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resumo 
 

 

A doença da murchidão do pinheiro foi identificada pela primeira vez no 

Japão em 1905 e foi associada ao nemátodo Bursaphelenchus xylophilus em 

1972. A devastação provocada por esta doença, assim como as perdas 

económicas a ela associadas e o impacto na fileira florestal levaram a 

Organização Europeia para a Proteção das Plantas a declarar o nemátodo da 

madeira do pinheiro como uma praga. Atualmente já existe informação 

extensa sobre a morfologia, ciclo de vida, associação com um vetor e 

potenciais hospedeiros para este organismo. No entanto, o mecanismo 

molecular da doença é pouco conhecido, mas um dos fatores apontados, 

passa pela aquisição de novas funções por incorporação horizontal de genes. 

O transcriptoma de B. xylophilus foi sequenciado e anotado recentemente 

no Biocant, gerando um grande volume de dados. O objetivo do nosso 

trabalho foi identificar novos genes incorporados no genoma do nemátodo por 

transferência horizontal. Para levar a cabo esta tarefa, foi estabelecido um 

pipeline de análise de dados contendo um conjunto sequencial de filtros 

usados para remover genes com origem em nemátodos e reter os de origem 

bacteriana ou fúngica. Os transcritos de B. xylophilus anotados foram também 

filtrados de acordo com as funções dos genes e pelo E-value. Uma última 

filtragem foi realizada tendo por base a composição da comunidade 

microbiana associada ao nemátodo, obtida por pirosequenciação. O pipeline 

definido gerou 21 candidatos que foram validados através de análise 

filogenética com proteínas homólogas de bactérias, fungos, nemátodos e 

outros organismos e ainda com uma posterior identificação do gene no 

genoma do nemátodo, disponibilizado no decurso deste trabalho. Esta 

abordagem identificou três genes incorporados por transferência horizontal: 

uma β-1,3-endoglucanase, uma álcool desidrogenase, e um gene que 

pertence à família das desidrogenases/redutases de cadeia curta. Os 

primeiros dois genes já foram descritos em B. xylophilus e C. elegans, 

respetivamente, o que valida a nossa abordagem. O papel que o gene recém-

identificado desempenha no nemátodo e na doença terá de ser estudado 

futuramente, na expectativa deste fornecer novas informações sobre o 

mecanismo da doença e novos alvos elegíveis para o controlo da doença. 

 



 
 

  



 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

  

keywords 

 
Bursaphelenchus xylophilus, pine wilt disease, pine wood nematode, 
transcriptome, pyrosequencing, horizontal genes transfer, phylogenetic 
analysis, pipeline, microbial diversity 

 

abstract 

 
Pine wilt disease was first identified in Japan in 1905 and its association 

with the nematode Bursaphelenchus xylophilus dates back to 1972. The 

devastating nature of this disease and the big economical losses it generates 

along with the ecological impact led the European Plant Protection 

Organization to consider its causal agent as an european quarantine pest. 

Until now, information regarding the nature of B. xylophilus with reference to its 

morphological characters, life cycle, vector association and potential host have 

been gathered and documented. However, little is known on the molecular 

mechanisms of the disease. According to current knowledge one of the factors 

that may play a role in the disease is the acquisition of new gene functions 

through horizontal gene transfer (HGT). 

The transcriptome of B. xylophilus was recently sequenced and annotated 

at Biocant, providing a large amount of genomics information. The goal of our 

work was to identify new genes incorporated through HGT in these transcripts. 

To accomplish our objective we established a data analysis pipeline composed 

of several filters to discard genes of nematodal origin and select only those of 

bacterial or fungal origin. B. xylophilus transcripts were screened based on the 

information held in their annotation: E-value, organism origin and existence of 

a specific function. A final screen was performed by removing all hits matching 

the microbial community associated with the nematode, as determined by 

barcoded pyrosequencing. The pipeline outlined 21 candidates that were 

compared to homologous sequences from bacteria, fungi, nematodes and 

other organisms through phylogenetic analysis. This last step confirmed the 

presence of three genes resulting from HGT a β-1,3- endoglucanase, an 

alcohol dehydrogenase and a short chain dehydrogenase/reductase. The first 

two genes were already described for B. xylophilus and C. elegans, 

respectively, validating our approach. The role of the newly identified HGT 

gene in the nematode and disease will be studied in the future, expecting to 

provide new information on the disease mechanism and contribute to the 

identification of new targets eligible for disease control.  
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1-Nematodes 

1.1-Overall view 

Among the animal kingdom, nematoda is the largest phylum, not just for its 

extended number of individuals but also due to wide range of species it comprises. Their 

lifestyle is also very diverse and distinct. Nematodes can be parasites living in association 

with plants or animals, after infecting either one of them or live as free-living organisms
1-4

. 

They are also known for causing numerous human diseases and destroying livestock
1,5-6

. 

We can find nematodes in almost every known environment; in aquatic, marine and fresh 

water habitats; terrestrial habitats, soil or sedimentary environments and extreme 

environments, such as polar ice
7
. The classification of the nematoda phylum is based on 

their morphological and ecological traits. The traits used for this classification are the 

buccal and pharyngeal structures, along with the cuticle, lip region, intestine, reproductive 

system, sense organs and tail
1-4,8

. 

The recent development of molecular techniques, such as genome and 

transcriptome sequencing, along with bioinformatics allow us to obtain a much larger 

understanding of this phylum. By looking at these organisms on a genomic level, 

information on their evolution, distribution, behavior and preferences for feeding and 

inhabitation is possible and more easily accessible. With this type of analysis the factors 

that differentiate the diverse types of nematodes will become visible, allowing a better 

comprehension of these organisms. The first nematode to have his genetic code sequenced 

was Caenorhabditis elegans and following this case, several others have been sequenced
9
. 

1.2-Plant nematodes 

Even though plant parasitic nematodes represent a minority within the Nematoda 

phylum, their consequences, when taken into account socio-economical factors, are 

dramatic
10

. These organisms are capable of destroying crops and threaten lumber related 

industries as well as other plant dependent industries
1,10

. This is a plague that is currently 

hard to fight due to the well developed parasitic mechanisms
10-11

. These nematodes have 

highly efficient parasitic machinery, resulting from their biology and physiological 

mechanisms. For example, they have special physiognomic structures that aid in plant 

penetration, root cell modification and food withdrawal, such as the stylet, responsible for 
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the wall perforation and the esophageal glands, responsible for producing secretions that 

modify the response of the plant cells to invasion
10-13

. 

The parasitic mechanism of the nematodes can be classified according to the way 

they approach and infect the plant. This categorization is mainly based on the position and 

progression of the nematode in the host. Therefore some nematodes are migratory 

ectoparasites remaining on the external part of roots and have limited interaction with its 

host, others are migratory endoparasites and cause damage to the host as they move 

through it. There is still a third class, the sedentary endoparasitic nematodes, which 

comprise the cyst nematodes and root knot nematodes that possess a very complex 

biotrophic interaction with their host
9,11,14

. 

1.3-Bursaphelenchus xylophilus 

Among the plant parasitic nematodes B. xylophilus has been the subject of big focus 

and study, due to the economical losses it causes. While most of the nematodal species 

belonging to the Bursaphelenchus genera are exclusively fungal feeders, being transmitted 

only to dead or dying trees, B. xylophilus is known for its ability to feed on living plant 

cells, as well
14-15

. B. xylophilus is a migratory endoparasite
11,14

 and its taxonomy dates back 

to 1970 when Nickle
16

, based on the morphological characters and particularly the typical 

bursa, decided to transfer Aphelenchoides xylophilus to the genus Bursaphelenchus spp. 

14,16
. Nowadays the nematode B. xylophilus follows the taxonomic classification presented 

in figure 1. 

 

Figure 1 Taxonomic classification of the nematode B. xylophilus, adapted from 

National Center for Biotechnology Information (NCBI). 

B. xylophilus was first identified in 1929 in the United States of America (USA) in 

a piece of wood in the process of house construction. This discovery was accomplished 
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due to the presence of bluish streaks on a piece of wood. After analysis, the blue regions 

were recognized as blue-stain fungi
17

. Analysis showed that besides the fungus, another 

organism was present. Scientists found that associated with the blue fungus were 

nematodes that after further analysis were proven to be Aphelenchoides xylophilus. The 

piece of wood where the nematode was found belonged to the longleaf pine, Pinus 

palustrus
17

. Since then this nematode has been referenced by several authors in other 

countries outside the USA.  

1.3.1-Physiology 

The knowledge of B. xylophilus morphological characters dates back to 1934, when 

Steiner, and Buhrer
17

, dedicated their time studying this organism. Plant infecting 

nematodes share several physiological constituents (figure 2). 

 

Figure 2 - Morphological constitution of a typical plant-parasitic nematode  

(figure adapted from Haegeman et al.11)  

Morphological characters are underlined and glands are in italic. 

B. xylophilus, like other plant-parasitic nematodes, has an external superficial 

multilayered cuticle that functions as an exoskeleton and a barrier to the entry of 

substances. The cuticle is a dynamic structure with a surface coat composed of proteins, 

carbohydrates and lipids
18

. Bacterial cells can be found attached to this exterior surface of 

the nematode body
19-20

. 

The nematode possesses glands that produce secretions that are useful for 

development and survival. The secretions used by the nematode for its physiological 

processes are produced in more than one gland spread throughout the body. These 

secretory organs are the amphids, the pharyngeal glands, the hypodermis, and the phasmids 

(figure 2)
11

. 

The two anterior sensilla, the amphids, are used for chemoreception which makes 

them important in the entire parasitism process as they help the nematode locate its host. 

The amphids are open to the surrounding environment and therefore their secretions are 
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directly exposed to the host playing an important role in the parasitic process
11

. The 

pharyngeal glands produce most of the nematode secretions, also known as effectors, that 

will participate in the parasitic mechanism. These effectors, are expelled by the stylet to the 

host cells
11,13

. In nematodes belonging to the Tylenchida order, the pharyngeal glands are 

composed of two subventral glands and one dorsal gland (figure 2). The functioning of the 

glands in nematodes from other orders is slightly different
11

. The hypodermis, the third 

type of gland, is responsible for the secretion of material to form the cuticle as well as the 

synthesis of proteins important for the parasitism process
11,18

. On the nematodes posterior 

end are the phasmids that have a role in the nematodes sensitivity and also produce 

secretions
11

. 

1.3.2-Life cycle 

B. xylophilus has two development cycles, the propagative cycle and the dispersal 

cycle which are schematically represented in figure 3. These two cycles share in common 

four stages, the initial egg stage, the final adult form and two larval stages (L1 and L2) the 

remaining two development stages are specific for each cycle. 

 

Figure 3 – B. xylophilus life cycle and feeding phases, adapted from Kikuchi et al.9. 

Life cycles are presented inside the circle. Propagative cycle: Eggs, L1, L2, L3, L4, Adult Female/Male; 

Dispersal cycle: Eggs, L1, L2, DL3, DL4, Adult Female/Male. Phytophagous phase (filled line 

rectangular) occurs when the nematode feeds on plant cells and the mycophagous phase (dashed line 

rectangular) occurs when the nematode feeds on fungi. 
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The first stage of the life cycle happens within the egg. The second stage, L1, 

initiates right after the egg hatches and soon after initiating this phase, L1 molts to the third 

stage L2. Once the nematode reaches this stage it can evolve in two distinct ways. The 

nematode can either change into a fourth stage larvae and continue in the propagative cycle 

or evolve to a non-feeding dispersal stage and follow in the dispersal cycle. If it remains in 

the propagative cycle, the fourth stage larvae will eventually reach the adult stage, and 

after reproduction initiate a new cycle. The propagative cycle takes place in the sapwood 

under favorable conditions of temperature, moisture and nutrient accessibility
21

. In some 

situations the conditions for survival become unfavorable (lack of nutrients, adverse 

temperature and moisture conditions) and if the beetle pupae (nematode vector) is present, 

the nematode evolves into a pre-dauer larvae, the dispersal cycle. In this cycle, the third 

stage pre-dauer larvae aggregates on the wall of the beetle’s pupal chamber and then molts 

to the dauer larvae stage. The dauer larvae enter the respiratory system of the beetle, being 

incorporated in its trachea, where it settles beneath the elytra
14,21-22

. Once the insect 

emerges and feeds in a conifer tree it transmits the dauer larvae to the host and in a period 

of aproximately 48h the dauer larvae evolves to the nematode’s adult stage.  

In figure 3 the development cycles of B. xylophilus are combined with his two 

feeding phases: the phytophagous phase and the mycophagous phase. 

In the phytophagous phase B. xylophilus feeds himself on plants. This phase occurs 

when the nematode, still in its dauer stage is introduced in young pine trees by the beetle 

upon feeding. The emerging beetles migrate to young pine trees to feed on the bark of 

twigs, creating a feeding wound that the nematodes use to enter the tree. Once the 

nematode is introduced it evolves to the adult form and starts feeding on epithelial cells 

and resin ducts, quikly multiplying himself
21-22

. 

In the mycophagous phase B. xylophilus feeds on fungi (blue stain and other). This 

phase takes place in freshly cut softwood and in dead or dying conifer trees that have been 

invaded by opportunist fungus. This phase normally happens when the vector insect is in 

its oviposition transmission. The female bettle can lay her eggs in a recently killed or dying 

tree. The fourth stage dauer juvenile that are present in the insects trachea leave it to enter 

the tree through the oviposition slits created by the female beetle. Immediatley after 

entering the wood the dauer nematodes moult in to their adult stage, feed themselves on the 

available fungi and begin laying their eggs, and the cycle restarts
14,22

.  
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Besides the morphological characteristics, Steiner and Buhrer
17

 found that the B. 

xylophilus is associated with insects, using them as their carriers
14,17,23

. Thus the insects 

associated with B. xylophilus must have a larval development stage that as we saw has a 

partaking in the nematode life cycle. Among the possible insects Monochamus spp. was 

pointed as the most important vector of nematodes. This species is also known as the long-

horn beetle and has long been identified as an inhabitant of conifer forests worldwide
23-24

. 

Among the Monochamus species, Monochamus alternatus and Monochamus 

galloprovincialis are the most important vector species
14

. In Portugal two species of 

Monochamus have been identified and documented as being vectors of B. xylophilus: M. 

galloprovincialis
23,25-26

 and M. suto
25,27

.  

 

2-Pine Wilt Disease 

The pine wilt disease (PWD) was first reported in 1905 in Japan
22

. The association 

of B. xylophilus as the causal agent of the PWD dates back to 1972
28

 and in 1981 Nickle et 

al
29

 classified B. xylophilus as the most important forest pest, causing serious monetary 

losses
29

. It is a devastating disease that if the environmental conditions are favorable kills 

pine trees in short time span
30

. 

2.1-Symptomatology  

B. xylophilus, the pine wood nematode (PWN), infects the pine tree, but the visible 

signs of infection do not appear right away. Environmental conditions influence the 

progression of the infection and the density of nematode population. The physiological 

water status of the pine tree is also relevant to the development of the disease
14,24

. The 

temperature affects both B. xylophilus and the vector that transports it. In cooler 

temperatures, the vector has a shorter life span and his feeding habits are altered, feeding 

less. Summarily, the inhibitory effect of nematode due to temperature is based on three 

processes: reduced vector longetivity; reduced transmission efficiency and delayed 

nematode transmission
14,31

. As we see temperature affects PWD with regard on the biology 

of B. xylophilus and Monochamus and the biology of the interactions between themselves 

and between them and the host (pine tree)
31

. 
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It is possible to monitor the presence and progression of the disease through the 

oleoresin flow that can be followed via wounds made on the trunk of trees
14

. According to 

Xie and Zhao
20

, the PWD symtptoms can be divided into 6 stages (table 1). PWD stages go 

from the point where there are no visible signs of infection in the pine tree, until a stage 

where the pine tree is dead and all the visible signs have revealed themselves. In stage 1, 

even though the nematode has already entered the tree, there are no detectable signs of 

infection. However, throughout the stages the visible symptoms of the disease manifest 

themselves. The symptoms revealed by the tree as consequence of the infection with the 

PWN are mainly due to the inefficient water supply provoked by the destruction of the 

resin ducts by B. xylophilus
11,14

. The severity of the symptoms is influenced by the time of 

year in which the infection occurs. Infections that take place in the summer, lead to a rapid 

death of the pine tree (40-60 days) while infections in spring take longer to develop. 

Infections in autumn and winter may result in no development of symptoms
14,31

. 

Table 1- Symptoms of pine wilt disease, adapted from Xie and Zhao20. 

Stage Symptom 

1 Pine tree has a healthy aspect and resin flow is normal. 

2 
Resin secretions are reduced or ceased and the needles near the inoculated site are wilted 
or no longer shining. 

3 
Resin secretion ceased completely. Part of the needles on twigs near the inoculated twig 
turned yellowish or brown. 

4 Start appearing yellow needles on 1-year-old twigs that were not inoculated. 

5 
Part of the needles on the top leader turned grayish or yellowish. No green needles were 
observed in the whole pine tree. 

6 
Most of the needles on the top leader turned brown and wilted and all the other twigs 
turned brown and the tree died completely. 

 

2.2-Disease mechanisms 

In order to develop and reproduce in the tree the nematode needs to overcome the 

plants defence mechanisms and create a survival interaction
14

. It is the nematode head that 

takes up the plants defence responses with the help of the stylet, that besides creating a 

passing route between the plant cells, also secretes efectors that soften and degrade the cell 

wall
7,11,24

. After entering the tree the nematode starts feeding on parenchymal cells and 

moves rapidly from the inoculation point to woody tissues, via the resin canals of xylem 

and cortex, feeding on their epithelial cells
7,11,14,32

.  
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The movement of nematodes along the resin canal leads to a reduction in oleoresin 

exudate flow as the nematodes feed and reproduce inside these canals
14,24

. After two to 

three days following the invasion of PWN in the pine tree, the vascular system is 

compromised. The nematode increases the production of pine volatile substances for self 

defence
14,24,32

. These volatile subtances, such as ethylene, are exuded from the tree 

parenchyma and help cut the water columns under tension, leading to dehydration of 

tracheids and cavitation with xylem blockage
14,32

. The lack of a normal water flow 

throughout the pine tree leads to the worse and more visible symptoms, discoloration of 

pine needles and tree death. 

2.3-Tree host 

Even though the disease is called pine wilt disease (PWD), not all species of Pinus 

spp. are susceptible of infection by B. xylophilus. The pine species that have been 

identified as susceptible of dying of PWD are P. bungeana, P. desinflora, P. luchuensis, P. 

massoniana, P. thunbergii, P. nigra, P. sylvestris and P pinaster
22

. A major drawback is 

that species that are predisposed to infection by this parasite die in a short period
22

. 

Throughout time, some tree species have co-evolved with B. xylophilus, thanks to 

their natural and high tolerance to this pest. Amongst these pine species are the loblolly 

pine (P. banhsiana), the eastern white pine (P. strobus) and the table mountain pine (P. 

pungens)
14

. Interestingly, trees in North America, where the disease was first reported as 

being caused by B. xylophilus, have developed tolerance to this pathogen
9
. In tolerant trees 

the multiplication of the nematode population is prevented so that by the end of the 

infection the number of nematodes in the tree is lower than the number of nematodes that 

infect the plant
14,33

. It is thought that resistance arises from the expression of resistance 

genes and a hypersensitive response. A hypersensitive response towards the infection with 

PWN has already been reported in resistant trees
34

. 

Even pine trees that are not resistant to the PWN have their own natural defense 

mechanisms against this and other parasites. Plants produce toxins to protect themselves 

against pathogens. Some of these synthesized compounds have a broad spectrum of action 

so that the plant can have a defense mechanism against a wide number of pathogens. 

Phytoalexins, isoflavonoids or terpenoids are some of the anti-pathogenic compounds and 

some of these are known as being nematicidal
11

. Another class of compounds produced by 
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plants and used in their defense mechanism are reactive oxygen species (ROS). 

Histopathological studies have shown that these compounds are synthesized in response to 

nematode invasion and might also activate other signaling pathways that may lead to the 

strengthening of cell walls
11

. 

2.4-Pathogenic interactions 

Even before a major increase of the nematode population within the tree, there 

seems to be an extensive death of pine cells, suggesting that the nematode may produce 

phytotoxins that may lead to this situation
14,35

. Two phytotoxins 8-hydroxycarbotanacetone 

and 10-hydroxyverbenone, have been identified and characterized in trees infested with B. 

xylophilus
14

. More recently it was found that the disease process might be influenced by a 

group of bacteria that is associated with the PWN and that favor the pathogenic 

mechanism, probably by the release of toxins
14,19-20,35-36

. It has also been suggested that 

PWD is the result of a complex infectious process of the nematode and the bacteria 

associated with it
37-39

. It is important to keep in mind that the bacteria alone cannot cause 

PWD
14,36,38

. 

Many studies have been conducted to determine which bacterial strains can be 

found associated with B. xylophilus and the dynamic of such association. Xie and Zhao
20

, 

analyzed chips from twigs that were not inoculated, in different stages of the disease and 

found that in the first stages, bacterial colonies were absent, but with the progression of the 

disease, these became more representative and diverse. Recent published investigations on 

this matter reveal that PWD development decreases when nematode surface is 

sterilized
22,40

 and that the bacterial colonies associated with B. xylophilus differ between 

geographic regions
19,40-41

. Thus it is possible to find bacteria belonging to the genera 

Bacillus in Japan, Pseudomonas in China, both are present in Korean samples, and 

according to the studies in Portuguese isolates bacteria belonging to the genera Pantoea, 

Klebsiella and Serratia are the most common
19-20,40-41

 . 

2.5-Disease progression 

Tree diseases, like PWD cannot be confined to geographical or geopolitical 

boundaries and therefore, throughout time, many important trees on a worldwide scale 

have been destroyed due to pests
42

. The timber trade was responsible for the spread of B. 
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xylophilus to Japan, China, Taiwan and Korea, and later on to Europe.
30,43

 The 

consequences of this epidemic spread are so devastating that by 2004 a large area of pine 

forests in these regions had been destroyed
43

. In 1999 the PWN was identified on the 

maritime pine, Pinus pinaster near Setúbal, Portugal. This was the first time the virulent 

species of Bursaphelenchus was reported in Europe. However, over the years, this pest has 

spread to pine trees in other locations of the country affecting negatively the economical 

entities that rely on healthy pine trees to generate products with economical significance 

such as lumber, resin, pulp and pine seeds
30,44

. 

Due to the big losses caused by PWN, B. xylophilus is now considered in the 

European Union as a European Plant Protection Organization (EPPO) quarantine pest, 

legislated by the Directive 77/93 EEC. This directive comprises the nematode B. xylophilus 

and it’s vector Monochamus spp.  

Among the nematodal species of the Bursaphelenchus spp. genera only B. 

xylophilus is widely known as having pathogenic properties in normal environmental 

conditions, causing PWD
14

. However we can find several reports mentioning other species 

of the Bursaphelenchus spp. genera with pathogenic properties, but only in laboratory 

assays; none of them have been reported as pathogenic in natural conditions
14,36,45

. 

 

3-Molecular mechanisms of parasitism 

Little is known regarding the molecular mechanisms of the interaction of B. 

xylophilus with its host. On the other hand, some progresses have been accomplished in 

this field with the creation of expressed sequence tags (EST) libraries and genome 

sequencing projects that allowed the discovery of genes coding for proteins that play a role 

in the molecular mechanism of the disease
9,46-47

. Events partaking in the parasitic 

mechanism have been characterized independently, but no further interdependent relations 

have been established among them. At least three pathways have been proposed for the 

pine wood nematode parasitism process; effectors produced in B. xylophilus’ glands which 

are expelled through the stylet
11,48

, bacteria associated with the nematode
5,19-20,40-41

 and 

acquisition of genes by HGT from bacteria and fungus, providing B. xylophilus with the 

tools to infect the host
9,15,47,49-50

. In order to develop solutions that will help solve or at 

least control the spread of B. xylophilus, it is necessary to know which factors trigger the 
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expression of each gene and the gene networks that contribute to the pathogenetic 

mechanism of the PWN. 

3.1-Genomics and transcriptomics 

Researchers are working on the sequencing and assembly of the genome of several 

organisms, such as human, mouse and other organisms with the main goal of knowing the 

sequence of genes and their organization. The transcriptome provides the information for 

understanding when, where and how each gene is expressed. The knowledge of B. 

xylophilus genome sequence would be of much interest due to the vast amount of 

information that would be available regarding its biology. This information would be of 

utmost use to identify the mechanisms beneath the pathogenic ability of B. xylophilus, and 

provide information on potential targets to control the spreading of the disease (enzyme 

pathways or essential genes)
14

. The gathering of genomic and transcriptome information is 

only possible due to the development of next generation sequencing technologies (NGS). 

3.2-Next generation sequencing technologies 

Pyrosequencing is a next generation sequencing (NGS) method, a high throughput 

technology that allows dramatic increases in cost-effective sequencing based on real-time 

DNA synthesis that is monitored through bioluminescence. NGS technologies have been 

used for genome sequencing, resequencing as well as metagenomics. Sequencing services 

carried out by the Advanced Services Unit at Biocant rely on the Roche 454 Sequencer, the 

first next-generation sequencing technology released. The 454 sequencing is based on 

emulsion PCR, a highly efficient in vitro DNA amplification step. In this PCR method, 

individual DNA fragments obtained by DNA shearing are attached onto beads by adapters, 

and afterwards incorporated in separate emulsion droplets. These droplets act as individual 

amplification reactors, producing approximately 10
7
 clonal copies of the template fragment 

attached to the bead. Each template containing bead is subsequently transferred into a well 

(each well contains only one bead) on a picotiter plate. The template attached to the bead is 

sequenced in the Roche 454 by solid-phase pyrosequencing technology, based on three 

enzymatic reactions that produce light (figure 4). In these reactions, dNTPs are added one 

at a time to the immobilized template on the bead and in the case of incorporation, a 

chemiluminescent signal proportional to the number of incorporated dNTPs is released and 

detected by a CCD (charge-coupled device) camera
51-53

. 
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Figure 4 - Schematic view of the pyrosequencing reaction and the enzymatic 

reactions involved, adapted from Petrosino et al.54. 

 

3.3-Genome of B. xylophilus 

Recent progresses on the genome of B. xylophilus have been accomplished by 

Kikuchi et al.
9
. This research team conducted a study to look for evidence and mechanistic 

triggers used by B. xylophilus through the analysis of the genome sequence. According to 

their results the genome of B. xylophilus is 74.5 Mb long and through assembly they 

obtained 6 pairs of nuclear chromosomes. B. xylophilus’ genome size is smaller than C. 

elegans and some of the other published nematodal genomes, except M. hapla. However 

the GC content was 40.4%, higher than the other sequenced nematodes except P. pacificus. 

Mitochondrial genome shows gene content and organization similar to C. elegans. They 

found 18 074 protein coding genes, less than C. elegans (20 416) and M. incognita (19 

212), but bigger than M. hapla (14 420), though the average protein length is similar. 

However, B. xylophilus displays the largest mean exon size (289 bp), the smallest average 

number of exons per gene (4.5) and the smallest mean intron size (153 bp). A comparison 

of B. xylophilus protein set with those of other nine nematodes revealed that the PWN 

genome is relatively conserved over the long divergence from other plant parasitic 

nematodes. 

In their study, Kikuchi et al.
9
, reported important information about B. xylophilus 

biology and genes involved in development, chemoreception and neuropeptides. A 

thorough description of the RNA interference (RNAi) pathway was also documented, 

enlightening the use of this mechanism as a tool to study the nematode biology and 
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pathogenic mechanism. Their quest for carbohydrate active enzymes (CAZymes) found 

cellulases (11 GHF 45), pectinases (15 PL3), expansins (8), that can act upon plant cell 

wall and 1,3-glucanases (6 GHF 16), chitinases (9 GHF 18, 2 GHF 19, 7 GHF 20) that 

participate on the hydrolysis of the fungal cell wall. These enzymes were compared with 

those of other five nematodes and GHF 45 as well as GHF 16 were found to be present 

only in B. xylophilus. The analysis of the genes encoding both proteins revealed their high 

similarity to those of fungi and bacteria, respectively, suggesting that they might have been 

acquired by HGT. These authors also found 581 peptidase genes, the largest number found 

in any characterized nematode genome. Peptidases in nematodes partake critical roles in 

physiological processes including embryogenesis and cuticle remodeling during larval 

development and also in the parasitic process, such as tissue penetration, digestion of host 

tissue and evasion of the host immune response. The identified proteins belong to the 

peptidase families involved in extracellular digestion and lysosomal activity. One of the 

identified endopeptidase families, aspartic-type endopeptidase, also seems to have been 

acquired by HGT from ascomycete fungi. On their analysis to the effectors, secreted 

proteins that mediate parasitic interactions, they found three other proteins, encoded by 

genes, potentially acquired by HGT. These were 6-phosphogluconolactonase from 

bacteria, a protein containing a cystatin like domain, from gamma proteobacteria and 

HAD-super family hydrolase from bacteria. 

3.4-Transcriptome 

The information contained in the genome is used to build and maintain cells and is 

transcribed into messenger RNA (mRNA). The collection of all mRNA in a given cell is 

called the transcriptome
55

. The transcriptome is composed only by the genes that encode 

proteins therefore it is different from the genome. When taking up a genetic study through 

this method, only the genes that are being expressed at that moment are taken into 

account
55

. 

To obtain information from the transcriptome of B. xylophilus regarding its 

pathogenic ability, Kikuchi et al.
15

 cloned and analyzed 5 000 EST. This project revealed 

the presence of genes in B. xylophilus that might have been acquired by HGT. Therefore, 

in 2007, Kikuchi et al.
46

 took up a new EST project, but this time on a much larger scale. 

The generated library had a total of 13 327 ESTs (transcripts) from B. xylophilus. In this 
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study, the research team included another nematode species, B. mucronatus, with close 

relation to B. xylophilus, but lacking the ability to parasitize plants. For this non-pathogenic 

nematode species, the number of generated EST sequences (3 193) was slightly smaller 

than the amount for the PWN. The team found genes encoding for proteins with structural 

and metabolic functions in the nematode, such as actin, myosin and collagen that belong to 

the cytoskeleton and cytochrome C oxidase, ADP/ATP translocase and elongation factor 

proteins that participate in the energetic and metabolic processes. Genes potentially 

acquired via HGT, with no prior reference, were also identified in this assay as encoding 

for chitinases and expansins. 

B. xylophilus life cycle has two stages which comprise different morphologic and 

physiologic characteristics, therefore, it is also expected that genes expressed in each one 

of these phases will be different. In order to check for such differences in gene expression 

throughout the PWN life cycle, Kang et al.
56

 developed a study elucidating gene 

expression at specific stages of B. xylophilus development. These researchers conducted 

their experiments with two subtractive B. xylophilus cDNA libraries, to study the dispersal 

4
th

 larva stage (D4S) and the pine-grown propagative mixed stage (PGPS). They found in 

their PGPS library a group of proteins, the allergen-like proteins, which have also been 

found in other plant parasitic nematodes and are suggested to play an important role 

against the host. In their study they found vap1 and vap2, two proteins rich in cystein, that 

were known to be secreted from the esophagus gland cells, during the parasitism process. 

Vap2 was found to be over expressed in the PWN propagative phase when growing in pine 

trees, leading the research team to suggest that this protein plays a crucial role in B. 

xylophilus parasitic process. This type of analysis could also be of great interest to expose 

the molecular basis between the host-nematode interactions in each step of the 

development. 

Another input into the molecular knowledge of B. xylophilus was the transcriptome 

pyrosequencing at the Advanced Service Unit at Biocant. Using 454 pyrosequencing 

technology, this group sequenced the transcriptomes of seven PWN isolates from four 

distinct geographical locations: Portugal, China, Japan and United States of America. 

Although the aim was to discover differences in the genome related to geography, the 

study produced 16 297 transcripts, corresponding to 10 776 transcripts with conserved 

protein domains as identified through InterPro and 7 969 transcripts matching the Gene 
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Ontology terms. The transcriptome and its corresponding protein information were 

organized in a searchable database, where targeted searches can be made on each 

individual population. Additionally, by assembling together the set of transcripts from all 

populations, the group generated a digital transcriptome of the species B. xylophilus. Genes 

characteristic of pathogenicity in this nematode were identified in the transcriptome, 

namely cellulases, chitinases, expansins or venom allergen proteins (unpublished results). 

Transcripts encoding proteins with bacterial and fungal origins were also found in this 

transcriptome. This evidence instigated, in this unit, the quest for proteins eventually 

incorporated in the genome of B. xylophilus by HGT. 

3.5-Horizontal gene transfer 

One of the aspects of the molecular mechanism of parasitism by B. xylophilus is the 

presence of new features that participate and influence the parasitic interaction of the 

nematode with the pine tree. These new features are acquired by HGT, also known as 

lateral gene transfer. This is a mechanism that explains the transmission of genetic material 

between individuals of different species and different organisms. Through HGT the genetic 

information is not necessarily transmitted by reproduction or vertical inheritance. It has 

been demonstrated that HGT can occur between cells, viruses, plasmids and also between 

closely-related bacterial strains, as well as transfer between domains. HGT aids organisms 

acquire genes with new functions and therefore an important mechanism in shaping 

genomes and generating the ability of certain organisms to acquire ‘tools’ that will help 

them take up new processes
57-58

. A gene incorporated by HGT in a foreign genome may 

suffer changes in its size and number of introns
50

. 

3.5.1-Horizontal gene transfer in nematodes 

The transcriptome analysis of some nematodes such as M. hapla and M. incognita, 

belonging to the Tylenchida order, found quite a few cell-wall-degrading enzymes that are 

of much use in the parasitic process. Among these enzymes are cellulases
50,59

, xylanases
60

, 

other members of the glicosylhydrolase family
11,61

, polygalacturonase
11

, pectate lyases
62

 as 

well as proteins that break the non-covalent bonds between plant cell walls
63

. The presence 

of such enzymes in these nematodes, along with the genes that encode them, and the 

absence of these in other free living nematodes, suggest that these genes were acquired by 

HGT, most probably from bacteria or unicellular organisms where very similar genes can 
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be found
7,63

. Mayer et al.
50

 demonstrated that nematodes from different genera, in their 

case, Koerneria and Pristionchus, had genes encoding for the same enzyme, acquired by 

HGT that did not precede from the same donor
50

. 

3.5.2-Horizontal gene transfer in B. xylophilus 

Horizontal gene transfer (HGT) is an hypothesis that might explain how the 

nematode B. xylophilus could have acquired the necessary tools to become a parasite of 

conifer trees. As we have seen until this moment, various genes encoding proteins have 

been suggested to be acquired and incorporated in B. xylophilus genome by HGT. B. 

xylophilus has incorporated genes that code for cell wall degrading enzymes and effectors 

as well as proteins involved in physiological processes. The proteins that have been 

identified in B. xylophilus as potentially being incorporated by HGT are resumed in table 2. 

Table 2 - Proteins identified in B. xylophilus and proposed to have been incorporated in its genome by HGT. 

Acquired protein Origin Reference 

GHF 45 Ascomycete fungi Kikuchi et al.
9,15

 

GHF 16 Gammaproteobacteria Kikuchi et al.
9,47

 

Expansin-like Bacteria Kikuchi et al.
49

 

Pectate lyase Bacteria Kikuchi et al.
62

 

Aspartic-type endopeptidases Ascomycete fungi Kikuchi et al.
9
 

6-phosphogluconolactonase Bacteria (firmicutes) Kikuchi et al. 
9
 

Protein with cystatin like domain Gammaproteobacteria Kikuchi et al. 
9
 

HAD-super family hidrolase Bacteria (firmicutes) Kikuchi et al. 
9
 

 

The PWN ability to secrete cellulases may assist the pathogenic process as well as 

its migration within the host, since cellulose is the major component of plant cell walls
14

. 

Kikuchi et al.
15

 found among their transcripts a sequence with similarity to cellulases (Bx-

eng-1). The identified transcript was 762 bp long, and possessed an ORF of 672 bp. The 

SignalP program deduced a Bx-ENG-1 protein sequence that contains in its N-terminal a 

predicted 15 amino acid signal that presumably will be found in the mature peptide. 

Further EST analysis, identified two other transcripts (Bx-ENG-2 and Bx-ENG-3) that 

could also encode proteins similar to GHF 45 cellulases. These last two identified 

transcripts also enclosed the predicted peptide signal at the N-terminus, yet these 

transcripts were slightly bigger than the first one, however this difference did not influence 
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the sequence alignment. BLASTX software analysis showed that the three transcripts from 

B. xylophilus were highly similar to GHF 45 cellulases from fungus. 

The ability of B. xylophilus to secrete β-1,3-glucanases is not relevant to its 

pathogenic mechanism and consequent phytophagous phase, however, these proteins play 

an important role in its mycophagous phase of development. β-1,3-glucan is the major 

constituent of the fungal cell wall and β-1,3-glucanases cleave the β-1,3-D-glucosidic 

bonds between the monomers
9,47

. During an EST project on B. xylophilus, Kikuchi et al.
47

, 

found a transcript (Bx-lam-16A) encoding for a protein BxLAM16A with similarity to β-

1,3-glucanases. The identified transcript was 803 bp long, containing a 753 bp ORF. The 

predicted amino acid enclosed a hydrophobic peptide signal to be cleaved between Ala
15

 

and Gly
16

, originating a mature peptide with an expected molecular mass of 26 441.73 Da 

and a predicted pI of 4.7. A BLASTp search found that the deduced BxLAM16A peptide 

sequence was most similar to GHF 16 β-1,3-glucanases from bacteria. 

Expansins are, like GHF 45, another type of proteins that could play a part in B. 

xylophilus pathogenic mechanism because despite not degrading the plant cell wall, these 

proteins are thought to lose non-covalent bonds that hold cells together, easing the 

enzymatic attack
49

. Kikuchi et al.
49

 in an EST analysis on B. xylophilus found a transcript 

that could encode for a expansin-like protein. The detected coding region was 593 bp long 

and contained a 220 bp ORF. The protein encoded by this gene is 171 amino acid long 

with a predicted molecular mass of 17.602 kDa. SignalP program predicted a signal 

peptide near the N-terminal of the predicted protein sequence. Searches with BLASTp and 

BLASTX revealed that the predicted expansin-like peptide sequence is similar to those 

found in bacteria but could also be identified in potato cyst nematodes (G. rostochiensis). 

Pectin, like cellulose, is another component of the plant cell wall. Pectin is a 

structural heteropolysaccharide that can be degraded by pectate lyases. These enzymes can 

be found in B. xylophilus and are produced in the esophageal gland cells being secreted 

through the stylet. Pectate lyases can also be found in the non-pathogenic nematode B. 

mucronatus, therefore suggesting that this plant cell wall degrading enzyme is used for 

migration in both living and dead plant tissues
62

. Kikuchi et al
62

 constructed an EST library 

and searched the generated transcripts through BLASTn and BLASTX programs to detect 

similar DNA and protein sequences in databases. Searches came up with a transcript (Bx-

pel-1) encoding for a protein similar to pectate lyase. The identified transcript sequence 
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was 848 bp long with a 252 bp ORF. SignalP program detected a 18 amino acid signal near 

the N-terminus of the deduced BxPEL1 polypeptide. The predicted mature protein had a 

molecular mass of 25 kDa and a theoretical pI of 8.45. Further EST analysis found another 

sequence (BxPEL2) that can also encode a protein alike to a pectate lyase from the 

polysaccharide lyase family. Both sequences, BxPEL1 and BxPEL2, shared 64% amino 

acid similarity. BLAST search revealed that the genes encoding the pectate lyase 

incorporated in B. xylophilus genome were more similar to the gene sequences found in 

bacteria. 

The last four proteins presented in table 2 (Aspartic-type endopeptidases, 6-

phosphogluconolactonase, protein with cystatin like domain and HAD-super family 

hidrolase) were identified by Kikuchi et al.
9
 in their research on the genome of B. 

xylophilus, but no further information regarding the molecular organization of the genomic 

sequences encoding these proteins has been published until the moment. 

3.5.3-Horizontal gene transfer analysis 

One of the simplest criteria to suspect that a gene has been incorporated by HGT is 

by analyzing the amino acid sequence of the protein it encodes. However, the similarity of 

a bacterial protein sequence with the sequence of a nematode protein is not enough to 

prove it was incorporated in the nematode’s genome by HGT. In order to prove so, it is 

essential to testify incongruence of that gene with the nematode phylogeny
64

. Initial 

approaches to identify HGT cases were based on biochemical and immunological assays. 

With the development of bioinformatics tools, the quest for HGT candidates became faster 

and more efficient
11

. The quest for HGT candidates can be resumed according to figure 5.  

 

Figure 5 - Outline of the process to identify HGT candidates. 
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Next generation sequencing is the technology currently in use to put together 

transcript libraries. Transcript sequences are clustered according to the similarity of their 

sequence, generating a final consensus sequence, the transcript. The transcript sequence 

codes for a protein and in order to find the corresponding protein, a BLASTX search on a 

non-redundant database, like UniBank or GenBank, is performed. This search generates a 

database formed by proteins and the identification of the organism where it is expressed. 

BLASTX search also returns an expected value (E-value) that quantifies the level of 

similarity of the transcript sequence, with the sequence that is found in the database. At 

this point a number of criteria need to be established to trim down the number of 

candidates. Amongst the options that can be used to eliminate unviable candidates are 

BLAST hit E-value, transcript sequences with no identified protein in database, proteins 

encoded by organisms with no relation to the nematode, making it impossible to transfer 

genes (for example, humans), or proteins with an unspecified function (hypothetical 

proteins). Criteria used in HGT analysis have to be carefully chosen so that unviable 

candidates can be screened leaving only those with a bacterial or fungal origin, an E-

value≤10
-6

 and a specified protein function. Therefore the candidates that emerge from the 

screening process are analyzed according to their evolutionary relationships, 

phylogenetics. Phylogenetic analysis is the method performed to determine or estimate 

these evolutionary relationships that are frequently represented as branches in tree-like 

diagrams, called phylogenetic trees
65

. The sequences submitted to phylogenetic analysis 

are first subjected to multiple sequence alignment which generates gap scores. This 

information will further on be used to build a phylogenetic tree to determine the origin of 

the suspected protein. After identifying a gene incorporated by HGT it is crucial to prove it 

is viable and functional. Biochemical tests should be performed to determine protein 

activity and assess the process evolution from the original organism. 

In Kikuchi et al.
47

 the sequence of β-1,3-glucanases from B. xylophilus was aligned 

using CLUSTALX (ver. 1.81) against β-1,3-glucanase like proteins from bacteria, fungi 

and animals. BLOSUM (BLOck SUbstitution Matrix) 30 was used as the protein weight 

matrix. BLOSUM 30 is a series of matrices that are used to correct the sequence changes 

between long and closely related species. Gap-opening and gap-extension penalties had to 

be tested to determine the factors that would result in a better alignment. Little manual 

corrections needed to be performed on the aligned sequence, based on the crystal structure 
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of endo-β-1,3-1,4-glucanases from Bacillus lichenifornis and Bacillus macerans. 

Furthermore phylogenetic trees were constructed based on the alignment with neighbor 

joining and maximum parsimony methods through PAUP* v. 4.0b10. This methodology 

created trees with similar topology. In Kikuchi et al.
15

, the phylogenetic analysis of GHF 

45 cellulase protein sequences, was performed using CLUSTALW and SOAP v1.1 

software to align the sequences. To carry out the alignment, the signal peptides and the N-

terminal extensions of the Bx-ENG-2 and Bx-ENG-3 peptides were removed, yet leading 

to no effect on the overall alignment. For the alignment a series of 35 parameters were 

defined to filter out ambiguous alignment sites (gap opening and extension penalties and 

100% conservation across alignment). A phylogenetic tree was constructed based on the 

maximum likelihood analysis from the aligned sequences, just like the previous case. 

These two reports of Kikuchi et al. used the same software to align their sequences, but 

used different tools to fine tune the alignments. 

Kikuchi et al.
9,49

 and Richards et al.
58

 did not share much detail on the phylogenetic 

sequence analysis, only that it is accomplished with MUSCLE. However, Richards et al.
58

 

mentioned the use of GBlocks to sample conserved regions in the alignment. As seen in 

references, alignments performed with MUSCLE took up less steps than those conducted 

with CLUSTAL. In fact, MUSCLE offers improvements in scalability with comparable 

accuracy
66

. CLUSTAL and MUSCLE are the main multiple sequence alignment softwares 

used in the referenced searches, yet, others are available (table 3). Though MUSCLE is 

quit a viable option for most alignment tasks
66

. 

Table 3 - Summary of the multiple sequence alignment programs, adapted from Edgar and Batzoglou, 2006 66. 
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4-Challenges to the academic community 

The molecular mechanism behind the parasitism ability of B. xylophilus is not well 

known, however the economical losses that this pest generates on a worldwide scale are 

tremendous. Some mechanisms and factors that lead to the development and spread of the 

PWD have already been identified but a more profound knowledge of the biology of this 

organism will help develop methods to combat and restrain this disease. 

4.1-Purpose of this work 

As we saw, HGT is one of the proposed mechanisms by the scientific community 

that led B. xylophilus to acquire the ability to cause PWD. Some genes present in B. 

xylophilus have already been found to most likely be acquired by HGT from bacteria and 

fungi, but almost certainly more genes have been incorporated in the genome of the PWN 

through this route. The transcriptome of B. xylophilus prepared at Biocant contains hints of 

potential HGT candidates, therefore it is important to find all these candidates as well as 

their phylogenetic origin, to identify new parasitic pathways and discover new targets for 

the design of new strategies to control the disease. 

 



 

 

 

  



 

25 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter II – Materials & Methods 
 

 

 

 

 

 

 

 



 

 

 

 



  
            Universidade de Aveiro | Departamento de Química 
 

27 
 

1-Pipeline development 

 

1.1-Background 

The transcriptome of B. xylophilus was sequenced at the Advanced Services Unit at 

Biocant, using the 454 pyrosequencing technology (454 Life Sciences, Roche, Branford, 

USA). Results were generated from seven PWN isolates (table 4) cultured on Botrytis 

cinerea and maintained in laboratory conditions, originating from four distinct 

geographical regions: Portugal (4 isolates), China (1 isolate), Japan (1 isolate) and USA (1 

isolate).  

Table 4 - Summary of the samples used, regarding their origin and the concentration of the 

extracted genomic DNA. 

Origin Region Sample reference Concentration (ng/µL) 

Portugal 

Santiago do Cacém Pt15 153.3 

Alcácer do Sal Pt17 181.5 

Santa Comba Dão Pt19 177.9 

Tábua Pt21 151 

China - ChJs 182.5 

Japan - J10 141.9 

USA - USA618 180.8 

(-) Not applicable 

 

The results were assembled and annotated according to Bettencourt et al.
67

 (the 

methodology is resumed in figure 6) and organized in a searchable database for posterior 

analysis. 
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Figure 6 – Flowchart representing the data processing pipeline for de novo transcriptome assembly and 

annotation adapted from Bettencourt et al.67 

 

1.2-Screening using information held in the database 

The transcripts were placed in the database along with their BLASTX, InterPro and 

gene ontology description. BLASTX description contained the expected protein, the 

organism from where it originated and the corresponding E-value. Based on this 

information the transcripts were screened using the parameters E-value, recognized protein 

function and taxonomy, according to figure 7, until the appropriate pipeline was met. 
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Figure 7 – Ordering trials of the chosen parameters in the development of the final pipeline. 

1.3-B. xylophilus microbial community 

The composition of the microbial community living with the nematode was 

incorporated in the pipeline and used as a filter to the candidates resulting from the 

screening process presented in section 1.2. 

1.4-Phylogenetic analysis 

The candidates resulting from section 1.3 were individually submitted to 

phylogenetic analysis according to the outline presented in figure 8, to determine their 

origin.  

 

Figure 8 – Outline of the phylogenetic analysis. 

All sequence alignments were performed using MUSCLE68-69 and the phylogenetic trees were built in MEGA 5 using the 

Maximum Likelihood method70. All BLAST and conserved domain searches were conducted at the National Center for 

Biotechnology Information website http://blast.ncbi.nlm.nih.gov/ and http://www.ncbi.nlm.nih.gov/ 

Structure/cdd/cdd.shtml, respectively. Final candidates were checked in the genome of B. xylophilus at 

http://www.ncbi.nlm.nih.gov/genome?term=bursaphelenchus. 



Chapter II – Materials & Methods 

 

30 

 

In stage I the transcript was submitted to BLASTp search against bacteria, in first 

place, fungi, in second, nematodes in third and in fourth place other organisms excluding 

the last three tested classes. Three to four sequences, resulting from the search, containing 

the highest score and E-value were downloaded. These sequences were afterwards aligned 

according to the parameters presented in table 5a) and their phylogenetic tree was built 

following the parameters presented in table 5b). Transcripts that appeared in the 

phylogenetic tree grouped with nematodes were discarded, remaining those that grouped 

with bacteria and fungi. In stage II the transcript was tested for the existence of a 

conserved domain and only transcripts containing a conserved domain were maintained. In 

stage III the transcript was screened with the results of the surrounding microbial 

community by BLASTn search. This step was introduced to ensure the transcript sequence 

was not homologous to the genera identified as belonging to the microbial community 

surrounding the PWN. In stage IV the transcript was aligned with the sequences 

downloaded in stage I, according to the parameters of table 6a) and the phylogenetic tree 

built according to the parameters in table 6b). In stage V, the remaining transcripts were 

checked in the genome of B. xylophilus. 

Table 5 - Parameters used for phylogenetic analysis in Stage I 

Parameters used for sequence alignment in MUSCLE a) and phylogenetic analysis in MEGA 5 b).The presented 

conditions were applied in Stage I of the phylogenetic analysis. 
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Table 6 - Parameters used for phylogenetic analysis in Stage IV 

Parameters used for sequence alignment in MUSCLE a) and phylogenetic analysis in MEGA 5 b). The presented 

conditions were applied in Stage IV of the phylogenetic analysis. 

 

 

2-Analysis of the microbial community composition 

The bacterial community structure and composition was characterized by 

sequencing the V6 hypervariable region and the fungal community was characterized by 

sequencing the ITS II and D2 region by 454 sequencing, using barcoded (six-base) fusion 

primers with the Roche-454 A Titanium sequencing adapters. The amplification reactions 

were performed in a final volume of 25 μL containing 2 μl of DNA, 0.2 μM of each PCR 

primer (table 7), 0.2 mM dNTPs, 0.5 μl of 50X Advantage2 Polymerase Mix, 1.5 μl of 

DMSO 5% (v/v) and 2.5 μl of 10X Advantage
®

 2 SA PCR Buffer (resumed in table 8). 

The samples were amplified according to the program presented in table 9 in MyCycler 

Thermal Cycler (Bio-Rad Laboratories, Hercules, California, USA). The amplicons V6, 

D2 and ITS II were amplified for all samples presented in table 4. 

Table 7 - Primers used in PCR reactions. 

Primer Target Sequence (5’-3’) 
V6_Forward 

V6 hypervariable region of bacterial rDNA 
ATGCAACGCGAAGAACCT 

V6_Reverse TAGCGATTCCGACTTCA 

D2_Forward 
large ribosomal subunit 

AAGMACTTTGRAAAGAGAG 

D2_Reverse GGTCCGTGTTTCAAGACG 

ITSII_Forward 
internal transcribed spacer 2 region 

GCATCGATGAAGAACGC 

ITSII_Reverse CCTCCGCTTATTGATATGC 
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Table 8 - PCR mix used for rDNA amplification. 

Reagent Volume Supplier 

DNA 2 μl a) 

Forward Primer (0.2 μM) 1 μl Integrated DNA Technologies, Inc (Leuven, Belgium) 

Reverse Primer (0.2 μM) 1 μl Integrated DNA Technologies, Inc (Leuven, Belgium) 

dNTPs (0.2 μM) 0.5 μl Bioron GmbH, Ludwigshafen, Germany 

50X Advantage2 Polymerase Mix 0.5 μl Clontech, Mountain View, CA, USA 

DMSO 5% (v/v) 1.5 μl Roche Diagnostics GmbH, Mannheim, Germany 

10X Advantage® 2 SA PCR Buffer 2.5 μl Clontech, Mountain View, CA, USA 

H2O 16 μl - 

Total reaction volume 25 μl  

(-) Not applicable; a) samples presented in table 4. 

 

Table 9 - PCR programs used to amplify the ribosomal regions. 

 V6 D2 / ITS II 

Initial denaturation 95ºC 3’  94ºC 3’  

Denaturation 95ºC 30’’ 

30x 

94ºC 30’’ 

30x Annealing 52ºC 40’’ 50ºC 40’’ 

Extension 68ºC 40’’ 68ºC 40’’ 

Final extension 68ºC 10’  68ºC 10’  

(’) stands for minutes; (’’) stands for seconds; (30x) means that the cycle: denaturation, 

annealing and extension, was repeated thirty times, following the presented conditions. 

After the PCR reactions, the samples were visualized in a 1% (w/v) agarose gel 

stained with ethidium bromide to check the quality of the amplicon. Electrophoresis was 

performed in 1x Tris-acetate-EDTA (TAE) buffer at 90V for 30 min and gel images were 

digitally captured using Gel Doc™ XR+ System (Bio-Rad Laboratories, California, USA). 

The amplified DNA sequences were afterwards purified using the most suited 

method based on the analysis of the electrophoresis gel. Therefore, some were purified 

with Agencourt
®
 AMPure

®
 XP beads (Agencourt, Beckman Coulter, USA) and others 

were excised from the agarose gel, being purified with High Pure PCR Product Purification 

Kit (Roche Diagnostics GmbH, Mannheim, Germany). 

Once the purification step was accomplished the nucleic acid quantity was assessed 

by fluorometry with the Quant-iT
™

 PicoGreen
®

 dsDNA Assay Kit (Invitrogen, Life 

Technologies, Carlsbad, California, USA) via the Gemini™ EM Fluorescence Microplate 

Reader (Molecular Devices, Sunnyvale CA, USA), pooled at equimolar concentrations and 

sequenced in the A direction with GS 454 FLX Titanium chemistry, according to 



  
            Universidade de Aveiro | Departamento de Química 
 

33 
 

manufacturer’s instructions (Roche, 454 Life Sciences, Brandford, CT, USA). The 

sequencing data (fasta files) retrieved from the FLX 454 System was processed using an 

automatic annotation pipeline implemented in Bioinformatics Unit at Biocant. This 

pipeline was written in python and combines several widely used software packages for 

sequence and phylogenetics analysis, thus allowing a rapid analysis of rDNA projects. The 

raw pyrosequencing reads were treated according to the schematic presented in figure 9.  

 

Figure 9 - Flowchart of the bioinformatic methods used to analyze the pyrosequencing results. 

In a first step, the sequencing reads were assigned to the appropriated samples and 

rDNA specific region (ITS II, D2 or V6) based on the respective barcode. In this step, in 

order to minimize effects of random sequencing errors, we eliminated (i) sequence reads 

with <120 bp, (ii) sequences that contained more than two undetermined nucleotides (nt), 

(iii) sequences with more than 50% of low complexity regions made by DustMasker
71

, (iv) 

cut the sequences by reverse primer if sequencing reached the B adaptor, (v) chimera 

sequences identified by UChime
72

. In a further step of our pipeline the sequences were 

grouped according to their phylogenetic distance of 3%, which corresponds to species-

level threshold, creating the Operational Taxonomic Units (OTU). This operation is made 

by USearch
73

 and automatically creates the consensus obtained by sequence overlapping. 

Richness of population (rarefaction curves) and the diversity indices (Chao1 and ACE) 

were calculated using Mothur package
74

. In the next stage, consensus sequences for each 
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OTU were submitted to BLAST against curated databases which allowed the taxonomic 

annotation. According to the type of microorganisms a different database was searched for, 

the Ribosomal Database Project II (RDP) database for prokaryotes and nt@ncbi or SILVA 

for eukaryotes. After BLAST results, the best hits were selected and subjected to another 

quality control. All sequences with an alignment of less than 40% were rejected as well as 

those with an E-value greater than 1e
-50

. A bootstrap test was applied for all sequences that 

passed the previous quality check, using 100 replicates in seqBoot from the Phylip 

package
75

. The identification process was rather complex because it was necessary to 

correct the E-value scores, walk through the taxonomy path and identify the least common 

taxonomy level in the bootstrap process. Only the sequences with a bootstrap greater than 

70% are reported. The taxonomic assignment of the OTUs was completed with the 

attribution of the NCBI taxonomy identification number, which allows building the 

complete taxonomy of all identified organisms. Finally, for each taxon identified in the 

sample, the total number of sequences summed up. Therefore, a file with all the abundance 

of all the identified organisms within a sample was generated, allowing the posterior 

population statistics analysis. An image output was also generated using the software 

Phylostat 1.0 beta (unpublished). 

 

3-Gene annotation 

3.1-MAKER 

The candidate HGT gene was annotated at the Bioinformatics unit at Biocant using 

the genome annotation pipeline, MAKER. MAKER is a portable and easily configurable 

genome annotation pipeline which has the ability to identify repeats, align EST’s and 

proteins with a genome, make gene predictions and automatically integrate these data into 

protein-coding gene annotations, possessing evidence–based quality indices. The 

annotation was performed according to the procedure presented by Cantarel et al.
76

 and 

resumed in figure 10. 



  
            Universidade de Aveiro | Departamento de Química 
 

35 
 

 

Figure 10 – Flowchart of the MAKER pipeline, adapted from Cantarel et al.72 

The MAKER pipeline can be divided into five steps presented in figure 10. In step 

1, the compute phase, a battery of sequence analysis programs was run with the purpose of 

identifying and masking repeats as well as assembling protein EST and mRNA alignments 

that were used in the MAKER’s gene annotation process. Step 2 comprises the 

filtering/clustering stage. This phase consisted in identifying and removing marginal 

predictions as well as sequence alignments based on their scores, percentage of identity, 

etc. Step 3 is called the polish phase, BLAST hits were realigned using another alignment 

algorithm in order to obtain superior precision at exon boundaries. Step 4, termed 

synthesis, collected the clustering information from step 2 (ESTs) and the polished data 

from step 3 (aligned proteins) and generated evidence used for the annotation held in step 

5. In this step MAKER post-processed the synthesis-generated SNAP predictions, 

recombining them with evidence, generating complete annotations.
76

 

3.2-Blast2GO
®
 

Blast2GO
®
 is a universal GO annotation, visualization and statistics framework, 

designed to allow automatic and high throughput sequence annotation along with the 
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integration of functionality for annotation-based data mining
77

. The proceedings implied in 

the method are resumed in figure 11 according to Conesa et al.
77

. 

 

Figure 11 – Blast2GO® application overview, adapted from Conesa, A. et al.77. 

The figure shows schematically a typical run of Blast2GO®. Used symbols are described in the embedded legend. 

Numbered circles denote the major application steps. From the left to the right these are (1) Blasting: a group of selected 

sequences is blasted against either the NCBI or custom databases, (2) Mapping: GO terms are mapped on the BLAST 

results using annotation files provided by the GO Consortium that are downloaded on a monthly basis at the Blast2GO® 

server, (3) Annotation: sequences are annotated using an annotation rule that takes parameters provided by the user, (4) 

Statistical analysis: optionally, analysis of GO term distribution differences between groups of sequences can be 

performed and (5) Visualization: annotation and statistics results can be visualized on the GO DAG. At each of these 

steps, different charts are available to evaluate the progress of the analysis and data can be saved and exported in different 

formats. 

Blast2GO
®
 is a user friendly tool that allows monitoring and interaction at different 

steps of the analysis generating a visual output. Blast2GO
®
 uses BLAST to locate 

homologs of the introduced fasta files. The program extracts GO terms for each one of the 

obtained hits by mapping to existent annotation associations. An annotation rule assigns 

GO terms to the query sequence and the resulting annotation can be visualized in a graph.
77
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Horizontal gene transfer (HGT) is a mechanism for organisms to acquire new genes 

and consequently new functions. In the case of B. xylophilus, at least eight genes have been 

described as resulting from HGT. Our aim is to identify new uncharacterized HGT 

candidates among the transcripts of B. xylophilus obtained at the Advanced Services Unit 

at Biocant. This laboratory sequenced the transcriptome of seven nematode isolates from 

four geographic locations and assembled all reads together to create an in silico 

transcriptome of B. xylophilus. After gene annotation the laboratory developed a database 

to organize transcript information and search for gene functions. The following sections 

explain the methodology employed in screening and testing of the new HGT candidates. 

1-Establishment of filters to select horizontal gene transfer genes 

Pipeline development was an attempt-error process, since it was necessary to tryout 

several layouts to achieve the most appropriate outline retrieving the most accurate results. 

The variables, taxonomic origin of the organism and existence of a specific function as 

well as E-value, were conjugated in different manners in order to minimize the errors and 

the duplication of steps. At the end of the pipeline we expected to find candidates with a 

bacterial or fungal origin that possessed a significant E-value and a specific protein 

function, to deduce the role of the gene in the nematode and infer on the participation in 

the pathogenic mechanisms of B. xylophilus. 

The incorporation of genes acquired by HGT from bacteria and fungi in the 

genome of B. xylophilus is one of the pathways that are believed to have a role in the 

development and progression of PWD
14

. By assimilating genes that naturally wouldn’t be 

present, the PWN acquires abilities that could help him survive in different conditions and 

develop new feeding habits. It has been shown that the genome of B. xylophilus integrates 

at least eight genes from bacterial
9,49,62

 and fungal
9,15

 origin, therefore, in the quest for new 

genes acquired by HGT, the organism origin, is a logical and useful filter to apply. In the 

transcript annotation, we found proteins with bacterial and fungal origin, proteins 

belonging to nematodes and a group of proteins with non-bacterial, non-fungal, nor 

nematode origin (nBFNO). Transcript annotation is accompanied by E-value, another of 

the chosen filtering parameters, which indicates the statistical significance of the BLAST 

annotation
78

. Through E-value, one can determine the number of matches of a given 

pairwise alignment expected to be found by chance in a particular database. Thus, the 
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lower the E-value, the higher the chance of a given match being unique and more similar to 

the sequence of analysis, rising the significance of the hit
79

. E-values that tend to zero are 

more suitable to detect reliable results, therefore in our analysis we established E-value 

≤10
-6

 as the cutoff point
67

. A different parameter established was the existence of a 

particular function since it was commonly found among the transcripts the existence of 

hypothetical or predicted proteins. This designation is attributed whenever there is no 

experimental evidence regarding the translation of such gene and the protein hasn’t been 

experimentally characterized
80-81

. Some of these hypothetical proteins are thought to 

originate from the transcription of pseudogenes, DNA sequences that look like functional 

genes that however have no proven purpose
80,82

. Even though hypothetical proteins may 

eventually be proteins with new uncharacterized roles, an in silico analysis on its own does 

not achieve conclusions, without the in vitro or in vivo investigation
80

. Another 

denomination found amongst our transcripts was conserved hypothetical proteins. This 

designation comprehends a large portion of genes that could be found in sequenced 

genomes from a transversal range of phylogenetic lines and that haven’t been functionally 

or chemically characterized
81

. In consequence, maintaining in the final results candidates 

with such classifying hits would difficult the task of proving the reason of its incorporation 

in the genome of the PWN and its role in the nematodes survival. By relying our study on 

proteins of known function, understanding the outcome of the incorporation of such gene 

in the PWN is likely to be more successful.  

Our essay started off with 6 751 transcripts that were classified according to the 

taxonomic origin of the hits which classified the candidate. This step besides providing a 

bottom line for the quest for HGT candidates also supplied overall information regarding 

the taxonomic representativity and statistical significance of our transcripts, summarized in 

table 10.  

Table 10 - Summary of taxonomic affiliation of our transcripts 

Hits 
1
Total 

2
% Total 3

E-value≤10
-6

 
4
% E-value 

Nematodes 3 915 58% 3 481 89% 

nBFNO 1 977 29.3% 1 229 63% 

Bacteria and Fungi 496 7.3% 198 54.5% 

Non-classified 363 5.4% - - 

The presented results are based on the classification of the first BLAST hit; Total number of hits analyzed 6 751; 
1contains the total number of hits belonging to the defined taxonomic group; 2shows the percentage of the taxonomic 

representation in the total of transcripts; 3contains the hits with an E-value≤10-6, considered acceptable; 4represents 

the percentage of hits with an acceptable E-value, among the selected group. nBFNO - Non bacteria, non fungi nor 

nematode organisms; non-classified – transcripts that do not possess a classifying hit; (-) not applicable. 
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We performed this analysis based exclusively on the first BLAST hit result, since it 

is the most representative of all, holds the highest BLAST score and the highest E-value. 

The majority of the transcripts (58%) were classified as possessing a nematode origin, and 

the transcripts that did not have a classifying hit, represented the minority (5.4%). The 

percentage of nematode hits containing an acceptable E-value was high (89%). B. 

xylophilus belongs to the nematoda phylum, therefore it was naturally expected that the 

bulk of the transcripts also fit in the same phylum due to the phylogenetic evolution. 

However, and according to prior published reports
9,15,46-47,49,63

 it is also possible that some 

of the genes belonging to the genome of B. xylophilus may have been acquired from other 

phyla, by HGT, thus the existence of 7.3% of the transcripts belonging to bacteria and 

fungi is acceptable and are the searching basis for candidates. The number of hits 

designated as belonging to bacteria and fungi with an acceptable E-value represent only 

54.5% of the total of hits in this group but still represent the greater part of the results. 

Looking further into the results of the interest group, bacteria and fungi, it was 

possible to determine the representativity of each domain and the number of proteins with 

a specified function, these results are presented in table 11. 

Table 11 - Summary of bacteria and fungi representativity and protein specificity of the transcripts. 

Hits 
1
Total 

2
E-value≤10

-6
 

3
Hypothetical Protein 

4
Acceptable candidates 

Bacteria 204 3.1% 82 40% 87 43% 49 24% 

Fungi 292 4.3% 114 39% 174 60% 47 16% 

The presented results are based on the classification of the first BLAST hit; 1total number of hits belonging to the defined 

taxonomic group / percentage of the taxonomic representation in the total of transcripts; 2hits with an E-value≤10-6, 

considered acceptable / percentage of hits with an acceptable E-value, among the total transcripts of the selected group; 
3hits identified as coding for hypothetical proteins / percentage of hits coding for hypothetical proteins among the total 

transcripts of the taxonomic group; 4transcripts containing an acceptable E-value (E-value≤10-6) and simultaneously a 

specified protein function / percentage of candidates that hold an acceptable E-value and detain a specified protein 

function. 

The percentage of transcripts identified as being closer to bacteria is 3.1% of the total 

of candidates, among these only 40% hold an acceptable E-value, yet only 
1
57% of the 

total of transcripts with bacterial origin possessed a protein with a specified function, this 

gives us a total of 24% bacterial transcripts relevant for the study. The percentage 4.3% of 

fungal transcripts is slightly higher than those with bacterial origin however the outcome of 

                                                 
1
 100% (total) – 43% (Hypothetical Proteins) = 57% (Proteins with a specified function) 
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viable candidates from this domain is only 16%, less than the amount available from 

bacteria.  

2-Development of the pipeline 

The pipeline was developed based on attempt-error approach. The established 

screening parameters were applied to the total 6 751 transcripts in different arrangements 

until the best approach was met. Seven different outlines (presented in appendix I) were 

tested to set up the final pipeline, which results from the analysis of the weaknesses and 

strengths of the several attempts, resumed in figure 12. 

 

Figure 12 - Summary of weaknesses and strengths of the tested pipeline strategies. 

The several developed attempts to achieve the final pipeline resulted as an evolving 

process in an effort to remove an identified flaw in the prior strategy. These flaws are 

presented as weaknesses in figure 12 and the positive aspects of the strategies are presented 

as strengths. Based on this schematization of filters and filter arrangement we realized that 

a pipeline to screen transcripts in a quest to find HGT candidates, should comprise a first 

step with the ability of screening a significant amount of candidates; must eliminate all 

transcripts containing hits coding for nBFNO organisms; shouldn’t consider as valid 

transcripts that possess three or more hits coding for nematodes and should disregard 

transcripts with hypothetical proteins. Based on these criteria we designed the following 

flowchart, presented in figure 13. 
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Figure 13 – Flowchart of an ideal pipeline. 

This pipeline was determined based on the observation of 

prior attempts and hints presented in figure 12. 

We adopted E-value as the first filter, not only for its ability of screening a large 

amount of transcripts but also because if we screened out all the transcripts containing an 

inappropriate E-value we were keeping the ones with a relevant hit classification. This 

means that, when screening nBFNO organisms, transcripts containing at least one hit 

coding for these organisms was sufficient to eliminate that transcript. This justifies our 

second step in the flowchart. The order of the following two steps was determined based 

on the results of two strategies. The final strategy is presented in figure 14. 

 

Figure 14 - Outline of the final pipeline (Strategy VII).  

Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are 

preceded by > represent the hits that are maintained and pass to the next step. 

Through the observation of the diagram we can conclude that with our approach we 

were able to obtain 32 final candidates, with the desired requirements, from the initial set 

of 6 751 transcripts. 
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3-B. xylophilus microbial community analysis 

B. xylophilus has a microbial community in its surrounding cuticle and maybe in its 

digestive tract, and it is possible that some of the genetic material of these microorganisms 

might have been sequenced together with the nematode and could be present in the 

transcripts. This circumstance would adulterate our results, because we might have been 

considering as HGT candidates, genes that in fact belong to bacteria living associated with 

the PWN; from the fungus where the nematode was cultured or from other fungi 

contaminating the culture. The nematode samples used to sequence the transcriptome were 

disinfected, but this step may not ensure the death of the microbial community nor 

guarantee the complete removal of the microbial community from the surface. Analysis of 

the composition of the microbial community surrounding the samples could help 

distinguish the transcripts belonging to B. xylophilus from those belonging to bacteria and 

fungi without in vitro testing. Using next generation DNA sequencing technologies, the in 

silico identification of the microbes present in the community is now possible
54,71,83

. At the 

Advanced Services Unit at Biocant, this assay was conducted using the Roche 454 

pyrosequencing technology. Via sequencing the PCR products of phylogenetically 

conserved sequences we can define the composition of the microbial community. Genes 

from ribosomal RNA (rRNA) are conserved in all organisms and can be particularly 

informative for identifying the genus and in some cases the species of microorganisms
83

. In 

this biodiversity study we amplified three different regions of the rRNA. In order to 

identify bacterial genera we used the V6 hypervariable region of the 16S rRNA with 

approximately 50-70 bp, generating an amplicon of approximately 450 bp
71,83-85

 (figure 

15). 

 

Figure 15 - Conserved and hypervariable regions in the 16S bacterial rRNA, adapted from Petrosino et al.54. 

Conserved regions (C1-C9) and the hypervariable regions (V1-V9) 

For the identification of fungal individuals, two sequencing regions from the rRNA 

have been used as illustrated in figure 16. The D2 region from the large ribosomal subunit 

(LSU) generates an amplicon with about 350 bp and is more suited for the identification of 

yeast while the internal transcribed spacer 2 region (ITS II), which generates an amplicon 
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with approximately 450 bp long is more indicated for the recognition of filamentous 

fungi
86-88

. 

 

Figure 16 - Representation of the fungal rRNA operon, adapted from Accugenix, Inc.89 

Underlined regions were used in the metagenomic analysis. 

 

3.1-rDNA amplification and sequencing 

PCR amplification procedures were conducted using aliquots of 50 ng/µL of 

genomic DNA that was extracted at the Advanced Services Unit at Biocant by a colleague 

in a prior research and were preserved at -4ºC. The genomic DNA was isolated from the 

seven samples of B. xylophilus, the same used to sequence the transcriptome, which 

originated from four distinct geographical locations according to table 12. 

Table 12 - Summary of the samples used, regarding their origin. 

Origin Region Sample reference 

Portugal 

Santiago do Cacém Pt15 

Alcácer do Sal Pt17 

Santa Comba Dão Pt19 

Tábua Pt21 

China - ChJs 

Japan - J10 

USA - USA618 

(-) Not applicable 

PCR products were analyzed by electrophoresis in agarose gel and pooled 

according to figure 17 to be purified. Our goal was to obtain high quality PCR products for 

pyrosequencing in order to classify the microbial community. 
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Figure 17 - PCR products pooling scheme. 

The purification method was chosen in order to be the most suitable for each 

situation, therefore, some amplicons were purified using Agencourt
®
 AMPure

®
 XP beads 

and others by band excision from agarose gel using High Pure PCR Product Purification 

Kit. PCR products that generated well defined and intense bands where purified 

individually by Agencourt
®
 AMPure

®
 XP. However most of the samples needed to be 

gathered in pools, according to their distinctiveness and were cut out from the agarose gel.  

All purified PCR products were visualized by agarose gel electrophoresis to verify 

the size, quality of the amplicon and presence of unincorporated primers (figure 18). 

 

Figure 18 - Agarose gel electrophoresis of the PCR products after the purification step to assess quality. 

1% agarose gel stained with ethidium bromide 1% (w/v); electrophoresis was performed in 1x Tris-acetate-

EDTA (TAE) buffer at 90V for 30 min and gel images were digitally captured using Gel Doc™ XR+ System 

(Bio-Rad Laboratories, California, USA). 
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3.2-Microbial community composition 

 

Figure 19 – Visual representation of the biodiversity results. 

The result of the analysis of the pooled samples is summarized in figure 19. The 

figure corresponds only to results with a representativity of transcripts in the biodiversity 

results >0.26%. Microbial communities present in our PWN samples were divided in 2 

domains, 4 kingdoms, 11 phyla, 16 classes, 33 orders, 70 families and 96 genera. These 

rDNA regions were only able to discriminate a total of 6 species, only 6.3% of the total 

number of recognized genus. In the biodiversity results we found two well represented 

kingdoms, bacteria, which embraces the majority of the identified genus and fungi that is 

only represented by M. guillermondi. One of the other identified kingdoms was the 

metazoa that holds our subject of study B. xylophilus. This subject was identified in the 

biodiversity assay because the primers used to amplify the ITS II region of rDNA in fungi 

are coincident for the same region in the PWN (appendix II). Viridiplantae is the other 

identified kingdom, but in this case, no genus was recognized as belonging to it. In this 

biodiversity report there are two intriguing results due to their high predominance in the 

sum of the results, the Meyerozyma and Nevskia genus, because none of both have been 

reported as belonging to the microbial community surrounding the PWN. However, 

understanding why there is such a great occurrence of microorganisms belonging to these 
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two genera is not a goal of this thesis. According to figure 19 we uncover that the bacteria 

kingdom holds the biggest representation of microbial individuals in our microbial 

community. Published studies that describe the presence of microbial communities living 

in close relationship with the PWN report the occurrence of bacterial strains, some of 

which can also be found in our samples, thus validating our results
19-20,40-41

. However, our 

biodiversity study, besides identifying bacterial strains that have already been reported as 

living with B. xylophilus, also finds different genus (table 13). 

Table 13 – Bacterial community surrounding B. xylophilus. 

Xie and Zhao 
2008

20
 

Roriz, Santos 
et al. 2011

19
 

Vicente, Nascimento et al. 2011
40

 
Proença, Francisco 

et al. 2010
41

 
This study 

1
China 

1
Portugal 

1
Portugal 1

Portugal 
1
Portugal, China, 

Japan, USA wild lab 

Pantoea Pantoea Pantoea - Pantoea - 

Pseudomonas - Pseudomonas Pseudomonas Pseudomonas Pseudomonas 

Sphingomonas  - - - - Sphingomonas 

- Citrobacter - - - - 

- Terribacillus - - - - 

- Klebsiella - Klebsiella Klebsiella - 

- Enterobacter Enterobacter Enterobacter - Enterobacter 

- Bacillus - - - Bacillus 

- Paenibacillus - - - - 

- Escherichia - - - - 

- - Serratia Serratia Serratia Serratia 

- - Erwinia - Erwinia - 

- - Rahnella Rahnella Rahnella - 

- - Ewingella Ewingella Ewingella - 

- - Burkholderia - Burkholderia Burkholderia 

- - Staphylococcus Staphylococcus - Staphylococcus 

- - - Acinetobacter - Acinetobacter 

- - - Comamonas - - 

- - - Herbaspirillum - - 

- - - Enterococcus - - 

- - - - Curtobacterium Curtobacterium 

- - - - Yersinia - 

- - - - Hafnia - 

- - - - Cronobacter - 

- - - - Janthinobacterium - 

- - - - Luteibacter - 

- - - - - Propionibacterium 

- - - - - Streptococcus 

- - - - - Methylobacterium 

- - - - - Nevskia 

- - - - - Stenotrophomonas 

Chart containing the bacterial genus identified in bibliography as living with B. xylophilus as well as most represented 

bacterial genus in our samples; 1Origin of the PWN samples; Shadded lines respresent the bacterial genus that are 

common to the majority of the presented studies; (-) Not applicable. 
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The conditions in which the studies indicated in table 13 were conducted are 

summarized in table 17 of appendix II. This comparative approach showed us that there are 

bacterial strains like Pseudomonas, Enterobacter, Serratia, Burkholderia and 

Staphylococcus that were identified in most of the studies presented in table 13, including 

ours, but on the other hand, there are strains like Pantoea, Klebsiella, Rahnella and 

Ewingella that are reported in most of the other studies, but seem to be absent in our 

samples. Mainly reported as associated with the PWN are bacteria belonging to the genus 

Pantoea, Xanthomonas and Pseudomonas, still only this last genus was discovered in our 

biodiversity assay
19,36,90

. Some studies have stated that the bacterial representation varies 

geographically and that some genus can be considered as characteristic for samples 

collected in specific regions. In Japanese samples Bacillus is the predominant genus. On 

the other hand bacteria belonging to Pseudomonas is the main representation in Chinese 

samples and in Korean samples both genus are present
36,91-92

. Nonetheless, no bacterial 

genus has yet been identified as characteristic of the Portuguese PWN community and in 

accordance with table 13 none of the presented genus can be pointed out as distinctive of 

the Portuguese population since none of them appeared in all study cases. The bacterial 

strains that have geographically been attributed to Japan and China isolates were found 

among our results as expected, since we possessed samples collected from these two 

locations. According to table 13 Pseudomonas is not only found in Chinese samples but 

also in some Portuguese samples. 

The goal of this biodiversity study was to verify if the transcriptome library built 

from our PWN samples possessed transcripts belonging to the microbial community. These 

results could then be used as a screening step in the pipeline to ensure that the transcripts 

suggested as candidates originate from the genome of B. xylophilus and not from a 

microorganism belonging to the surrounding microbial community. The microbial genera 

discovered in the microbiome were cross matched with the transcript library and these 

results are presented in table 14.  
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Table 14 - Genus of microorganisms identified in the microbial community and their presence in the 

transcriptome 

 
 

Genus from the 
microbiome identified 
in the transcriptome 

1%  
Number of transcripts from the 

transcriptome identified as 
belonging to the microbiome 

2%  

Total genus identified in 
the microbial community 

96 35 36% 279 4.1% 

Genus with higher 
representativity 

13 6 6.3% 133 2% 

1 Represents the percentage of genus from the microbial community identified in the transcriptome in the total number of 

genus from the microbial community (95); 2 Represents the fraction of transcripts belonging to the transcriptome 

identified as being part of the microbial community in the total number of transcripts from the transcriptome (6 751). 

Cross matching the results of the microbiome with the information from the 

transcriptome pointed out that 36% of the microbial genera identified in the biodiversity 

study appeared in the transcriptome and that these implicate 279 transcripts, 4.1% of the 

total. The genus containing a higher representativity in the biodiversity assay held 2% of 

the sum of transcripts in the transcriptome. The distribution of transcripts belonging to the 

transcript library among the several microbial genera is presented in figure 20. 

 

Figure 20 - Representation of the genus belonging to the microbiome that were identified in the transcriptome 

and their abundance. 

The separated slice (Meyerozyma) belongs to the fungi kingdom, while all the other slices belong to bacteria. 

Figure 20 shows that the fungi Meyerozyma guillermondi besides representing a 

meaningful portion of the microbial community also occupies a significant fraction of the 

transcripts identified in the transcriptome as belonging to the microbiome. Among the 

genera belonging to the bacteria, Burkholderia, Staphylococcus, Bacillus, Streptococcus, 

Pseudomonas, Methylobacterium Mycobacterium, Streptomyces, and Fusobacterium have 
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more transcripts in the transcript library. It is curious to notice that not all bacterial genera 

with higher representativity in the microbiome (figure 19) were the ones with most 

identified transcripts in the transcriptome (figure 20), Mycobacterium, Streptomyces and 

Fusobacterium fell into this category. 

This analysis led to the knowledge that the transcriptome assembled at the 

Advanced Services Unit at Biocant contains transcripts that are not originated from B. 

xylophilus. Consequently, we checked if the final candidates of the pipeline withhold any 

of these transcripts belonging to the microbiome. This screening process is represented in 

figure 21. 

 

Figure 21 – Final pipeline with the microbiome results applied as a filter. 
Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 

From the observation of figure 21 we concluded that performing this microbiome 

step was a good choice because by solely using the other applied filters we were unable to 

screen transcripts that were in the samples but were not incorporated in the genome of the 

PWN. We saw that among the final 32 candidates of the pipeline were still 11 candidates 

that belonged to the microbial community living with the PWN, which left us with 21 

candidates, presented in table 15. 
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Table 15 - Transcripts candidate to HGT event and corresponding protein function. 
1
Candidate reference 

2
Expected protein function 

All_gs454_005644 beta-1,3-endoglucanase 

All_gs454_005676 beta-1,3-endoglucanase 

All_gs454_005732 beta-1,3-endoglucanase 

All_gs454_005733 beta-1,3-endoglucanase 

All_gs454_003220 alcohol dehydrogenase 1 

All_gs454_005442 alcohol dehydrogenase 1 

All_gs454_002803 alcohol dehydrogenase 

All_gs454_007597 Tor1p 

All_gs454_001719 M13 family peptidase 

All_gs454_003991 pyrroline-5-carboxylate reductase 

All_gs454_005127 beta-galactosidase (Lactase) 

All_gs454_005696 indeterminate 

All_gs454_007949 DNA translocase FtsK 

All_gs454_008421 RNA polymerase II largest subunit B220 

All_gs454_008990 Mucin-associated surface protein 

All_gs454_009220 Ribosomal protein L19 

All_gs454_011000 40S ribosomal protein S9-B 

All_gs454_011202 Endonuclease/exonuclease/phosphatase family protein 

All_gs454_007978 cyanate hydratase family protein 

All_gs454_008739 enoyl-CoA hydratase 

All_gs454_010630 short-chain dehydrogenase/reductase SDR 
1 Name of the transcript during the study; 2 Protein function attributed to the transcript based on the 

classification of the first hit; Shaded lines correspond to proteins already reported as HGT. 

Amongst the final candidates of the adopted pipeline were two proteins that had 

already been reported as incorporated by HGT in the genome of nematodes. These proteins 

were identified as HGT proteins in two different nematodes, beta-1,3-endoglucanase, was 

identified in B. xylophilus and alcohol dehydrogenase was identified in C. elegans
47,93

. 

Their phylogenetic origin were also different, the gene responsible for the synthesis of 

beta-1,3-endoglucanase was originated from bacteria, while the gene responsible for 

coding alcohol dehydrogenase was descendant from fungi
47,93

. The presence of these 

proteins in the final candidate group indicated that the approach we used to screen the 

transcripts was appropriate. The two identified HGT candidates took up seven of the 

transcripts. The remaining fourteen transcripts followed into further analysis to determine 

their origin. The two identified and published HGT genes were used as a control group in 

the phylogenetic analysis, to determine the suitability of the adopted methodology.  
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4-Phylogenetic analysis 

Phylogenetic analysis was the last step in the process of determining which 

transcripts were HGT candidates. While in prior stages of candidate screening, transcripts 

were analyzed in group according to the established parameters, in this phase they were 

explored individually. In order to determine which candidates had been incorporated by 

HGT in the genome of the PWN, a work flow was adopted to guide the phylogenetic 

analysis. The result of this approach is shown in figure 22. 

 

Figure 22 - Representation of the results of the phylogenetic analysis in each phase. 
Arrows that illustrate stages 1 to 4 contain the transcripts that were eliminated in that step. Stage 5 is the 

confirmation step, therefore contains the final candidates of our study. 
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Figure 22 indicates that the work flow established for the phylogenetic analysis 

continued screening candidates and that by the end of it, only one of the unreported 

candidates was left. A deeper look into each stage will help understand the final results.  

In stage I the transcript sequence was subjected to BLASTp against bacteria, in first 

place, fungi, in second, nematodes, in third and in fourth place other organisms excluding 

the last three tested classes. For each of the four BLAST searches we downloaded three to 

four sequences containing the highest scores and E-value. The sequences were afterwards 

aligned using MUSCLE algorithm in MEGA 5, manually adjusted and submitted to 

phylogenetic tree construction using Maximum Likelihood, also in MEGA 5. Figure 23 

exemplifies the expected outcome generated by the phylogenetic trees. 

 

Figure 23 - Examples of phylogenetic trees in the analysis of HGT candidates. 

 a) tree exemplifying a non HGT candidate. The tested candidate has a bigger proximity to the nematode taxon; b) tree 

exemplifying a HGT candidate. The tested candidate has a bigger proximity to the fungi taxon. 

Our goal was to detect genes incorporated in the genome of B. xylophilus that have 

been acquired by HGT, originating from bacteria or fungi. A transcript sequence that 

appears in the phylogenetic tree closer to the nematoda phylum undoubtedly clusters in this 

phylum and was not incorporated exogenously. Stage I eliminated six candidates. In stage 

II we checked, in the remaining candidates, the presence of a conserved domain. The 

existence of a conserved domain was essential in order to determine the role of that gene in 

the biology of the PWN. In this stage four candidates were deleted for not possessing a 

conserved domain. In stage III, the remaining candidates were screened by cross reference, 

through BLASTn search, with the genera identified in the barcoded pyrosequencing. 

Results with an identity ≥97% indicated that the transcript originated in the same organism. 

This stage eliminated two transcripts, leaving us with two more, besides the other 

identified and reported HGT candidates. In stage IV we performed a new sequence 
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alignment, using 5 000 iterations, instead of the initial 1 000 iterations used in stage I and a 

new phylogenetic tree with 1 000 bootstraps as an alternative to the 100 bootstraps used in 

stage I. These improvements applied to the sequence alignment and phylogenetic tree 

showed that the transcript All_gs454_011202 was taxonomically more similar to the 

nematode taxon, thus leaving us with one last candidate All_gs454_010630. Stage V 

confirmed the presence of the sequence of the last transcript by BLAST search in the 

genome of B. xylophilus, recently turned accessible.  

Even though not referred, the sequences of the genes already identified and 

reported as HGT were subjected to all stages of the phylogenetic analysis. The fact that 

these sequences passed in all proposed filters revealed that the adopted methodology was 

appropriate to discover genes incorporated by HGT. Figure 24 illustrates the combination 

of the phylogenetic analysis to the pipeline and the three final HGT candidates. 

 

Figure 24 - Final pipeline with the phylogenetic analysis applied as a filter and the three final candidates. 
Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 

 

5-Horizontal gene transfer candidate validation 

Through the adopted methodology we demonstrated the existence of three HGT 

candidates in the transcriptome of a laboratory maintained culture of B. xylophilus grown 

on the fungus Botrytis cinerea. Two of the final three candidates had already been reported 

as genes incorporated by HGT in the genome of nematodes, leaving us with one new 

uncharacterized gene. Phylogenetic analysis was the core element to settle on the 

phylogenetic origin of the candidate gene. For that reason, we present the phylogenetic 

trees of the three candidate genes incorporated in the genome of B. xylophilus by HGT. In 
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the presented phylogenetic trees we noticed that the candidate HGT genes did not appear 

clustered with nematodes, which points out their low homology to the genes in this 

phylum. 

 

Figure 25 – Phylogenetic tree of the beta-1,3-endoglucanase candidate. 
a) phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the bootstrap method 

phylogeny test (1 000 bootstraps) and the JTT-F substitution model; b) conserved domain search from NCBI; the 

candidate transcript is underlined. 

From the phylogenetic tree presented in figure 25 a) we saw that the transcript 

All_gs454_005732, that codes for beta-1,3-endoglucanase, appears in the Bacteria cluster 

inside a separated branch with B. mucronatus. Kikuchi et al.
47

 reported that beta-1,3-

endoglucanase was incorporated in the genome of both nematodes from the 

Bursaphelenchus genus, B. xylophilus and B. mucronatus. To build the phylogenetic tree of 

this transcript we used the sequences retrieved by BLASTp. No sequence from the 

nematoda phylum was presented in the phylogenetic tree because BLAST only retrieved 

nematode sequences with a very low score and without the conserved domain presented in 

figure 25 b). In the phylogenetic tree published in the paper of Kikuchi et al.
47

 nematode 

sequences were also absent. 
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Figure 26 - Phylogenetic tree of the alcohol dehydrogenase candidate. 
a) phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the bootstrap method 

phylogeny test (1 000 bootstraps) and the JTT-F substitution model; b) conserved domain search from NCBI; the 

candidate transcript is underlined. 

Parkinson et al.
93

 developed a Java/Pearl-based application to identify genes with 

unexpected patterns of phylogenetic affinity, which led them to the discovery of a alcohol 

dehydrogenase gene incorporated in the genome of C. elegans by HGT. By analyzing the 

presented phylogenetic tree (figure 26a), we concluded that the gene clustered in fungi.  
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Figure 27 - Phylogenetic tree of the short-chain dehydrogenase/reductase candidate. 
a) phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the bootstrap method 

phylogeny test (1 000 bootstraps) and the JTT-F substitution model; b) conserved domain search from NCBI; the 

candidate transcript is underlined. 

The phylogenetic tree presented in figure 27a) corresponds to the last HGT 

candidate, a Short-chain dehydrogenase/reductase (further on referred to as HGT gene), 

clustered within bacterial proteins. The next step was to understand its role in the 

pathogenic process and survival of the PWN. In the phylogenetic analysis we checked all 

candidates for the presence of a conserved functional domain and only those possessing 

one passed. The conserved domain search for the HGT gene is presented in figure 27b) and 

revealed a Rossman-fold NAD(P)(+)-binding protein. Proteins containing this domain are 

involved in numerous processes and metabolic pathways such as glycolysis. Proteins with 

this domain generally contain a second one, conferring the protein a specificity for 

substrate binding, or enzymatic activity. Yet, no further domain was presented in this 

transcript. 
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Figure 28 – BLAST search result of HGT gene against the genome of B. xylophilus. 

The transcript sequence was searched in the genome of B. xylophilus to confirm its 

origin. Figure 28 presents the BLASTn result and the sequence alignment. The transcript 

sequence had an identity of 100% with part of the locus emb|CADV01009067.1| belonging 

to B. xylophilus (figure 28). Yet, with the information gathered so far it was not possible to 

determine the role of this gene in the biology of the PWN. Annotating the gene could shed 

a light, given that this process would provide the whole gene sequence.  

 

6-Short chain dehydrogenase annotation 

Since we were able to identify the transcript sequence in the genome of B. 

xylophilus, annotating the gene seemed like a viable solution to better characterize the 

HGT gene. Our transcript was only part of a larger gene, therefore, annotating the region of 
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DNA were it was found, could help us determine the complete sequence of the gene and 

consequently establish its role the PWN. 

 

Figure 29 - Short-chain dehydrogenase/reductase gene identification. 

Boxes represent the exons and the lines represent the introns. The numbers indicated below the 

exons/introns indicate their size in bp. The numbers in italic indicate the positions in the locus 

emb|CADV01009067.1| belonging to B. xylophilus. The gene has a total size of 807 bp. 

This step provided additional information regarding the assembly of the HGT gene. 

We found that the gene was 807 bp long, from position 20261 to 21257 of the genome, had 

3 exons and 2 introns, presented in figure 29. The transcript sequence fitted entirely in 

exon I, the biggest of the three and slightly bigger than the average exon (288.9 bp), 

reported by Kikuchi et al.
9
. The gene sequence was analyzed with Blast2GO

®
, an all in one 

tool for functional annotation of (novel) sequences and the analysis of annotation data
77

. 

Unfortunately, no conclusive result was recovered. Blast2GO
®
, was unable to attribute a 

metabolic pathway to our gene and the indicated enzyme (EC:1.1.1.0) after extensive 

search in online databases revealed to be inexistent. In the quest to determine the function 

of the candidate gene, searches were conducted in EXPASY, PDB, Procognate, Pfam, 

KEGG, Rebase, DBGet and Brenda, but none was conclusive. At this moment we are 

unable to infer the role of this gene in the biology of the PWN. 

 



 
 

61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter IV - Conclusion 
 

 

 

 

 

 

 

 



 

 

 

 



  
            Universidade de Aveiro | Departamento de Química 
 

63 
 

Pine wilt disease (PWD) is a devastating disease that kills pine trees in a short time 

span. This condition is caused by Bursaphelenchus xylophilus, also known as the pine 

wood nematode (PWN). The molecular mechanism of the disease is unknown, however the 

finding of genes unusual to nematodes in B. xylophilus, acquired through horizontal gene 

transfer (HGT), has pointed out this mechanism as an hypothesis to explain how B. 

xylophilus could have acquired the necessary tools to become a parasite of conifer trees. 

Currently HGT genes identified in B. xylophilus code for cell wall degrading enzymes, 

expansins, pectate lyases and other genes, like the beta-1,3-endoglucanase found in this 

study. However, these identified and characterized genes alone are not sufficient to explain 

the development and progression of the disease. The goal of our study was to find in the 

transcriptome of B. xylophilus new uncharacterized genes incorporated by HGT in its 

genome. 

The transcripts were placed in a searchable database and screened to encounter the 

HGT candidate genes. No previous report shed lights on which parameters should be taken 

into account when searching for HGT candidates amongst a transcript library nor the best 

methodology to screen data to encounter candidates. These studies only reported the 

approach used to prove the horizontal transfer of such gene as well as the methods to verify 

its functionality. Therefore our first objective was to develop a viable data pipeline that 

could be used to encounter HGT candidates. The final pipeline could be divided in three 

phases: first, where the candidates were filtered based on the information contained in the 

database; second, using the results from the diversity of the microbial community 

associated with the nematode and third, through phylogenetic analysis, which confirmed 

the origin of the candidate. As a result of the pipeline we obtained three HGT candidates: 

beta-1,3-endoglucanase, alcohol dehydrogenase and short-chain dehydrogenase/reductase. 

The first two candidates have already been reported, which proved that our approach was 

appropriate to screen HGT genes. The last candidate had never been reported and even 

though we can’t determine its role in the development of B. xylophilus, at this point, we 

demonstrated its presence in the genome of B. xylophilus as well as its bacterial origin. 

The biodiversity assay not only identified the microbial community present in the 

nematodes surrounding but also revealed itself as extremely useful to screen HGT 

candidates. The bacterial genera identified in this trial which contain samples from four 

distinct geographical origins match the results reported in the bibliography.  
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Future work 

The results accomplished in this study open paths to new studies that will help 

understand the mechanisms behind PWD and hopefully prevent its progression, reducing 

its socio-economical impact. Among these suggestions are: 

I. Silencing of the short-chain dehydrogenase/reductase gene in B. xylophilus 

so that by observing the resulting phenotype, its role can be determined; 

II. Sequencing the transcriptome of B. xylophilus grown in pine trees to 

determine which genes are being expressed and search for HGT candidates; 

III. Develop a software application, adopting all steps of the proposed pipeline 

to aid in the quest for new HGT candidates, using transcripts; 
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Appendix I – Pipeline development 

In this section we present the various attempts to define the data analysis pipeline. 

 

 
Figure 30 - Strategy I 

Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 

 

 

Figure 31 - Strategy II 
Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 
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Figure 32 - Strategy III 

Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 

 

 
Figure 33 - Strategy IV 

Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 

 

 
Figure 34 - Strategy V 

Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 
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Figure 35 - Strategy VI 

Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 

 

 
Figure 36 - Strategy VII 

Numbers in straight brackets [ ] represent hits that have been removed in that step while the numbers that are preceded by 

> represent the hits that are maintained and pass to the next step. 
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Appendix II – Microbial community associated with B. xylophilus 

ITS II Primer and B. xylophilus  

In this section we present the reason why B. xylophilus was identified in the 

microbial diversity study. 

Table 16 - ITS II forward and reverse primer. 

Primer Target Sequence (5’-3’) 
ITSII_Forward 

internal transcribed spacer 2 region 
GCATCGATGAAGAACGC 

ITSII_Reverse CCTCCGCTTATTGATATGC 

 

>gi|149368663|gb|EF446952.1| Bursaphelenchus xylophilus isolate BXCZZ 

internal transcribed spacer 1, partial sequence; 5.8S ribosomal RNA gene 

and internal transcribed spacer 2, complete sequence; and 28S ribosomal 

RNA gene, partial sequence 

 

CCCGATCCTAATGCACATTTATTCGTGCTCGTCACGATGATGCGATTGGTGACTTCGGTTGCCGCGCATGATG

GCGGTTCGATTCGCGTCGTTCCGCCTACTGATGGTTCGCATGGAAGCCGAGAGGCGACCGTGCAACGGTGAAG

TCTGGGTTTCTACGTGCTGTTGTTGAGTTGGCGTTTTACCGTGCCGACAGATGAGACCAGCCAGCTGCTTGCC

GATTCGTTCTGGCGAGCGTAGGATTGAAAAGCCCGAGAGGCTGCCCTGACAAAACATTCATTTTACATTTATT

TTGTTGGAAAAGAGCTTTAAGTTACTCCGGTGGATCACTTGGCTCGCGGGTCGATGAAGAACGCAGTGAATTG

CGATAATAAGTACGAATTACAGATATTATGAGTACCATGTTTTTGAATGCATATTGCGCTCTTGGGCTTTGCT

CTTGAGCATATTCGATTCAGGGTGTGTTTTTAAACTCGAGCAGAAACGCCGACTTGTTTTTTTCAAGTTTCTG

CACGTTGTGACAGTCGTCTCGCATTGTTCGCGCAATGTTAGGCACCATCTGTTTTACGCGGTTTGTTCCGCGA

CCAATATCTTCTACGCACTGTTTGTCCGTGCGGGGCGAGAGGGCTTCGTGCTCGATTGTCGTGCGCGGCTAAA

CCGTTTGGTGATGTTGTTTCAACGGCGCGGCCGTCAGGGACGTTCGGATGAGAATGTTTGGAGTCCTGGCTGC

GGTTTGTTGAGCTTCGTCGTGAAGCCTTGCGGGCAGTGTTGTCGGAATTGGTTGAAACCACCTGAGTTGGGTA

TGACTACCTGCTGAACTTAAGCATATCAGTAAGCAGAGGAAA 
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Bacterial diversity studies 
Table 17 - Studies developed to identify the bacterial genus accompanying B. xylophilus. 

 
(-) not applicable 
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Appendix III – Phylogenetic analysis 

Stage I 

 

Figure 37 - Phylogenetic tree of the transcript All_gs454_002803 (alcohol dehydrogenase) with Caenorhabditis 

nematodes. 
The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 

bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the candidate 

groups within the nematodes. 

 

Figure 38 - Phylogenetic tree of the transcript All_gs454_002803 (alcohol dehydrogenase) without Caenorhabditis 

nematodes. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 

bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within fungi, therefore, valid. 
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Figure 39- Phylogenetic tree of the transcript All_gs454_003220 (alcohol dehydrogenase)  with Caenorhabditis 

nematodes. 
The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 

bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the candidate 

groups within the nematodes. 

 
Figure 40 - Phylogenetic tree of the transcript All_gs454_003220 (alcohol dehydrogenase) without Caenorhabditis 

nematodes. 
The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within fungi, therefore, valid. 
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Figure 41 - Phylogenetic tree of the transcript All_gs454_005442 (alcohol dehydrogenase) with Caenorhabditis 
nematodes. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes. 

 

 
Figure 42 - Phylogenetic tree of the transcript All_gs454_005442 (alcohol dehydrogenase) without Caenorhabditis 

nematodes. 
The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within bacteria, therefore, valid. 
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Figure 43 - Phylogenetic tree of the transcript All_gs454_005644 (beta-1,3-endoglucanase) with Bursaphelenchus 

nematodes. 
The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes. 

 
Figure 44 - Phylogenetic tree of the transcript All_gs454_005676 (beta-1,3-endoglucanase) with Bursaphelenchus 

nematodes. 
The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes. 

 
Figure 45 - Phylogenetic tree of the transcript All_gs454_005732 (beta-1,3-endoglucanase) with Bursaphelenchus 

nematodes. 
The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes. 
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Figure 46 - Phylogenetic tree of the transcript All_gs454_005733 (beta-1,3-endoglucanase) with Bursaphelenchus 

nematodes. 
The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes. 

 
Figure 47 - Phylogenetic tree of the transcript All_gs454_005696. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within bacteria, therefore, valid. 

 
Figure 48 - Phylogenetic tree of the transcript All_gs454_007949. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within bacteria, therefore, valid. 

 
Figure 49 - Phylogenetic tree of the transcript All_gs454_008421. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within fungi, therefore, valid. 
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Figure 50 - Phylogenetic tree of the transcript All_gs454_008990. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within bacteria, therefore, valid. 

 
Figure 51 - Phylogenetic tree of the transcript All_gs454_009220. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within fungi, therefore, valid. 

 
Figure 52 - Phylogenetic tree of the transcript All_gs454_011000. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within bacteria, therefore, valid. 
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Figure 53 - Phylogenetic tree of the transcript All_gs454_011202. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within bacteria, therefore, valid. 

 
Figure 54 - Phylogenetic tree of the transcript All_gs454_010630. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within bacteria, therefore, valid. 
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Figure 55 - Phylogenetic tree of the transcript All_gs454_007597. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes, therefore, invalid. 

 
Figure 56 - Phylogenetic tree of the transcript All_gs454_001719. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate does not group with the presented taxons, therefore, invalid. 
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Figure 57 - Phylogenetic tree of the transcript All_gs454_003991. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes, therefore, invalid. 

 
Figure 58 - Phylogenetic tree of the transcript All_gs454_005127. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate does not group with the presented taxons, therefore, invalid. 
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Figure 59 - Phylogenetic tree of the transcript All_gs454_007978. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes, therefore, invalid. 

 
Figure 60 - Phylogenetic tree of the transcript All_gs454_008739. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (100 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes, therefore, invalid. 
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Stage II 
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Stage III 

The following table is the report of the BLASTn search performed for each 

candidate against the genera identified in the microbial community of B. xylophilus.  

()indicates that the BLASTn search returned no significant results; 

x)    indicates that the BLASTn search returned a result and this is presented below 

the table. 

 

All_gs454_009220 All_gs454_011000 All_gs454_011202 All_gs454_010630 

Abiotrophia    

Acetivibrio    

Achromobacter    

Acidisoma    

Acidovorax    

Acinetobacter    

Actinobacillus    

Actinobaculum    

Actinomyces    

Actinoplanes    

Aerococcus    

Aeromonas    

Aggregatibacter    

Agreia    

Agrobacterium a)   

Agromyces    

Aquabacterium    

Arenimonas    

Arthrobacter    

Asticcacaulis    

Azohydromonas    

Bacillus    

Bacteriovorax    

Bdellovibrio    

Blastococcus    

Bosea    

botrytis cinerea    

Brachybacterium    

Bradyrhizobium    

Brevundimonas    

Brochothrix    

Burkholderia  d)  

Bursaphelenchus    

Butyricicoccus    
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 All_gs454_009220 All_gs454_011000 All_gs454_011202 All_gs454_010630 

Campylobacter    

Cardiobacterium    

Caulobacter    

Cellulomonas    

Chromohalobacter    

Citrobacter    

Corynebacterium    

Curtobacterium    

Curvibacter    

Dechloromonas    

Delftia    

Dermacoccus    

Desulfovibrio    

Dolosigranulum    

Enhydrobacter    

Enterococcus    

Fusobacterium    

Gemmata    

Geothrix    

Granulicatella    

Haemophilus    

Halomonas    

Herminiimonas    

Hydrogenophilus    

Hyphomicrobium    

Janibacter    

Janthinobacterium    

Kingella    

Kocuria    

Kuraishia    

Lactococcus    

Legionella    

Leifsonia    

Leptotrichia    

Leuconostoc    

Luteimonas    

Marinobacter    

Marmoricola    

Massilia    

Methylibium    

Methylobacterium    
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All_gs454_009220 All_gs454_011000 All_gs454_011202 All_gs454_010630 

Methyloversatilis    

Meyerozyma b) e)  

Microbacterium    

Micrococcus    

Microlunatus    

Mycobacterium    

Neisseria    

Nevskia    

Nitrosospira    

Nitrospira    

Nocardioides    

Novosphingobium    

Paenibacillus    

Pantoea    

Paracoccus    

Pelomonas    

Phascolarctobacterium    

Phenylobacterium    

Phycicoccus    

Phyllobacterium    

Pirellula    

Planctomyces    

Pleomorphomonas    

Promicromonospora    

Propionibacterium    

Propionivibrio    

Prosthecomicrobium    

Pseudoclavibacter    

Pseudolabrys    

Pseudomonas    

Psychrobacter    

Quadrisphaera    

Rheinheimera    

Rhizobium  f)  

Rhodococcus    

Roseomonas    

Rothia    

Rudaea    

Selenomonas    

Serratia    

Silanimonas    
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All_gs454_009220 All_gs454_011000 All_gs454_011202 All_gs454_010630 

Skermanella    

Sphingobium    

Sphingomonas    

Sphingopyxis    

Sporichthya    

Staphylococcus  g)  

Stenotrophomonas    

Streptococcus    

Streptomyces c) h)  

Tepidimonas    

Terrabacter    

Tessaracoccus    

Thauera    

Thermus    

Thiohalophilus    

Turicella    

Uliginosibacterium    

Variovorax    

Veillonella    

Verrucomicrobium    

Vibrio    

Weissella    

Yaniella    

Zoogloea    

 

 
Figure 61 - a) Alignment of the transcript All_gs454_009220 with the Agrobacterium genus. 
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Figure 62 - b) Alignment of the transcript All_gs454_009220 with the Meyerozyma genus. 

 
Figure 63 - c) Alignment of the transcript All_gs454_009220 with the Streptomyces genus. 

 
Figure 64 - d) Alignment of the transcript All_gs454_011000 with the Burkholderia genus. 
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Figure 65 - e) Alignment of the transcript All_gs454_011000 with the Meyerozyma genus. 

 
Figure 66 - f) Alignment of the transcript All_gs454_011000 with the Rhizobium genus. 

 
Figure 67 - g) Alignment of the transcript All_gs454_011000 with the Staphylococcus genus. 
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Figure 68 - h) Alignment of the transcript All_gs454_011000 with the Streptomyces genus. 

 

Stage IV 

 

 
Figure 69 - Phylogenetic tree of the transcript All_gs454_011202. 

The transcript is underlined; Phylogenetic tree generated by maximum likelihood analysis in MEGA 5, using the 
bootstrap method phylogeny test (1 000 bootstraps) and the JTT-F substitution model; the tree indicates that the 

candidate groups within the nematodes, therefore, invalid. 
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HGT gene report 
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Appendix IV –Blast2GO
®
 

In this section we present the result of the annotation performed in the Blast2GO
®

 program. 

 

 


