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General Introduction 
 

The forestry industry is expanding globally due to increasing demand for pulp in the 

paper industry and for solid timber products. Eucalyptus species, hybrids and clones 

are grown as plantation species in many countries of Africa, Asia, South America and 

New Zealand and also in Australia in its native host range. It is estimated that this 

species covers a surface area of 18 million hectares in 90 different countries 

(Turnbull 1999, Carle et al. 2002, FAO 2000). In South Africa, Eucalyptus species, 

hybrids and clones are grown commercially and they account for more than 50% of 

newly afforested areas (Anonymous, 1996). 

 

The rapid expansion of the forestry industry in South Africa into export markets over 

the last twenty years has demonstrated the international competitiveness of the 

industry. Annually 7.4 million tons of round wood is produced from Eucalyptus in 

South Africa (The South African Forestry and Forest Products Industry, 2002). The 

growing of Eucalyptus plantations has also become very popular since they grow 

rapidly and needs little maintenance. The fast growth of local plantations makes tree 

breeding an ideal possibility for genetic enhancement of the tree and the production 

of new genotypic material is relatively rapid. This has led to South Africa being 

considered as a world leader in selective breeding and cloning of Eucalyptus 

species. 

 

Along with the increase in the breeding of new Eucalyptus clones in South Africa and 

other countries, numerous pathogens causing diseases on these trees has also 

emerged. One of these emerging pathogens of Eucalyptus seedlings in nurseries is 

the bacterial pathogen Pantoea ananatis. This pathogen was first discovered as the 

causal agent of bacterial blight and die-back of Eucalyptus species, hybrids and 

clones in South Africa in 1998 by Coutinho and co-workers (2002). After this 

pathogen was discovered on Eucalyptus in South Africa, a disease causing similar 

disease symptoms to that of bacterial blight and die-back was found in other 

countries around the world. Some of these countries include Uruguay, Argentina, 

Colombia and Uganda (Brady 2005). These bacterial pathogens were subsequently 

identified as belonging to the genus Pantoea. 

 

In this study similar disease symptoms to those of bacterial blight and die-back were 

observed in a number of other countries as well as from other outbreaks in countries 
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where Pantoea species had already been isolated and identified i.e. Argentina, 

Colombia, Rwanda, South Africa (2 locations), Thailand, Uganda and Uruguay. The 

bacterial isolates were investigated on a basis of phenotypic and genotypic 

techniques in order to accurately identify them. An accurate identification of these 

isolates will lead to a better understanding of the relationship between these two 

organisms and this will assist with the management and prevention of this disease on 

Eucalyptus trees. 

 

In this study two different bacterial genera were isolated from the diseased 

Eucalyptus trees. The bacterial isolates obtained from diseased leaf material were 

shown to belong to the genera Pantoea and Xanthomonas. In chapter 2, a literature 

study was undertaken on the taxonomy and pathology of these two genera. The 

identification techniques used in this study are based on techniques that have been 

employed by other researchers in a polyphasic identification approach. The 

techniques used in this study include the phenotypic identification of isolates by gram 

determination and fermentation capabilities. Genotypic identification techniques 

included 16S rRNA gene sequencing, GyrB gene sequencing and AFLP analysis. In 

addition to these identification techniques pathogenicity tests were also conducted on 

the isolates in order to fulfil Koch’s postulates. The use of the combination of these 

techniques proved to be successful in the identification of unknown Pantoea (Chapter 

3) and Xanthomonas (Chapter 4) isolates. The use of a combination of these 

techniques also provides a more cost effective alternative to the use of DNA:DNA 

hybridization, which is considered the “gold standard” for accurate identification of 

unknown isolates. 

 

By completing this study a better understanding of the bacteria involved in bacterial 

blight and die-back in various parts of the world was created. This study may 

potentially assist with the control of these bacterial pathogens in the near future in 

order to support the forestry industry. A better understanding of these pathogens can 

lead to the rapid identification of these pathogens in the field, and this will ensure that 

the correct control and management procedures be implemented early to minimize 

losses to important crops. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 2 
 

The taxonomy and pathology of the Genera Pantoea and 
Xanthomonas 
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The taxonomy and pathology of the Genera Pantoea and Xanthomonas 
 

1) INTRODUCTION 
 
Pantoea and Xanthomonas species occur in close association with plants and are 

mostly encountered as pathogens, causing diseases on a wide variety of host (Table 1). 

Forestry and agricultural crops infected by species of these two genera can result in 

devastating losses and the diseases they cause are therefore, usually of economic 

importance. For example, citrus is one of the most important crops in third world 

countries and can be infected by a devastating disease, citrus canker, caused by 

Xanthomonas campestris pv. citri. In the mid-1990’s the United States of America’s 

government launched an eradication program of citrus canker and spent over $200 

million dollars on destroying infected trees (Graham et al., 2004). Despite this effort, 

citrus canker still continues to spread in that country. 

 

Stewart’s vascular wilt is a disease which causes severe devastation on maize and corn 

crops (Mergaert et al., 1993). The causal agent of this disease, Pantoea stewartii subsp. 

stewartii is a quarantine pathogen in many countries. This disease is spread through 

infected seed lots, and the risk of infection through seeds in other countries is 

considered such a great threat that the import of corn seed is prohibited in certain 

countries unless the seed is certified as being free of the pathogen (Coplin et al., 2002). 

 

Table 1: List of diseases caused by Pantoea and Xanthomonas spp. on economically 

important hosts 

 

GENUS: PANTOEA 

Host Disease Pathogen Reference 

Maize Stewart’s wilt 

 

Leaf-spot 

 

Brown stalk rot 

P. stewartii subsp. 

stewartii 

P. ananatis 

 

P. ananatis 

Elliot, 1941 

 

Paccola-Meirelles et 

al., 2001 

Goszczynska, 2007 

Sugarcane Soft rot P. ananatis Serrano, 1928 
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Eucalyptus trees Bacterial blight and 

dieback 

P. ananatis Coutinho et al., 

2002 

Onion leaf-blight, seed 

stalk rot and bulb 

decay 

Leaf and seed stalk 

necrosis 

P. ananatis 

 

 

P. agglomerans 

Gitaitis and Gay, 

1997, Walcott et al., 

2002 

Hattingh and 

Walters, 1981 

Rice Palea browning 

 

Stem necrosis 

P. ananatis 

 

P. ananatis 

Azegami, 1983 

 

Cother et al., 2004 

Cantaloupe fruit post harvest 

disease 

P. ananatis Bruton et al., 1991 

Sudangrass necrotic leaf-blotch 

disease 

P. ananatis  Azad et al., 2000 

Honeydew melon brown spot P. ananatis Wells et al., 1987 

Gypsophila 

paniculata 

Crown and root gall P. agglomerans Cooksey, 1986, 

Brown 1934 

Human dyspnea and 

endema 

 

P. ananatis De Beare et al., 

2004 

Cotton Seed and boll rot P. agglomerans Medrano and Bell, 

2006 

Pineapple Pink disease 

 

 

Bacterial fruitlet 

brown rot 

P. citrea 

 

 

P. ananatis 

Kageyama et al., 

1992 

Cha et al., 1997a 

Serrano, 1928 

Beet Tumorogenic root 

gall 

P. agglomerans Burr et al., 1991 

Netted melon Internal fruit rot P. ananatis Kido et al., 2008 

 

 

 

 



 5

GENUS: XANTHOMONAS 

Host Disease Pathogen Reference 

Citrus Citrus canker X. citri subsp citri Hasse, 1915 

Rice Bacterial blight and 

bacterial leaf streak 

X. oryzae Swings et al., 1990 

Cotton Bacterial blight X. citri subsp. 

malvasearum 

Atkinson, 1891 

Eucalyptus trees Dieback X. campestris pv 

eucalypti 

Truman, 1974 

Beans Bacterial blight X. axanopodis pv. 

phaseoli 

Smith, 1897 

Mango Bacterial black spot X. campestris pv 

mangiferaeindicae 

Patel, 1948 

Poplar Bacterial canker X. populi Koning, 1938 

Sugarcane Leaf scald  X. albilineans Ricaud and Ryan, 

1989 

Walnut Blight X. arboricola pv. 

juglandis 

Teviotdale and 

Scroth, 1998 

Prunus spp. Bacterial spot X. arboricola pv. 

prunus 

Various, 1993 

 

The genus Pantoea was described by Gavini et al., in 1989. Species within the genus 

not only cause plant diseases but are also found in environmental samples (Sedkova et 

al., 2005) and cause disease in humans (De Baere et al., 2004). Reports of plant 

diseases caused by Pantoea spp. are increasing and an accurate identification of the 

pathogen is necessary for managing these diseases. Even though pathogens of this 

genus are increasing in importance worldwide, identification techniques are still very 

basic, mostly employing phenotypic characteristics for identification and basic genotypic 

methods i.e. 16S rRNA sequencing which will in most cases only identify the isolates to 

genus level (Janda and Abbott, 2007). 

 

The genus Xanthomonas was proposed by Dowson in 1939. Species within the genus 

cause a wide variety of diseases on different plants. Unlike Pantoea spp. Xanthomonas 

spp. are only associated with plants. Accurate identification of Xanthomonas spp. has 
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become more reliable since the taxonomy of the genus was revised in 1995 by Vauterin 

et al. 16S rRNA sequencing is mostly used for the identification of a member of the 

genus Xanthomonas, but techniques that give more resolution are required for species 

identification. Techniques that have been used for this purpose include AFLP, RFLP 

analyses and GyrB sequencing (Rademaker et al., 2000, Simoes et al., 2007 and Aritua 

et al., 2008). 

 

Understanding the taxonomy and pathogenicity of bacterial pathogens gives insight into 

the design of management strategies of the diseases they cause. When the identity of a 

pathogen has been confirmed it is possible to compare it with other pathogens which are 

similar, thus resulting in a better diagnosis and control of bacterial diseases. The aim of 

this review is to assess the various genotypic methods used in the identification of 

bacteria and to determine which of these methods could contribute towards a better 

understanding or resolve the taxonomy of the Genera Pantoea and Xanthomonas. 

 
2) THE GENUS PANTOEA 
 

2.1) Taxonomy of the genus Pantoea 

 

The genus Pantoea forms part of the family Enterobacteriaceae. This family was formed 

to include members which are typically straight, rod-shaped bacteria. Members of this 

family are mostly mobile by means of a single peritrichous flagellum. Most of the 

members of this family are oxidase negative and catalase positive and grow well at 37 

ºC (Grimont and Grimont, 2005). Members of the family Enterobacteriaceae are Gram 

negative organisms and facultatively anaerobic, fermenting D-glucose in the absence of 

oxygen. Bacteria placed within the family Enterobacteriaceae are mostly encountered in 

the human digestive tract (enteric bacteria) and diseases thereof i.e. Shigella, 

Salmonella and Escherichia. However, the family Enterobacteriaceae is also comprised 

of phytopathogenic bacteria, occurring and causing diseases on a wide variety of plant-

hosts and these pathogens include species from genera such as Erwinia, 

Pectobacterium and Pantoea. 

 

Pantoea species are ubiquitous and occupy diverse ecological niches. The members of 

the genus that are associated with plants are either pathogenic, saprophytic and/or 
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epiphytic in nature (Kwon et al., 1997). The name Pantoea comes from the Greek 

adjective “pantoios” which means “from all sorts and sources”, which is an appropriate 

name since the bacteria belonging to this genus are isolated from very diverse 

geographical and ecological environments. 

 

The species formerly known as Erwinia herbicola, E. milletiae, E. ananas, E. uredovora 

and E. stewartii, which formed part of the Erwinia herbicola-Enterobacter agglomerans 

complex were later re-classified, some synonymised and placed in the genus Pantoea 

(Ewing and Fife, 1972). The species belonging to this complex showed extreme 

heterogeneity at both the phenotypic and genotypic levels (Mergaert et al., 1993). The 

species Erwinia herbicola, E. milletiae and Enterobacter agglomerans were found to be 

synonymous and re-classified as P. agglomerans which is the type species of the genus 

Pantoea. E. ananas and E. uredovora were found to be synonymous and moved to the 

genus Pantoea as a single species P. ananatis. E. stewartii was re-classified as P. 

stewartii subsp. stewartii. (Gavini et al., 1989). This also led to the description of a new 

subspecies Pantoea stewartii subsp. indologenes (Mergaert et al., 1993). These species 

were included in the genus Pantoea based upon DNA:DNA hybridization results, 

phenotypic data and electrophoretic protein patterns (Gavini et al., 1989, Mergaert et al., 

1993). A new species was also added to the genus at that time, P. dispersa (Gavini et 

al., 1989). In 1992 another three new species were added to the genus, P. citrea, P. 

terrea and P. punctata. These new species were isolated from fruit and soil samples in 

Japan and are referred to as the Japanese species (Kageyama et al., 1992). 

 

Originally, there were seven described Pantoea species, P. agglomerans, P. ananatis, 

P. dispersa, P. stewartii and the Japanese species P. citrea, P. terrea and P. punctata. 

The species P. stewartii is further sub-divided into two subspecies P. stewartii subsp. 

stewartii and P. stewartii subsp. indologenes. Recently, four new species have been 

added to the genus. P. vagans, P. eucalypti, P. deleyi, isolated from Eucalyptus in 

various countries, and P. anthophila which was previously known as the Beji protein 

profiling group VII (Beji et al., 1988, Brady et al., 2009a) 

 

When the genus Pantoea was established with the type species P. agglomerans, Lind 

and Ursing (1986) showed that the DNA groups suggested by Brenner et al. (1984) 

grouping the closest with this species were DNA hybridization groups II, III, IV, V and VI. 
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Three of these DNA hybridization groups were also recently classified as Pantoea 

species by Brady et al., (2009b) (in press), along with the transfer of Pectobacterium 

cypripedii to the genus emended as Pantoea cypripedii. Brenner HG II was renamed P. 

septica and HG IV renamed as P. eucrina. Brenner HG V was found to comprise of two 

unique species and were renamed P. brenneri and P. conspicua respectively. DNA 

hybridization group I was also found to share a common trait to that of DNA hybridization 

groups II to VI. This suggests that the genus Pantoea may consist of DNA hybridization 

group I in addition to the species that have already been identified and the newly 

described species (Grimont and Grimont, 2005 and Brady et al., 2009b in press). 

 

The Japanese species that were isolated from fruit and soil in Japan were found to be 

phylogenitically distant to the other Pantoea species and more closely related to the 

genus Tatumella. These species were thus transferred from the genus Pantoea and re-

classified as T. citrea, T. punctata and T. terrea (Brady et al., 2009c in press). The 

emended genus of Pantoea is currently comprised of 13 species. 

 

2.2) Pathogenicity of the genus Pantoea 

 

2.2.1) Stewart’s wilt caused by Pantoea stewartii 

 
The most devastating and economically important disease caused by a Pantoea species 

is Stewart’s wilt caused by P. stewartii subsp. stewartii. This species infects and causes 

a vascular wilt of sweet corn and maize. This disease causes substantial losses of maize 

each year in various countries of the world where it occur. Symptoms of the disease 

include water-soaked lesions and vascular wilting on sweet corn seedlings and leaf 

blight of mature maize plants (Coplin and Kado, 2001). Once infected the bacteria 

multiply in the xylem of the plant and then spreads through it. Systemic infection occurs 

when the bacteria spreads from the leaves into the vascular tissue (Block et al., 1999). 

 

Pantoea stewartii subsp. stewartii is suspected to be transferred to new regions by seed 

transmission. It has, however, not been undisputable proven that the pathogen is indeed 

transmitted by infected seed lots (Block et al., 1998). Most countries, including South 

Africa, considers P. stewartii subsp. stewartii as a quarantine pathogen and the risk of 

infected maize seed is considered so important that the shipment of seed is prohibited 
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unless it is certified pathogen free (Coplin et al., 2002). It was first suspected that this 

pathogen was spread by infected seed lots when plants growing in the field or in 

greenhouses from seed obtained from infected plants would develop the disease. It was 

later discovered that two beetles (corn flea beetle and tooth flea beetle) served as 

vectors for this pathogen (Block et al., 1998). 

 

2.2.2) Disease caused by Pantoea ananatis 

 

The second most devastating agent of a plant disease caused by a member of the 

genus Pantoea is P. ananatis. This bacterium has been found to cause a large variety of 

disease symptoms on a wide range of hosts (See Table 1). For the purpose of this 

review, two plant diseases and one case where Pantoea was isolated from a human, will 

be considered. 

 

Leaf spot of maize caused by P. ananatis was first described in Brazil in 1982 (Pacolla-

Meirelles et al., 2001). The frequency and severity of the disease has increased and 

today this disease is encountered in nearly all maize producing areas of Brazil. Disease 

symptoms include dark-green water-soaked spots that progress to form necrotic lesions 

that are straw coloured. The size and the number of lesions are linked to the genotype of 

maize infected. When the disease is encountered under optimal conditions the plant 

suffers a reduced plant cycle and there is a large decrease in grain size and weight. 

Research showed that grain yield decreases with as much as 63% in susceptible 

cultivars. This is due to the fact that nitrogen is not effectively dispersed throughout the 

infected plants. It is also known that the severity of the disease increases after rain when 

there is a rise in temperature and high humidity. The identity of the causal organism of 

this disease was questioned. 

 

Bacterial blight and dieback of Eucalyptus trees caused by P. ananatis was first 

described in 2002 (Coutinho et al., 2002). It was found within a single nursery in Kwa-

Zulu Natal infecting E. grandis X E. nitens hybrids. It soon spread to other nurseries and 

plantations infecting other Eucalyptus species hybrids and clones. The symptoms of the 

disease include tip-dieback and leaf spots on young leaves. Initially the leaf-spots are 

water-soaked but later they coalesce to form larger lesions. In the advance stages of the 

disease the tree assumes a scorched appearance and following repeated infection it will 
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become stunted and die. A disease causing similar symptoms was also observed in 

other countries, for example, some in South America, Uganda and Thailand. This 

phytopathogen appears to spread from the leaf petiole into the main-vein and from there 

will infect adjacent tissues. This disease is very important from a forestry point of view, 

and causes large losses, particularly in nurseries, every year. This tree is used in the 

manufacturing of solid timber products but even more importantly it forms the basis of 

the international pulp and paper industry. Selective tree breeding of Eucalyptus species 

has temporarily solved outbreaks of the disease as resistant material has now been 

selected. 

 

Pantoea ananatis has also been found to cause diseases in humans. In 2004, a 73 year 

old female was hospitalized with dyspnea and bilateral ankle edema (De Baere et al., 

2004).The usual signs of fever and chills were not encountered until after a colonoscopy 

of the woman was performed. Blood samples were taken and a pure culture of the 

causal agent was obtained. This organism was found to be a Gram negative, facultative 

anaerobic rod. 16S rRNA gene sequencing was used for rapid identification of the 

bacterium, and this showed that the pathogen belongs to the genus Pantoea. Further 

investigation concluded that the causal agent was in fact Pantoea ananatis. This was 

confirmed with certainty using several biochemical tests, 16S rRNA sequencing and 

tRNA-PCR. Pantoea has previously been isolated from hospitals, but these isolates all 

belonged to Pantoea agglomerans. This was a first report of Pantoea ananatis being 

isolated from a clinical source. 

 

2.2.3) Disease caused by Pantoea agglomerans 

 

Pantoea agglomerans is the type species of the genus Pantoea. It has been found to 

cause diseases in the ornamental plant, Gypsophila paniculata, causing crown and root 

gall (Cooksey, 1986). Other hosts include pearl millet (Frederickson, 1997), onion 

(Hattingh and Walters, 1981) and cotton (Medrano and Bell, 2006). P. agglomerans was 

also isolated from various clinical isolates, for example, knee lacerations (Gavini et al., 

1989), nosocomial septicemia (Maki et al., 1976), septic arthritis (Kratz et al., 2003) and 

peritonis (Lim et al., 2006). 
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Crown and root galls on the ornamental plant, Gypsophila, was first described in the 

1930’s. The causal agent of this disease was first described as Bacterium gypsophilae 

(Brown, 1932) until the organism was later identified as Agrobacterium gypsophilae 

(Brown, 1934). Finally, the causal agent was confirmed as P. agglomerans (Cooksey, 

1986). Disease symptoms include soft, light brown galls that occur on the pruned ends 

of the plant, usually during spring and summer. These galls can develop to 10 cm in 

diameter and can also be accompanied by stem rot. 

 

In 1991, Burr et al. identified a tumorous disease on table beets similar to bacterial 

pocket disease and crown gall on this plant. This disease was found to cause tumors on 

beets varying in size from 5 cm or greater in diameter. Tumours were encountered on 

the crown of infected beet roots. The causal agent of this disease was identified as 

Erwinia herbicola, which was later re-named as P. agglomerans (Burr et al., 1991). 

 

2.2.4) Disease caused by Pantoea citrea 

 

Pantoea citrea was found to be the causal agent of pink disease of pineapple (Cha et al. 

1997a). When pineapples are infected with P. citrea, the pathogen induces the 

production of the enzyme glucosedehydrogenase within the pineapple. This enzyme 

breaks down the sugar molecules in the pineapple resulting in the brown colour upon 

heating. The production of this compound will not affect the quality of the fresh fruit. Only 

upon a heat treatment do these compounds turn the fruit pink to reddish-brown. Cha et 

al., (1997b) established that the compound responsible for the discolouration of 

pineapples when infected with P. citrea is glucose dehydrogenase (GDH). This was 

proven when a P. citrea mutant that is unable to produce GDH was used to infect 

pineapples and the organism could not elicit the disease (Cha et al., 1997b). Pink 

disease of pineapple caused by P. citrea is different to the disease caused on 

pineapples by P. ananatis. The reason for this lies in the fact that infection of pineapples 

with P. ananatis can be observed prior to the heating of the fruit and it causes rot and 

brown marbling of the pineapple fruit (Serrano, 1928). 
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2.2.5) Pantoea as a biocontrol agent 

 

Pantoea spp. does not only cause diseases on plants, some of the species, for example 

P. agglomerans, P. ananatis and P. dispersa are used as biocontrol agents. The 

genetically modified P. agglomerans strain C9-1 is used to control the disease, fire blight 

on apples and pears (Nunes et al., 2001). This biocontrol agent produces an antibiotic 

which inhibits the growth of the causal agent of fire blight, E. amylovora. P. agglomerans 

does not only inhibit E. amylovora by producing an antibiotic, it also outcompetes the 

pathogen for colonization space and nutrients. P. agglomerans grows at the same 

optimal and beyond the optimal temperature of the fire blight pathogen, thus having an 

advantage over the fire blight pathogen for temperature range. One of the disadvantages 

of P. agglomerans as a biocontrol agent against fire blight is that the biocontrol agent 

needs to colonize the stigma of flowers of the host plant before colonization of the fire 

blight pathogen (Johnson and Stockwell, 1998).  

 

Pantoea dispersa is used as a biocontrol agent against leaf scald disease of sugar cane  

(Zhang and Birch, 1997). Leaf scald disease is caused by the bacterial phytopathogen 

Xanthomonas albilineans. X. albilineans invades the xylem tissue of the sugar cane 

plant causing chlorosis of new sugar cane leaves. This pathogen is encountered in its 

natural reservoir, blady grass, and because of this natural reservoir eradication of the 

pathogen is difficult. X. albilineans produces an albicidin. This albicidin is responsible for 

the disease in sugarcane. The biocontrol agent, P. dispersa, is capable of producing an 

extracellular albicidin detoxifying compound. The albicidin detoxifying agent does not 

only remove the toxic albicidin from the sugarcane to protect the plant, but also out 

competes the pathogen for colonization space on the host plant (Zhang and Birch, 

1997). 

 

Pantoea ananatis is present on pome fruit trees i.e. pear and apple trees as an epiphyte. 

Strains of this bacterium were isolated from the fruits and leaves of these trees and were 

shown to have the ability to control the growth of the mold, Penicillum expansum, which 

is known to cause postharvest disease of these fruit. This P. ananatis strain has 

successfully been used as a biological control agent to control this disease under 

storage conditions (Torres et al., 2005). 
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3) THE GENUS XANTHOMONAS 

 

3.1) Taxonomy of the genus Xanthomonas 

 

The genus Xanthomonas forms part of the family Xanthomonadaceae. Members of the 

genus Xanthomonas are Gram negative rods, which can also be slightly curved with 

rounded ends. The cells occur mostly alone or in pairs but chains and filaments are also 

observed. No spores or other resting structures have been reported to be formed by 

members belonging to this genus. Also no pili or fimbrae have been reported (Swings et 

al., 1993). Most xanthomonads form convex, round, yellow mucoid colonies on agar 

three days after incubation. The optimal growth temperature for xanthomonads is 28 ºC 

and no xanthomonad can grow below 5 ºC or above 40 ºC. Xanthomonas is an obligate 

aerobic organism degrading D-glucose to form acid (Saddler and Bradbury, 2005). 

 

The genus Xanthomonas was first proposed by Dowson in 1939. This genus was formed 

to include a complex group of bacterial species which were diverse in physiological and 

phytopathological characteristics. The first xanthomonad plant disease recorded, more 

than a 100 years ago, was ‘yellow – disease’ of hyacinth plants (Vauterin et al., 1995). In 

the original description of Xanthomonas in 1939, 60 species were included. At that time 

bacteria were only classified based on phenotypic, biochemical, morphological and 

pathogenicity characteristics (Simoes et al., 2007). This system has led to inaccurate 

and confusing classifications of species within the genus (Swings and Civerolo, 1993). 

 

Originally the taxonomy of the genus Xanthomonas was based on a “new-host new-

species” concept using the single phenotypic characteristic, host pathogenicity, as the 

only criterion for describing a new Xanthomonas species (Swings and Civerolo, 1993) 

This method of bacterial taxonomy gave rise to a complex genus containing more than 

100 species. It was then decided, based upon bacterial nomenclature rules, that the 

single factor differentiating these species from each other is not sufficient for the 

differentiation between each of these species. Due to the complexity of the genus, all 

Xanthomonas species was then merged into a single species, X. campestris by Dye and 

Lelliot (Saddler and Bradbury, 2005). In 1978, Young et al. proposed the reclassification 

of the nomenspecies into a pathovar system as a temporary solution for the complex 

nomenclature until a more suitable classification could be established based on general 
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rules of bacterial nomenclature. The pathovar system states that pathovars are to be 

distinguished from one another based on host pathogenicity. Currently, there are more 

than a 140 pathovars recognized as part of the genus Xanthomonas (Vauterin et al., 

2000) There are several shortcomings of the pathovar classification scheme (Vauterin 

and Swings, 1997) namely, i) It has not been confirmed that a pathovar of a certain host 

will not be able to induce disease on a different kind of host ii) The pathovars of different 

plant hosts shows a large amount of heterogeneity and iii) Xanthomonads that are non-

pathogenic to plants cannot be characterized based on the pathovar system because 

they do not fulfil the criterion for classification in the pathovar scheme i.e. host 

pathogenicity. Even though these xanthomonads are not important from an agricultural 

point of view their existence cannot be neglected (Vauterin et al., 2000). Our knowledge 

of the host range of Xanthomonas spp. is incomplete due to the fact that wild plant 

species or plant species that are of no economic importance have rarely been examined 

to identify the Xanthomonas spp associated with them (Swings and Civerolo, 1993). As 

a results of the pathovar system: (Swings and Civerolo, 1993) i) Different organisms 

have been given the same pathovar name because they were isolated from the same 

host plant, and ii) New pathovars that are in fact the same organism, have been named 

because a previously identified organism was isolated from a different host plant. Only in 

a few cases a clear comparison was drawn between the genomic group and the host 

plant from which the organism was isolated. 

 

The absence of discriminatory phenotypic characteristics was and still is a major 

problem in the taxonomy of Xanthomonas. Methods such as fatty acid analysis, protein 

electrophoresis and antibody typing are increasingly used in diagnostic methods to 

replace the classical phenotypic tests which gave little taxonomic clarity. Even though 

molecular methods are more generally used for species identification, phenotypic 

characteristics are still required so as to adhere to the standard principle of species 

identification (Swings and Civerolo, 1993). 

 

In recent years with the advances in molecular biology the taxonomy of the genus 

Xanthomonas has successfully been re-evaluated using molecular techniques. In 1995, 

Vauterin et al. reclassified the genus Xanthomonas using a comprehensive DNA:DNA 

hybridization study of 183 strains. The revised classification was based on genomic 

relatedness rather than phenotypic and phytopathogenic data. This taxonomic scheme is 
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the most widely accepted. Based on their scheme the genus Xanthomonas today 

contains 20 species i.e. X. fragariae, X. populi, X. oryzae, X. albilineans, X. sacchari, X. 

vesicatoria, X. axonopodis, X. vasicola, X. codiae, X. arboricola, X. hortorum, X. 

translucens, X. bromi, X. campestris, X. cassavae, X. cucurbitae, X. pisi, X. melonis, X. 

theicola and X. hyacinthi. Since 1995, another 7 species have been added to the genus 

Xanthomonas. These validly published species include: X. cynarae causing bacterial 

bract spot of artichoke (Trebaol et al., 2000), X. euvesicatoria, X. perforans, X. gardneri 

causing bacterial spot diseases of either tomato or pepper (Jones et al., 2004), X. citri, 

X. fuscans and X. alfalfae causing disease of citrus fruit, Medicago sativa respectively 

(Schaad et al., 2005). 

 

Another characteristic feature of Xanthomonas spp., which do not form part of the 

xanthomonad taxonomy, are xanthomodins, and these are used as a taxonomic marker. 

Xanthomonadins are especially used to differentiate the Xanthomonas plant pathogens 

from other yellow-pigmented plant pathogens such as Erwinia and Pantoea spp. The 

function of the xanthomonadins has not completely been established but it is thought to 

be involved in the protection of the bacteria against photobiological damage (Swings et 

al., 1993). 

 

It is very important to have a proper classification system to ensure that bacteria 

belonging to this genus are accurately and rapidly identified to ensure effective disease 

diagnosis and disease management to protect agriculturally important crops (Vauterin et 

al., 2000). This new classification system also allows for the identification of the non-

pathogenic xanthomonads which occur as epiphytes on plants.  

 

3.2) Pathogenicity of the genus Xanthomonas 
 
Xanthomonads are mainly phytopathogens and are rarely encountered in any other 

environments (Hayward, 1993). These bacteria are found infecting a wide host range of 

plants. To date infection of Xanthomonas on plant hosts has included 124 

monocotyledonous and 268 dicotyledonous plants. Included in these plants are many 

economically important crops which make these bacteria a threat to agriculture 

worldwide. Some of the crops which are susceptible to Xanthomonas are cotton, beans, 

rice and crucifers to name only a few (Swings and Civerolo, 1993). For the purpose of 



 16

this review the most important diseases caused by xanthomonads infecting woody hosts 

will be discussed.  

 

3.2.1) Bacterial dieback of Eucalyptus spp. 

 

Xanthomonas was first reported to cause disease on Eucalyptus in Australia in 1963 

(Truman, 1974 ). The symptoms of the disease included dieback followed by blackening 

of the twigs. This blackened area increases in size until the terminal buds and the leaves 

that are formed last, died. In the advance stages of the disease the tree became 

completely defoliated. This disease is very uncommon and was only considered as 

locally important thus no control method was implemented (Wardlaw et al., 2000). 

 

3.2.2) Bacterial black spot of mangoes 

 

Mangoes are very important agriculturally and rank fifth in the world for production 

(Gagnevin and Pruvost, 2001). The disease of the woody host, mango trees (Mangifera 

indica) is caused by Xanthomonas campestris pv. mangiferaendicae. This disease has 

been reported in most tropical and sub-tropical countries where mangoes are cultivated. 

The first report of this disease was in India in 1948 (Patel et al., 1948). The disease 

occurrence on mangoes is high in countries where a high rainfall is accompanied by high 

temperatures, for example, in the Kwa-Zulu Natal province in South Africa. 

 

According to Gagnevin and Pruvost (2001), X. campestris pv. mangiferaendicae appears 

to infect all parts of the mango tree situated above the ground, with lesions on the leaves 

and the fruits being the most common. Lesions on the leaves and fruit start out as water-

soaked lesions. The lesions on the leaves are angular. These lesions turn black with age 

and are raised, a chlorotic halo can also be observed. The lesions on the fruit will 

eventually crack open. The infection will cause the fruit to drop prematurely and will also 

severely affect the quality of the fruit. 

 

Xanthomonas campestris pv. mangiferaendicae overwinters in mango trees. Leaf and 

stem lesions will serve as a source of inoculum. The causal agent survives as an 

epiphyte on various parts of the mango tree although humid conditions are required for 

survival (Gagnevin and Pruvost, 2001). It is believed that the pathogen infects the tree 
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through lesions on the stem and leaves and through natural openings e.g. stomata, wax 

and oil glands etc., and from there on spreads throughout the tree. The role of insects in 

the dispersion of the pathogen is not known although reports do suggest that it is 

possible (Gagnevin and Pruvost, 2001). 

 

Mango bacterial black spot is a very difficult disease to control and chemical control of 

the disease is generally ineffective (Gagnevin and Pruvost, 2001). Hayward, (1993) 

stated that the incidence of the disease can be maintained by various factors: 1) The 

disease can be regulated by planting more resistant cultivars, although the planting of 

very resistant cultivars is not recommended. No cultivars exist that is completely 

resistant to the disease 2) Planting of wind-breaks around the mango orchard decreases 

the incidence of the disease, this is due to the fact that the pathogen can be dispersed 

by the wind. 3) Thorough orchard maintenance will also reduce the incidence of the 

disease by spraying copper compound in the summer and pruning the trees etc. 

 

3.2.3) Walnut blight disease 

 

Xanthomonas arboricola pv. juglandis is the causal agent of walnut blight, one of the 

most widespread and important diseases of walnut (Juglans regia) worldwide causing 

severe damage to twigs, leaves and nuts (Loreti et al., 2001). This disease has been 

known since the 19th century when it was first reported by Ferraris in 1927. This disease 

is widely spread in walnut growing areas and a major cause of reduction in fruit yield and 

loss of tree vigour (Loreti et al, 2001). The bacterium invades the plant through natural 

openings, for example, through stomata in the presence of free water or high humidity. 

The disease is mainly spread by rain and wind, thus the spread of the disease usually 

occurs in the rainy season (Loreti et al., 2001). 

 

Although susceptibility to the disease varies in different Juglans spp., no known natural 

resistance of the walnut tree to the pathogen exists (Tamponi and Donati, 1990). New 

succulent growth is very susceptible to the pathogen and the tree gains more resistance 

as it matures. Breeding programs do exist to select for a more resistant walnut hybrid 

against walnut blight (Loreti et al., 2001). 
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Control of the disease includes the use of copper sprays, which is the most widely 

accepted control measurement. Two problems exist with this method of control of the 

disease: i) Copper residues left after spraying are very toxic to the environment, and ii) 

The bacterium causing the disease may develop resistance to copper, thus rendering 

the copper ineffective (Mc Neil et al., 2001). This study was used to assess the efficacy 

of a bacteriophage as a possible control measurement of the disease. Lytic 

bacteriophages were found in abundance in the soil under the walnut trees, but the use 

of these bacteriophages as a biocontrol agent was found to be ineffective. The use of 

the antibiotic streptomycin as a possible control agent for the disease was tested by 

Polito et al. (2002). The use of streptomycin for the control of the disease is becoming a 

more popular control measurement in areas were copper resistant bacteria occur. The 

results showed that streptomycin application during the bloom period causes fruit drop. It 

is recommended that when streptomycin is to be used as a control measure that the 

application only occurs post bloom and pre bloom to prevent the loss of fruit (Mc Neil et 

al., 2001). 

 

3.2.4) Bacterial spot of peach 

 

Bacterial spot also known as ‘bacterial shot hole’ is a very common disease and can be 

found on various stone fruit trees. The causal agent of the disease, X. campestris pv 

pruni can cause disease on all Prunus spp. The disease is frequently encountered on 

plum, peach and nectarine but can also be found on apricot and cherry varieties. The 

disease was first described in 1903 in the USA occurring on Japanese plum 

(Anonymous, 2006). 

 

Xanthomonas arboricola pv. pruni overwinters in twigs that were infected late in the 

summer season (Springer et al., 2000). These bacteria are then released from the twigs 

in the form of a bacterial ooze. The bacteria are dispersed through wind and rain. 

Infection occurs through the stomata or leticels when high moisture content is present. 

The disease affects the leaves, twigs and fruit. First signs of infection include water 

soaked spots on the leaves. The spots are concentrated near the tip of the leaf since this 

is where moisture is concentrated. The spots will enlarge and become necrotic 

eventually falling out hence the name ‘shot hole’. Heavily affected leaves may die and 

drop to the ground. Severe defoliation will affect the tree vigour and this leads to a 
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reduced size of the fruits. Symptoms on the fruit are similar to the symptoms on the 

leaves but the water soaked lesions on the fruit become sunken. As the fruit increases in 

size, cracks will appear around the spots. The disease poses more of a problem in areas 

with high rainfall and warmer summers. Losses due to bacterial spot disease are from 

the loss of tree vigour due to severe defoliation for future fruit seasons and the loss of 

fruit that cannot be marketed because it does not meet the standard. 

 

There is no known resistance in Prunus spp. towards the disease but some cultivars 

possess more resistance than others (Hayward, 1993). Disease management practices 

should include the maintaining of good tree vigour by pruning, applying fertilizer and 

watering when necessary. Trees which are less vigorous show more susceptibility to the 

disease than trees that are more vigorous. Copper sprays are also applied but the same 

problems exist as described previously. 

 

3.2.5) Bacterial canker of poplar 

 

The disease bacterial canker of polar (Populus spp.) is the most devastating disease of 

poplar in Europe. The disease is caused by the bacterium X. populi and should not be 

mistaken with the causal agent of bark necrosis of poplar, X. campestris pv populi 

(Saddler, 2002). This disease has been known to occur on poplars for over 100 years. 

Poplar trees are of economical and social value. As a social value it is planted for the 

protection of soil and afforestation in polluted areas. Poplars are also valuable in 

maintaining the natural biodiversity of the ecosystem since it plays host to a number of 

endangered animals and insects (Vanden Broeck, 2003). 

 

Xanthomonas populi enters the plant through wounds on the bark and leaves (Saddler, 

2002). First signs of infections occur on the young branches of the previous year, just 

before ‘bud burst’. The tissue around the infected buds swells and cracks excreting a 

thick bacterial suspension. Generally the buds that were infected during the previous 

season die, but can also produce leaves which are blackened or discoloured due to leaf 

invasion by the bacteria. When the bark is stripped from the tree the cambium, phloem 

and parenchemous tissue appear glassy due to the internal progression of the bacteria 

through the tree. The infected twigs and buds die to form bacterial cankers. These active 

cankers cause degradation of the wood structure (Hayward, 1993). 
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Resistance of polar trees to the disease varies between species. The older poplar 

species exhibit a high susceptibility to the disease whereas newer clones are resistant to 

the disease. The bacteria are spread between trees through wind and rain action 

(Hayward, 1993). This disease is mainly managed by planting species and clones of 

polar that are resistant to the disease. 

 

4) THE IDENTIFICATION OF PANTOEA AND XANTHOMONAS SPECIES 
 
Rapid and reliable identification of plantpathogenic species are very important in 

effective disease management strategies. Due to the high phenotypic similarity between 

species of Pantoea and Xanthomonas, phenotypic techniques by themselves cannot 

accurately identify or distinguish between species. For a more reliable approach, 

molecular techniques are used. 

 
4.1) 16S rRNA gene sequencing 
 
Using the 16S rRNA gene sequence for determining phylogenetic relationships is a 

technique that has been used (Stackebrandt et al., 2002). It is a very powerful tool and 

needs to be used in conjunction with other techniques in a polyphasic approach for 

bacterial identification (Stackebrandt and Goebel, 1994). The largest part of the 16S 

rRNA gene is highly conserved in bacteria since it plays a vital role in DNA replication. A 

smaller part of this gene is more variable amongst members of different genera. This 

part of the gene can be used for determining phylogenetic relatedness between 

organisms (Hauben et al., 1997). Comparing the 16S rRNA gene sequences of bacteria 

is a very efficient tool for the classification of bacteria to genus level but is often 

inefficient to classify many bacteria to the species and sub-species level.  

 

The 16S gene sequence has been used in studies to identify members of the genera 

Pantoea and Xanthomonas. It was found that members of the genus Pantoea could be 

distinguished from other closely related Enterobacteriaceae when comparing 16S rRNA 

sequences but the taxonomy within the genus Pantoea could not be resolved based 

upon this technique alone (Brady, 2005). This technique was used in conjunction with 

another molecular technique and the taxonomy has now been effectively resolved. 
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As for members belonging to the genus Xanthomonas, Hauben et al. (1997) showed that 

from all the validly described Xanthomonas type strains, only 3 distinct groups from the 

20 known species could accurately be identified using this technique. The species of the 

genus Xanthomonas showed a high degree of overall sequence similarity with the mean 

similarity value equal to 98.2%. The three groups formed with this analysis included 

Group I which included the species X. albilineans, X. hyacinthi, X. theicola and X. 

translucens. The second phylogenetic group, Group II were referred too as the 

Xanthomonas core group and this group included all the other Xanthomonas species 

except X. sacchari which formed the third phylogenetic group which groups separately 

from the other species. This technique alone can thus not be used for identification of 

Xanthomonas species but as shown by Hauben et al. (1997), it can be used in 

conjunction with DNA:DNA hybridization to resolve the complex taxonomy of 

Xanthomonas. As with determining relationships between Pantoea species, sequencing 

the 16S rRNA gene of Xanthomonas species is not sufficient for species identification 

due to sequence similarity. 

 

4.2) Amplified Fragment Length Polymorphism (AFLP) 
 

AFLP’s is a very powerful determinative tool since it uses the entire bacterial genome to 

detect polymorphisms and not only a part of the genome or a single gene. Some of the 

applications of this technique include: i) The creation of genetic maps for new species, ii) 

Determination of relatedness amongst different isolates, and iii) Genetic diversity and 

molecular phylogeny studies (Vos et al., 1995). This technique has been used in 

bacterial identification and typing (Brady et al., 2007). The AFLP technique was 

designed by Vos et al. (1995). It includes the restriction enzyme digestion of the whole 

bacterial genome, but combines the power of restriction analysis with the selection 

flexibility of PCR. A subset of the restriction fragments are selected by two different PCR 

reactions. This technique is then concluded by separating the resulting subset of 

fragments on a polyacrylamide gel for visualization of the resulting pattern also called a 

DNA fingerprint. 

 

The result of AFLP analysis of a specific isolate is a unique DNA fingerprint that can be 

compared to the DNA fingerprints of other isolates in a database in order to determine 
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the identity or taxonomic relationship. Specialized computer software has been designed 

for the rapid analysis of the fingerprint data such as AFLP fingerprint profiles. The 

computer software compares results using two basic similarity coefficients (Vauterin and 

Vauterin, 1992). The first being Dice similarity coefficient: The software scores the 

resulting bands of the DNA fingerprint as either being present or absent. Bands will be 

either present or absent depending on whether restriction enzyme cut-sites or the 

nucleotides adjacent to these cut-sites were affected. The second similarity coefficient 

used is Pearson. Bands are not scored as present or absent, thus band intensity will not 

affect the results, instead it uses a mathematical equation to analyse the total pattern 

formed by the fingerprint. 

 

In the AFLP technique used for the study of Pantoea, the restriction enzymes EcoRI and 

MseI were used for the restriction enzyme digestion (Brady et al., 2007). The objective 

by the studies done by Brady et al., was to develop an AFLP based typing system for the 

genus Pantoea. In order for this AFLP typing system to be successful this method 

should be able to discriminate between the seven different Pantoea species, but even 

more importantly, it needed to distinguish between the two subspecies of the species P. 

stewartii i.e. P. stewartii subsp. stewartii and P. stewartii subsp. indologenes. Brady et al. 

(2007) showed that the AFLP technique forms 15 unique clusters of which all of the six 

species falls into distinct separate clusters. P. stewartii clusters together in a distinct 

separate cluster with a clear distinction in the cluster between P. stewartii subsp. 

stewartii and P. stewartii subsp. indologenes. It was concluded that AFLP analysis was a 

rapid, reliable technique for the typing of the genus Pantoea.  

 

When using the AFLP technique for the determination of phylogenetic relationships 

among Xanthomonas spp. Rademaker et al. (2000) used the restriction enzymes Eco RI 

and Taq I. In this study, 80 Xanthomonas strains belonging to the 20 different described 

Xanthomonas species were used in an AFLP experiment to determine the effectiveness 

of the AFLP technique to distinguish between the different Xanthomonas species. The 

primary goal of this experiment was to determine whether the clusters formed with the 

AFLP genomic fingerprinting technique corresponds to the DNA:DNA hybridization 

clusters formed. Twenty-four clusters were formed in the AFLP experiment which 

corresponded to 19 of the clusters that was identified during DNA:DNA hybridization 

studies. The high correlation between DNA:DNA homology studies and the genomic 
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fingerprinting technique, AFLP, showed that it can be used as an alternative and can be 

used as a rapid highly discriminatory screening technique to determine the taxonomic 

diversity and phylogenetic structure of bacterial populations. 

 

4.3) Multilocus Sequence Based Approaches 
 

A multilocus sequence approach is based on the sequencing of a certain set of 

housekeeping genes, and comparison of the sequence data between genera and 

species. The housekeeping genes form part of the core genome. The core genes are 

present in all bacteria and can thus be compared between genera and are also suitable 

to compare strains belonging to different genera since they are not highly susceptible to 

horizontal gene transfer (HGT). The housekeeping genes are not often subjected to 

HGT due to the fact that they play a critical role in the biological processes that the 

bacteria need for survival or proper functionality (Gevers et al., 2005). These genes 

should also evolve more rapidly than ancient more conserved genes e.g. 16S rRNA 

gene. 

 

MLSA should make use of genes that are ubiquitous in the specific genus or genera 

being studied. These genes should be present in a single copy in the genome, and it 

should not be present in the vicinity of a site where recombination frequently occurs 

(Zeigler, 2003, Yamamoto and Harayama, 1996) When more than one core gene has 

been sequenced in a genus, concatenated trees could be constructed in order to identify 

specific groups of isolates (Brown et al., 2001). 

 

MLSA can be used for the identification and assigning of isolates to a specific genus with 

as much success as DNA:DNA hybridization (Wertz et al., 2003). Using MLSA is more 

advantageous than DNA:DNA hybridization since sequencing has become a rapid, 

inexpensive technique with high output that can be automated. DNA:DNA hybridization 

results may also vary between different laboratories where as a database exists where 

sequencing data can be deposited of sequences of core genes readily available to every 

one. The computer software for the analysis of sequence data is often free and readily 

available. 
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In a MLSA study conducted by Brady and co-workers, four housekeeping genes i.e. 

gyrB, rpoB, atpD and infB was sequenced and used for the classification, identification 

and phylogenetic analyses of the genus Pantoea. This MLSA study distinguished 

between the seven validly published Pantoea species and identified 10 new potential 

species belonging to the genus. It was also showed that these housekeeping genes are 

reliable genetic markers with the gyrB gene producing the most consistent results. When 

the MLSA results were compared to DNA:DNA hybridization data, a high similarity was 

found between the two methods. MLSA was shown to be a rapid identification and 

classification technique as apposed to DNA:DNA hybridization which is time consuming 

and expensive (Brady et al., 2008). Brady and co-workers also successfully used a 

MLSA approach to add eight new species to the Pantoea genus (Brady et al., 2009a and 

Brady et al., 2009b) and transferred the three Japanese isolates i.e. P. citrea, P. terrea 

and P. punctata to the genus Tatumella (Brady et al., 2009c).  

 

Young and co-workers conducted a MLSA study on all validly published Xanthomonas 

species, using the housekeeping genes: dnaK, fyuA, gyrB and rpoD. This analysis 

identified most of the species established by DNA:DNA hybridization. The study showed 

high congruence between the gyrB gene sequencing data and DNA:DNA hybridization 

data. MLSA also offered a simpler way to identify unknown strains as members of the 

Xanthomonas species or to identify new Xanthomonas species (Young et al., 2008). A 

similar study used a MLSA approach (gyrB gene sequencing) to indicate the inter 

species relatedness and as a rapid and accurate species level identification technique of 

Xanthomonas species (Parkinson et al., 2007) The resulting phylogenetic tree was 

supported by high bootstrap values and currently this technique is used for the routine 

diagnosis of xanthomonad species. The study showed that gyrB phylogeny could 

distinguish between 24 of the 27 validly published Xanthomonas species and had good 

correlation with DNA:DNA hybridization results. 

 

4.4) DNA:DNA hybridization 
 
This technique has been used since the 1960’s to determine the relatedness between 

different bacteria, and is to date the most important criterion for the description of a 

bacterial species (Goris et al., 2007). Scientists believe that the taxonomic information of 



 25

an organism is incorporated in its entire genomic sequence and to accurately investigate 

the taxonomy of all organisms the entire genome should thus be assessed. 

 

The aim of a DNA hybridization study is to determine the degree of genetic similarity 

between two organisms. The principle of the DNA:DNA hybridization technique is based 

on the denaturing of double stranded (ds) DNA of two different organisms. The 

denaturing step of the protocol is carried out at a very high temperature and the ds DNA 

will separate from its complement forming single stranded (ss) DNA. The ss DNA of the 

target organism is labelled and then allowed to re-hybridize 1) with its complement and 

2) the organism to which it will be compared to. The first hybridization serves as the 

control, the hybridization value obtained should be equal to 100% since the two single 

stranded molecules are complementary to each other. The second hybridization value is 

that of the test organism. This value will indicate the genetic similarity between the two 

different strains and it can then be decided whether these organisms belong to the same 

or different species (Mehlen et al., 2004). In order for an unknown organism to belong to 

the same species a hybridization value of higher than 70% is required between the two 

organisms (Cho and Tiedje, 2001). 

 
An advantageous characteristic of DNA:DNA hybridization is the fact that this technique 

surveys the level of total genomic homology, which is the most reliable method for the 

delineation of species within a genus (Swings and Civerolo, 1993). DNA:DNA 

hybridization thus surveys the total genomic DNA of an organism to determine 

relatedness and not only certain housekeeping genes of an organism that are very 

conserved amongst different bacteria. 

 

Limitations regarding the DNA:DNA hybridization methods include that: i) It is not a 

sensitive enough technique to detect close relationships between strains and 

populations. Pair wise similarities are observed, but no information on the description of 

the individual strains is noted. ii) No database can be established with the purpose of 

identifying isolates based on DNA:DNA hybridization results (Vauterin et al., 2000). 

Because of these drawbacks of DNA:DNA hybridization researchers are constantly 

seeking for new techniques which can become the “golden standard” for bacterial 

taxonomy (Goris et al., 2007). 
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DNA:DNA hybridizations have been used for the reclassification of the genus 

Xanthomonas. Before 1995, no appropriate classification system for the genus 

Xanthomonas existed and their taxonomy was very confusing. In 1995, Vauterin et al. 

employed DNA:DNA hybridization to resolve the complex taxonomy of the genus 

Xanthomonas. The study was performed using 183 Xanthomonas trains including 62 

pathovars. All of these strains formed 20 homology groups also referred to as genomic 

species. The 20 homology groups obtained from the results of the DNA:DNA 

hybridization study is to date considered the 20 species of the genus Xanthomonas. This 

technique was successfully employed to clarify the taxonomy of this genus, and this 

taxonomical classification is widely accepted (Vauterin et al., 1995). 

 

Jones et al. (2004) used a DNA:DNA hybridization study to determine the relatedness of 

the causal agents of bacterial spot of tomato and pepper. Two different causal agents of 

the disease were isolated but due to the lack of molecular techniques for accurate 

identification, both of the isolates were classified as X. campestris pv. vesicatoria. Even 

though these two different isolates were classified as the same pathovar, they had 

different phenotypic characteristics. One of the two isolates was strongly amylotic 

whereas the other isolated was non-amylotic. Jones et al. (2004) used DNA:DNA 

hybridization to determine whether these two isolates did belong to the same species or 

even the same genus. It was concluded that one of the two isolates did not share 70% or 

more DNA similarity with the other isolate, with the type strain of X. axonopodis or with 

any of the other Xanthomonas type strains. It was suggested that this isolate be given 

species status. 

 

In a DNA:DNA hybridization study done by Gavini et al. (1989) the genus Pantoea was 

established. Ten strains that belonged to the previously known “Erwinia herbicola – 

Enterobacter agglomerans” complex was included. These strains showed more than 

75% homology to the type strain of E. herbicola, thus showing that these strains all 

belonged to the same species. The new genus, Pantoea was thus established, with P. 

agglomerans being the type species.  
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4.5) Polyphasic approach to identification 
 
All of the above mentioned molecular identification techniques have their advantages 

and disadvantages. For an accurate approach to bacterial identification a polyphasic 

approach should best be followed. A polyphasic approach is the integration of various 

diagnostic methods for the identification and description of bacteria. The proposed 

polyphasic approach for the identification or description of bacteria should include 

phenotypic, biochemical and molecular characteristics. This is also a solution to the 

costly and time consuming, ‘golden standard’ technique DNA:DNA hybridization for the 

accurate identification and delineation of bacterial species. This will ensure the accurate 

identification of isolates in a limited amount of time. It will also ensure that certain 

techniques will prove better in combination with other techniques and these techniques 

can complement one another in terms of their short comings. A polyphasic approach to 

bacterial taxonomy will also allow several other benefits such as i) Developing of long 

term management practices, for example, deploying host resistance, ii) Integration of the 

diagnostic protocols into management programs, iii) Understanding the interrelationship 

among pathogenic variants and iv) most importantly the development of a stable 

nomenclature (Rademaker et al., 2005). It is not only important to be able to distinguish 

between different species but also to understand the diversity within each species e.g. 

the Pantoea subspecies level and Xanthomonas pathovar level. 

 

The taxonomy of the genus Xanthomonas was refined and resolved by using a 

polyphasic approach. Three-hundred-and-forty Xanthomonas strains comprised of 80 

pathovars representing the 20 described DNA hybridization groups were used. Rep-PCR 

was used in conjunction with the DNA:DNA hybridization data by Vauterin et al. (1995) 

to determine whether a polyphasic approach could be used for the rapid identification 

and the classification of new or unknown Xanthomonas strains that are pathogenic or 

associated with plants. The polyphasic approach was successful. It was found that 6 of 

the genospecies described by Vauterin et al. (1995) contained clearly defined 

subspecific groups within the clusters and also allowed for the classification of 166 

xanthomonad strains that could not previously be classified (Rademaker et al., 2005). 

The use of a polyphasic approach has also proven that the previous pathovar notation 

was an artificial system and several new species within the genus was described 

(Vandamme et al., 1996, Rademaker et al., 2000). 
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5) DETERMINING THE PATHOGENECITY OF PANTOEA AND XANTHOMONAS 

SPECIES 
 
The aim of a host pathogenicity test is to determine whether a suspected pathogen can 

cause disease on a plant host under laboratory conditions or not. A pathogenicity test is 

considered a standard test in phytobacteriology for the identification of plant pathogens. 

Every pathogenicity test is typically preceded by a Hypersensitivity reaction test to 

determine whether the plant pathogen induces a hypersensitive reaction (HR) in a 

nonhost. The HR is a good indication of whether the bacterium in question is a plant 

pathogen or not. Most bacterial plant pathogens induce a hypersensitive response when 

it is injected into a non-susceptible host or nonhost plant. Usually plants with soft, 

succulent leaves that have large intracellular spaces of the leaves are used for the 

hypersensitivity test e.g. tobacco and pepper plants. Tobacco are usually used for plant 

pathogens for the hypersensitivity reaction, but is a unreliable test plant for the 

determination of the HR of xanthomonads, since many X. campestris pathovars do not 

elicit a HR in tobacco. Tomato and pepper plants are used for the hypersensitivity test of 

Xanthomonas spp. (Lelliot and Stead, 1987). It is also stated by Coplin and Kado, 2001 

that some Pantoea species i.e. P. stewartii and P. agglomerans pvs. gypsophilae and 

betae will not induce a HR on tobacco when the isolates were grown on rich media e.g., 

Luria Brutani agar, prior to inoculation. These isolates should be transferred from the rich 

media to IM liquid medium (Ivanoff’s medium for P. stewartii) before being inoculated 

into the tobacco leaves for a HR.  

 
A positive hypersensitive response is the rapid collapse of the inoculated tissue or the 

drying, light brown necrosis of the water soaked tissue within 3 days (Lelliot and Stead, 

1987). When a positive HR is observed, the inoculated bacterium is a plant pathogen. 

When a positive HR is observed and it has been determined that the bacterium in 

question is a plant pathogen, a pathogenicity test is conducted by inoculating the 

bacterium in question into the host it was originally isolated from. In a pathogenicity test 

3 different treatments should be inoculated into the host plant in order to determine the 

accurate pathogenicity of the bacterium in question towards the host plant. These 

treatments include: 1) The putative pathogenic bacterium within an aqueous suspension 

in a concentration that does not exceed the recommended concentration, 2) An aqueous 
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bacterial suspension of a known pathogen towards the host cell (positive control) and 3) 

Sterile water (negative control) (Lelliot and Stead, 1987). 

 

Pathogenicity tests have a very important role in fulfilling Koch’s postulates for bacterial 

diseases. Koch’s postulates states that when a disease is observed, the causal agent 

must be present in all cases of the disease. The causal agent must be isolated from the 

diseased host and obtained as a pure culture. The original infection process should be 

recreated by inoculating the causal agent into the susceptible host. The same disease 

symptoms should be observed in the original host, and the same causal agent should be 

re-isolated from the diseased material (Grimes, 2006). 

 

Various inoculation methods of introducing the pathogen into the host plant has been 

used, some of these inoculation methods are described below: 

 

“Cut stump” and “whorl” methods 

Coplin et al. (2002) determined the pathogenicity of P. stewartii subsp. stewartii towards 

maize by conducting pathogenicity trials. P. stewartii subsp. stewartii is the causal agent 

of Stewart’s vascular wilt of maize and sweetcorn. Eight day old sweet corn seedlings 

were inoculated with the pathogen using two different inoculation methods. In the ‘cut 

stump’ method the bacterium was inoculated by pipetting the bacterial suspension onto 

the decapitated ends of the seedlings. With the ‘whorl’ inoculation method the bacterial 

suspension in a potassium phosphate buffer (pH 7) was placed on the whorls of the 

seedlings. The plants were checked for disease development after 10 days. Every 

pathogenicity trial was also preceded by a HR. It was found that the causal agent could 

induce disease on the 8-day old corn seedlings under laboratory conditions (Coplin et 

al., 2002). 

 

“Spray” inoculation and direct method 

Roumagnac et al. (2004) characterized the Xanthomonas species responsible for 

bacterial blight of onion by applying a polyphasic approach. One of the characterization 

techniques involved included pathogenicity trials. Bacterial suspensions were prepared 

containing the recommended bacterial concentration. Ten different Allium spp. plants 

including onion, garlic and Welsh onion were inoculated with the bacterial suspension by 

pricking the leaf with a syringe and spraying the wounds with the bacterial suspension. 
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Other inoculation methods were also used. After injuring the plant with the needle the 

bacterial suspension was applied directly to the wounds with a cloth, also the bacterial 

suspension was directly inoculated into the veins of the plants. Disease development 

was observed for 2 weeks. The results showed that all Xanthomonas strains isolated 

from the Allium spp. induced the typical symptoms of bacterial blight of onion 

(Roumagnac et al., 2004). 

 

6) CONCLUSIONS 
 

The taxonomy and distribution of Pantoea and Xanthomonas species are very complex. 

These organisms are plant associated and can occur as saprophyte, epiphytes or 

pathogens on the host plant. The devastating diseases caused by these organisms need 

to be controlled and this can only be done when the identity of these pathogens can 

rapidly and accurately be determined, the ecology of different strains are understood and 

when the pathogenicity of the pathogen towards a certain plant host is known. It also 

allows for the better understanding of the ecology of different strains of the same 

species.  

 

Phenotypic techniques for the identification of these bacteria is inadequate since most of 

these organisms have very similar phenotypic characteristics. Several techniques exist 

to do this, but the best approach for the above mentioned process is to apply a 

polyphasic approach for the identification of these bacteria. 

 

The use of the 16S rRNA gene for the identification of bacteria is not accurate. This 

gene can be used for the identification to genus level but cannot successfully be used for 

the identification of a bacterium to species level. The 16S rRNA gene is conserved 

amongst bacteria since this gene plays an important role in the formation of the RNA 

polymerase which is responsible for the replication of the bacterial genome. Thus the 

evolutionary clock of the 16S rRNA gene is very slow. 

 

DNA:DNA hybridisation is thought to be the golden standard for the delineation of a 

bacterial species but other techniques e.g. 16S rRNA gene sequencing are still 

compulsory for the description of a new bacterial species (Stackebrandt et al., 2002). 

AFLP has also been proven to be a very effective technique for discriminating between 
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several species for the genus Pantoea (Brady et al., 2007) and Xanthomonas 

(Rademaker et al., 2000). 

 

The genus Pantoea is a fairly recent described genus and much confusion exists about 

its taxonomy and nomenclature. Even though the genus Xanthomonas has been known 

since the early 1930’s much research has been done on clarifying the taxonomy and 

nomenclature of these bacteria. Constant research and keeping up with new technology 

regarding science will ensure that the taxonomy and pathogenicity of these organisms 

are kept up to date. The taxonomy of the genus Xanthomonas has been temporarily 

resolved but care should be taken when new species are described for this genus, 

employing the correct techniques which would result in an accurate and reliable 

identification. 
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Pantoea species associated with bacterial blight and dieback of Eucalyptus 

from various parts of the world 
 

ABSTRACT 

 
Bacterial blight and die-back of Eucalyptus is caused by Pantoea ananatis in South 

Africa. In surveys undertaken in Argentina, Colombia, Indonesia, Uganda and Uruguay a 

disease resembling that occurring in South Africa was observed. Infected leaf samples 

were collected from plants in these six countries and from recent outbreaks of the 

disease in South Africa at two different locations i.e. Kwa Zulu Natal (Mtunzini) and 

Mpumalanga (White River). Bacteria were isolated from infected tissue and phenotypic 

analyses completed. 16S rRNA and gyrB gene sequencing was then performed on all 

isolated strains. F-AFLP’s were also used and the resulting profiles compared to those of 

the type strains of all species within the genus. Pantoea species were consistently 

isolated from infected leaves collected from all countries. The most prominent of these 

species included: P. ananatis, P. vagans, P. dispersa and P. eucalypti. Also isolated 

from the infected leaves were members belonging to the family Enterobacteriaceae and 

potentially new species belonging to the genus Pantoea. Representative strains of the 

potentially new species and other unknown isolates were inoculated into leaves of a 

known susceptible E. grandis X E. nitens clone. Mostly the P. ananatis species were 

found to be virulent while the remaining species were only moderately virulent. The 

bacterial blight and die-back disease on Eucalyptus, considered in this study, appears to 

be caused by a complex of Pantoea species. These species are opportunistic and 

symptoms are expressed when host plants are susceptible and environmental conditions 

are favorable for infection. 

 
1) INTRODUCTION 
 
Eucalypts are versatile trees that grow in a diverse range of habitats (Doughty 2000, 

Turnbull 2000). They were initially introduced to the tropical and subtropical regions of 

the Southern Hemisphere for fuel wood, windbreaks and land reclamation purposes 

(Poynton 1979, Evans 1982, Potts & Pederick 2000). Over the years, eucalypts have 

become a major source of commercial forest products such as pulpwood, fiber board, 

sawn timber, poles, mine timber props, charcoal, honey and essential oils (Sedjo 1999, 
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Turnbull 1999). A combination of factors such as wood properties, high productivity and 

versatile ecological adaptation have made them the most widely planted hardwood trees 

in many parts of the world (Eldridge et al. 1994, Turnbull 2000). Today, eucalypts are 

grown as plantation species in several countries in Africa, Asia, South America and New 

Zealand as well as throughout their natural range in Australia (Eldridge et al. 1994). 

Eucalypt plantations are rapidly expanding and the total area is estimated to be at least 

18 million hectares in 90 countries (Turnbull 1999, Carle et al. 2002, FAO 2000).  
 

There are currently four known bacterial species that infect and cause disease of 

Eucalyptus spp. The first bacterial disease that was observed on this host was bacterial 

die-back caused by Xanthomonas campestris pv. eucalypti. This disease was first 

identified in Australia causing blackened areas on the distal part of the twigs and 

severely infected trees would become completely defoliated (Truman, 1974). The 

second recorded disease on Eucalyptus is bacterial wilt caused by the pathogen 

Ralstonia solanacearum. This disease was first identified in Brazil (Dianese et al., 1990) 

but has subsequently been reported elsewhere (Coutinho et al., 2000). More recently a 

bacterial leaf spot and die-back disease caused by Pantoea ananatis was recorded in 

South Africa (Coutinho et al., 2002), and most recently bacterial leaf blight was identified 

on Eucalyptus in Brazil caused by Xanthomonas axonopodis (Goncalves et al., 2008).  

 

The genus Pantoea forms part of the family Enterobacteriaceae which consists of more 

than a 100 genera (Brenner and Farmer III, 2005). The bacteria belonging to this genus 

are non-spore forming, straight rods that are Gram negative and facultatively anaerobic 

fermenting sugars to form lactic acid. The optimum growth temperature for these 

bacteria ranges from 22 ºC to 37 ºC. They grow well on basic microbiological media and 

can use glucose as a carbon source although certain genera require the addition of 

amino acids and vitamins. The bacteria of this family are also oxidase negative and 

catalase positive and if motile this occurs with the help of peritrichous flagella with some 

exceptions e.g. Tutamella (Farmer III, 2005 ). Bacteria belonging to this family can be 

human, animal or plant associated bacteria mostly occurring internal to its host. 

Generally these bacteria can be found almost in all natural habitats worldwide (Brenner 

and Farmer III, 2005). 
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The genus Pantoea was first proposed in 1989 by Gavini et al. when the type species 

Pantoea agglomerans a member of the Enterobacter agglomerans – Erwinia herbicola 

complex was transferred to this new genus. Also included in this genus was a newly 

described species Pantoea dispersa (Gavini et al., 1989). In 1992, three more Pantoea 

species was added to the genus, namely, P. citrea, P. terrea and P. punctata which were 

isolated from soil and fruit samples in Japan (Kageyama et al., 1992). In 1993, two more 

species was added when Mergaert et al. (1993) proposed the transfer of Erwinia ananas 

and Erwinia stewartii to the genus as Pantoea ananas and Pantoea stewartii, 

respectively. In 2009, four more species were added to the genus: P. vagans, P. 

eucalypti, P. deleyi and P. anthophila (Brady et al., 2009). Very recent work showed 

there are in fact thirteen species and two sub species that reside in this genus. Originally 

the genus Pantoea consisted of seven species and along with the four new species 

described by Brady et al., (2009), these are the Pantoea species included in this study. 

The other Pantoea species will not be referred to in this study. 

 

Pantoea species have been isolated from diverse ecological niches. These bacteria are 

occasionally associated with plants as epi- or endophytes, causing no disease on their 

host. They are also found mostly associated with plants as pathogens causing a wide 

range of symptoms. Infection of Eucalyptus trees by Pantoea species were first noted 

when leaf spots appeared on young leaves. These leaf spots were water soaked and 

coalesced to form larger necrotic lesions. The trees were multi stemmed and following 

repeated infection tree growth became stunted (Coutinho et al., 2002). 

 

Pantoea species have been identified as pathogens of humans. P. ananatis was isolated 

from a 73 year old women suffering from dyspnea and bilateral ankle edema (De Baere 

et al., 2004). Other Pantoea spp. isolated from humans include P. agglomerans (Kratz et 

al., 2003, Lim et al., 2006) and P. dispersa (Schmid et al, 2003).  

 

The aim of this study was to identify Pantoea spp. and other members of the 

Enterobacteriaceae associated with bacterial blight and dieback of eucalypts in 

Argentina, Colombia, Indonesia, Rwanda, South Africa, Thailand, Uganda and Uruguay. 

Bacteria were isolated from two regions in South Africa, White River (Mphumulanga) and 

Mtunzini (Kwa Zulu Natal). Their ability to cause disease symptoms in this host was also 

investigated. 
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2) MATERIALS AND METHODS 
 
2.1) Disease survey 
 

Diseased leaves and shoots were collected from either seedlings or cuttings in nurseries 

or from newly established eucalypt plantations in Argentina, Colombia, Indonesia, 

Rwanda, South Africa, Thailand, Uganda and Uruguay. In these countries the eucalypt 

species infected were E. grandis except in South Africa where the disease occurred on 

the E. grandis x E. nitens hybrid. Symptoms on diseased material from all countries were 

similar (Fig. 1). The initial symptom was the appearance of water-soaked lesions on the 

leaf which with time became necrotic. Lesions were often concentrated along the main 

vein of the leaf and it is suspected that this is due to the movement of the inoculum from 

the petiole into the vein. When young leaves were infected, die-back of the shoot 

occurred. With repeated infection and die-back of the shoot, the tree becomes multi-

stemmed and stunted. 

 
2.2) Bacterial isolations 
 
Diseased leaf samples were surface sterilized by placing them for 1 minute in a 10% 

sodium hypochlorite solution followed by 70% ethanol for a further minute. Leaves were 

then rinsed in sterile water to remove excess ethanol. Diseased leaf material was 

crushed in 2 ml of sterile water using a sterile mortar and pestle. Bacterial suspensions 

were plated onto Nutrient Agar (NA) and incubated for 48 hours at 28 ºC. Bacterial 

colonies were then purified. 

 

2.3) Phenotypic testing 
 
Pure strains of all isolates were obtained from infected leaves collected from the different 

countries. All pure strains were subjected to Gram staining and the Hugh Leifson test 

using OF media supplied by Biolab (Biomerieux). Strains (27) that were Gram positive 

and those that were Gram negative, but not facultatively anaerobic, were excluded from 

the study. Strains included in the study amounted to 64 isolates. 
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2.4) DNA extraction 
 
Isolates that belonged to the family Enterobacteriaceae, as determined by the 

phenotypic testing, was inoculated into nutrient broth (Biolab) and incubated overnight at 

28 °C. DNA extractions were performed on all isolates using the Dneasy Blood and 

Tissue Kit (QIAGEN) according to instructions of the manufacturer. The DNA 

concentration of the extracted DNA was determined by loading the samples on a 1% 

agarose gel (Whitehead Scientific) along with known standards. The gel contained 1 µl 

ethidium bromide for every 10 ml of agarose gel, and run on the gel in 1 X TAE Buffer at 

80 V and 400 mA for 40 minutes.  

 

2.5) 16S rRNA gene sequencing and phylogenetic analysis 
 

The 16S rRNA gene of all isolates were amplified using primer pair *pA and pH 

(Coennye et al., 1999). Each 100 µL PCR reaction contained 1X Reaction buffer, 250 

µM of each nucleotide (dATP, dCTP, dGTP, dTTP), 100 pmol of each of the above 

mentioned primers (Inqaba Biotechnologies), 1 U Taq Gold (Roche) and 50 – 100 ng of 

genomic DNA. PCR amplification was carried out in an Mastercycler epgradient 

(Eppendorf). PCR cycles included an initial denaturation step at 94 ºC, 30 cycles of 

denaturation at 94 ºC for 1 min, annealing of the primers at 58 ºC for 1 min, primer 

extension at 72 ºC for 1 min. A final extension step was done at 72 ºC for 5 min. 

Reactions were stored at 4 ºC until used. Sterile water was used as a negative control to 

monitor contamination and DNA of an isolate that is known to have been successfully 

amplified previously using this protocol was used as a positive control. The amplification 

products were loaded on a 1% agarose gel (Whitehead Scientific), containing 1 µl 

Ethidium bromide for every 10 ml of the agarose gel, and were run in 1 X TAE Buffer at 

80 V and 400 mA for 40 minutes. When viewing the gel under UV light, single bands for 

every isolate of the 16S rRNA gene was observed. The 16S rRNA gene was purified 

from the PCR reaction using the QIAquick® PCR Purification Kit (QIAGEN). 

 

Initially, the 16S rRNA gene of all isolates was only partially sequenced in order to 

determine the identity of the genus. The forward primer, 16F536 (*pD) 5’ CAG CAG 

CCG CGG TAA TAC 3’ was used for this purpose (Coenye et al., 1999). This primer 

sequences approximately 700 bp which is known to be variable amongst different 
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genera of bacteria. The partial sequences of the isolates were then submitted for BLAST 

analysis in the Genbank/EMBL database in a homology search (www.ncbi.nlm.nih). 

 

The entire 16S rRNA gene of 64 isolates with a ≥ 97% sequence similarity to the plant 

pathogenic bacteria belonging to the genera Pantoea, Enterobacter and Erwinia was 

then sequenced. Three forward primers and four reverse primers were used for this 

purpose (Table 1). 

 

Each 10 µl sequencing reaction contained 2 µl of Big Dye Sequencing Mix (Applied 

BioSystems), 1 X Sequencing Buffer, 3.2 pmol of the appropriate internal primer and 150 

ng of purified 16S rRNA PCR product. PCR reactions were carried out in an 

Mastercycler epgradient (Eppendorf). Sequencing PCR cycles included an initial 

denaturation step at 96 ºC for 5 sec followed by 25 cycles of denaturation at 96 ºC for 10 

sec, primer annealing at 55 ºC for 5 sec and primer extension at 60 ºC for 4 min. The 

reactions were held at 4 ºC until sequenced. Sequencing PCR products were 

precipitated from the PCR reaction using the sodium acetate precipitation method. The 

PCR products were sequenced on an ABI Prism™ 3100 Automated Sequencer (Applied 

BioSystems). After sequencing of the isolates using the different internal primers a 

consensus sequence of the full length 16S rRNA gene (± 1500 bp) was assembled 

manually, using the program Bio-edit Sequence Alignment Editor v 5.0.9. (Hall, 1999), 

based on overlapping sequences between the fragments generated by the different 

internal primers.  

 

Consensus sequences of the different 16S rRNA genes were aligned along with the type 

strains (acquired from the Genbank/EMBL database) of different Pantoea, Enterobacter 

and Erwinia species using the program ClustalX (Thompson et al., 1997) and the 

overhangs were trimmed. Modeltest3.7 (Posada and Crandall, 1998) was used to 

determine the best-fit evolutionary model to apply to the data set. Maximum-Likelihood 

and Neighbour-Joining analyses where performed using Phyml (Guindon and Gascuel, 

2003) and PAUP 4.0b10 (Swofford, 2000), respectively, by applying the model selected 

by Modeltest 3.7. Only the Maximum-Likelihood phylogenetic trees are shown. A 

bootstrap analysis was run using a 1000 replicates to show branch support. The tree 

was rooted with the outgroup, Shigella boydii. 
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2.6) GyrB gene sequencing and phylogenetic analysis 

 

The same isolates included for 16S rRNA gene sequencing was used for the sequencing 

of the housekeeping gene, GyrB. The GyrB gene was amplified using primers that were 

specifically designed for members of the family Enterobacteriaceae (Table 2) (Brady et 

al., 2008).  

 

Each 50 µl PCR amplification reaction contained 5 µl of 10 X Buffer, 2 µl of MgCl2, 250 

µM of each nucleotide (dATP, dCTP, dGTP, dTTP), 200 pmol of each of the 

amplification primers forward (5’ TAARTTYGAYGAYAACTCYTAYAAAGT 3’) and 

reverse (5’ CMCCYTCCACCARGTAMAGTTC 3’) amplification primers (Inqaba 

Biotechnologies), 1 U Taq (Southern Cross Biotechnologies) and 50 – 100 ng of 

genomic DNA. Amplification of the GyrB gene was carried out in an Eppendorf 

Mastercycler epgradient (Merck chemicals (Pty) Ltd.). Amplification cycles included a 

initial denaturation step at 95 ºC for 5 min, 3 cycles of denaturation at 95 ºC for 1 min, 

primer annealing at 55 ºC for 2 min 15 sec, primer extension at 72 ºC for 1 min 15 sec. 

These 3 cycles including a longer annealing time will allow the degenerate primers to 

anneal to the template DNA. There-after 30 cycles of denaturation at 95 ºC for 35 sec, 

primer annealing at 55 ºC for 1 min 15 sec, primer extension at 72 ºC for 1 min 15 sec 

and a final extension step at 72 ºC for 7 min. The reactions were stored at 4 ºC until 

further use. As previously described a positive and a negative control was also included 

in the reactions. 

 

Amplification reactions were run on a 1% agarose under conditions as described above. 

Amplification of the GyrB gene with the above mentioned primers should result in a 1000 

bp fragment of the GyrB gene. Visualization of the amplification products under a UV 

light showed different sizes of bands. PCR amplification products resulting in a clear 

single band at 1000 bp was cleaned using the QIAquick® PCR purification Kit as 

described before. For isolates showing more than one clear band, the band at a 1000 bp 

was excised from the gel and purified using the QIAquick® Gel Extraction kit (QIAGEN). 

The GyrB gene was sequenced using the following primers: gyrB PF 5’ 

TAARTTYGAYGAYAACTCYTAYAAAGT 3’ and gyrB PF7 5’ GTVCGTTTCTGGCCVAG 

3’ (Brady et al., 2007) (Table 2). Each 10 µl sequencing reaction contained 2 µl of Big 

Dye sequencing mix, 1 X Sequencing Buffer, 6.4 pmol of the appropriate primer and 150 
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ng of gyrB PCR product. PCR reactions were carried out in an Eppendorf Mastercycler 

epgradient . Sequencing PCR cycles included an initial denaturation step at 96 ºC for 5 

sec, 25 cycles of denaturation at 96 ºC for 10 sec, primer annealing at 55 ºC for 5 sec, 

primer extension at 56 ºC for 4 min 15 sec. Sequencing reactions were held at 4 ºC until 

sequenced. Sequencing PCR products were precipitated from the PCR reaction using 

the sodium acetate precipitation method. The PCR products were sequenced on an ABI 

Prism 3100 Automated Sequencer. The sequence data was used to obtain a consensus 

sequence of the partial GyrB gene was assembled manually, using the program Bio-edit 

Sequence Alignment Editor v 5.0.9., based on overlapping sequences between the 

fragments. 

 

Consensus sequences of the different GyrB genes were aligned along with the type 

strains (acquired from the Genbank/EMBL database) of different Pantoea, Enterobacter 

and Erwinia species using the program ClustalX (Thompson et al., 1997) and the 

overhangs were trimmed. Modeltest3.7 (Posada and Crandall, 1998) was used to 

determine the best-fit evolutionary model to apply to the data. Maximum-Likelihood and 

Neighbour-Joining analyses where performed using Phyml (Guindon and Gascuel, 2003) 

and PAUP 4.0b10 (Swofford, 2000), respectively, by applying the model selected by 

Modeltest 3.7. Only Maximum-Likelihood phylogenetic trees are shown. A bootstrap 

analysis was run using a 1000 replicates to show branch support. The tree was rooted 

with the outgroup, Citrobacter freundii. 

 

2.7) AFLP (Amplified Fragment Length Polymorphism) analysis 

 

Only possible Pantoea isolates were included for AFLP analysis, isolates identified as 

other plant pathogenic bacteria where excluded. Total genomic DNA was isolated from 

all isolates using the DNeasy® Blood and Tissue kit. The AFLP protocol consists of a 

Restriction enzyme digestion step, adaptor ligation step, two PCR amplification steps 

and the running of isolates on a polyacrylamide gel. 

 

Total genomic DNA (50 – 100ng) was digested with 12 U EcoRI (Roche diagnostics) and 

8 U Tru91 (Roche diagnostics) in 5 X Restriction/ligation buffer (50 mM Tris HAc, 50 mM 

MgAc, 250 mM KAc, 25 mM DDT). The digestion reaction was incubated at 37 ºC for 2 

hours. After digestion, the temperature was increased to 70 ºC and incubated for 15 min 
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to allow for the inactivation of the enzymes. Double stranded adaptors with sticky ends, 

complementary to the restriction enzyme cut sites of EcoRI and Tru91 were added to the 

reaction. When these adaptors are ligated to the target fragments it ensures that the 

original restriction enzyme cut site is not restored on the target fragments (Zabeau and 

Vos, 1993). 5pmol EcoRI adaptor and 50pmol Tru91 adaptor were added to the reaction 

along with 5 X Restriction and Ligation Buffer, 0.3 mM ATP and 1 U of T4 DNA ligase 

(Roche). The ATP produces the energy to ligate the adaptors to the fragments and T4 

DNA ligase catalyzes the reaction. The ligation reaction was incubated at 20 ºC for 2 

hours to allow for sufficient ligation. The reaction was then diluted 1:10 with Nuclease 

Free water (Promega). 

 

The pre-amplification reaction contained: 1 X Reaction Buffer, 1.5 mM MgCl2, 250 mM of 

each nucleotide (dATP, dCTP, dGTP, dTTP), 100 pmol of each primer Eco-00 (5’ GAC 

TGC GTA CCA ATT C 3’) and Tru91-00 (5’ GAT GAG TCC TGA CTA A 3’) (Inqaba 

Biotechnologies), 1 U Taq DNA polymerase (Southern Cross Biotechnologies) and 2 µL 

of the diluted (1:10) restriction and ligation reaction. The reaction was made up to a final 

volume of 25 µL with Nuclease Free water (Promega). The amplification was carried out 

in a Eppendorf Mastercycler epgradient (Merck chemicals (Pty) Ltd.) and the 

amplification conditions included an initial denaturation step at 94 ºC for 3 minutes, 20 

cycles of denaturation at 94 ºC for 30 seconds, primer annealing at 56 ºC for 1 minute 

and primer extension at 72 ºC for 1 minute, and extension at 72 ºC for another 5 

minutes. The pre-amplification reaction was held at 4 ºC until further use. Each reaction 

was then diluted 1:50 with Nuclease Free water (Promega). 

 

The selective amplification reaction contained 1 X Reaction Buffer, 1.5 mM MgCl2, 250 

mM of each nucleotide (dATP, dCTP, dGTP and dTTP), 0.5 pmol of the fluorescently 

labeled Eco-C primer (5’ GAC TGC GTA CCA ATT CC 3’) (LI-COR Biosciences) and 2.4 

pmol of the primer Tru-GC (5’ GAT GAG TCC TGA CTA AGC 3’) (Inqaba 

Biotechnologies), 1 U Taq DNA polymerase (Southern Cross Biotechnologies) and 5 µL 

diluted pre-amplification reaction. The reaction was made up to a final volume of 20 µL 

with Nuclease Free water (Promega). Amplification was carried out in a Eppendorf 

Mastercycler epgradient (Merck chemicals (Pty) Ltd.) and the amplification conditions 

included an initial denaturation step at 94 ºC for 5 minutes, 9 cycles of denaturation at 94 

ºC for 30 sec, primer annealing at 65 ºC for 30 sec and primer extension at 72 ºC for 1 
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minute, where the primer annealing temperature decreased 1 ºC per cycle until a final 

annealing temperature of 56 ºC was reached. This was followed by 23 cycles of 

denaturation at 94 ºC for 30 sec, primer annealing at 56 ºC for 30 sec, and primer 

extension at 72 ºC for 1 min, and another primer extension step at 72 ºC for 5 min. The 

selective amplification reaction was stored at 4 ºC until further use. 

 

LI-COR gels were prepared by using 20 ml Long Ranger gel solution (8% Long Ranger 

gel solution (LI-COR Biosciences), 7M Urea, 10 X TBE Buffer) and 150 µL 10% APS 

(Ammonium persulphate) and 15 µL TEMED for polymerisation. Gels were cast using 

the gel casting apparatus and allowed to polymerise for 1 hour. The LI-COR apparatus 

was set up according to manufacturers instructions and a pre-run was preformed at 1500 

V and 35 W. The pre-run monitored the voltage and power and standardized the ions 

within the gel and the buffer. Samples were prepared for loading by mixing 1 µL of the 

selective amplification with 1 µL of loading buffer (95 % formamide, 20 mM EDTA, 

bromophenol blue). The sample mixture was heated to 90 ºC for 3 min and incubated on 

ice for 10 min before it was loaded onto the gel. Approximately 1 µL of sample mixture 

was loaded onto the gel and a molecular sizing standard marker, IRD-700, was loaded 

on each end of the gel for accurate gel analysis when normalizing the gel. The samples 

were run on the gel in a LI-COR IR2 automated sequencer (LI-COR Biosciences) for 4.5 

hours at 42 W in 0.8 M TBE Buffer. 

 

When the gel had run to completion, the resulting fingerprint banding patterns was 

analysed using the software program Bionumerics. Gels were normalized using the IRD-

700 standard. Bands between 50 – 700 bp were used in the analysis. AFLP profiles 

were compared by constructing an UPGMA tree, using the Pearson correlation 

coefficient. 

 
2.8) Pathogenicity trials 
 

Hypersensitivity and pathogenicity tests had previously been performed with strains 

isolated from diseased Eucalyptus in Thailand, Uganda and Uruguay (Greyling, 2007) 

and were not repeated in this study. These strains included P. ananatis, P. dispersa, P. 

vagans and P. eucalypti. The species P. vagans and P. eucalypti were shown in a MLSA 

study done by Brady et al., (2009) to belong to the genus Pantoea and are thus included 
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in this study. In the study done by Greyling (2007) it was shown that, with the exception 

of P. ananatis, all other species were found to be moderately pathogenic. 

 

Representative isolates of strains shown to belong to the genus Pantoea in this study, 

but not to any of the seven validly described Pantoea species, and also other unknown 

isolates were used in the pathogenicity tests undertaken. These strains included BCC 

568 from Rwanda, BCC213 from Thailand, BCC581 and BCC 585 from Colombia and 

BCC 679, BCC 681, BCC 682 from South Africa. The inoculum was prepared by placing 

single colonies of each isolate into 50 ml of Nutrient Broth. The flasks were incubated 

overnight at 28 ºC. The concentration of the bacterial cells was then adjusted to 

approximately 108 CFU/ml in a sterile saline solution determined using a previously 

prepared growth curve. 

 

In order to determine whether or not the isolates were pathogenic, the appearance (or 

lack thereof) of the hypersensitivity reaction (HR) in tobacco (Nicotiana tabacum cv 

samsun) was recorded. A bacterial suspension was injected into the leaves of the 

tobacco plants using a 1 ml insulin syringe. Two leaves were inoculated per isolate. The 

syringe was inserted into the main vein of the leaf and the leaf panels were flooded with 

the bacterial suspension. A negative control containing only sterile saline solution and a 

positive control containing the bacterial blight and die-back pathogen, Pantoea ananatis, 

that was isolated from South Africa (LMG20103), was also inoculated in this study. 

Tobacco plants were kept in a greenhouse at approximately 26 ºC with natural day and 

night light cycles. The plants were assessed after 24, 48 and 36 hours for the 

development of a HR. A positive HR response is observed as a complete and rapid 

collapse of the inoculated leaf tissue or the drying, light brown necrosis of the water 

soaked tissue within 36 hours of the inoculation (Lelliot and Stead, 1987). The test was 

repeated to confirm results. 

 

Isolates that showed a positive HR response were inoculated into the leaves of a 

Eucalyptus grandis X Eucalyptus nitens (GN188) hybrid that is known to be susceptible 

to Pantoea ananatis. The Eucalyptus leaf panels were flooded with the bacterial 

suspension as described above. A positive and negative control was included as 

described above. Inoculated plants were covered with plastic bags in order to induce 

high humidity. Bags were removed after seven days and the inoculated leafs were 
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assessed for disease development every 24 hours for a period of 7 days. Plants were 

kept at 26 ºC with natural day/night light cycles. 

 

Pathogen re-isolations were done from inoculated Eucalyptus leaves that have 

developed lesions during the pathogenicity trials. Isolations were done as described 

previously from infected leaf material. Pure-cultures were obtained for the re-extracted 

bacterial pathogen and DNA extractions were performed. The 16S rRNA gene of purified 

isolates was amplified using the method described above, and the 16S rRNA gene was 

partially sequenced using the method described above. The partial 16S rRNA gene 

sequences were submitted to BLAST analysis in Genbank for identification. This process 

was undertaken in order to fulfill Koch’s postulates. 

 

3) RESULTS  
 
3.1) Bacterial isolations 
 
A total of 125 bacterial isolates were obtained from infected leaves collected in the 8 

countries. Two isolates from Argentina, 17 isolates from Colombia, 15 isolates from 

Indonesia, 5 isolates from Rwanda, 57 isolates from the two sites in South Africa (34 for 

Mtunzini and 23 for White River), 20 isolates from Thailand, 1 isolate from Uganda and 8 

isolates from Uruguay. 

 
3.2) Phenotypic testing 
 

A total of 64 isolates were identified as being facultatively anaerobic rod shaped Gram 

negative bacteria. These results indicate that these isolates may belong to the family 

Enterobacteriaceae. The 27 isolates that did not produced these phenotypic results were 

excluded from the study after the phenotypic identification, since these isolates where 

not of importance to this specific study, these isolated bacteria were most probably 

randomly isolated endophytes. The isolates included in this study after phenotypic 

testing were from the following localities: Two from Argentina, 9 isolates from Colombia, 

4 isolates from Rwanda, 31 isolates from the two sites in South Africa (14 for Mtunzini 

and 17 for White River ), 13 isolates from Thailand, 1 isolate from Uganda and 4 isolates 
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from Uruguay. No isolates from the family Enterobacteriaceae were obtained from 

Indonesia. 

 

3.3) DNA extractions 

 

Genomic DNA was successfully extracted from all 64 isolates using the DNeasy Blood 

and Tissue Kit (Qiagen). A clear band of genomic DNA was visible on an agarose gel 

when stained with Ethidium bromide and viewed under an UV light 

 

3.4) 16S rRNA gene sequencing and phylogenetic analysis 
 

Partial sequences of approximately 700bp were obtained for the 64 facultative anaerobic 

Gram negative isolates. When a homology search was done by comparing these 

fragments against the EMBL/Genbank database using a BLAST search, the majority of 

isolates had between 97-100% similarity to a species belonging to the genus Pantoea. 

Sequencing the entire 16S rRNA gene of all isolates were then undertaken and a 

phylogenetic tree was constructed using the maximum likelihood parameter (Fig. 2). 

Modeltest3.7 was used to determine the evolutionary model most applicable to the 

dataset. The chosen model was GTR+I+G, I and G was also determined using 

Modeltest3.7. Included in this tree are the type strains of all the described Pantoea spp., 

newly described species by Brady et al, (2009) and of other closely related plant 

pathogenic members of the Enterobacteriaceae (Erwinia and Enterobacter). This was 

only a preliminary identification step and only a few representative strains of the plant 

pathogenic bacteria were included, especially those that were most closely related to the 

genus Pantoea. 

 

The resulting Maximum Likelihood tree generally has low bootstrap support. The 

phylogenetic tree showed that distinct Pantoea clusters were formed. Isolates falling into 

these clusters can with 97% certainty be said to belong to the genus Pantoea. Some 

isolates did not group in known Pantoea species clusters but cluster with the type strains 

of other plant pathogenic bacteria. These included those clustering with species of 

Enterobacter, viz. (group 10) BCC378 and BCC288. Isolates grouping within groups 8, 9 

and 11 may also belong to the genus Enterobacter since these isolates clusters in close 

proximity with the Enterobacter type strains and reference strains but remains 
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unresolved due to a lack of bootstrap support. Another isolate grouped with the 

representative strains from the genus Erwinia, and thus could accurately be identified as 

belonging to this genus viz. BCC 575. From this tree it can also be seen that members of 

the phytopathogenic bacteria share an extremely conserved 16S rRNA gene, due to the 

low bootstrap support for most clades. A distinct grouping (viz. group 5) fell within the 

core Pantoea species but did not cluster with a described Pantoea spp. These isolates 

were those from Rwanda, viz. BCC568, BCC569, BCC570 and BCC571, isolates from 

Colombia, BCC581, BCC582, BCC585, BCC588 and BCC589 and two isolates from 

South Africa, BCC679 and BCC681. These would appear to be isolates representing an 

undescribed species that may possibly belong to the genus Pantoea. According to the 

phylogenetic tree these isolates are the most closely related to the genus Pantoea. 

 

According to Fig. 2, 19 isolates from South Africa (BCC700, BCC701, BCC695, 

BCC699, BCC698, BCC703, BCC028, BCC 027, BCC033, BCC030, BCC043, BCC029, 

BCC045, BCC049, BCC059, BCC056, BCC032, BCC047 and BCC060), 1 isolate from 

Uruguay (BCC583) and 1 isolate from Thailand (BCC367) grouped within the Pantoea 

ananatis/Pantoea allii cluster (group 1). One isolate from Uruguay (BCC771) and 3 

isolates from South Africa (BCC683, BCC694 and BCC676) grouped with the type strain 

of P. eucalypti. One Isolate from Uganda (BCC691) and 3 isolates from Colombia 

(BCC580, BCC586 and BCC573) group with the type strain of P. agglomerans/P. 

vagans (group 2). The isolate, BCC684, from South Africa grouped with the type strain of 

Pantoea stewartii subsp. indologenes (group 4). Nine isolates from Thailand (BCC380, 

BCC379, BCC566, BCC210, BCCBCC212, BCC213, BCC211, BCC070 and BCC073), 

1 isolate from Argentina (BCC016), 2 isolates from South Africa (BCC692, BCC682), 

grouped with the type strain of Pantoea dispersa (group 6). 

 
3.5) GyrB sequencing and phylogenetic analysis 

 

Sequencing of the GyrB gene was undertaken on all 64 isolates. Amplification of the 

partial GyrB gene using the primers described previously resulted in a fragment of 

approximately 1000 bp in size. This resulting fragment was sequenced using the 

previously described primers. 
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A Maximum Likelihood tree was constructed using Modeltests 3.7 to predict the tree that 

was most suited to the dataset (Fig. 3). The chosen model was GTR+I+G. In the 

resulting Maximum Likelihood tree all Pantoea type strains formed distinct clusters. High 

bootstrap values provide support for the identity of most of the isolates that grouped with 

the Pantoea type strains. 

 

In a similar manner to what was found with the 16S rRNA gene sequencing results, 

some isolates did not fall into any of the known Pantoea species clusters but clustered 

closer with the type strains of other plant pathogenic bacteria. Isolates BCC017, 

BCC209, BCC288, BCC378, BCC678, BCC019, BCC014, BCC693, BCC677 and 

BCC044 all grouped within the genus Enterobacter (viz. groups 10 and 11).The isolates 

BCC017 and BCC209 grouped with the type strain of Enterobacter cowanii with a 

bootstrap support value of 99.7% and a 100% respectively, thus accurately identifying 

these two isolates as this species. The isolate BCC575 (viz. group5) groups nearest to 

the type strain of Erwinia rhapontici. This isolate is believed to belong to the genus 

Erwinia. 

 

Isolates (viz group 9) included those from Rwanda, BCC568, BCC569, BCC570 and 

BCC571, isolates from Colombia, BCC581, BCC582, BCC585, BCC588 and BCC589 

and two Isolates from South Africa, BCC679 and BCC681, do not cluster with type 

strains of a known Pantoea species. They represent one or more undescribed species 

that may possibly belong to the genus Pantoea since it is more closely related to this 

genus than other type strains included. This distinct cluster was also observed with 16S 

rRNA gene sequencing but with poor bootstrap support. However, GyrB gene 

sequencing provides stronger support for the phylogenetic position of this cluster. 

 

The isolate BCC213 groups within the Pantoea dispersa cluster in the 16S rRNA gene 

tree. However, according to the Maximum Likelihood tree constructed using the GyrB 

gene data, the isolate grouped closely to the Pantoea dispersa cluster but with the 

reference strain of Pectobacterium cypripedii with a 100% bootstrap value to support this 

branch (viz group 7). Isolates BCC 292 and BCC682 (viz. group 8) grouped within the P. 

dispersa cluster with 16S rRNA gene sequencing, but when analised using the GyrB 

gene these isolates formed a distinct separate group (viz. group 8) that contains no 

reference strain. Thus these two isolates could not accurately be identified. 
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The results obtained from the GyrB sequencing supported the groupings of all other 

isolates as indicated by 16S rRNA gene sequencing. Unfortunately the GyrB gene could 

not be sequenced for 3 isolates, namely BCC771, BCC210 and BCC211. Their 

identification is thus based on 16S rRNA gene sequencing and the results obtained from 

AFLPs. 

 

3.6) AFLP (Amplified Fragment Length Polymorphism) analysis 
 

A DNA fingerprint requires a minimum of 30 – 50 bands for sufficient analysis (Janssen 

et al., 1996). The fingerprints resulting from this AFLP study resulted in approximately 

100 bands which is sufficient for analysis. Only isolates that grouped within the known 

Pantoea species clusters was included in the AFLP analysis, since a detailed database 

with fingerprints of type strains and representative strains of the different Pantoea 

species is available for analysis. 

 

In the resulting UPGMA dendrogram (Figure 4) 9 distinct groups were formed that 

contained isolates of interest. Group 5 includes the type (LMG 2665T), and 

representative strains of Pantoea ananatis. The UPGMA dendrogram (see Figure 4) 

produced from the AFLP analysis of the isolates confirmed the clustering observed for 

the 16S rRNA and GyrB gene sequencing. AFLP confirms the identity of the following 

isolates: Isolates belonging to P. ananatis: BCC 028, BCC 029, BCC 056, BCC 060, 

BCC 030, BCC 695, BCC 032, BCC 033, BCC 049, BCC 043, BCC 027, BCC 059, BCC 

045, BCC 367, BCC 698, BCC 703, BCC 700, BCC 699, BCC 701, BCC 583 and BCC 

047. Isolates belonging to P. dispersa: BCC 073, BCC 566, BCC 379, BCC 380, BCC 

210, BCC 016 and BCC 070. Isolates belonging to the P. eucalypti: BCC 683, BCC 676, 

BCC 694, BCC 771. Isolates belonging to P. vagans: BCC 691 and BCC 573. 

 

Sequencing of the 16S rRNA gene, and the GyrB gene of the isolate BCC586 resulted in 

a clustering with the type strains of Pantoea vagans whilst AFLP analysis shows that this 

isolate’s identity is P. dispersa. Similarly with isolate BCC 580, where sequencing of the 

genes implicates the identity of this isolate as P. vagans, and AFLP analysis identifies 

this isolate as P. eucalypti. The conflicting identities of these isolates may be a result of 

the unevenness of the AFLP banding patterns. The intensity of the banding patterns for 
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the different isolates was not standardized for all the fingerprints. The bands at the start 

of the fingerprint were dark, but as the bands progressed the intensity of the bands 

faded. When looking at the resulting fingerprint for BCC 586 two thick, blotchy bands can 

be seen near the start of the fingerprint. These two bands could possibly have skewed 

the analysis and excluded this isolate from the P. vagans cluster because these two 

bands share more similarity to the DNA fingerprint of P. dispersa. This also proves that 

sequencing is a more reliable approach than AFLP for identification of unknown Pantoea 

isolates. 

 

3.7) Pathogenicity trials 
 

All isolates used in the pathogenicity tests elicited moderate to no hypersensitivity 

responses when inoculated into tobacco plants when compared to the positive control 

(LMG 20103) (results not showed). The hypersensitive response indicates that the 

bacterial isolates in question are indeed plant pathogens, and would be able to induce 

disease in Eucalyptus plants. No response was elicited by the negative control. 

 

Isolates BCC568, BCC213, BCC679, BCC682 and BCC583 elicited a mild to strong 

hypersensitive response where symptoms ranged from yellowing of the leaves to 

complete necrosis of the inoculated leaf tissue. These isolates were found to be 

moderately pathogenic when compared to the positive control after inoculations of the 

susceptible Eucalyptus GN clones. Isolates BCC581, BCC585, BCC681 and BCC583 

elicited a very mild hypersensitive response. 

 

When the bacterial suspension was inoculated into healthy susceptible Eucalyptus 

plants, disease symptoms started to develop between 2 – 5 days depending on the 

isolate. All inoculations with the respective isolates showed signs of disease 

development. Disease symptoms initially appeared at the site of inoculation and spread 

along the main vein of the leaf. Symptoms on the Eucalyptus leaves can be seen in 

Figure 5. Severity of the symptoms ranged from moderately pathogenic to pathogenic. 

Isolates BCC679, BCC568, BCC682 and BCC213 showed less severe lesions on the 

leaves where as isolates BCC367, BCC583, BCC585, BCC681 and BCC581 showed 

more severe disease symptom development. All of the inoculated isolates were less 
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pathogenic than the positive control (LMG20103) when lesions were compared. The 

negative control produced no lesions. 

 

When the pathogenicity results were recorded, the causal agent of the resulting lesions 

were re-isolated. Partial sequencing of the 16S rRNA gene and comparison to the partial 

sequence of the inoculated organism resulted in 100% similarity when aligned using Bio 

Edit, thus indicating that Koch’s postulates were fulfilled. The bacterial organism 

associated with the disease symptoms was inoculated into healthy Eucalyptus leaf 

tissue, similar disease symptoms were induced and the causal organism was re-isolated 

from the diseased leaf material. 

 

Further studies into the pathogenicity of these isolates should include the testing of 

these bacterial strains on different plant hosts than Eucalyptus, especially for the 

proposed new species. 

 

4) DISCUSSION and CONCLUSIONS 
 

The disease symptoms on Eucalyptus leaf material from Argentina, Colombia, Rwanda, 

South Africa, Thailand, Uganda, and Uruguay was similar. Isolates obtained were 

identified using a polyphasic approach. A combination of phenotypic (Gram stains and 

Hugh Leifson) and genotypic (16S rRNA gene sequencing, GyrB gene sequencing and 

AFLP analysis) were used in this study. Previous studies have shown the difficulty of 

identifying species of the genus Pantoea using only phenotypic techniques due to the 

high degree of similarities between species of the genus Pantoea and related members 

of the Enterobacteriaceae (Mergaert et al., 1984; Verdonck et al., 1987). Misidentification 

of these isolates would frequently occur due to phenotypic resemblance between these 

isolates when identification was based solely on colony morphology and physiological 

tests. 

 

Results in this study showed that 16S rRNA gene sequencing can potentially be used to 

identify isolates belonging to the genus Pantoea and to investigate their taxonomic 

position. Unfortunately, this technique cannot accurately distinguish between the 

different Pantoea species. This is due to the fact that the 16S rRNA gene is highly 

conserved amongst members of the family Enterobacteriaceae (Stackebrandt et al., 



 61

1999). Although this technique cannot accurately identify isolates to the species level, it 

is to date still a requirement of the description of a bacterial species (Stackebrandt et al., 

2002). The large database that exists of 16S rRNA sequence information also makes 

this technique attractive for initial identification of species. Since this technique does not 

identify the species of Pantoea accurately, other identification techniques were also 

employed. When investigating the Maximum Likelihood tree constructed from the 16S 

rRNA gene data, it can be seen that the representative isolates of P. ananatis and P. allii 

forms a single cluster, not differentiating between the two species. A MLSA study done 

by Brady and co-workers (results unpublished) shows that P. allii is a new species 

belonging to the genus Pantoea, clearly separated from its closest Pantoea relative P. 

ananatis. Thus indicating that 16S rRNA gene sequencing alone cannot be used for 

identification of Pantoea species. Also, when examining the 16S rRNA gene sequencing 

data, isolates BCC682 and BCC692 falls within the cluster that identifies these isolates 

as P. dispersa. When examining the GyrB gene sequencing data it can be seen that 

these two isolates do not fall within the P. dispersa cluster supporting the above 

mentioned statement. 

 

GyrB gene sequencing allows for a more accurate identification of Pantoea isolates. This 

gene forms part of the replication machinery of the bacterial cell, and is thus a 

requirement for normal replication of the bacterial genome. This gene is conserved and 

is not highly subjected to horizontal gene transfer, which renders it a dependable gene 

for phylogenetic identification. Brady et al., (2008) has shown that this gene has high 

discriminatory resolution between species of the genus Pantoea. The GyrB gene of 

isolates BCC771, BCC210 and BCC211 could not be amplified using the primers 

specified. Although, the GyrB gene of these isolates could not be amplified isolates 

BCC771 and BCC210 could still be accurately identified, given that the identity given by 

the sequencing of the 16S rRNA gene and AFLP analysis corresponded. Isolate 

BCC211 posed more of a challenge since 16S rRNA gene sequencing indicates that this 

isolate clusters within the P. dispersa cluster and AFLP analysis showed that this isolate 

does not cluster with a known Pantoea isolate. Thus, this isolate could not be identified. 

 

AFLP analysis allows for the identification of bacterial isolates based on a whole genome 

approach. Where sequencing methods depends on the identification of isolates based 

on one specific gene. AFLP analysis has also previously been shown as a reliable and 
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reproducible method for typing of Pantoea species (Brady et al., 2007). The AFLP 

technique was used to confirm the identity of isolates. AFLP analysis and the 

construction of a UPGMA dendrogram supported the identity of isolates that grouped in 

distinct clusters in GyrB gene sequencing as it formed the same clusters in AFLP 

analysis, with some exceptions. The isolate BCC580 was identified as P. vagans with 

16S rRNA gene sequencing and GyrB gene sequencing by clustering with the 

representative strains of P. vagans. When comparing these results to those generated 

by the AFLP technique, they do not correspond. AFLP analysis identified this isolate as 

P. eucalypti since it clustered with the representative isolates of P. eucalypti. The same 

observation can be made for BCC586, where this isolate clusters with P. vagans using 

the sequencing techniques whilst AFLP analysis indicates that this isolate is in fact P. 

dispersa. This controversy might have arisen due to irregularities in the banding patterns 

itself or due to unevenness in the intensity of the banding patterns. When investigating 

the individual bands in the banding patterns, it can be seen that both of these banding 

patterns are unique. These isolates grouped in the above mentioned clusters due to one 

or two individual bands that are highly similar to bands observed in the type strains of P. 

eucalypti and P. dispersa respectively for BCC580 and BCC586. The software used for 

analysis of the banding patterns could not distinguish between these two isolates since it 

does share similar individual bands and on the basis of these individual similar bands 

with high intensity the isolates are thought to be similar. High congruence is not 

observed between these isolates to support the identities given with AFLP analysis. With 

exception to the above mentioned isolated incidences, GyrB gene sequencing and AFLP 

analysis are sufficient techniques for the identification of bacterial isolates belonging to 

the family Enterobacteriaceae up to species level. 

 

Most isolates elicited a positive hypersensitivity response within 48 hours indicating that 

these isolates are plant pathogens. According to Coplin and Kado (2001) P. stewartii 

and P. agglomerans are said to possess a hrp secretion system, responsible for inducing 

a hypersensitive reaction in plants, but will not necessarily induce a positive HR when 

grown on rich media such as nutrient agar. All inoculated strains in this study did 

however elicit a positive HR. Pathogenicity tests revealed that the inoculated bacterium 

was the causal agent of blight and dieback since similar symptoms were observed on 

inoculated plants. This was further confirmed when the bacterium was re-isolated from 

the inoculated plants and their identity confirmed. The inoculation method used for 
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pathogenicity tests in this study, is a very stringent method of inoculation and future 

studies should include a less stringent inoculation method to compare results of the 

inoculation methods. As different Pantoea species were isolated from diseased 

Eucalyptus leaf material showing signs of bacterial blight and dieback, it is most likely 

that the disease is caused by a complex of bacterial species. 

 

Certain isolates did not group into the distinct Pantoea clusters using GyrB gene 

sequencing analysis and AFLP analysis, but clustered outside the genus Pantoea with 

its closest plant pathogenic relatives, namely, Enterobacter, Erwinia and 

Pectobacterium. The identity of these isolates does not suggest that these bacteria are 

the causal agent of bacterial blight and dieback on Eucalyptus, but rather suggests that 

these bacteria may have been present within the leaf tissue as endophytes at the time of 

isolation. These bacteria are not thought to be epiphytes since the leaf material was 

surface sterilized before pathogen isolations occurred. In a study done by Kuklinsky-

Sobral and co-workers (2004) they showed that the most dominant endophytic bacteria, 

isolated from two cultivars of soybean plants, belonged to the family Enterobacteriaceae. 

More specifically Enterobacter spp. and Erwinia spp. were isolated as endophytes from 

the soybean plant. Enterobacter spp. were also isolated as endophytes from other plants 

and crops e.g. strawberry (Tanprasert and Reed, 1997), red clover (Sturz et al., 1998), 

citrus plants (Araujo et al., 2001, Gardner et al., 1982) and cotton (McInroy and 

Kloepper, 1995 and Musson et al., 1995) to name a few. Erwinia spp. have also less 

frequently been isolated as endophytes from plants and crops such as cotton (Misaghi 

and Donndelinger, 1990), alfalfa (Gagne et al., 1987) and sugar beet (Jacobs et al., 

1985). 

 

All genotypic identification techniques identified a group of isolates that fall within the 

delineation of the genus Pantoea but do not cluster with a distinct Pantoea type strain or 

reference strain and could thus not be identified. Preliminary results suggest that these 

isolates may be new species or subspecies of the genus Pantoea. Further investigation 

will need to be implemented to identify these potentially new species. More samples will 

also need to be taken. 

 

The polyphasic identification approach used in this study proved to be a rapid and 

reliable technique for the identification of unknown bacteria isolated from diseased 
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Eucalyptus leaf samples. The alternative technique and the golden standard in bacterial 

taxonomy is DNA:DNA hybridization. The disadvantages of this technique includes its 

high cost since the reagents and equipment used is expensive, the technique is not 

rapid and it cannot be standardised between different laboratories to compare results. 

The polyphasic approach used in this study thus provides an improved alternative with 

more advantages for the forestry industry when unknown bacteria causing disease 

needs to be identified. Pantoea species also infect and cause disease on a wide variety 

of agriculturally important hosts other than Eucalyptus. Accurately identifying these 

species may lead to the development of a method for controlling and managing this 

pathogen. The principles and techniques used in this study can also be used in future for 

the identification of other disease causing bacteria. 

 

A summary on the species identified by this polyphasic identification study identified the 

following isolates from diseased Eucalyptus leaf material from the different countries. 

The results showed that the following species are associated with bacterial blight and 

dieback of Eucalyptus in the following geographical regions  

 Species isolated from Africa (South Africa: Mtunzini, South Africa: White River, 

Rwanda and Uganda) included P. ananatis, P. stewartii, P. vagans and P. 

eucalypti 

 Species isolated from South America (Argentina, Colombia and Uruguay) 

included P. ananatis, P. dispersa and P. vagans 

 Species isolated from Asia (Thailand) included P. ananatis and P. dispersa 

 No P. agglomerans isolates were isolated from any of the geographical regions 

 New species probable belonging to the genus Pantoea was isolated from the 

following geographical regions: Africa (South Africa: White River and Rwanda) 

and South America (Colombia). 
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Table 1: List of primers used for 16S rRNA amplification and 16S rRNA sequencing 

(Coenye et al., 1999). Primers *pA and pH were used for amplification of the 16S rRNA 

gene, whilst all other primers were used during partial sequencing of this gene 

 

Name Synonym Sequence (5’ → 3’) Position on 16S 
gene 

16F271 *pA AGA GTT TGA TCC TGG CTC AG 8 – 27 

16R1522 pH AAG GAG GTG ATC CAG CCG CA 1541 – 1522 

16F536 *pD CAG CAG CCG CGG TAA TAC 519 – 536 

16F926 *O AAC TCA AAG GAA TTG ACG G 908 – 926 

16F1112 *3 AGT CCC GCA ACG AGC GCA AC 1093 – 1112 

16R519 pD GTA TTA CCG CGG CTG CTG 536 – 519 

16R685  TCT ACG CAT TTC ACC GCT AC 704 – 685 

16R1093 3 GTT GCG CTC GTT GCG GGA CT 1112 – 1093 

 

* Indicates forward primers 

 

 

Table 2: List of primers used for the amplification and sequencing of the GyrB gene for 

members of the family Enterobacteriaceae (Brady et al., 2008). 

 

Name Sequence (5’ → 3’) Type of primer 

*gyrB PF TAARTTYGAYGAYAACTCYTAYAAAGT Amplification/Sequencing 

gyrB 02R CMCCYTCCACCARGTAMAGTTC Amplification 

*gyrB PF7 GTVCGTTTCTGGCCVAG Sequencing 

 

* Indicates forward primers 
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Figure 1: Symptoms of bacterial blight and dieback on Eucalyptus grandis and E. grandis 

X E. nitens hybrids in different countries: South Africa (A), Uganda (B) and Colombia (C). 
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Figure 2: [next page] 16S rRNA gene sequencing phylogenetic tree, using the Maximum-

Likelihood parameter, of unidentified isolates from Argentina, Colombia, Indonesia, 

Rwanda, South Africa, Thailand, Uganda and Uruguay and selected members of the 

family Enterobacteriaceae. Species clusters and unknown clusters are indicated in 

different colours and labeled. Supporting bootstrap values are indicated above the 

branches. 
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Figure 3: [next page] GyrB gene sequencing phylogenetic tree using the Maximum-

Likelihood parameter, of unidentified isolates from Colombia, Uruguay, Rwanda, 

Argentina, Thailand and South Africa and selected members of the family 

Enterobacteriaceae. Species clusters and unknown clusters are indicated in different 

colours and labeled. Supporting bootstrap values are indicated above the branches. 
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Figure 4: [next infold page]UPGMA tree constructed using the Pearson correlation 

coefficient based on AFLP analysis of unidentified isolates from diseased Eucalyptus. 

The seven known Pantoea species and newly classified Pantoea species are included in 

this tree. 
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Table 3: Summary of results obtained from 16S rRNA gene sequencing, GyrB gene sequencing and AFLP band pattern analysis with 

preliminary identifications in this study. Isolates that did not cluster in a distinct Pantoea cluster, was identified as the genus that was 

its closest relative 

Isolate Origin 16S rRNA gene sequencing GyrB gene 
sequencing 

AFLP analysis Identity 

BCC014 Argentina Unresolved Enterobacter sp. N/A Enterobacter sp. 

BCC016 Argentina P. dispersa cluster P. dispersa cluster P. dispersa cluster P. dispersa

BCC017 Uruguay Unresolved Enterobacter cowanii N/A Enterobacter sp. 

BCC019 Uruguay Unresolved Enterobacter sp. N/A Enterobacter sp. 

BCC070 Thailand P. dispersa cluster P. dispersa cluster P. dispersa cluster P. dispersa 

BCC073 Thailand P. dispersa cluster P. dispersa cluster P. dispersa cluster P. dispersa 

BCC566 Thailand P. dispersa cluster P. dispersa cluster P. dispersa cluster P. dispersa 

BCC568 Rwanda Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 

BCC569 Rwanda Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 

BCC570 Rwanda Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 

BCC571 Rwanda Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 

BCC573 Colombia P. agglomerans/vagans group P. vagans cluster P. vagans cluster P. vagans 

BCC575 Colombia Erwinia sp. Erwinia sp. N/A Erwinia sp. 

BCC580 Colombia P. agglomerans/vagans group P. vagans group P. eucalypti group P. vagans 

BCC581 Colombia Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 

BCC582 Colombia Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 
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Table 3: Continued 

Isolate Origin 16S rRNA gene sequencing GyrB gene 
sequencing 

AFLP analysis Identity 

BCC585 Colombia Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 

BCC586 Colombia P. agglomerans/vagans group P. vagans group P. dispersa group P. vagans 

BCC588 Colombia Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 

BCC589 Colombia Genus Pantoea Genus Pantoea Genus Pantoea Potential new species 

BCC027 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC028 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC029 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC030 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC032 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC033 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC043 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC044 South Africa 1 Unresolved Unresolved N/A Unresolved 

BCC045 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC047 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC049 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC056 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC059 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC060 South Africa 1 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis
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Table 3: Continued 

Isolate Origin 16S rRNA gene 
sequencing 

GyrB gene 
sequencing 

AFLP analysis Identity 

BCC676 South Africa 2 P. eucalypti group P. eucalypti group P. eucalypti group P. eucalypti 

BCC677 South Africa 2 Unresolved Unresolved N/A Unresolved 

BCC678 South Africa 2 Unresolved Enterobacter cloacae N/A Enterobacter sp. 

BCC679 South Africa 2 Genus Pantoea Genus Pantoea Genus Pantoea Probable new species 

BCC681 South Africa 2 Genus Pantoea Genus Pantoea Genus Pantoea Probable new species 

BCC682 South Africa 2 P. dispersa group Outside P. dispersa 

group 

Outside Pantoea cluster Probable new species 

BCC683 South Africa 2 P. eucalypti group P. eucalypti group P. eucalypti group P. eucalypti 

BCC684 South Africa 2 P. stewartii ssp. 

indologenes group 

P. stewartii ssp. 

indologenes group 
P. stewartii ssp. 

indologenes group 
P. stewartii ssp. 

indologenes 
BCC691 Uganda P. agglomerans/vagans 

group 

P. vagans group P. vagans group P. vagans

BCC692 South Africa 2 P. dispersa group Outside P. dispersa 

group 

Outside Pantoea cluster Probable new species 

BCC693 South Africa 2 Unresolved Unresolved N/A Unresolved 

BCC694 South Africa 2 P. eucalypti group P. eucalypti group P. eucalypti group P. eucalypti 

BCC695 South Africa 2 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis

BCC698 South Africa 2 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis
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Table 3: Continued 

Isolate Origin 16S rRNA gene 
sequencing 

GyrB gene 
sequencing 

AFLP analysis Identity 

BCC699 South Africa 2 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis 

BCC700 South Africa 2 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis 

BCC701 South Africa 2 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis 

BCC703 South Africa 2 P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis 

BCC583 Uruguay P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis 

BCC771 Uruguay P. eucalypti group No amplification of 

GyrB gene 

P. eucalypti group P. eucalypti 

BCC209 Thailand Unresolved Enterobacter sp. N/A Enterobacter sp. 

BCC210 Thailand P. dispersa group No amplification of 

GyrB gene 

P. dispersa group P. dispersa 

BCC211 Thailand P. dispersa group No amplification of 

GyrB gene 

Inside Pantoea cluster ? 

BCC212 Thailand P. dispersa group P. dispersa group P. dispersa group P. dispersa 

BCC213 Thailand P. dispersa group Pectobacterium 

cypripedi 

N/A Pectobacterium cypripedi 

BCC288 Thailand Enterobacter sp. Enterobacter sp. N/A Enterobacter sp. 

BCC367 Thailand P. ananatis/allii group P. ananatis group P. ananatis group P. ananatis 

BCC378 Thailand Enterobacter sp. Enterobacter sp. N/A Enterobacter sp. 

BCC379 Thailand P. dispersa group P. dispersa group P. dispersa group P. dispersa 

BCC380 Thailand P. dispersa group P. dispersa group P. dispersa group P. dispersa 
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Figure 5: [next page] Results of the pathogenicity trials. Isolates from Argentina, 

Colombia, Indonesia, Rwanda, South Africa, Thailand, Uganda and Uruguay was 

inoculated into the host E. grandis X E. nitens hybrid. A: Negative control (sterile saline 

solution) B: Positive control (P. ananatis, LMG 20103) C: BCC568 (Rwanda) D: BCC 

213 (Thailand) E: BCC581 (Colombia) F: BCC 585 (Colombia) G: BCC 679 (South 

Africa) H: BCC 681 (South Africa) I: BCC 682 (South Africa) J: BCC 583 (Uruguay) K: 
BCC 367 (Thailand). Photographs taken 36 hours after inoculation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 84

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4 
 

Xanthomonas species associated with bacterial blight and 
dieback of Eucalyptus in South Africa and Uruguay 
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Xanthomonas species associated with bacterial blight and dieback of 
Eucalyptus in South Africa and Uruguay 

 
ABSTRACT 
 
Three bacterial pathogens have been shown to cause blight and die-back of Eucalyptus 

species, namely Pantoea ananatis, Xanthomonas campestris pv. eucalypti and X. 

axonopodis. P. ananatis has only been reported infecting this host in South Africa while 

X.c. pv. eucalypti and X. axonopodis only occur in Australia and Brazil, respectively. In 

2003 a newly established compartment of an E. grandis clone in the Mtunzini area of 

South Africa showed extensive leaf blight and die-back. Bacteria were commonly found 

exuding from the leaves and petioles. Bacterial isolations from diseased leaf material 

consistently yielded P. ananatis and a Xanthomonas sp., while isolations from the 

material collected at Uruguay yielded only a Xanthomonas species. 16S rRNA and gyrB 

gene sequencing was performed on all unknown strains once phenotypic tests were 

completed. F-AFLP’s were also used and the resulting profiles were compared to those 

of the type strains of a number of species within the genus Xanthomonas. Pathogenicity 

tests were also undertaken using susceptible Eucalyptus seedlings and isolates were 

found to be pathogenic. Strains of Xanthomonas from the Mtunzini outbreak in South 

Africa all grouped with the type strain of X. vasicola. Isolates from Uruguay grouped with 

the type strain of X. fuscans. It seems to be closely related to X. fuscans subsp. fuscans 

which infects bean. Both of the species isolated from Eucalyptus in South Africa and 

Uruguay are first reports for both these species on Eucalyptus. 

 
1) INTRODUCTION 

 

Xanthomonas species are plant associated bacteria that can occur as epiphytes on the 

leaves or as pathogens causing a range of symptoms on a wide variety of economically 

important plants. These include crops and commercially important fruit and forest trees 

such as sugarcane (Ricaud and Ryan, 1989), rice (Swings et al., 1990), bananas (Yirgou 

and Bradbury, 1968) and cotton (Atkinson, 1891), citrus (Hasse, 1915), poplar (Koning, 

1938) and Eucalyptus (Truman, 1974 and Goncalves et al., 2008). Xanthomonas spp. 

are also encountered as endophytes on plants (Lodewyckx et al., 2002). Due to the 

importance of the genus in agriculture and forestry, numerous studies have been 
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undertaken to provide an accurate and rapid means of identifying species in the genus 

which is often phenotypically very similar and difficult to identify (Vauterin et al., 2000). 

 

Prior to 1995, species in the genus Xanthomonas were assigned based on the “new host 

– new species” concept (Starr, 1981) which led to the identification of many new species 

on different hosts. The identification of an isolate was thus only based on a single 

phenotypic property i.e. host specificity. An unreasonable number of nomenspecies 

arose from this classification practice. In 1995, Vauterin et al. re-classified the genus 

based on a DNA:DNA hybridization study and 20 species were recognised. Currently, 

the genus Xanthomonas comprises 27 validly published species (Euzeby).  

 

Hauben et al. (1997) revealed a low degree of genetic divergence in the 16S rRNA gene 

between different species of Xanthomonas and only three lineages were distinguished 

using this technique. Rademaker et al. (2000) using, Amplified Fragment Length 

Polymorphism (AFLPs), showed that it gave better resolution than 16S rRNA gene 

sequencing and was able to reveal the genotypic and phylogenetic relationship between 

20 species of the genus as described by Vauterin et al. (1995). More recently, studies 

have been undertaken to sequence the protein encoding genes or core genes of 

bacteria to compliment 16S rRNA gene sequencing and to produce more accurate 

phylogenetic information (Zeigler, 2003; Naser et al., 2005). Young et al. (2008), 

successfully used multilocus sequence analysis (MLSA) of species in the genus 

Xanthomonas to clearly differentiate the species that were established with the 

DNA:DNA reassociation technique by Vauterin et al. (1995). In two separate studies the 

GyrB gene was successfully used to resolve the phylogenetic position of the species 

Xanthomonas. In the first study, Parkinson et al., (2007) could clearly indicate the inter-

species relationship of Xanthomonas from the results. They also stated that this method 

can aid in rapid and accurate species identification. In the second study, Young et al., 

(2008) undertook a MLSA study on 119 Xanthomonas strains, sequencing four core 

genes including the GyrB gene. The analysis clearly differentiated most of the species 

that have validly been established by DNA:DNA hybridization studies. MLSA is a simpler 

alternative to DNA:DNA hybridisations and can allocate isolates to a specific species. 

MLSA is also more advantageous since the data is transferable between different 

laboratories whereas DNA:DNA hybridization studies employs specialized equipment 

and only selected laboratories can perform this labour intensive technique. 
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Native Australian Eucalyptus trees or hybrids and clones are grown in South Africa as 

commercial forestry trees. These trees are also grown as plantation species in several 

countries in Africa, Asia, South America and New Zealand. Eucalyptus plantations are 

rapidly expanding and they are thus an attractive option for the production of pulp and 

paper. The fast growth of local South African plantations makes tree breeding a 

possibility. This has led to South Africa becoming a world leader in selective tree 

breeding and cloning of Eucalyptus species (Forestry South Africa, 2002) 

 

Four bacterial pathogens have been identified to cause diseases of Eucalyptus trees. 

These pathogens are Ralstonia solanecearum causing bacterial wilt (Dianese et al., 

1990), Xanthomonas eucalypti (renamed: X. campestris pv. eucalyptii) causing bacterial 

dieback (Truman, 1974), Pantoea ananatis was identified as the causal agent of 

bacterial blight and dieback of Eucalyptus trees (Coutinho et al., 2002) and most recently 

Xanthomonas axonopodis causing bacterial leaf blight (Goncalves et al., 2008). In this 

study, unknown Gram negative, obligatory aerobic organisms were isolated from 

diseased Eucalyptus leaves showing typical signs of bacterial blight and dieback from 

Uruguay and South Africa. The objective of this study was to identify these strains using 

a polyphasic approach. Genotypic methods used included 16S rRNA and GyrB gene 

sequencing and AFLP analysis. When the identity of the isolates was confirmed, their 

ability to cause disease symptoms on Eucalyptus was determined. 

 

2) MATERIALS AND METHODS 
 
2.1) Disease symptoms 
 
Eucalyptus grandis leaf and shoot material showing symptoms of blight and dieback 

were collected from KwaZulu Natal, South Africa and from plantations in Uruguay. The 

observed symptoms were similar in both countries. The initial symptom was the 

appearance of watersoaked lesions on the leaf, which became necrotic with time. 

Lesions often coalesced and were concentrated along the main vein. Infected young 

shoots died back and in some leaves it appeared as if the infection along the veins arose 

from infected petioles. 
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2.2) Bacterial isolations 
 
Diseased leaf samples were obtained and were surface sterilized by placing them for 1 

minute in a 10% sodium hypochlorite solution followed by 70% ethanol for a further 

minute. Leaves were then rinsed in sterile water to remove excess ethanol. Diseased 

leaf material was crushed in 2 ml of sterile water using a sterile mortar and pestle. 

Bacterial suspensions were plated onto Nutrient Agar (NA), and incubated for 48 hours 

at 28 ºC. Bacterial colonies were then selected and purified. 

 

2.3) Phenotypic testing 
 
Pure cultures of all isolates obtained from infected leaves collected from the two 

countries were subjected to Gram staining and the Hugh Leifson oxidative/fermentative 

test using media supplied by Biolab (Biomerieux). Only isolates that were Gram negative 

and obligatory aerobic were included. Strains that were Gram negative, facultatively 

anaerobic and fermentative were identified as Pantoea isolates (Chapter 3). These latter 

strains were only isolated from the leaf material collected in South Africa. 

 

2.4) DNA extractions 
 

Isolates that were Gram negative and aerobic, were inoculated into LB broth and 

incubated overnight at 28 °C. DNA extractions were performed on all isolates using the 

Dneasy Blood and Tissue Kit (QIAGEN) according to instructions of the manufacturer. 

The DNA concentration of the extracted DNA was determined by loading the samples on 

a 1% agarose gel (Whitehead Scientific), containing 1 µl ethidium bromide for every 10 

ml of the agarose gel, and run on the gel in 1 X TAE Buffer at 100 V and 400 mA for 40 

minutes. 

 

2.5) 16S rRNA gene sequencing and phylogenetic analysis 
 
The 16S rRNA gene was amplified using primer pair *pA and pH. Each 100 µL PCR 

reaction contained 1X Reaction buffer, 250 µM of each nucleotide (dATP, dCTP, dGTP, 

dTTP), 100 pmol of each of the above mentioned primers (Inqaba Biotechnologies), 1 U 

Taq Gold (Roche) and 50 – 100 ng of genomic DNA. PCR amplification was carried out 
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in an Mastercycler epgradient (Eppendorf). PCR cycles included an initial denaturation 

step at 94 ºC, 30 cycles of denaturation at 94 ºC for 1 min, annealing of the primers at 58 

ºC for 1 min, primer extension at 72 ºC for 1 min and a final extension step at 72 ºC for 5 

min. Reactions were held at 4 ºC until used. Sterile water was used in a reaction as a 

negative control to monitor contamination and DNA of an isolate that is known to have 

been successfully amplified previously using this protocol was used as a positive control. 

The amplification products were loaded on a 1% agarose gel (Whitehead Scientific), 

containing 1 µl ethidium bromide for every 10 ml of the agarose gel, and run on the gel in 

1 X TAE Buffer at 100 V and 400 mA for 40 minutes. Viewing the gel under UV light, 

single bands for every isolate of the 16S rRNA gene was observed. The 16S rRNA gene 

was purified from the PCR reaction using the QIAquick® PCR Purification Kit (QIAGEN). 

 

Initially, the 16S rRNA gene of all isolates was only partially sequenced in order to 

determine the genus to which each isolate belonged. The forward primer, 16F536 (*pD) 

5’ CAG CAG CCG CGG TAA TAC 3’ (Table 1) was used for this purpose. This primer 

amplifies a sequence of approximately 700 bp of the 16S rRNA gene which is known to 

be variable amongst different genera of bacteria. The partial sequences of the isolates 

were then BLASTed against Genbank/EMBL database in a homology search 

(www.ncbi.nlm.nih). 

 

The entire 16S rRNA gene of the 20 isolates belonging to the Xanthamonodaceae with 

greater than 97% sequence similarity to this genus were then sequenced. Three forward 

primers and four reverse primers were used for this purpose (Table 1). 

 

Each 10 µl sequencing reaction contained 2 µl of Big Dye Sequencing Mix (Applied 

Biosystems), 1 X Sequencing Buffer, 3.2 pmol of the appropriate internal primer and 150 

ng of purified DNA (16S rRNA gene). PCR reactions were carried out in an Mastercycler 

epgradient (Eppendorf). Sequencing PCR cycles included an initial denaturation step at 

96 ºC for 5 sec followed by 25 cycles of denaturation at 96 ºC for 10 sec, primer 

annealing at 55 ºC for 5 sec and primer extension at 60 ºC for 4 min. The reactions were 

held at 4 ºC until sequenced. Sequencing PCR products were precipitated from the PCR 

reaction using the sodium acetate precipitation method. The PCR products were 

sequenced on an ABI Prism™ 3100 Automated Sequencer (Applied Biosystems). After 

sequencing of the isolates using the different internal primers a consensus sequence of 
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the full length 16S rRNA gene was assembled manually, using the program Bio-edit 

Sequence Alignment Editor v 5.0.9., based on overlapping sequences between the 

fragments generated by the different internal primers.  

 

Consensus sequences of the different 16S rRNA genes were aligned along with the type 

strains (acquired from the Genbank/EMBL database) of different Xanthomonas species 

using the program ClustalX (Thompson et al., 1997). Modeltest 3.7 (Posada and 

Crandall, 1998) was used to determine the evolutionary model best suited to the dataset. 

The chosen model was HKY+I. Pinvar was also determined using 

Modeltest3.7.Maximum-Likelihood and Neighbour-Joining analyses where performed 

using Phyml (Guindon and Gascuel, 2003) and PAUP 4.0b10 (Swofford, 2000), 

respectively, by applying the model selected by Modeltest 3.7. Only the Maximum-

Likelihood phylogenetic trees are shown. A bootstrap analysis was run using a 1000 

replicates to show branch support. Included in this tree are representatives of a number 

of described Xanthomonas spp. The tree was rooted with the outgroup Xanthomonas 

albilineans, which is a distantly related Xanthomonas species. 

 
2.6) GyrB gene sequencing and phylogenetic analysis 

 

The 20 isolates were used to sequence the housekeeping gene, GyrB. The GyrB gene 

was amplified using the primers described by Parkinson et al. (2007), listed in Table 2. 

 

Each 50 µl PCR amplification reaction contained 3 µl of 10 X Buffer with added MgCl2 at 

15mM, 250 µM of each nucleotide (dATP, dCTP, dGTP, dTTP), 200 pmol of each of the 

amplification primers forward and reverse (Inqaba Biotechnologies), 1 U Taq (Southern 

Cross Biotechnologies) and 50 – 100 ng of genomic DNA. Amplification of the GyrB 

gene was carried out in an Eppendorf Mastercycler epgradient (Merck chemicals (Pty) 

Ltd.). Amplification cycles included an initial denaturation step at 94 ºC for 2.5 min, 34 

cycles of denaturation at 94 ºC for 30 sec, primer annealing at 50 ºC for 45 sec, primer 

extension at 68 ºC for 1 min and a final extension step at 68 ºC for 7 min. The reactions 

were held at 4 ºC until further use. As previously described a positive and a negative 

control was also included in the reactions. 
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Amplification reactions were run on a 1% agarose gel under conditions as described 

before. Amplification of the GyrB gene with the above mentioned primers results in a 830 

bp fragment of the GyrB gene. When the amplification product was observed under a UV 

light to allow for visualization of the bands, a single band was observed at below 1000bp 

but above 750 bp. PCR amplification products resulting in a clear single band at the 

position mentioned above was cleaned using the QIAquick® PCR purification Kit as 

described previously. 

 

The GyrB gene was sequenced using the following primers: X.gyr.fsp.s1 5’ 

GGCAAGAGCGAGCTGTA 3’ and X.gyr.rsp3 5’ CTGGTCGGCGGCCAC 3’ (Parkinson 

et al., 2007). Each 10 µl sequencing reaction contained 2 µl of Big Dye sequencing mix, 

1 X Sequencing Buffer, 3.2 pmol of the appropriate primer and 150 ng of the gyrB PCR 

product. PCR reactions were carried out in an Eppendorf Mastercycler epgradient 

(Merck chemicals (Pty) Ltd.). Sequencing PCR cycles included an initial denaturation 

step at 94 ºC for 2.5 min, 34 cycles of denaturation at 94 ºC for 30 sec, primer annealing 

at 57 ºC for 45 sec, primer extension at 68 ºC for 1 min, and a final extension step at 68 

ºC for 7 min. Sequencing reactions were held at 4 ºC until sequenced. Sequencing PCR 

products were precipitated from the PCR reaction using the sodium acetate precipitation 

method. The PCR products were sequenced on an ABI Prism 3100 Automated 

Sequencer (Perkin – Elmer). After sequencing of the isolates using these two primers, a 

consensus sequence of the partial GyrB gene was assembled manually, using the 

program Bio-edit Sequence Alignment Editor v 5.0.9. (Hall, 1999), based on overlapping 

sequences between the fragments. 

 

Consensus sequences of the different GyrB genes were aligned along with the type 

strains (acquired from the Genbank/EMBL database) of different Xanthomonas species 

using the program ClustalX (Thompson et al., 1997). Modeltest 3.7 (Posada and 

Crandall, 1998) was used to determine the evolutionary model best suited to the dataset. 

The chosen model was GTR+I+G. Pinvar and gamma were also determined using 

Modeltest3.7. Maximum-Likelihood and Neighbour-Joining analyses where performed 

using Phyml (Guindon and Gascuel, 2003) and PAUP 4.0b10 (Swofford, 2000), 

respectively, by applying the model selected by Modeltest 3.7. Only the Maximum-

Likelihood phylogenetic trees are shown. A bootstrap analysis was run using a 1000 

replicates to show branch support. Included in this tree are representatives of a number 
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of the described Xanthomonas spp. The tree was rooted with the outgroup 

Xanthomonas albineans, which is a distantly related Xanthomonas species. 

 

2.7) AFLP (Amplified Fragment Length Polymorphism) analysis 

 

Total genomic DNA was isolated from all isolates using the DNeasy® Blood and Tissue 

kit. The AFLP protocol consists of a Restriction enzyme digestion step, adaptor ligation 

step, two PCR amplification steps and the running of isolates on a poly-acrylamide gel. 

Total genomic DNA (50 – 100ng) was digested with 12 U EcoRI (Roche diagnostics) and 

8 U Tru91 (Roche diagnostics) in 5 X Restriction/ligation buffer (50 mM Tris HAc, 50 mM 

MgAc, 250 mM KAc, 25 mM DDT). The digestion reaction was incubated at 37 ºC for 2 

hours. After digestion, the temperature was increased to 70 ºC and incubated for 15 min 

to allow for the inactivation of the enzymes. Double strand adaptors with sticky ends, 

complementary to the restriction enzyme cut sites of EcoRI and Tru91 were added to the 

reaction. When these adaptors were ligated to the target fragments it ensured that the 

original restriction enzyme cut site was not restored on the target fragments (Zabeau and 

Vos, 1993). 5pmol EcoRI adaptor and 50pmol Tru91 adaptor were added to the reaction 

along with 5 X Restriction and Ligation Buffer, 0.3 mM ATP and 1 U of T4 DNA ligase 

(Roche). The ATP produced the energy to ligate the adaptors to the fragments and T4 

DNA ligase catalyzes the reaction. The ligation reaction was incubated at 20 ºC for 2 

hours to allow for sufficient ligation. The reaction was then diluted 1:10 with Nuclease 

Free water (Promega). 

 

The pre-amplification reaction contained: 1 X Reaction Buffer, 1.5 mM MgCl2, 250 mM of 

each nucleotide (dATP, dCTP, dGTP, dTTP), 100 pmol of each primer Eco-00 (5’ GAC 

TGC GTA CCA ATT C 3’) and Tru91-00 (5’ GAT GAG TCC TGA CTA A 3’) (Inqaba 

Biotechnologies), 1 U Taq DNA polymerase (Southern Cross Biotechnologies) and 2 µL 

of the diluted (1:10) restriction and ligation reaction. The reaction was made up to a final 

volume of 25 µL with Nuclease Free water (Promega). The amplification was carried out 

in a Eppendorf Mastercycler epgradient (Merck chemicals (Pty) Ltd.) and the 

amplification conditions included an initial denaturation step at 94 ºC for 3 minutes, 20 

cycles of denaturation at 94 ºC for 30 seconds, primer annealing at 56 ºC for 1 minute 

and primer extension at 72 ºC for 1 minute, and extension at 72 ºC for another 5 
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minutes. The pre-amplification reaction was held at 4 ºC until further use. Each reaction 

was then diluted 1:50 with Nuclease Free water (Promega). 

 

The selective amplification reaction contained 1 X Reaction Buffer, 1.5 mM MgCl2, 250 

mM of each nucleotide (dATP, dCTP, dGTP and dTTP), 0.5 pmol of the fluorescently 

labeled Eco-C primer (5’ GAC TGC GTA CCA ATT CC 3’) (LI-COR Biosciences) and 2.4 

pmol of the primer Tru-GC (5’ GAT GAG TCC TGA CTA AGC 3’) (Inqaba 

Biotechnologies), 1 U Taq DNA polymerase (Southern Cross Biotechnologies) and 5 µL 

diluted pre-amplification reaction. The reaction was made up to a final volume of 20 µL 

with Nuclease Free water (Promega). Amplification was carried out in a Eppendorf 

Mastercycler epgradient (Merck chemicals (Pty) Ltd.) and the amplification conditions 

included an initial denaturation step at 94 ºC for 5 minutes, 9 cycles of denaturation at 94 

ºC for 30 sec, primer annealing at 65 ºC for 30 sec and primer extension at 72 ºC for 1 

minute, where the primer annealing temperature decreased 1 ºC per cycle until a final 

annealing temperature of 56 ºC was reached. This was followed by 23 cycles of 

denaturation at 94 ºC for 30 sec, primer annealing at 56 ºC for 30 sec, and primer 

extension at 72 ºC for 1 min, and another primer extension step at 72 ºC for 5 min. The 

selective amplification reaction was held at 4 ºC until further use. 

 

LI-COR gels were prepared by using 20 ml Long Ranger gel solution (8% Long Ranger 

gel solution (LI-COR Biosciences), 7M Urea, 10 X TBE Buffer) 150 µL 10% APS 

(Ammonium persulphate) and 15 µL TEMED for polymerisation. Gels were cast using 

the gel casting apparatus and allowed to polymerise for 1 hour. The LI-COR IR2 

automated sequencer (LI COR Biosciences) was set up according to manufacturers 

instructions and a pre-run was preformed at 1500 V and 35 W for 30 minutes. The pre-

run monitored the voltage and power and standardized the ions within the gel and the 

buffer. Samples were prepared for loading by mixing 1 µL of the selective amplification 

with 1 µL of loading buffer (95 % formamide, 20 mM EDTA, bromophenol blue). The 

sample mixture was heated to 90 ºC for 3 min and incubated on ice for 10 min before 

loading on the gel. Approximately 1 µL of sample mixture was loaded on the gel and a 

molecular sizing standard marker, IRD-700, was loaded on each end of the gel for 

accurate gel analysis when normalizing the gel. The samples were run for 4.5 hours and 

42 W in 0.8 M TBE Buffer. 
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When the gel had run to completion, the resulting banding patterns was analysed using 

Bionumerics. Gels were normalized using the IRD-700 standard. The size of the bands 

included in the analysis was between 50 – 700 bp. Samples were compared by 

constructing an UPGMA tree, using the Pearson correlation coefficient. 

 

2.8) Pathogenicity trials 
 

Representative isolates of strains shown to belong to the genus Xanthomonas, 

previously isolated from South Africa and Uruguay were used in the pathogenicity tests. 

These strains included BCC 034, BCC 038 and BCC 062 from South Africa and BCC 

765, BCC 766 and BCC 767 from Uruguay. The inoculum was prepared by placing 

single colonies of each isolate into 50 ml of Nutrient Broth. The flasks were incubated 

overnight at 28 ºC. The concentration of the bacterial cells was then adjusted to 

approximately 108 CFU/ml in a sterile saline solution. 

 

In order to determine whether or not the isolates were pathogenic, the appearance (or 

lack thereof) of the hypersensitivity reaction (HR) in tobacco (Nicotiana tabacum cv 

samsun) was recorded. A bacterial suspension was injected into the leaves of the 

tobacco plants using a 1 ml insulin syringe. The syringe was inserted into the main vein 

of the leaf and the leaf panels were flooded with the bacterial suspension. A negative 

control containing only sterile saline solution and a positive control containing the 

bacterial blight and die-back pathogen, Pantoea ananatis, that was isolated from 

Eucalyptus trees in South Africa (LMG20103) (Coutinho et al., 2002), was also 

inoculated in this study. Tobacco plants were kept in a greenhouse at approximately 26 

ºC with natural day and night cycles. The plants were assessed after 24, 48 and 36 

hours for the development of a HR. A positive HR response is observed as a complete 

and rapid collapse of the inoculated tissue or the drying, light brown necrosis of the 

water soaked tissue within 36 hours of the inoculation (Lelliot and Stead, 1987). The test 

was repeated to confirm results. 

 

Isolates that showed a positive HR response were inoculated into the leaves of a 

Eucalyptus grandis X Eucalyptus nitens (GN188) hybrid that is known to be susceptible 

to Pantoea ananatis. The Eucalyptus leaf panels were flooded with the bacterial 

suspension as described above. A positive and negative control was included as 



 95

described above. Inoculated plants were covered with plastic bags in order to induce a 

high humidity. Bags were removed after seven days and the inoculated leafs were 

assessed for disease development every 24 hours for 7 days. Plants were kept at 26 ºC 

with natural day/night cycles. 

 

Pathogen re-isolations were done from inoculated Eucalyptus leaves that have 

developed lesions during the pathogenicity trials. Isolations were done as described 

previously from infected leaf material. Pure-cultures were obtained for the re-extracted 

bacterial pathogen and DNA extractions were performed. The 16S rRNA gene of purified 

isolates was amplified using the method described above, and the 16S rRNA gene was 

partially sequenced using the method described above. The partial 16S rRNA gene 

sequences were submitted to BLAST analysis in Genbank for identification. This process 

was undertaken in order to fulfil Koch’s postulates. 

 

3) RESULTS  
 
3.1) Bacterial isolations 
 

A total of 20 isolates were obtained from infected leaves collected in the two countries. 

Sixteen isolates were obtained from South Africa and four isolates from Uruguay. 

 

3.2) Phenotypic testing 
 

All isolates were identified as being Gram negative and obligatory aerobic organisms. 

This indicates that the organisms could belong to any of a number Gram negative 

obligatory aerobic genera such as Pseudomonas, Xanthomonas, Alcaligenes, 

Achromobacter, Brucella, Bordetella, Flavobacterium, Moraxella, Acinetobacter or some 

still unnamed taxa. 

 

3.3) DNA extractions 

 

Genomic DNA was successfully extracted from all isolates since a clear band of genomic 

DNA was visible on the agarose gel when viewed under an UV light. 
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3.4) 16S rRNA gene sequencing and phylogenetic analysis 

 

Partial sequences of approximately 700 bp was obtained for all 20 isolates. When a 

homology search was done by a BLAST search of these fragments against the 

EMBL/Genbank database, all isolates had between 97-100% similarity to species within 

the genus Xanthomonas. Sequencing of the full length 16S rRNA gene was then 

undertaken for all isolates. After aligning the sequences of representative Xanthomonas 

strains and the strains used in this study, the sequences were trimmed to 1380bp and 

evolutionary trees were drawn as described above. 

 

In the resulting Maximum Likelihood tree (Fig. 1), isolates from South Africa and 

Uruguay formed clusters separate from each other. Isolates from South Africa grouped 

within a larger cluster that contained the type strains of Xanthomonas arboricola 

(LMG747T) and Xanthomonas hortorum (LMG733T) supported by a low bootstrap value. 

Also very closely related to the isolates from South Africa were the type strains of X. 

theicola (LMG8684T), X. populi (LMG5743T), X. cucurbitae (LMG690T), X. campestris 

(568T) and X. vesicatoria (LMG 911T).  

 

The isolates from Uruguay fell into a distinct cluster along with the following 

representative type species: X. fuscans subsp. fuscans, X. fuscans subsp. aurantifolii 

(LMG 9179) and X. citri (LMG9322). The Maximum Likelihood tree also shows that X. 

citri and X. fuscans share a high sequence similarity of the 16S rRNA gene and can in 

fact not be distinguished as separate species. The type strain of Xanthomonas 

axonopodis (LMG 538T) clusters closely to the above mentioned species but are 

distinctly separate from these species. 

 

3.5) GyrB sequencing and phylogenetic analysis 
 
Amplification of the partial GyrB gene of all isolates used in this study with the primers 

described previously (Parkinson et al., 2007) resulted in a fragment of approximately 830 

bp. 

 

A Maximum Likelihood tree was constructed using PAUP4.0* (Swofford, 2000) and 

Phyml (Guindon and Gascuel, 2003). Modeltests3.7 (Posada and Crandall, 1998) was 
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used to predict the evolutionary model that was most suited to the dataset (Fig. 2). A 

bootstrap analysis was performed with 1000 bootstraps to show branch support. The 

resulting Maximium Liklihood tree showed that all Xanthomonas species formed distinct 

clusters, except for the species X. euvesicatoria (NCPPB2968T), X. alfalfae (LMG495T) 

and X. perforans (NCPPB4321T) which fell within one cluster with a 100% bootstrap 

support value. Upon closer investigation it was found that these three species share 

identical GyrB gene sequences. All isolates from South Africa grouped within one cluster 

along with the type strain of Xanthomonas vasicola (LMG 736T) and a representative of 

X. vasicola pv vasculorum (LMG8711). All isolates from Uruguay grouped within one 

cluster along with the type strain of Xanthomonas fuscans. The GyrB gene of the X. 

fuscans subsp. aurantifolii was not successfully sequenced, and thus cannot be 

determined whether it will cluster in this group. All the X. fuscans subsp. fuscans type 

strains and representative strains are included in this group and clusters together. 

 

3.6) AFLP (Amplified Fragment Length Polymorphisms) analysis 
 

DNA fingerprints resulting from AFLPs of all isolates used in this study proved to be 

appropriate for analysis. Since no previous local database with fingerprint patterns for 

the genus Xanthomonas existed, all known Xanthomonas type strains of the different 

species were included for AFLP analysis in order to compare the patterns of the 

unknown isolates to those of the type strains.  

 

The UPGMA dendogram (Figure 3) produced from AFLP banding patterns of the 20 

isolates confirmed the grouping of the isolates from South Africa, whilst it raised some 

questions about the identification of the isolates from Uruguay. All isolates from South 

Africa formed a distinct cluster, labelled group 1. The Xanthomonas reference strain that 

is most closely related to these isolates is LMG 736, the type strain of Xanthomonas 

vasicola that was isolated from sorghum in New Zealand. These results confirm those 

obtained from 16S and GyrB gene sequencing. Xanthomonas isolates from Uruguay 

also formed a distinct cluster, labelled group 2. These isolates did not cluster with the 

type strain and representative isolates of Xanthomonas fuscans although these isolates 

were identified as X. fuscans with the two DNA sequencing techniques. In fact, the 

isolates from Uruguay formed a distinct cluster on their own. 
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3.7) Pathogenicity trials 

 

Representative isolates from South Africa and Uruguay, chosen for pathogenicity testing 

elicited a hypersensitive response (HR) when inoculated into the tobacco leaves. When 

the HR elicited by the test organisms was compared to the HR elicited by the control 

organism (LMG 20103) it showed that the HR of some of the tests inoculations was more 

severe than that of the control inoculation. All positive HR was noted by a rapid and a 

complete necrosis of the inoculated leaf tissue. The positive HR indicates that inoculated 

isolates in question are indeed plant pathogens and would be able to induce disease 

symptoms in Eucalyptus. The negative control produced no HR. (Results not showed) 

 

Inoculations into the Eucalyptus leaf tissue for the representative isolates of South Africa 

(BCC 034, BCC 038 and BCC 062) all produced lesions similar to the disease symptoms 

caused during infection with Pantoea ananatis. Initially symptoms were only observed at 

the site of inoculations but as time progressed the symptoms spread to adjacent tissues. 

When compared to the lesions produced by the positive control, lesions produced by the 

test inoculations were more severe (Fig. 4) 

 

Inoculations into the Eucalyptus leaf tissue for the representative isolates from Uruguay 

(BCC 765, BCC 766 and BCC 767) all produced lesions more severe than the positive 

control inoculations. Initially symptoms were only concentrated in the area of inoculation 

but as time progressed the symptoms spread to adjacent tissues. The negative control 

produced no lesions (Fig. 4) 

 

When the pathogenicity results were recorded, the causal agents of the resulting lesions 

were re-isolated. The 16S rRNA gene of the re-isolated organism from the diseased leaf 

material was partially sequenced and a comparison was made to the 16S rRNA 

sequence of the inoculated organism. It resulted in 100% similarity when aligned using 

Bio Edit, thus fulfilling Koch’s postulates. 

 

4. DISCUSSION and CONCLUSIONS 
 

The disease seen on Eucalyptus trees, bacterial blight and dieback, was found to be 

caused by the organism Pantoea ananatis in South Africa (Coutinho et al., 2002). In this 
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thesis (Chapter 3) it was established that the same disease symptoms can be caused by 

different species of Pantoea. Similar symptoms to that of bacterial blight and dieback 

were observed on Eucalyptus trees from South Africa and Uruguay. The causal agent of 

these symptoms were isolated and a range of tests conducted in order to identify the 

unknown isolates. 

 

A Xanthomonas species has been reported to cause disease on Eucalyptus previously. 

Truman (1974) identified X. campestris pv eucalyptii as the causal agent of die back of 

E. citriodora in Australia. In Brazil, X. axonopodis was found to be the most prevalent 

species causing bacterial leaf blight in Eucalyptus plantations (Goncalves et al., 2008). 

Other bacterial species were also isolated in this study in association with the disease 

symptoms caused, i.e. X. campestris, Pseudomonas syringae, P. putida, P. cichorii and 

an Erwinia spp. When pathogenicity tests were preformed it was found that X. 

axonopodis was the most widespread species inducing the typical symptoms of the leaf 

blight and is thus considered pathogenic (Goncalves et al., 2008) 

 

In this study, Eucalyptus leaves that showed symptoms of bacterial blight and dieback 

were sampled and the causal organisms isolated. The bacteria isolated from the 

samples collected in South Africa were identified as X. vasicola while those collected 

from Uruguay were identified as X. fuscans. A polyphasic approach which included a 

combination of phenotypic (Gram stains and Hugh Leifson) and genotypic (16S rRNA 

gene sequencing, GyrB gene sequencing and AFLP analysis) identification techniques 

were used. Pathogenicity tests proved that these bacteria were the causal agent of the 

disease observed in the field. 

 

Identification of these isolates using the genotypic technique, 16S rRNA sequencing, 

shows that this method cannot specifically distinguish between two Xanthomonas 

species, i.e. X. fuscans and X. citri. In a study conducted by Hauben et al. (1997) it was 

shown that the species of the genus Xanthomonas exhibited relatively high levels of 

sequence similarity within the 16S gene. The results showed that 16S rRNA gene 

sequencing is an inadequate method for identifying unknown Xanthomonas isolates. 

Results from the 16S rRNA gene sequencing showed that isolates from South Africa 

formed a cluster with the type strains of X. arboricola (LMG 747T) and X. hortorum (LMG 

733T) with low bootstrap support. When results are compared to that obtained by 
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Hauben et al. (1997), results are in agreement. In their study, Xanthomonas species 

formed three lineages, where lineage 1 was the core group and consists of the following 

Xanthomonas species: X. cassavae, X. axanopodis, X. cucurbitae, X. vasicola, X. 

codiae, X. bromi, X. vesicatoria, X. fragariae, X. pisi, X. oryzae, X. arboricola, X. populi, 

X. campestris and X. melonis. The isolates from South Africa fell within this lineage. 

Lineage 2 was comprised of one species, X. sacchari, and Lineage 3 was comprised of 

the ancestral species X. translucens, X. hyacinthi and X. albilineans. The level of 16S 

rRNA sequence similarity within the core group of Xanthomonas was very high and 

ranged from 99 -100%. Although all of the above mentioned species was classified as a 

nomenspecies using DNA:DNA reassociation, it is not possible to identify the species in 

the core group using 16S rRNA gene sequencing due to the low divergence and the fact 

that it is highly conserved (Stackebrandt et al., 1999). Results from the 16S rRNA gene 

sequencing showed that isolates from Uruguay formed a cluster (viz Group 2) with the 

type and reference strains of Xanthomonas citri and Xanthomonas fuscans but 

supported by a low bootstrap value. Both of the subspecies X. fuscans subsp. fuscans 

and X. fuscans subsp. aurantifolii are included in this group. 

 

GyrB gene sequencing allows for a more accurate identification of these unknown 

Xanthomonas isolates (Young et al., 2008). This gene forms part of the replication 

machinery of the bacterial cell and is part of the “core-genes” of the bacterial DNA. This 

gene is conserved and is not frequently subjected to horizontal gene transfer, it is also 

present in single copy, which renders it a dependable gene for phylogenetic identification 

(Kasai et al., 2000, Yamamoto and Harayama, 1995, Soler et al., 2004, Kakinuma et al., 

2003, Hannula and Hanninen, 2007). This gene was used by Parkinson et al. (2007) in a 

phylogeneitc analysis of Xanthomonas species. All Xanthomonas species were clearly 

separated within that study except for the species X. perforans, X. euvesicatoria and X. 

alfalfae, which required further identification. Young et al., (2008), confirmed the 

phylogenetic positions of the genus Xanthomonas with an MLSA study using four “core 

genes”. In this study, GyrB gene sequencing definitely proved to be a reliable technique 

for the species identification of the unknown isolates. The isolates from South Africa 

were clearly identified as X. vasicola, as all of the X. vasicola reference strains and type 

strain formed a distinct cluster with these unknown isolates. What was also noted from 

the phylogenetic tree constructed from the GyrB data, is that the unknown isolates from 

South Africa were more closely related to X. vasicola pv. vasculorum which was isolated 
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from sugarcane in South Africa than to the type strain of the species which was isolated 

from sorghum in New Zealand. 

 

In the Parkinson study, the resulting MLSA phylogenetic tree indicated that three 

Xanthomonas species namely: X. euvesicatoria, X. alfalfae and X. perforans do not fall 

in separate clusters indicating separate species but instead formed one distinct cluster 

with a 100% bootstrap support value (Parkinson et al., 2007). Upon closer investigation it 

was found that these three species share identical GyrB gene sequences. Following a 

recent analysis of the genus Xanthomonas using a MLSA technique, Young et al. 

(2008), proposed that X. euvesicatoria and X perforans formed a single group with high 

similarity and is better represented as a single subspecies of X. axonopodis. The same 

MLSA study also showed that X. fuscans and X citri share a high sequence similarity 

and it was proposed that these two species are in fact synonymous and should be 

reclassified as a single species or as a subspecies of X. axonopodis. 

 

AFLP analysis allows for the identification of bacterial isolates based on a whole genome 

approach, where sequencing methods depends on the identification of isolates based on 

a specific gene. AFLP analysis was proven by Rademaker et al. (2000) to be a reliable 

method for typing and identifying members belonging to the genus Xanthomonas. In this 

study researchers concluded that a fingerprinting technique such as AFLP is a feasible 

technique to show the genetic relationships between Xanthomonas species. In the 

Rademaker et al., (2000) study, this technique was shown to be able to distinguish 

between all 20 Xanthomonas species that had been described at that time. It was also 

stated that AFLP is a valuable alternative to DNA:DNA re-association studies which is 

impractical to use when analysing large numbers of environmental isolates. 

Fingerprinting techniques are less expensive and less time consuming when compared 

to DNA:DNA re-association studies. In the current study, AFLP’s also proved to be a 

reliable technique for identification of unidentified isolates. Results showed that 

unidentified isolates from South Africa clustered with the type strain and reference strain 

of the species X. vasicola. Within this cluster several groupings could, however, still be 

seen. All reference strains of X. vasicola pv. vasculorum that were isolated from 

sugarcane in South Africa formed a grouping within the X. vasicola cluster, whereas 

unidentified isolates from South Africa appears to be more closely related to the type 

strain of X. vasicola pv holcicola that was isolated from sorghum in New Zealand. These 
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same results were observed when using GyrB gene sequencing. Isolates from 

Eucalyptus trees in Uruguay did not give a clear identification result when analyzed with 

AFLP fingerprinting. Although the GyrB gene sequencing results identified these isolates 

as X. fuscans with no distinction between the two fuscans subspecies, AFLP analysis did 

not provide the same results. X. fuscans type strains and reference strains of both 

subspecies formed a cluster away from the unidentified isolates from Uruguay. This 

result may occur due the fact that the fingerprints of these isolates were too different to 

that of X. fuscans. In this specific study AFLP was found not to be as a reliable 

technique for the typing of strains at the inter-species level of Xanthomonas since it 

cannot specifically group isolates within a species and some species may be split into 

different groups. 

 

In this study, all unidentified Xanthomonas isolates elicited a positive hypersensitive 

response within 48 hours when they were inoculated into tobacco leaves. These results 

indicated that all of the unknown isolates are indeed pathogenic. Pathogenicity tests 

confirmed that the inoculated organism was the causal agent of the initial symptoms 

observed on the leaves since similar symptoms were noted on the inoculated plants 

during the pathogenicity trials. This was further confirmed when the bacterium inoculated 

was re-isolated from the plants in fulfilment of Koch’s postulates. The symptoms found 

on the Eucalyptus leaves from South Africa and from Uruguay were indistinguishable 

from the symptoms that were caused by Pantoea isolates (Chapter 3) in countries such 

as Argentina, Colombia, Rwanda, South Africa, Thailand, Uganda and Uruguay. The 

interaction between these bacterial plant pathogens, if one exists, is unknown and 

further investigation is required. 

 

From the data presented here it is clear that Xanthomonas spp. might also be involved in 

the disease symptoms observed for bacterial blight and die-back of Eucalyptus. Both X. 

vasicola, isolated from Eucalyptus in South Africa and X. fuscans isolated from 

Eucalyptus in Uruguay caused similar disease symptoms on its host, and these disease 

symptoms were similar to those seen on Eucalyptus in various countries where Pantoea 

spp. were identified as the causal organism. From the outbreak in South Africa both 

genera, Xanthomonas and Pantoea, were isolated as the causal agent of the disease 

symptoms (results unpublished). It would thus appear that the disease, bacterial blight 
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and die-back of Eucalyptus, is caused by a complex of species belonging to the genera 

Pantoea and Xanthomonas. 

 

Xanthomonas species have not previously been found to cause disease symptoms on 

Eucalyptus in either South Africa or Uruguay. X. campestris pv. eucalyptii have been 

found to cause disease on Eucalyptus ornamentals in Australia in 1974 (Truman, 1974). 

The type strain and an additional strain (NCPPB 2338/BCC 205/BCC 206) of this 

specific organism was included in all the identification techniques (16S rRNA gene 

sequencing, GyrB gene sequencing, AFLP analysis) undertaken in this study. When 

studying the position of this specific isolate in the results generated it was found that this 

specific isolate certainly belongs to X. campestris but shows no similarity to the unknown 

Xanthomonas isolates that was isolated from Eucalyptus in South Africa and Uruguay. 

More sampling and further studies will confirm whether the isolation of these 

Xanthomonas species from Eucalyptus trees were an isolated anomaly or an emerging 

disease which will occur again. The possibility that these Xanthomonas isolates were 

present as epiphytes on the leaves is also eliminated since the leaves were surface 

sterilized before the causal agent was extracted. 

 

All of the genotyping techniques used to identify the unknown Xanthomonas isolates 

from South Africa indicated that these isolates all belong to the same Xanthomonas 

species. The genotyping techniques indicated that these isolates are in fact 

Xanthomonas vasicola. The genotypic identification of the Xanthomonas isolates from 

Uruguay was not as straightforward. 16S rRNA gene sequencing and GyrB gene 

sequencing showed that these isolates are possible X. fuscans isolates. However, AFLP 

fingerprinting were not able to precisely identify these isolates. 

 

The type strain of Xanthomonas vasicola was isolated from sorghum in New Zealand. It 

has subsequently also been found to cause disease symptoms in maize (Zea mays), 

sugarcane (Saccharum officinarum), banana (Musa sp.) and others but has not 

previously been reported to infect and cause disease on Eucalyptus spp. Xanthomonas 

fuscans is a recently described species (Schaad et al., 2005) and consists of two 

subspecies, X. fuscans subsp. fuscans which was isolated from bean in Canada 

(Schaad et al., 2005) and X. fuscans subsp. aurantifolii  which was isolated from citrus in 

Argentina (Schaad et al., 2005). This is the first report of Xanthomonas fuscans being 
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associated with a disease of Eucalyptus trees, whilst Xanthomonas axanopodis was 

previously found to cause bacterial leaf blight on Eucalyptus trees from Brazil 

(Goncalves et al., 2008). 

 

Xanthomonas species occur on plants and can cause a variety of diseases on 

economically important plants, trees and crops. It is thus necessary to accurately and 

rapidly identify the isolates that are pathogenic to a specific host in order to efficiently 

manage the particular disease. In this study, the use of GyrB gene sequencing was 

confirmed as a reliable method to use for this purpose. 
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Table 1: List of primers used for 16S rRNA amplification and 16S rRNA sequencing 

(Coenye et al., 1999) Primers *pA and pH were used for amplification of the 16S rRNA 

gene, whilst all other primers were used during partial sequencing of this gene 

 

Name Synonym Sequence (5’ → 3’) Position on 16S 
gene 

16F271 *pA AGA GTT TGA TCC TGG CTC AG 8 – 27 

16R1522 pH AAG GAG GTG ATC CAG CCG CA 1541 – 1522 

16F536 *pD CAG CAG CCG CGG TAA TAC 519 – 536 

16F926 *O AAC TCA AAG GAA TTG ACG G 908 – 926 

16F1112 *3 AGT CCC GCA ACG AGC GCA AC 1093 – 1112 

16R519 pD GTA TTA CCG CGG CTG CTG 536 – 519 

16R685  TCT ACG CAT TTC ACC GCT AC 704 – 685 

16R1093 3 GTT GCG CTC GTT GCG GGA CT 1112 – 1093 

 

* Indicates forward primers 

 

 

Table 2: List of primers used for the amplification and sequencing of the GyrB gene for 

the genus Xanthomonas. (Parkinson et al., 2007) 

 

Name Sequence (5’ → 3’) 

X.gyr.PCR2F (forward) AAGCAGGGCAAGAGCGAGCTGTA

X.gyr.rsp1 (reverse) CAAGGTGCTGAAGATCTGGTC 

X.gyr.fsp.s1 GGCAAGAGCGAGCTGTA 

X.gyr.rsp3 CTGGTCGGCGGCCAC 
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Figure 1: [next page] 16S rRNA gene sequencing phylogenetic tree, using the Maximum 

Likelihood parameter of unidentified isolates from South Africa and Uruguay and 

representative strains of the genus Xanthomonas. Unknown clusters are indicated with 

brackets and labelled. Supporting bootstrap values are indicated above the branches. 
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Figure 2: [next page] GyrB gene sequencing phylogenetic tree using the Maximum-

Likelihood parameter, of unidentified isolates from South Africa and Uruguay and 

representative strains, including type strains of the genus Xanthomonas. Unknown 

clusters are indicated with brackets and labelled. Supporting bootstrap values are 

indicated above the branches. 
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Figure 3: [next infold page] UPGMA tree constructed using the Pearson correlation 

coefficient based on AFLP analysis of unidentified isolates from diseased Eucalyptus. 



 115

 



 116

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 [next page]: Xanthomonas isolates from South Africa and Uruguay were 

inoculated into the host E. grandis X E. nitens hybrid. A: Negative control (sterile saline 

solution) B: Positive control (P. ananatis, LMG 20103) C: BCC 034 (South Africa) D: 
BCC 038 (South Africa) E: BCC 062 (South Africa) F: Negative control (sterile saline 

solution) G: BCC 765 (Uruguay) H: BCC 766 (Uruguay) I: BCC 767 (Uruguay)  
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Summary 
 
The pulp and paper industry is expanding world-wide to supply the needs and 

demands of the consumer. Due to this rapid expansion of commercial forests and our 

ever changing climate including the sporadic increase and decrease in rain and the 

increasing temperature caused by global warming, previously described and new 

pathogens are emerging which infect and cause diseases on commercial forest trees 

and agricultural crops. Research efforts are required to investigate mechanisms of 

disease control and eradication to prevent the propagation and rapid spread of these 

pathogens and ensure that there is limited economical loss of forestry and other 

agriculturally important plants and trees. 

 

Since both Xanthomonas and Pantoea species are becoming increasing important as 

emerging bacterial pathogens, their rapid and accurate identification is crucially 

important. Little is known about bacterial pathogens on forestry trees since the most 

prominent diseases of these hosts are caused by fungi. The focus of this study was 

to investigate and identify the bacterial pathogens associated with Eucalyptus. 

However, as has been seen in various studies including this one, the identification of 

these pathogens is not always straightforward and often time consuming. In this 

study the use of polyphasic identification approach was used which employs a 

combination of phenotypic and genotypic identification techniques. 

 

Both of the genera investigated in this study, namely Pantoea and Xanthomonas, 

have been found to infect a variety of agriculturally important plant hosts. Pantoea 

species have previously been isolated from Eucalyptus trees suffering from blight 

and dieback symptoms. The species isolated have included P. eucalypti from 

Uruguay, P. vagans isolated from Argentina, Colombia, Uganda and Uruguay and P. 

deleyi from Uganda. Since the first report of Pantoea on Eucalyptus trees from South 

Africa in 2002 it has spread locally causing sporadic outbreaks. This pathogen has 

also been isolated from Eucalyptus trees in other parts of the world including, 

Argentina, Colombia, Thailand, Uganda and Uruguay. Xanthomonas campestris pv. 

eucalypti was previously found to cause disease on Eucalyptus trees in Australia. 

Since then, three other Xanthomonas species have been isolated from Eucalyptus, 

namely, Xanthomonas spp. from Brazil (Goncalves et al., 2008), X. vasicola from 

South Africa and X. fuscans from Uruguay as seen in this study. 
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Phenotypic tests and 16S rRNA gene sequencing undertaken in this study provided 

an accurate indication of whether the isolates obtained belonged to the genera 

Pantoea or Xanthomonas. For a more accurate species identification, the use of a 

single gene approach (GyrB gene sequencing) and a whole genome typing approach 

(Amplified Fragment Length Polymorphism) was also used. Both of these techniques 

proved to be efficient in identification of Pantoea isolates but shortcomings were 

observed in using AFLP analysis for identification of unknown Xanthomonas isolates. 

Hypersensitivity response tests in tobacco leaves proved that the bacteria isolated 

from the diseased Eucalyptus leaf material are in fact plant pathogens. Inoculation of 

young Eucalyptus trees indicated that the isolated bacteria were indeed the causal 

agent of the disease symptoms on the trees thus fulfilling Koch’s postulates. The 

pathogenicity trials also investigated the relationship between pathogen and host. 

 

The ultimate conclusions from this study can briefly be summarized as followed: 

 

 A polyphasic identification approach was reliable in identifying unknown 

species belonging to the family Enterobacteriaceae 

 The 16S rRNA gene is conserved amongst members of the family 

Enterobacteriaceae and could only be used to identify isolates belonging to 

the Genus Pantoea 

 GyrB gene sequencing and AFLP analysis identified unknown isolates to 

species level. Both of these techniques also indicated a set of isolates, 

possibly new species of the genus Pantoea. Further investigation i.e. 

DNA/DNA hybridization studies is needed to conclude this issue 

 Koch’s postulates was fulfilled and indicates that the causal agents of the 

observed disease were isolated 

 A polyphasic identification approach for the rapid and reliable identification of 

unknown isolates including phenotypic techniques (Hugh Leifson testing, 

Gram determination) and genotypic tests (16S rRNA gene sequencing, GyrB 

gene sequencing and AFLP analysis). The latter techniques are more cost 

effective that the alternative golden standard DNA:DNA hybridization 

 This polyphasic approach can also identify closely related plant pathogenic 

bacteria e.g. Erwinia, Enterobacter 

 Pantoea species and possibly 5 new Pantoea species were isolated from 

Eucalyptus trees in the following countries across the globe: Argentina, 

Colombia, Rwanda, South Africa, Thailand, Uganda and Uruguay 
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 More than one Pantoea species is associated with bacterial blight and 

dieback of Eucalyptus trees in these countries 

 This study shows that the distribution of the different Pantoea species in the 

continents is as follows: 

o Africa: P. ananatis, P.dispersa, P. stewartii, P. vagans, P. eucalypti 

and undescribed Pantoea species 

o Asia: P. ananatis, P. dispersa 

o South America: P. ananatis, P.dispersa, P. vagans, P. eucalypti 

 

 Only three distinct lineages were observed when analyzing isolates belonging 

to the genus Xanthomonas with 16S rRNA gene sequencing. The 16S rRNA 

gene is highly conserved between species of Xanthomonas  

 Rademaker et al., (2000) and Parkinson et al., (2008) used AFLP analysis 

and GyrB gene sequencing, respectively, for investigating the genetic 

relatedness between Xanthomonas species. The same methods were used in 

this study and also proved to be efficient in the identification of unknown 

Xanthomonas isolates 

 GyrB gene sequencing proved to be the best identification method for 

Xanthomonas species. Unknown Xanthomonas species isolated from 

Eucalyptus trees in South Africa: Mtunzini was identified as X. vasicola. 

Unknown Xanthomonas isolates from diseased Eucalyptus in Uruguay was 

identified as X. fuscans, where no distinction could be made between the two 

X. fuscans subspecies 

 Neither X. fuscans nor X. vasicola have previously been recorded to cause 

disease on Eucalyptus trees, this is thus a first report for both organisms 

 Fulfilling Koch’s postulates proved that isolated bacteria were indeed the 

causal agents of the disease symptoms and not a randomly isolated epi- or 

endophyte. 

 

From the results it is also very clear that bacterial blight and dieback of Eucalyptus 

can be caused by different members of the genus Pantoea, since different Pantoea 

species were isolated from diseased leaves showing symptoms of bacterial blight 

and dieback. It is also possible that this disease is caused by a Pantoea-

Xanthomonas complex in South Africa, since these isolates were isolated in 

combination with each other from South Africa: Mtunzini. 


