relatively minimal in 8-year old trees with an open canopy. These results were then 

used to improve the sampling method for a study of the differences in phylloplane 

microorganism populations from apple orchards under different management systems. 

The population density and species richness was studied in three IFP-export, three IFP

local market, two BID-ORO and one unsprayed orchards, sampled at four times during the 

1999/2000 season. The results of this study showed that the method was able to distinguish 

among microorganism populations in IFP orchards compared with BID-ORO orchards, but 

not among the two marginally different management systems of IFP-export and IFP-local 

market. The results also showed that the densities of phylloplane microorganism 

populations in IFP orchards were significantly lower than in BID-ORO or unsprayed 

orchards (P~0.05). Moreover, the species richness of BID-ORO orchards was greater and 

more stable during the growing season than in the IFP orchards. During the spring 

assessments, the species richness of IFP orchard was significantly lower (P~0.05) than that 

of BID-ORO orchards, but increased during the season to become similar to that of the 

BID-ORO orchards in autumn. 
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To evaluate the direct impact of single fungicide applications on the phylloplane 

microorganism populations, six of the most commonly used fungicides were applied four 

times during the 1999/2000 season. The results showed a minimal effect of single, 

localised fungicide applications on popUlation densities of individual RTUs as well as on 

species richness. This was thought to be because most fungicides do not kill the spores 

directly, instead acting to inhibit spore germination, colony development and sporulation 

on the leaf surface. 

Van Bruggen and Semenov (2000) proposed the idea that health of an environment may be 

associated with the diversity and stability of microbial populations. In this study, it was 

shown that BIO-GRO and unsprayed orchards had a higher species richness during the 

beginning of the season than conventionally managed orchards, and that the species 

richness was more stable in the BIO-GRO and unsprayed orchards. Organisms that are 

sensitive to anthropogenic influences could be indicative of the sustainability of the 

management systems (van Bruggen and Semenov 2000). However, for use as indicator 

species, they need to playa key role in the microorganism community, be widely present 

in large populations and easy to test for under natural conditions (Edwards et al. 1996). 

During the current orchard management and fungicide studies, Cladosporium spp. were 

some of the most commonly isolated microorganisms. They were present in most samples 

and during most of the growing season. They were also most commonly affected by the 

differences in orchard management and by direct application of fu~gicides. Cladosporium 

spp. are easily isolated, grow well on artificial media and are easily distinguished by the 

naked eye from other microorganism colonies on agar plates, and are therefore considered 

to have potential as an indicator species of sustainable orchard management. 

Microbial orchard health is not confined to the phylloplane. Microorganisms that are 

trapped and survive on the phylloplane during the growing season may move to the 

orchard floor along with leaves shed during autumn, and be responsible for early leaf 

decay (Dix and Webster 1995). They may reduce survival potential for, or directly 

antagonise the overwintering stages of pathogens, for example Venturia inaequalis, the 

apple black spot fungus. Intensive use of fungicides may result in fewer saprophytes and 

higher fungicide residues available on leaves in autumn, resulting in delayed leaf decay 

and greater opportunity for V. inaequalis to complete its life cycle successfully. Andrews 

and Kenerley (1979), for example, reported 10-10,000 fold reductions in populations of 

bacteria, yeasts and filamentous fungi using a common pest control programme for apple 

orchards, which comprised use of a fungicide, a bactericide and an insecticide. Among the 

filamentous fungi, populations of Coniothyrium, Penicillium, Arthrobotrys and 
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Nodulisporium spp. were reduced, while those of Typhula, Pleurophomella, 

Sporobolomyces and Rhodotorula spp. increased. Macauley (1979) reported that most 

fungi in eucalyptus leaf litter were affected for 48 weeks after the use of benomyl, and de 

Jong and Coulston (1998) found that captan affected microorganisms responsible for the 

decomposition of cabbage leaves. A number of leaf litter species have been reported as 

effective biocontrol agents or antagonists of the overwintering stage of V. inaequalis. 

These include Athelia bombacina and Chaetomium globosum (Miedtke and Kennel 1990) 

and a Coniothyrium spp. (Philion et al. 1997). Antagonists of V. inaequalis may also be 

affected by foliar fungicides sprayed during the growing season. Therefore, to determine 

the long-term effect of orchard management systems on microbial orchard health, a similar 

study should be undertaken in addition to the current study, to measure their impact on 

microorganisms on the orchard floor. 

The main objective of the current study was to assess the effect of orchard management 

systems on density and species richness of phylloplane microorganism populations, as this 

is regarded as one of the components of the sustainability of the orchard management 

system as defmed by Lewandowski et al. (1999). However, to identify which species are 

important in the natural control of V. inaequalis or P. leucotricha, requires a separate 

study, and until this is done it is difficult to say whether one management system or 

fungicide will benefit the natural control of these diseases better than another. Therefore, in 

order to identify this management system or these fungicides, further study is required to 

identify the effects of orchard disease management systems on the -litter microflora during 

autumn and spring, to identify which microorganism populations contribute to natural 

control of commercially important apple orchard diseases on the phylloplane. 

The interactions among microorganisms of the phylloplane and their interactions with the 

biotic and abiotic environment are extremely complex and no simple method exists to fully 

study all these interactions. 

The methods used in this study involved the enumeration of viable, culturable 

microorganisms only. This provided some evidence of the effects of disease management 

on phylloplane microorganism populations of apple. However, not all phylloplane 

microorganisms are culturable on artificial media, and some of those that are, may not be 

satisfactorily differentiated by the naked eye on the general medium used for this study. 

Different authors have used different techniques and different incubation environments, 

and sometimes combinations thereof, depending on their specific requirements, as 

reviewed in Chapter 2. During the time that this study took place, molecular techniques 
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such as denaturing gradient gel electrophoresis (DGGE) and temperature gradient gel . 

electrophoresis (TGGE) have been developed that allow a wide range of microorganisms 

to . be studied, regardless of whether these are culturable or not (Heuer et al. 2001). 

Modifications of some molecular techniques have allowed differentiation of many different 

RTUs within a population. A particular advantage of some of these techniques is the 

omission of the isolation and incubation step, which some species may not survive. Yang 

et al. (2001) for example, compared conventional culture-dependent methods with novel 

culture-independent methods (DGGE) for the detection of bacterial populations on leaves 

of seven different plant species using 16S rRNA primers. They found 17 unique sequences 

on Citrus sinensis leaves, of which four belonged to bacterial species isolated using 

conventional techniques, five were from previously undescribed bacterial species, and 

three from fungal species. These results showed that phylloplane microorganism 

popUlations may be much more complex than has been described in this and other studies 

that used conventional methods. Smit et al. (1999) applied TGGE to study fungal 

populations of the wheat rhizosphere, using 18S rDNA. They reported that some primers 

also amplify 18S rDNA from plants, algae and nematodes, and that no matches were found 

for Fusarium species, which suggests that the study of fungal communities using TGGE 

and DGGE techniques, may be more complex than studying bacterial populations. 

Although these molecular methods are particularly useful for making comparisons of 

microorganism populations, the representation of population densities of individual RTUs 

is by intensity ofthe banding, which does not allow arrhythmic calculations. Moreover, the 

resolution is not high enough to differentiate between closely related microorganisms 

(Heuer et al. 2001). Unless multiple primers, specific for a number of groups within the 

entire microorganisms community are used, molecular methods will also detect non-viable 

spores as well as DNA originating from arthropods, either dead or alive and their body 

parts, which may even further complicate interpretation of their results, and will therefore 

have to applied with care. 

Despite the main disadvantages of DGGE and TGGE of overestimating major populations, 

and subsequent masking of minor, but perhaps very important popUlations, and the 

complexity of the banding patterns obtained, these techniques have been successfully used 

to demonstrate much higher numbers of RTUs, and of previously undescribed 

microorganisms in the wheat and maize rhizosphere (Smit et al. 1999; Gomes et al. 2001), 

soil (Heuer et al. 1997), in meromictic lake water (0vreas et al. 1997) and waste water 

treatment sludge (Boon et al. 2001). 
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Valinsky et al. (2002) used oligonucleotide finger printing of rRNA genes (OFRG) to 

compare microbial communities in a suppressive and a non-suppressive soil sample from 

two agricultural fields in the USA, and compared their results with a DGGE analysis. 

Using OFRG the suppressive and a non-suppressive soil samples had a bacterial richness 

of 751 and 1602 respectively. With DGGE, no definitive bands were found in the 

suppressive soil, while only 13 bands were found in the non-suppressive soil. They noted 

that by using OFRG, they were able to obtain a near-species-Ievel resolution. These 

findings suggest that OFRG is a highly effective method for the analysis of microbial 

communities. 

Although the current study revealed differences between microorganism populations in 

orchards under different management systems, .the use of novel molecular techniques 

might be able to demonstrate these population differences more clearly. 

94 



6 Acknowledgements 

I thank: 

• Marlene Jaspers for her patience and detail in reviewing, and editing my chapters, for 

translating my Dutch English into New Zealand English, and for providing 

encouragement and solutions whenever I had run out. 

• Chris Frampton for assistance with experimental design and data analyses and for 

providing encouragement. 

• Monika Walter for her enthusiasm, creative thinking, and providing different points of 

view when I was disappointed with the results of my study. 

• Marc Braithwaite for endless hospitality and patience, and for assisting me with 

learning to identify microorganisms. 

• Alison Stewart for her professional suggestions and ideas in developing the study. 

• Mike Morley-Bunker for suggestions regarding sampling timing. 

• Apple growers Phillip Bell, Robyn Patchett, Bruce Tweedy, Warwick Mottram, Dean 

Cassin, Andrew Malcolm, Sean O'Connor and Dick O'Connell for sharing with me 

their spray plans and diaries and allowing me access to their_orchards for sampling 

leaves. 

• Ellen for her love and support and encouragements during too many years of having to 

be a wife, mother and father at the same time. 

• My daughters Wendelien, Elselijn and Francien, for their enthusiasm, company, and 

entertainment, when they helped me with sampling leaves in the orchards and 

processing samples in the laboratory. 

• My son Wessel, who encouraged me to take regular breaks by taking me out fishing or 

for a walk or by bringing me his broken toys to repair. 

• Marc Greven for encouragement and friendship before and during my study when I 

needed it most. 

• HortResearch, Lincoln University, Lincoln Ventures Limited and BioLinc for 

providing funding, study leave, materials and access to laboratories and equipment 

required for the completion of the study. 

95 



7 R~ferences 

Adams, AM., 1960. Functional inhibition of Saccharomyces spp. by captan and phaltan. In: 

Hislop, E.C., 1976. Some effects of fungicides and other agrochemicals on the 

microbiology of the aerial surfaces of plants. pp. 41-74 In: Microbiology of aerial plant 

surfaces, Dickinson, C.H. and Preece, T.F. (Eds); Academic Press, London. 

Adams, AM., 1968. Effect of biocidal residues on wine making. Biodeterioration of 

materials: microbiological and allied aspects. In: Hislop, E.C., 1976. Some effects of 

fungicides and other agrochemicals on the microbiology of the aerial surfaces of plants. 

pp. 41-74 In: Microbiology of aerial plant surfa;ces, Dickinson, C.H. and Preece, T.F. 

(Eds); Academic Press, London. 

Alexopoulos, C.I, 1962. Introductory Mycology. John Wiley & Sons, Inc., New York. 

Almihanna, A, Losel, D. and Mazliak, P., 1995. Eff~cts of powdery mildew on the leaf 

surface waxes of wheat. pp. 414-416 In: Plant lipid metabolism, Kader, J.C. (Eds); 

Kluwer Academic Publishers, Dordrecht. 11 th international meeting on plant lipids, 

Paris, France, 26 June-l July 1994. Abstract from: WebSPIRS: CAB Abstracts 1995. 

Andrews, IH., 1981. Effects of pesticides on non-target micro-organisms on leaves. pp. 283-

304 In: Microbial ecology of the phylloplane, Blakeman, IP. (Eds); Academic Press, 

London. 

Andrews, J.H., 1985. Strategies for selecting antagonistic microorganisms from the 

phylloplane. pp. 31-44 In: Biological control of the phylloplane, Windels, C.E. and 

Lindow, S.E. (Eds); The American Phytopathological Society, St. Paul, Minnesota. 

Andrews, IH., 1986. How to track a microbe. pp. 14-34 In: Microbiology of the 

phyllosphere, Fokkema, N.J. and Van Den Heuvel, I (Eds); Cambridge University 

Press, London. 

Andrews, IH. and Kenerley, C.M., 1978. The effects of a pesticide program on non-target 

epiphytic microbial populations of apple leaves. Canadian Journal of Botany - Revue 

Canadienne de Botanique. 24: 1058-1072. 

Andrews, IH. and Kenerley, C.M., 1979. The effects ofa pesticide program on microbial 

populations from apple leaf litter. Canadian Journal of Botany - Revue Canadienne de 

Botanique. 25: 1331-1334. 

96 



Andrews, J.H., Kenerley, C.M. and Nordheim, E.V., 1980. Positional variation in 

phylloplane microbial populations within an apple tree canopy. Microbial Ecology. 6: 

71-84. 

Andrews, J.H. and Kinkel, L.L., 1986. Colonization dynamics: The island theory. pp. 63-76 

In: Microbiology ofthe phyllosphere, Fokkema, N.J. and van den Heuvel, J. (Eds); 

Cambridge University Press, New York 

Andrews, J.H., Spear, RN. and Nordheim, E.V., 2002. Population biology ofAureobasidium 

pullulans on apple leaf surfaces. Canadian Journal of Microbiology. 48: 500-513. 

Arase, S., Miyahara,K., Honda, Y. and Nozu, M., 1994. Preinfectional interactions between 

Magnaporthe grisea spores and rice plants. Bulletin of the Faculty of Agriculture, 

Shimane University. 28: 45-51. Abstract from: WebSPIRS: CAB Abstracts 1996-

1998/07. AN 961001462. 

Arx, von J.A, 1981. The genera of fungi sporulating in pure culture. J. Cramer, Vaduz. 

Ashbolt, N.J. and Inkerman, P.A., 1990. Acetic acid bacterial biota ofthe pink sugar cane 

mealybug, Saccharicoccus sacchari, and its environs. Applied and Environmental 

Microbiology. 56: 707-712. 

Asthana, A. and Tuveson, R W., 1992. Effects ofUV and phototoxins on selected fungal 

pathogens of citrus. International Journal of Plant Sciences. 153: 442-452. Abstract 

from: WebSPIRS: CAB Abstracts 1993-1994. AN 942300644. 

Bailey, J.A., 1971. Phytoalexins and the ability of leaf tissues to inhibit fungal growth. pp. 

519-528 In: Ecology of leaf surface micro-organisms, Preece, T.F. and Dickinson, C.H. 

(Eds); Academic Press, London 

Baker, J.H., 1981. Direct observation and enumeration of microbes on plant surfaces by light 

microscopy. pp. 3-14 In: Microbial ecology ofthe phylloplane, Blakeman, J.P. (Eds); 

Academic Press, London 

Bakker, G.R, Butcher, M.R and Gaunt, RE., 1995. Sensitivity of apple black spot to 

fenarimo~ flusilazol, myclobutaniI, penconazole and do dine in New Zealand. In: 

Proceedings of the Forty Eighth New Zealand Plant Protection Conference, 8-10 August, 

1995, Hastings, New Zealand; The New Zealand Plant Protection Society Inc., 

Palmerston North. 

Barnett, H.L., 1972. Illustrated genera of impeifect fungi. Burgess Pub. Co., Minneapolis. 

97 



Barnett, J.A., Payne, R W. and Yarrow, D., 1990. Yeasts, characteristics and identification. 

Cambridge University Press, Cambridge. 

Bedford, K.E., MacNeill, B.H., Bonn, W.G. and Dirks, V.A., 1988. Population dynamics of 

Pseudomonas syringae pv. papulans on Mutsu apple. Canadian Journal of Plant 

Pathology. 10: 23-29. Abstract from: WebSPIRS: CAB Abstracts 1987-1989. AN 

881115757. 

Beer, S.V., 1990. Fire blight. pp. 61-62 In: Compendium of apple and pear diseases, Jones, 

A.L. and Aldwinckle, H.S. (Eds); APS Press, st. Paul, Minitesota 

Bernier, 1., Carisse, O. and Paulitz, T.e., 1996. Fungal communities isolated from dead apple 

leaves from orchards in Quebec. Phytoprotection. 77: 129-134. 

BIO-GRO, 2000. A Guide for New Zealand Growers Considering Conversion to Organic 

Production of Fruit & Tree Crops. http://www.biogro.co.nzifiles/orchardguide.pdf. 

downloaded on 10/9/2002. 

BIO-GRO, 2001a BIO-GRO New Zealand Organic Standards - Module 2.1 Certification 

System. http://www.biogro.co.nzifiles/10104300rchard.pdf. Version 1.1,30 September 

2001, downloaded on 10/9/2002. 

BIO-GRO, 2001b. BIO-GRO New Zealand Organic Standards - Module 4.1 Orchard 

Production. http://www.biogro.co.nzifiles/lI01093cert.pdf. Vers~on 1.3, 30 April 2001, 

downloaded on 10/9/2002. 

Blakeman, J.P., 1985. Ecological succession ofleafsurface microorganisms in relation to 

biological control. pp. 6-30 In: Biological control on the phylloplane, Windels, e. and 

Lindow, S.E. (Eds); The American Phytopathological Society, St. Pau~ Minnesota 

Bonnen, A.M. and Hopkins, C., 1997. Fungicide resistance and popUlation variation in 

Verticilliumfungicola, a pathogen ofthe button mushroom, Agaricus bisporus. 

Mycological Research 101: 89-96. 

Boon, N., De Windt, W., Verstraete, W. and Top, E.M., 2001. Evaluation of nested PCR

DGGE (denaturing gradient gel electrophoresis) with group specific 16S rRNA primers 

for the analysis of bacterial communities from different wastewater treatment plants. 

FEMS Microbiology Ecology. 39: 101-112. 

Bosshard, E., Schiiepp, H. and Siegfried, W., 1987. Concepts and methods in biological 

control of diseases in apple orchards. Bulletin OEPPIEPPO Bulletin. 17: 655-663. 

98 



Boudreau, M.A and Andrews, IH., 1987. Factors influencing antagonism ofChaetomium 

globosum to Venturia inaequalis: a case study in failed biocontrol. Phytopathology. 77: 

1470-14-75. 

Bovallius, A, Bucht, B., Roffey, R and Anas, P., 1978. Three-year investigation of the 

natural airborne bacterial flora at four localities in Sweden Applied and Environmental 

Microbiology. 35: 847-852. 

Breeze, E.M. and Dix, N.I, 1981. Seasonal analysis of the fungal community on Acer 

platanoides leaves. Transactions of the British Mycological Society. 77 (2): 321-328. 

Brent, K.I, 1995. Ftingicide resistance in crop pathogens: How can it be managed? GIFAP, 

Brussels. 

Brodie, I.D.S. and Blakeman, IP., 1975. Competition for carbon compounds by a leaf 

surface bacterium and conidia of Botrytis cinerea. Physiological Plant Pathology. 6 (2): 

125-135. Abstract from: WebSPIRS: CAB Abstracts 1976 - 1978. AN 751321371. 

Bruggen, van AH.C. and Semenov, AM., 2000. In search of biological indicators for soil 

health and disease suppression. Applied Soil Ecology. 15: 13-24. 

Buck, IW., Lachance, M.A and Traquair, lA, 1998. Mycofloraofpeach bark - population 

dynamics and composition. Canadian Journal of Botany - Revue Canadienne de 

Botanique. 76: 345-354. 

Burrage, S.W., 1971. The micro-climate at the leaf surface. pp. 91-101 In: Ecology ofleaf 

surface microorganisms, Preece, T.F. and Dickinson, C.H. (Eds); Academic Press, 

London 

Burrage, S. W., 1976. Aerial microclimate around plant surfaces. pp. 173-184 In: 

Microbiology of aerial plant surfaces, Dickinson, c.H. and Preece, T.F. (Eds); Academic 

Press, London. 

Campbell, R, 1989. Introduction to plant pathology and microbial ecology. pp. 1-26 In: 

Biological control of microbial plant pathogens, Campbell, R. (Eds); Cambridge 

University Press, New York. 

Chand, G.T. and Spotts, RA, 1996. Enumeration of bacterial and yeast colonists of apple 

fruits and identification of epiphytic yeasts on pear fruits in the Pacific Northwest United 

States. Microbiological Research. 151: 427-432. Abstract from: WebSPIRS: CAB 

Abstracts 1996 - 1998/07. AN 970305258. 

99 



Chopra, B.L. and Jhooty, IS., 1974. Antagonism between zineb and water soluble leachates 

of spores of Alternaria cucumerina. Indian Phytopathology. 27 (2): 208-214. 

Collins, M.A, 1976. Colonization of leaves by phyllosphere saprophytes and their 

interactions in this environment. pp. 401-418 In: Microbiology of aerial plant surfaces, 

Dickinson, C.R. and Preece, T.F. (Eds); Academic Press, London. 

Crosse, J.E., 1959. Bacterial canker of stone-fruits. IV Investigation of a method for 

measuring the inoculum potential of cherry trees. Annals of Applied Biology. 47: 306-

317. 

Crowdy, S.H. and Tanton, T.W., 1970. Water pathways in higher plants I. Free space in 

wheat leaves. Journal of Experimental Botany. 21: 102-111. 

Cullen, D., Berbee, F.M. and Andrews, IH., 1984. Chaetomium globosum antagonizes the 

apple scab pathogen, Venturia inaequalis, under field conditions. Canadian Journal of 

Botany - Revue Canadienne de Botanique. 62: 1814-1818. 

Davenport, RR, 1976. Distribution of yeasts and yeast-like organisms from aerial surfaces 

of developing apples and grapes. pp. 325-359 In: Microbiology of aerial plant surfaces, 

Dickinson, C.R. and Preece, T.F. (Eds); Academic Press, London. 

Davidson, M.M., 1996. Resilience of Collembolan populations following exposure to an 

insecticide and their potential as bioindicators. Thesis, Masters, ~incoln University, New 

Zealand. 

Dickinson, C.H., 1986. Adaptations of micro-organisms to climatic conditions affecting 

aerial plant surfaces. pp. 77-100 In: Microbiology of the phyllosphere, Fokkema, N.J. 

and van den Heuvel, I (Eds); Cambridge University Press, New York. 

Dik, AJ., 1991. Interactions among fungicides, pathogens, yeasts and nutrients in the 

phyllosphere. pp. 412-429 In: Microbial ecology ofleaves, Andrews, J.H. and Hirano, 

S.S. (Eds); Springer-Verlag, New York. 

Dik, Al and Pelt, van lA, 1992. Interaction between phyllosphere yeasts, aphid honeydew 

and fungicide effectiveness in wheat under field conditions. Plant Pathology. 41: 661-

675. 

Dix, N.J. and Webster, J., 1995. Fungal ecology. Chapman & Hall, London. 

100 



Donegan, K, Matyac, C., Seidler, R and Porteous, A, 1991. Evaluation of methods for 

sampling, recovery, and enumeration of bacteria applied to the phylloplane. Applied and 

Environmental Microbiology. 57: 51-56. 

Dunn, C.L., Beynon, K.I., Brown, KF. and Montagne, ITh. W., 1971. The effect of glucose 

in leaf exudates upon the biological activity of some fungicides. pp. 491-507 In: Ecology 

ofleafsurface microorganisms, Preece, T.F. and Dickinson, C.H. (Eds); Academic 

Press, London. 

Edwards, C.A, Subler, S., Chen, S.K. and Bogomolov, D.M.~ 1996. Essential criteria Tor 

selecting bioindicator species, processes, or systems to assess the environmental impact 

of chemicals on soil ecosystems. pp. 67-84 In: Bioindicator systems for soil pollution, 

Straalen, N.M. and Krivolutsky, D.A (Eds); Kluwer Academic Publishers, Dordrecht. 

ENZA, 1998. ENZA-IFP manual. New Zealand Apple and Pear Marketing Board, 

Wellington, New Zealand. 

Fenn, M.E., Dunn, P.H. and Durall, D.M., 1989. Effects of ozone and sulfur dioxide on 

phyllosphere fungi from three tree species. Applied and Environmental Microbiology. 

55: 412-418. 

Fokkema, N.I, 1981. Fungal leaf saprophytes, beneficial or detrimental? pp. 433-454 In: 

Microbial ecology ofthe phylloplane, Blakeman, IP. (Eds); Academic Press, London. 

Forrester, N.W. and Hokkanen, H.M.T., 1994. Resistance management options for 

conventional Bacillus thuringiensis and transgenic plants in Australian summer field 

crops. Biocontrol Science and Technology. 4: 549-553. Proceedings of an OECD 

workshop on ecological implications oftransgenic crops containing Bt toxin genes, New 

Zealand, 10-14 January 1994. 

FRAC, 2003. FRAC Fungicide list. [Online]. Available: http://www.frac.info/[2003. 28 

September] . 

Frossard, R, 1981. Effect of guttation fluids on growth of microorganisms on leaves. pp. 

213-226 In: Microbial ecology ofthe phylloplane, Blakeman, J.P. (Ed); Academic Press, 

London 

Gadoury, D.M. and MacHardy, W.E., 1986. Forecasting ascospore dose of Venturia 

inaequalis in commercial apple orchards. Phytopathology. 76 (1): 112-118. 

101 



Gasztonyi, M. and Lyr, H., 1995. Miscellaneous fungicides. pp. 389-414 In: Modem 

selective fungicides, Lyr, H. (Ed); Gustav Fisher Verlag, New York. 

Gates, D.M., 1968. Transpiration and leaf temperature. Annual Review of Plant Physiology. 

19: 2 1 1-238. 

Geeson, J.D., 1979. The fungal and bacterial flora of stored white cabbage. Journal of 

Applied Bacteriology. 46: 189- 1 93. 

Gomes, N.C.M., Heuer, H., Schonfe ld, 1. , Costa, R , Mendonca, H.L., Smalla, K. and 

Powison, D. , 2001. Bacteria l diversity of the rhizosphere ofmaize (Zea mays) grown in 

tropical so il studied by temperature gradient gel electrophoresis. Plant and Soil. 232: 

167- 180. 

Grace, J. and Colins, M.A., 1976. Spore liberation from leaves by wind. pp. 185-198 In: 

Microbiology of aerial plant surfaces, Dickinson, C.H. and Preece, T.F. (Ed); Academic 

Press, London. 

Grover, R.K., Batra, G.K. and Jhooty, 1.S., 1969. Modification of toxicity of cycloheximide 

and dodine to Cladosporiumfulvum by tomato leaf exudates. In: Dik, A.1., 1991. 

Interactions among fungicides, pathogens, yeasts and nutrients in the phyllosphere. pp. 

4 I 2-429 In: Microbial ecology of leaves, Andrews, I .H. and Hirano, S.S. (Ed); Springer

Verlag, New York. 

Gupta, GK and Gupta, S.t<., 1986. Studies on the eradicant activity of dodine and 

carbendazim on apple scab pathogen in foliage lesions. Indian Journal of Plant 

Pathology. 4: 175- 176. 

Gupta, G.K. and Kumar, J. , 1985. Studies on the curative (after infection) and eradicant 

(post-symptom) activity of fungicides against apple leaf infection by Venturia 

inaequalis. Pesticides. 19: 18-20. 

Hale, C.N., McRae, E.M. and Thomson, S. V., 1987. Occurrence of Erwinia amylovora on 

apple fruit in New Zealand. Acta Horticu/turae. 2 17: 33-40. 

Hallam, N.D. and Juniper, B.E., 1971. The anatomy of the leaf surface. pp. 3-37 In: Biology 

ofleaf surface microorganisms, Preece, T.F. and Dickinson, D.H. (Eds); Academic 

Press, London. 

102 



Harvey, I. and Jones, S., 1997. The effects of Folia feed - Simply Organic on microbial 
~ 

activity, as measured in laboratory tests. A report for Foliafeed Fertiliser Ltd PO Box 

5858, Dunedin. 

Heagle, AS., 1973. Interactions between air pollutants and pIant parasites. Annual Review of 

Phytopathology. 11: 365-388. 

Heagle, AS. and Key, L.W., 1973. Effect of ozone on the wheat stem rust fungus. 

Phytopathology. 63: 397-400. 

Helander, M.L., Ranta, Hand Neuvonen, S., 1993. Responses ofphyllosphere microfungi to 

simulated sulphuric and nitric acid deposition. Mycological Research. 97: 533-537. 

Henshall, W.R and Beresford, RM., 1997. Performance of wetness sensors used in plant 

disease forecasting. In: Proceedings of the Fiftieth New Zealand Plant Protection 

Conference, 18-21 August, 1997, Lincoln University, Canterbury, O'Callaghan, M. 

(Ed); The New Zealand Plant Protection Society Inc., Palmerston North. 

Heuer, H, Krsek, M., Baker, P., Smalla, K. and Wellington, E.M.H, 1997. Analysis of 

actinomycete communities by specific amplification of genes encoding 16S rRNA and 

gel-electrophoretic separation in denaturing gradients. Applied and Environmental 

Microbiology. 63: 3233-3241. 

Heuer, H., Wieland, G., SchOnfeld, 1, Schonwalder, A, Gomes, C.M. and Smalla, K., 2001. 

Bacterial community profiling using DGGE or TGGE analysis. pp. 177-190 In: 

Environmental Molecular Microbiology: Protocols and Applications, Rochelle, P.A 

(Ed); Horizon Scientific Press, Wymondham, UK. 

Hickey, K.D. and Yoder, K.S., 1990. Powdery mildew. pp. 9-10 In: Compendium of apple 

and pear diseases, Jones, AL. and Aldwinckle, H.S. (Eds); APS Press, st. Paul, 

Minnesota. 

Hirano, S.S., Nordheim, E.V., Amy, D.C. and Upper, C.D., 1982. Lognormal distribution of 

epiphytic bacterial populations on leaf surfaces. Applied and Environmental 

Microbiology. 44: 695-700. 

Hirano, S.S. and Upper, C.D., 1986. Temporal, spatial and genetic variability of leaf 

associated bacterial populations. pp. 235-251 In: Microbiology of the phyllosphere, 

Fokkema, N.1 and Van Den Heuvel, 1 (Eds); Cambridge University Press, London. 

r 

103 



Hislop, E.C., 1976. Some effects of fungicides and other agrochemicals on the microbiology 

ofthe aerial surfaces of plants. pp. 41-74 In: Microbiology of aerial plant surfaces, 

Dickinson, C.H. and Preece, T.F.(Eds); Academic Press, London. 

Hislop, E.c. and Cox, T. W., 1969. Effect of captan on the non-parasitic micro flora of apple 

leaves. Transactions of the British Mycological Society. 52: 223-235. 

Hoben, H.J. and Somasegaran, P., 1982. Comparison of the pour, spread and drop plate 

methods for enumeration of Rhizobium spp. in inoculants made from presterilized peat. 

Applied and Environmental Microbiology. 44: 1246-1247. 

Holloway, P.J., 1971. The chemical and physical characteristics ofleafsurfaces. pp. 39-53 

In: Biology ofleafsurface microorganisms, Preece, T.F. and Dickinson, D.H. (Eds); 

Academic Press, London. 

HortResearch, 1998. Biological Orchard Production Systems. PGSF Report (1998 - 2000); 

HortResearch, Lincoln. 

IPMRC, 2003. Ecotoxicology - Pesticide definitions. Integrated Pest Management 

Resource Centre [Online] Available: 

www.pestmanagement.co.uk/expert/ecotox/pcidede£shtml [2003, 5 October]. 

Ishimaru, C.A, KIos, E.J. and Brubaker, RR, 1988. Multiple antibiotic production by 

Erwinia herbicola. Phytopathology. 78: 746-750. Abstract from: WebSPIRS: CAB 

Abstracts 1987 - 1989. AN 891122838. 

Jacobsen, B.I, 1997. Role of plant pathology in integrated pest management. Annual Review 

of Phytopathology. 35: 373-391. 

Jager, de E.S., Hal4 AN. and Korsten, L., 1995. Towards alternative disease control in 

mango. Yearbook South African Mango Growers' Association. 15: 67-74. 

Jager, de E.S., Wehner, F.C., and Korsten, L., 2001. Microbial ecology of the mango 

phylloplane. Microbial Ecology. 42: 201-207. 

Jhooty, IS. and Bains, S.S., 1976. Modification oftoxicity ofbenomyl by seed exudates of 

mung. Indian Journal of Microbiology. 16: 73-75. 

Jones, A.L., Lillevik, S.L., Fisher, P.D. and Stebbins, T.C., 1980. A microcomputer-based 

instrument to predict primary apple scab infection periods. Plant Disease. 64 (1): 69-72. 

104 



Jong, de F.M.W. and Coulston, F., 1998. Development ofa field bioassay for the side 

effects of pesticides on decomposition. Ecotoxicology and Environmental Safety. 40: 

103-114. Proceedings of the 4th European Conference on ecotoxicology and 

environmental safety, Metz, France, 25-28 August, 1996. 

Juniper, B.E., Watkins, R and Harris, S.A., 1998. The origin of the apple. Acta 

Horticulturae. 484: 27-34. [Online]. Available: 

http://www.actahort.org/booksl484/4841.htm [2003, 6 March]. 

Kataria, H.R and Grover, RK, 1978. Reversal of toxicity of some systemic and non

systemic fungitoxicants by chemicals. Zeitschrift fur Pjlanzenkrankheiten und 

Pjlanzenschutz. 85 (2): 76-83 

Kelly, C.D. and Pady, S.M., 1954. Microbiological studies of air masses over Montreal 

during 1950 and 1951. Canadian Journal of Botany - Revue Canadienne de Botanique. 

35: 591-600. 

Killham, K, Lindley, N.D. and Wainwright, M., 1981. Inorganic sulfur oxidation by 

Aureobasidium pullulans. Applied and Environmental Microbiology. 42: 629-631. 

Kinkel, L.L., Andrews, IH. and Nordheim, E.V., 1989. Fungal immigration dynamics and 

community development on apple leaves. Microbial Ecology. 18: 45-58. 

Knudsen, G.R, Walter, M.V., Porteous, L.A., Prince, V.l, Armstrong, IL. and Seidler, Rl, 

1988. Predictive model of conjugative plasmid transfer in the rhizosphere and 

phyllosphere. Applied and Environmental Microbiology. 54 (2): 343-347. 

Kockova-Kratochvilova, A., 1990. Yeasts and Yeast-like Organisms. VCH 

Verlagsgesellschaft, Weinheim (Federal Republic of Germany). 

Krebs, C.J., 1998. Species Diversity Measures. In: Ecological Methodology, Krebs, C.I 

(Ed); Benjamin Cummings, Menlo Park, California. 

Kuck, KH., Scheinpflug, H. and Pontzen, R, 1995. DMI fungicides. pp. 205-2581n: 

Modem selective fungicides, Lyr, H. (Ed); Gustav Fisher Verlag, New York. 

Kuthubutheen, A.I and Pugh, G.J.F., 1978. Effects offungicides on physiology of 

phylloplane fungi. Transactions of the British Mycological Society. 71: 261-269. 

Lacey, I, 1996. Spore dispersal - its role in ecology and disease: the British contribution to 

fungal aerobiology. Mycological Research. 100: 641-660. 

105 



Leben, C., 1985. Introductory remarks: Biological control strategies in the phylloplane. pp. 

1-5 In: Biological control on the phylloplane, Windels, C. and Lindow, S.E. (Eds); APS 

Press, St. Paul, Minnesota 

Lee, O.H.K and Hyde, KD., 2002. Phylloplane fungi in Hong Kong mangroves: evaluation 

of study methods. Mycologia. 94 (4): 596-606. 

Lepp, N.W. and Fairfax, J.A.W., 1976. The role of acid rain as a regulator of foliar nutrient 

uptake and loss. pp. 107-118 In: Microbiology of aerial plant surfaces, Dickinson, C.H. 

and Preece, T.F. (Eds); Academic Press, London 

Lewandowski, I., Hardtlein, M. and Kaltschmitt, M., 1999. Sustainable crop production: 

defInition and methodological approach for assessing and implementing sustainability. 

Crop Science. 39: 184-193. 

Lewis, F.H. and Hickey, KD., 1972. Fungicide usage on deciduous fruit trees. Annual 

Review of Phytopathology. 10: 399-428. 

Li, B.H. and Zhao, M.Q., 2001. Relationship between leaf age of pear and its resistance to 

Venturia nashicola. Acta PhytophylacticaSinica. 28: 309-312. Abstract from: 

WebSPIRS: CAB Abstracts 2002/08-2003/IO/AN 20023014024. 

Linacre, E. T., 1964. A note on a feature of leaf and air temperatures. Agricultural 

Meteorology. 1: 66-72. 

Lindemann, 1., Constantinidou, H.A., Barchet, W.R and Upper, C.D., 1982. Plants as 

sources of airborne bacteria, including ice nucleation-active bacteria. Applied and 

Environmental Microbiology. 44: 1059-1063. 

Lindow, S.E. and Andersen, G.L., 1996. Influence of immigration on epiphytic bacterial 

populations on navel orange leaves. Applied and Environmental Microbiology. 62: 2978-

2987. 

Lindow, S.E., Arney, D.C. and Upper, C.D., 1978. Distribution of ice nucleation-active 

bacteria on plants in nature. Applied and Environmental Microbiology. 36: 831-838. 

Lindow, S.E., Knudsen, G.R, Seidler, R1., Walter, M.V., Lambou, V.W., Amy, P.S., 

Schmedding, D., Prince, V. and Hem, S., 1988. Aerial dispersal and epiphytic survival 

of Pseudomonas syringae during a pretest for the release of genetically engineered 

strains into the environment. Applied and Environmental Microbiology. 54: 1557-1563. 

106 



Lyr, H., 1995. Selectivity in modern fungicides and its basis. pp. l3-22 In: Modern selective 

fungicides, Lyr, H. (Ed); Gustav Fischer Verlag, New York. 

Macauley, B.I, 1979. Biodegradation of litter in Eucalyptus pauciflora communities. II. 

Fungal succession in fungicide- and insecticide-treated leaves. Soil Biology and 

Biochemistry. 11: 175-179. 

MacHardy, W.E., 1996. Apple Scab: Biology, Epidemiology, and Management. American 

Phytopathological Society, st. Paul, Minnesota 

MacHardy, W.E. and Gadoury, D.M., 1989. A revision of Mill's criteria for predicting apple 

scab infection periods. Phytopathology. 79: 304-310. 

MAF, 2001. MAF Statistics and forecast. (c) The Ministry of Agriculture and Forestry, New 

Zealand [Online]. Available: http://www.maf.govt.nzlmafuet/rural-nzlstatistics-and

forecastslsonza£' 2001l2001-19.htm [2002, 28 October]. 

MAF, 2002a MAF Statistics and forecasts.© The Ministry of Agriculture and Forestry, New 

Zealand .. [Online]. Available: http://www.maf.govt.nzlmafuet/rural-nzlstatistics-and

forecastslsonzafimay-03-update/may-03-sonzaf-update-08.htm#P25735735 [2003, 15 

December]. 

MAF, 2002b. Pesticide Trends in New Zealand. New Zealand Food Safety Authority of the 

Ministry of Agriculture and Fisheries NZ [Online]. Available: 

http://www.maf.govt.nzImafnetlrural-n:zJsustainable-resource-use/ resource

management/pesticide-use-trendslhttoc.htm [2002, 28, October]. 

Magan, N. and McLeod, A.R., 1991a Effect of open-air fumigation with sulphur dioxide on 

the occurrence of phylloplane fungi on winter barley. Agriculture, Ecosystems and 

Environment. 33: 245-261. 

Magan, N. and McLeod, A.R., 1991 b. Effects of atmospheric pollutants on phyllosphere 

microbial communities. pp. 379-400 In: Microbial ecology ofleaves, Andrews, IH. and 

Hirano, S.S. (Eds); Springer-Verlag, New York. 

Magdycz, W.P. and Manning, W.I, 1973. Botrytis cinerea protects broad bean leaves 

against visible ozone injury. Phytopathology. 63: 204. 

Malloch, D., 1997. Moulds: their isolation, cultivation and identification. [Online]. 

Available: 

107 



http://www.botany.utoronto.calResearchLabslMallochLablMallochIMouldslMoulds.htm 

I [2003, 24 February]. 

Mangiarotti, AM., Picco, AM., Crippa, A and Savino, E., 1987. Fungi on phylloplane of 

treated and not treated vineyard. Rivista di Patologia Vegetale. 23: 27-37. Abstract 

from: WebSPIRS: CAB Abstracts 1987-1989/AN 881116687. 

Mansvelt, E.L. and Hattingh, M.l, 1987. Scanning electron microscopy of colonization of 

pear leaves by Pseudomonas syringae pv. syringae. Canadian Journal of Botany - Revue 

Canadienne de Botanique. 65: 2517-2522. Abstract from: WebSPIRS: CAB Abstracts 

1987 - 1989. AN,881111809. 

Mansvelt, E.L. and Hattingh, M.l, 1990. Bacterial blister bark. In: Compendium of apple 

and pear diseases, Jones, AL. and Aldwinckle, H.S. (Eds); APS Press, St. Paul, 

Minnesota 

Matteson, H.M.C., Corra~ G.M.R, Momol, E.A and Burr, T.l, 1997. Russet of apple fruit 

caused by Aureobasidium pullulans and Rhodotorula glutinis. Plant Disease. 81: 337-

342. 

Mauseth, lD., 1988. Plant anatomy. The Benjamin/Cummings Publishing Company, Inc., 

Menlo Park, California. 

McCormack, P.I, Bailey, M.I and Jeffries, P., 1994. An artificial wax substrate for the in 

vitro study of phylloplane micro-organisnis. Journal of Microbiological Methods. 19: 

19-28. 

McLaughlin, RI and Roberts, Ro., 1993. Laboratory and field assays for biological control 

offire blight in d'Anjou pear. Acta Horticulturae. 338: 317-319. 

McMillen, G.G. and McClendon, IH., 1979. Leafangle: an adaptive feature of sun and 

shade leaves. Botanical Gazette. 140: 437-442. Abstract from: WebSPIRS: CAB 

Abstracts 1979 - 1981. AN 80038107. 

Meunier, S. and Meyer, lA, 1985. Modification of the epiphytic flora of winter wheat 

leaves following fungicide treatments. Mededelingen van de Faculteit 

Landbouwwetenschappen Rijksuniversiteit Gent. 50: 1039-1043. Abstract from: 

WebSPIRS: CAB Abstracts 1984-1986/AN 861315172. 

108 



Miedtke, U. and Kennel, W., 1990. Athelia bombacina and Chaetomium globosum as 

antagonists ofthe perfect stage of the apple scab pathogen (Venturia inaequalis) under 

field conditions. Zeitschrift fur Pflanzenkrankheiten und Pjlanzenschutz. 97: 24-32. 

Mills, w.n., 1944. Efficient use of sulfur dusts and sprays during rain to control apple scab. 

New YorkAgricultural Experiment Station Ithaca Bulletin. 630: 4. 

Morris, C.E., Monier, J.M. and Jacques, M.A, 1997. Methods for observing microbial 

biofilms directly on leaf surfaces and recovering them for isolation of culturable 

microorganisms. Applied and Environmental Microbiology. 63: 1570-1576. 

Neumann, St. and Jacob, F., 1995. Principles of uptake and systemic transport of fungicides 

within the plant. pp. 53-74 In: Modem systemic fungicides, Lyr, H. (Ed); Gustav Fisher 

Verlag, New York. 

O'Connor, B., 1998. Novachem Manual 1998. Novachem Services Limited, Palmerston 

North. 

Odum, E.P., 1971. Fundamentals of ecology. W.B. Saunders Company, Philadelphia. 

0vreas, L., Forney, L., Daae, F.L. and Torsvik, V., 1997. Distribution ofbacterioplankton in 

meromictic lake Srelenvannet, as determined by denaturing gradient gel electrophoresis 

ofPCR-amplified gene fragments coding for 16S rRNA Applied and Environmental 

Microbiology. 63: 3367-3373. 

Pandey, RR, 1990. Succession of micro fungi on leaves of Psidium guajava L. Bulletin of 

the Torrey Botanical Club. 117: 153-162. 

Pandey, R and Kumar, V., 1988. Effect of short term fungicidal programme on non-target 

phylloplane fungi of soybean. Cryptogam ie, Mycologie. 9: 363-372. 

Parberry,I.H., 1981. Statistical methods in the analysis ofphylloplane populations. pp. 47-65 

In: Microbial ecology of the phylloplane, Blakeman, J.P. (Eds); Academic Press, 

LondoIL 

Pennycook, S.R, 1990. Phoma leaf and fruit spot. In: Compendium of apple and pear 

diseases, Jones, AL. and Aldwinckle, H.S. (Eds); APS Press, St. Paul, Minnesota 

Pennycook, S.R and Newhook, F.I, 1981. Seasonal changes in the apple phylloplane 

microflora New ZealandJoumal of Botany. 19 (3): 273-283. 

109 



Perez, C.I and Shelton, A.M., 1997. Resistance ofPlutella xylostella (Lepidoptera: 

Plutellidae) to Bacillus thuringiensis Berliner in central America. Journal of Economic 

Entomology. 90: 87-93. 

Philion, V., Carisse, O. and Paulitz, T., 1997. In vitro evaluation of fungal isolates for their 

ability to influence leaf rheology, production of pseudothecia, and ascospores of 

Venturia inaequalis. European Journal of Plant Pathology. 103: 441-452. 

~ Pimentel, D., 1997. Plant protection: trade and the environment. pp. 20-27 In: Proceedings 

of the Fiftieth New Zealand Plant Protection Conference, 18-21 August. 1997, Lincoln 

University, Canterbury,New Zealand; The New Zealand Plant Protection Society Inc, 

Pahnerston North. 

Pimentel, D., Stachow, u., Takacs, D.A., Grubaker, H.W., Dumas, A.R, Meaney, II, 

O'Neil, J.A.S., Onsi, D.E. and Corzilius, D.B., 1992. Conserving biological diversity in 

agriculturaVforestry systems. BioScience. 42: 354-359. 

Pommer, E.H. and Lorenz, G., 1995. Dicarboximide fungicides. pp. 99-119 In: Modern 

selective fungicides, Lyr, H. (Ed); Gustav Fischer Verlag, New York. 

Pscheidt, J.W., 2003. Fungicide theory of use and mode of action. [Online]. Available: 

http://www.plant-disease.ippc.orst.eduJarticles.cfm?articleid=12 [2003, 5 October]. 

Rist, D.L. and Lorbeer, IW., 1981. Interactions of ozone, foliar fung~, and the surface and 

tissues of the leaf pp. 305-323 In: Microbial ecology of the phylloplane, Blakeman, J.1. 

(Eds); Academic Press, London. 

Rosenberger, D.A., 1990a Blue mold. pp. 54-55 In: Compendium of apple and pear 

diseases, Jones, A.L. and Aldwinckle, H.S. (Ed); APS Press, St. Paul, Minnesota 

Rosenberger, D.A., 1990b. Miscellaneous postharvest decay fungi. In: Compendium of apple 

and pear diseases, Jones, A.L. and Aldwinckle, H.S. (Ed); APS Press, St. Paul, 

Minnesota. 

Rosenberger, D.A., 1990c. Postharvest diseases. pp. 53-54 In: Compendium of apple and 

pear diseases, Jones, A.L. and Aldwinckle, H.S. (Ed); APS Press, St. Paul, Minnesota. 

Rossall, S. and Mansfield, I W., 1980. Investigation of the causes of poor germination of 

Botrytis spp. on broad bean leaves (Viciafaba L.). Physiological Plant Pathology. 16 

(3): 369-382. 

110 



Rotem, J., 1994. The Genus Alternaria, Biology, Epidemiology, and Pathogenecity. APS 

Press, St Paul, Minnesota. 

Rundle, IR and Beer, S.V., 1987. Population dynamics of Erwinia amylovora and a 

biological control agent, Erwinia herbicola, on apple blossom parts. Acta Horticulturae. 

217: 221-222. 

Samanta, R, Dutta, AK and Sen, S.P., 1986. The utilization ofleafwax by N2-fixing 

microorganisms on the leaf surface. Journal of Agricultural Science, UK 107: 681-685. 

Sawamura, K, 1990. Alternaria blotch. pp. 24-25 In: Compendium of apple and pear 

diseases, Jones, A.L. and Aldwinckle, H.S. (Ed); APS Press, St. Paul, Minnesota. 

Schaad, N., Jones, IB. and Chun, W., 2001. Laboratory guidefor identification of plant 

pathogenic bacteria. APS Press, ST Paul, Minnesota. 

Scherer, S., Chen, T. W. and Boger, P., 1988. A new UV -AlB protecting pigment in the 

terrestrial cyanobacterium Nostoc commune. Plant Physiology. 88 (4): 1055-1057. 

Abstract from: WebSPIRS: CAB Abstracts 1987 - 1989. AN 891934262. 

Schwabe, W.F.S., 1980. Wetting and temperature requirements for apple leaf infection by 

Venturia inaequalis in South Africa. Phytophylactica. 12 (2): 69-80. 

Scoop Media, 2000. Apple export system to be reviewed. Press Release: NZ Government 

[Online]. Available: www.http://www.scoop.co.nz/stories/PA0008/S00068.htm [2002, 

28, October]. 

Sharma, IN. and Verma, KD., 1996. Curative and eradicant activity of some sterol

inhibiting fungicides against Venturia inaequalis causing apple scab. Indian Journal of 

Plant Protection. 24: 76-79. 

Shell, G.S.G., Lang, ARG. and Sale, P.IM., 1974. Quantitative measures ofleaf orientation 

and heliotropic response in sunflower, bean, pepper and cucumber. Agricultural 

Meteorology. 13: 25-37. Abstract from: WebSPIRS: CAB Abstracts 1972 - 1975. AN 

740724533. 

Slykhuis, IT., 1990. Apple replant disease. pp. 47-48 In: Compendium of apple and pear 

diseases, Jones, AL. and Aldwinckle, H.S. (Ed); APS Press, St. Paul, Minnesota. 

111 



Smedegaard-Petersen, V. and Tolstrup, K., 1986. Yield-reducing effect of saprophytic leaf 

fungi in barley crops. pp. 160-171 In: Microbiology ofthe phyllosphere, Fokkema, N.J. 

and Van Den Heuvel, J. (Eds); Cambridge University Press, Cambridge. 

Smit, E., Leefiang, P., Glandorf, B., Elsas, J.D.-van, Wernars, K. and van, Elsas-J.D., 1999. 

Analysis of fungal diversity in the wheat rhizosphere by sequencing of cloned PCR

amplified genes encoding 18S rRNA and temperature gradient gel electrophoresis. 

Applied and Environmental Microbiology. 65: 2614-2621. 

Smith, H. and Lattimore, R, 1997. The search for rules for NTBs: Fire blight of apples. 

Discussion paper No. 44. International Trade Policy Research Centre; Lincoln 

University. 

Smith, W.H., 1976. Air pollution - Effects on the structure and function of plant-surface 

microbial-ecosystems. pp. 75-105 In: Microbiology of aerial plant surfaces, Dickinson, 

C.H. and Preece, T.F. (Eds); Academic Press, London. 

Sorensen, T., 1948. A method of establishing groups of equal amplitude in plant society 

based on similarity of species content. In: Odum, E.P., 1971. Fundamentals of ecology. 

W.B. Saunders Company, Philadelphia. 

Southwell RJ., Brown, J.F. and Welsby, S.M., 1999. Microbial interactions on the 

phylloplane of wheat and barley after applications ofmancozeb and triadimefon. 

Australasian Plant Pathology. 28: 139-148. 

Spotts, RA, 1990a Alternaria rot. pp. 56-57 In: Compendium of apple and pear diseases, 

Jones, AL. and Aldwinckle, H.S. (Ed); APS Press, st. Paul Minnesota 

Spotts, RA, 1990b. Moldy core and core rot. pp. 29-30 In: Compendium of apple and pear 

diseases, Jones, AL. and Aldwinckle, H.S. (Ed); APS Press, S1. Paul, Minnesota. 

Stadler, B. and Muller, T., 1996. Aphid honeydew and its effect on the phyllosphere 

micro flora of Picea abies (L.) Karst. Oecologia. 108: 771-776. Abstract from: 

WebSPIRS: CAB Abstracts 1996-1998/07. AN 970601052. 

Stebbins, RL. and Aldwinckle, H.S., 1990. Introduction. pp. 1-5 In: Compendium of apple 

and pear diseases, Jones, AL. and Aldwinckle, H.S. (Ed); APS Press, St. Paul, 

Minnesota. 

112 



Stirling, AM., Pegg, KG. and Hayward, AC., 1998. Interaction of Colletotrichum 

gloeosporioides, epiphytic microorganisms and nutrients on avocado leaves and fruit. 

Australasian Plant Pathology. 27: 169-179. 

Stirling, AM., Pegg, KG., Hayward, A.C. and Stirling, G.R., 1999. Effect of copper 

fungicide on Colletotrichum gloeosporioides and other microorganisms on avocado 

leaves and fruit. Australian Journal of Agricultural Research 50: 1459-1468. 

Stockwel~ V.O., Johnson, KB. and Loper, J.E., 1996. Compatibility of bacterial antagonists 

of Erwinia amylovora with antibiotics used to control fire blight. Phytopathology. 86: 

834-840. Abstract from: WebSPIRS: CAB Abstracts 1996 - 1998/07. AN 961006345. 

Sugar, D., 1990. Cladosporium rot. pp. 58-59 In: Compendium of apple and pear diseases, 

Jones, A.L. and Aldwinckle, H.S. (Ed); APS Press, St. Pau~ Minnesota 

Sundin, G.W., Jones, A.L. and Olson, B.D., 1988. Overwintering and popUlation dynamics 

of Pseudomonas syringae pv. syringae and P. s. pv. mors-prunorum on sweet and sour 

cherry trees. Canadian Journal of Plant Pathology. 10: 281-288. 

Sutton, T.B., 1990a Bitter rot. pp. 15-16In: Compendium of apple and pear diseases, Jones, 

AL. and Aldwinckle, H.S. (Ed); APS Press, st. Paul, Minnesota 

Sutton, T.B., 1990b. Black rot. pp. 18-20 In: Compendium of apple and pear diseases, Jones, 

AL. and Aldwinckle, H.S. (Ed); APS Press, st. Pa~ Minnesota 

Sutton, T.B., 1990c. Sooty blotch and flyspeck. pp. 20-22 In: Compendium of apple and pear 

diseases, Jones, AL. and Aldwinckle, H.S. (Ed); APS Press, st. Pau~ Minnesota 

Sutton, T.B., 199Od. White rot. pp. 16-18 In: Compendium of apple and pear diseases, Jones, 

A.L. and Aldwinckle, H.S. (Ed); APS Press, St. Paul, Minnesota. 

Sutton, T.B., Brown, E.M. and Hawthorne, D.l, 1987. Biology and epidemiology of 

Mycosphaerella pomi, cause of Brooks fruit spot of apple. Phytopathology. 77: 431-437. 

Abstract from: WebSPIRS: CAB Abstracts 1987 - 1989. AN 871332788. 

Sutton, T.B. and Unrath, C.R, 1988. Evaluation of the tree-row-volume model for full

season pesticide application in apples. Plant Disease. 72: 629-632. 

Tanton, T. W. and Crowdy, S.H., 1972. Water pathways in higher plants. III. The 

transpiration stream within leaves. Journal of Experimental Botany. 23: 619-625. 

113 



Teixido, N., Usall, J., Magan, N. and Vinas, I., 1999. Microbial population dynamics on 

Golden Delicious apples from bud to harvest and effect of fungicide applications. Annals 

. of Applied Biology. 134: 109-116. 

Thomson, S.V. and Hale, C.N., 1987. A comparison of fire blight incidence and environment 

between New Zealand and western United States. Acta Horticulturae. 217: 93-98. 

UCMP, 2002. Antony van Leeuwenhoek (1632-1723). Copyright 1994-2002 by The 

Univ~rsity of California Museum of Paleontology, Berkeley, and the Regents of the 

University of California. [Online]. Available: 

http://www.ucmp:berkeley.edulhistory/leeuwenhoek.html [2003, 19, March]. 

University of Arizona, 2001. Enterobacteriaceae: General characteristics. [Online]. 

Available: http://www.u.arizona.edulic/srllmicro/nazillaentero.html [2003, 5 April]. 

USDA, 1995. Chapter V. Statistics offruits, tree nuts, and horticultural specialties. National 

Agricultural Statistics Service of the US Department of Agriculture [Online]. Available: 

http://www.usdagov/nass/pubs/agr95/acro95.htm [2002, 28, October]. 

USDA, 2000. Chapter V. Statistics of fruits, tree nuts, and horticultural specialties. National 

Agricultural Statistics Service ofthe US Department of Agriculture [Online]. Available: 

http://www.usdagov/nass/pubs/agrOO/acroOO.htm [2000, 28, October]. 

USDA, 2002. Chapter V. Statistics of fruits, tree nuts, and horticultural specialties. National 

Agricultural Statistics Service ofthe US Department of Agriculture [Online]. Available: 

http://www.usda.gov/nass/pubs/agr02/02chS.pdf[2003, 7 March]. 

Valinsky, L., Vedova, G.D., Scupham, A.J., Alvey, S., Figueroa, A., Yin, B., Hartin, R.J., 

Chrobak, M., Crowley, D.E., Jiang, T. and Borneman, J., 2002. Analysis of bacterial 

community composition by oligonucleotide fingerprinting of rRNA genes. Applied and 

Environmental Microbiology. 68: 3243-3250. 

Vines, G., 2002. First fruit. New Scientist. 174: 46-47. [Online]. Available: 

http://web6.infotrac.galegroup.com/itw/infomarkl714/185/33023796w6/purl=rc9EAIMa 

pplehistory&dyn=10!lnkA85068376+27I+AppleHistory?swaep=lincoIni [2003, 14, 

March]. 

Whitham, T.G. and Schweitzer, J.A., 2002. Leaves as islands of spatial and temporal 

variation: Consequences for plant herbivores, pathogens, communities and ecosystems. 

114 



pp. 279-298 In: Phyllosphere microbiology, Lindow, S.E., Hecht-Poinar, E.1. and Elliott, . 

V.I (Eds); The American Phytopathological Society, st. Paul, Minnesota. 

WHO, 1992. Our planet, our health. In: Pimentel, D., 1997. Plant protection: trade and the 

environment. pp. 20-27 In: Proceedings of the Fiftieth New Zealand Plant Protection 

Conference, 18-21 August. 1997, Lincoln University, Canterbury; The New Zealand 

Plant Protection Society Inc, Palmerston North. 

Wilcox, W.F., Wasson, D.1. and Kovaci\ I, 1992. Development and evaluation of an 

integrated, reduced-spray program using sterol demethylation inhibitor fungicides for 

control of primary' apple scab. Plant Disease. 76: 669-677. 

Wildman, H.G. and Parkinson, D., 1979. Microfungal succession on living leaves of Populus 

tremuloides. Canadian Journal o/Botany. 57 (24): 2800-2811. 

Woo, P.C.Y., Leung, KW., Wong, S.S.Y., Chong, KT.K, Cheung, E.Y.L and Yeun, KY., 

2002. Relatively alcohol-resistant mycobacteria are emerging pathogens in patients 

receiving acupuncture treatment. Journal o/Clinical Microbiology. 40: 1219-1224. 

Yang, C.H., Crowley, D.E., Borneman, J. and Keen, N.T., 2001. Microbial phyllosphere 

populations are more complex than previously realized. Proceedings of the National 

Academy o/Sciences o/the United States of America. 98: 3889-3894. 

Yarwood, C.E. and Middleton, IT., 1954. Smog injury and rust infection. Plant Physiology. 

29: 393-395. 

Young, C.S. and Andrews, J.H., 1990. Recovery of Athelia bombacina from apple leaf litter. 

Phytopathology. 80: 530-535. 

Zak, IC., 2002. Implications of a leaf surface habitat for fungal community structure and 

function. pp. 299-317 In: Phyllosphere microbiology, Lindow, S.B., Hecht-Poinar, E.I. 

and Elliott, V.I (Eds); The American Phytopathological Society, St. Paul, Minnesota. 

115 



Appendix 1 Common microorganisms of the 

apple phylloplane 

1 .1 Bacteria 

Erwinia amylovora oveIWinters in bark tissue within cankers caused by previous 

infections. In spring, the bacterium multiplies and produces inoculum, which oozes from 

infected parts and is transmitted to other parts of the tree by insects and rain splash. The 

bacterium penetrates the flowers, fruit, shoots and leaves through wounds or natural 

openings where it kills the cells and multiplies profusely. It causes leaves and shoots to die 

and shrivel up as if scorched by fire, and is therefore called 'fire blight' (Beer 1990). 

E. amylovora can survive epiphytically on immature fruit but not on mature fruit. Although 

the bacterium has been detected on the calyx end of some mature fruit from severely 

affected orchards (Hale et al. 1987), it was not found to multiply in the calyx area. When 

apple blossoms are inoculated artificially by spraying, infection by E. amylovora takes 

place mainly through the stigma where it multiplies and proceeds to invade the style 

(Rundle and Beer 1987). 

Fire blight is the most important bacterial disease of apples and was reported in the 1700's 

in North America, in 1919 in New Zealand and in 1950 in England from where it spread 

through the rest of Europe and the Mediterranean countries (Beer 1990). Outbreaks of fire 

blight that cause economic losses have not occurred in New Zealand in recent times (Hale 

et al. 1987; Smith, and Lattimore 1997). It has been suggested that high populations of 

saprophytic and epiphytic bacteria on the flowers of apple and pear in New Zealand (1 x 

103 and 1 x 106 per flower compared to 1 x 102 and 1 x 104 in the western USA) may 

restrict the development of fire blight in New Zealand, by providing some degree of 

biological control (Thomson and Hale 1987). 

Control of fire blight is mainly through sanitary measures and the use of copper and 

streptomycin. However, resistance of E. amylovora to streptomycin has been reported and 

there is concern about its use because human exposure to streptomycin may result in 

human bacterial diseases developing resistance to streptomycin. Oxytetracycline has been 

used as a substitute for streptomycin, but in many cases it has not given good control of 
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fire blight (McLaughlin and Roberts 1993) and has also been reported to reduce numbers 

of antagonistic bacteria on apple trees (Stockwell et al. 1996). 

Pantoea agglomerans (syn. Erwinia herbicola) is commonly associated with apple leaves 

and occupies the same niches on the leaf as E. amylovora. It produces the antibiotic 

herbicolin, which was found to be antagonistic to E. amylovora (Ishimaru et al. 1988). P. 

agglomerans is gram negative, non-fluorescent, fermentative, rod-shaped, and forms 

yellow colonies on nutrient agar (University of Arizona 2001), which cannot be 

distinguished from Xanthomonas species by the untrained eye (own experience). 

Pseudomonas syringae pathovars, in particular pv papulans, commonly occur on apple 

leaves (Bedford et al. 1988). P. syringae pv papulans and P. syringae pv. syringae can 

cause blister spot and bacterial blister bark, respectively. Blister spot causes small lesions 

on the fruit, but rarely causes significant reductions in yield or fruit quality. Blister bark 

affects the bark tissue in junctions between branches and shoots, sometimes resulting in 

dieback of branches (Mansvelt and Hattingh 1990). 

1.2 Yeasts 

Cryptococcus albidus (which is known by 23 synonyms including Hansenula spp., 

Nagansiha spp., Paratorulopsis spp., Pseudohansenula spp., Rhodotorula spp., Torula 

spp. and Torulopsis spp.), C. laurentii and Sporobolomyces rose_us, are often found on 

apple leaves (Pennycook and Newhook 1981; Chand and Spotts 1996). Their descriptions 

include overlapping characteristics; they form colonies on PDA that are cream, tan, yellow 

to pink, without filaments (Barnett, et al. 1990). Distinguishing these colonies based on 

colony characteristics is therefore not possible by the inexperienced eye. 

1.3 Filamentous fungi 

Venturia inaequalis (anamorph Spilocea pomi), overwinters as a saprophyte of decaying 

leaf litter in which it completes its sexual reproductive cycle (Alexopoulos 1962). 

Ascospores are forcibly ejected from the pseudothecium in spring, stimulated by a 

combination of daylight (Gadoury et al .. 1994, cited in MacHardy 1996) and thorough 

wetting of pseudothecia (Brook 1966, cited in MacHardy 1996 and Alexopoulos 1962). 

These are normally deposited within 100-200 m from the source, depending on the wind 

turbulence within the orchard, and seldom travel outside the orchard because they are 

usually trapped in the vegetation on the orchard floor and the canopies of the trees 

(MacHardy 1996). Ascospores that land on dry surfaces remain dormant until 
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environmental conditions are suitable for germination (Aderhold 1900, cited in MacHardy 

1996), although viability usually decreases sharply after 15 days, depending on 

temperature and relative humidity (Boric 1985; Louw 1948,_ cited in MacHardy 1996). 

Germination will occur on any surface where free water is available (Louw 1948, cited in 

MacHardy 1996), but the duration of the infection process depends on the temperature 

(Wiesmann 1932; Boric 1985; Louw 1948, cited in MacHardy 1996) and duration of leaf 

wetness (Louw 1948, cited in MacHardy 1996). The optimum temperature for germ tube 

elongation is between 11°C and 28°C at which the minimum germination time is 2 h 

(Boric 1985, cited in MacHardy 1996). Appressoria are commonly formed at temperatures 

below 3°C but rarely at temperatures above 19°C (Louw 1948, cited in MacHardy 1996). 

After penetration of the leaf or fruit, a septate mycelium usually develops between the 

cuticle and the epidermal cells of the host, and a few days later, conidiophores break 

through the cuticle, producing olive to dark green to brown or almost black lesions, which 

bear flame-shaped conidia (Alexopoulos 1962). Under moist conditions, conidia are 

liberated and dispersed, mainly by rain splash. Those that are deposited on susceptible 

leaves, fruit or shoots, germinate and penetrate the host, continuing the parasitic asexual 

state for several generations during summer (Alexopoulos 1962). 

V. inaequalis causes the most important fungal disease of apples, commonly called 'apple 

scab' or 'apple black spot', and occurs worldwide wherever apples are grown, and in most 

of the 25-30 recognised Malus spp. (Brown 1975; Te-Tsun and Chen-Lung 1956, cited in 

MacHardy 1996). The main economic effect of the disease is from the fruit lesions that 

reduce the aesthetic quality of the apples, and hence the profit for the orchardist (Large 

1962, cited in MacHardy 1996 and MacHardy 1996). 

Control of apple black spot is most commonly by the use of synthetic fungicides and by 

using partially resistant apple cultivars. Other control measures include orchard sanitation 

to reduce the number of ascospores released in the spring. This can be done by increasing 

the rate of decay of the leaves by mulching, ploughing (Curtis 1924, cited in MacHardy 

1996), spraying urea (Cook 1969, cited in MacHardy 1996) or inundative release of 

antagonistic, parasitic or highly competitive biocontrol organisms (Miedtke and Kennel 

1990). 

Podosphaera leucotricha (anamorph Oidium jarinosum) is an obligate parasite that 

overwinters as mycelium in dormant buds. In spring this mycelium starts growing and 

develops into white felt-like patches of mycelium and conidia-bearing conidiophores 

(powdery mildew), which further infect developing leaves, flowers and fruits. On leaves 
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the symptoms appear on the underside of the leaves initially, with chlorotic lesions on the 

upper sides of the leaves, which may later also develop patches of mycelium. Heavily 

-. infested shoot tips can become completely covered in mycelial growth, which can prevent 

leaves from developing. Moreover, infected buds are more susceptible to frost damage, and 

developing shoots may be stunted, leaves and fruit deformed, and fruit rusetted, reducing 

their value. Older leaves are resistant, but may get infected when mechanically injured. 

Conidia germinate at high relative humidity, but not in free water or at temperatures above 

30°C. During midsummer, brown cleistothecia develop in the lesions but infection by 

ascospores from the sexual reproductive cycle of P. leucotricha is rare (Hickey and Yoder 

1990). 

Powdery mildew is the second most important fungal disease of apple and occurs wherever 

apples are grown, although the economic loss suffered varies depending on the climate and 

the cultivars grown. Its control includes spraying fungicides early in the season to reduce 

primary infection from infected buds, and the use of resistant cultivars. However, as with 

apple black spot, susceptibility of most popular New Zealand apple cultivars to powdery 

mildew is moderate to high (ENZA 1998). Removal of infested shoots during winter 

pruning is not an effective method of controlling the disease because infected shoots are 

hard to recognize until the buds have opened (Hickey and Yoder 1990). 

Colletotrichum gloeosporioides (Teleomorph Glomerella cingulata), causes sunken brown 

lesions on the fruit, which extend as a cone-shaped rot into the core of the apple,. resulting 

in a bitter rot, which gives the disease its common name. Fruit usually rot completely and 

drop or mummify on the tree. Under warm, humid conditions, leaf spots may occur and 

cause leaves to abscise (Sutton 1990a). 

Botryosphaeria dothidea (anamorph Fusicoccum aesculi) and B. obtusa (syn. 

Physalospora obtusa, anamorph Sphaeropsis malo rum) cause lesions on the fruit that 

finally rot the whole fruit (,white rot' and 'black rot' , respectively). Apples infected with 

either disease may shrivel, while those with black rot remain on the tree and those affected 

by white rot usually fall off the tree (Sutton 1990b, d). 

Gloeodes pomigena and Schyzothyrium pomi (anamorph Zygophiala jamaicensis) grow 

on the surface of the fruit. Their characteristic symptoms earn them the name 'sooty 

blotch' and 'flyspeck', respectively. They cause economic losses due to the reduced 

aesthetic quality of the fruit (Sutton 1990c). 
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Alternaria spp. occur as saprophytes on dead and dying plants, in soil and in house dust~ 

They are the main fungal cause of hay fever, and are common 

plant parasites, for example Alternaria solani, which causes 

early blight of potatoes and tomatoes (Alexopoulos 1962 p415). 

In apple, Alternaria spp. have been reported to be responsible 

for minor apple diseases, such as Alternaria blotch in Japan, 

Korea and China and a few other countries with warmer 

climates (Sawamura 1990), as well as mouldy core and dry core 

rot (Spotts 1990b), postharvest diseases (Rosenberger 1990c) 

and Alternaria rot (Spotts 1990a). Saccardo put Alternaria in 

the section of the Dictiosporae (Gr. diction = net), because of Figure 1.1 A chain of 
Alternaria conidia. 

the dark, large, multicellular conidia with transverse and 

longitudinal septa, of which the topmost cells are narrower and form a characteristic beak 

(Figure 1.1). This beak can be long and in some species branched, or in other species it 

may be short or absent. The range of spore sizes which occur in the different species 

overlap to some extent, but classification is based on the average size of the spores as well 

as other characteristics. The conidia of some species are borne singly, but those of most 

species are borne in chains, sometimes branched and are borne directly on the tips of 

hyphae (Malloch 1997). 

Aureobasidium pullulans is one of several genera of black 

yeasts, characterized by mostly slow-growing, black, pasty 

colonies. On PDA, Aureobasidium produces yeast-like 

colonies that look initially like coarse irregular strands of 

hyphae, but when the colonies develop, the centres resemble 

yeast-like colonies. The colour is initially light pink to 

salmon, but when the colonies get older, dark radial streaks 

develop, and the entire colony may darken. The spores are 

produced in masses along the filaments and occur on short Figure 1.2. Mycelia (a), 
chlamydospores (b) and 

lateral branches or pegs (Figure 1.2). When the spores are conidia (c) of 

released they leave minute, roughened scars. A. pullulans is Aureobasidium pullulans 
(Malloch 1997). 

common on leaves and in soil (Barnett 1972 p70), and 

inoculation of apple fruit with A. pullulans has been reported to cause russet (Matteson et 

al. 1997). Because A. pullulans produces different growth forms under different 

conditions, either yeast-like or with mycelia, different authors have referred to it as a yeast, 

(McCormack et al. 1994; Jager et al. 1995, 2001; Chand and Spotts 1996; Perez and 
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Shelton 1997; Stirling et al. 1998) or yeast-like fungus, (Buck et al. 1998), or as a 

filamentous fungus, (Malloch 1997). No holomorphs are known (Malloch 1997). 

Colonies of Cladosporium cladosporioides on PDA 

are initially white, then grey after which the centre 

becomes olive to dark greenish to black with 

sporulating conidiophores. The reverse of the colony is 

black. The colony growth speed is intennediate. The 

conidia are dark and 1- or 2-celled and fonn in long, 

branching chains that arise from a dark conidiophore 

with the youngest spore at the top of the chain. When 

making microscope mounts, the chains fall apart ,at the 

slightest disturbance resulting in a mass of conidia, 

which is characterised by the presence of the 

b 

Figure 1.3. Cladosporium 
conidia (a) and conidiophores (b) 
(Malloch 1997). 

irregularly shaped basal conidia (Figure 1.3). The best way to recognize the genus is by the 

prominent scars on the spores where the adjacent ones were attached. The two most 

common species are distinguished by the roughness of the conidial surface; C. 

cladosporioides has smooth conidia while C. herbarum (Persoon: Fries) Link has rough 

conidia. Cladosporium spp. are very common on decaying plants, but may become 

pathogenic on weakened plant tissue (Malloch 1997), and has been reported to have been 

involved with minor apple diseases such as mouldy core and dry core rot (Spotts 1990b), 

Cladosporium rot (Sugar 1990) and other postharvest decay (Rosenberger 1990b). 

Epicoccum nigrum produces yellow through red or 

brown colonies that on PDA grow slightly faster 

than average, and take longer than average to 

sporulate. They release yellow, orange, red or 

brown diffusible pigments into the medium. This 

pigment often affects neighbouring colonies of 

other species, by changing their colour. The 

spherical, multicellular conidia are relatively large 

with a rough surface and can be distinguished by 
Figure 1.4 Epicoccum conidia 

the naked eye (Figure 1.4). Epicoccum spp. are very (Malloch 1997). 

common on dead or dying plants and are frequently 

isolated from the air. E. nigrum can be a weak pathogen which has been reported to have 

been involved in minor apple diseases such as mouldy core and dry core rot (Spotts 1990b) 
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and other postharvest decays (Rosenberger 1990b). Its holomorph is unknown (Malloch 

1997). 

Fusarium spp. produce relatively fast growing colonies that 

can produce abundant white or faintly yellow, pink or 

orange aerial mycelium on PDA. The reverse of the colonies 

is often characteristically brightly coloured yellow, red or 

orange. Some species produce abundantly sporulating 

brightly coloured sporodochia in the centre of the colony, on 

the surface of the agar, often obscured by the aerial 

mycelium. Other species produce conidia on phi ali des 

scattered in the aerial mycelia, often resembling drops of 

condensation. Fusarium species can produce two types of 

conidia: the macro conidia are hyaline, long, curved, with 

multiple septa and with a distinctive foot cell at the lower 

Figure 1.5. Fusarium micro 
conidia (a), chlamydospores 
(b) and macro-conidia (c) 
(Malloch 1997). 

end. The micro conidia are round to oblong or lemon shaped. The proportion of the two 

types of conidia produced depends on the species and growing conditions. 

Chlamydospores, which are thick-walled, swollen hyphal cells, may also be present in the 

colonies (Figure 1.5). Fusarium species are common in soil and on dead or living plants, 

often causing plant disease. Fusarium species are reported to have been involved with 

minor apple diseases such as wet core rot (Spotts 1990b), apple replant disease (Slykhuis 

1990) and postharvest decay (Rosenberger 1990b). Holomorphs of Fusarium spp. include 

the genera Gibberella, Nee/ria, and others (Malloch 1997). 

Penicillium spp. produce relatively slow-growing 

colonies on PDA, of fine, dense mycelium, which 

are initially white, but soon become light blue to 

aqua or green in colour with densely sporulating 

conidiophores in the centre, while the margin 

remains white or becomes buff to beige. Mature 

colonies often form radial creases and a few clear 

drops of exudate in the sporulating surface. 

Penicillium species are recognized by dense, brush

like, simple or branched conidiophores with 

Figure 1.6. Penicillium 
conidiophore showing phialides and 
short chains of round conidia 
(Edelman, 2003). 

clusters of flask-shaped phialides. The conidia are produced in dry chains from the tips of 

122 



the phialides, with the youngest spore at the base of the chain (Figure 1.6). Penicillium spp. 

are very common, and usually the most abundant genus of fungi in soils and has been 

reported to have been involved with minor apple diseases including wet core rot (Spotts 

1990b) and postharvest diseases such as blue mould (Rosenberger 1990a). Holomorphs of 

Penicillium spp. include the genera Eupenicillium, Hamigera, Talaromyces and 

Trichocoma (Malloch 1997). 

Phoma spp. form relatively slow-growing grey to light 

brown colonies onPDA that start sporulating after about 

a week, showing pink to salmon pink dots of conidia that 

ooze from black, round pycnidia. The conidia 

(pycnospores) measure 3 - 6 /-tm and are usually.I-celled 

but can be up to 3-celled (Arx 1981), and are borne from 

short phialides on the inner wall of the pycnidium (Figure 

1.7) (Malloch 1997). Phoma species are common in soils, 

dung, and on living and dead plants. A number of Ph om a 

spp., including P. pomorum, P. macrostoma, P. 

glome rata and P. exigua, have been reported to be 

b 

involved in the minor apple diseases Phoma leaf and fruit Figure 1.7. Phoma pycnidium 
(a) and pycnospores (b) 

spot. Phoma spp. are weak pathogens and become (Malloch 1997). 

established only in fruit or leaves damaged by insects, or 

by mechanical or spray injuries, in particular copper, or suffering from nutritional 

imbalances (Pennycook 1990). Holomorphs of Phoma spp. include many genera of 

ascomycetes, for example, Didymella and Leptosphaeria (Malloch 1997). Teleomorphs 

include Mycosphaerella spp., Leptosphaeria spp. and Didymella spp. (Arx 1981). 
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Appendix 2 Colony morphology of yeasts on 

artificial media 

Kockova-Kratochvflova (1990) p33, 34 gave detailed descriptions of the surfaces and 

margins of yeasts on artificial media (Figure 2.1 and Figure 2.2). 

a c 

Figure 2.1. Types of colony surfaces and margins. a. central striation, b. radial striation, c. 
entire margin, d. undulate margin, e. crenulate margin, f. lobate margin, g. fringed margin. 
After Kockova-Kratochvflova (1990). 
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Figure 2.2. Types of colony cross-sections (profiles). a. smooth, b. smooth and raised in the 
middle, c. smooth crateriform, d. flat extended, e. crateriform with central wrinkles, f. 
convex wrinkled, g. flat wrinkled, h. fringed with pseudomycelium. After Kockova
Kratochvflova (1990). 
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Appendix 3 Categorisation system of 

phylloplane microorganisms 

The five first colonies of each type were subcultured, maintained on agar slants and 

identified at a later stage, using microscopic techniques and descriptions such as those by 

Arx (1981), and Barnett (1972). The identification that was most often derived was then 

assigned to the associated colony morphology. A summary of these descriptions is given 

below. 

Table 3.1. Codes and description used for identification of microorganism using colony 
morphology. This list was developed while assessing the plates, and later updated when 
representative colonies were identified (column 3). After closer examination of some 
colonies in group 2, it appeared that these were bacteria and are therefore included in the 
group bacteria for data analysis. Here however, the original categorisation is maintained to 
illustrate the development of the author's experience and the system. 

Group 1 - Bacteria 
la Creamy white, mucous, clear with backlight 
lb Very small golden droplets, possibly contamination 

from tap water 
ld Relatively fast growing mucous opaque colony, with 

undulating margin and surface 

Group 2 - Smooth yeasts 
2a Pink, semi-spherical 
2al Pale pink, semi drylflat 
2a2 Pale pink, wet/shiny 
2a3 Bright pink, semi drylflat 
2a4 Bright pink, semi wet/shiny 
2b Egg- to light egg-yellow, mucous, semi clear with 

backlight 
2c Egg- to light egg-yellow, semi dry 
2d White, semi-spherical 
2d1 White, semi drylflat 
2d2 White, wet/shiny 
2d3 Creamy, semi drylflat 
2d4 Creamy, wet/shiny 
2e As 2d, but producing small black spots on surface 
2f White, semi transparent, circular, raised, crateriform, 

dry, rough 
2g As 2d2, with light blue centre, tending purple later 
2h As 2a, but undulate margin, nearly star shape 
2i Orange, drylflat circular 
2j Orange, as 2a and 2d 
2k As 2f, but bright orange 
21 As 2a or 2d, but white base with brown centre covered 

with small brown spots 
2m Small orange granular crumb above agar 

Pseudomonas-like colonies 
Unidentified bacterium 

Unidentified bacterium 

Pillk yeasts 
Pink yeasts 
Pink yeasts 
Pink yeasts 
Pink yeasts 
Pantoea agglomerans 

Unidentified smooth yeast 
White yeasts 
White yeasts 
White yeasts 
White yeasts 
White yeasts 
White yeasts 
Unidentified yeast 

White yeasts 
Unidentified yeast 
Unidentified smooth yeast 
Unidentified smooth yeast 
Unidentified smooth yeast 
White yeasts 

Unidentified yeast 
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Group 2 - Smooth yeasts 
2n Pink slimy, cohesive, not smooth but irregular margin 
20 As 2n but white 
2p As 2b but with dark centre 
2q As 2n and 20, but yellow 
2r As 2dl but ivory 
2s Pink mucous with raised edge and raised centre. 
2t Small bright red crumb on the agar surface (as 2d but 

black) 

Unidentified bacterium 
Unidentified bacterium 
Unidentified bacterium 
Unidentified bacterium 
White yeasts 
Unidentified bacterium 
Unidentified yeast 

Group 3 -Aureobasidium spp. 
3a Dense circular pseudomycelium, gradually increasingly 

lightly verrucose, undulate centre 
3b Dense circuhrr pseudomycelium, abruptly increasingly 

course verrucose, undulate centre 
3c Sparse semi-circular extensively ramified pseudomycelium 

abruptly increasingly course verrucose, crenulate centre, 
3d Sparse semi-circular slightly ramified pseudomycelium, 

abruptly increasingly course verrucose, entire centre 
3e Semi dense irregular extensively ramified pseudomycelium, 

abruptly increasingly course verrucose, irregular wrinkled 
centre 

3f Semi dense irregular extensively ramified pseudomycelium, 
abruptly increasingly course verrucose, no mucous centre 

3g Black in agar, hyaline above agar, (pseudo) mycelium 
forming black strands 

3h As 3a-f but with black strands of (pseudo) mycelium 
3i As 3a-f but with small black spots 
3j As 3a-f but very rough hairy surface 
3k Very irregular, both pseudomycelia and fluffy above agar, 

31 

3m 
3n 

creamy 
Curly yeast (is in fact a bacterium) 

Looks like 3a, but slightly velvety 
Blackish mucous/ as 3a, but yellow 

Group 4 - Filamentous fungi 
4a Creamy white with brown centre, circular, raised, sparsely 

sporulating 
4aa Small brownish fluff in agar/white + brown fluff 

4ab Small stuff 

4ac Grey, regular, non-sporulating 

4ad Fast, irregular, black 

4ae Large brown, non sporulating 
4af Fast growing, fine mycelium, top yellow, yellow diffusible 

pigment, bottom yellow, non sporulating 
4ag Long hyaline strands above agar 

4ah Very fast growing, very sparse, hyaline, in agar, non 

Aureobasidium spp 

Aureobasidium spp 

Aureobasidium spp 

Aureobasidium spp 

Aureobasidium spp 

Aureobasidium spp 

Aureobasidium spp 

Aureobasidium spp 
Aureobasidium spp 
Aureobasidium spp 
Aureobasidium spp 

Unidentified 
bacterium 
Aureobasidium spp 
Aureobasidium spp 

Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Epicoccum 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Unidentified 
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Group 4 - Filamentous fungi 
sporulating 

4ai As 4n, but forming spots IN agar 
4aj Sparse mycelium, moderately fast growing, densely 

sporulating, very black Alternaria-like spores 
4b White to pale blue/greenish blue, circular, raised, densely 

sporulating 
4c Medium brown to olivaceous, circular, raised, moderately 

sporulating with grey spores 
4d Light grey to dark grey, circular, flat, densely sporulating 
4e Hyaline, sparse, slightly curly, fast growing, irregular, non

sporulating, well above agar = 4h - Non-sporulating state of 
4n, in many cases at least, and also the same as 4p, e.g. 4e -> 
4p -> 4n -Mainly collection of white mycelial fungi that are 
further hard to identify by naked eye because they don't 
sporulate etc. 

4ea White, dense, even, non-sporulating, fast growing mycelium, 
red/brown from bottom view, turning 2d's brownlblack -
turns out to be producing the pink ooze from the black spots, 
but also to have much less white mycelium, but more 
reddish-brown like 4r, both red-brown from bottom view, 
both producing pycnidia that ooze pink spores 

4eb White, dense, even, non-sporulating, fast growing mycelium, 
white/creamy from bottom view. 

4ec White, dense, compacted mat of fast growing, non
sporulating mycelium, creamy from bottom view. 

4ed White, tending wheat-yellow, dense, fast growing, non
sporulating mycelium, creamy/brown from bottom view, 
creasing agar surface. 

4ee White, sparse, fast growing, non-sporulating mycelium, often 
wet appearance. 

4ef White, dense, even, non-sporulating, about the size of 4c/d, 
mycelium, white/creamy from bottom view. 

4eg White, fast growing, strandy, irregular spreading non
sporulating mycelium. 

4eh Small fine regular colony, semi submerged apart from small 
brownish tuft in centre. 

4ei Very light yellowish/grey, very fine mycelium, undulating 
(forming creases in agar) colony, underside becoming nearly 
neutral grey, mycelium at perimeter becoming pink 

4ej White, dense, even, non-sporulating, medium fast growing 
mycelium, light brown from bottom view. 

4ek White, medium fast growing, slightly irregular, strandy tuft 
with large clods of bright orange of spores. These 
'sporodochia' are made up of typical Fusarium macro
conidia. 

4el Light grey, dense, fast growing, slightly irregular, non
sporulating mycelium, and light brown/neutral grey from 
bottom view. Similar to zf - Looks later like Alternaria 

4f Hyaline, dense, highly ramified, (non) sporulating, 
occasionally above agar, forming black dots with hairs 

4g Hyaline, turning everything pink/red, fast growing, 
moderately dense, highly ramified, non sporulating, well 

filamentous fungus 
Phoma 
Alternaria 

Penicillium 

Cladosporium 

Cladosporium 
Unidentified 
filamentous fungus 

Phoma 

Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 

Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Epicoccum 

Unidentified 
filamentous fungus 
Fusarium 

Alternaria 

Chaetomium 

Fusarium 
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Group 4 - Filamentous fungi 
above agar 

4h Irregular, moderately dense, well ramified, curly, well above 
agar 

4i V. inaequalis 
4j Dark in agar, hyaline above agar, straight, simple, irregular 

tuft, non sporulating 
4k Hyaline, irregular, fast growing, with up to three large black 

spores on one sporophore 
41 Hyaline with yellow/green centre, circular, flat, moderately 

sporulating centre (=4d) 
4m Dark in agar, hyaline above agar, straight, simple, irregular 

tuft, producing yellow spores = 4j and 41 and 4d. 
4n Hyaline, roughly circular, forming light brown spots 

(pycnidia) that exude pink mucous spore mass (=4e) mainly 
collection of white mycelial fungi that are further hard to 
identify by naked eye because they don't sporulate yet. 
Probably a Phoma sp. 

4n1 Fast growing, white bottom view, orange spots in centre 
4n2 Medium fast growing, white bottom view; light to dark 

brown spots in centre 
4n3 Medium fast growing, brown bottom view, dark brown spots 

in centre 
4n4 Fast growing whitelbottom view, forming yellow spots along 

outside 
40 Hyaline, circular, slightly raised, producing yellow spores 
4p As 4g, but turning everything brown 
4q Black compact sparsely sporulating medium sized colonies 

4r 

4s 

4t 
4u 
4v 

4w 

4x 

4y 

4z 

4za 

4zb 

4zc 

Light orange/pink small, hairy tuft, non sporulating 

Small circular, very compact, very black, semi spherical 
sparsely sporulating 
Trichoderma viride large sulphur green/yellow mats 
As 4g, but turning everything yellow 
Small white irregular tufts 

Large grey brown woolly sporulating irregular colonies. 
Alternaria or Ulocladium-like spores 
Beautifully beige sporulating centre with aqua margin 
(Penicillium frequentes) 
Salmon pink fast growing mycelium with white spores (=4r) 

Greyish woolly large colony (Alternaria sp. but may also be 
Ulocladium sp.). 
Light brown/grey, spreading, sparse, non-sporulating 
mycelium, light brown/grey from bottom view 
Greyish, dense, even, non-sporulating, fast growing 
mycelium, light brown/tan from bottom view, producing 
brown halo under mycelium in agar. 4z, Alternaria, 
sometimes forms such a halo too. 
Dull greylbrown, fast growing, very fine, non-sporulating, 
bottom view also dull greylbrown. 

Unidentified 
filamentous fungus 
Venturia inaequalis 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Cladosporium 

Cladosporium 

Phoma 

Phoma 
Phoma 

Phoma 

Phoma 

Cladosporium 
Epicoccum 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Trichoderma 
Epicoccum 
Unidentified 
filamentous fungus 
Ulocladium 

Penicillium 
frequentes 
Unidentified 
filamentous fungus 
Alternaria 

Unidentified 
filamentous fungus 
Alternaria 

Unidentified 
filamentous fungus 
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Group 4 - Filamentous fungi 
4zd Large brown, fast growing, dense, non-sporulating, 

mycelium, bottom view also brown. This is probably 
Epicoccum. The underside looks like 4ea, but the mycelium 
is finer, not so much raised as 4ea and has a nice 
orangelbrown colour. Fonns black dots' (clusters of spores). 
Epicoccum 

4ze Very light yellowish/grey, very fine mycelium, undulating 
(fonning creases in agar) colony, underside becoming nearly 
neutral grey. 

4zf Light grey colony, underside becoming yellowish brown, 
fonning spots in 2d's. 

4zg Light brown, velvety, powdery colony, underside becoming 
greyish brown, heavily creasing agar surface. 

4zh Botrytis cinerea 
4zi Sclerotinia sclerotiorum 
4zj Very small conc. rings of spores 

4zk Rhizopus spp. 

Epicoccum 

Unidentified 
filamentous fungus 

Unidentified 
filamentous fungus 
Unidentified 
filamentous fungus 
Botrytis 
Sclerotinia 
Unidentified 
filamentous fungus 
Rhizopus 
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Appendix 4 ANOVA tables for Chapter 2 

Table 4.1. ANDV A table showing the effects of season (Test), different locations within 
the orchard (Tree), within trees (Location) and among shoots within locations (Shoot) and 
their interactions, on the population density of all combined phylloplane microorganism 
populations, recovered from apple trees during the 1998/1999 season. 

Source DF Seq sst Adj SS2 Adj MS3 

Test 1 1.9562xlOI2 1.9040xlOI2 1.9040x1012 

Tree 3 8.7731xlO12 8.4552xlO12 2.8184xlO12
. 

Location 6 3.0882xlO12 3. 1007x 1012 5.1679xlOll 

Shoot 1 1.3305xlOll 1.3441xlOll 1.3441xlOll 

TestxTree 3 2.2110xlO12 1.9933xlO12 6.6443xlOll 

TestxLocation 6 2.8642xlO12 2.8642xlO12 4.7737xlOll 

Error 86 9.5303xlO12 9.5303xlO12 1.1082x1011 

Total 106 2.8556xlO13 
. 

F 
17.18 
25.43 
4.66 
1.21 
6.00 
4.31 

p 
0.000 
0.000 
0.000 
0.274 
0.001 
0.001 

I Seq SS = sequential sums of squares, 2 Adj SS = adjusted sums of squares, 3 Adj MS = adjusted mean squares 

Table 4.2. ANDV A table showing the effects of season (Test), different locations within 
the orchard (Tree), within trees (Location) and among shoots within locations (Shoot) and 
their interactions, on the population density of all bacterial populations, recovered from 
apple leaves during the 1998/1999 season. 

Source DF Seq sst 
Test 1 3.7323xlOll 

Tree 3 3.4077xlO11 

Location 6 6.0726x 1010 
Shoot 1 4.1793x1010 

TestxTree 3 8.0970xlOlO 

TestxLocation 6 2.0942xlOlI 

Error 86 1.5549xlO12 

Total 106 2.6618xlO12 

Adj SS2 
3.7797xlOll 

3.260lxlOll 

6.39 lOx 1010 
4.6597x1010 

7.4309x1010 

2.0942xlOll 

1.5549x 1012 

Adj MS3 

3.7797xlOll 
1.0867x1011 

1.0652x 1010 
4.6597x1010 

2.4770x1010 

3.4903x1010 

1.8080x1010 

F 
20.90 
6.01 
0.59 
2.58 
1.37 
1.93 

p 

0.000 
0.001 
0.738 
0.112 
0.257 
0.085 

ISeq SS = sequential sums of squares, 2 Adj SS = adjusted sums of squares, 3 Adj MS = adjusted mean squares 

Table 4.3. ANDV A table showing the effects season (Test), different locations within the 
orchard (Tree), within trees (Location) and among shoots within locations (Shoot) and 
their interactions, on the population density of all white and pink yeast populations, 
recovered from apple leaves during the 1998/1999 season. 

Source DF Seq SSl Adj SS2 
Test 1 3.3649xlO12 3.3660x1012 

Tree 3 3.1922xlO12 3.1055xlO12 

Location 6 1.8589x1012 1.8145xlO12 

Shoot 1 1. 1737x109 5.4426x108 

TestxTree 3 1.9698xlO12 1.7163xlO12 

TestxLocation 6 2.1l44xlO12 2. ll44x 1012 

Error 86 5.2901xlO12 5.2901xlO12 

Total 106 1.7792xlO13 

3.3660xlO12 

1.0352xlO12 

3.0242x1011 

5.44256x108 

5.7211xlO11 

3.5240xlOll 

6. 1513xlOlO 

F 
54.72 
16.83 
4.92 
0.01 
9.30 
5.73 

p 
0.000 
0.000 
0.000 
0.925 
0.000 
0.000 

(Seq SS = sequential sums of squares, 2 Adj SS = adjusted sums of squares, 3 Adj MS = adjusted mean squares 
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Table 4.4. ANDV A table showing the effects season (Test), different locations within the 
orchard (Tree), within trees (Location) and among shoots within locations (Shoot) and 
their interactions, on the population density of all Aureobasidium spp. recovered from 
apple leaves during the 199811999 season. 

Source DF Seq sst 
Test 1 3.8371xlOll 

Tree 3 7.8958xlO lO 

Location 6 4.3281xlOlO 

Shoot 1 1. 8947x109 

TestxTree 3 8.0135xlO lO 

TestxLocation 6 5,4322xlO10 

Error 86 1.9044xlOll 

Total ,106 8.3274xlOll 

Adj SS2 
3,4972xlOll 

7.8921xlO lO 

4.8559xl010 

1.9926xlO9 

7.8752xl01O 

5,4322xlOlO 

1.9044x 1011 

AdjMS3 

3,4972xlOll 

2.6307xlO lO 

8.0931xlO9 

1.9926xlO9 

2.6251xlO10 

9.0536xl09 
2.2144xlO9 

F 
157.93 

11.88 
3.65 
0.90 

11.85 
4.09 

p 
0.000 
0.000 
0.003 
0.345 
0.000 
0.001 

ISeq SS = sequential sums of squares, 2 Adj SS = adjusted sums of squares, 3 Adj MS = adjusted mean squares 

Table 4.5. ANDV A table showing the effects of. season (Test), different locations within 
the orchard (Tree), within trees (Location) and among shoots within locations (Shoot) and 
their interactions, on the population density of all filamentous fungal populations, 
recovered from apple leaves during the 199811999 season. 

Source DF Seq sst Adj SS2 Adj MS3 F P 
Test 1 1.9736xlOll 1.86lOxlOII 1.86lOxlOII 33.36 0.000 
Tree 3 1.3717x 1011 1.3120xlO11 4.3732xlO1O 7.84 0.000 
Location 6 6.9604xl01O 6.2421xlOlO 1.0403xlOIO 1.86 0.096 
Shoot 1 6.8119xlO9 6.8540xlO9 6.8540xlO9 1.23 0.271 
TestxTree 3 5.7161xlOlO 5.7298xlOlO 1.9099xl01O 3,42 0.021 
TestxLocation 6 4,4149xlOlO 4,4149xlOlO 7.3582xlO9 1.32 0.257 
Error 86 4. 7979x lOll 4.7979xlOJ I 5.5790x109 

Total 106 9.9205xlOJ 1 

ISeq SS = sequential sums of squares, 2 Adj SS = adjusted sums of squares, 3 Adj MS = adjusted mean squares 

Table 4.6. ANDV A table showing the effects season (Test), different locations within the 
orchard (Tree), within trees (Location) and among shoots within locations (Shoot) and 
their interactions, on the species richness of phyUoplane microorganism populations 
recovered from apple trees during the 1998/1999 season . 

. Source DF Seq sst Adj SS2 Adj MS3 

Test 1 51.523 39.343 39.343 
Tree 3 90.247 89,429 29.810 
Location 6 24.468 21.567 3.594 
Shoot 1 16.633 16.697 16.697 
Test*Tree 3 15.062 15.747 5.249 
Test*Location 6 40.304 40.304 6.717 
Error 86 316.922 316.922 3.685 
Total 106 555.159 

F 
10.68 
8.09 
0.98 
4.53 
1.42 
1.82 

p 
0.002 
0.000 
0.447 
0.036 
0.241 
0.104 

ISeq SS = sequential sums of squares, 2Adj SS = adjusted sums of squares, 3 Adj MS = adjusted mean squares 
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Appendix 5 Sample ANOVA tables for 

Chapter 3 

Table 5.1. ANDV A table showing the effects of season (Assessment), different orchard 
management types (M-type), and their interactions, on the population density of all 
bacterial phylloplane populations, recovered from nine different apple orchards during the 
1999/2000 season. 

Source DF Seq sst 
Assessment 3 12.6864 
M-type 3 2.5239 
Assessment*M-type 9 4.2125 
Error 56 45.4455 
Total 71 64.8683 

Adj SS2 
9.2092 
2.5239 
4.2125 

45.4455 

3.0697 
0.8413 
0.4681 
0.8115 

F 
3.78 
1.04 
0.58 

p 
0.015 
0.383 
0.810 

[Seq SS = sequential sums of squares, 2 Adj SS = adjusted sums of squares, j Adj MS = adjusted mean squares 

Table 5.2. AND V A table showing the effects of season (Assessment), conventional versus 
unconventional orchard management types (Conventional), and their interactions, on the 
population density of all bacterial phylloplane populations, recovered from nine different 
apple orchards during the 1999/2000 season. 

Source DF Seq sst Adj SS2 
Assessment 3 12.6864 10.4570 
Conventional 1 1.3640 1.3640 
Assessment*Conventional 3 0.5376 0.5376 
Error 64 50.2803 
Total 71 64.8683 

3.4857 
1.3640 
0.1792 

50.2803 

F 
4.44 
1.74 
0.23 

0.7856 

p 
0.007 
0.192 
0.877 

[ Seq SS = sequential sums of squares, 2 Adj SS = adjusted sums of squares, 3 Adj MS = adjusted mean squares 

Table 5.3. ANDV A table showing the effects of season (Assessment), sprayed versus 
unsprayed orchards (Sprayed), and their interactions, on the population density of all 
bacterial phylloplane populations, recovered from nine different apple orchards during the 
1999/2000 season. 

Source DF Seq sst 
Assessment 3 12.6864 
Sprayed 1 0.0014 
Assessment*Sprayed 3 0.7698 
Error 64 51.4107 
Total 71 64.8683 

Adj SS2 
3.9139 
0.0014 
0.7698 

51.4107 

1.3046 
0.0014 
0.2566 
0.8033 

F 
1.62 
0.00 
0.32 

p 
0.193 
0.967 
0.811 

[Seq SS = sequential sums of squares, 2 Adj SS = adjusted sums of squares, 3 Adj MS = adjusted mean squares 
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Table 6.1. Spray diaries of one orchard of each orchard management type, showing the 
trade name of the product, the date of application, the amount applied (or whether applied 
or not where exact amounts were not available). 

stems 
Date Product BIO·GRO 

11/08/1999 Kocide 70 g @ 1000 Uha 
20/08/1999 Lime sulphur 4L @ lOooUha 
30/0811999 Kocide 50 g @ 1000 Uha 

210911999 Bordeaux 2L 
9/0911999 Kocide 50 g @ 1000 Uha 

10/09/1999 Mobil superior 2L@ 2000Uha 
12/0911999 Dodine ./ 

1210911999 Bortrax ./ 

1210911999 Zintrac ./ 

14/09/1999 Dodine4oo 240 mL @ 666 Uha 
17/09/1999 Dodine4oo 240 mL @ 666 Uha I 

18/09/1999 Kocide 40 g @ 1000 Uha f· . 

18/0911999 Oil 1 L @ l000Uha 
~ 

18/09/1999 Foliafeed ./ 

24/09/1999 Dodine4oo 240 mL @ 666 Uha 
24/0911999 Nimrod 150 g @ 666 Uha 
24/0911999 Dodine 

211011999 Kocide 40 g @ 1000 Uha 
4/10/1999 Dodine4oo 240 mL @ 666 Uha 
4/10/1999 Nimrod 150 g @ 666 Uha 
6/10/1999 Stroby ./ 

6/10/1999 Systbane ./ 

12110/1999 Kocide 30 g @ 1000 Uha 
12110/1999 Foliafeed ./ 

12110/1999 Polyram df 450 g @ 666 Uha 
12110/1999 Systhane 40w 36 g @ 666Uha 
1211011999 Stroby ./ 

13/10/1999 ANA ./ 

13/10/1999 Regulaid ./ 
15/1011999 ANA 10 mL @ 2000 Uha 
15/10/1999 Regulaid 250 g @ 2000 Uha 
20/10/1999 Kocide 40g@ l000Uha 
20/10/1999 Biofeed ./ 

21110/1999 Stroby 30 g @ 666Uha 
21110/1999 Nimrod 150 g @ 666 Uha 
22110/1999 Stroby 
24/10/1999 Stroby 30 g @ 666Uha f -" ".,- ... -

25/10/1999 ANA 10 mL @ 2000 Uha 
25/10/1999 Regulaid 250 g @ 2000 Uha 
2611011999 Carbaryl flo ./ 

29/10/1999 Nimrod 150 g @ 666 Uha 
111111999 Delan ./ 

111111999 Pallitop ./ 

1111/1999 Stopit ./ 

111111999 Semiphos ./ 

411111999 Kocide 40 g @ 1000 Uha 
411111999 Biofeed ./ 

6/1111999 Delan ./ 

611111999 Systhane ./ 

6/11/1999 Stopit ./ 

8/1111999 Stroby 30 g @ 666Uha 
811111999 Systhane 36 g @666Uha 
9/1111999 Sevin flo 160 mL @ 2000 Uha 

133 



stems 
Date Product BIO·GRO 

15/1111999 Hydrated lime ./ 

17/11/1999 Mimic70w 26 g @ 666Uha ~~~~il~~:J{~~~i 17/11/1999 Delan 75 mL @ 666 Uha 
17/11/1999 Stopit 750 mL @ 666 Uha 
1911111999 Delan 
20/11/1999 Hydrated lime 
24/1111999 Syllit plus 240 mL @ 666 Uha 
24/1111999 Stopit 750 mL @ 666 Uha 
26/11/1999 Kumulus 150 g @ WOO Uha 
26/11/1999 Kocide 30 g @ 1000 Uha 
6/1211999 Syllit plus 240 mL @ 666 Uha 
6/12/1999 Stopit 750 mL @ 666 Uha 
8/1211999 Kocide 40 g @ 1000 Uha 
8/12/1999 Biofeed ./ 

11112/1999 Mimic.' ./ 

1111211999 Orthocide ./ 

11112/1999 Bayleton ./ 

17/12/1999 Mimic 70w 26 g @ 666Uha 
17/1211999 Mizar granflo 450 g @ 666 Uha 
17/1211999 Ca nitrate 1 kg@666Uha 
23/1211999 Peropal 100 g @ 2000 Uha 
24/12/1999 Kumulus 150 g @ 1000 Uha 
24/1211999 Kocide 30 g @ 1000 Uha 
28/1211999 Thuricide ./ 

29/12/1999 Dodine 400 240 g @ 666 Uha 
30/12/1999 Kocide 40 g @ 1000 Uha 
30/1211999 Biofeed ./ 
6/0112000 Mizar granuflo 450 g @ 666 Uha 
6/0112000 Ca nitrate 1 kg @666Uha 
9/0112000 Orthocide 

1210112000 Granulosis l00mL @ l000Uha 
13/0112000 Foliafeed 50L@ l000Uha 
17/0112000 Mizar granuflo 450 g @ 666 Uha 
17/0112000 Ca nitrate 1 kg @ 666 Uha 
17/0112000 Mimic70w 26 g @666Uha 
27/0112000 Foliafeed 50 L @ 1000 Uha 

',;-'.::'.':: ~ . - ," ~ : .. 

28/0112000 Mimic ./ 

28/0112000 Orthocide ./ 

28/0112000 CaCh ./ 
210212000 Mizar granflo 450 g @ 666 Uha 
2102/2000 Ca nitrate 1 kg@666Uha 

11102/2000 Foliafeed 50 L @ 1000 Uha 
15/0212000 Foliafeed 50L @ l000Uha 
18/0212000 Mimic 70w 26 g @666Uha 
18/02/2000 Syllit plus 240 g @ 666 Uha 
18/02/2000 Ca nitrate 1 kg @666Uha .. - ,'.".' .. ~ .. 

23/02/2000 CaCh ./ ".---.--

23/0212000 Orthocide ./ 

29/0212000 Foliafeed 50 L @ 1000 Uha 
.,-,".-,.,",.-.. -.-

12103/2000 Dodine 400 240 mL @ 666 Uha --",.',-.'--.-,",----

12103/2000 Mimic 70w 26 g @666Uha 
12103/2000 Orthocide ./ 

12103/2000 eaCh ./ 
14/03/2000 Foliafeed 50L@ l000Uha 
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Appendix 7 Spray/sampling schedule and f::;.::~·:;., .. c~." •. 

~-~~~~~~:~.~/- ~:~ 

rainfall data 

Table 7.1. Dates of treatment application, sampling and amount of rainfall for the 'Direct 
impact of fungicide' study, repeated at four different times during the 1999/2000 season. 

Test DAT Date Activit! Rain (nun) 
1 0 23/1111999 Sampled and sprayed 0.0 

1 2411111999 Sampled 4.7 
2 2511111999 0.0 
3 2611111999 Sample 0.0 
4 27/11/1999 5.7 
5 2811111999 1.7 
6 2911111999 0.0 
7 30/11/1999 SamQled 0.0 

2 0 17112/1999 Sampled and sprayed 0.0 
1 18112/1999 Sampled 0.0 
2 1911211999 0.0 
3 20112/1999 Sampled 0.0 
4 21112/1999 0.2 

: .. -,~.:.,--> ::~-:-
_4_" 

" ... -. -

5 22/1211999 3.7 
6 23/1211999 0.0 
7 24/12/1999 3.2 
8 25112/1999 0.2 
9 26112/1999 SamQled 0.0 

3 0 23/3/2000 Sampled and sprayed 0.0 
1 24/312000 Sampled 0.0 
2 25/312000 0.0 
3 26/3/2000 Sampled 0.0 

,. 

4 27/3/2000 0.0 
5 28/312000 0.0 
6 29/312000 0.0 ---- --- -='-" 

7 30/3/2000 SamQled 0.0 
4 0 18/4/2000 Sampled and sprayed 8.6 

1 19/412000 Not sampled due to adverse weather 15.5 
2 20/4/2000 4.5 
3 21/412000 Sampled 0.2 - .. , .... 

7 -. 'T. 0<. 

4 22/4/2000 1.0 
5 23/412000 4.9 
6 24/4/2000 5.0 
7 25/412000 SamQled 0.2 
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Appendix 8 Similarity indices for the direct 

impact of fungicides study 

Table 8.1. Index of similarity (after Sorensen) relative to the water control of species 
richness of microorganism populations recovered from apple leaves at three different times 
after treatment (DAT) with a range of fungicides applied at different dates recovered from 
apple leaves during the 199912000 season. 

Ca~tan 23111/1999 17/12/1999 23/03/2000 18/04/2000* 
1DAT ' 0.73 0.85 0.77 
3DAT 0.74 0.75 0.75 0.73 
7DAT 0.78 0.82 0.75 0.66 

Co~~er 23/1111999 17/1211999 23103/2000 18/04/2000* 
1DAT 0.74 0.88 0.66 
3DAT 0.74 0.79 0.71 0.69 
7DAT 0.62 0.77 0.68 0.73 

Dodine 23/1111999 17/12/1999 . 23/03/2000 18/04/2000* 
1DAT 0.64 0.78 0.79 
3DAT 0.61 0.75 0.58 0.63 
7DAT 0.71 0.79 0.83 0.78 

Fish Fertilizer 23/1111999 17/12/1999 23/03/2000 18/04/2000* 
1DAT 0.81 0.79 0.75 
3DAT 0.68 0.83 0.65 0.67 
7DAT 0.82 0.79 0.79 Q.65 

MIclobutanii 23/11/1999 17/1211999 23103/2000 18/04/2000* 
1DAT 0.69 0.88 0.76 
3DAT 0.77 0.76 0.75 0.67 
7DAT 0.78 0.79 0.68 0.63 

Sul~hur 23/1111999 17/12/1999 23/03/2000 18/04/2000* 
1DAT 0.68 0.75 0.64 
3DAT 0.78 0.71 0.67 0.69 
7DAT 0.80 0.74 0.82 0.67 
* No data available for IDAT at 18/04/2000. 
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