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ABSTRACT 

 

In Kenya, macadamia (Macadamia integrifolia Maiden and Betche and Macadamia 

tetraphylla L.A.S. Johnson) is grown mainly for export by over 100,000 small scale and 

500 large-scale growers.  However, slow decline is a major production constraint.  

While decline may be caused by other factors such as soil and water management in the 

orchard, root rots and trunk cankers have been associated with macadamia decline in 

Kenya and in other countries such as Australia, California and Hawaii.  The two diseases 

are caused by the soil borne pathogen Phytophthora cinnamomi Rands.  The objective of 

this study was to determine the ecology, distribution and population structure of P. 

cinnamomi in macadamia growing areas of Kenya. 

 

Surveys were carried out in macadamia growing areas of Kenya between December 

2005 and April 2006.  To capture data on macadamia production practices, 

questionnaires were administered by face-to-face interviews with farmers.  Field 

sampling of macadamia trees was done to assess incidence and severity of the two 

diseases.  Phytophthora cinnamomi was recovered from soil samples by baiting and 

from plant tissues by plating on Phytophthora selective medium.  Green apples (Malus 

domestica × M. sylvestis) cultivar Granny Smith were used to separate Phytophthora 

from other co-isolated species such as Pythium.  Root rots and trunk cankers were 

recorded in 85 % of the farms sampled.  There were significant (P=0.05) differences in 



 xxiii

disease incidence and severity between the sampled districts.  Phytophthora cinnamomi 

had a wide distribution in all the macadamia growing areas.  Three P. cinnamomi 

populations, the A1, A2 and homothallic types were recovered from macadamia tree 

rhizospheres, stems and roots.  This led to the conclusion that P. cinnamomi has a sexual 

reproduction in macadamia disease situations in Kenya.  Sexual oospores are formed 

when compatible gametangia of different mating types of a heterothallic species cross, 

however, self crossing gametangia form oospores in homothallic species.  Oospores 

survive for long in soil as dormant propagules and depending on their ability to 

germinate in the presence of a susceptible host, can have an implication on use of crop 

rotation as a disease management strategy.  

 

The three P. cinnamomi populations were examined for their phenotypic variation by 

studying their macro and micro-morphological phenotypes. The macro-morphological 

phenotypes studied were, colony morphology and growth rate at 20, 24 and 28 °C on 

PDA, pathogenicity, virulence and capacity to kill macadamia seedlings.  The micro-

morphological phenotypes examined were sporangia formation, morphology and 

dimensions.  Isolates differed significantly (P=0.05) in growth rate and colony 

morphology that differed at different temperatures.  The homothallic isolates were the 

fastest growing.  There was no significant (P=0.05) difference between isolate sub-

population and pathogenicity but there was significant difference in virulence.  The 

homothallic isolates were the most virulent.  More than 50 % of the test isolates killed 

macadamia seedlings 53 days after inoculation.  There were no significant (P=0.05) 
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differences in sporangia dimensions among the isolates.  These findings of large 

phenotypic variations among isolates have important disease management implications.  

 

 Six fungicide formulations and a bio-control product recommended for management of 

Phytophthora diseases were evaluated for their in vitro growth inhibition of seven 

virulent P. cinnamomi isolates.  All the isolates were sensitive to the fungicides and the 

bio- control agent with in vitro growth inhibition ranging from 40.3 to 98.2 %.  It was 

recommended that depending on the mode of action, these fungicides and the bio-control 

agent should further be evaluated for their use in integrated management of root rots and 

stem canker of macadamia as root dip, soil drench, trunk injections, foliar spray or 

wound treatments.  

 

Macadamia cultivars were evaluated for their response to P. cinnamomi by use of the 

leaf and stem inoculation techniques.  Results of leaf infection percentage and lesion 

extension were similar through out the experiments.  Using the two parameters, 

variability of macadamia varieties in their susceptibility to P. cinnamomi was apparently 

clear.  The stem inoculation results had a similar trend.  Results showed that M. 

tetraphylla and MRG-20 were the least susceptible to P. cinnamomi infections.  These 

two should be evaluated for use as rootstocks in macadamia propagation as an effective 

way of managing root rots. 

 



 xxv

To confirm the accuracy of conventional methods for isolating and identification of P. 

cinnamomi, DNA based methods were used.  Pathogenic P. cinnamomi isolates had the 

region of the ribosomal repeat from the 3' end of 18S gene (through ITS1, the 5.8S gene 

and ITS2) to the 5' end of the 28S gene defined by oligonucleotide primers.  Isolates 

were characterized by conducting the polymerase chain reaction restriction fragment 

length polymorphism (PCR-RFLP) analysis.  Amplicons were subjected to three 

different restriction enzymes, Msp1, Rsa1, and Taq1 to obtain diagnostic 

deoxyribonucleic acid (DNA) fingerprints.  The DNA sequence data was aligned for 

species identification on GenBank® database.  This study identified for the first time, 

presence of Pythium vexans in diseased macadamia trees in Kenya.  The role of P. 

vexans as a primary pathogen, predisposing organism, opportunistic pathogen or non-

pathogen in macadamia is unknown.  There is need to establish this considering that 

presence of P. vexans and other Pythium spp in macadamia nursery growth media could 

have a big impact on spread of root rots and trunk cankers of macadamia. 
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CHAPTER 1 

1.0  GENERAL INTRODUCTION  

 
1.1  Introduction 

 

Root rots and trunk cankers have been associated with macadamia tree decline in Kenya 

(Sikinyi et al., 1993) and in other countries such as South Africa (Manicomb, 2003), 

Australia (Rosengerten, 2004), Hawaii (Ko, 2009) and California (Zentmyer, 1980).  In 

Kenya, up to 60 % yield losses have been attributed to the two diseases (Muthoka et al., 

2005).  When infection occurs through the fine feeder roots, root rots develop while 

trunk cankers develop when infection occurs through wounded trunks of mature trees.  

Infected trees die in three to five years depending on management of the orchard.  The 

two diseases are caused by the soil borne pathogen Phytophthora cinnamomi that has a 

global distribution and a host range of over 3000 tree and crop species (Hardham 2005).  

Phytophthora cinnamomi is heterothallic with the A1 and A2 mating types crossing to 

form oospores but some homothallic isolates forming gametangia on the same thallus 

exist (Old et al., 1988).  Oospores survive for long in soil rendering crop rotation to 

control disease ineffective.  Currently there is no recommended strategy for management 

of root rots and trunk cankers of macadamia in Kenya.  As a pre-requisite to 

development of effective disease management strategies, there is, need to determine the 

distribution of the pathogen in different macadamia growing areas of the country.  A 

disease survey was carried out to determine the distribution and population structure of 
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P. cinnamomi in macadamia growing areas of Kenya between December 2005 and April 

2006. 

 

Phytophthora cinnamomi is normally isolated from soil by baiting and from diseased 

plant parts by plating on selective artificial media (Jeffers and Aldwinckle, 1987).  

Morphological identification is based on presence of distinguishing features such as 

coralloid hyphae, prominent hyphal swellings and growth rate on artificial media at 

different temperatures.  There are numerous reports on macro and micro morphological 

variations among P. cinnamomi isolates (Dudzinski et al., 1993).  Isolates also vary 

widely in pathogenicity and virulence both unrelated to mating type.  Phenotypic 

variation including macro and micro morphological and pathogenicity characters among 

three P. cinnamomi populations occurring on macadamia in Kenya was determined.  It 

was expected that the knowledge generated would form a basis for development of 

integrated management of root rots and trunk cankers of macadamia in Kenya. 

 

Many chemical fungicides do not control Pythiaceous oomycetes as they are not reliant 

on sterol synthesis, which is inhibited by these chemicals in true fungal pathogens 

(Bartinicki-Garcia and Wang, 1983).  Despite this, a number of classes of compounds 

inhibit Phytophthora growth and plant infection (Erwin and Ribeiro, 1996).  

Phenylamides such as metalaxyl and phosphanates such as Fosetyl-Aluminium are the 

most effective in the management of P. cinnamomi induced diseases and are used in the 

management of macadamia root rot and trunk cankers as foliar sprays, soil drenches and 
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trunk injections in Australia and South Africa (Hardy et al., 2001b; Serfontein et al., 

2007b).  Although several chemical fungicide formulations are recommended for 

management of Phytophthora diseases in the horticulture industry in Kenya, their 

potential efficacy in the management of macadamia root rot and trunk cankers has not 

been established.  Six chemical fungicide formulations recommended for management 

of Phytophthora diseases in horticultural crops were evaluated for their in vitro growth 

inhibition of Kenyan P. cinnamomi isolates.  It was expected that effective ones would 

be included in the integrated management of macadamia root rots and trunk cankers. 

 

Due to development of pest resistance to chemical fungicides and the impact on the 

environment, biological control may offer resilient solution to disease management.  

Many bio-control agents including Trichoderma spp have been tested and recommended 

for management of root rot diseases in horticultural crops in Kenya (Otieno et al., 2003).  

However, no such recommendations are available for macadamia root rots and trunk 

cankers.  A Trichoderma herzianum based product Rootgard® was evaluated for its in 

vitro growth inhibition effect on P. cinnamomi isolates along with the chemical 

fungicides.  It was expected that the findings of the study would form a basis for 

inclusion of the bio-control agent in the integrated management of macadamia root rots 

and trunk cankers.   

 

One of the most important aspects of integrated management of Phytophthora root rots 

is the use of plant resistance (von Broembsen, 1986).  Zentmyer et al. (1984) reported 
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variability of macadamia genotypes to P. cinnamomi infection in Hawaii.  Mbaka et al. 

(2009) reported variation in incidence of root rots and trunk cankers among macadamia 

varieties in Kenya.  This led to the suggestion that the use of resistant rootstocks is a 

promising integrated disease management option in macadamia.  Techniques for 

screening genotypes for resistance should be quick, reliable and cost effective.  Stem 

inoculations are preferred to root or soil inoculations, as they provide a convenient and 

consistent mean of evaluating large numbers of hosts and isolates.  Furthermore, roots 

often have large irregularities in morphology (Tippet at al., 1985).  For a tree crop like 

macadamia that takes three to four months to reach a size suitable for experimentation, 

detached leaf inoculations could be used if they compared well with stem inoculations 

and were reliable.  The stem and leaf inoculation techniques were used to determine the 

resistance of macadamia species to P. cinnamomi.  Macadamia cultivars found to be 

resistant would be recommended as rootstocks as an option for integrated management 

of root rots in macadamia.  

 

Conventional diagnostic tests based on isolating Phytophthora from diseased plant tissue 

using culture media have not been sufficient in species identification (Drenth and 

Sendall, 2004).  The limited number of evolutionarily relevant morphological characters 

available and the difficulties with inducing the production of informative structures in 

axenic culture may give rise to mis-identification of many Phytophthora species 

(Hüberli et al., 2000).  Moreover, some Pythium species are insensitive to hymexazol 

and grow in Phytophthora selective medium thus making recovery of Phytophthora 
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species difficult (Jeffers and Aldiwinckle, 1997).  The green apple (Malus domestica) 

pathogenicity test is used to separate Phytophthora from co-isolated Pythium species 

with some degree of accuracy (Serfontein et al., 2007a).  Molecular tools used in 

phylogenetic studies of oomyctes have included analysis of large and small subunit 

ribosomal RNA genes (rRNA) and mitochondrial DNA (Föster et al., 1990; Föster and 

Coffey, 1993) and sequence analysis of the internal subscribed spacer (ITS) regions of 

the rRNA genes (Föster et al., 2000).  Intra specific variation is assessed using the 

restriction fragment length polymorphism (RFLP) in the mitochondrial DNA.  

Deoxyribonucleic acid based methods were used to verify the accuracy of the 

morphological tools and the apple test for identification of pathogens associated with 

root rots and trunk cankers of macadamia in Kenya.  It was expected that if confirmed 

accurate, the tests would be used for identification of P. cinnamomi with certainty 

especially by researchers in resource poor areas who may not afford molecular 

identification regularly. 

 

1.2  Justification of the study 

Macadamia in Kenya is mainly grown by resource poor small scale growers.  The 

country has three established nut processing factories in Muranga, Thika and Embu 

districts.  Of the produced macadamia nuts, 83 % is exported to Japan, U.S.A., Europe 

and China.  The industry has potential to improve rural livelihoods of macadamia 

growers.  However, slow decline partly caused by root rot and trunk cankers caused by 

the oomycete soil borne pathogen Phytophthora cinnamomi is a major macadamia 
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production constraint in Kenya.  Yield losses of up to 60 % are attributed to the slow 

decline of macadamia trees (Muthoka et al., 2005).  

 

Currently, there is no recommended strategy for management of macadamia root rot and 

trunk cankers in Kenya.  As a pre-requisite to development of strategies for management 

of macadamia root rots and trunk cankers, there is, need to establish the distribution of 

the causal organism in macadamia growing areas of the country.  Since phenotypic 

variation of a pathogen has implications on disease management, there is need to 

determine the population structure of the Kenyan P. cinnamomi isolates.   

 

Chemical fungicides recommended for management of Phytophthora diseases in 

horticultural crops may be effective in the management of macadamia root rots and 

trunk cankers.  However, their efficacy in the management of the two diseases needs to 

be established.  Trichoderma species are reported to control several soil borne diseases 

in Kenya.  Their efficacy in control of P. cinnamomi induced root rots and trunk cankers 

of macadamia needs to be established. This will form a basis for their inclusion in 

integrated management of the two diseases.   

 

Variability of macadamia genotypes to P. cinnamomi infection suggests that the use of 

resistant rootstocks is a promising strategy in the management of root rots in 

macadamia.  Macadamia cultivars need to be screened for their susceptibility to P. 
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cinnamomi infections.  Resistant cultivars can possibly be recommended as rootstocks to 

be used in macadamia propagation  

 

Accurate diagnosis and identification of the causal organism are pre-requisites to 

development of effective disease management strategies.  Although conventional 

methods for isolation and identification of P. cinnamomi are accurate, there is danger of 

isolating pathogenic and non pathogenic P. cinnamomi from the soil.  While the green 

apple pathogenicity test is effective in separating pathogenic from non pathogenic P. 

cinnamomi, some Pythium species with similar morphological features also grow on 

Phytophthora selective media and are thus co-isolated.  Molecular tools should be used 

to confirm morphological identification of P. cinnamomi.  

 

1.4  Hypothesis 

1. Macadamia slow decline in Kenya partly due to root rots and trunk cankers is 

caused by P. cinnamomi.  

2. Phytophthora cinnamomi has a wide distribution in macadamia growing areas of 

Kenya 

3. There is more than one population of P. cinnamomi associated with root rots and 

trunk cankers of macadamia in Kenya 

4. Kenyan isolates of P. cinnamomi are sensitive to fungicides and bio-control 

agents currently recommended for management of Phytophthora diseases in the 

country’s horticulture industry. 
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5. Macadamia cultivars react differently to P. cinnamomi infections. 

 

 
1.5  Overall objective  

The overall objective was to determine the distribution, population structure and ecology 

of Phytopthora cinnamomi in macadamia growing areas of Kenya. 

1.5.1  Specific Objectives 

1. To determine the distribution of Phytophthora cinnamomi in macadamia growing 

areas of Kenya 

2. To determine the phenotypic variation among populations of P. cinnamomi 

associated with root rots and trunk  cankers of macadamia in Kenya 

3. To determine the in vitro inhibition of the identified morphological phenotypes 

by selected fungicide formulations and one bio-control agent. 

4. To determine the reaction of different macadamia cultivars to P. cinnamomi 

inoculation. 

5. To determine the genetic diversity of the Kenyan P. cinnamomi isolates by 

determination of mating types, and DNA based methods. 
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CHAPTER 2 

2.0  LITERATURE REVIEW 

 
2.1  Botany and economic importance of Macadamia  

The Macadamia genus belongs to the family Proteaceae.  The trees are evergreen, 

growing up to 20 m high and 15 m wide (Plate 2.1).  The bark is rough but even, brown 

and dark red when cut.  The trees have proteioid roots, dense clusters of short lateral 

rootlets in well defined rows around the parent root axis (Duke, 1989).   The primary 

function of such roots appears to be increasing the surface area of the root system for 

maximum absorption.  The vigour of seedlings appears to be related to the degree of 

proteoid root development (Page, 1984). 

 

 

 

 

 

 

 

 
Plate 2. 1:  A mature macadamia tree 
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Of the ten species in the genus, two species, Macadamia integrifolia (smooth shelled) 

and Macadamia tetraphylla (rough shelled) are cultivated for their edible nuts 

(McHargue, 1996).  Common names include Macadamia, Macadamia nut, Queensland 

nut, Bush nut, Maroochi nut, Queen of Nuts (Duke, 1989).  The mature fruit consists of 

a cream white seed (kernel or nut) enclosed in a hard brownish seed coat (shell) which is 

then enclosed in a green or grayish green pericarp (husk) (Bittenbender and Hirae 1990; 

Yokohama et al., 1990). 

The macadamia tree is usually propagated by grafting, and does not begin to produce 

commercial quantities of nuts until it is 7–10 years old, but once established, may 

continue bearing for over 100 years (Nagao and Hirae, 1992).  Macadamias prefer 

fertile, well-drained soils, a rainfall of 1,000–2,000 mm, and temperatures not falling 

below 10 °C (although once established they can withstand light frosts), with an 

optimum temperature of 25 °C, roughly the same climate suitable for growing coffee 

(Hamilton and Fukunaga, 1959; O’Hare et al., 2004). 

Macadamia nuts are of great economic importance and considered by many to be the 

prime edible nut.  The kernel can be eaten raw or roasted (Duke, 1989), or is used as a 

desert, and in the confectionary industry, making chocolates and biscuits (Sato and 

Waithaka, 1996; Yokohama et al., 1990).  Macadamia nuts are 75 % fat by weight, 80 % 

of which is mono-saturated fatty acids (Hiraoka-Yamamoto et al., 1994).  These fatty 

acids have a high percentage of palmitoleic that lowers blood cholesterol levels to 

reduce the cardiovascular disease risk factor (Amy et al., 2008; Curb et al., 2000; 
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Mattham et al., 2009; Nestel et al., 1994).  The oil extracted from macadamia nuts is 

similar in composition to olive oil (Cavaletto, 1980).  The high content of palmitoleic 

acid in the oil also makes a desirable ingredient in cosmetics especially skincare 

products (Schmidt, 1994).  The seed cake remaining after oil extraction contains 8.1 % 

moisture, 12.6 % oil, 2.6 % crude fibre, 33.4 % crude protein and 43.3 % free Nitrogen 

extract (Mueller, 1957).  This seed cake is used as a constituent of livestock feed 

(Woodroof, 1967).  Both shell and husk are good sources of fuel (Jenkins and Ebeling, 

1985) and can be used for mulching or composted for use as fertilizer.  Rumsey (1927) 

also recommended the tree for timber and as an ornamental.  According to Saleeb et al. 

(1973), nuts of M. integrifolia and M. tetraphylla are equal in oil content with an iodine 

content of 75.4 and 71.4 % respectively. In  100 g, the nut is reported to contain 691 

calories, 3.0-3.1 g of water, 7.8-8.7 g protein, 71.4 -71.6 g fat, 15.1-15.9  g  total 

carbohydrates, 2.5 g fibre, 1.7 g ash, 48 mg calcium, 161 mg Phosphorous, 20 mg Iron  

and 264 mg Potassium.  

 

Macadamia is mainly grown in Australia, Hawaii, South Africa, Kenya, Guatemala, 

Malawi, Brazil, Zimbabwe and Costa Rica listed in decreasing order of level of 

production (Table2.1.).  New Zealand, Mexico, Jamaica, Fiji, Argentina, Venezuela and 

Tanzania cultivate macadamia on a small scale (Wasilwa et al., 1999). 
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Table 2.1.  Macadamia production in major macadamia growing  
 countries in 2006 and 2007. 

Country           Tons (in shell nuts) 
2006             2007 

Australia 42000             39700 
Hawaii 22000                20000 
South Africa 17230              19230 
Kenya 11400              11100 
Guatemala 7000               8300 
Malawi 4230               7110 
Brazil 3125               3750 
Zimbabwe 800               770 
Costa Rica 500               500 
Others 2200               2500 
Total 108285               110460 

Adapted from Wilkie, 2008 

 

The high market value of macadamia nuts and the need to diversify sources of 

agricultural income especially in the developing countries has led to increased plantings 

and production (Serfontein et al., 2007a; Wilkie, 2008).  In Kenya, macadamia trees are 

often intercropped with other commodities such as coffee, bananas and vegetable crops 

(Wasilwa et al., 1999). 

 

2.2  History and cultivation of macadamia in Kenya 

Macadamia was first introduced to Kenya from New South Wales, Australia in 1944 

(CABI, 2005).  However, it was not until 1964 that the first commercial plantings of M. 

integrifolia and M. tetraphylla were established (Wasilwa et al., 1999).  Over one 

million seedlings were planted on about 3,000 hectares of scattered small farms in the 

central, eastern and western highlands of the country.  By 1974, 800,000 ungrafted 
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seedlings had been distributed to farmers in Central and Eastern provinces (Harris, 2004; 

Waithaka, 2001).  The seed propagated trees had variation in yield and quality of nuts.  

Most trees produced 5-10 kg/tree/season and kernels had less than 70 % oil content, 

which was considered low quality for processing (Ondabu, et al., 1996).  Varieties 

adapted to various agro-ecological zones were lacking (Kiuru et al., 2004).  In 1977, 300 

superior macadamia trees (in terms of yield and quality) were identified among 

macadamia trees planted in the later part of the 1960s.  Out of these, scions were 

obtained from 30 most promising trees in farmers’ fields and grafted clones were planted 

at the National Horticultural Research Centre (NHRC, Thika) of the Kenya Agricultural 

Research Institute (KARI), for detailed observations on yield, nut and kernel 

characteristics. 

 

Quality of nuts is accepted as the first criterion for selection of improved macadamia 

cultivars.  First grade kernels contain over 72 % oil.  Oil content is determined by 

specific gravity using dried kernels of below 2 % moisture content.  First grade kernels 

readily float in tap water.  Kernels that contain 72 % or below sink in tap water but float 

or sink in 1.025 specific gravity brine solution and are second or third grade 

respectively.  Such nuts are usually immature and harder and they become over brown 

when roasted (Yokohama et al., 1990).  Kernel recovery ratio, expressed as a percentage 

of recovered kernels’ weight to the total in-shell nut weight, should be over 32 % while 

the weight of kernel should range between 1.55-3.14 g.  First grade kernel ratio 

expressed as a percentage of nuts that float in tap water to the total weight of recovered 
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kernels should be over 90 % (Nissen and Williams, 1980).  Yield, expressed as the 

number of kilograms per tree per year should be between 50 and 90 kg if the tree is 

growing under highly suitable conditions or 40 kg under moderate conditions (Ondabu 

et al., 1996).  Based on the factors mentioned above, seven promising cultivars were 

selected from the 30 trees with a yield potential of between 50-80 kg/tree/year, a 10 fold 

increase from average yield of 5 – 10 kg obtained previously by farmers.  Nut and kernel 

characteristics were also improved to ideal ranges of kernel recovery ratio (31.5 to 40 %) 

and weight (1.9 to 2.5 g).  These varieties were recommended for commercial planting 

in the late 1980s (Table 2.2.). 

Table 2.2. Performance of 7 macadamia varieties recommended for commercial 
planting in Kenya in the late 1980s. 

Variety  Species Yield* 
 

Kernel 
recovery 
ratio 

Kernel 
weight (g) 

1st Grade 
ratio 

KRG-15 M.integrifolia 80.0 39.3 2.53 92.0 
EMB-1 M.integrifolia 70.0 33.5 1.99 95.5 
MRG-20 M.integrifolia 55.0 32.6 2.24 95.8 
KMB-3 M.integrifoliaxM.tetra

phylla hybrid 
60.0 34.8 1.90 94.3 

KRG-1 M.integrifolia 50.0 29.6 2.20 72.7 
KRG-3 M.integrifolia 50.0 31.7 2.30 90.0 
KRG-4 M.integrifolia 65.0 32.8 2.10 56.7 
* Kg per tree per season in 15 year old trees. Source: Hirama et al., 1987 

Data on yield was obtained from original mother trees in farmers’ fields where they 

were best adapted while data on nut and kernel characteristics was taken from grafted 

clones at KARI-Thika.  Further agronomic observations revealed that some macadamia 

cultivars were adapted to different agro-ecological zones and were recommended 

accordingly (Table 2.3.).  Only three varieties KRG-15, EMB-1, MRG-20 were 
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permanently recommended for the three agro-ecological zones, sunflower-maize zone, 

and marginal and main coffee zones.  One variety (KMB-3) adapted to high altitudes of 

1750 - 1870 m above sea level (coffee tea zone), was identified and recommended 

(Kiuru et al., 2004; Tominaga and Nyaga, 1997).  

Table 2.3.  Macadamia varieties recommended for 4 agro-ecological zones of Kenya. 
Agro-
ecological 
zone 

Altitude 
(m) 

Mean 
Temp. 
(°C) 

Rainfall 
(mm) 

Recommended 

Sunflower-
Maize 

1280-1400 19.5-20.7 800-900 KRG-15,EMB-1, 
MRG-20 

Marginal 
coffee 

1400-1550 19.0-20.9 900-1200 KRG-15,EMB-1, 
MRG-20 

Main 
Coffee 

1550-1750 18.5-20.0 1200-1400 KRG-15, EMB-1, 
MRG-20, KMB-3 

Coffee-Tea 1750-1870 17.5-19.0 1400-1600 KMB-3 
Modified from Ondabu et al., (1996); Tominaga and Nyaga (1997); Wasilwa et al. 
(1999) adopted from Gitonga et al., 2009. 
 

Macadamia is preferentially (> 75 %) out crossing (Sedgley et al., 1990).  To produce 

true to type planting material, scion from selected parents is grafted on rootstocks grown 

from seed (Stephenson, 1983).  Grafting methods were evaluated in Kenya between 

1985 and 1997 (Wasilwa et al., 1999).  Three methods namely (a) Top wedge (90 -100 

% successful takes), (b) Splice wedge and (c) Side wedge ((70-100 % successful) were 

fine tuned and used for mass propagation of planting material of selected superior 

macadamia varieties.  Using these methods, seedlings are produced in 1.5 to 2 years 

(Gitonga et al., 2002; Nyakundi and Gitonga, 1993).  Grafted seedlings bear in 3-5 years 

compared to 7-10 years for the ungrafted.  Grafting also contributed to dwarfing of trees 

from 15-20 m to less than 10 m.  Average yields were increased from 5 and 10 kg to 
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between 50 and 80 kg per tree per season.  This translates to an annual production of 

between 100 and 160 kg per tree.  Nut quality was improved by increasing the oil 

content to over 72 % (Ondabu, et al., 1996) through propagation and distribution of 

superior macadamia varieties. 

 

Selection of superior clones and development of vegetative propagation techniques and 

other agronomic packages has resulted into economic gain and importance of 

macadamia in Kenya.  Currently, in Kenya, macadamia is a growing agro-processing 

industry that targets niche markets in Europe, America, Japan and China (Wilkie, 2008).  

The area under macadamia has increased from 469 ha in 1989 to an estimated 8000 ha in 

2003 (Kiuru et al., 2004; Onsongo, 2003).  Macadamia has since become the most 

important nut crop in Kenya, with an annual production of about 11,000 metric tons 

(Wilkie, 2008).  Being a low-input crop, macadamia is grown by over 100,000 small-

scale farmers for income and livelihood (Waithaka, 2001).  Further, macadamia can be 

grown as an intercrop with other cash and food crops (CABI, 2005; Onsongo, 2003).  

Small-scale farmers produce about 70 % of total production while 30 % is produced by 

about 500 large-scale growers with at least 1000 trees each (Muhara, 2004).  Kenya 

exports 93 % of its total production to Japan, Hong Kong, Germany, USA, Canada and 

Switzerland (processed) and China, East Asia and India (unprocessed) while domestic 

market consumption is estimated at 50 tons of kernel annually (Muhara, 2004).  
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2.3  Insect pests of macadamia  

 

Two major insect pests attack macadamia nuts, the macadamia stinkbug (Nezara 

viridula (L), and the false codling moth commonly called the macadamia nut borer 

(Cryptophlebia leucotreta Meyr).  The macadamia stink bug feeds on the kernels 

(Golden et al., 2006; Ironside, 1981; Jones and Caprio, 1994).  This feeding causes 

extensive flower and fruit drop of small macadamia fruits and sunken lesions on kernels 

of mature nuts (van de Berg, 1995).  Infected kernels generally become spongy with or 

without brown pith-like depressions due to secondary fungal infections.  Such kernels 

become shrivelled, soft, and inedible and acquire a translucent appearance unlike the 

normal white appearance.  Damage is severe in areas lower than 1600m above sea level.  

In large orchards and under higher temperature conditions, the damage by macadamia 

stinkbug can be as high as 90 % if uncontrolled (Wright, 2006).   

 

The false codling  moths lay their eggs on the nut and immediately after hatching; the 

larvae eat and bore their way into the green husk and the shell, sometimes penetrating 

the latter and destroying the kernel (de Villiers, 1993a).  In low altitude areas up to 1500 

m, the damage on the kernel is one to two percent and in higher altitudes (above 1700 

m), it is five to seven percent (Golden et al., 2006).  The two insect pests are effectively 

controlled by cultural control methods such as burning of husks immediately after de-

husking and burning of trash under the trees to produce smoke that repels the insects.  

Minor insect pests are thrips (Heliothrips haemorrhoides (Bouche), weevils, 
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(Phoromilus largus and Nematocerus spp) and termites (Macrotenus spp) (Ironside, 

1981). 

 

2.4  Diseases of Macadamia  

Several fungal diseases attack macadamia but most are of minor importance.  The major 

problem seen on macadamia leaves is a chlorosis, which is common in soils with pH 

greater than 6.5 or those that are over- fertilized with phosphorous (Bittenbender and 

Hirae, 1990).  Zinc deficiencies can be a problem, the symptoms being small, yellowish 

or slightly molted leaves, which are bunched together, crop retardation and poor shoot 

growth.   

 
Macadamia husk spot 
 
This disease is caused by the fungus Pseudocercospora macadamiae (Drenth, 2007).  

Husk spots begin as yellow flecks and enlarge to three to six millimetres before turning 

brown in the centre.  Under moist conditions, spots produce a grey velvety carpet of 

spores.  The fungus does not affect the shell and kernel.  Infected nuts may drop from 

the tree prematurely up to six weeks before maturity.  These nuts are usually very 

immature, of low oil content and unsuitable for processing (Drenth, 2007; Meyers, 1992; 

Miles et al., 2009; Stephenson et al., 2003).  Macadamia husk spot was observed in 

isolated pockets in Eastern and Central Kenya (Sikinyi, 1993). 
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Raceme Blight 

Raceme blight is caused by the fungi Botrytis cinerea and Cladosporium 

cladosporioides (Bittenbender et al., 1998; Hunter and Kunimoto, 1973; van de Berg et 

al., 2008).  The fungi attack the young racemes and the flowers of the macadamia.  This 

causes flower abortion hence a reduction in the ultimate yield of the nuts.  Macadamia 

flower blight was reported in Central province of Kenya (Sikinyi, 1993).  Flowers are 

susceptible until nuts set.  The disease is more severe in older orchards or in situations of 

high-density plantings where trees are shaded (Sikinyi, 1993).  

 
Phytophthora Blight 
 
Phytophthora blight is characterized by blighting of immature racemes and nuts.  The 

disease is caused by the fungus Phytophthora nicotianae var parasitica, later changed to 

Phytophthora capsici (Hunter et al., 1971; Kunimoto et al., 1975).  Macadamia racemes 

are susceptible to Phytophthora blight at all stages of development.  Infection occurs 

first on the husk of the nut causing a brownish black discoloration.  If infection occurs 

before the hard nut shell is formed i.e. before 3 to 4 inches the fungus rapidly penetrates 

and destroys the kernel.  Mature nuts are only slightly affected.  Diseased nuts fall from 

the branches a few days after infection.  Leaves are not affected.  This disease can be 

serious during the rainy season (Drenth et al., 2007). 

 

2.4.1  Macadamia root rot and trunk canker 

Several pathogens have been reported to cause root rots and trunk cankers in macadamia 

in different countries.  Dieback and gradual decline of macadamia trees associated with 
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root rots caused by Kretzschmaria clavus (Fr.) Sacc. (Ko, 2009; Kunimoto and Maedo, 

1977) and Ganoderma lucidum (W.Curt. ex Fr.) Karst. (Ann and Ko, 1988) were 

reported in Hawaii.  Later on, a quick decline whose first sign was a change in canopy 

colour from dark to light green followed by appearance of some yellow and light brown 

leaves with the affected tree dying in two to three months was reported to be caused by 

Xylaria arbuscula (Ko and Kunimoto, 1991).  Still in Hawaii, Phytophthora capsici was 

isolated from 67 % of macadamia trees with quick decline symptoms and bleeding 

(gummosis) from the trunks of infected trees (Ko and Kunimoto, 1994).  Fitzel (1994) 

reported Botryosphaeria ribis Grossenb. & Duggar as the causal agent of macadamia 

trunk canker in Australia.  In Taiwan, Tubercularia lateritia (Berk) was reported as a 

causal agent of macadamia trunk canker (Akinsanmi and Drenth, 2006). 

 

Phytophthora cinnamomi was reported as the causal agent of macadamia root rots and 

trunk cankers of macadamia in Australia, California, Hawaii, Australia (Hine, 1961; 

Kliejunes and Ko 1976; Ko and Kunimoto, 1976; Ko, 2009; Rosengarten, 2004; 

Zentmyer, 1961; 1979; 1980), South Africa (Linde et al., 1997; Manicomb, 2003), and 

Kenya (Mbaka et al., 2009; Sikinyi, 1993).  Trunk cankers develop on mature 

macadamia trees near or several metres above the soil line.  Infected areas exude a dark 

resinous material and become cracked or irregularly flattened due to death of cambium 

(Janick and Paull, 2008; Schroth et al., 2000).  Infection through the fine feeder roots 

leads to root rot resulting in die back, chlorosis and new branches fail to develop.  
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Infected trees die in three or more years depending on the soil nutrient and moisture 

balance (Benson and von Broembsen, 2001). 

 

2.5  The genus Phytophthora 

 

The genus is placed in the Kingdom, Stramenopila, and Phylum Oomycota.  The 

oomycetes were once classified as fungi because of their filamentous growth and 

because they feed on decaying matter like fungi (Erwin and Ribeiro, 1996).  The cell 

wall of oomycetes, however, is not composed of chitin as in the true fungi but is made 

up of a mix of cellulosic compounds and glycan (Martin and Tooley, 2003; Money et 

al., 2004).  The genus Phytophthora is closely related to the genus Pythium and both 

genera are classified in the family Pythiaceae, so named because the genus Pythium was 

described first.  Both genera are water moulds, and as the name implies both are 

ecologically favoured by free water in the soil and on foliage.  The genus Pythium 

consists of many species that are pathogenic to plants and a few that are antagonistic to 

some Phytophthora species.  Many Pythium species are saprophytic (Erwin and Ribeiro, 

1996).  Both Pythium and Phytophthora have coenocytic mycelia with no or few septa.  

They both produce zoosporangia in water.  Biflagellate zoospores are borne from the 

zoosporangia.  Sexual oospores form singly within the oogonium after fertilization by a 

nucleus from the antheridium (only occasionally, two to six oospores form in the 

oogonium of certain species of Pythium.  The taxonomic classification of Phytophthora 
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species has regularly been updated with the integration of structural, biochemical and 

DNA characteristics (Cooke et al., 2000; Cooke and Duncan, 1997; Hardham, 2005).   

 

The name Phytophthora is derived from the Greek words Phyton (Plant) and Phthora 

(destroyer) and reflects the potential destructive nature of these pathogens to host plants 

(Zentmyer, 1983).  The majority of these species cause root and stem rot, and stem 

blights on a broad range of host plants and have potential to cause up to 100 % loss in 

plant production within one year (Brasier and Strouts, 1978; Thermann et al., 2002).  As 

such, these species are of economic and environmental importance in many different 

plant systems including natural ecosystems, agriculture, forestry and horticulture (Hardy 

and Sivesithamparam, 1988; Schroth et al., 2000).  The broad host range of many 

Phytophthora species also means that it is possible for several species to be present 

within a single system at any one time.  For example, P. cinnamomi, P. citricola, P. 

citropthora, P. cryptogea, P. drechsleri, P. gonapodyoides, P. haheae, P. lateralis, P. 

megasperma, P. nicotianae and P. syringae all root pathogens of woody ornamental tree 

species were found in nursery systems, irrigation and drainage water from nurseries 

(Ferguson and Jeffers, 1999; Hardy and Sivesithamparam, 1988; McDonald et al., 1994; 

von Broembsen and Wilson 1998).  

 
Phytophthora cinnamomi was first described by Rands in 1922 when it was found to be 

the cause of stripe canker on cinnamon in Sumatra (Arentz and Simpson, 1986).  It is 

thought that P. cinnamomi originated in the South East Asia region and was spread 

throughout the world on contaminated plant materials by European traders (Zentmyer, 
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1983).  It has since then been found to be a root rotting pathogen of well over 1,000 

plant species from a wide range of families (Weste and Ruppin, 1977).  Its host range 

includes many agricultural, ornamental and forest species (Erwin and Ribeiro, 1996; 

Hardy and Sivesithamparam, 1988).  The principal crop hosts are avocadoes, pineapple, 

peach, chestnut and macadamia; ornamental plants such as rhododendron and camellia; 

and forest trees such as oak, pine and eucalyptus.   Seedlings of Macadamia integrifolia 

were found to be more susceptible to P. cinnamomi caused root rot than those of 

Macadamia tetraphylla (Zentmyer, 1979).  Macadamia root rot and stem canker were 

reported to cause about 60 % loss in macadamia in parts of Kenya (Mbaka et al., 2009; 

Muthoka et al., 2005). 

 
Isolation and detection of P. cinnamomi 
 
Early and reliable detection is crucial for the containment of plant diseases (Eden et al., 

2000).  As P cinnamomi is a soil borne plant pathogen, detection and diagnosis of die 

back disease is impeded by the inability to assess the diseased plant until symptoms 

develop on the above ground plant tissues (Aberton et al., 2001; Tsaw, 1990).  In 

addition, inconsistent or latent symptom expression and infection by secondary 

pathogens means pathogen diagnosis based on symptom development may be too late 

for the effective management to be undertaken.  Detection of P. cinnamomi from soil 

samples is therefore very important for disease management. 

 

Baiting and culture plaiting, or combination of both are standard methods for detection 

of viable propagules of Phytophthora species (Greenhalgh, 1978; Jeffers and Martin, 
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1986; McDonald et al., 2006; Pettitt et al., 2002; Ploetz and Parrado, 1988).  These 

classic methods allow detection of multiple species and can be semi quantitative 

(Ferguson and Jeffers, 1999; Tsaw, 1990; Werres et al., 1997).  Current routine methods 

for the detection and identification of Phytophthora species involve isolating the 

pathogen directly from soil by baiting and plating onto antibiotic selective media (Jeffers 

and Aldwinckle, 1987).  Isolates are identified by formal macroscopic and microscopic 

taxonomy (Tsao and Guy, 1977; Waterhouse, 1963).  Detection by baiting involves 

flooding soil samples with water and then floating susceptible host plant pieces on the 

water surface.  The pieces are left for three days whereby motile zoospores produced by 

Phytophthora species within the soil sample colonise the bait material.  These are plated 

on antibiotic medium and incubated to enable the Phytophthora isolates to grow and be 

isolated.  Isolation of P. cinnamomi within the baiting material prior to plating on 

artificial medium improves the likelihood of the pathogen compared to direct plating 

methods (Pratt and Heather, 1997; Tsao, 1983).  Physical blocking of zoospores release 

from soil samples can limit the detection of low levels of inoculum from thick layers of 

soil.  Detection is therefore, most sensitive when thin layers of soil are baited (Eden et 

al., 2000).  Baiting methods are used extensively for routine detection of P. cinnamomi 

as they do not require highly sophisticated laboratory equipment.  However, the use of 

these techniques is limited by the high labour costs, variable detection and the inability 

to detect low levels of the pathogen leading to false negatives in detection analysis 

(Hüberli et al., 2000). 
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Traditionally, identification of Phytophthora species have  been based on morphological 

and cultural criteria, and has required considerable experience and expertise in order to 

differentiate different species reliably (Waterhouse et al., 1983).  Phytophthora 

pathogens in infected soil or plant samples are usually first captured (and thus 

concentrated) by baiting and then cultured on media containing a range of fungal and 

bacterial inhibitors that favour the growth of Phytophthora species (Greenhalgh, 1978; 

Eden et al., 2000; Tsao, 1983).  Species identification is done through observations of 

various morphological characteristics, in particular structural aspects of sporangia, 

antheridia, oogonia and mycelia (Waterhouse, 1963).  Problems with this approach 

include failure to isolate the pathogen from the infected sample (Hüberli et al., 2000) 

and wide variations in morphological characters in different isolates of a single species 

or under different growth conditions (Daniel et al., 2003). 

 

The need for alternative methods of diagnosis has been recognized.  One alternative 

approach investigated for P. cinnamomi compared electrophoretic patterns of isozymes 

isolated from cultured samples (Old et al., 1984; Oudemans and Coffey, 1991b).  These 

studies showed that interspecies variations in the patterns of certain enzymes were low 

while interspecies differences were large and gave good separation of P. cinnamomi 

from other Phytophthora species.  This method is useful for P. cinnamomi identification 

from pure cultures but is not applicable to situations in which more than one organism is 

present, such as in infected plant or soil samples.  After the introduction of antibodies as 

research tools, Phytophthora researchers were quick to investigate the potential use of 
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antibodies in the detection and diagnosis of Phytophthora species.  A number of studies 

of P. cinnamomi, like those of other Phytophthora species, raised polyclonal antibodies 

against mycelial extracts, but they failed to give species-specific reactions (Ferraris et 

al., 2004; Hahn and Werres, 1997; McDonald and Duniway, 1979; Malajczuk et al., 

1975).  However, in the mid 1980s, two groups raised monoclonal antibodies against 

Phytophthora components.  In one case, the antibodies formed the basis of detection kits 

that were produced commercially by Agri-Diagnostics Associates (Cinnaminson, NJ) 

using both membrane-based and ELISA formats.  However, because the Agri-

Diagnotics kits either did not react with P. cinnamomi or were not specific for individual 

Phytophthora species or for the genus, their usefulness has been limited (Ali-Shtayeh et 

al., 1991; Benson, 1991;  Pscheidt et al., 1992; Werres et al., 1997).  In the second case, 

monoclonal antibodies were raised against P. cinnamomi spore components, and 

antibodies were identified that were specific for selected P. cinnamomi isolates, for the 

species P. cinnamomi or for the genus Phytophthora (Hardham et al., 1986).  These 

antibodies subsequently formed the basis of a series of diagnostic tests for use in P. 

cinnamomi identification, including immunofluorescence assays, ELISAs and a dipstick 

assay (Cahill and Hardham, 1994a; 1994b; Gabor et al., 1993).  The dipstick assay, in 

particular, is a simple and easy test for P. cinnamomi that may be performed in the field 

with infected soil or plant samples.  As in traditional baiting techniques, the assay begins 

with incubation of soil or plant samples in water.  Zoospores released from sporangia in 

the sample are geotropic and swim to the surface where they concentrate and are 

attracted via chemotaxis or electrotaxis to the dipsticks floating on the water surface.  
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The other modern approach to the identification and diagnosis of P. cinnamomi and 

other Phytophthora species exploits differences in nucleic acid sequences between 

Phytophthora species.  Nucleic acid probes based on species-specific sequences within 

the internal subscribed spacer (ITS) regions between rDNA genes have been used to 

hybridize specifically to P. cinnamomi DNA that has been amplified by the polymerase 

chain reaction (PCR) from pure cultures or from mixed samples (Bailey et al., 2002; Lee 

et al., 1993).  Alternatively, PCR primers have been designed from the rDNA ITS region 

and used to amplify Phytophthora DNA.  The primers may be specific for P. cinnamomi 

or other Phytophthora species (Drenth and Irwin, 2001; Lévesque et al., 1998) or they 

may amplify DNA from a number of Phytophthora species, and subsequent species 

discrimination may be achieved by analysis of fragments produced by digestion of the 

PCR products with various restriction enzymes (Drenth et al., 2006; Ristaino et al., 

1998).  The primers designed by Drenth et al. (2001) have been used in the development 

of commercial diagnostic assays with components available from C-Quentec 

Diagnostics Pty Ltd (Epping, NSW, Australia).  Recently, variations within the ITS 

regions of rDNA genes have been used successfully to differentiate species of 

Phytophthora, including P. cinnamomi, using the technique of single-strand 

conformation polymorphism (SSCP) (Kong et al., 2003a).  This technique is because 

differences (as little as a single base) in the sequence of single-stranded DNA molecules 

of similar length cause the DNA molecules to fold into three-dimensional shapes that 

display differences in electrophoretic mobility (Sambrook and Russell, 2001).  
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Polymerase chain reaction primers were used to amplify DNA from 282 isolates of 29 

Phytophthora species; the PCR products were then analysed by SSCP to identify all 

isolates correctly.  Species-specific DNA probes or primers derived from the P. 

cinnamomi elicitin (cinnamomin) gene, from the Lpv putative storage protein genes or 

from unidentified regions of the genome have been used to identify P. cinnamomi 

(Coelho et al., 1997; Dobrowolski and O’Brien, 1993; Judelson and Messenger-Routh, 

1996; Kong et al., 2003b). 

 
Morphological characterization of P. cinnamomi 
 
The mycellium in Phytophthora species is generally swollen, nodose or tuberculate and 

seldom grows symmetrically.  Hyphae branch at nearly right angles and are sometimes 

constricted at the base, hyphae diameter is 5.8-6.2µm.  Total branch ratio (total number 

of branches observed) is 20-26 (Waterhouse et al., 1983) and hyphal branching angle is 

70-80 degrees.   The most distinct cultural patterns occur on potato dextrose agar (PDA), 

corn meal agar (CMA) or carrot agar.  Cultural form (colony type) depends on the 

frequency, angle and extent of branching of the hyphae (Waterhouse, 1970).  Colony 

types can also be under cytoplasmic control.  Despite this, some colony types are typical.  

In P. cinnamomi, colonies are rose or camellia type.  Hyphal swellings are large and this 

distinguishes P. cinnamomi from other closely related species. 

 

On corn meal agar (CMA), colonies of P. cinnamomi are typically colourless with 

collaroid type growth, they have little aerial mycelium and prolific growth within agar 

(Gerrettson-Cornell, 1983).  Colonies on potato dextrose agar (PDA) generally have a 
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pattern resembling the petals of a rose or camellia flower (Zentmyer, 1983).  The young 

mycelium consists of coenocytic hyphae ranging in diameter from five to nine µm.  

Older hyphae strands often have adventitious septa; however, the frequency of septation 

varies greatly between isolates.  The hyphae have numerous protuberances developing 

as single lateral hyphal swellings, with gnarled appearance interspersed irregularly 

throughout the mycelium.  In P. cinnamomi, these hyphal swellings are not spread from 

the main thallus by septa as is the case with hyphal swellings in Pythium species (Erwin 

and Ribeiro, 1996).  These characteristic hyphal formations often occur in clusters 

interspersed with sections of fine elongated hyphae (Royle and Hickman, 1963). 

 

In axenic conditions, production of sporangia by P. cinnamomi can be inconsistent and 

usually requires nutrient depletion and flooding to induce production (Gisi and 

Zentmyer, 1980).  The release of kidney shaped motile zoospores from sporangia into 

the free water within the soil is primarily responsible for the spread of P. cinnamomi 

throughout the site.  Consequently, the pathogen is spread along watercourses and 

downhill from initial infection sites (Weste and Ruppin, 1975).  Production of resistant 

chlamydospores aids the survival of some strains of P. cinnamomi during periods of 

unfavourable conditions (McCarren et al., 2005; Weste and Vithnage 1978a).  

Chlamydospores are produced in groups or singly, but are not observed in all strains of 

P. cinnamomi (Gerrettson-Comell, 1983).  However, some isolates of P. cinnamomi 

vary from the characteristic features mentioned above.  Ann and Ko  (1985), reported 

the isolation of P. cinnamomi from the soil capable of producing sporangia on agar 



 30 

medium and A1 isolates from citrus capable of producing chlamydospores.  From black 

locust (Robinia pseudoacacia L.), Ho et al. (1983a) obtained an A1 isolate of P. 

cinnamomi incapable of producing chlamydospores, but capable of producing sporangia 

on agar medium, and a heterothallic isolate incapable of producing chlamydospores.  

 

Isolates of P.cinnamomi often display variability under in vitro conditions Hüberli et al., 

2001).  This variation extends to colony morphology, pathogenicity, antibiotic tolerance, 

and temperature and nutrient responses.  In addition, the production of abundant 

reproductive structures is highly erratic (Zentmyer, 1980).  The usual temperature range 

for growth is 5- 34 °C; its cardinal temperatures are: minimum 5-15 °C; optimum 20-32.5 

°C  maximum 30-36 °C .  In soil, mycelium grows optimally at 24-28 °C (Erwin and 

Ribeiro, 1996).  

 

Phytophthora cinnamomi is a diploid heterothallic species with two mating types A1 and 

A2 (Galindo and Zemtmyer, 1964).  Sexual reproduction in heterothallic Phytophthora 

species occurs when gametangia of opposite mating type cross in host tissue, leading to 

the formation of oospores.  This means that the expression of sexual reproduction varies 

depending on the presence of both mating types (Linde, et al., 1997).  Phytophthora 

cinnamomi has a global geographical distribution in which the A2 type is more 

frequently isolated than the A1 mating type (Shepherd et al., 1974; Zentmyer, 1980).  In 

South Africa, the A2 mating type has usually been associated with agricultural crops and 

cultivated forests (von Broembsen, 1986).  Sexual oospores are found within an 
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oogonium following fertilisation from a compatible antheridium (Elliot, 1983).  In the 

soil, oospores are formed less frequently than chlamydospores in soil signifying that 

reproduction in P. cinnamomi is most commonly asexual (Dobrowilski et al., 2003). 

 

Investigations on the genetic structure of P. cinnamomi populations around the world 

have relied on the use of isozyme polymorphisms as genetic markers. These 

investigations have revealed low genetic and genotypic diversity in isolates from most 

regions in the world.  Only three multilocus genotypes were found in Australian isolates, 

two of A2 mating type and one of A1 mating type, with no evidence for sexual 

recombination (Old, et al., 1984).  These same three multilocus genotypes were found 

around the world, with only three additional multilocus genotypes of A1 mating type 

present in the global P. cinnamomi populations.  This suggested clonal spread of P. 

cinnamomi through much of the world (Oudemans and Coffey 1991b). 

 
Phytophthora cinnamomi epidemiology 
 
Phytophthora cinnamomi has a complicated life cycle with many life forms enhancing 

its survival within the soil (Zentmyer, 1980).  During periods of unfavourable 

temperature and moisture conditions, P. cinnamomi is thought to survive primarily as 

chlamydospores and mycelium within the soil and host tissues (McCarren et al., 2005).  

Phytophthora cinnamomi can persist in symptom less plants, debris and soil for a 

number of years (Kong, et al., 2003b).  It is known to survive for as long as six years in 

moist soil (Zentmyer and Mircetic, 1966) and it is clear that moisture is a key factor in 

the establishment, spread and longevity of P. cinnamomi diseases.  When conditions 
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favouring growth prevail, the pathogen enters the asexual sporulation cycle.  Somatic 

hyphae form multinucleate sporangia that cleave and release 20-30 uninucleate 

biflagellate zoospores.  The wall-less zoospore encyst, forming walled cysts that 

germinate and penetrate the plant.  The attraction of swimming zoospores to plant roots 

is mediated in part by electrotaxis in natural root generated electric fields (van West et 

al., 2002).  Within two or three days in a susceptible host, sporangia form on the plant 

surface (Plate  2.2). 

Root zone colonised
with zoospores

Zoospore 
accumulation 
around zone of 
elongation

Chlamydospore

Hyphae

Zoospore 
release

Photos: L.Grand, D. Shew, R. Milholland

Flagellated 
zoospores

Encysted 
zoospore

 

Plate 2. 2:  P. cinnamomi life cycle 
 
The asexual cycle may be repeated many times in quick successions, rapidly amplifying 

the inoculum potential in the infected area.  Rapid production of infective zoospores 

further enhances the persistence and spread of the pathogen to new host plants (Weste 

and Vithnage, 1978b).  
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Unlike many soil borne plant pathogens, P. cinnamomi is polycyclic, increasing its soil 

inoculum from very low to very high levels within a short period of time (Weste, 

1983b).  This is primarily through the prolific production of zoospores under favourable 

conditions (Zentmyer, 1980).  A short generation time and large reproductive capacity 

further contribute to the increase in disease potential.  Infection of the roots and collar of 

host plants by P. cinnamomi restricts the supply of water and nutrients to the remainder 

of the plant (Wilson et al., 2000).  Symptoms associated with infection by P. cinnamomi 

include dieback, chlorosis and slow death of the plant.  In natural ecosystems, these 

symptoms are first observed on highly susceptible under storey plant species (Laidlaw 

and Wilson, 2003). 

 

Phytophthora cinnamomi causes a rot of fine feeder roots, leading to die back and death 

of macadamia trees (Drenth, 2007).  Larger roots are occasionally attacked.  Necrosis of 

small roots occurs initially followed by black lesions on larger roots.  Affected trees 

exhibit poor growth and display general decline, such as spurge, tufted foliage that is 

light green to yellow, branches’ die back and substantial reduction in incremental growth 

rate.  Disease progression may result in decline over several seasons or killing within 

one or two seasons.  The disease is often more severe in poorly drained soils of low 

fertility (McHargue, 1996; Zentmyer, 1961).  Infected seedlings in the nursery may 

show no above ground symptoms due to their optimum growth environment, but exhibit 

poor lateral root development and contain numerous dead roots (Zentmyer, 1979).  
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Phytophthora cinnamomi can infect trunks at a near ground level through a wound.  The 

infected part of the trunk appears cracked and callused or flattened and produces a 

gummy sap.  This leads to reduced tree growth followed by death, within three or more 

years depending on soil fertility management in the orchard (Aryantha et al., 2000). 

 

Phytophthora cinnamomi survives in dead plant material.  Survival is influenced by soil 

matrix potential and can be long periods in this substrate (Shea et al., 1980).  This 

saprophytic phase can allow an increase in the population of the pathogen.  

Phytophthora cinnamomi may also survive in the soil as mycelium, sporangia, zoospore 

cysts, chlamydospores and oospores.  Survival is extended in the presence of an 

inorganic substrate (Weste and Ruppin, 1977).  Oospores are very rare and are slow to 

germinate.  Varying germination periods may help to maintain a low but continuing 

population (Pitis and Shattock, 1994).  Chlamydospores form in soil, gravel or plant 

tissue during dry periods, germinate under favourable (moist) conditions and grow to 

form mycelia, sporangia and more chlamydospores (Zentmyer, 1983).  The latter may, 

in turn remain dormant until conditions become suitable, and then germinate to produce 

infective mycelia, sporangia and zoospores or more chlamydospores.  This cycle may 

continue for at least five years, provided there is a nutrient source (organic matter) and 

non competitive soil micro flora.  During ideal conditions of adequate soil water 

potential content and temperature, the production of zoospores leads to a rapid increase 

in disease incidence.  Zoospore production is further increased in P. cinnamomi by the 
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consecutive production of sporangia on a single sporangiophore, with each sporangia 

producing up to 30 zoospores, the resultant increase in infection potential is great.  

 
Spread of P. cinnamomi 
 
On a local scale, the pathogen is moved naturally by soil splash, by water movement and 

run off in drainage or irrigation ditches.  The most likely means for more distant 

movement is in contaminated soil or plant debris (Hardy et al., 2001).  Until the 

introduction of strict hygiene practices in the nursery industry, nursery stocks were one 

of the main vectors for the spread of P. cinnamomi in ornamental and agricultural plant 

materials in Australia (Hardy and Sivesithamparam, 1988).  Propagules are carried on 

machinery used for cultivation or harvesting and on planting materials.  Movement of 

contaminated road gravel resulted in initiation of new epidemics in Australia (Weste, 

1975).  Movement of contaminated soil with container-grown ornamentals can spread 

the pathogen to disease free areas and this is the most probable pathway for international 

spread.  Planting material (Scion and seeds) should not normally carry the disease, but 

rootstock plants could do so if traded as such (Hardham, 2005). 

 
2.7  Management of P. cinnamomi 
 
The evolutionary distance between Phytophthora and other Oomycetes from the true 

fungi has major ramifications for the effectiveness of traditional fungicides for 

controlling Phytophthora diseases.  It means that chemicals that are active inhibitors of 

fungi are usually not inhibitors of oomycetes (Hardham, 2005).  Phytophthora 

cinnamomi induced diseases are difficult to manage.  This pathogen produces a large 
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number of chlamydospores that can persist in symptom less plants, debris and soil for a 

number of years (Kong et al., 2003b; Zentmyer and Mircetich, 1966).  The pathogen 

produces sporangia and zoospores, which can spread through irrigation water, an 

efficient means for dissemination of infective propagules from a single infection site to 

an entire farm and from a single farm to all other farms that share the same water 

sources (McDonald et al., 1994; Oudemans, 1999; Pettitt et al., 1998; Thermann et al., 

2002; von Broembesen and Wilson, 1998).  Furthermore, the degree to which P. 

cinnamomi is managed varies greatly between agricultural, nursery and native plant 

systems.  In controlled environment, cultural and chemical methods are implemented to 

limit or eradicate the pathogen (Erwin and Ribeiro, 1996).  In Australia native 

ecosystems, the control was hindered by the toxicity of the chemicals used, and the vast 

area and inaccessibility of the diseased areas (Jackson et al., 2000; Tynan et al., 2001).  

However, several strategies are employed to limit P. cinnamomi spread or impact.  

 
Cultural control of P. cinnamomi 
 
In all systems affected by P. cinnamomi, hygiene and quarantine are vital in controlling 

the pathogen.  This is of particular importance in native systems where methods of 

control are often impractical (Hardy et al., 2001).  Quarantine is the first line defence for 

all exotic plant pathogens.  It may be exercised on a local scale to prevent the movement 

of infected materials from infested areas to those free of the pathogen.  This is preferable 

to dealing with the pathogen once it is introduced, as eradication is generally not 

feasible.  Quarantine is the most effective management strategy for soil borne pathogens 

in which the spread is relatively slow.  By using wash down stations and limiting human 
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and vehicular movement from the infested area, the spread of P. cinnamomi can be 

minimised.  

 

Cultural control measures include alleviation of high soil moisture levels and improving 

aeration by increasing drainage and attention to mineral nutrition.  The soil organic 

content is manipulated in horticultural systems as a method of cultural control (Aryantha 

and Guest, 2006; Menge et al., 2001; Wolstenholme et al., 1996).  Enhancing soil 

organic matter increases the proportion and activity of competitive microorganisms 

(Turner and Menge, 1994).  As P. cinnamomi has poor saprophytic competitiveness, this 

can effectively limit its activity within the soil (Weste and Ruppin, 1977).  Animal 

manures are known to reduce populations of P. cinnamomi (Tsao and Oster, 1981).  Soil 

amendment with composted chicken and pig manure suppressed P. cinnamomi in 

macadamia orchards in South Africa (Aryantha et al., 2005).  The improvement of soil 

nutrition and plant health may also inadvertently increase the plants tolerance to P. 

cinnamomi by improving its defence responses ability to endure low levels of infection.  

Phytophthora cinnamomi is most damaging to stressed host plants, particularly when the 

conditions are favourable for growth of the pathogen.  Applications of calcium as 

calcium carbonate, calcium nitrate and calcium sulphate are known to repeatedly reduce 

P. cinnamomi avocado root rot (Pegg et al., 1982; Broadbent and Baker 1974).  Calcium 

may reduce the incidence of root rot by stimulating root growth, increasing disease 

resistance in the roots, impairing the activity of P. cinnamomi by reducing the sporangial 

formation, interfering with zoospore motility or inducing pre-mature encystment, 
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improving soil drainage and stimulating antagonistic micro-organisms.  Messenger -

Routh (1996) studied all of these mechanisms in California soils and determined that 

calcium primarily acted as a weak fungicide by reducing the size and number of 

sporangia produced by P .cinnamomi.  Soil solarization or fumigation also controlled P. 

cinnamomi on young avocado plants (Kotze and Darvas, 1983).  

 
Use of plant resistance 
 
In agricultural systems, prior knowledge of the presence of P. cinnamomi allows the 

selection of species or cultivars resistant or tolerant to P. cinnamomi.  While this is often 

not possible in native plant systems, plants, which have been selected for their tolerance 

or resistance to P. cinnamomi, may be used for rehabilitation after the pathogen has been 

introduced to a region or in the rehabilitation of native ecosystems.  For example, 

various Australian native plants displaying resistance to P. cinnamomi infection, were 

identified and may be used to re-plant infested sites (Groves et al., 2003; Menge et al., 

1992).  In the case of macadamia, seedlings of M. tetraphylla were reported to be more 

resistant to P. cinnamomi than those of M. integrifolia (Zentmyer, 1979).   

 
Biological control of P. cinnamomi 
 
Elements of the soil micro-flora suppress P. cinnamomi in some soils and may be 

potential biological control agents (Borst, 1983; Weste, 1983).  These include 

Myrothecium roridum, Trichoderma herzianum, Epiccocum purpurscens, Catenaria 

anguillae, Humicola fuscoatra, Angullospora pseudolongissma, Hypochytrium 

catenoides, Myrothecium verrucaria, Streptomyces griseoalbus, Microsperma 
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carbonaceae, Streptomyces vioascens and Ceratomyces tessulatus that are shown to be 

inhibitory to P. cinnamomi via competition, antibiosis or saprophytism (Downer, 1998; 

Duvenhage and Köhne, 1997; Erwin and Ribiero, 1996).  Currently there are several 

commercial bio-control products available with Trichoderma or Gliocladium as the bio-

control agents (Chambers and Scott, 1995).  Benomyl resistant mutants of Gliocladium 

virens (KA 230-1) and Trichoderma harzianum (KA 159-2) isolated from suppressive 

soils colonised different mulches under controlled laboratory conditions (Jefferson, et 

al., 2000).  Biological control of P. cinnamomi root rots of Banksia grandis Willd was 

obtained using a cellulase-producing isolate of Micromonospora carbonaceae (EL-

Tarabily et al., 1996).  An isolate of Bacillus spp. had an in vitro inhibitory effect on P. 

cinnamomi isolated from macadamia trees in Hawaii (Hutchins, 1980). 

 
Chemical control of P. cinnamomi 
 
The evolutionary distance of Phytophthora and other oomycetes from the true fungi has 

major ramifications for the effectiveness of traditional fungicides in controlling 

Phytophthora diseases (Hardham, 2005).  Many fungicides do not control Pythiaceous 

oomycetes, as they are not reliant on sterol synthesis, which is inhibited by these 

chemicals in true fungal pathogens (Bartinicki-Garcia and Wang 1983).  Despite this, a 

number of classes of compounds have been found to inhibit Phytophthora growth and 

plant infection (Erwin and Ribeiro, 1996; Griffith et al., 1992; Schwin and Staub, 1995).  

Two groups of chemicals that have proved to be the most effective for P. cinnamomi are 

the phenylamides (e.g. metalaxyl) and the phosphanates (e.g. Fosetyl-Aluminium) 

(Aryantha and Guest, 2004; Nartavaranat et al., 2004). 
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The phosphanates are salts or esters of phosphoric acid (Guest and Grant 1991).  

Because the term phosphanate refers to compounds containing a carbon-phosphorous 

bond, in much of the recent literature the phosphoric acid salts used for Phytophthora 

control are called phosphates (Hardy et al., 2001).  Metalaxyl and phosphate are both 

systemic inhibitors, with metalaxyl being translocated in the xylem, and phosphate in the 

xylem and phloem (Guest and Grant, 1991).  Both treatments give effective control in 

agricultural and horticultural situations; phosphate is extensively tested on natural 

ecosystems (Hardy et al., 2001).   Metalaxyl (Ridomil®) is used widely as a systemic 

and curative fungicide for the control of Phytophthora species in agriculture (Gisi and 

Cohen, 1996).  However, resistance to metalaxyl was observed in many systems in 

which this fungicide has been applied (Coffey and Brower, 1984).  The development of 

resistance to metalaxyl is one of the key limitations in the management of Phytophthora 

diseases within agricultural systems.   Phosphite was found to be a more ecologically 

friendly alternative to the use of metalaxyl fungicide for the treatment of P. cinnamomi 

infestation. 

 

Phosphate’s mode of action is still uncertain but it appears to be a combination of direct 

inhibition of pathogen growth and stimulation of the plant defence response, possibly via 

an increase of pathogen-derived elicitors or decrease in the production of pathogen  

derived suppressors of the defence response (Guest and Grant, 1991; Jackson et al., 

2000; Wong et al., 2009).  In one study, phosphite was shown to reduce the production 
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of zoospores in infected plant material (Wilkinson et al., 2001a), a factor that would help 

limit the amplification of the pathogen even if it did not eradicate the pathogen from the 

infected area.  Phosphite is a valuable inhibitor but its effectiveness varies with different 

P. cinnamomi isolates (Hardy et al., 2001; Wilkinson et al., 2001b) and environment 

such as the phosphorous levels in the soil (Guest and Grant, 1991).  In another study, 

phosphanates were shown to enhance plant disease responses including lignifications, 

phytoalexin accumulation and hypersensitive cell death (Guest 1984; Saindrenan et al., 

1990). 

 

Although phosphite generally displays low phytotoxicity, research has shown that in 

some plants, phosphite can be responsible for foliar damage (Shearer et al., 2004; 2006). 

Reduction of pollen viability and pollen tube growth, an increase in the frequency of 

mitotic and meiotic cell divisions and a decrease in root growth have also beeb observed 

(Barret et al., 2002; Fairbanks et al., 2001; 2002; Nartvaranant et al., 2004).  Dosage 

rates and timing of applications need to monitoring and adjustment to minimize 

phytotoxicity in sensitive plants.  Comparisons have been made between different modes 

of application of phosphites in particular between foliar sprays and trunk injections 

(Hardy et al., 2001).  Disease control as reflected in containment of lesion extension, 

girdling and reduction in recovery of P. cinnamomi was obtained in Banksia grandis 

after stem injection with 100g per litre of phosphite (Aryantha and Grant, 2004). 
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CHAPTER 3 
 

3.0  THE DISTRIBUTION OF PHYTOPHTHORA CINNAMOMI  

  OCCURRING ON MACADAMIA IN KENYA 

 

3.1  Abstract 
 
In Kenya, macadamia is grown by over 100,000 small-scale rural farmers and 500 large-

scale growers in Central, Eastern, Western, Rift Valley and Coast provinces.  Most of 

the crop (83 %) is exported and the rest is consumed locally.  Root rots and trunk 

cankers are major production constraints.  Surveys were carried out between December 

2005 and April 2006 to establish root rot incidence and the distribution of the causal 

organism (Phytophthora cinnamomi Rands) in all the macadamia growing areas.  A 

questionnaire was administered by face-to-face interviews with farmers to capture data 

on macadamia production practices.  Phytophthora cinnamomi was recovered from soil 

using host baits (avocado fruits) and directly from diseased plant parts by plating onto a 

Phytophthora selective medium.  Phytophthora cinnamomi was identified based on 

colony, mycelia, sporangia morphology and zoospore release under high power (200-

400×) compound microscope.  Determination of mating types of the identified isolates 

was done by pairing with isolates of known mating types acquired from Australia.  

Descriptive survey data analysis was done by use of MS Excel 2007 and SPSS Version 

8.1.  The Proc ANOVA, of SAS for Windows Version 8 Program was used to compare 

treatment effects.  Whenever there was a significant treatment effect, means were 
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separated using the least significant difference (LSD) test.   Macadamia tree decline due 

to root rots and trunk cankers was observed in 85 % of the farms sampled.  Disease 

incidence and percentage loss of macadamia trees were significantly (P = 0.05) different. 

The highest percentages for both were recorded in Meru Central district (46.6 ± 4.8 and 

36.6 ± 2.08 % incidence and loss respectively).  Disease incidence was higher in flat 

areas than steep areas.  This could have been due to poor drainage and survival of 

propagules in the soil.  Phytophthora cinnamomi was consistently isolated from soil and 

infected plant parts.  The P. cinnamomi root rots affected all macadamia cultivars across 

the regions but the most commonly affected cultivar was M. tetraphylla.  Losses due to 

root rot were significantly (P = 0.05), different with the highest loss (36.6 ± 2.8 %) 

recorded in Meru Central district.  This could have been due to presence of tree species 

such as Eucalyptus and Grivellea that are P. cinnamomi hosts in the orchards.  . Results 

showed that P. cinnamomi associated with root rots and stem canker of macadamia has a 

wide distribution in all macadamia growing areas of Kenya.  The pathogen could have 

spread from other crop hosts such as avocadoes or through planting material.  Three 

populations of P. cinnamomi were identified as A1, A2 mating types and homothallic 

types that formed oospores on growth media without pairing.  Presence of A1, A2 and 

homothallic isolates in the same location or disease situations has implications on 

disease management. Depending on the ability to germinate, presence of oospores may 

render crop rotation as a management strategy ineffective.  It was concluded that P. 

cinnamomi is the causal agent of macadamia root rots and trunk cankers in Kenya.  The 

pathogen has a wide distribution with evidence of sexual reproduction.  
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3.2  Introduction 

No other soil borne pathogen has had a large impact worldwide and over such a large 

range of plant hosts as Phytophthora cinnamomi (Hüberli et al., 2001).  Phytophthora 

cinnamomi has a global distribution and infects over 3000 species of trees and crops 

such as avocado, peach, pineapple, chestnut and macadamia (Hardham, 2005).  In 

Kenya, root rots and trunk cankers caused by P.  cinnamomi, were reported as major 

diseases causing 60 % yield losses in some of the macadamia orchards in the country 

(Mbaka et al., 2009; Muthoka et al., 2005; Sikinyi, 1993).  When P. cinnamomi was first 

described, Rands (1922) showed that isolates varied in pathogenicity on Cinnamomum 

bermanni trees.  Since then there have been numerous reports on pathogenicity, macro-

morphological (colony type and growth rate) and micro-morphological (sporangia, 

gametangia, and chlamydospores) variation among worldwide collections of isolates 

(Galindo and Zentmyer 1964; Zentmyer et al., 1976; Zentmyer 1980).  Colony 

morphology of each isolate on a given growth medium and temperature was recorded as 

rosaceous, petaloid or non-pattern.  Sporangia are characterised based on the length: 

breath ratio and sporangial shapes recorded using the descriptors of Erwin and Ribeiro 

(1996).  The easiest way of determining genetic variation among isolates is 

determination of their mating types done by pairing each isolate with a tester A1 or A2 

isolate (Linde et al., 1997; Old et al., 1984; 1988).  
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Currently there is no management strategy for root rot and trunk cankers in the 

macadamia agro-ecosystems of Kenya.  As a pre-requisite to development of effective 

disease management strategies, there is, need to determine the distribution of the 

pathogen in different macadamia growing areas.   Phenotypic variation and sexuality of 

a pathogen have direct impact on management hence the need to establish the amount of 

phenotypic variation within the pathogen populations.  The objective of this study 

therefore was to establish the distribution and population structure of P. cinnamomi in 

macadamia growing areas of Kenya, and to determine macadamia production practices 

associated with the disease incidence.  

 
3.3  Materials and Methods 

3.3.1  Disease Surveys  

Surveys were conducted in macadamia farms within the five main macadamia growing 

provinces including Central, Eastern, Western, Rift Valley and Coast.  Eleven districts 

representing the major macadamia production areas were sampled including; Murang’a, 

Maragua, Thika, Meru Central, Kirinyaga, Nyeri, Embu, Machakos, Taita Taveta, 

Baringo and Bungoma.  For each district, 30 farms were selected based on their 

accessibility and availability of not less than 30 bearing macadamia trees.  Identification 

of farms was done with the collaboration of the Ministry of Agriculture extension field 

workers.  A pre-test of the questionnaire was done on 20 macadamia farmers in Thika 

district.  It was observed that farmers would rarely identify their macadamia varieties.  
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Two experts in macadamia phenotypic differences among cultivars were included in the 

survey team to guide the rest of the team to identify macadamia varieties.   

 

The survey was conducted in two stages.  Stage one involved administration of a 

structured questionnaire by face-to-face interview with farmers to capture data on 

macadamia production practices (Appendix 1).  Randomization was done by driving 3 

km then stopping to check on a macadamia orchard.  In the second stage, macadamia 

trees were physically examined for visible decline or trunk cankers above the soil line.  

Where root rot was observed, severity was recorded as a score of 1 to 3 (1= less than 20 

% of the trees infected, 2= 20-50 % of the trees infected and 3= more than 50 % of the 

trees infected.  Root rot incidence was recorded as the percentage of the total number of 

macadamia trees that showed visible decline and/ or trunk cankers above the soil line.   

Varieties of the infected trees were recorded.  Percentage loss of macadamia trees due to 

root rot was calculated as the total number of trees reported to have died divided by the 

total number of trees in the given farm multiplied by 100.  From each field, nine 

macadamia trees showing decline, trunk canker or gummosis were randomly selected for 

sample collection.  

 

 Soil samples to a depth of 10 cm after removing the surface trash, were taken from the 

root zone and consolidated to 500 g samples.  Roots were carried inside the soil.  Bark 

samples were collected from the healthy edge of a canker.  The samples were put in 

plastic bags, sealed and labelled.  In total 256 farms were sampled and same numbers of 
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farmers interviewed.  The landscape (steep slope, gentle slope or flat) was recorded for 

each sample collection field.  The location of the sampling site in each farm was marked 

by use of a Global Positioning Satellite (GPS) instrument (Garmin eTrex GPS, Rickly 

Hydrological Company, Columbia, Ohio State, U.S.A.).  Maps of the distribution of P. 

cinnamomi in the survey areas were generated using the Arc View GIS 3.1 (ArcGis, 

MindSites Group, LLC. FL, USA) software at the Regional Centre for Mapping of 

Resources for Development, Nairobi, Kenya.  

 

3.3.2  Recovery of P. cinnamomi  
 
Different host baits have been used to isolate P. cinnamomi from soil.  In this study, 

avocado fruits were used due to their availability and affordability.  Soil samples 

collected from macadamia rhizospheres during the survey were thoroughly mixed, 

sieved through an 850µm sieve (a 1.5 mm sieve was used where the soil samples from 

the field were more moist), mixed thoroughly again and stored at ambient laboratory 

temperatures (22 ± 2 °C) in plastic bags to minimize dehydration.  Soil was kept this way 

in the laboratory for 6 -8 weeks.  A sub-sample (250 g) was put in a plastic container and 

saturated with a similar amount (250 ml) of distilled water.  Green avocado (Perseae 

americana) variety Fuerte fruits were carefully harvested to avoid injury, dip sterilized 

in 70 % ethanol and blotter dried under laminar flow cabinet.  One avocado was pushed 

into each sample of wet soil and incubated at 22 ± 2 °C for seven days as previously 

described by Zentmyer et al. (1961).  After seven days, the fruits were removed from the 
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soil, washed under running tap water to remove soil particles to allow observation for a 

hard brown rot at the soil line.  Presence of brown rots was recorded as positive for 

presence of P. cinnamomi.  The fruits were rinsed in distilled water and blotter dried 

under laminar flow cabinet.  Five mm pieces were cut from the edge of the rot (between 

healthy and necrotic area), plated on a Phytophthora selective medium to suppress 

Pythium colonies for direct enumeration of Phytophthora from soil.  The selective 

medium was prepared according to the protocol of Jeffers and Martin, (1986) a 

modification of Solel and Pinkas (1984).  The basal medium, 17 g/litre Difco corn meal 

agar (CMA) was amended with 1.7 g, Ampicilin (Sodium ampicilin, Bristol, 

Laboratories, Syracuse, NY), 0.1 g, Rifampcin, Sigma Chemical Co., St. Louis, MO, 0.1 

g Pentachloronitrobenzene (PCNB) (Terraclor, 75 % a.i., Chemtura, Co., Canada), 0.2 g 

Pimaricin (Delvocid instant, 50 % a.i , Gist –brocades Fermentation, Industries, Inc., 

Charlotte, NC) and 5.0 g Hymexazol (Tachigaren, 70 % a.i., Sankyo, Co., Tokyo, Japan) 

(Appendix 2).  The medium was poured in 90 mm diameter Petri dishes, and allowed to 

cool overnight under a laminar flow bench.  The medium is commonly referred to as 

PARPH.  The PARPH plates were always stored at 4 °C in the dark to avoid degradation 

of the antibiotics. 

 

After plating of the avocado bait pieces, the plates were incubated at ambient laboratory 

temperatures (22 ± 2 °C) in the dark for 4 days.  Agar blocks from the edge of the 4-day-

old colonies were transferred to petri dishes containing water agar (20 g Difco agar in 

one litre distilled water), sealed and incubated as above for 24 hours at 24 °C in the dark.  
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To establish pure colonies, single hyphal tips from the one-day-old colonies on water 

agar were picked under a binocular microscope, plated on corn meal agar and incubated 

for 4 days at 24 °C in the dark.  Samples of diseased feeder roots and bark from diseased 

macadamia trees were surface sterilized by dipping in 70 % ethanol and dried on blotter 

papers under a laminar flow bench.  Small sections (about 5×5 mm) were plated on 

PARPH and incubated as described above.  Morphological identification was done 

under high power (200-400 ×) light microscope.  

 

3.3.3  Determination of mating type 

Single spore isolation  

The protocol of Jeffers and Aldiwinckle (1987) for induction of sporangia formation and 

release of zoospores was used with slight modifications.  Clear V8 juice agar was 

prepared by thoroughly mixing: 200ml V8 juice (Campbell Soup Company, England) 

with 2 g calcium carbonate in a beaker with a magnetic stirrer for 10 minutes and 

centrifuging at 4000 g for 5 minutes.  The supernatant was decanted and double distilled 

water was added to make 1 litre.  This was further diluted to 10 %, autoclaved, allowed 

to cool and solidify overnight, re-autoclaved the following day, to kill any bacterial 

contaminants, cooled and poured onto 65 mm Petri dishes.  Agar discs from cultures 

growing on CMA were plated onto V8 plates and incubated in the dark at 22 ± 2 °C.  

While the mycelia were young and actively growing, after 2- 3 days (i.e. colony 

diameter one-half of Petri dish diameter), 5mm diameter agar plugs were removed from 
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the colony periphery with a sterile cork borer size no. 3.   Five to ten plugs were floated 

in non-sterile soil extract (about 7-10 ml) in 65 mm diameter Petri dishes.  The Petri 

dishes with the agar plugs were covered and placed under continuous fluorescent light at 

room temperature (22 ± 2 °C) and observed 24 hr later for formation of sporangia.  Once 

sporangia were observed releasing zoospores, a spore suspension was taken from the 

non sterile soil extract, spore concentration determined by use of a haemocytometer and 

concentration adjusted to 2×103 zoospores per ml.  Two µl of the spore suspension drops 

were placed on 65 mm PARPH plates with 5ml distilled water and spread out with a 

sterile glass rod.  The same procedure was followed for culturing of the two tester strains 

A1 (VQ 4856) and A2 (VQ 4857) of P. cinnamomi previously acquired from Royal 

Botanical Garden, Queensland, Australia.  The Petri dishes were incubated at 24 °C in 

the dark and colony growth observed after 2 days.  Hyphal tips from each of the 

observed colonies were transferred to CMA in 90 mm Petri dishes and incubated for 4 

days at 24 °C in the dark.  Plugs (5×5 mm) taken from the actively growing hyphal 

tipped isolates and tester isolates were placed mycelial side down on filtered carrot juice 

agar (Linde et al., 2001) amended with cholesterol.   Pairings were incubated for two 

weeks in the dark at room temperature (22 ± 2 °C and examined for oospores to 

determine mating type (Chang et al., 1974).  All the pairings were repeated once.  

Isolates were also plated without pairing to establish homothallism (presence of male 

and female reproductive structures on the same thallus).  
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3.3.4  Maintenance of P. cinnamomi cultures 

Phytophthora cinnamomi isolates were stored throughout the project period in sterile 

distilled water at room temperature.  Isolates were grown on CMA for 5 days.  Several 

plugs (5mm diameter) were taken from the edge of each colony and placed in sterilised 

Bijou bottles containing 5 ml sterile distilled water (Gerretson-Cornell, 1983).  Fresh 

cultures were regenerated as required by plating a single plug from the water onto CMA 

and incubating at 25 ± 2 °C for 3 days (Gerretson-Cornell, 1983).  Multiple plugs were 

maintained for each isolate to allow regeneration throughout the project period. 

3.4  Data analysis 

Descriptive statistics of the survey data was done by use of MS Excel 2007 and SPSS 

Version 8.1 Programs.  The Proc ANOVA, of SAS for Windows Version 8 Program was 

used to compare treatment effects and whenever a significant (P=0.05) treatment effect 

occurred; means were separated using the Least Significant Difference (LSD) test. 

 
3.5  Results 

3.5.1  Disease surveys 

The survey areas were mainly  in the Upper Midland (UM) zones 1, 2, 3 and 4, between 

latitudes 00° 46' 32''N and 00º 59' 45'' S and longitudes 035º 02' 48''E and 037º 50' 45''E  

and altitudes 1500 to 1922 metres above sea level ( Table 3.1.).  These are the coffee-

tea, main coffee and marginal coffee zones according to Jaetzold and Schmidt (1983), 

with mean average temperatures of 18 to 21 °C and average annual  bimodal rainfall of 

1000 to 1400 mm.  
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Table 3.1. Location of survey sites for the distribution of Phytophthora cinnamomi 
associated with root rot of macadamia in Kenya  

District Latitude Longitude Elevation AEZ 

Baringo 00º 28' 28''N 036º 00' 54''E 1540 UM3 
Baringo 00º 29' 03''N 036º 37' 25''E 1620 UM1 
Bungoma 00º 46' 32''N 035º 02' 48''E 1777 UM1 
Embu  00º28' 43"S 037º 29' 01"E 1560 UM3 
Embu  00º26' 27"S 037º 28' 13"E 1728 UM1 
Embu  00º27' 45"S 037º 27' 46"E 1614 UM1 
Embu  00º28' 01"S 037º 30' 18"E 1562 UM1 
Kirinyaga  00º31'26''S 037º12' 33''E 1511 UM2 
Kirinyaga  00º32' 43"S 037º 12' 39"E 1500 UM2 
Kirinyaga  00º32'37"S 037º 12' 37"E 1526 UM2 
Kirinyaga  00º30' 40"S 037º 21' 13"E 1438 UM2 
Kirinyaga  00º28'46"S 037º 23' 25"E 1526 U M2 
Machakos 01º18' 27"S 037º 21' 24"E 1612 UM2 
Machakos 01º23' 51"S 037º 17' 13"E 1530 UM3 
Machakos 01º23' 55"S 037º 17' 07"E 1517 UM3 
Machakos 01º23' 54"S 037º 17' 22"E 1541 UM3 
Maragua 00º54' 53"S 036º 48' 36"E 1922 UM1 
Maragua 00º52' 38"S 036º 27' 37"E 1820 UM1 
Maragua 00º51' 51"S 036º 57' 51"E 1723 UM1 
Maragua 00º 48' 03"S 036º 58' 09"E 1760 UM1 
Maragua 00º 50' 30"S 037º 05' 27"E 1497 UM3 
Maragua 00º49' 40"S 037º 03' 41"E 1552 UM2 
Meru Central 00º 59' 45'' S 037º 30' 45''E 1620 UM2 
Meru Central 00º 45' 30'' S 037º 45' 33''E 1720 UM1 
Meru Central 00º 54' 35'' S 037º 50' 45''E 1580 UM2 
Meru Central 00º 36' 02'' S 036º 57' 33''E 1877 UM1 
Murang'a 00º 36' 02'' S 036º 57' 33''E 1877 UM1 
Murang’a 00º 37' 55'' S 036º 01' 48''E 1669 UM1 
Murang'a 00º42' 57"S 037º 01' 49"E 1643 UM3 
Murang'a 00º42' 32"S 037º 02' 39"E 1611 UM4 
Murang'a 00º43' 42"S 037º 03' 46"E 1321 UM5 
Nyeri 00º 30' 08'' S 037º 09' 25''E 1890 LH5 
Nyeri 00º29' 37"S 036º 59' 45"E 1617 UM4 
Nyeri 00º29' 39"S 036º 59' 55"E 1623 UM4 
Nyeri 00º30' 32"S 037º 05' 39"E 1590 UM2 
Nyeri 00º31' 42"S 037º 06' 46"E 1623 UM2 
Nyeri 00º33' 42"S 037º 03' 46"E 1630 UM2 
Nyeri 00º32' 42"S 037º 04' 46"E 1622 UM2 
Nyeri 00º32' 42"S 037º 02' 46"E 1650 UM2 
Taita-Taveta 03º25' 55''S 038º20' 36''E 1618 UM3 
Thika 00º59' 10"S 036º 56' 45"E 1512 UM2 
Thika 00º59' 05"S 036º 59' 44"E 1538 UM2 
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Macadamia was mainly grown as an intercrop with coffee, avocado and food crops such 

as bananas, maize and beans.  The mean farm sizes varied between districts from 1.29 to 

7.52 ha.  Weed management was mainly done by use of hoes and machetes.  Root rot 

was observed in all the macadamia growing areas of Kenya.  There was high disease 

incidence in orchards located in flat beds.  Root rot incidence, severity and percentage 

loss on macadamia trees were significantly different (P < 0.05) across districts (Table 

3.2.).  The highest root rot incidence was observed in Meru Central district (46.6 ± 4.8 

%); the lowest incidence was observed in Bungoma district (12.0 ± 1.6 %).  The highest 

score of disease severity was observed in Machakos district (2.72 ± 0.27) and the lowest 

in Baringo district (1.3 ± 0.66).  Highest losses of macadamia trees due to root rot were 

observed in Meru central district (36.2 ± 2.08 %) and the lowest in Baringo district (5.6 

± 0.23 %) (Table 3.2.).  
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Table 3. 2. Incidence of root rot, severity and % loss of macadamia trees in 11 

districts of Kenya 

District  Root rot incidence 
(%) 

Root rot severity % loss caused by 
root rot 

Baringo 13.5 ± 1.5d 1.3 ± 0.7b 5.6 ± 0.3f* 
Bungoma 12.0 ± 1.6d  2.0 ± 0.2ab 27.11 ± 1.3b 
Embu 33.7 ± 1.7b 2.11± 0.4ab 12.23± 1.5d  
Kirinyaga 29.3± 1.6bc 1.38 ± 0.4b 11.06± 0.7d 
Machakos 38.73 ± 2.9ab 2.72 ± 0.27a 11.98± 0.9d 
Maragua 30.3 ± 1.6bc 2.1 ±  0.4a 6.8 ± 0.4f 
Meru Central 46.6 ± 4.8a 2.15 ± 0.4a 36.6 ± 2.1a 
Murang'a 36.6 ± 11.1ab 2.0 ± 0.6ab 9.2 ± 2.7e 
Nyeri 30.2 ± 8.8bc 1.37 ± 0.4b 13.6 ± 2.4c 
Taita-Taveta 23.8 ± 0.98cd 1.33 ± 0.3b 12.9± 0.3cd 
Thika 35.0 ± 5.6bc 1.8 ± 0.4a 12.9 ± 4.0cd 
P value  0.0487 0.0325 0.0496 
LSD 11.5 1.0 1.2 
* Means in the same column followed by the same letter are not significantly different 
(P < 0.05, Tukeys test), n=256 farms 
 
The main macadamia cultivars grown were Macadamia tetraphylla, M. integrifolia, and 

hybrid types between the two, improved varieties MRG-20, KMB-3, KRG-15 and EMB-

EMB-1.  Other types included; Hawaii 508, MRG-27, KRG-4 and MRU-25.  All the 

cultivars were affected by root rot but the highest percentage of infected trees were those 

of M. tetraphylla (Table 3. 3.).  

Table 3. 3. Incidence of root rots on different macadamia cultivars grown in Kenya  
Macadamia cultivar Percentage of the farms 

n=256 
% trees with symptoms  

M. tetraphylla 30.2 15.1 
Hybrids 18.0 4.0 
MRG-20 16.5 3.0 
KMB-3 14.5 6.7 
M.integrifolia 13.2 2.1 
KRG-15 12.1 7.5 
EMB-1 11.3 6.9 
Others 7.3 2.1 
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The main method of weed control reported across the districts was by mechanical means 

using pangas (machetes) or jembes (hoes).  About 80 % of the respondents reported that 

they did not practice any pest or disease management on their macadamia crop.  Five 

percent of them reported control by use of ash or by burning organic wastes under the 

tree to allow smoke to go up the macadamia tree to repel pests, a practice referred to as 

‘smoking’.  Most of the farmers did not apply fertilizers to their macadamia but would 

apply manure or fertilizer to the intercropped coffee.  There was reported low incidence 

of root rot in orchards where cow, chicken or pig manure was used on coffee 

intercropped with macadamia.  There was a positive correlation (r=0.359, P=0.05) 

between landscape and root rot with more root rot occurring in flat beds.  

 

3.5.2  P. cinnamomi isolates recovered 

Isolates recovered from the samples were characterised based on colony morphology on 

corn meal agar and V8 Juice agar.  On V8 juice agar,  the colonies had few aerial 

mycelia with denser layers in the form of a rosette and creamy white colour while on 

corn meal agar mycelia were non aerial, stellate with sharp points,  white and hyaline 

(Plate 3.1.a and b).  
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Plate 3. 1:  Photographs of P. cinnamomi colonies (a) on V8 juice  
  agar and (b) on corn meal agar 
 
In both, the hyphal swellings characteristic of P. cinnamomi were seen under the 

microscope (× 200).  The diameters of mycelia on both media were on average 6.7 µm.  

Isolates forming oospores when paired with A2 tester strains were A1 and those forming 

oospores with A1 were A2.  Isolates that formed gametangia on the same thallus were 

designated homothallic (H) (Table 3.4). 

  
Table 3. 4. Phytophthora cinnamomi isolates recovered from  

 Macadamia in 11 districts of Kenya 
 
Districts Recovered from    Mating types 

 No. of 
isolates 

         
soil 

  
roots 

 
bark 

 
 A1 

 
A2 

 
      H 

Baringo 2 2 0 0 1 0 1 
Bungoma 2 1 1 0 2 0 0 
Embu 7 4 2 1 4 3 0 
Kirinyaga 9 5 2 2 5 3 1 
Machakos 8 4 2 2 2 4 2 
Maragua 11 6 2 3 3 6 2 
Meru Central 12 8 2 2 4 5 3 
Murang’a 9 4 2 3 2 3 4 
Nyeri 10 5 3 2 7 1 2 
Taita-Taveta 3 1 1 1 1 1 1 
Thika 3 2 0 1 2 1 0 
Total 76 42 17 17 33 27 16 

 

  a b 
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In total, 76 P. cinnamomi isolates were recovered from all the samples collected during 

the survey.  More isolates (42) were recovered from the soil samples than from the roots 

and infected trunks.  A similar number of isolates (17) were recovered from the root and 

bark samples.  The A1 mating type was more abundant than the A2 (Table 3.4).  

Phytophthora cinnamomi isolates recovered in this study indicate a wide distribution of 

this pathogen in macadamia growing regions of Kenya.   Within the study districts, both 

mating types (A1 and A2) and some isolates of P. cinnamomi whose mating type could 

not be determined from pairing were recovered from soil in macadamia rhizospheres as 

well as roots and stems of infected macadamia trees across the region (Figure 3.1).  The 

three types of P. cinnamomi isolates (A1, A2 and homothallic) were recovered from all 

the macadamia growing regions (Appendices 2 -8). 
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Figure 3.1: Distribution of P. cinnamomi isolates recovered from soil in macadamia 
orchards, roots and stems of macadamia with root rot symptoms   in Kenya 
 
3.6  Discussion 

3.6.1  Disease surveys 

It was expected that the survey areas would fall under the Upper Midland (UM) zones 1, 

2, 3 and 4 as macadamia was introduced to Kenya from Hawaii in the 1960s through the 

coffee factories and the agro-climatic conditions suitable for coffee are also suitable for 

macadamia (Gitonga et al., 2009; Kiuru et al., 2004; Wasilwa et al., 1999).  
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The high incidence of macadamia root rot in Meru Central district could be because of 

presence of other crop and tree species such as avocado and Grevilliea and Eucalyptus 

spp. that are hosts of P. cinnamomi in the macadamia orchards.  This was reported 

earlier by Muthoka et al. (2005) who also observed a reduced incidence of macadamia 

decline in farms where organic manure was used in the coffee intercrop.  The lowest 

percentage losses caused by root rot were recorded in Maragua (6.8 %) and Murang’a 

(9.2 %) despite the relatively high incidence of root rot 30.3 and 36.6 %, respectively.  

The main variety grown in the two areas was MRG-20 earlier reported by Gitonga et al., 

(2009) to relative resistance to macadamia decline.  The high numbers of root rot 

infected M. tetraphylla trees observed could be because M. tetraphylla is more tolerant 

to P. cinnamomi and trees can survive for long periods without succumbing to the 

disease (Zentmyer, 1979).  Mechanical means of weed control by use of machetes and 

hoes could cause injury to the roots and create entry points for P. cinnamomi from other 

hosts such as avocado.  

 

A few farmers reported use of organic manure in their coffee intercrops in macadamia.  

In such farms, low incidence of macadamia decline was observed.  Aryantha et al. 

(2000) found that high levels of ammonia in chicken manure were toxic to P. 

cinnamomi.  Organic matter in the form of yard trimmings, corn stubble, sorghum 

stubble, wheat straw, alfalfa straw and pine bark with a C: N ratio between 25: 1 and 

100: 1 were shown to be inhibitory to avocado root rot caused by P. cinnamomi by many 

researchers (Broadbent and Baker, 1974; Pegg et al., 1982; Borst, 1983; Downer 1988; 
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Turney and Menge, 1994; Wolstenholme, et al., 1996).  Soils with organic matter 

content of seven percent are thought to be inhibitory to P. cinnamomi.   

 

The high incidence of root rot in orchards located in flat beds could be attributed to the 

movement of oomycete propagules (oospores, chlamydospores or oospore cysts) in the 

soil particles from steep to flat areas (Benson, 1991; Weste and Vithanage, 1978a).  In 

addition, drainage in flat areas is poor leading to increased soil moisture and free water 

that creates an environment conducive for P. cinnamomi infection and development of 

root rot.  The water content of the soil has effects on various phases of the life cycle of 

P. cinnamomi e.g. hyphal growth, sporangial formation and zoospore movement, thus 

the pathogen is favoured by wet conditions when not in contact with a host root.  

3.6.2  Recovery of P. cinnamomi isolates  

Different host baits have been used for detection of Phytophthora species from soil.  

Dance et al. (1975) listed characteristics of an ideal bait in a bioassay for Phytophthora.  

These include; substrate availability, seasonal nature, ease of use, high sensitivity and 

susceptibility to the test Phytophthora species.   In this study, avocado fruits were used 

due to their possession of all the above characteristics.  Avocado leaves would have been 

easier to use but growth of contaminants in the wound areas of the leaf pieces rendered 

them insensitive to P. cinnamomi.  This was in agreement with Jeffers and Aldwinckle 

(1987), who encountered growth of contaminants such as Pythium spp in wounded 

perimeters of leaf disc baits.  Recovery of more P. cinnamomi isolates from soil than the 
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plant pieces could have been due to the presence of dormant P. cinnamomi oospores in 

the soil (Fergusson and Jeffers, 1999).  However, serological or molecular diagnostic 

methods are more sensitive than soil baiting (Davison and Tay, 2005; Hayden et al., 

2004; Pettit et al., 2002). 

 

Selective media containing antibacterial and antifungal agents have been successfully 

used for the detection and isolation of Phytophthora species from plant tissues (Masago 

et al., 1977; Ribeiro, 1976; Tsao and Guy 1977; Zentmyer, 1980).  In this study, despite 

the use of selective media, there were fewer P. cinnamomi isolates detected from plant 

tissues than from soil samples.  Once plant tissues become necrotic after P. cinnamomi 

infection, other secondary microorganisms invade the necrotic area.  Once the tissue 

dies, P. cinnamomi also dies.  Root and bark samples collected could have died from 

infection prior to collection hence the reduced recovery.  This could explain the recovery 

of fewer isolates.  Timmer et al. (1970) recovered fewer Phytophthora parasitica 

isolates from plant tissues than from soil samples in citrus fields in Florida.  

 

3.6.3  Genetic variation of recovered   P. cinnamomi isolates 

 The presence of A1, A2 mating types and homothallic isolates gave an indication that 

the P. cinnamomi isolates recovered from different macadamia growing areas of Kenya 

formed three populations.  In an earlier study, Arentz and Simpson (1986) found that A1 

and A2 of P. cinnamomi rarely occurred in the same location and disease situation.  

They concluded that the frequency of occurrence of each mating type did not indicate 



 62 

the presence of a sexual population.  In this study, presence of the mating types in the 

same locations was an indication of sexual populations.  This was in agreement with Old 

et al. (1984) who found an indication of genetic recombination based on isozyme 

analysis of Australian and Papua New Guinea populations of P. cinnamomi.  Linde et al. 

(1997) found both A1 and A2 mating types on macadamia, avocado and Fynbos 

vegetations in Cape and Mpumalanga regions of South Africa with no specific pattern in 

regional distribution of the mating types which also was the case in the Kenyan isolates 

identified in this study.  Apart from contributing to genetic diversity, oospores can 

survive for long in the soil.  Depending on the capability of the oospores to germinate in 

the presence of susceptible host roots, this may have an impact on the effectiveness of 

crop rotation as a disease management strategy whereby oospores may survive for long 

in the soil to infect a susceptible host in due season.  Further characterizations (macro, 

micro-morphological and molecular) of the three populations are described in later 

chapters.  

 

3.7  Conclusion 

The study established that P. cinnamomi occurs in all macadamia growing areas of 

Kenya where it is associated with root rots and trunk cankers.  Macadamia tree losses 

due to the two diseases are currently between 6.8 to 36.6 %.  All macadamia cultivars 

are susceptible to root rot but there was indication that M. tetraphylla is most susceptible 

and MRG-20 is least susceptible.  Some macadamia production practices that could pre-

dispose the trees to root rot were identified.  These were, intercropping macadamia with 
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other P. cinnamomi susceptible crop and tree hosts like avocado, Eucalyptus and 

Grevillea spp and failure to use organic and/ or inorganic manure in the macadamia 

orchards.  The latter serves to reduce both the soil fertility and soil micro-organisms 

antagonistic to P. cinnamomi leading to high populations of the pathogen.  

 

Avocado fruits were effective baits for P. cinnamomi.  This can be used as a simple, 

affordable method for qualitative detection of P .cinnamomi in soils.  However there is 

need to carry out quantitative studies to establish the threshold levels of the soil 

inoculum density of P. cinnamomi.  The 76 P. cinnamomi isolates recovered from 

macadamia in Kenya revealed a high genotypic variation as expected in a heterothallic 

out breeding organism.  The presence of A1, A2 and homothallic isolates in the same 

locations and disease situations leads to the conclusion that sexual reproduction probably 

plays a big role in the Kenyan P. cinnamomi populations.  This genetic diversity would 

also lead to the conclusion that P. cinnamomi is not an introduced pathogen to Kenya.  
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CHAPTER 4 

 

4.0   PHENOTYPIC VARIATION IN THREE PHYTOPHTHORA  

  CINNAMOMI POPULATIONS FROM MACADAMIA GROWING 

  AREAS OF KENYA 

 

4.1  Abstract 

Isolates were recovered from rhizospheres, roots and stems of symptomatic macadamia 

trees in different regions of Kenya.  Avocado baits were used to recover isolates from 

soil.  Recovery from roots and stems was done by direct plating on Phytophthora 

selective medium.  The isolates were identified on the basis of colony morphology on 

Potato Dextrose Agar (PDA) and presence of hyphal swellings as Phytophthora 

cinnamomi.  Genetic variation of the isolates was determined by pairing with A1 (VQ 

4856) and A2 (VQ4857) P. cinnamomi tester isolates acquired from Royal Botanical 

Gardens, Australia and grouped as A1, A2 and H (homothallic) sub-populations.  The 

three sub-populations were examined for phenotypic variation.  The macro-

morphological phenotypes examined included colony morphology, growth rate on PDA 

at 20, 24 and 28 °C, pathogenicity, virulence and capacity to kill macadamia seedlings.  

The micro-morphological phenotypes examined included sporangia formation, 

morphology and dimensions.  The isolates differed significantly (P=0.05) in growth rate 

at the three temperature conditions.  The fastest growing isolates were those in the H 

sub-population with a mean daily growth rate of 5.94 mm d-1.  Optimum growth rate for 
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all the isolates was obtained at 24 °C..  There was a significant (X2
4=94.1, P=0.05) two-

way relationship between colony morphology and isolate sub- population.  The H 

isolates were predominantly non-pattern. Colony morphology designated as petaloid, 

rosaceous or non-pattern was influenced by temperature.  At 24 °C colonies were 

predominantly petaloid.  Thirty five out of the 76 P. cinnamomi isolates were pathogenic 

to green apples.  All the P. cinnamomi isolates recovered from stems, 50 % of those 

recovered from roots and 23 % of those recovered from soil caused lesions in green 

apples, disease or death in macadamia seedlings and were termed pathogenic.  There ws 

no significant (r=2.9, P>0.05) correlation between isolate sub- population and 

pathogenicity.  However there was a significant (P=0.05) difference in virulence among 

sub-populations.  The H isolates were the most virulent and killed macadamia seedlings 

29 days after inoculation.  These findings of large phenotypic variations among isolates 

have important taxonomic and disease management implications.  This is the first such 

study undertaken in Kenya.  The knowledge generated will be crucial in the 

development of integrated management strategies for macadamia root rots and trunk 

cankers in Kenya. 

 

4.1  Introduction 

Phytophthora cinnamomi is distributed worldwide and has a wide host range including 

avocado, macadamia and pineapples.  Phytophthora cinnamomi is found in all countries 

in which avocadoes are grown commercially (López-Hèrrèra and Pèrèz-Jimènèz, 1995).  

Infected trees show a slow decline, with chlorotic leaves, branch die -back and stunted 
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growth due to rot of the fine feeder roots (1-3mm diameter) which blacken, break and 

die.  The pathogen also causes trunk cankers above the soil line (Zentmyer, 1984) which 

girdle and kill the trees (Plate 4.1).   

      

 
Plate 4. 1:  Phytophthora cinnamomi infection on macadamia trees  
  (a) stunted growth (b) trunk cankers 
 
Phytophthora cinnamomi is one of the most easily identified Phytophthora species.  Its 

distinguishing features include coralloid hyphae, prominent hyphal swellings and 

abundant chlamydospores.  Host baits are used for recovery of P. cinnnnamomi from 

soil and the apple pathogenicity test is simple and accurate in separating pathogenic 

from non-pathogenic P. cinnamomi and co- isolated Pythium species (Serfontein et al., 

2007a).  The pathogen has been the subject of several morphological studies, primarily 

as a basis for diagnostics and classification (Stamps et al., 1990) but also to describe 

phenotypic variation (Hüberli et al., 2001).  Phytophthora cinnamomi is heterothallic 

and requires crossing of A1 and A2 mating types for production of oospores.  Production 

of oospores because of sexual reproduction increases the genetic variation in a 

population (Zentmyer, 1980).   

 

a b 
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While designation of mating types as A1 and A2 for a particular isolate of P. cinnamomi 

was primarily based on behavior in pairing in pure culture, Shepherd et al. (1974) found 

differences in the morphology and behavior of Australian A1 and A2 that allowed 

recognition of the compatibility type with a degree of certainty.  Isolates of P. 

cinnamomi vary widely in pathogenicity and the variation is not related to mating type 

(Dudzisnki et al., 1993).  The occurrence of greater variation may enhance the potential 

for the pathogen to survive adverse conditions, overcome, or resist control measures.  

Where the level of pathogen variation is high, there is the potential for it to evolve and 

adapt to its environment as selection pressure creates a situation where the pathogen is 

forced to change to survive.   

 

To develop successful management strategies for a disease, it is important to determine 

the extent of phenotypic variation within the causal pathogen population.  When P. 

cinnamomi was first described, Rands (1922) showed that isolates varied in 

pathogenicity in stem inoculated Cinnamomum barmanni trees.  Since then, there have 

been numerous reports on macro-morphological (colony type and growth rate) and 

micro-morphological (sporangial and gametangial morphology) variation among 

worldwide collections of P. cinnamomi isolates (Dudzisnki et al., 1993).  Sporangia can 

be ovoid, obpyriform or ellipsoid to elongate-ellipsoid in shape, with a petalloid, 

rosaceous or undefined pattern (Erwin and Ribeiro, 1996).   
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Variations in sporangia morphology and dimensions are important criteria in the 

taxonomic status of Phytophthora spp. (Erwin and Ribeiro, 1996; Waterhouse, 1963; 

Zentmyer, 1980).  Hüberli et al., (1997a) suggested that differences in phenotypic 

variability between P. cinnamomi populations in Australia exist.  They linked this to 

absence of control measures for the pathogen over a period of 50 years since its 

introduction to natural plant communities in Australia that allowed for inadvertent 

movement and for phenotypic divergence of the pathogen.  Phytophthora cinnamomi in 

Kenya may have been introduced with avocado (Onsando and Gathungu, 1984; 1988) or 

macadamia.  There has not been any effective disease management in place for the two 

crops over the years.  This could have led to the phenotypic divergence of the pathogen.  

The objective of this study therefore was to examine phenotypic variation including 

macro-morphological, micro-morphological and pathogenicity characters among three 

sub-populations of P. cinnamomi recovered from samples collected from diseased 

macadamia trees in different parts of Kenya. 

 

4.2  Materials and Methods 

Procedures for preparation of growth media used in this study unless otherwise stated 

have previously been described in Chapter three.  Preparations of Phytophthora selective 

medium (PARPH) and Corn Meal Agar (CMA) are described in section 3.3.2.  

Preparation of clarified V8 juice agar and determination of mating types are described in 

section 3.3.3.  
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4.2.1  Source of P. cinnamomi isolates 

Isolates were recovered from rhizospheres, roots and stems of macadamia trees collected 

during a survey in macadamia growing areas of Kenya between December 2005 and 

April 2006.  Recovery of the isolates on PARPH selective medium (Jeffers and Martin, 

1986), morphological identification, growth of cultures on media, determination of 

mating types and maintenance of the isolates was described in Chapter three section 

3.3.3.  In total, 76 P. cinnamomi isolates, 34 A1, 26 A2 mating type and 16 homothallic 

types   were examined in this study (Table 4.1).  Isolates were revived on PARPH, then 

transferred to 5 % clarified V8 juice agar prepared as earlier described in chapter two.  

All isolates were stored as 2 mm clarified V8 plugs in 5 ml double distilled water in 

Bijou bottles at room temperature (24 ± 2 °C) for the duration of this study.  
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Table 4.1. Source and mating types of P.cinnamomi isolated in Kenya in 2005/06 
 
S/No 

Isolate* Farm code District Source Year isolatedMating 
type  

1 06-070 Bar05-06 Baringo soil 2006   H 
2 06-071 Bar06-06 Baringo soil 2006   A1 
3 06-072 Bgm3-06 Bungoma soil 2006   A1 
4 06-073 Bgm4-06 Bungoma roots 2006   A1 
5 06-034 Emb30-06 Embu soil 2006   A1 
6 06-035 Emb30-06 Embu soil 2006   A2 
7 06-036 Emb19-06 Embu soil 2006   A1 
8 06-037 Emb19-07 Embu soil 2006   A2 
9 06-038 Emb26-06 Embu roots 2006   A1 

10 06-039 Emb26-06 Embu roots 2006   A2 
11 06-040 Emb27-06 Embu stem 2006   A1 
12 06-041 Krg3-06 Kirinyaga soil 2006   A1 
15 06-044 Krg8-06 Kirinyaga roots 2006   A2 
16 06-045 Krg21-06 Kirinyaga roots 2006   A1 
17 06-046 Krg21-06 Kirinyaga soil 2006   A2 
18 06-047 Krg27-06 Kirinyaga stem 2006   A1 
19 06-048 Krg27-06 Kirinyaga stem 2006   A2 
20 06-049 Krg27-06 Kirinyaga soil 2006   H 
21 06-050 Mcks1-06 Machakos soil 2006   A1 
22 06-051 Mcks1-06 Machakos stem 2006   A2 
23 06-052 Mcks1-06 Machakos soil 2006   H 
24 06-053 Mcks25-06 Machakos roots 2006   A2 
25 06-054 Mcks14-06 Machakos soil 2006   A2 
26 06-055 Mcks14-06 Machakos soil 2006   H 
27 06-056 Mcks16-06 Machakos stem 2006   A1 
28 06-057 Mcks16-06 Machakos roots 2006   A2 
29 05-004 Mar2-05- Maragua stem 2005   A1 
30 05-005 Mar2-05 Maragua soil 2005   A2 
31 05-006 Mar2-05 Maragua stem 2005   H 
32 05-007 Mar3-05 Maragua soil 2005   A2 
33 05-008 Mar13-05 Maragua soil 2005   A1 
34 05-009 Mar13-05 Maragua stem 2005   A2 
35 05-010 Mar 30-05 Maragua soil 2005   A2 
36 05-011 Mar28-05 Maragua roots 2005   A2 
37 05-012 Mar28-05 Maragua soil 2005   H 
38 05-013 Mar26-05 Maragua roots 2005   A1 
39 05-014 Mar26-05 Maragua soil 2005   A2 
40 06-058 Mru-10-06 Meru C. roots 2006   A1 
41 06-059 Mru-10-06 Meru C. roots 2006   H 
42 06-060 Mru-10-06 Meru C. soil 2006   A2 
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43 06-061 Mru-28-06 Meru C. soil 2006   A1 
44 06-062 Mru-30-06 Meru C. stem 2006   H 
45 06-063 Mru-27-06 Meru C. soil 2006   A1 
46 06-064 Mru-15-06 Meru C. stem 2006   A2 
47 06-065 Mru22-06 Meru C. soil 2006   A2 
48 06-066 Mru20-06 Meru C. soil 2006   A1 
49 06-067 Mru22-06 Meru C. soil 2006   H 
50 06-068 Mru30-06 Meru C. soil 2006   A2 
51 06-069 Mru24-06 Meru C. soil 2006   A2 
52 05-015 Mur3-05 Murang’a soil 2005   H 
53 05-016 Mur9-05 Murang’a roots 2005   A1 
54 05-017 Mur9-05 Murang’a soil 2005   H 
55 05-018 Mur18-05 Murang’a soil 2005   H 
56 05-019 Mur18-05 Murang’a roots 2005   A2 
57 05-020 Mur20-05 Murang’a stem 2005   A2 
58 05-021 Mur20-05 Murang’a soil 2005   H 
59 05-022 Mur25-05 Murang’a stem 2005   A2 
60 05-023 Mur25-05 Murang’a stem 2005   A1 
61 05-024 NY-25-05 Nyeri soil 2005   A1 
62 05-025 NY-7-05 Nyeri roots 2005   H 
63 05-026 NY-13-05 Nyeri soil 2005   A1 
64 05-027 NY-13-05 Nyeri soil 2005   A1 
65 05-028 NY-14-05 Nyeri roots 2005   A1 
66 05-029 NY-18-05 Nyeri stem 2005   A1 
67 05-030 NY-19-05 Nyeri soil 2005   A2 
68 05-031 NY-20-05 Nyeri roots 2005   A1 
69 05-032 NY-25-05 Nyeri soil 2005   A1 
70 05-033 NY-26-05 Nyeri stem 2005   A1 
71 06-074 Tt 10-06 T.Taveta  soil 2006   H 
72 06-075 Tt 10-06 T.Taveta  stem 2006   A1 
73 06-076 Tt 8-06 T.Taveta  roots 2006   H 
74 05-001 Tk10-05 Thika soil 2005   A1 
75 05-002 Tk-15-05 Thika stem 2005   A2 
76 05-003 Tk22-05 Thika soil 2005   A1 

* The first two digits indicate the year of isolation; the other three digits are the 
accession number as per storage.  

4.2.2  Macro-morphological Phenotypes 

Hyphal tipped colonies of the 76 isolates were grown on CMA and  incubated in the 

dark at 22 ± 2 °C for 3 days.  Agar discs (5 mm diameter) were cut from the edge of the 
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actively growing colonies on CMA using a sterile cork borer (sterilized by dipping in 

100 % ethanol and flaming).  These were placed mycelia facing down on  the  centre of 

individual Petri plates (90 mm diameter) containing 10 ml of Potato Dextrose Agar 

(PDA) (Oxoid Ltd. Basingstoke, Hampshire, England), made by dissolving 39 g  PDA in 

1 litre distilled water, autoclaving for 15 min at 121 °C.  Plates were sealed with Para 

film® (American National Can. Chicago) and incubated at 20, 24, 28 and 32 °C in the 

dark.  A preliminary study using 20 of the isolates showed that at 12 to 16 °C radial 

growth was very slow and isolates died at temperatures beyond 34 °C.  The plates were 

arranged in a complete randomized design (CRD) in laboratory incubators with four 

replicate plates for each isolate, temperature and control treatments.  Radial growth was 

measured after 4 days at 20, 24, 28 and 32 °C along two lines intersecting at right angles 

at the centre of the inoculum disc.  The radial growth rate in mm per day was calculated 

by taking the average of all eight radial measurements, subtracting the inoculum disc 

radius and dividing by four.  The experiment was repeated twice.   Colony types of each 

isolate at each temperature were recorded as rosaceous, petaloid, or non pattern (Erwin 

and Ribeiro, 1996).  After 4 days, hyphal growth at 32 oC was very sparse and non-

uniform making radial measurements difficult.  The plates were transferred to a 24 °C 

incubator for up to 10 days to determine whether the 32 °C had caused stasis (defined by 

growth at 24 °C) or death (defined by no growth at 24 °C) of the cultures.  
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4.3.4  Micro-morphological Phenotypes 

4.3.4.1  Sporangia 

Each isolate was grown on clarified V8 agar at 25 °C in the dark for 4 days.  Agar plugs 

of young actively growing mycelium were floated in  non sterile soil extract (NSSE) 

solution (Jeffers and Aldwinckle, 1987) and incubated under continuous light froma cool 

white fluorescent tube (T10 SMD, Dongguan, Co. Ltd, China) suspended 22 cm above 

the cultures at room temperature ( 22 ± 2 °C) to induce production of sporangia.  After 

24 h, individual plugs of each isolate were mounted in distilled water on a microscope 

slide, pressed slightly with a cover slip and observed microscopically (200-400 ×).  For 

each isolate, dimensions (length and breadth) of 20 randomly selected first generation 

sporangia were measured using an ocular micrometer in a light microscope (Leica 

ATC2000, New York Microscope Company, Inc., New York, USA).  The length: 

breadth ratio was calculated (Duan et al., 2008).  Sporangial shapes were recorded using 

the descriptors of Erwin and Ribeiro (1996).  

4.3.5  Disease and pathogenicity phenotypes 

4.3.5.1  Capacity to form lesions in green apples  

The 76 isolates were screened for their pathogenicity and virulence on green apples.  

Green apples were bought from the local supermarket.  Care was taken to only select 

those with no visible blemish.  The apples were sterilized by dipping in 70 % ethanol 

and blotter drying on a laminar flow bench.  A sterile scalpel was used to cut a 10 × 10 

mm incision in the apple.  A 5 mm diameter plug cut from the margin of a 4 day old 
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culture growing on V8 juice agar was inserted mycelia face down into the incision and 

the wound sealed by covering with Vaseline petroleum jelly and a film wrap.  The tissue 

in contact with the inoculum disc will therein be referred to as the site of inoculation.  

Controls were inoculated with sterile V8 agar discs.  There were four replicate fruits for 

each isolate and control treatments.  The fruits were arranged in a complete randomized 

design (CRD) and incubated at 24 ± 2°C in the dark in disinfected plastic trays.  The 

total length of each externally visible lesion that extended from the site of inoculation 

was measured 8 days after inoculation.  The daily lesion extension (mmd-1) was 

calculated by taking the lesion length (mm) on day 8 after inoculation, subtracting the 

distance from the centre of point of inoculation to beginning of lesion on the apple fruit 

and dividing by 8.  After the measurements, two randomly selected apples (with or 

without lesions) per isolate and the control treatments were used in re-isolation of P. 

cinnamomi on PARPH to confirm the presence of P. cinnamomi.  Presence of necrosis 

however small was considered an indication of pathogenicity while size of lesion 

extension per day was taken as a measure of virulence of the pathogenic isolates. 

4.3.5.2   Capacity to cause death of macadamia seedlings 

Experiments were conducted under a shade house at KARI-Macadamia, Thika to 

determine the ability of the isolates to cause death to macadamia seedlings. 

 

Raising macadamia seedlings 



 75 

Healthy macadamia nuts, cultivar MRG-20 were obtained from a farmer’s field.  The 

nuts were planted in a sterile sand filled bed at KARI-Thika.  Watering was done three 

times a week with a watering can.  After one month, when the shoots were visible, 

vigorous seedlings were transplanted to 130 mm free draining bags containing sterile 

potting mix (forest soil, brown river sand and animal manure in the ratio of 3:2:1 by 

volume) sterilized by fumigation with metham sodium (Methyldithiocarbamate).  

Watering was done three times a week with a can.  Weeds were pulled out by hand.  

Inoculation was done 2 months later when the stems had acquired pencil thickness. 

 

Preparation of inoculum and inoculation 

Sterile Miracloth (Calbiochem, Corporation, Canada) discs, 10 mm diameter, were 

placed onto V8 agar (30 per plate).  Each plate was inoculated with a 5 mm agar disc of 

actively growing hyphal tipped P. cinnamomi colonies.  Plates were incubated in the 

dark at 24 °C for 10 days.  Stems of macadamia seedlings were bark wounded with a 

sterile scalpel blade mounted on a scalpel holder no. 3.  The inoculated Miracloth discs 

were placed on the wounds and sealed with Parafilm.  The point of contact between the 

inoculated discs and the stem wound is the point of inoculation.  Control plants were 

inoculated with sterile Miracloth discs.  There were four replicate plants per isolate and 

control treatments arranged in a completely randomized design (CRD).  The experiment 

was repeated once.  The average minimum and maximum shade house temperatures for 

the duration of the experiment were 21°C and 25 °C, respectively.  
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Data on survival of plants was taken three weeks after inoculation when leaf necrosis on 

the plants was first noticed and continued every ten days for three months.  Plants were 

scored as dead when all leaves were necrotic and crisp.  Dead plants were harvested and 

five 1 cm sections from above the site of inoculation were plated on PARPH and 

incubated at 24 ± 2 °C for recovery of P. cinnamomi.  After 3 months (12 weeks), 20 

randomly selected surviving plants were harvested after measuring the distal lesion 

lengths from the middle of the site of inoculation upwards.  Where lesions were present, 

stems were cut into 1 cm sections, from 1 cm into the lesion front to 6 cm up the stem 

and then cut longitudinally to expose the bark and wound to the PARPH medium.  

Visually symptoms less stems were plated as above, from the site of inoculation for 6 

cm up the stem.  All stem sections were plated sequentially onto PARPH incubated at 24 

± 2 °C for 14 days and the recovery of P. cinnamomi examined every 2 days.  Stem 

sections were removed from those plates from which P. cinnamomi was not recovered, 

and a leaching technique was used to obtain further recoveries (Hüberli et al., 2000).  

 

4.3  Data analysis 
 
Data were examined for assumptions of normality and outliers using the Levene option 

of the Hovtest (Dytham, 1999).  Transformations were performed where required, for 

use of parametric tests (Fowler and Cohen, 1990).  The arcsine square root 

transformation was performed on proportion data.  One-way analysis of variances 

(ANOVAs) and the Least Significant Difference (LSD) test (P=0.05), using the 
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procedure GLM (SAS Institute, 2003) were used to test for significant effects.  Pearson’s 

test and the Spearman Rank Test were used to test for correlation between data.  Where 

data could not be transformed to fit normal distribution, non-parametric tests were used.  

Colony data were tabulated into a three way contingency table using the variables of 

colony morphology (non- pattern, petaloid and rosaceous), temperature (20, 24 and 28 

°C) and isolate sub-population (A1, A2 and H).  Frequencies of sporangia shapes (eight 

shapes) were cross tabulated by isolate sub-population (A1, A2 and H) 

 

4.5  Results 
 
4.5.1  Macro-morphological phenotypes 

4.5.1.1  Radial growth rates 

The mean radial growth rates for each isolate were significantly different (P<0.05) at 20, 

24 and 28 °C.  The highest mean radial growth rates for all the isolate types were 

obtained at 24 °C and the lowest at 20 °C (Table 4.2.).  The H type isolates had higher 

mean radial growth rate (5.94 mm d-1) at all the temperature conditions than A1 and A2 

that had mean radial growth rates of 4.2 and 4.43 mm d-1 respectively.  

 
 
 
 
 
 
 
 
 



 78 

Table 4.2. Mean radial growth rate of A1, A2 and homothallic (H) P. cinnamomi 
isolates associated with root rot and stem canker of macadamia in Kenya, 
4 days after incubation at 20, 24 and 28 °C. 

 
Temperature 

 ( °C) 

Radial growth rate (mmd-1) 

A1 isolates 

n=34 

A2 isolates 

n=26 

H isolates 

n=16 

20 3.45 ±0.01c* 3.64 ± 0.05c 5.60 ± 0.11c 

24 4.76 ± 0.04a 5.05 ± 0.58 a 6.31 ± 0.05a 

28 4.34 ± 0.03b 4.60 ± 0.04 b 5.80 ± 0.04 b 

Mean 4.18 4.43 5.94 

LSD 0.25   

*Means in the same column followed by the same letter are not significantly 
different according to the LSD (P=0.05 test). 
 

Growth of all the isolates at 32 °C was very limited (less than 0.5 mm) with no hyphae 

growing into the agar.  At this temperature, 58 of the 76 test isolates died 16 days after 

incubation.  The remaining 18 isolates re-grew in 5 to 10 days after transfer to 24 °C.  

4.5.1.2  Colony morphology 
 

Colony morphology of the isolates was described as rosaceous, petaloid or non-pattern 

(Plate 4.1).  Non-pattern classification was given to those isolates that did not display 

any characteristic pattern as described by Erwin and Ribeiro (1996).  
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Plate 4. 2:  Colony morphology of P. cinnamomi isolates on PDA (a) 
rosaceous (b) petalloid (c) non- pattern 
 
The log-linear model which best fitted the data indicated significant (X2

4=94.1, P=0.05) 

two-way relationship between colony morphology and isolate sub-populations.  Colony 

morphology was influenced by temperature.  At 24 and 28 °C, most of the isolates were 

generally petalloid (Table 4.3). 

Table 4.3.  Colony morphology of A1, A2 and homothallic (H) P. cinnamomi 
isolates associated with macadamia root rots and stem canker in Kenya 

Colony type % at Isolate sub-population 
20oC A1 A2 H 
Non-Pattern  5 20 40.7 
Rosaceous 18 20 0 
Petalloid 77 60 59.3 
24oC    
Non-Pattern  14 25 47 
Rosaceous 50 50 23 
Petalloid 36 25 30 
28oC    
Non-Pattern 0 13 35 
Rosaceous 33 20 15 
Petalloid 61 67 50 

4.4.1.3  Capacity to form lesions in green apples 

Of the 76 P. cinnamomi examined in this study, only 35 were pathogenic to green 

apples.  Lesions were observed 8 days after inoculation and extended rapidly up to 16 

days after inoculation.  Phytophthora cinnamomi was re-isolated from the lesions and 

 a   b    c 
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from the site of inoculation where no lesions developed.  Control apples did not have 

lesions and P. cinnamomi was not recovered from the fruits in the control treatments.  

Contingency table analysis revealed a strong correlation (r=48.7, P=0.05) between 

source of the isolates and pathogenicity.  Of the 35 pathogenic isolates, 10 were 

previously isolated from macadamia plant rhizospheres (soil), 17 from the stems and 8 

from the roots.  This represented 23 %, 100 % and 50 % pathogenicity on isolates 

recovered from soil, stems and roots, respectively.  There was no significant correlation 

(r=2.9, P>0.05) between the isolate sub-population and pathogenicity.  There was 

significant difference (P=0.05) in virulence among the isolates regardless of the type 

(Table 4.4).  The lesion extension lengths varied between 4.95 and 6.32mm d-1. 
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Table 4.4.  Mean lesion extension rate (mmd-1) on green apples after  
  inoculation with mycelia of A1, A2 and homothallic (H) P. cinnamomi 
  isolates recovered from macadamia  rhizosphere soil, stems and roots 
 

 

Isolate type  

Mean lesion extension rate (mmd-1)  

Isolate source 

Soil Stems Roots 

A1 5.79 ± 0.3bc 6.33 ± 0.2bc 5.29 ± 0.4a 

A2 4.95 ± 0.3a  5.39 ± 0.3a 6.32b ± 0.3c 

H 5.67 ± 0.2ab 6.22 ± 0.6ab  5.99 ± 0.5b 

P value < 0.05   

LSD= 0.71 0.90 0.30 

*Means in the same column followed by the same letter are not significantly 
different according to the LSD (P=0.05) test. 

 

4.4.1.4  Mortality of macadamia seedlings 

The first visible signs of infection were observed three weeks (21 days) after 

inoculation.  Infected seedlings had chrolotic and necrotic leaves without any sign of 

new growth.  The first seedling death occurred 29 days after inoculation with isolate 05-

074 (H).  Twenty-four of the isolates killed all the macadamia seedlings 53 days after 

inoculation (Table 4.5).  Eight isolates did not cause death of seedlings but had clear 

symptoms of chlorosis leaf necrosis and stunted growth.  Phytophthora cinnamomi was 

recovered from all the dead and chlorotic plants 2 cm above the point of inoculation but 

not from the control plants.  All the isolates that never caused death, necrosis or 

chrolosis in macadamia seedlings were considered non pathogenic.  The capacity to 

cause death or infection in macadamia was significantly correlated with pathogenicity to 
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apples as all the 35 isolates pathogenic to apples caused death and/or disease in 

macadamia seedlings.  

Table 4.5.  Days to death of macadamia seedlings after wound-bark 
 inoculation with P. cinnamomi isolates in three sub- populations 
recovered macadamia rhizosphere, stems and  roots 

Isolate Mating type Mean days ± SEM 
06-071 A1 41.8 ±  8.3 
06-072 A1 45.5 ± 10.7 
05-001 A1 34.0 ± 6.5 
06-074 H 29.5 ± 6.4 
06-039 A2 37.0  ± 2.1 
06-040 A1 38.3 ± 2.9 
06-042 A1 37.3 ± 5.3 
06-045 A1 52.0 ± 4.1 
06-047 A1 33.5 ± 2.3 
05-002 A2 40.75 ± 8.4 
06-049 H 51.25 ± 3.8 
06-051 A2 40 ± 4.7 
06-056 A1 34.3 ± 4.0 
06-057 A2 55.3 ± 1.4 
05-004 A1 38.0 ± 3.3 
05-006 H 45.2 ± 8.3 
05-013 A1 53.8 ± 3.3 
06-061 A1 37.8 ± 5.8 
06-065 A2 45.8 ± 4.0 
06-067 H 55.0 ±4.0 
05-019 A2 29.5 ±3.0 
05-020 A2 52 ± 6.8 
05-022 A2 51.2 ± 5.0 
05-023 A1 42.5 ± 6.3 
 

Phytophthora cinnamomi was recovered from all diseased and some symptom less 

seedlings. 
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4.5.2  Micro-morphological Phenotypes 

4.5.2.1  Sporangia morphology 

The 76 P. cinnamomi isolates examined in this study produced non papillate, 

obpyriform, or ellipsoid sporangia that were primarily rounded or occasionally tapered 

at the base, borne terminally on sporangiophores, and proliferated internally.  There was 

wide variation in sporangium shape and size both within and among isolates.  In general, 

the shape of sporangia was pre-dominantly limoniform and ovoid (Plate 4.3.).  

 

 

 

 

 

 

                        a                                                                  b     
 
Plate 4. 3:  Phytophthora cinnamomi sporangia (a) ovoid non   
  papillate (b) limoniform 
 

The mean lengths of sporangia ranged from 43.4 to 77.8 µm and the mean breadths 

ranged from 25.3 to 48.6 µm.  The L: B ratios of sporangia ranged from 1.50 to 1.93 

(Table 4.6).  For all isolates, sporangia averaged 57.9 × 34.8 µm (Length × breadth) with 

an L: B ratio of 1.66 (Table 4.6).  
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Table 4.6. Means ± standard deviations for dimensions (µm) of sporangia   from 76 
P. cinnamomi isolates in three sub-populations recovered from roots, 
stems and soil in macadamia growing areas of Kenya (2005-2006) 

Isolate  *Genotype Length (L) Breadth (B) L/B 
06-070 H 70.2 ±14.4 41.0 ± 4.1 1.71 ± 0.32 
06-071 A1 58 .9 ± 6.2  34.5 ± 3.2 1.68 ± 0.21  
06-035 A2 55.9 ± 6.9 33.33 ± 3.3 1.65 ± 0.22 
06-048 A2 66.9 ± 8.5 37.9 ± 3.1 1.74 ± 0.22 
06-049 H 45.3 ± 4.3 29.0 ± 2.2 1.55 ± 0.31 
06-050 A1 60.9 ± 7.3 37.2 ± 3.4 1.62 ± 0.11 
06-051 A2 57.6 ± 4.9 34.3 ± 3.3 1.67 ± 0.22 
06-052 H 77.8 ± 10.5 45.4 ± 4.1 1.7 0 ± 0.12 
06-053 A2 60.9 ± 6.8 39.2  ± 3.2 1.53 ± 0. 22 
06-056 A1 60.6 ± 5.8 31.1 ± 3.2 1.90 ± 0.15 
06-057 A2 55.7 ± 4.5 32.3 ± 3.5 1.70 ± 0.22  
05-004 A1 46.2 ± 5.2 28.2 ± 3.1 1.64 ± 0.22 
05-005 A2 57.1 ± 3.5 31.6 ± 3.2 1.80 ± 0.12 
05-006 H 50.4 ± 4.5 35.2 ± 3.4 1.52 ± 0.10  
05-013 A1 60.6 ± 6.6 39.1 ± 3.2 1.53 ± 0.11 
05-014 A2 60.9 ± 7.8 38.7 ± 3.2 1.55 ± 0.23 
06-058 A1 59.6 ± 5.4 35.1 ± 3.2 1.68 ± 0.23 
06-059 H 66.4 ± 5.9 38.1 ± 3.2 1.80 ± 0.18 
06-060 A2 57.3 ± 4.5 34.33 ± 4.3 1.66 ± 0.22 
06-061 A1 49.1 ± 3.6 27.2 ± 2.3 1.81 ± 0.22 
06-062 H 68.4 ± 7.5 37.3 ± 4.2 1.78 ± 0.30 
06-066 A1 58.6 ± 3.6 33.2 ± 3.6 1.75 ± 0.33 
06-067 H 70.9 ± 7.1 31.3 ± 6.1 1.63 ± 0.11 
06-068 A2 60.5 ± 6.6  33.7 ± 4.3 1.78 ± 0.45 
06-069 A2 59.6 ± 5.4  36.9 ± 3.6 1.59 ± 0.11 
05-015 H 67.7 ± 4.6  38.1 ± 4.1 1.93 ± 0.22 
05-016 A1 46.3 ± 3.4  28.2 ± 3.1 1.64 ± 0.21 
05-017 H 55.4 ± 5.2  42.0 ± 4.1 1.64 ± 0.22 
05-023 A1 59.4 ± 6.6  33.3 ± 3.2 1.78 ± 0.13 
05-024 A1 60.5 ± 5.7  39.2 ± 4.1 1.53 ± 0.22 
06-074 H 60.9 ± 5.4  35.4 ± 4.8 1.60 ± 0.22 
05-002 A2 55.6 ± 5.7  33.6 ± 4.1  1.66 ± 0.10 
05-003 A1 68.6 ± 6.7  38.1 ± 3.9 1.78 ± 0.11 

 

There were no significant differences in sporangia lengths (P> 0.05), breadth or L:B 

ratios (Table 4.7).  
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Table 4.7.  Sporangial dimensions of A1, A2 and homothallic P. cinnamomi isolates 
associated with macadamia root rots and stem canker in Kenya.  

Isolates 
 
 

Sporangia  dimension 
Length (L) (µm) Breadth (B) (µm) L/B ratio 

A1 58.4 ± 2.47  34.7 ± 2.48  1.68 ± 0.04 
A2 56.5 ± 2.80 34.4 ± 2.08 1.64 ± 0.04 
H 58.93 ± 4.80 34.7 ± 1.97  1.68 ± 0.59 
P value  0.066 0.058 0.064 

 
All isolates formed non-papillate sporangia. Eight sporangial shapes (limoniform, ovoid, 

ellipsoid, conical, globose obpyriform, obvoid, and cylindrical) were recorded (Plate 

4.4.) 

 

 
Plate 4. 4:  Phytophthora cinnamomi sporangia shapes 
 

The dominant sporangial type was limoniform (59.3 to 74.2 %) followed by ovoid (13.1 

to 18.2 %) (Table 4.8.).  There was a strong correlation (r=0.67, P<0.05) between 

sporangia shapes and isolate sub-population.  Homothallic isolates had the highest 

Courtesy: Erwin and Ribeiro, 1996 
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frequency of limoniform (74.2 %) sporangia.  No cylindrical sporangia were recorded in 

A2 isolates.  

Table 4.8. Sporangial shapes of A1, A2 and homothallic P. cinnamomi isolates 
associated with root rots and stem canker of macadamia in Kenya.  

Sporangial 

shapes (%) 

Sub-populations 

A1 A2 H 

Limoniform  59.3 ± 4.5 58.2 ± 5.1 74.2 ± 6.1 

Ovoid 18.2 ± 3.2  17.1 ± 6.6  13.1 ± 2.1 

Ellipsoid 7.2 ± 2.1  7.9 ± 2.2 4.3 ± 1.9 

Conical  5.8 ± 1.8 7.6 ± 2.1 2.3 ± 0.8 

Globose 4.2 ± 0.7  5.1 ± 1.8 2.6 ± 0.1 

Obpyriform 3.1 ± 0.2  2.3 ± 0.1 1.8 ± 0.1 

0bvoid 1.1 ± 0.1  1.8 ± 0.1 1.2 ± 0.2 

Cylindrical 1.1 ± 0.1 0 1.1 ± 0.1 

 
4.6  Discussion 

4.6.1  Macro-morphological phenotypes 

4.6.1.1  Radial growth rate 

The effect of temperature on growth of fungal isolates is affected by the composition of 

the agar medium and isolation method.  Consequently, comparisons among data sets are 

virtually impossible unless consistent agar media are used and populations of similar 

genetic background are compared.  In this study, it was established that 24 °C on PDA 

was the optimum growth temperature for all the 76 P. cinnamomi isolates examined.  

The fastest growing isolates had mean radial growth rates of 5.0 to 6.6 mmd-1.  This was 

lower than that reported by Zentmyer et al. (1976), who used fresh potatoes in their agar 

medium and found P. cinnamomi to have radial growth rates between 6.2 and 7.5 mmd-1.  
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The growth rates were  however similar to those of South African P. cinnamomi isolates 

(5.1 to 6.3 mmd-1 ) growing at 25 °C (Linde et al., 1999) and the Australian P. 

cinnamomi isolates growing at the same temperature (Hüberli et al., 2001) on synthetic 

PDA.  The H isolates had the highest radial growth rate at all temperatures on PDA.  

Growth rate differences have previously been found in P. cinnamomi isolates (Hüberli et 

al., 2001; Shepherd and Pratt, 1974).  None of the isolates in this study grew at 32 °C 

and 80 % were killed after exposure to 32 °C for 16 days.  This was in contrast with 

other studies where P. cinnamomi isolates have been shown to grow at temperatures 

higher than 34 °C on fresh PDA (Zentmyer et al., 1976) and on other agar media (Haasis 

et al., 1964; Shepherd et al., 1974) but was in agreement with studies done by Hüberli et 

al. (2001) who found that P. cinnamomi isolates from Australia did not grow at 32 °C 

and 75 % of them died after 16 days of exposure to 32 oC.  

4.6.1.2  Colony morphology 

Overall, the rosaceous and petalloid colonies were the predominant types.  This agrees 

with previous studies on PDA using worldwide collections (Zentmyer, 1980).  It was 

established that temperature altered colony morphology in all the isolates.  Considering 

that all isolates were from similar localities and disease situations, in this study, we 

demonstrated that colony morphology is not a table character and should be used with 

caution when identifying Phytophthora  species.  Serfontein et al. (2007a) in their study 

on trunk cankers of macadamia in South Africa observed morphological similarities 
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between P. cinnamomi and Pythium vexans isolates from soil in macadamia orchards 

and it was difficult to separate the two on the basis of colony morphology. 

4.6.1. 3  Pathogenicity and virulence to green apples 

One would challenge the use of green apples for determination of P. cinnamomi 

pathogenicity.  Previous intensive pathogenicity studies supported lack of specificity in 

P. cinnamomi isolates of Australian (Dudzinski et al., 1993), French (Robin and 

Desperez-Loustou, 1998) and South African (Linde et al., 1997) origin.  Serfontein et al. 

(2007a) found that the apple pathogenicity test was accurate due to the distinctive brown 

hard rots caused by P. cinnamomi.  The test has been used for separation of pathogenic 

from non-pathogenic P. cinnamomi isolates.  The distinctive brown hard rots are only 

characteristic of P. cinnamomi infection ant the test is also accurate the the separation of 

co-isolated Pythium species.  In this study, only 35 out of the 76 identified P. cinnamomi 

isolates were pathogenic to green apples.  The H types were apparently more virulent 

than the A1 and A2 mating type isolates as indicated by the lesion extension rates.  The 

same isolate types had the highest radial growthrate on PDA.  This gives an indication 

that mycelial growthrate has a direct relationship with virulence but this needs further 

investigation. 

4.6.1. 4  Pathogenicity to macadamia seedlings 
Twenty four of the isolates pathogenic to apples caused disease or death in macadamia 

seedlings.  The capacity to cause death of macadamia seedlings ranged from mortality 

occurring in 53 days to non-pathogenic with most of the isolates being intermediate.  



 89 

Similar variation in pathogenicity was reported in Australian, French and South African 

P. cinnamomi isolates as discussed earlier.  Absence of visible symptoms does not 

indicate that P. cinnamomi is absent from macadamia plants.  The pathogen was 

recovered from symptomless seedlings in this study.  This gave an indication that the 

pathogen may cause latent infections undetectable by visual examinations.  Presence of 

latent infections in seedlings has an impact on disease management.  The Kenyan 

situation is that macadamia propagation is done mainly in government research 

institutions.  However, due to the high demand for planting material, propagation is also 

done commercially by untrained nursery operators with no certification.  

Consequentially, P. cinnamomi may be introduced to new areas through macadamia 

seedlings with latent infections or in potting media.  This could explain the wide 

distribution of the pathogen in all the macadamia growing areas of the country (Mbaka 

et al., 2009).  

4.6.2  Micro-morphological phenotypes 

Sporangia were all non papillate and their dimensions were a stable character in this 

study, which agrees with Waterhouse’s grouping (Waterhouse, 1963).  Sporangial shape 

and release are used with certainty for the distinction between Phytophthora and 

Pythium species where the two occur together in isolations (Erwin and Ribeiro, 1996; 

Hardham, 2005).  Molecular techniques have shown a clear association of species 

according to Waterhouse’s grouping by sporangial papillation form (Cooke and Duncan, 

1997; Crawford et al., 1996).  Sporangia arguably form the most important spore-
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bearing stage in the life cycle of P. cinnamomi, providing the potential for immense 

inoculum production and infection of hosts following release of zoospores.  While Byrt 

and Grant (1979) suggest that sporangial numbers and size do not necessarily provide an 

accurate presentation of the number of zoospores produced, Shea et al. (1982) found 

sporangial size and number to coincide with high densities of the pathogen in the soil 

and an increase in infection of susceptible hosts.  Thus, the ability of an isolate to 

produce greater numbers of sporangia may provide it with the potential to release more 

zoospores making it more virulent.  Indisputable molecular techniques for classifying 

Phytophthora species would have a distinct advantage over morphological characters 

since they are not subject to environmental influences. 

 

4.7  Conclusion 

This study established that phenotypic variation among Kenyan P. cinnamomi isolates is 

independent and continuous.  No single or small group of characteristics was identified 

that clearly separates the sub-populations into sub-species as they overlapped with one 

another.  Having been collected from one host, the range of phenotypic variation among 

the isolates indicated that no distinction was due to the host source hence they cannot be 

classified as sub-species.  These findings of large phenotypic variation among isolates 

derived asexually from one clonal lineage have important taxonomic, management and 

resistance screening implications.  The study established that there are stable and non 

stable characters for P. cinnamomi as earlier established by Hüberli et al. (2001).  The 

non stable characters such as colony morphology on PDA warrant an adjustment of the 
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species description to include these phenotypes (Hüberli et al., 2001).  The apple 

pathogenicity test used in this study was accurate in separating pathogenic from non 

pathogenic P. cinnamomi isolates recovered from soil and plant parts.  This test can be 

used by researchers conducting surveys to determine presence of P. cinnamomi 

inoculum in soils.  The same can be used to evaluate efficacy of soil treatment 

(drenching with chemicals, fumigation, and solarization) for control of P. cinnamomi.  

The finding that most of the P. cinnamomi isolates pathogenic to green apples were 

pathogenic to macadamia has an implication on management of diseases.  Green apples 

and other susceptible host fruits such as avocado can serve as natural baits to pass 

disease inoculums from infected soil to pathogen free areas.  This would be more so in 

areas where propagation for macadamia and other susceptible host crops such as 

avocado is done in the same nursery environment.  To avoid such dangers, nursery 

operators should be educated on the importance of hygiene and sterilization of potting 

media in their nurseries.   
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CHAPTER 5 

5.0  IN VITRO SENSITIVITY OF PHYTOPHTHORA CINNAMOMI 

  ISOLATES ASSOCIATED WITH ROOT ROTS AND TRUNK 

  CANKERS OF MACADAMIA IN KENYA TO SELECTED  

  FUNGICIDES AND A BIO-CONTROL PRODUCT 

 

5.1  Abstract 

The in vitro growth effect of six fungicide formulations and a bio-control agent on seven 

P. cinnamomi isolates associated with root rots and trunk cankers of macadamia in 

Kenya was evaluated under laboratory conditions.  Fungicide stocks were prepared in 

sterile deionized water and added to corn meal agar (CMA) at their recommended 

dosages.  Agar discs (5 mm diameter) from actively growing CMA cultures of each of 

seven P. cinnamomi isolates were plated on non-amended and fungicide amended CMA 

in 90 mm diameter Petri dishes.  The Petri dishes were wrapped with Parafilm® and 

incubated at 25 ± 2 °C in the dark.  Mycelial growth inhibition at the recommended 

fungicide dose was calculated as a fraction of the growth in non-amended CMA and the 

difference expressed as a percentage.  The percentage growth inhibition data were 

arcsine transformed before subjecting to a two way ANOVA using the procedure GLM 

(SAS Institute 2003).  Growth rate in the amended and control Petri dishes was taken as 

the mean of the radial growth measurements divided by the number of incubation days 

(six in this study) and expressed as mmd-1.  In vitro growth inhibition by different 

fungicides and the bio-control agent Trichoderma herzianum strain 21, 2 × 109  spores /L 
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(Rootgard) varied significantly (F=8.15, P=0.05).  Thiophanate methyl, 0.011 g/L 

(Topsin), Benomyl, 0.5 g/L (Benovarp 50 WP), Cuprous oxide, 75 % metallic Copper ( 

Nordox Super 75 WP)  caused total inhibition to mycelial growth in most of the isolates.  

Metalaxyl, 0.2 g /L + Mancozeb, 1.6 g/L (Melody Duo 66.8 WP), inhibited growth by 

between 90.39 to 100 % in most of the isolates.  Trichoderma herzianum, inhibited 

mycelial growth of P. cinnamomi isolates by 81.8 to 98.2 % compared to growth in 

control treatments.  The study established that fungicides and the bio-control agent 

recommended for control of other Phytophthora diseases in Kenya have a direct in vitro 

inhibitory effect on mycelial growth of P. cinnamomi.  There is need to establish the 

concentration of the active ingredient at which 50 % growth inhibition occurs (ED50), 

the inhibitory effect in vivo and under field conditions to incorporate the products in the 

development of an effective integrated management strategy for macadamia root rots 

and trunk cankers. 

 
5.2  Introduction 

5.2.1  Chemical control of P. cinnamomi 

The evolutionary distance of Phytophthora and other oomycetes from the true fungi has 

major implications for the effectiveness of traditional fungicides in controlling 

Phytophthora diseases (Hardham, 2005).  Pythiaceous oomycetes are not controlled by 

many fungicides, as they are not reliant on sterol synthesis, that is inhibited by these 

chemicals in true fungal pathogens (Bartinicki-Garcia and Wang, 1983).  Despite this, a 

number of classes of compounds have been found to inhibit Phytophthora growth and 
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plant infection (Erwin and Ribeiro, 1996; Griffith et al., 1992; Schwin and Staub, 1995).  

Two groups of chemicals that have proved to be the most effective for P. cinnamomi are 

the phenylamides (e.g. metalaxyl) and the phosphanates (e.g. Fosetyl-Aluminium).  

 

The phosphanates are salts or esters of phosphoric acid (Guest and Grant, 1991).  

Because the term phosphanate is also applied to compounds containing a carbon-

phosphorous bond, the phosphoric acid salts used for Phytophthora control are referred 

to as phosphates (Hardy et al., 2001).  Metalaxyl and phosphate are both systemic 

inhibitors, with metalaxyl being translocated in the xylem, and phosphate in the xylem 

and phloem.  Both treatments give effective control in agricultural and horticultural 

situations.  Phosphate has also been extensively tested on natural ecosystems (Hardy et 

al., 2001).  Metalaxyl (Ridomil®) has been used widely as a systemic and curative 

fungicide for the control of Phytophthora species in agriculture (Gisi and Cohen, 1996).  

However, resistance to metalaxyl has been observed in many systems in which this 

fungicide has been applied (Coffey and Bower, 1984).  The development of resistance to 

metalaxyl is one of the key limitations in the management of Phytophthora diseases 

within agricultural systems.   

 

Phosphate’s mode of action appears to be a combination of direct inhibition of pathogen 

growth and stimulation of the plant defence response, possibly via an increase of 

pathogen-derived elicitors or decrease in the production of pathogen –derived 

suppressors of the defence response (Guest and Grant, 1991; Jackson et al., 2000).  
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Phosphite reduced the production of zoospores in infected plant material (Wilkinson et 

al., 2001a), a factor that would help limit the amplification of the pathogen even if it did 

not eradicate the pathogen from the infected area.  Phosphite is a valuable inhibitor but 

its effectiveness varies with different P. cinnamomi isolates (Hardy et al., 2001; 

Wilkinson et al., 2001b).  

5.2.2  Biological control of P. cinnamomi 

Due to development of resistance to pesticides and their impact on the environment, 

biological control may offer a resilient solution to the management of P.cinnmomi 

induced diseases.  Elements of the soil micro-flora were found to suppress P.cinnamomi 

in some soils and may be potential biological control agents (Weste, 1983).  Many soil 

microorganisms such as Trichoderma herzianum, Trichoderma hamatum, Streptomyces 

griseoalbus, Microsperma carbonaceae, Streptomyces vioascens and Ceratomyces 

tessulatus have been shown to be inhibitory to P. cinnamomi via competition, antibiosis 

or saprophytism (Downer, 1998; Duvenhage and Köhne, 1995; Duvenhage and Kotzè, 

1993; Erwin and Ribiero, 1996).  There are several commercial bio-control products 

available with Trichoderma or Gliocladium as the bio-control agent (Jefferson, et al., 

2000).  

 

Many bio-control products including Trichoderma spp have been tested and 

recommended for management of diseases in the horticultural industry in Kenya 

(Otieno, et al., 2003).  Trichoderma harzianum had an 86.6 % inhibition of 
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Phytophthora drechsleri, the causal agent of cucumber damping off.  In in vitro studies, 

T. harzianum reduced damping off in cucumber better than metalaxyl and mancozeb 

(Sharifi and Nazari, 2004).  Three strains of Trichoderma harzianum and two of T. 

asperellum caused complete in vitro inhibition of Phytophthora megakarya the causal 

agent of Cacao pod rot in Nigeria (Adedeji, et al., 2008).  

 

The mode of action of Trichoderma spp. is complex.  Trichoderma spp antagonise and 

compete with disease organisms by suppressing pathogenicity enzymes of the pathogens 

and competing for space and nutrients with the pathogen (Bell et al., 1982).  

Trichoderma mycelium helps roots to absorb soil nutrients and promotes plant resistance 

against disease (Yedidia et al., 1999).  Vinale et al. (2009) in in vitro and in vivo studies 

established production of volatile metabolites as a mechanism of antagonism of 

Trichoderma harzianum on Phytophthora drechsleri.  The established mechanisms of 

antagonism have led to Trichoderma spp. formulations being used as soil and seed 

treatments, foliar sprays and soil drenches (Onsando and Waudo, 1994; Otieno et al., 

2003) and as wound dressings in infected trees (Neri et al., 2008). 

 

Phytophthora cinnamomi causes root rots and trunk cankers of macadamia and has a 

wide spread in macadamia growing areas of Kenya (Mbaka et al., 2009).  Currently 

there is no recommended strategy for management of the two diseases.  Being a soil-

borne pathogen, no one single method of control of P. cinnamomi has been found 

effective (Aryantha et al., 2000).  There is need to incorporate, chemical, cultural and 
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biological control in an integrated management strategy for the two diseases.  Fungicides 

such as Fosetyl-aluminium whose efficacy on P. cinnamomi is proven in other countries 

(Guest and Grant 1991) are unavailable in Kenya due to their prohibitive costs.  There is 

need to develop a cost effective sustainable management for macadamia root rots and 

trunk cankers in Kenya.  The objective of this study therefore was to determine the in 

vitro inhibitory effect of selected locally available chemical fungicides and a bio-control 

product on growth of local P. cinnamomi isolates associated with macadamia root rots 

and trunk cankers in Kenya.  The findings of this study will form a basis for inclusion of 

the fungicides and the bio control agent in development of IPM strategy for the 

management of root rots and stem cankers of macadamia in Kenya. 

 
5.3  Materials and Methods 

5.3.1  Phytophthora cinnamomi isolates 

Seven P. cinnamomi isolates were selected on the basis of their capacity to cause lesions 

on green apples and mortality of macadamia seedlings (Chapter 4 section 4.4.1.3 and 

4.4.1.4).  The isolates belonged to the three sub-populations A1, A2 and H and were 

coded JPC1, JPC2, JPC3, JPC4, JPC5, JPC6 and JPC7 (Table 5.1).  V8 agar plugs of the 

isolates were transferred from the Bijou bottles in storage and plated on corn meal agar 

in 90 mm Petri dishes, sealed with Parafilm® and incubated at 25 ± 2 °C to allow re-

growth for 4 days. 
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Table 5.1. Kenyan P. cinnamomi isolates subjected to in vitro growth inhibition by 
selected fungicides and a bio-control product 

Isolate New code Mating type 

06-074 JPC1 H 
06-042 JPC2 A1 
05-004 JPC3 A1 
05-019 JPC4 A2 
06-039 JPC5 A2 
06-049 JPC6 H 
05-023 JPC7 A2 
 
5.3.2  Selection of fungicides and a bio-control product 

Six commercial fungicide formulations and one biocontrol product were selected based 

on their recommended use on Phytophthora and fungal diseases in the horticulture 

industry of Kenya (Table 5.2.). 
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Table 5.2. Fungicides and a bio-control product evaluated for their in vitro effect on 
isolates of P. cinnamomi associated with root rots and stem canker of 
macadamia in Kenya 

Trade 
name 

Active ingredients Recommended 
foliar spray 
dosage 

Diseases controlled  and mode of 
action 

Melody 
Duo 

(Iprovalicarb 
55g/kg, Propineb 
613 g/kg), 

100g in 20 litres 
of water 

Phytophthora blight of Tomato, 
systemic, curative 

Equation 
Pro 

Famoxadone 225 
g/kg, Cymoxanil 
300 g/L 

10g in 20 litres 
of water 

Early &late blights in tomato and 
potato, systemic, curative 

Nordox 
Super 75 
WP 

Cuprous oxide 86 
% w/w, 75 % 
metallic copper 14 
% w/w 

70g in 20 litres 
of water 

Phytophthora blights in potatoes 
Contact, protective 

Victory 
72 WP 

Metalaxyl 80 g/kg, 
Mancozeb 640 g/kg 

50g in 20 litres 
of water 

Late blight of tomatoes, systemic, 
curative 

Topsin Thiophanate methyl 
50% w/w 

1 ml in 1 litre of 
water 

Broad spectrum 
Systemic, curative, protective 

Benovarp 
50 WP 

Benomyl 50% w/w 1g in 1 litre of 
water 

Broad spectrum 
Systemic, curative, protective 

Rootgard Trichoderma 
herzianum strain 21 
2 × 109 spores/L 

5.0 g in a litre 
of water 

Broad spectrum 
protective 

 

5.3.3  Fungicide and bio-control assays  

Corn meal agar medium was amended by adding the fungicide stocks to liquid medium 

after autoclaving at 121 °C for 15 minutes and cooling to 55 °C.  Concentrations for use 

in amending one litre of corn meal agar medium were calculated based on the 

recommended dosages.  Calculations of the active ingredient (a.i.) for each fungicide 

were done (Table 5.3).  Fungicide stocks were passed through a 0.22 µm Millipore™ 

filter (Millex-HA, Millipore, Corporation, MA, USA) for sterilization before adding to 



 100

the autoclaved CMA.  The same procedure was followed for amendment with 

Rootgard® (Table 5.3.). 

 
Table 5.3. Concentrations of active ingredients of fungicide and bio- control product 

stocks tested for in vitro growth inhibition of P. cinnamomi isolates 
associated with root rots and trunk cankers of macadamia in Kenya 

Fungicide Amount/l          Active ingredients (a.i)     g-1 or l-1 
Melody Duo 5.0 g Iprovalicarb   0.275 g 

Propineb  3.06 g 
Equation Pro 0.5 g Famoxadone 0.09 g 

Cymoxanil   0.43 g 
Nordox Super 75 WP 3.5 g Copper 3.5 g 
Victory 72 WP 2.5 g Metalaxyl 0.2 g 

Mancozeb 1.6 g 
Topsin 0.001l Thiophanate methyl                 0.01l 
Benovarp 1.0  g Benomyl 0.5 g 
Rootgard 5.0g Trichoderma 

herzianum 
5.0 g 

 
Five mm diameter agar discs were cut from actively growing colonies of P. cinnamomi 

isolates using a sterile cork borer.  The mycelial plugs were plated in the centre of 90 

mm Petri dish containing 20 ml CMA amended with the fungicides and the biocontrol 

product and incubated at 24 ± 2 °C in the dark.  The laboratory experiment was laid out 

in a completely randomised design with 10 replicate plates for each isolate- fungicide 

treatment.  In the control treatments, P. cinnamomi isolates were grown on CMA 

without the fungicide   Radial mycelial growth was measured along two lines 

intersecting at right angles at the centre of inoculation disc six days after inoculation.  

This gave two readings per replicate plate and 20 readings per fungicide-isolate 

treatment.  The mean of the 20 radial growth readings six days after incubation minus 

the radius of the inoculation agar disc (2.5 mm) was divided by 6 to get the daily growth 
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rate in mm for each treatment.  The percentage growth inhibition was calculated as the 

difference between mycelial growth in the fungicide amended and the non amended 

CMA.  The experiment was repeated three times. 

 

5 . 4  Data analysis 
 
The percentage growth inhibition data was arcsine transformed before subjecting to a 

two way ANOVA using the procedure GLM (SAS Institute 2003).  Factor interaction 

was checked and whenever the interaction was significant, levels of one factor were 

analysed for the effects of the interacting factor.  Homogeneity of variance was tested 

using the Levene option of the Hovtest (Levene, 1960) option and a pair wise 

comparison of means was done using the Fisher’s LSD test (P=0.05).  

 

5.5  Results  

There was virtually no growth in Benomyl, 0.5 g/L and Thiophanate methyl 0.01l /L 

amended Petri dishes.  There was no significant difference (P > 0.05) in mean radial 

growth rates (between 5.0 and 6.3 mm/day) among the seven P. cinnamomi isolates in 

the control treatments.  There were significant (P=0.05) differences in radial growth 

rates in three of the fungicides (Cuprous oxide, 75 %  metallic copper, Metalaxyl 80 

g/kg + Mancozeb 640/ kg, Propineb 613 g/kg + Iprovalicarb 55 g/kg and Famoxadone 

225 g/kg+ Cymoxanil 300 g/kg) and Trichoderma herzianum  amended treatments.  The 

highest growth rate was obtained in isolates amended with Famoxadone 225 g/kg+ 

Cymoxanil 300 g/kg (1.08 to 2.84 mm/day) followed by Metalaxyl 80 g/kg + Mancozeb 
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640/ kg (0.54 to 2.27mm/day). Growth rate in Trichoderma herzianum amended Petri 

dishes was (0.51 to 1.87 mm/day).  Isolate JPC7 had the highest growth rate (1.0 to 2.84 

mm/day) in all the treatments (Fig. 5.1).   
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Figure 5.1:  In vitro radial growth rate of seven P. cinnamomi isolates on   CMA 
amended with six fungicides and a bio-control agent 

 
There were significant differences (P=0.05) in in vitro growth inhibition by different 

fungicides and Trichoderma herzianum.  Sensitivity of P. cinnamomi isolates to 

different fungicide formulations and the bio-control agent was significantly different 

according to the LSD (F=5.35, P=0.05) test (Table 5.4.).  Propineb 613 g/kg + 

Iprovalicarb 55 g/kg, Cuprous oxide 75 % metallic copper, Thiophanate methyl, 0.011 

g/L and Benomyl 50 % had the highest in vitro growth inhibition of 90.4 to 100 % on six 

of the seven P. cinnamomi isolates.  These were followed by Trichoderma herzianum 

that caused growth inhibition between 81.8 and 91.9 % in six of the seven P. cinnamomi 

isolates.  Isolate JPC7 showed a notably low sensitivity to most of the fungicides and the 
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bio-control product tested in this study with growth inhibition ranging from 40.0 to 79.0 

% (Table 5.4). 
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Table 5.4. Percentage in vitro growth inhibitions of isolates of P. cinnamomi associated with root rots and stem canker of 
macadamia in Kenya by six selected fungicides and one bio-control product. 

Fungicide*
* 

Phytophthora cinnamomi isolates(  percentage growth inhibition) 

JPC1 JPC2 JPC3 JPC4 JPC5 JPC6 JPC7 
Prob+Ipro 97.0 ±1.2a 94.0 ± 0.9ab 97.8 ± 1.9a 96.0 ± 1.7a 92.6 ± 1.8a 96.0 ± 1.3a 44.4 ± 1.1c 
Fmx+Cym 65.2 ±2.4c 77.8 ± 2.4bc 74.8 ± 2.9c 29.6 ± 2.8d 77.8 ± 1.0c 23.0 ± 0.9c 15.15 ± 0.7d 
Cup.ox 97.8 ±1.3a 100.0 ± 0a 94.0 ± 1.6a 100.0 ± 0a 98.5 ± 0.8a 100.0 ± 0a 95.6 ± 1.5a 
Met+Man 94.8 ±1.2a 60.7 ± 1.3d 55.6 ± 1.3d 59.3 ±  1.9c 55.0 ± 0.5d 54.8 ± 0.7b 51.9 ± 1.5bc 
Ben.  100 ± 0a 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a 92.0  ± 1.1a 100.0 ± 0 a 
Thiophan. 100 ± 0a 100.0 ± 0a 100.0 ± 0a 90.4 ± 1.6ab   100.0± 0 a  96.0  ± 0.9a   100.0  ± 0a  
T.herz 84.7 ± 3.3b 84.7 ± 3.5b 86..3 ± 2.2b 81.8 ± 3.6b 87.9 ± 0.7ab 91.9 ± 2.1a 60.7  ± 2.7b 

P Value 0.0496 0.02964 0.03891 0.0497 0.0395 0.0494 0.0296 

* Means in the same column followed by the same letter are not significantly different according to the LSD test at P=0.05. 
** Prob+Ipro=Probineb 613 g/kg; Fmx+Cym=Famoxadone 225 g/kg+ Cymoxanil 300 g/L; Cup. ox= Cuprous oxide 75 % 
metallic copper; Met +Man=Metalaxyl 80 g/kg+ Mancozeb 640 g/kg; Ben.=Benomyl 50 % w/w; Thiophan.=Thiophanate 
methyl 0.01 l/L; T.herz.=Trichoderma herzianum strain 21 2 ×109  spores 
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5.5  Discussion 

The in vitro inhibition of P. cinnamomi isolates by the fungicides and the bio-control 

agent implies that they can act directly on P. cinnamomi.  This was in agreement with 

Mee-Hua et al. (2009), who found that Phosphite which had an in vitro growth 

inhibition of P. cinnamomi induced a putative proteophosphoglycan gene in the 

oomycete pathogen.  The high sensitivity of the P. cinnamomi isolates to Propineb+ 

Iprovalicarb was in agreement with Shashidhara et al. (2008) who found that at 

concentrations of 100 µg ml-1 Propineb+ Iprovalicarb caused complete in vitro inhibition 

of Phytophthora capsici after 24 h of incubation. 

 

The concentration of copper used in this study was 5.0 g –l   and it caused 93.59 to 97.04 

% in vitro growth inhibition of P. cinnamomi.  This was in agreement with Coelho et al. 

(2005), who found that copper acts directly on P. cinnamomi by being toxic to mycelia.  

Concentrations of copper ranging between 3.0 to 6.0 g per litre had a significant 

(P=0.05) effect on inhibition of isolates of P. cinnamomi and P. cambivora grown on 

PDA.  At low concentrations (1.5 to 2 .0 g per litre), mycelium grew normally from the 

inoculation point, but at higher concentrations, mycelial growth was sparse and not 

uniform (Coelho et al., 2005). 

 

Thiophanate methyl gave high percentage growth inhibition on the seven P. cinnamomi 

isolates (92 to 100 %).  Similar results were obtained with Phytophthora infestans (96.6 

%) in potatoes. Thiophanate methly has fungistatic and fungicidal effects on a broad 
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spectrum of fungal pathogens and acts by binding tubulin thereby blocking mitosis 

(Agrios, 2005).  However, there have been conflicting reports on the fungicidal effect of 

Thiophanate methyl on oomycetes such as Phytophthora and Pythium.  Agrawaal and 

Mehrotra (2008) in in vitro studies on the effect of fungicides on Phytophthora leaf 

blight of taro found limited inhibition by Thiophanate methyl. 

 

Although the fungicide metalaxyl has been found to be very active both in vitro and in 

vivo (Fisher and Hayes, 1982; Kerkenaar and Kaars-Sijpesteijn, 1981), in this study, it 

caused relatively low growth inhibition of six of the seven   P. cinnamomi isolates (51.8 

to 60 %).  Coffey et al. (1984) using linear growth as a parameter, found variation in 

sensitivity to a concentration of 2.5 µg of metalaxyl per millilitre among 100 isolates of 

P. cinnamomi, selected from 24 different host plants, ranging from 47 to 96 % where  

both mating types had a similar range of sensitivity possessing both relatively tolerant 

and sensitive isolates.  The ED90 values for inhibition of colony growth of P. cinnamomi 

isolates ranged from 31.5 to 192.4 µg per millilitre for the most tolerant and 18.4 µg per 

millilitre for the most sensitive isolates (Coffey et al., 1984).  In this study, the 

concentration of metalaxyl in the formulation used was 0.2 g per litre (200 µg) yet the 

treatment gave the lowest growth inhibition leading to the conclusion that P. cinnamomi 

isolates associated with macadamia root rots and trunk cankers in Kenya are tolerant to 

metalaxyl. 
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The inhibitory effect of Trichoderma herzianum on all the P. cinnamomi isolates implies 

that it had a direct effect on suppression of mycelial growth of all the isolates.  The 

mode of antagonism of Trichoderma spp. on P. cinnamomi includes competition for 

nutrients on agar media (Yedida et al., 1999).  This explains the inhibitory effect the bio-

control product to the P. cinnamomi isolates in vitro.  

 

Famoxadone+ Cymoxanil had the lowest mycelial growth inhibitory effect on all the P. 

cinnamomi isolates (15.15 -77.8 %).  In earlier studies with Plasmopara viticola and 

Phytophthora infestans isolates, Andrieu et al. (2001) found Famoxadone and 

Cymoxanil inhibitory effects on sporangial formation and inhibited zoospore release at a 

concentration of 0.01 mg l-1 but mycelial inhibition required a high concentration of 0.5 

mg l-1. The concentration used in this study was 0.09 mg l-1, which could explain the low 

mycelial growth inhibition in most of the P. cinnamomi isolates.  

 

Isolate JPC7 had the lowest sensitivity to the test fungicides and the bio-control agent.  

This was in contrast with Coffey and Bower, (1984), who found that P. cinnamomi 

despite its extensive host range, had a comparatively narrow spectrum of sensitivities to 

fungicides.  It would be interesting to sample the variation in response to fungicides at a 

population level such as that which occurs within the confines of a single macadamia 

orchard or indeed that associated with the feeder roots or stem of a single tree.   
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5.6  Conclusion  

This study established that chemical fungicides and the bio-control product 

recommended for management of other Phytophthora diseases in Kenya have an 

inhibitory effect on mycelial growth of local isolates of P. cinnamomi on macadamia.  

The fungicides recommended for management of other Phytophthora diseases in Kenya 

have potential to manage root rots and trunk cankers of macadamia.  However, there is 

need to compare in vitro with in vivo inhibitions to see whether they are parallel.  It is 

important to establish the ED50 of the active ingredients hence the need to use the pure 

molecule rather than the formulation.  Depending on the mode of action, the product can 

be recommended for different uses in management of Phytophthora root rots and trunk 

cankers in macadamia. This would include soil drenching, root dip in nurseries, foliar 

sprays, wound treatments and trunk injections.  Antagonism by Trichoderma herzianum 

on P. cinnamomi needs to be studied further to make formulations for addition of the 

microorganisms to the soil micro-flora in macadamia orchards.  
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CHAPTER 6 

6.0  EVALUATION OF RESISTANCE TO PHYTOPHTHORA  

  CINNAMOMI IN MACADAMIA SPECIES USING STEM AND 

  LEAF INOCULATION TECHNIQUES 
 
6.1  Abstract 

The stem and leaf inoculation techniques for evaluation of resistance properties of 

various genotypes are desirable because they are very efficient in terms of space, time 

and labour cost.  The two techniques were evaluated for the first time on their efficiency 

in determining the variability of macadamia genotypes in resistance to P. cinnamomi.  

Seven isolates of P. cinnamomi representing the A1, A2 and the homothallic types were 

selected for inoculation of stems and leaves of six macadamia varieties.  The leaves were 

surface inoculated and the stems were under bark inoculated with mycelial plugs of P. 

cinnamomi isolates actively growing on V8 juice agar.  Controls were inoculated with 

V8 juice agar.  Phytophthora cinnamomi was recovered from 43.6 % of the leaf pieces 

and 66.7 % of the stem segments with visible lesions after direct plating on PARPH.  

Further recoveries (from 39.7 % of the leaf pieces and 6.5 % of the stem segments) were 

made after washing and rinsing the tissues with de-ionized water repeated every day for 

five days.  Phytophthora cinnamomi was also recovered from symptom less tissues (22.1 

% leaf and 22.3 % stem pieces) after direct plating on PARPH and further (from 11.3 % 

leaf pieces and 14.4 % of the stem segments) after washing.  Percentage infection and 

lesion size among varieties were significantly (P = 0.05) different.  The leaf and stem 

infection by the isolates did not differ significantly (P>0.05).  The lowest infection 
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percentages (23.4 to 26.6 %) and lesion size (5.3 to 6.4 mm) were obtained in 

Macadamia tetraphylla and the highest in variety KRG-15 (percentage infection 59.0 to 

64.0 % and lesion size 13.4 to 14.4 mm).  The leaf and stem inoculation techniques used 

in this study are quick and cost effective methods of screening macadamia varieties for 

resistance to P. cinnamomi.  Macadamia tetraphylla and variety MRG-20 had a higher 

resistance compared to other varieties evaluated in this study.  

 

6.2  Introduction  

The most important diseases of macadamia in Kenya are the root rots and trunk cankers 

caused by the soil borne oomycete P. cinnamomi (Sikinyi, 1983).  The rot on the fine 

feeder roots leads to a slow decline and death of the tree within one or more years 

depending on crop and soil fertility management in the orchard (Zentmyer, 1984).  

Trunk cankers develop on mature macadamia trees near or several meters above the soil 

line.  The distribution of this pathogen in soil in Kenya is very wide (Mbaka et al., 

2009).  Having such an endemic distribution makes disease control difficult and 

integrated management of the disease is desirable. 

 

One of the most important aspects of integrated disease management of Phytophthora 

root rots is the use of plant resistance (von Broembsen, 1986).  Mbaka et al. (2009) 

observed variation in incidence of root rot among macadamia varieties in Kenya.  

Previous studies indicated that Macadamia tetraphylla was more tolerant to P. 

cinnamomi than M. integrifolia (Zentmyer, 1984).  This led to the suggestion that the use 
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of resistant rootstocks appears to be promising in the integrated management of root rot 

of macadamia.  However, in order to find resistant genotypes, a screening program that 

can handle a large volume of plant material in a short time is necessary.  The screening 

technique must therefore be relatively quick, inexpensive and not too labour intensive.  

Many pathogenicity studies with Australian indigenous plant species comparing under 

bark stem inoculations with soil inoculations reported similarity of disease induced in 

host regardless of the inoculation method used (Dudzinski et al., 1993; Robin and 

Desperez–Loustau, 1998; Stukely and Crane, 1994).  Stem inoculations are preferred 

over root inoculations or soil inoculations, as they provide a convenient and consistent 

means of evaluating large numbers of hosts and isolates.  Further more roots often have 

large irregularities in morphology (Dixon et al., 1984; Tippet et al., 1985).  For a tree 

crop like macadamia in which seed nuts have poor germination and take long to reach a 

size suitable for experimentation (3-4 months), detached leaf inoculations could be used 

if the results compared well with the stem inoculations and were reliable.  Although  

stem or leaf inoculation bioassays have limited resemblance to a natural disease situation 

where zoospores are the inoculum and the roots are the main infection court, the two are 

useful for obtaining an indication as to whether genotypes have a degree of resistance 

and merit further testing.  The objective of this study was to evaluate the efficiency of 

the leaf and stem inoculation technique and to determine variability of macadamia 

varieties in their resistance to P. cinnamomi. 
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6.3  Materials and Methods 

6.3.1  Selection of P.  cinnamomi isolates  

Seven P. cinnamomi isolates of the A1, A2 and homothallic types were selected for this 

study based on their pathogenicity to green apples and capability to cause high mortality 

of macadamia seedlings.  These were JPC1, JPC2, JPC3, JPC4, JPC5, JPC6 and JPC7 as 

described in Chapter 4 section 4.2.1. 

6.3.2  Selection of macadamia cultivars  

Macadamia varieties for this study were selected because of their popularity among 

macadamia growers in Kenya.  Macadamia varieties are assigned codes according to the 

original mother trees identified in a previous mass selection by researchers at KARI-

Thika.  Trees from original seed nuts with no subsequent improvement are of unknown 

varieties and only designated by the species names (Table 6.1). 

Table 6.1. Macadamia cultivars selected for stem and leaf inoculation techniques 
in the evaluation of resistance to P. cinnamomi associated with root rots 
and trunk canker in Kenya. 

Macadamia variety Species name 

MRG-20 Macadamia integrifolia 

KMB-3 M.integrifolia ×M. tetraphylla hybrid 

EMB-1 M. integrifolia 

KRG-15 M. integrifolia 

Non specified M. integrifolia 

Non specified M. tetraphylla 
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6.3.3  Leaf inoculation 

Seedlings were raised in a nursery bed in a shade house as described in Chapter 4 

section 4.3.5.2.  Third leaves were detached from vigorously growing seedlings, dipped 

in 70 % ethanol to remove surface contaminants, rinsed in sterile distilled water and 

blotter dried on a laminar flow bench.  Leaf pieces (2×2 cm) were cut using a sterile 

scalpel on a sterile chopping board.  Sterile blotter papers were moistened by dipping in 

sterile distilled water and placed in 90 mm Petri dishes.  Four leaf pieces were placed in 

each Petri dish.  Mycelial discs (5 mm diameter) cut from the edge of actively growing 

P. cinnamomi cultures on V8 agar using a sterile cork borer, were placed mycelial side 

facing downwards on each of the leaf pieces.  In control treatments, V8 agar discs were 

placed on the leaf pieces.  The Petri dishes were sealed with Parafilm and incubated at 

ambient laboratory temperatures (23 ± 2 °C) for six days in the dark.  The experiment 

was set up in a randomized complete block design (RCBD) with six blocks (varieties) 

and four replicate plates (16 leaf pieces) for each isolate-variety treatment since the light 

intensity in the laboratory was different at different areas.  The experiment was repeated 

three times. 

 

Measurements taken after six days of incubation were number of infected leaf pieces 

(brown lesions) and lesion extension (diameter including the site of inoculation).  At the 

end of each experiment, all the leaf pieces (with or without symptoms) were rinsed in 

sterile distilled water, blotter dried on a laminar flow bench, plated on CMA in Petri 

dishes,  sealed with Parafilm and incubated at 23 ± 2 °C to recover P. cinnamomi.  
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Where P. cinnamomi was not recovered after 7 days of incubation, a modified Hüberli et 

al. (2000) leaching technique was used to enhance recovery.  The leaf pieces were 

removed from Petri dishes containing PARPH and cut into smaller pieces (5×5 mm) to 

increase leaching.  Pieces were placed in sterile de-ionized water at room temperature, 

containers were rinsed and refilled with de-ionized water twice daily for two days and 

then daily for 3 days.  The tissue samples were blotter dried, plated onto PARPH 

medium, incubated for six days at 23 ± 2 °C in the dark and examined for presence of P. 

cinnamomi.  

6.3.4  Stem inoculation 

Stem cuttings (10 cm long, 2.5 cm circumference) were taken from vigorously growing 

three-month-old macadamia seedlings, dipped in 70 % ethanol to remove surface 

contaminants, rinsed in sterile distilled water and blotter dried on a laminar flow bench.  

Shallow wounds were made by removing a 5 x 5 mm bark flap from a section of the 

stem at the 5 cm mark using a sterile scalpel.  Mycelial discs cut from the edge of 

actively growing P. cinnamomi on V8 agar were placed mycelial side down wards on 

wounds created on the stems.  Control plants were inoculated with sterile V8 agar discs.  

The inoculated areas on the stems were sealed with plastic tape (Parafilm) to prevent the 

inoculum disc from drying out.  The bottom ends of the cuttings were placed in 100 ml 

conical flasks (4 cuttings per flask) containing sterile distilled water and placed in the 

laboratory benches at ambient temperatures (23 ± 2 °C) for 6 days after which 

longitudinal lesion sizes  were measured.  The experiment was laid out in a RCBD with 
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six blocks (varieties) and sixteen replicate stems cuttings for each isolate-variety 

treatment.  The experiment was repeated four times.  Readings taken 6 days after 

incubation were number of infected stem cuttings and longitudinal lesion size.  At the 

end of the experiment, recovery of P. cinnamomi was done as for the leaf inoculation in 

section 6.3.3.  Stem segments (1cm long) were cut from 2cm below and above the 

visible lesions or the site of inoculation where there were no visible lesions.  The 

segments were rinsed in de-ionized water, blotter dried and cut longitudinally under a 

laminar flow bench to expose the cortex.  The segments were plated on PARPH and 

incubated at ambient laboratory temperatures (23 ± 2 °C) in the dark for six days when 

presence of P. cinnamomi was recorded.  Tissues from which P. cinnamomi was not 

recovered after seven days, were subjected to washing and plating described in Section 

6. 3.3. 

6.4  Statistical analysis  

Percentage infections, estimated by presence of visible lesions in each experiment were 

arcsine transformed before subjecting to the analysis of variance (ANOVA) using the 

General Linear Models procedure (Proc GLM; SAS institute, 2003).  Normality of 

distribution was ascertained using the procedure univariate and homogeneity of variance 

was tested by the Hovtest, Levene’s option.  Means were compared using multiple 

comparison procedures and the familywise error rate was controlled using the 

Boniferroni correction (P=0.05).  
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6.5  Results 

6.5.1  Leaf inoculation 
Percentage infection on the leaf pieces was significantly (P=0.05) different among the 

macadamia varieties regardless of the inoculation isolate.  The highest percentage 

infections were obtained in KRG-15 (59.3- 64.0 %).  The lowest infections were 

obtained in M. tetraphylla (23.4 – 29.7 %), with variety KRG-15 being the most 

susceptible and M. tetraphylla being the least susceptible (Table 6.2.).  Lesion sizes 

significantly (P= 0.05) depended on macadamia variety.  The largest lesions (13.4 – 14.4 

mm) were obtained in KRG-15 and the smallest in M. tetraphylla (5.3 – 6.7 mm) (Table 

6.3.).  There were no visible lesions in any of the control treatments.  
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Table 6.2. Means of infection percentages on leaf pieces of six macadamia varieties six days after inoculation with mycelial 
mats of seven Kenyan P. cinnamomi isolates. 

Macadamia 

varieties 

P. cinnamomi isolates 

JPC1 JPC2 JPC3 JPC4 JPC5 JPC6 JPC7 

KRG-15 60.9 ±1.3a 62.5 ±1.3a 59.3 ±1.3a 64.0 ±1.3a 60.9 ±1.3a 59.3 ±1.3a 62.5 ±1.3a 

MRG-20 32.8 ±3.4d 32.8 ±3.4d 31.3 ±3.4d 29.7 ±3.4d 32.8 ±3.4d 31.2 ±3.4d 31.7 ±3.4d 

KMB-3 40.6 ±1.3c 37.5 ±1.3c 37.5 ±1.3c 39.1 ±1.3c 40.6 ±1.3c 35.9 ±1.3c 39.9 ±1.3c 

EMB-1 57.8 ±1.6a 58.7 ±1.6a 59.4 ±1.6a 63.1 ±1.6a 57.8 ±1.6a 55.3 ±1.6a 59.4 ±1.6a 

M.integrifolia 50.4 ±6.4b 48.4 ±4.6b 54.7 ±4.6b 43.8 ±4.6b 44.8 ±4.6b 44.7 ±4.6b 49.4 ±4.6b 

M. tetraphylla 26.6 ±1.6e 29.7 ±1.6e 23.4 ±1.6e 29.7 ±1.6e 26.6 ±1.6e 25.1 ±1.6e 26.6 ±1.6e 

LSD value 4.20       

*Means in the same column followed by the same letter are not significantly different according to the LSD (P=0.05) test.  
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Table 6.3. Means of lesion extension (mm) on leaf pieces of six macadamia varieties, six days after inoculation with 
mycelial mats of seven Kenyan P.  cinnamomi isolates. 

Macadamia 
varieties 

P. cinnamomi isolates 
JPC1 JPC2 JPC3 JPC4 JPC5 JPC6 JPC7 

KRG-15 13.7 ± 0.3a 14.1 ± 0.3a 13.4 ± 0.3a 14.4 ± 0.3a 13.7 ± 0.3a 13.4 ± 0.3a 14.1 ± 0.3a 

MRG-20 7.4 ± 0.3d 7.4 ± 0.3d 7.0 ± 0.3d 6.7 ± 0.3d 7.4 ± 0.3d 7.7 ± 0.3d 6.7 ± 0.3d 

KMB-3 9.3 ± 0.4c 8.4 ± 0.4c 8.4 ± 0.4c 8.8 ± 0.4c 9.1 ± 0.4c 8.1 ± 0.4c 8.8 ± 0.4c 

EMB-1 13.0 ± 0.5a 13.3 ± 0.5a 13.4 ± 0.5a 13.3 ± 0.5a 13.0 ± 0.5a 13.3 ± 0.5a 13.4 ± 0.5a 

M.integrifolia 10.8 ± 0.4b 10.9 ± 0.4b 12.3 ± 0.4b 9.8 ± 0.4b 9.8 ± 0.4b 12.3 ± 0.4b 9.1 ± 0.4b 

M. tetraphylla 6.0  ± 0.4e 6.7 ± 0.4e 5.3 ± 0.4e  6.7 ± 0.4e  6.0 ± 0.4e  6.3 ± 0.4e  6.0 ± 0.4e  

LSD (P=0.05) 1.70       

*Means in the same column followed by the same letter are not significantly different according to the LSD (P=0.05) test. 
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Phytophthora cinnamomi was recovered from inoculated leaf pieces with and without 

visible lesions but was not recovered from the control treatments.  Recovery was 

obtained from 43.6 % of leaf pieces with visible lesions after direct plating on PARPH 

and further from 39.7 % of the samples after rinsing in de-ionized water for five days.  

Recovery was also obtained from 22.1 % of the samples without visible lesions after 

direct plating and from 11.3 % of samples after rinsing with de-ionized water for five 

days (Table 6.4.).  

 
Table 6.4.  Percentage recovery of P. cinnamomi from leaf tissue of macadamia 

varieties with and without visible lesions after inoculation with 
mycelial mats. 

Leaf pieces with Lesions (n=300) Leaf pieces with no lesions (n=372) 
% recovery % recovery 
Direct plating No of 

samples 
washed 

After 
washing 

Direct 
plating 

No of 
samples 
washed 

After 
washing 

43.6 169 39.7 22.1  292 11.3 
 

6.5.2  Stem inoculations 
 

The stem infections followed the same trend as the leaf infections with the highest 

infection (44.6 %) being obtained in KRG-15 and the lowest (20.5 %) in M. tetraphylla 

(Table 6.5. There were no visible lesions in any of the control treatments 
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Table 6.5. Means of percentage infection of stem segments of six macadamia varieties 
inoculated with mycelial mats of seven Kenyan P. cinnamomi isolates. 

Macadamia variety Mean percentage infection 

KRG-15 44.64a 

MRG-20 25.00d 

KMB-3 29.46c 

EMB-1 42.85a 

M. integrifolia 38.39b 

M .tetraphylla 20.53e 

LSD (P=0.05) 4.24 

Cv        11.6  

*Means followed by the same letter are not significantly different according to the LSD 
(P=0.05) test. 
 
The infection percentages were relatively lower than in the leaf inoculations but had the 

same trend (Table 6.6.).  Lesion sizes significantly (P=0.05) depended on the variety.  

The largest lesion sizes were obtained in KRG-15 (43.8-50.0 %) and the smallest in 

M.tetraphylla (18.8-25.0 mm), the same trnd as in the leaf inoculation (Table 6.7.).  Of 

the improved macadamia cultivars, MRG-20 had the least infection percentage both in 

the leaf (30.0 %) and stem (25.0-31.0 %) inoculations.  
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Table 6.6.  Means of percentages of visible infections on stem segments of six macadamia varieties six days after 
inoculation with mycelial mats of seven Kenyan P.  cinnamomi isolates. 

Macadamia 

varieties 

P. cinnamomi isolates 

JPC1 JPC2 JPC3 JPC4 JPC5 JPC6 JPC7 

KRG-15 43.8 ±1.8 43.8 ±1.8 43.8 ±1.8 50.0 ±1.8 43.8 ±1.8 43.8 ±1.8 43.8 ±1.8 

MRG-20 25.0 ±2.3 31.3 ±2.3 25.0 ±2.3 25.0 ±2.3 31.3 ±2.3 25.0 ±2.3 25.0 ±2.3 

KMB-3 31.3 ± 0.3 25.0 ± 0 .3 25.0 ± 0.3 31.3 ±0 .3 31.3 ± 0.3 31.3 ± 0.3 31.3 ± 2.3 

EMB-1 43.8 ± 0.8 43.8 ± 0.8 43.8 ± 0 .8 43.8 ±0 .8 37.2 ± 0.8 43.8 ±0 .8 43.8 ± 1.8 

M.integrifolia 50.0 ±2.6 37.5 ± 0.6 43.8 ± 0.6 31.3 ± 0.6 31.25  ±0. 6 43.8 ± 0.6 31.25 ±0 .6 

M. tetraphylla 18.8 ± 2.2 25.0 ± 2.2 18.8 ±2.2 25.0 ±2.2 18.8 ±2.2 18.8 ±2.2 18.8 ±2.2 
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Table 6.7. Means of lesion extension (mm) on stem segments of six macadamia varieties, six days after inoculation with 
mycelial mats of seven Kenyan P. cinnamomi isolates. 

Macadamia 
varieties 

P. cinnamomi isolates 
JPC1 JPC2 JPC3 JPC4 JPC5 JPC6 JPC7 

KRG-15 6.8 ± 0.2a 7.0 ± 0.2a 6.6 ± 0.2a 7.2 ± 0.2a 6.8 ± 0.2a 6.7 ± 0.2a 7.0 ± 0.2a 

MRG-20 3.7 ± 0.2d 3.7± 0.2d 3.5 ± 0.2d 3.3 ± 0.2d 3.7 ± 0.2d 3.6 ± 0.2d 3.3 ± 0.2d 

KMB-3 4.6 ± 0.1c 4.2 ± 0.1c 4.2 ± 0.1c 4.2 ± 0.1c 4.5 ± 0.1c 4.0 ± 0.1c 4.4 ± 0.1c 

EMB-1 6.5 ± 0.2a 6.1± 0.2a 6.7 ± 0.2a 6.7 ± 0.2a 6.0 ± 0.2a 6.0 ± 0.2a 6.7 ± 0.2a 

M.integrifolia 5.4 ± 0.3b 5.4 ± 0.3b 5.1 ± 0.3b 4.9 ± 0.3b 4.9 ± 0.3b 5.1 ± 0.3b 4.6 ± 0.3b 

M. tetraphylla 2.9 ± 0.2e 3.3 ± 0.2e 2.6 ± 0.2e 3.3 ± 0.2e 3.0 ± 0.2e 3.0 ± 0.2e 2.9 ± 0.2e 

LSD (P=0.05) 0.51       

*Means in the same column followed by the same letter are not significantly different according to the LSD (P=0.05) test. 
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Phytophthora cinnamomi was recovered from inoculated stem segments with and 

without visible lesions but was not recovered from the control treatments.  Phytophthora 

cinnamomi was recovered from 66.7 % of the stem segments with visible lesions after 

direct plating on PARPH, and from 6.5 % of the samples after washing for five days.  

Phytophthora cinnamomi was also recovered from 22.3 % of the stem segments without 

visible lesions after direct plating from 14.4 % of the samples after washing (Table 6.8.).  

 
Table 6.8. Percentage recovery of P. cinnamomi from stem segments of macadamia 

varieties with and without visible lesions after inoculation with mycelial 
mats. 

Stem segments with Lesions (n=225) Stem segments with no lesions (n=447) 
% recovery % recovery 
Direct plating No of 

samples 
washed 

After 
washing 

Direct 
plating 

No of 
samples 
washed 

After washing 

66.7 75 6.5 22.3  347 14.4 
 
6.6  Discussion 

6.6.1  Leaf inoculation 

Results of leaf infection percentage and lesion extension were similar throughout the 

experiments.  Using the two parameters, variability of macadamia varieties in their 

susceptibility to P. cinnamomi was apparently clear.  This was in agreement with Nakao 

et al. (2003) who found a stem and leaf inoculation technique accurate in screening 

Leucospermum hybrids for tolerance to P. cinnamomi.  It is believed that for the rapid 

screening of large numbers of P. cinnamomi isolates and or plant genotypes the leaf 

inoculation technique is a suitable one to use.  Care should however be taken to select 

leaves of the same age as concentrations of volatile fungitoxic compounds vary with leaf 
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age (Bridges 1987). The leaf and stem inoculation technique used in this study is 

feasible in evaluating macadamia varieties for resistance to P. cinnamomi.   

6.6.2  Stem inoculation 

The trend of infection percentage and lesion extension in stem segments tallied with that 

of leaf infections.    It was however unexpected that despite the bark wounding, the 

lesions in stem segments would be smaller than those in leaf inoculations.  Under bark 

inoculation test reduces the pre-penetration and penetration stages of infection process 

by P. cinnamomi, but it also exposes the phloem tissue to a high inoculum load (Hüberli 

et al., 2001).  It was not understood why in this study lesions on leaves were larger than 

those on the stem segments.  The stems may have produced volatile compounds that 

were inhibitory to the P. cinnamomi.  Bunny and Tippett (1988) in course of field 

research involving inoculation of P. radiata roots with P. cinnamomi noticed copious 

resin around the inoculation sites and none in the control treatments.  They later 

established the in vitro inhibitory effect on mycelial growth of P. cinnamomi and 

concluded that resin was an important factor in reistance of Pinus spp to Phytophthora 

oomycetes. 

6.6.3  Recovery of P. cinnamomi from inoculated tissues 

The absence of lesions does not indicate that P. cinnamomi is absent in plant tissues.  In 

this study, P. cinnamomi was recovered from symptomless plant tissues after direct 

plating and further after washing the tissues.  Symptomless plants having viable P. 
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cinnamomi may, under condusive conditions, become diseased in the future and may 

provide a source of inoculum to contaminate otherwise disease free areas. 

 

Recovery of P. cinnamomi from obviously infected plant tissues using the direct plating 

method was not efficient.  Further recoveries from visible lesions and symptom less 

tissues occurred after washing of the samples.  The pathogen may have entered a 

dormant stage such as chlamydospores and the recovery techniques are unable to break 

the dormancy (Dixon, et al., 1984).  Leaching improves recovery by washing away the 

inhibitory compounds. 

6.6.4  Variability of Macadamia genotypes in their resistance to P. 

cinnamomi 

Macadamia tetraphylla had the lowest percentage of infection and lesion size in all the 

experiments.  This was in agreement with Zentmyer (1981) who in a stem inoculation 

experiment found that M. tetraphylla was more resistant to P. cinnamomi compared to 

M. integrifolia.  The incidence of root rot on M. tetraphylla trees was more than other 

macadamia varieties (Chapter 2 section 3.4.2).  It was thought that M. tetraphylla trees 

survive longer after P. cinnamomi infection due to their resistance.  The most susceptible 

macadamia variety in this study was KRG-15.  In an unpublished report at KARI-Thika, 

a macadamia variety closely related to KRG-15, KRG-4 was excluded from the list of 

commercial varieties due to chlorosis and necrosis at nursery stage but the cause was not 

established then.  There is need to establish whether infection by P. cinnamomi in 
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macadamia nurseries has an impact on the observed chlorosis and necrosis on seedlings.  

Variety MRG-20 compared well with M. tetraphylla in its resistance to P. cinnamomi.  

These findings have an implication on integrated management of macadamia root rot.  

The most effective control method would be to select varieties resistant to root rot and 

recommend them as rootstocks.  When M. tetraphylla was used as rootstocks, there were 

low percentage takes (Gitonga et al., 2009).  Hence, it would not be a good choice for 

rootstock despite its apparent resistance to P. cinnamomi infections.  Variety MRG-20 is 

recognized by farmers for its high yield and capacity and needs to be examined further 

for its suitability as a rootstock as well as scion material in macadamia propagation. 

 

6.7  Conclusion  

The procedures used in this study provide a rapid method for screening macadamia 

varieties for resistance against P. cinnamomi.  Variability of macadamia varieties in their 

reaction to P. cinnamomi inoculation was established.  From this study, it was concluded 

that among the macadamia varieties, KRG-15 is the most susceptible to P. cinnamomi 

infections and M. tetraphylla is the least suaceptible.  Of the improved varieties, MRG-

20 is the least susceptible.  However, further understanding of the host pathogen 

interaction is necessary especially to explain recovery of pathogen from symptomless 

tissue above the point of inoculation.  
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CHAPTER 7 

7.0  DEOXYRIBONUCLEIC ACID (DNA) BASED METHODS FOR 

  DETECTION AND CHARACTERIZATION OF PHYTOPHTHORA 

  CINNAMOMI ASSOCIATED WITH ROOT ROTS AND TRUNK 

  CANKERS OF MACADAMIA IN KENYA 

 
7.1  Abstract 
 
Root rots and trunk cankers caused by P. cinnamomi are major macadamia diseases in 

Kenya.  To ascertain the accuracy of conventional isolation and detection methods in the 

determination of the distribution of the pathogen, morphological isolates were subjected 

to DNA based methods for detection.   Hyphal tipped cultures growing on CMA were 

grown on V8 juice agar for 10 days before mycelia were harvested for DNA extraction.  

The region of the ribosomal repeat from the 3' end of 18S gene (through ITS1, the 5.8S 

gene and ITS2) to the 5' end of the 28S gene were defined by general (ITS1/ITS4), 

Phytophthora (A2/I2) and Pythium (ITS4/ITS6) specific oligonucleotide primers.  To 

obtain diagnostic DNA fingerprints, the resulting amplicons were subjected to restriction 

enzymes Msp1, Rsa1 and Taq1.  Isolates were characterized by conducting the 

Polymerase Chain Reaction Restriction Fragment Length Polymorphism (PCR-RFLP) 

analysis.  Deoxyribonucleic acid sequence analysis was done on the Basic Local 

Alignment Search Tool (BLAST) and species identified through the GenBank® 

sequence database using the Clastal V computer software.  Six morphological isolates 

previously identified based on their ability to cause lesions on Granny Smith apples were 

confirmed to be P. cinnamomi.  Isolates  not previously subjected to the green apple 
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pathogenicity test were identified as Pythium vexans from their DNA sequence data.  It 

was concluded that conventional methods are accurate in isolation and identification of 

P. cinnamomi especially with enhancement by the apple pathogenicity test, which 

effectively separates P. cinnamomi from co- isolated Pythium species.  This is the first 

report of Pythium vexans on macadamia in Kenya.  Its role as a primary pathogen, 

predisposing organism, opportunistic pathogen or non-pathogen in macadamia is 

unknown.  Hence there is need to establish the pathogenicity of P. vexans on macadamia 

seedlings.  

 
7.2  Introduction 

Phytophthora is a complex genus containing about 60 described species that occupy a 

variety of terrestrial and aquatic habitats (Erwin and Ribeiro, 1996).  Root infecting 

Phytophthora species show rather poorly defined symptoms including yellowing and 

wilting of the above ground foliage, which can be caused by different species of 

Phytophthora as well as a large array of other micro-organisms including Pythium 

species (Thermann et al., 2002).  Many diseases caused by Phytophthora have not been 

accurately identified or have incorrectly been attributed to secondary invaders as 

outlined by Tsao (1990).  Hence, there is a clear rationale for accurate detection and 

identification of Phytophthora species.  Phytophthora cinnamomi causes root rot in a 

wide variety of plants and has been implicated as a major causative organism of 

macadamia root rots and trunk cankers in Kenya (Mbaka et al., 2009).  
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Conventional diagnostic tests based on isolating Phytophthora from diseased plant tissue 

using culture media containing a cocktail of antibiotics (Drenth and Sendall, 2004; 

Erwin and Ribeiro, 1996; Jeffers and Aldiwinckle, 1997), have not been sufficient in 

species identification.  In addition, pathogenicity tests are conducted to separate 

pathogenic from non pathogenic Phytophthora species.  Green apples (Malus domestica 

× M. sylvestris) cultivar Granny Smith provide sensitive baits with formation of hard 

rots by pathogenic Phytophthora species such as P. cinnamomi (Serfontein et al., 2007a; 

Zentmyer, 1980).  For many Phytophthora species, these conventional tests are a very 

sensitive and accurate method to determine the causal agent of disease.  However, they 

are time-consuming and, therefore, not well suited for routine screening of large number 

of samples.  In addition, the limited number of evolutionarily relevant morphological 

characters available and the difficulties with inducing the production of informative 

structures in axenic culture, may give rise to mis-identification of many Phytophthora 

species (Hüberli et al., 2000).  Moreover, some Pythium species are insensitive to 

hymexazol and grow on Phytophthora selective media thus making recovery of 

Phytophthora species difficult (Jeffers and Aldiwinckle, 1997). 

 

Alternative methods, such as the generation of protein profiles (Erwin and Ribeiro 1996; 

Erselius and de Vallavielle 1984; Gill and Zentmyer 1978) have been developed for 

identification of Phytophthora species.  Isozyme patterns have been established for 

many species (Oudemans and Coffey 1991a; 1991b; Tooley et al., 1985).  In order to 

improve the efficiency and accuracy of the detection of Phytophthora species, 
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alternative methods such as enzyme immunoassays have been developed (Devergne et 

al., 1994; Gabor et al., 1993; Hardham et al., 1986) as well as a dipstick immunoassay 

for specific detection of P. cinnamomi (Cahill and Hardham 1994a; 1994b).  None of 

these methods have found their way into routine large-scale detection of Phytophthora 

from plant material and soil due to (i) lack of specificity leading to cross reactivity with 

other pathogens, (ii) failure to detect low levels of infestation due to lack of sensitivity, 

(iii) the cost and time needed to conduct some of these tests, and (iv) the lack of 

validation of these tests under a range of different conditions.  An alternative method 

therefore is the use molecular tools (Drenth et al., 2006).  

 

Molecular tools used in phylogenetic studies of oomycetes have included analysis of 

large and small subunit ribosomal RNA genes (rRNA) (Föster et al., 1990), 

mitochondrial DNA (Föster and Coffey, 1990; 1993) and sequence analysis of the 

internal subscribed spacer (ITS) regions of the rRNA genes (Cooke and Duncan, 1997; 

Crawford et al., 1996; Föster et al., 2000).  Cooke et al. (2000) reported an ITS-based 

molecular phylogeny, which included 50 Phytophthora species.  Coupled with the 

development of algorithms and bioinformatics software specifically designed for 

analyzing and manipulating large amounts of DNA sequence data, a solid framework 

was erected which allowed researchers to analyze or compare many different DNA 

sequences to reveal evolutionary relationships among different species and allow the 

design of specific primers for PCR (Williams et al., 2009).  Intra-specific variation is 

assessed using the restriction fragment length polymorphism (RFLP) in nuclear 



 131

mitochondrial DNA (Förster and Coffey, 1990; 1993; Förster et al., 1990; 1995; 2000).  

The objective of this study therefore was to verify using DNA based techniques, the 

accuracy of morphological tools for identification of pathogen (s) associated with 

macadamia root rots and trunk cankers in Kenya. 

 
7.3  Materials and methods 

7.3.1  Phytophthora culture collection  

All the molecular work was done in the molecular laboratory at the Department of Plant 

Pathology, Stellenbosch University, South Africa between September 2009 and April 

2010.  Thirty five pathogenic P. cinnamomi isolates that caused hard brown rots on 

green apples reported in Chapter 3, section 3.5.1.3 (Table 6.1), were routinely sub-

cultured on CMA and stored at room temperature in 5ml sterile distilled water in screw 

capped bijou bottles for 6 months.  The isolates were taken to Stellenbosch University in 

August 2009.  Agar discs of the 35 P. cinnamomi isolates (Table 7.1.) previously stored 

in distilled water at room temperature were transferred to PARPH and incubated at 22 ± 

2 °C in the dark for 5 days.  
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Table 7.1. P. cinnamomi isolates pathogenic to green apples stored in sterile distilled 
water for further research work 

S/No. P. cinnamomi isolate code Source (in 
macadamia) 

Mating type 

1 Bar05-06 Soil H 
2 Bgm3-06 Soil A1 
3 Bgm4-06 Roots A1 
4 Emb30-06 Soil A1 
5 Emb19-06 Soil A2 
6 Emb25-06 Roots A1 
7 Emb26-06 Roots A2 
8 Emb27-06 Stem A1 
9 Krg3-06 Soil A1 
10 Krg6-06 Soil A2 
11 Krg8-06 Roots A2 
12 Krg21-06 Stem A1 
13 Krg27-06 Stem A2 
14 Mcks1-06 Soil H 
15 Mcks25-06 Roots A2 
16 Mcks16-06 Stem A1 
17 Mcks17-06 Roots A2 
18 Mar13-05 Soil A1 
19 Mar3-05 Soil A2 
20 Mar30-05 Stem A2 
21 Mar26-05 Roots A1 
22 Mar28-05 Soil H 
23 Mru10-06 Roots A1 
24 Mru30-06 Stem A2 
25 Mru23-06 Soil A1 
26 Mru22-06 Soil H 
27 Mru9-05 Roots A1 
28 Mur17-05 Soil H 
29 Mur-18-05 Roots A2 
30 Ny25-05 Soil A1 
31 Ny14-05 Soil A1 
32 Ny19-05 Soil A2 
33 Ny27-05 Soil  A1 
34 Ny26-05 Stem A1 
35 Tt10-06 Stem A1 
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Only seven out of the 35 isolates grew on PARPH (Table 7.2.).  Others had apparently 

died in storage.  Hyphal tips from the growing cultures were transferred to CMA and 

incubated at 22 ± 2°C in the dark for 2 days.  Hyphal tips from the cultures on CMA 

were transferred to V8 juice agar in 65 mm Petri dishes and incubated at 22 ±  2 °C in 

the dark for 10 days or until there was plenty of aerial mycelial growth.  

 
Table 7.2.  Pathogenic P. cinnamomi isolates collected from macadamia in  Kenya 

between December 2005 and April 2006 
 
S/no P. cinnamomi 

isolates code 
Source in 
macadamia 

Mating type 

1 Mru10-06 
 

Roots 
 

A1 
 

2 Mar30-05 
 

Stem 
 

A2 
 

3 Mcks17-06 
 

Roots 
 

A2 
 

4 Krg21-06 
 

Stem 
 

A1 
 

5 
 

Krg 21-06 Stem  A1 

6 Emb25-06 
 

Roots 
 

A1 

7 Ny14-05 Soil A1 
 
To get a representative sample from the macadamia growing areas, further sampling 

from the same macadamia orchards (using previous survey questionnaires and 

geographic positions) was done between December 2009 and January 2010.  By routine 

isolation and culturing, 36 cultures suspected to be P. cinnamomi were selected based on 

growth on PARPH and morphology (colony, sporangia, hyphal swelling) (Table 7.3.) 

and taken to Stellenbosch University in January 2010.  Colonies were hyphal tipped 

three times before they were grown on V8 juice agar for 10 days as described above. 



 134

Table 7.3.  Details of Kenyan isolates suspected to be P. cinnamomi  recovered 
from macadamia stems, roots and rhizosphere  between December 2009 and 
January 2010 

S/no Culture identity 
by source 

Source (in 
macadamia) 

Colony  morphology (24 days on PDA, 24 
°C) 
Type  Diameter (mm) 

1 Emb30-10 Soil Petalliod 66 
2 EMB3-10 Soil Petalloid  70 
3 Emb26-10 Roots Non-pattern 66 
4 Emb28-10 Soil Rocaseous 67 
5 Emb19-10 Soil Petalloid 72 
6 Emb25-10 Roots Non pattern 65 
7 Emb29-10 Roots Petalliod 80 
8 Emb27-10 Stem Petalloid  60 
9 Krg3-10 Soil Rosaceous 66 
10 Krg6-10 Soil Non pattern 70 
11 Krg8-10 Roots Petalloid 68 
12 Krg21-10 Stem Rosaceous 67 
13 Krg27-10 Stem Petalliod 70 
14 Mcks1-10 Soil Petalloid  78 
15 Mcks25-10 Roots Petalloid  80 
16 Mcks16-10 Stem Non-pattern 77 
17 Mcks17-10 Roots Rocaseous 67 
18 Mar13-10 Soil Petalloid 77 
19 Mar3-10 Soil Non pattern 80 
20 Mar30-10 Stem Petalliod 66 
21 Mar26-10 Roots Petalloid  65 
22 Mar28-10 Soil Rosaceous 63 
23 Mru10-10 Roots Non pattern 65 
24 Mru30-10 Stem Petalloid 50 
25 Mru23-10 Soil Rosaceous 55 
26 Mru22-10 Soil Petalliod 45 
27 Mru9-10 Roots Petalloid  56 
28 Mur17-10 Soil Petalloid  67 
29 Mur-18-10 Roots Rosaceous 66 
30 Ny25-10 Soil Non pattern 78 
31 Ny14-10 Soil Petalloid 77 
32 Ny19-10 Soil Rosaceous 67 
33 Ny27-10 Soil  Petalliod 58 
34 Ny26-10 Stem Petalloid  66 
35 TK-4-10 Roots Petalloid 74 
36 TK8-10 roots Rosaceous 66 
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7.3.2  Extraction of DNA 

Extraction of DNA was done using the Wizard® SV Genomic DNA Purification system 

(Promega Corporation, Madison, WI, USA).  Mycelium was harvested from the plates 

using a scapula.  The scapula was sterilized prior to use on a different culture by 

spraying with 70% ethanol and wiping with blotter paper.  The harvested mycelia were 

put in 2.2 ml labeled Eppendorf tubes.  Whenever agar was picked with the mycelia, this 

was broken with a spatula while inside the eppendorf tube.  About 8-10 glass beads (0.5 

mg) were added to each tube then 400 µl of lysis buffer.  The tubes were shaken at the 

speed of 30 revolutions per second for five minutes in a Retsch® MM 301 Shaker (A. 

Daigger & Company Inc. Illinois, USA.).  The tubes were incubated at 65 °C for ten 

minutes and  spun for four  minutes in an Eppendorf Centrifuge 5810R (Eppendorf AG, 

Barkhausenweg 1, Germany ) at 14,000 revolutions per minute (rpm).  To purify each 

lysate, one Wizard® SV Minicolumn assembly was prepared.  Each Wizard® SV 

Minicolumn assembly consisted of a Wizard® SV Minicolumn and a collection tube.  

The collection tube was labeled and the Wizard® SV Minicolumn assembly placed in a 

micro centrifuge tube rack.  The entire sample lysate was placed in the Wizard® SV 

Minicolumn assembly.  The Wizard® SV Minicolumn/Collection tube containing the 

sample lysate was placed in a micro centrifuge Spectrafuge 24D (Labnet, International 

Inc., Woodbridge, NJ, USA) and spun at 13000 × g (relative centrifugal force) for three  

minutes.  Further spinning at 13000 × g for one minute was done whenever some lysate 

remained in the Wizard® SV Minicolumn after the initial spin. The Wizard® SV 

Minicolumn was removed from the Wizard® SV Minicolumn/Collection tube assembly 
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and the liquid in the collection tube discarded.  The Wizard® SV Minicolumn was then 

replaced into the collection tube.  Ethanol was added into the Wizard® SV wash 

solution.  650 µl of the Wizard® SV wash solution was added to each Wizard® SV 

Minicolumn/Collection tube assembly and centrifuged at 13000 × g in  the micro 

centrifuge described earlier for one  minute.  The liquid in the collection tube was 

discarded and the Wizard® SV Minicolumn put back into the empty collection tube.  

The minicolumn was backwashed for three times for four washes of the Wizard® SV 

Minicolumn.  After the last wash, the collection tube was emptied and the Wizard® SV 

minicolumn/collection tube re-assembled.  This was centrifuged at 13000× g to dry the 

binding matrix.  To remove RNA that may have been co-purified with DNA, 2 µl of 

RNAse solution was added to every 250 µl nuclease free water prior to genomic DNA 

elution and kept at room temperature for ten minutes.  The Wizard® SV Minicolumn 

was removed and placed in a new previously labeled 1.5 ml micro centrifuge tube.  

Nuclease free water (250 µl) at room temperature was added to the Wizard® SV 

Minicolumn and incubated at the same temperature for 2 minutes.  The Wizard® SV 

Minicolumn/elution tube was placed into a micro centrifuge and spun at 13000× g for 

one minute.  Total elution volume was 250 µl, the recommended volume for optimal 

DNA yield according to the manufacturers.  The Wizard® SV Minicolumn was removed 

and discarded.  

7.3.2  DNA concentration measurements 
DNA concentrations were measured and recorded using a NanoDrop Spectrophotometer 

ND 100 (NanoDrop Technologies, Inc. Wilmington, DE, USA) and the computer 
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software ND 100 Version 3.1.  The elution tube containing DNA was capped and stored 

at minus 20 °C. 

7.3.3  PCR amplification 

The region of the ribosomal repeat from the 3' end of 18s gene (through ITS1, the 5.8s 

gene and ITS2) to the 5' end of the 28S gene were defined by oligonucleotide primers 

described (Table 7.4.).  DNA samples of isolates selected based on pathogenicity to 

Granny Smith apples were amplified with Phytophthora specific primers A2 (forward) 

and I2 (reverse) (Drenth et al., 2006).  DNA from isolates whose pathogenicity was 

unknown were amplified first with the general primers, ITS1 (reverse) and ITS4 

(forward) (Chavarriaga et al., 2007).  Depending on amplicon sizes, these were then 

amplified with Pythium specific ITS4 (reverse) (White et al., 1990) and ITS6 (forward) 

(Cooke and Duncan, 1997) Pythium spp. specific primers.  

 
Table 7.4.  Sequence of oomycete general, Phytophthora and Pythium specific 

oligonucleotide primers used in this study. 
Primer  Specificity Oligonucleotide sequence (5'-3') 
ITS1 forward) 
ITS4 (reverse) 

General 
General 

CTTGGTCATTTAGAGGAAGTAA-18S gene 
CAGGAGACTTGTACACGGTCCAG-18S gene 

A2 (forward) 
I2 (reverse) 

Phytophtho
ra spp 

ACTTTCCACGTGAACCGTTTCAA-5.8S gene 
GATATCAGGTCCAATTGAGATGC-5.8S gene 

ITS6 (forward) 
ITS4 (reverse) 

Pythium 
Pythium 

GAAGGTGAAGTCGTAACAAGG-18S gene 
CAGGAGACTTGTACACGGTCCAG-18S gene 

 

PCR reactions for the three  primer pairs consisted of 0.2 mM of each primer, 10 mM of 

each dNTP, 1× PCR buffer (Bioline USA Inc., Taunton, MA), 0.7 U BIOTAQ DNA 

polymerase (Bioline), 2 mg bovine serum albumin (BSA) Fraction V (Roche 
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Diagnostics South Africa, Randburg), 5 mL DNA and 2 mM MgCl2 in a final volume of 

40 ml.  Amplifications were conducted in a 2700 Applied Biosystems (Foster City, CA) 

machine, starting with an initial denaturation of 5 min at 94 °C, followed by 36 cycles of 

30 s at 94 °C, 30 s at 52 °C and 60 s at 72 °C and a final extension cycle of 7 min at 72 

°C.  Polymerase chain reaction amplification products were cleaned using the Wizard® 

SV gel and PCR Clean-up System (Promega Corporation, Madison, WI, USA).  Cleaned 

up samples were stored at -20°C for the entire period of the experiments. 

7.3.4  Gel electrophoresis 

To clearly separate DNA fragments within a range of 800-900 bp, a 1 % high resolution 

agarose gels, SeaKem® LE Agarose (Lonza, Rockland, ME, USA) were used.  Small 

gels (10 samples) were made by dissolving 0.6 agarose gel in 60 ml 1× TAE buffer 

(Tris-Acetate-EDTA) made from a stock solution of 50 × TAE buffer( 240 g Tris base, 

57.1 ml Glacial acetic acid, 100 ml 0.5M Ethylenediaminetetriacetate (EDTA) in sterile 

distilled water in a total volume of 1000 ml) stored at room temperature.  The agarose 

was heated in a microwave oven to boiling point (2-3 seconds) and allowed to cool to 

about 50 °C. Ethidium bromide (0.5 µl) was added and the mixture poured onto a gel 

plate.  A comb with 10 teeth was put in the gel before cooling to make gel wells.  3 µl of 

a  100bp DNA ladder, GeneRuler™  (Fermentas Inc., Maryland, USA) with a 6×DNA 

loading dye (10Nm Tris-Hydrochloric acid (pH  7.6), 0.03 % Bromophenol blue, 0.03 % 

Xylene cyanol, 60  % glycerol and 60 Mm EDTA) was loaded in the first well.  3 µl 

DNA of the amplified DNA and same volume of loaded dye were mixed and loaded into 
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subsequent wells.  In the last two wells, positive (identified DNA) and negative (double 

distilled water used in the PCR reaction mix) were added.  Gel plates were immersed in 

1× TAE buffer in gel trays connected to a power source and electrophoresis run at 90 V 

for 60 to 90 minutes to allow for band separation.  Gels were examined under UV light 

and photographs taken using the Genesnap1 software. 

7.3.5  Restriction digests of the amplicons  

Isolates were identified by conducting the PCR-RFLP (Polymerase chain reaction 

restriction fragment length polymorphism) analysis.  In order to obtain diagnostic DNA 

fingerprints, the genus specific PCR amplicon obtained using forward primer A2 in 

combination with reverse primer I2 were subjected to three different restriction 

enzymes, Msp1, Rsa1, and Taq1.  Digestion was conducted in a total volume of 20 µl 

comprising of 10 µl of the amplified PCR product, 7µl MilliQ water, 1 µl restriction 

enzyme (MspI U/20 µl, RsaI U/10 µl and TaqI U/20 µl) and 2 µl 10× CA buffer (200 

mM Tris-HCL pH 7.2; 70 mM MgCl2; 1M KCl; 20 mM β-Mercaptoethanol; 1 mg/ml 

BSA.  Samples were spun for five seconds  before incubation for 6 hours at 37 °C for 

MspI and RsaI and at 65 °C for TaqI digest (Drenth et al., 2006).  PCR amplicon 

obtained with genus specific primer ITS4 (forward) and ITS6 (reverse) was digested 

with only the Rsa1 enzyme (Cooke and Duncan, 1997).  DNA fragments were separated 

by gel electrophoresis as described in section 6.3.4.  Species identification was done 

based on the banding pattern of the DNA fragments whenever possible.  When this was 
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not possible DNA sequence data were obtained for each isolate or culture for 

sequencing. 

7.3.6  DNA sequencing 

PCR-RFLP products of the 46 cultures of 2009/2010 were sequenced using the ITS4 

primer. This was done at the Analytical Sequencing Facility at Stellenbosch University 

using the BigDye System, version 3.1 Dye Terminators (Applied Biosystems, Inc. 

Australia) and an ABI 3130XL Genetic Analyzer.  Geneious Pro (Biomatters Ltd., 

Auckland, New Zealand) was used to view ABI trace files, and to obtain consensus 

single strand sequences for each isolate.  The alignment of all sequences was also 

checked visually.  Heterozygous or ambiguous sites were labeled using IUPAC codes.  

To assess the degree of similarity and the possibility of homology, analysis of each 

sequence was done using the Basic Local Alignment Search Tool (BLAST) and 

identified using the GenBank® sequence database (National Centre for Biotechnology 

Information (NCBI), Bethesda, MD, USA) and the CLUSTAL V computer software 

(Higgins et al., 1992). 

 
7.4  Results  

7.4.1  Amplicons of the A2/I2 primer pair 

The Phytophthora specific primers A2 and I2 were able to amplify all the seven 

pathogenic P. cinnamomi isolates recovered from macadamia stems, roots and soils 

within the rhizospheres in Kenya.  The PCR amplicons were between 827 and 830 bp 
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(Fig.  7.1).  However, none of the 35 isolates of 2009/2010 produced an amplicon with 

these primers. 

               
 
 
 
 
 
 
 
 
 
 
Figure 7.1:  PCR amplicons of seven P. cinnamomi isolates recovered from 
macadamia roots stems and soil in Kenya.    
 Lane 1: 100bp ladder: lane 2  P cinnamomi Mru10-06, lane 3 P. cinnamomi Mar30-05, 
lane 4 P. cinnamomi Mcks 17-06, lane 5 P. cinnamomi Krg21-06, lane 7 P. cinnamomi 
Emb25-06, lane 8 P. cinnamomi Ny14-05, lane 9 P. cinnamomi UQ733 (positive 
control) and lane 10 negative control. 
 

7.4.2  Restriction digests of the amplicon 

All the seven P. cinnamomi isolates had similar sizes of the restriction fragment patterns 

with the three restriction enzymes Mpsa1, Rsa1 and Taq1.  The patterns were identical 

with those obtained from amplicons of the tester P. cinammomi isolate UQ733 (Fig. 

7.2). 

 

 

 

1       2      3      4       5       6       7      8       9    C 

                                    
500bp 

    1000bp 
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             a                                              b                                           c 
Figure 7.2:  Restriction digest patterns of the amplicons after PCR using Phytophthora 
genus specific primer A1/I2.   
Organised based on the number of visible bands obtained with a)Msp1 b)RSa1 and c) 
Taq1 restriction digest enzymes. Lane1 100bp ladder; lane 2 to lane 7 Kenyan P. 
cinnamomi isolates, lane 9 P. cinnamomi isolate (UQ733) positive control lane 10 100bp 
ladder. 
 
All the isolates were one strain of P. cinnamomi according to the sequence information 

of the rDNA (Table 7.5) with 95 % identity with P. cinnamomi isolate (UQ733). 

 
Table 7.5.  Amplicon sizes and band sizes (bp) derived from DNA sequence 
information of rDNA produced when using the genus specific primers A1/I2 after 
restriction digest of the amplicons 
 
P. 
cinnamomi 
isolate 

PCR 
amplicon 

Mps1 band sizes Rsa1 band sizes Taq1 band sizes 

Mru10-06 
 

828 339,221,146,122 377,170,165,106, 194,181,150,90,74, 
60,59,12,7 

Mar30-05 
 

829 339,221,147,122 377,171,165,106 194,181,151,90,74,
60,59,12 

Mcks17-06 
 

829 338,222,148,121 377,170,166,106 194,180,150,90,74, 
61,59,12,7 

Krg21-06 
 

829 339,221,146,122 378,171,165,105 194,181,151,90,74, 
60,59,12,7 

Krg 21-06 829 338,222,146,121 377,170,165,106, 194,182,150,90,74, 
60,59,12,7 

Emb25-06 
 

828 337,221,146,122 377,171,165,106 194,181,150,91,74, 
61,59,12,7 

Ny14-05 829 339,221,147,222 377,170,166,106 194,182,150,90,74, 
60,58,12,7 

UQ733 828 339,221,146,122 377,170, 165,106 194,180,151,90,74, 
60,59,12,7 

 

        500bp 

1 2 3 4 5 6 7 8 9 10      1 2 3 4 5 6 7 8 9 10          1 2 3 4 5 6 7 8  9 10 
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7.4.3  PCR amplification with general primers ITS1/ITS4 
 
General primers ITS1 and ITS4 were able to amplify the 36 morphological phenotypes 

collected from macadamia between December 2009 and January 2010.  Amplicon sizes 

were between 850 to 900 bp for all except one that had an amplicon size of 650 bp 

(Fig.7.3.) and was excluded from further identification for not falling within the 

amplicon size for oomycetes.  Amplicon size of the P. cinnamomi positive control was 

900bp. 

 

                         

 
Figure 7.3: PCR amplicons of isolates recovered from macadamia roots stems and 
soil in Kenya.   Lane 1: 100bp ladder, lane, 2, 3, 4, 5,6,7,8, test isolates, lane 9 P. 
cinnamomi isolate (positive control) and lane 10 negative control 
 

Sequence information of the amplicons was not useful as there were mixed nucleotide 

picks that could not be edited.  Cultures were hyphal tipped 3 times, grown on V8 juice 

agar for ten days, DNA extracted and amplification done with ITS4/ITS6 primers.  

        1        2       3      4       5       6       7       8       9      10 

 1000bp 

   
500bp 
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7.4.4  PCR amplification with general primers ITS4/ITS6 

The ITS4/ITS6 primers were able to amplify 34 out of the 35 morphological phenotypes.  

Amplicon sizes were between 870 and 900 bp.  Phytophthora cinnamomi isolate 

(UQ733) amplicon size was 950 bp (Fig.7.4). 

  

    

 Figure 7.4:  PCR amplicons of 34 isolates recovered from macadamia roots, stems 
and soil in Kenya.   
Lane 1: 1000 bp DNA ladder, Lane 2 to Lane 9: test isolates and Lane 10: negative 
control 
 
 
Of the 34 amplicons 22 had double and 12 had single band pattern of the restriction 

fragment patterns with the Rsa1 restriction enzyme.  The positive control P.cinnamomi 

isolate (UQ733) fragment had three bands (Fig 7.5). 

 

                     

Figure 7.5:  Restriction digest patterns of the amplicons after PCR using Pythium 
genus specific primer ITS4/ITS6 organized based on the number of visible bands 
obtained with RSa1 restriction digest enzyme.    
Lane1:1000bp ladder; lane 2 to lane 11: Kenyan morphological phenotypes, lane 12 P. 
cinnamomi isolate (UQ733) positive control. 

  1 2 3 4 5 6 7 8 9 10  1 2 3 4 5 6 7 8  9 10           1 2 3 4 5 6 7 8 9 10  1 2 3 4 5 6 7 8  9 10 

 1   2   3   4   5   6   7   8   9  10  11 12   1  2   3   4  5  6   7   8   9  10 11  12  
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From the sequence information, all the morphological phenotypes had 95-99 % identity 

with Pythium vexans. 

 
7. 5  Discussion  

7.5.1  PCR Amplification with A1/I2 Phytophthora specific primers 

Ability of the A2/I2 primers (Drenth et al., 2006) to amplify isolates previously 

characterized based on pathogenicity to green apples was an indication that this test is 

reliable for isolation and identification of Phytophthora spp. from soil and diseased plant 

parts.  Serfontein et al. (2007a), found that while morphological features (colony type, 

growth rate, hyphal swellings) may not be reliable for separating oomycete strains found 

in different macadamia nurseries and orchards, decay symptoms on inoculated green  

apples were accurate.  In this study, the test was quick with symptoms developing 4 days 

after inoculation.  Other pathogens cause rots on green apples but the Phytophthora 

induced lesions are light brown, hard and definite which makes detection easy. 

7.5.2  PCR-Restriction Fragment Length Polymorphism   

In this study, DNA fingerprints of the amplicons after digest with three restriction 

enzymes Mps1, RSa1 and Taq1 (Drenth et al., 2006) was sufficient for species 

identification from the banding pattern of the fragments.  The bands had an identical 

pattern representing one strain of P. cinnamomi that was 99 % identical with P. 

cinnamomi isolate (UQ733).  
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7.5.3  PCR amplification with general primers ITS1/ITS4 

Failure to produce amplicons with A2/I2 primers meant that none of the cultures 

previously identified by their growth on selective medium, colony morphology and 

presence of hyphal swelling without the apple test was Phytophthora species.  

Amplicons with the general primers ITS1/ITS4 had band sizes ranging from 850 to 900 

bp compared to control P. cinnamomi isolate amplicon of 950 bp.  This is what led to the 

necessity of amplification with Pythium genus specific primers ITS4/ITS6.  However, 

one of the cultures had a band size of 600 bp.  It was possible that this culture was a 

contaminant picked during the hyphal tipping and was excluded in further experiments. 

7.5.4  PCR amplification with Pythium specific primers ITS4/ITS6 

The Pythium specific primers ITS4 and ITS6 produced amplicons with all the 34 

cultures.  Some Pythium species grow faster than Phytophthora on PARPH (Jeffers and 

Martin, 1986).  It was possible that the baiting and culturing on PARPH selected 

Pythium and Pytophthora from soil and diseased macadamia roots and stems.  It is 

possible that since of the apple test was not done on the isolates collected in the year 

2010, Pythium spp were sub-cultured with Phytophthora spp.  In the process of hyphal 

tipping, Pythium spp could have been were selected at the expense of Phytophthora spp.   

7.5.5  PCR-RFLP of the ITS4/ITS6 amplicons 

Presence of two types of banding pattern meant that there are two strains of P. vexans 

identified in this study.  This is the first report of P. vexans on macadamia in Kenya.  In 

South Africa, Serfontein et al. (2007b) isolated Pythium spp. in all the surveyed 
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macadamia nurseries.  Most of these species grew on Phytophthora selective medium 

and always masked the recovery of P. cinnamomi from nursery growth medium.  The 

role of P. vexans and other Pythium species is unknown.  Root inoculations did not show 

above ground symptoms although P. vexans caused symptoms on leaves after 

inoculation (Manicomb, 2003)  

 

7.6  Conclusion 

This study established that Pythium species are likely to be co-isolated with 

Phytophthora species through the conventional baiting and culturing on selective 

medium, PARPH.  Morphological features such as colony type, growth on media and 

hyphal swellings can be confusing, making it difficult to distinguish the two.  Hyphal 

tipping to obtain pure cultures may give Pythium spp a comparative advantage over 

Phytophthora spp in the conventional isolation methods.  However, pathogenicity test 

using green apples can accurately separate Pythium from Phytophthora species.  It 

would be advisable to obtain pure P. cinnamomi from the edges of the lesions on apples 

by culturing on CMA rather than direct hyphal tipping from selective medium.  This 

would reduce chances of selecting Pythium spp. at the expense of P. cinnamomi.  

Although the conventional methods are tedious, labour intensive and need skill, they are 

indispensable for researchers in resource poor setups.  This study has identified for the 

first time, presence of P. vexans in diseased macadamia trees in Kenya.  The role of 

Pythium vexans as a primary pathogen, predisposing organism, opportunistic pathogen 

or non-pathogen in macadamia unknown.  There is need to establish this considering 
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that presence of P. vexans and other Pythium spp in macadamia nursery growth media 

could have a big impact on spread of root rots and trunk cankers of macadamia. 
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CHAPTER 8 

GENERAL DISCUSSION  

 
This study established that macadamia slow decline in Kenya is caused by amomg other 

factors root rots and trunk cankers caused by the oomycete pathogen Phytophthora 

cinnamomi.  The pathogen was recovered from roots, stems and soil from the 

rhizospheres of macadamia trees by use of host baits or direct plating on Phytophthora 

selective medium.  Macadamia root rots and trunk cankers were widespread in all the 

macadamia growing areas of Kenya (Mbaka et al., 2009).  Three populations of the 

causal organism P. cinnamomi, the A1, A2 and homothallic types were identified.  This 

indicated sexual reproduction of the pathogen (Linde et al., 1997).  Presence of both 

mating types and homothallic species in the same disease location or sometimes in the 

same macadamia tree as observed in this study has an impact on disease management 

(Old et al., 1984).  While sexual reproduction enhances genetic diversity of a pathogen, 

oospores may survive for long in soil as dormant propagules in the absence of a 

susceptible host (Fergusson and Jeffers, 1999; Jeffers and Aldwinckle, 1987).  

Depending on the capability of the oospores to germinate, in the presence of susceptible 

host roots, this may have a negative impact on crop rotation as a disease management 

option.  

 

The highest disease incidence (46.6 %) and highest macadamia tree losses ( 36.6 %) 

recorded in Meru Central  district were thought to be due to presence of other hosts of P. 



 150

cinnamomi such as Avocado , Eucalyptus and Grevillea trees in the macadamia orchards 

(Muthoka et al., 2005).  To reduce incidence of macadamia root rots and trunk cankers, 

it is advisable to avoid intercropping macadamia with susceptible tree or crop hosts such 

as avocado, Grevillea and Eucalyptus species.   The lowest percentage macadamia tree 

losses recorded in Maragua (6.8 %) and Murang’a (9.2 %), despite the high incidence of 

infection could be because, dead trees had been replaced with improved macadamia 

cultivars from the KARI-Thika nursery as reported by Gitonga et al. (2009).  This has 

the implication that some of the improved macadamia varieties have some degree of 

resistance/torelance to macadamia root rots and can be used as rootstocks in the 

nurseries.  

 

Orchards where organic manure was used in coffee intercropped with macadamia 

recorded low incidences of root rots.  This was in agreement with Aryantha et al. (2000) 

who found that high levels of ammonia in chicken manure were toxic to P. cinnamomi.  

This finding is crucial in the development of integrated strategies for management of P. 

cinnamomi induced root rots in macadamia.  Organic manure does not only improve soil 

texture and fertility but also the composition of the soil micro-flora with some 

microorganisms antagonistic to soil borne pathogens including P. cinnamomi (Turner 

and Menge, 1994).  Use of organic manure (animal or compost) in macadamia orchards 

can be evaluated and recommended for management of P. cinnamomi induced root rots.  
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The survey also confirmed that there are no strategies for management of macadamia 

root rots and trunk cankers disseminated to macadamia growers.  Farmers’ production 

practices enhancing spread of P. cinnamomi included; weed management by use of 

machetes and hoes.  These may cause injury to macadamia roots creating entry of the 

pathogen.   

 

Isolates in the three sub-populations (A1, A2 and H(homothallic), had a wide variation 

in growth rate on PDA, colony morphology, sporangia morphology, sporangia 

dimensions, pathogenicity and virulence.  Colony morphology was influenced by 

temperature and 24 °C was the optimum growth temperature for all the isolates 

recovered in this study.  The H type isolates had the highest radial growth rate on PDA.  

The same isolates were the most virulent and killed macadamia seedlings 29 days after 

inoculation.  This implied that mycelial radial growth was directly related to virulence of 

the particular isolate. 

 
Seven of the most virulent strains of P. cinnamomi isolated from macadamia were 

sensitive to six fungicides and a bio-control agent recommended for management of 

Phytophthora diseases.  The fungicides and the bio control agent caused in vitro growth 

inhibition of 40 – 98.9 % in laboratory in vitro studies.  Currently there is no 

recommended strategy for management of root rots and stem cankers in Kenya.  Being a 

soil borne pathogen, no one single method of control of P. cinnamomi has been found 

effective (Aryantha et al., 2000).  There is need to incorporate, chemical, cultural and 

biological control in an integrated management strategy for the two diseases.  Depending 
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on their mode of action, fungicides and the bio control agent evaluated in this study can 

be incorporated in an integrated management strategy for macadamia root rots and trunk 

cankers.  These can be used as soil drench, root dip, trunk injections, wound treatments 

or foliar sprays.  However further evaluations should be done before recommendations 

are made. 

 
One of the most important aspects of integrated disease management of Phytophthora 

root rot is the use of plant resistance (von Broembsen, 1984).  Mbaka et al. (2009) 

observed variation in incidence of root rot among macadamia varieties in Kenya based 

on the above ground symptoms.  Previous studies indicated that Macadamia tetraphylla 

was more tolerant to P. cinnamomi than M. integrifolia (Zentmyer, 1983).  This study 

established for the first time that the leaf and stem inoculation techniques can be used for 

screening of macadamia germplasm for resistance to P. cinnamomi.  Stem inoculations 

are preferred over root inoculations or soil inoculations, as they provide a convenient 

and consistent means of evaluating large numbers of hosts and isolates (Dudzinski et al., 

1993; Robin and Desperez–Loustau, 1998; Stukely and Crane, 1994).  In this study, 

Macadamia tetraphylla and cultivar MRG-20 had high resistance to P. cinnamomi 

compared to other cultivars.  Macadamia is propagated by grafting scion of a superior 

cultivar onto a rootstock.  Cultivars resistant to P. cinnamomi can be evaluated further 

for recommendation as rootstocks to manage root rots. 
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All the isolates previously identified as P. cinnamomi based on pathogenicity to green 

apples formed amplicons with the A2/I2 primers (Drenth et al., 2006).  Isolates 

previously identified as P. cinnamomi based on colony morphology on PDA (without 

the apple test failed to form amplicons with the A2/I2 primers but formed amplicons 

with Pythium specific primers ITS4 and ITS6 and were identified as Pythium vexans.  It 

was thought that the baiting and culturing on PARPH selected Pythium and Pytophthora 

from soil and diseased macadamia roots and stems.  Some species of Pythium grow 

faster than Phytophthora on selective medium PARPH (Jeffers and Martin, 1986) and 

may have been picked at the expense of P. cinnamomi during the process of hyphal 

tipping.  The apple pathogenicity test is accurate and reliable in separating pathogenic 

from non-pathogenic P. cinnamomi isolates and co-isolated Pythium species.  Serfontein 

et al. (2007a), found that while morphological features (colony morphology, growth 

rate, hyphal swellings) may not be reliable for separating oomycete strains found in 

different macadamia nurseries and orchards, decay symptoms on inoculated Granny 

Smith apples were accurate.  In this study, the test was quick with symptoms developing 

4 days after inoculation.  Other pathogens cause rots on green apples but the 

Phytophthora induced lesions are light brown, hard and definite which makes 

identification easy. 
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CHAPTER 9 

CONCLUSIONS AND RECOMENDATIONS 

 
Macadamia decline in Kenya is partly due to root rots and trunk cankers caused by the 

soil borne pathogen Phytophthora cinnamomi.  The pathogen has a wide distribution in 

all the macadamia growing areas in different agro-ecological zones.  Macadamia tree 

losses due to the two diseases are currently between 6.8 to 36.6 %.  All macadamia 

cultivars are susceptible to root rot but there was indication that Macadamia tetraphylla 

is more susceptible and the macadamia cultivar MRG-20 is less susceptible.   The 

presence of A1, A2 and homothallic isolates in the same locations and disease situations 

led to the conclusion that sexual reproduction probably plays a big role in the Kenyan P. 

cinnamomi populations.   

 

Phenotypic variation among Kenyan P. cinnamomi isolates is independent and 

continuous.  No single or small group of characteristics was identified that clearly 

separates the sub-populations into sub-species as they overlapped with one another.  

These findings of large phenotypic variation among isolates derived asexually from one 

clonal lineage have important taxonomic, management and resistance screening 

implications.  There are stable and non stable characters for P. cinnamomi as earlier 

established by Hüberli et al. (2001).  The non stable characters such as colony 

morphology on PDA warrant an adjustment of the species description to include these 

phenotypes.  The apple pathogenicity test used in this study was accurate in separating 

pathogenic from non pathogenic P. cinnamomi recovered from soil and plant parts.  
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There is no significant relationship between radial growth rate of the isolates and their 

pathogenicity.  However, radial growth rate had a positive correlation with virulence.  

The fastest growing isolates (H) were the most virulent.  Phytophthora cinnamomi can 

be spread to different geographical regions as latent infections in macadamia seedlings. 

 

Fungicides recommended for management of Phytophthora diseases in Kenya have 

potential to manage root rots and stem canker of macadamia.  Depending on the mode of 

action, the products can be recommended for use in management of Phytophthora root 

rot in macadamia.  Contact protective copper based fungicides can be used as wound 

dressings to protect macadamia trunks from entry of soil borne pathogens.  Protective 

and curative systemic fungicides can be used as foliar sprays, trunk injections and soil 

drenches in infected trees.  Bio control agents can be used as root dips and in potting 

media in the nurseries. 

 

The leaf and stem inoculation techniques provide a rapid method for screening 

macadamia varieties for resistance against P. cinnamomi.  The techniques can be used 

for initial screening of macadamia genotypes that merit further testing.  However further 

understanding of the host-pathogen interaction is necessary to improve the sensitivity of 

the tests.  

 

Pythium species are likely to be co-isolated with P. cinnamomi through conventional 

baiting and plating on Phytophthora selective medium PARPH.  Morphological 
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characterisation based on colony morphology, growth rate on media and presence of 

hyphal swellings can be confusing making it difficult to separate the two.  Molecular 

detection methods are easier and need less skill.  However, molecular techniques are not 

easily available for researchers in resource poor environments.  The apple pathogenicity 

test is accurate, simple and reliable in the separation of pathogenic from non pathogenic 

P. cinnamomi and co-isolated Pythium species.  Pythium vexans was for the first time 

isolated from macadamia orchards in Kenya.  The role of P. vexans as a primary 

pathogen, pre-disposing organism, opportunistic pathogen or nonpathogen in macadamia 

was not established.  It was however established that presence of P. vexans in soil or 

infected macadamia tissues may make isolation of P. cinnamomi difficult leading to 

false negatives. 

 

Phytophthora cinnamomi has a wide distribution and a wide host range.  Studies are 

therefore recommended to establish the susceptible crop and tree species in macadamia 

growing regions of Kenya.  Cross pathogenicity of isolates from different hosts should 

be established.  This will form a basis for recommendations of macadamia inter crops.   

 

It would be useful to explore and utilize resistant/tolerant macadamia cultivars as 

rootstocks in macadamia propagation.  Currently, macadamia cultivars are designated 

based on their source during the mass selection previously done by researchers at KARI-

Thika.  There is need to characterize macadamia genotypes and screen them for 

tolerance/resistance to P. cinnamomi infections.  Farmers have already noted superior 
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characters in some macadamia cultivars such as MRG-20; hence the selection should be 

done in a participatory manner between macadamia farmers and researchers putting into 

consideration farmers’ indigenous and technical knowledge.  Disease free planting 

material is an important aspect of disease management.  Macadamia nursery operators 

should be sensitized on the impact of P. cinnamomi and the need for soil sterilization in 

the nurseries.  

 

There is need to assess the potential of some cultural practices such as mulching and use 

of organic manure for management of macadamia root rots.  The role of soil micro-flora 

on the severity of P. cinnamomi infections should be established.  Several Trichoderma 

based bio control agents and fungicides should be evaluated on their efficacy in the 

management of P. cinnamomi induced macadamia root rots in vivo. 

 

Information on the role of Pythium vexans in macadamia root rots and trunk cankers is 

lacking.  There is need to establish the role of P. vexans either as a primary pathogen, 

predisposing organism, opportunistic pathogen or non pathogen on macadamia.  

Depending on weather P. vexans is pathogenic to macadamia, further tests on sensitivity 

to fungicides and bio control agents need to be done.  

 

Conventional methods for isolation, culturing and identification of P. cinnamomi are 

tedious and need skill and labour.  To successfully conduct disease surveys and 

determine hot spots for P. cinnamomi induced diseases, there is need to develop DNA 
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based methods for isolation of the pathogen from plant tissues and infested soils.  There 

is need to collaborate with other institutions (national and international) for capacity 

building on molecular detection and characterization of P. cinnamomi.  The techniques 

will be applicable in macadamia and other crops. 
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APPENDICES 
 

Appendix 1:  Survey questinnaire 
 
A pilot survey to identify Phytophthora cinnamomi causing root rots and trunk cankers 

of macadamia and farmer management practices in the major macadamia agro-

ecosystems in Kenya. 

SECTION A: Questionnaire identification 

Date of interview--------------------------Name of enumerator 

Province----------------------------District---------------------Division----------------- 

Location------------------------------------Village---------------------------------------- 

Farm code------------------------------------------------- 

GPS readings…………………………………………………Elevation 

Distance to all weather road (km)----------------------------------- 

Distance to the nearest market -------------------------------------------- 

Distance to the nearest agricultural extension office---------------------------- 

Agro-Ecological zone------------------------------------------ 

SECTION B: Household information 

Name of interviewee------------------------------------------- 

Gender of interviewee--------------------------------Age of interviewee-------------- 

Education of interviewee----------------------------occupation of interviewee------- 

Relationship of interviewee to household head (HH)--------------------------------- 

Gender of HH--------------------------- Occupation of HH----------------------------- 

Education of HH--------------------Family size------------------------------- 
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B1: Land use information 

 What is your farm size?--------------------------------------Soil type------------------ 

Landscape ---------------------------------------- 

Of your total land , what is the area under: 

Acres under food crops----------------- 

Acres under Macadamia------------------- 

Acres under other cash crops------------------- 

What would you rank as the top most 4 farm enterprises in terms of (i) income 

generation and (ii) family food availability? 

Income generation Food availability 

1 1 

2 2 

3 3 

4 4 

 

What are other sources of income outside the farm?--------------------------------------------

-B2: Income from Macadamia production; Year planted------------------------- 

Year No. of trees Total output Price /kg Cost of production 

2005     

2004     

2003     
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2002     

2001     

Who are your macadamia buyers?----------------------------------------- 

Do you process macadamia?---------------------------------------------- 

SECTION C: Agronomic practices 

C.1: Crop production profile 

How long have you grown Macadamia?------------------- 

Do you intend to expand your production?-------------- 

If no why?---------------------------------------------------------------------------------------------- 

If yes, by how many trees?  

C.2 Macadamia varieties grown (indicate number of trees for each variety) 

What varieties of Macadamia do you grow?-1.----------------------------2.---------- 

3.-----------------------------4.----------------------------------------- 

Farmer cannot tell-----------------------------------------interviewer’s variety identification--

--------------------------------------------- 

Is it intercrop or monocrop?--------------------------------------------------- 

If intercropped, with what crops--------------------------------------------- 

Other crops neighboring the macadamia field 

1.-------------------------------------------------------- 

2.--------------------------------------------------------- 

3.------------------------------------------------------ 

4.--------------------------------------------------------- 
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5.------------------------------------------------------------ 

C.3.Macadamia planting material and source 

Material  Source  Unit cost 

(KES) 

Grafted seedlings   

Own seed nuts   

Own non grafted seedlings   

Cuttings    

Other (specify)   

C.4: Macadamia nutrition 

Do you apply fertilizer on your macadamia trees?----------------------- 

If yes provide the following information; 

At planting Topdressing  

Type Rate  Method of 
application 

Type  Rate  Time of 
application 

Method of 
application 

Frequency  

        

        

        

        

If no give reasons for not using fertilizer----------------------------------------------------------

----------------------------------------------------------------------------------------------------------- 

Do you use manure or any other soil amendments on your macadamia?---------- 

If yes, provide the following information 
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At planting Season for subsequent application 

Type Rate  Mode Type  Rate  Time of 

application 

Method of 

application 

Frequency 

of 

application  

        

        

        

If no give reasons for not using manure or other soil amendments----------------------------

----------------------------------------------------------------------------------------------------------- 

SECTION D: Crop protection 

D.1 Macadamia insect pests/and rodents and their management 

Pest  Category  

1=minor pest 

2=major pest 

Control 

method  

%Loss   

1.stink bug    

2. nut borer    

3. Thrips     

4.Termites    

5.Mole    

6.Squirels     

7.Others    
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D.2 Macadamia diseases and their management 

Disease  Severity (score1-4) Control method  %Loss   

1.Root rot    

2. Stem canker    

3. Husk spot    

4.Leaf blight    

5.Flower blight    

6..Others    

 

Are you aware of soil borne pathogens?------------------------------which ones?--------------

------------------------ 

D.3. Weeds in macadamia orchards 

Types of weeds-1.-------------------------------------------2----------------------------------------

-------3--------------------------------------4------------------------------------- 

Method of weed control: mechanical------------------------------Chemical-------------------

Other---------------------- 

If mechanical, type of machinery------------------- 

If chemical, what herbicides--------------------------- 

Stage of herbicide application------------------------- 

Weeding frequency in a season--------------------------------- 
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Appendix 2:  P. cinnamomi distribution map: Embu district 
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Appendix 3:  P. cinnamomi distribution map: Kirinyaga district 
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Appendix 4:  P. cinnamomi distribution map: Machakos district 
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Appendix 5:  P. cinnamomi distribution map: Maragua  district 
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Appendix 6:  P. cinnamomi distribution map: Murang’a district 
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Appendix 7:  P. cinnamomi distribution map: Nyeri district 
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Appendix 8:  P. cinnamomi distribution map: Thika district 
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Appendix 9:  P. cinnamomi distribution map: Kericho, Kisii Districts   
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Appendix 10:  Composition of artificial media used in this study 
 
Corn meal Agar (CMA) 

Corn meal Agar                                                        17.0g 

Distilled water                                                          1000 ml 

Non-sterile soil extract (NSSE) 

Field soil                                                                   15.0 g 

Distilled water                                                           1000 ml 

Phytophthora Selective Medium ( PARPH) 

Corn Meal Agar as basal medium                             1000 ml  

Ampicilin                                                                   1.7 g 

Rifampicin                                                                  0.1 g 

Pentachloronitrobenzene(PCNB)                               0.1g 

Pimaricin                                                                     0.2 g 

Hymexazol                                                                  5.0 g 

Potato Dextrose Agar (PDA) 

Potato Dextrose Agar (Oxoid No.3)                           39.0g 

Distilled water                                                            1000 ml 

Tap Water Agar (TWA) 

Agar (Oxoid No. 3)                                                    12.0 g 

Tap water                                                                   1000 ml 

V8 Juice Agar 

V8 Juice                                                                     200 ml 
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Calcium Carbonate                                                    2.0 g 

Distilled water                                                           800 ml 
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Appendix 11:  Structure of the Analysis of Variance (ANOVA) testing for      

different data. 

Source of 
Variation 

df SS MS F P-Value Critical 
F 

LSD 

Between 
Groups 

1 36540.78 36540.78 486.855 0.0487 3.88 11.49 

Within 
Groups 

200 15010.92 75.05 

 
2. Disease severity 
Source of 
Variation 

df SS MS F P-Value Critical 
F 

LSD 

Between 
Groups 

2 58922.52 29461.26 586.71 0.0325 3.025 1.0 

Within 
Groups 

300 15064.29 50.21 

 
3. % loss due to root rots 
Source of 
Variation 

df SS MS F P-Value Critical 
F 

LSD 

Between 
Groups 

3 59010.56 19670.19 319.44 0.0496 2.62 1.21 

Within 
Groups 

400 24630.18 61.57 

 
4. Lesion lengths in Leaf innoculations 
 
Source of 
Variation 

df SS MS F  Pr >Value 

Model 11 124.60 11.32 8.45 <0.0001 
Error 30 40.20 1.34 
Corrected factor 41 164.80    
Isolate 6 8.94 1.79 1.33 0.28 
Variety 5 115.67 19.28 14.39 <0.0001 
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5. Disease incidence in Leaf inoculations 
 
Source of 
Variation 

df SS MS F Pr >Value  

Model 11 6820.18 620.02 36.88 <0.0001 
Error 30 504.32 16.81 
Corrected factor 41 7324.50    
Variety 6 6741.36 1348.27 80.20 <0.0001 
Isolate 5 78.82 13.13 0.78 0.591 
 
 
6. Percentage inhibition by funcicides and a bio-control agent 
 
Source of 
Variation 

df SS MS F Pr >Value 

Model 12 9005.77 750.48 9.08 <0.0001 
Error 36 2975.95 82.66 
Corrected factor 48 11981.73    
Fungicide 6 5619.54 936.59 11.33 <0.0001 
Isolate 6 3386.23 564.37 6.83 <0.0001 
 
 
7. Growth rates after inhibition by fungicides and bio-control agent 
 
Source of 
Variation 

df SS MS F Pr >Value 

Model 12 2.52 0.210 6.75 <0.0001 
Error 36 1.12 0.031 
Corrected factor 48 3.64    
Fungicide 6 0.999 0.166 5.35 0.005 
Isolate 6 1.524 0.254 8.15 <0.0001 
 


