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I asked the zebra, 

Are you black with white stripes? 

Or white with black stripes? 

And the zebra asked me, 

Are you good with bad habits? 

Or are you bad with good habits? 

Are you noisy with quiet times? 

Or are you quiet with noisy times? 

Are you happy with some sad days? 

Or are you sad with some happy days? 

Are you neat with some sloppy ways? 

Or are you sloppy with some neat ways? 

And on and on and on and on 

And on and on he went. 

I’ll never ask a zebra 

About stripes 

Again. 
 
 
 
 
 
 
 
 
 
Shel Silverstein 
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Shifting gears: How the two-speed genome in filamentous 
fungi evolves and functions 

Introduction 

Genomes of many plant-pathogenic fungi consist of two structurally separate parts. The 
relatively stable “core” genome, that handles the housekeeping of the organism, is shared or 
very similar both between different isolates of the same species and between closely related 
species. In this part of the genome, variability is relatively low. Together with this “core” 
genome many fungi contain an “accessory” part, which is highly variable between closely 
related species and even between strains of the same species. This accessory genome forms a 
“variable niche” which is in general enriched for transposable elements (TEs) and unique genes. 
In many pathogenic fungi this variable part contains virulence-associated genes.  
Partitioning of the genome in a stable and variable part has been suggested to allow the 
pathogen to adapt more quickly to changes in the demands placed on it by interaction with the 
host (Raffaele and Kamoun, 2012; Croll and McDonald, 2012). Raffaele and Kamoun (2012) 
coined the term “two speed genome” to differentiate these parts based on their rate of 
evolution (Raffaele and Kamoun, 2012). Croll and McDonald (2012) suggested this “two speed 
genome” could be a fundamental characteristic of rapidly evolving pathogens. Raffaelle and 
Kamoun (2012) suggest these “variable genomic niches” are under positive selection on the 
lineage scale. This clade selection may provide an evolutionary benefit to lineages that produce 
new species at a higher rate. In this review, we will try to determine if these variable niches can 
be seen as an adaptation or whether they are the result of non-selective processes. In addition, 
we will try to determine whether or not these variable niches and the virulence associated 
genes with which they are often populated can be seen as co-dependent evolutionary units.  
 

Recently, much progress has been made in discovering these variable niches and their possible 
evolutionary origin, mainly due to widespread availability of genome sequencing for 
comparative genomics. There is amazing variety in size and evolutionary origins. In some fungi 
the variable niche appears to be as small as single genes surrounded by TEs (Friesen et al., 2006; 
Ohm et al., 2012; Schmidt et al., 2013) or subtelomeric regions (Orbach et al., 2000; Cuomo et 
al., 2007; Fedorova et al., 2008). On the other side of the spectrum the variable niche can 
comprise entire chromosomes, taking up as much as one third of the genome (Coleman et al., 
2009; Ma et al., 2010; Goodwin et al., 2011). By comparing the evolutionary history and 
functioning of variable niches we aim to gain insight into their shared features and their 
differences. We will also discuss how gene expression within variable niches is regulated and 
how expression is related to the evolutionary origin.  
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Piecing together evolutionary origins and driving forces based on the snapshot that current 
pathogens’ genomes provide, will remain a challenging endeavor but will allow us to formulate 
new research question to gain better insight into how the accessory genome forms and 
functions. 

Role of transposable elements in genome innovation. 

Most variable niches are enriched in, or consist entirely of, TEs. Transposable elements have 
been described as major forces in shaping genomes and in introducing variability on which 
selection can act. Oliver and Greene (2009) coined the term “helpful parasite” an element which 
helps a species to escape from evolutionary stasis as described computationally by (McFadden 
and Knowles, 1997). McFadden and Knowles (1997) propose that in an evolutionary fitness 
landscape small mutations often lead away from the optimum and as a result populations will 
tend to remain on the same fitness peak. They tested this by modeling an evolutionary 
landscape containing several peaks. Initially populations were not able to leave a peak in the 
landscape. By the addition of transposons in the model they introduce a way for populations to 
leave the peaks in the landscape by sufficient distance to move to another peak, ultimately 
leading to greater total population size and more variation, although the initial effect of 
breaking stasis can be negative. Kazazian (2004) considers mobile elements as drivers of 
genome evolution, shaping the evolution of individual genes and genomes as a whole. The 
mutually beneficial relationship between mobile elements and genes is suggested to primarily 
consist of creation of variation by the TEs. Oliver and Greene (2009) argue that without variation 
created by TEs there is a much higher risk of extinction. By way of illustration, the Coelacanth is 
presented as a molecular fossil with no active TEs, effectively stalling evolution. As long as the 
demands of the environmental niche occupied by a certain species are not changed such a 
species can persist, but it is hardly capable of adaptation to a changing environment. Since 
filamentous pathogens are locked in a constant arms race with their host (Jones and Dangl, 
2006) their environment is always changing.   
One mechanism by which TEs create diversity in fungi is the occurrence of Repeat Induced Point 
mutation (RIP). While this mechanism is implied as a genomic defense mechanism, limiting 
expansion of TEs, it can also create variation. In Leptospheria maculans there is proof of the RIP 
mechanism leaking into genes adjacent to TEs (Grandaubert et al., 2014). Ohm et al. (2012) 
analyzed 18 Dothideomycete genomes and found an enrichment for both TEs and RIP near 
genes for cysteine-rich small secreted proteins, which are often involved in pathogenicity. 
Interestingly, in F. oxysporum, in which RIP does not occur, this association between TEs and 
small secreted proteins also exists, and the presence of one particular miniature TE can even be 
used to predict effector genes (Schmidt et al., 2013). 
Another way in which TEs can contribute to creating variation is by inducing chromosomal 
rearrangements. In the same set of 18 Dothideomycete genomes many (mostly intra-
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chromosomal) re-arrangements were found leading to loss of macrosynteny (Ohm et al., 2012). 
The borders for the inversions which gave rise to most of the rearrangement were enriched for 
simple repeats, indicating a role for TEs (Ohm et al., 2012). It is important to note not in all 
pathogens gene sequence variation is linked to proliferation of TEs. The important necrotrophic 
pathogen Botrytis cinerea has only 1% of TEs in its genome compared to 7% in the closely 
related Sclerotinia sclerotiorum due to an expansion of transposable elements in the latter 
(Amselem et al., 2011). In this particular case the resulting increase in genome size and the 
presence of a TE-rich variable niche did not result in expanded families of infection-related 
genes between these two pathogens. On the contrary, there is an expansion of diversity and 
number of secondary metabolite gene clusters in the less TE-invaded genome of B. cinerea 
(Amselem et al., 2011). 

Expanded regions of TEs  

While in some cases variable regions of the genome appear to have been invaded or potentially 
initiated by TEs, in other cases variable regions consist entirely of TEs. In the latter case the 
origin of these regions would be preferential insertion next to, or in, related TEs.  
L. maculans provides an excellent case study as the link between the invasion, innovation and 
speciation is well documented. The frequent transposition of TEs followed by extensive RIP led 
to AT isochores and probably speciation by introducing intrachromosomal rearrangements 
(Grandaubert et al., 2014). TEs are suggested to promote translocations of effector genes to 
highly dynamic regions (Grandaubert et al., 2014), but an exact mechanism is not suggested. We 
suggest that translocation may be facilitated by TEs which may integrate more easily in a region 
which is already enriched for such elements.  
The link between invasion of TEs and pathogenicity was studied by comparing genomes of five 
strains from the Leptosphaeria maculans-Leptosphaeria biglobosa species complex. Of these 
only L. maculans “brassicae”  (Lmb) is invaded by TEs in the AT-isochores, making up 36% of the 
genome compared to a maximum of 4% TEs in the other strains sequenced. Interestingly, L. 
maculans “brassicae” does not contain more small secreted protein genes than other 
memebers of the species complex,but they are more often located in AT-isochores. By 
comparing their flanking regions  it was shown that of the 13 genes coding for small secreted 
proteins in AT-isochores, six translocated to their current location from a different context 
(Grandaubert et al., 2014). Interestingly, five of these six genes are known avirulence genes. 
While the brassicae infecting strain is the only strain recently invaded by, and highly enriched in, 
transposable elements, the other species in the complex are also pathogenic. The specialist on 
Lepidium (Lml) is the only member of the species complex which has an expanded repertoire of 
small secreted proteins (Grandaubert et al., 2014) – apparently this did not require a 
concomitant expansion of TEs.  
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Lineage specific chromosome and effectors, which came first? 

The largest variable ‘pathogenicity’ niches are the lineage specific or conditionally dispensable 
chromosomes found in several species of plant pathogenic filamentous fungi. These are 
chromosomes that are not present in all representatives of a given species and contain no 
housekeeping genes (Covert, 1998). They are not required for vegetative growth but can be 
contributing or determining factors of pathogenicity. These chromosomes are well described in 
two species of Fusarium in which they have been directly linked to pathogenicity. In F. 
oxysporum they can be exchanged between different strains (Ma et al., 2010) or spontaneously 
lost (chapter 4). Since one of these chromosomes harbors most genes for small in planta 
secreted proteins (a feature often associated with pathogenicity), presence of this chromosome 
is the determining factor of pathogenicity on the tomato host (Chapters 3 and 4). Some of the 
larger LS chromosomes of F. oxysporum contain multiple duplications of regions of the smaller 
LS chromosomes and duplications of LS chromosomes are frequently observed even when not 
selected for (Chapter 4). This indicates that these regions are not only propagated but can 
spontaneously expand. When considered as potential selfish elements, LS chromosomes could 
thus be capable of survival within a population without necessarily contributing to fitness of the 
fungus.  
Several LS chromosomes in F. oxysporum can be lost without major consequences for growth 
(Chapter 4). In Nectria haemattoccoca, loss of conditionally dispensable chromosomes can be 
induced by treating the fungus with benomyl (VanEtten et al., 1998) or by transformation 
(Wasmann and VanEtten, 1996). Loss of one such chromosome leads to a complete loss of 
pathogenicity in this species. In L. maculans the loss of a LS chromosome leads to loss of the 
avirulence gene encoded on it and thus a positive effect on the fungus’ ability to infect hosts 
carrying the corresponding resistance gene (Balesdent et al., 2013).  
LS chromosomes in Fusarium species differ from core regions in the number of transposable 
elements present and virulence-associated genes (Coleman et al., 2009; Ma et al., 2010). These 
chromosomes are also suggested to mutate at a faster rate based on in higher ratio of dn/ds 
than the core genome, leading to the previously mentioned concept of a “two speed genome” 
(Sperschneider et al., 2015). In the case of F. oxysporum, there may even be a “three speed 
genome” with some chromosomes showing an intermediate level of variation between strains 
(Like Fokkens, personal communications).  
Interestingly (Ma et al., 2010) argue that these LS chromosomes must be acquired through 
horizontal transfer since the closest homologues located on these chromosomes are not found 
within the most related species while (Fedorova et al., 2008) argue that the lack of clear 
homologous for LS genes in A. fumigatus means these genes are innovations from within the 
lineage. However, recent advances have implied translocation of genes from core regions to LS 
regions have taken place as well. Around 700 genes located on LS chromosome of F. oxysporum 
have a homologue in F. verticillioides and in 22 cases two or more genes are co-linear with their 
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homologs (Zhao et al., 2014). In all likelihood within lineage gene invention, translocation and 
horizontal transfer all contribute to the establishment and maintenance of LS chromosomes.  
LS chromosomes that confer pathogenicity, provide a clear advantage to the fungal pathogen. 
Some LS chromosomes, such as the larger LS chromosomes in F. oxysporum (Ma et al., 2010), 
carry little known virulence associated genes and are not essential for pathogenicity. It has also 
been shown the smallest LS chromosome is dispensable for pathogenicity (Chapter 4). These 
observations combined with their apparent self-propagation by duplication and horizontal 
transmission reinforces the notion of LS chromosomes might be selfish elements in the genome, 
whose existence is simply tolerated by the genome they invaded. Once virulence associated 
genes translocate to these regions they could become functional and fixed in the population. 
This is contrary to the idea posed by (Balesdent et al., 2013), who claimed that occurrence in 
natural populations of a LS chromosome must mean it has an selective advantage for the 
fungus. If the LS chromosome simply replicates or spreads at a faster rate than the rate at which 
it is lost it will simply be tolerated even if no positive effect on the fungus’ fitness exists. 

LS chromosomes are also present in M. graminicola (also known as Zymoseptoria tritici), which 
unlike some of the Fusarium species has a sexual stage. LS chromosomes in M. graminicola 
differ from core chromosomes in gene and repeat content as well as codon usage and are 
suggested to be the result of ancient horizontal transfer (Goodwin et al., 2011). Meiosis is a 
major driver in genome plasticity in this species (Wittenberg et al., 2009), often leading to loss 
or duplication of both core and LS chromosomes. In the case of M. graminicola the link between 
pathogenicity and LS chromosomes is not clear. LS chromosomes in this species actually contain 
fewer genes encoding secreted proteins such as effectors and other possible pathogenicity 
factors than core chromosomes. Genes encoding proteins with signal peptides are not enriched 
on LS chromosomes (Goodwin et al., 2011).  (do Amaral et al., 2012) found 492 predicted 
secreted proteins in the M. graminicola genome, none of which are located on LS 
chromosomes. Even though high genome plasticity is considered to be a potential ‘strategy’ 
enabling this versatile pathogen to quickly overcome adverse biotic and abiotic conditions in 
wheat fields (Wittenberg et al., 2009) loss of up to three of these chromosomes had no effect 
on pathogenicity. Stukenbrock et al. (2010) nevertheless showed that genes on M. graminicola 
LS chromosomes have a higher dn/ds ratio than genes on core chromosomes, consistent with a 
“two speed genome”. However, there is a strange contradiction between suggested positive 
selection on genes on the LS chromosomes (based on sequence divergence) (Stukenbrock et al., 
2010), while these chromosomes are dispensable for pathogenicity (Wittenberg et al., 2009).  

Based on these examples of accessory chromosome whose role in pathogenicity is either 
unclear or non-existent, we argue that even though accessory chromosomes are involved in 
pathogenicity in some cases their occurrence and their role in pathogenicity are not co-
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dependent. It is likely that invasion of LS chromosomes by virulence associated genes aids in 
fixing these chromosomes in a population.  

Subtelomeric regions  

A common variable niche within fungal genomes consists of the subtelomeric regions. 
Subtelomeric regions are known to be unstable, variable regions of the genome (Perrod and 
Gasser, 2003). In F. graminearum current and ancient subtelomeric regions are enriched in 
Single Nucleotide Polymorphisms, recombination and virulence-associated genes (Cuomo et al., 
2007). Many of these genes appear to have formed metabolic clusters by translocation to these 
regions, based on comparing synteny with related species (Zhao et al., 2014). It is suggested 
that relocations are facilitated by close proximity during interphase thereby promoting 
clustering of these genes (Zhao et al., 2014). 
 In the human pathogen Aspergillus fumigatus, lineage specific genes are mostly located in 13 
subtelomeric ‘islands’ (Fedorova et al., 2008). This particular niche is interesting because it is 
present in all fungi but employed as a variable niche in some pathogens, showing again that 
variable niches and virulence-associated genes are not co-dependent.  
The related species Aspergillus oryzea that is used in fermentation for the food industry, 
contains alternating blocks of lineage-specific genes. In this case the variable niche is highly 
enriched for genes involved in secretion of hydrolytic enzymes, amino acid metabolism and 
amino acid/sugar transporters (Machida et al., 2005). These are all expanded families in A. 
oryzea, indicating that variable niches can be employed for other phenotypes than 
pathogenicity. Interestingly, the non-pathogenic A. oryzea has a genome which is roughly 25% 
larger than the pathogenic A. fumigatus. 
In Magnaporthe oryzea the avirulence gene AVR-Pita was found to be present in the most distal 
1.5Kb of chromosome 3 (Orbach et al., 2000). Translocation of AVR-Pita occurs more frequently 
than translocation of Pita family members that do not possess AVR activity (i.e. they do not 
cause avirulence when recognized by the corresponding plant receptor) (Chuma et al., 2011). 
The translocation of AVR-Pita provides an excellent case study to answer some of the questions 
that we raise in this review. The researchers suggest that the insertion of a copy of the Inago1 
retrotransposon into the flanks of AVR-Pita was a key event that produced basic structure(s) 
associated with AVR-Pita mobility (Chuma et al., 2011). This mobility facilitated translocation 
into subtelomeric regions as well as in LS chromosomes (Chuma et al., 2011). This observation 
once again confirms the idea that variable niches are especially prone to accepting translocated 
genes.  
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Co-regulation of gene expression within genomic niches. 

In several cases a strong increase in expression of many genes in a variable niche during 
infection of the host has been observed. In F. graminearum, current and ancient subtelomeric 
regions that constitute the variable niche in this species, show in general low expression, but 
high changes in expression when comparing different developmental stages (Zhao et al., 2014). 
These regions are enriched for trimethylation of lysine 27 of histone 3 (H3K27me3) which could 
explain reduced expression (Connolly et al., 2013). H3K27me3 is generally associated with gene 
silencing, and deletion of the gene for the responsible histone methyl transferase, KMT6, leads 
to an increased expression of many (but not all) genes located in these regions. In F. oxysporum 
subtelomeric regions and LS chromosomes show very similar patterns of methylation, indicating 
they might fulfill a similar role in pathogenicity (Shahi and Freitag, personal communication). In 
F. graminearum no evidence was found for involvement of another silencing mark, 
trimethylation of lysine 9 on histone 3 (H3K9me3). Interestingly, in F. graminearum 
heterochromatin protein 1 (HP1), which is involved in H3K9me3 establishment and 
maintenance, is involved in expression of genes involved in production of secondary 
metabolites (Reyes-Dominguez et al., 2012), despite H3K9me3 being a rare modification.  
In Leptosphaeria maculans it seems that mostly H3K9me3 is important for repression of 
virulence associated genes (Soyer et al., 2014). Deletion of HP-1 and DIM-5 (the histone methyl 
transferase responsible for H3K9me3) leads to increased expression of genes for small secreted 
proteins in AT isochores in this fungus. Interestingly, insertion of effector genes in GC-rich 
regions leads to increased expression (i.e. no repression outside the plant).  
In A. fumigatus, 13 of 22 subtelomeric ‘islands’ associated with pathogenicity (Fedorova et al., 
2008) are regulated by LaeA, a putative histone methyl transferase (Perrin et al., 2007).  
LS chromosomes of M. graminicola were shown to be co-regulated during infection (Kellner et 
al., 2014), and also enriched for H3K27me3 and H3K9me3 (Schotanus et al., 2015). Even though 
there is concerted expression of genes on the LS chromosomes, these appear to be dispensable 
for pathogenicity as discussed previously (Wittenberg et al., 2009). It must be noted many of the 
genes located on a small core chromosomes of F. oxysporum are also induced upon infection, 
even though this chromosome is dispensable for pathogenicity, showing induced expression 
upon infecting host is insufficient evidence for a role in pathogenicity (Chapter 4). Taken 
together it is clear that co-regulation of genes in variable genomic niches is a common 
occurrence.  
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Functional adaptation or adopted burden, the role of genetic drift in establishing LS regions. 

Other than selection, one of the major driving forces behind genome evolution is genetic drift 
i.e. the effects of non-selective processes. These are often largest when population size 
dwindles. In the case of plant pathogens, each new host, either a new species or a genetically 
different population, presents an evolutionary bottleneck if only a small subset of the fungal 
population can infect this new host. This is especially important in agricultural settings where 
monocultures of potential host plants are common. Features generally associated with genetic 
drift are: reduced selection of coding regions, a decrease in gene density and proliferation of 
introns Kelkar and Ochman (2012). Differences in genome size are assumed to be a 
consequence of varying levels of genetic drift with smaller population sizes showing an increase 
in genome size as result. Lynch and Conery (2003) suggest that expanded genomes in 
eukaryotes are initiated by non-adaptive processes but do provide material for selection to act 
upon.  
Features of genomes associated with elevated levels of drift are the same features shared by 
most of the ‘pathogenicity niches’ discussed in this review. For ascomycete genomes <80Mb 
there is a strong correlation between the size of the genome and the number of genes, 
indicating that for these ascomycetes, increased genome size appears to be the result of 
adaptive evolution i.e. that the larger genome size provides a functional benefit (more genes) to 
the fungus (Kelkar and Ochman, 2012). However, a positive correlation is also found between 
the numbers of introns and genome size, which is normally indicative of genetic drift. So the 
expansion of larger genomes appears to be partly a result of adaptive evolution and partially of 
genetic drift, with both selection and random processes contributing to the increase in genome 
size. Interestingly, when examining genomes 25-75Mb in size (which is the size range for most 
of the pathogens discussed in this review) there is a marked difference between genes 
consisting of a “core” set of orthologues and genes with no orthologues in related species 
(Kelkar and Ochman, 2012). The latter group, which generally contains virulence-associated 
genes, displays much more indicators of genetic drift. One of these is the ratio of non-
synonymous versus synonymous mutations or dN/dS –  this is twice as high in lineage specific 
regions compared to genes on the core (Kelkar and Ochman, 2012). Such a distribution has been 
described more often for fungi with lineage-specific chromosomes such as M. graminicola 
(Stukenbrock et al., 2010) and Fusarium species (Sperschneider et al., 2015).   

Interestingly, dN/dS  ratio is also used as an important measure for another phenomenon, 
positive or diversifying selection. Other than genetic drift, which is the result of a lack of 
selection, diversifying or positive selection is usually described as selection on novel alleles. This 
type of sequence evolution is presumed be the result of recurrent selective sweeps events, 
which often occur in host-pathogen interactions (Aguileta et al., 2009). Interestingly, these 
sweeps could also be considered as bottlenecks creating in increase in genetic drift. It is of 
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course possible that individual genes involved in pathogenicity are under diversifying selection 
during these selective sweeps, TEs and other genes surrounding the gene under selection could 
hitchhike along. Hopefully, novel methods will allow us to better distinguish between these 
evolutionary processes (non-selective drift versus positive selection) (Aguileta et al., 2009).  
It is important to note that while both (Sperschneider et al., 2015) and (Kelkar and Ochman, 
2012) report higher dN/dS  ratios for genes on lineage specific chromosomes or for genes with 
few orthologs, neither reach dN/dS  ratios close to 1 – it has been suggested that dN/dS 
significantly higher than 1 constitutes evidence for positive selection (Aguileta et al., 2009). This 
would suggest that if positive selection exists on genes in a variable region, the effect is rather 
weak. Kelkar and Ochman (2012) nevertheless propose that, in spite of the signs of genetic drift, 
the presence of pathogenicity-related genes in these regions constitute an adaptive advantage. 
Kelkar and Ochman (2012) finally conclude that the two different processes co-exist: large scale 
genome expansions are the result of genetic drift while small scale modifications of genome size 
are independent of drift, and thus can be considered functional adaptations.  

Conclusions 

Based on the examples and processes described above some of our initial questions can be 
answered, while others remain open. There are numerous reports of variable niches being 
inhabited by virulence-associated genes, so this must be a genetic make-up which at the very 
least is conducive to being propagated within a population. As has been noted by many 
researchers, there also appears to be diversifying selection acting on virulence-associated 
genes. While the methods used to detect diversifying selection are not suitable to rule out 
genetic drift, the dramatic effects novel alleles can have on virulence and host range make this 
assumption plausible. In other words, we assume there is positive selection based on the strong 
positive phenotypic effects virulence associated genes can have. However, since long stretches 
of TEs or other forms of variable niches of genome do not seem to pose a direct advantage by 
themselves, are usually only partially populated by virulence associated genes, and are not 
always associated with virulence, we propose their origin to be mostly explained by genetic 
drift.   
 
We also propose variable niches within a genome are, at in least in part, selfish elements. The 
niche does not necessarily benefit the genome in which the niche resides. In most cases only a 
portion of the variable niche houses virulence-associated genes. In some cases there is evidence 
for the generation of new alleles and translocation of alleles to variable niches.  

Obviously, selection must also work on individual virulence-associated genes. These are more 
likely to be generated or translocated within a variable niche, depending on the variable niche. 
If a new allele has a strong phenotypic effect, e.g. virulence on a new host, fungi carrying this 
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gene can initiate a new population. In this way the new host acts as an evolutionary bottleneck 
in which any random genetic elements in the founder population hitchhike along with the new 
allele. Since variable niches seem to be more permissive to uptake of new material this 
introduces a starting point in which more material can be inserted. We suggest that variable 
niches evolve independently of the virulence genes that are often found within these niches but 
are fixed in the population if new alleles have a strong phenotypic effect.  This model fits nicely 
with the idea of selective sweeps after host-shifts. 

There are still some interesting challenges in determining how the accessory genome forms and 
functions. Determining whether or not genes in these regions are under positive selection is one 
of the most fundamental questions that need to be answered. This will off course be dependent 
on new  bioinformatics methods. Determining positive selection could be aided by high 
throughput screening for putative virulence associated genes. A method has been developed to 
delete LS chromosomes completely or partially (Chapter 4) allowing for the deletion of multiple 
virulence associated genes at once. New sequencing methods allowing better assembly 
especially of regions enriched in TEs, as well as The availability of more genomes, of both 
pathogenic fungi and their non-pathogenic relatives could put the discussion whether the 
presence of a variable niche is a particular adaptation of pathogenic fungi, to rest. 
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Thesis outline 

In Chapter 1 we present an overview of current knowledge on the origin and functioning of 
“variable niches” in fungal genomes such as the lineage-specific chromosomes in F. oxysporum. 
Some of the processes contributing to genome plasticity discussed in Chapter 1 will be further 
explored in this thesis.  

In Chapter 2 we describe a new approach including use of cell sorting to select fungal 
transformants. Generation of some of the strains which were used for research described in 
Chapter 3 and Chapter 4 is described here. 
 

In Chapter 3 we describe a non-biased screen as well as a targeted approach to identify regions 
of the genome of F. oxysporum strain Fol4287 that are amenable for transfer. We describe, for 
the first time, transfer of regions of the genome which are considered to be part of the “core” 
genome. We also show that not all lineage-specific chromosomes are equally capable of being 
transferred. By employing whole genome sequencing we were able to determine that gain of a 
core region from a donor strain led to loss of the homologous region from the recipient 
genome. Gain of a previously described “mobile pathogenicity chromosome” always 
accompanied exchange of core regions and led to gain of pathogenicity by the recipient. 

In Chapter 4 experiments are described which were used to determine stability of 
chromosomes of Fol4287. These same experiments allowed the selection of strains which lack 
certain chromosomes. Small LS chromosomes were confirmed to be dispensable – strains were 
found in which this chromosome was completely lost or had sustained large deletions. 
Surprisingly, the same holds true for one of the smaller “core” chromosomes, chromosome 12. 
Complete or partial loss of this chromosome did not affect in vitro growth or pathogenicity. 
Testing the strains lacking specific chromosomes or regions revealed that while chromosome 14 
is required for pathogenicity, around ~1Mb of this chromosome can be lost without significantly 
affecting pathogenicity. Whole genome sequencing revealed that there are certain “deletion 
hotspots” in the genome of F. oxysporum, even though no genetic elements could be identified 
that could create such a hotspot. In the case of chromosome 12 we created our own hotspot 
since the insertion of the T-DNA used to tag this chromosome defined one of the borders of the 
deletion in three independent strains. 
 

Finally, I discuss what the findings in this thesis may mean for our understanding F. oxysporum 
genome dynamics and the effects thereof on its pathogenicity in Chapter 5. 
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Abstract 

The availability of drug resistance markers for fungal transformation is often a limiting factor in 
both fungal genetics research and industrial applications. We describe a new technique using 
flow cytometry to select fungal transformants using well-known fluorescent proteins as markers 
for transformation. This new technique, Fluorescence-Assisted Selection of Transformants 
(FAST), was used for a transformation of Fusarium oxysporum with GFP as a marker targeted at 
a specific site on chromosome 14. The resulting strain was then transformed again with a gene 
replacement construct containing both RFP and a gene for drug resistance as markers. By 
directly comparing FAST with drug resistance selection we show that both methods yield 
comparable numbers of gene deletion mutants.  
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Graphical abstract of FAST  
Fungal spores are co-incubated with A. tumefaciens cells carrying a binary 
vector encoding a fluorescent protein. Agrobacterium tumefaciens inserts the 
T-DNA into the fungal spores. Cells positive for the fluorescent protein are 
selected using flow cytometry. By measuring the signal from the fluorescent 
protein, successfully transformed spores can be identified and cultured for 
further analysis. GFP-A and FSC-A represent the area under the curve of the 
signal for a single cell in the specified detection channel. GFP-A measures the 
signal for GFP. FSC-A is the signal for the forward scatter, the light that passes 
straight through the spore; this is directly related to the size of the particle.
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Introduction 

The most common strategy for analyzing gene or protein function in fungi is by creating 
transgenic strains. Genes of interest can be either added by transformation with an expression 
cassette or deleted by introducing gene replacement constructs that exchange the gene of 
interest for a selection marker. Two of the most commonly used techniques for fungal 
transformation are electroporation of protoplasts or conidia  (Jiang et al., 2013) and 
Agrobacterium tumefaciens mediated transformation (Michielse et al., 2005) to allow uptake of 
foreign DNA. The latter uses the bacterium A. tumefaciens, which normally infects and 
transforms plants and is a causal agent for crown gall disease, to introduce engineered transfer 
DNA into the fungus.  

Both techniques rely on antifungal drug resistance genes to select for cells or hyphae that have 
successfully taken up foreign DNA. For each species of fungi only a few of such markers 
(generally not more than three) are available. This is one of the most notable restrictions in 
transforming filamentous fungi, especially when several rounds of transformation are required, 
for instance when investigating gene families or metabolic pathways. This problem has been 
highlighted by several researchers, each suggesting a method to circumvent this limitation 
(Hartl and Seiboth, 2005; Kopke et al., 2010; Watson and Wang, 2012; Zhang et al., 2013). The 
techniques proposed all rely on recombination to remove marker genes, either through the 
Flippase recombinase (FLP) and its Flippase recognition target FRT from the 2µm plasmid from 
Saccharomyces cerevisiae (Kopke et al., 2010), Cre-Lox recombinases from bacteriophages 
(Zhang et al., 2013) or by spontaneous recombination after introducing repeats (Hartl and 
Seiboth, 2005; Zhang et al., 2013). By removing the marker after a transformation the same 
marker gene is available for consecutive manipulations.  Several steps following the creation of 
transformants are required to cure the strains of the marker. This is achieved either by growing 
on medium inducing expression of the recombinase (Kopke et al., 2010), by anastomosis (Zhang 
et al., 2013) or by selecting for strains which spontaneously lost the marker due to 
recombination (Hartl and Seiboth, 2005; Zhang et al., 2013).  

Here we demonstrate that flow cytometry can be used to screen spores for the insertion of DNA 
using fluorescent proteins such as GFP or RFP as a marker. The number of transformations using 
this method is limited to the number of different fluorescent proteins available that can be 
distinguished by flow cytometry. Since the method does not rely on antifungal resistance it 
could potentially be used in fungi where currently no markers for transformation are available. 
We call this new technique Fluorescence Assisted Selection of Transformants or FAST.  

We demonstrate utility of this technique in the plant pathogenic fungus Fusarium oxysporum, 
which is in the top 10 of fungal pathogens in molecular plant pathology (DEAN et al., 2012). This 
method could be adapted to many organisms across kingdoms. The only requirements are 
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stable expression of transgenes and the production of transformed cells resilient to the stress of 
flow cytometry.  

Results 

Screening of F. oxysporum transformants using FAST 

Transformants were created using an adaptation of the Agrobacterium tumefaciens-mediated 
transformation (ATMT) protocol for F. oxysporum (Mullins et al., 2001). Fungi were coincubated 
with A. tumefaciens on filter pieces on solid medium for 2-3 days, and then transferred to solid 
medium containing antibiotics to inhibit growth of A. tumefaciens. The use of filter pieces limits 
the growth of A. tumefaciens, which was problematic during earlier attempts. Fungal spores 
were collected by scraping and grown in liquid medium to produce secondary spores for cell 
sorting, instead of being transferred to selective medium for selection as in the standard 
protocol. Spores from the liquid culture were obtained by filtering through miracloth and then 
analyzed using a BD Facsaria III cell sorter. Spores positive for the marker of interest were sorted 
onto plates after which they were allowed to grow into a colony and further analyzed using 
microscopy and PCR analysis to confirm the presence of fluorescent markers and determine the 
site of insertion (targeted or ectopic). 

At least two different fluorescent markers can be used for FAST 

The use of fluorescent proteins as markers for transformation requires good separation of the 
different fluorescent populations in cell sorter plots. We assessed separation of three 
fluorescent proteins for which an expression cassette was available in F. oxysporum. Spores 
from 4287 expressing GFP or RFP and spores from Fo47 expressing CFP were analyzed both 
individually and as a mixture of spores with different fluorescent proteins. RFP-positive 
populations were expected to be easily distinguishable from CFP- and GFP-positive populations 
as they are excited with a different wavelength laser and their emission spectra do not overlap. 
When comparing the signal in the RFP detection channel and forward scatter – a measure for 
size and complexity of cells – the RFP-positive cells are clearly differentiated from the green and 
cyan cells (fig. 1a, RFP-positive spores in red). Thus, RFP-positive cells can be selected from a 
pool of GFP- and CFP-marked spores. GFP-marked spores were also easily distinguishable from 
CFP- and RFP-populations, with no overlap between GFP-positive and -negative populations (fig. 
1b, GFP-positive spores in green). CFP-positive and -negative populations overlapped (fig 1.c). 
When plotting CFP against GFP detection we saw that the intensity of GFP-positive spores in the 
CFP channel rises with GFP intensity, meaning the brighter GFP-positive cells produce the same 
signal as CFP-positive cells in the CFP detector (fig. 1d). This is due to a portion of the signal from 
the GFP cells being detected in the CFP channel. By measuring which fraction of the GFP signal 
from a GFP-positive sample is detected in the CFP channel this portion can be calculated and 
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used for fluorescence compensation. After fluorescence compensation, where the fraction of 
the GFP signal detected in the CFP signal is subtracted from the CFP signal, this linear 
relationship between the GFP and CFP signal for the GFP positive cells is lost, resulting in better 
separation of the populations (fig. 1e). Three populations of cells, each positive for one of the 
fluorescent proteins are shown in Fig. 1f. Although it is clear that the CFP-positive cells are 
indeed most strongly fluorescent in the CFP channel there is considerable overlap with the 
other strains. Spore populations from wild-type strains lacking any fluorescent protein also 
overlap with the CFP positive population, limiting usefulness of CFP for FAST with our laser and 
filter setup, which requires the selection of very small populations from a much larger pool of 
negatives. Taken together, these results suggest that GFP and RFP can be used in the same 
strain for consecutive manipulations.  

GFP as a marker for a targeted transformation. 

To investigate the feasibility of FAST in F. oxysporum a strain already carrying an insertion of a 
hygromycin resistance cassette was transformed with vector p14HPH-GFP, which carries the 
same resistance gene fused to GFP and flanked by two sequences corresponding to a region on 
chromosome 14, such that homologous recombination could occur at that site. After 
transformation cultures were grown for two or three days, spore suspensions were obtained by 
filtering and a million cells analyzed using flow cytometry.  

As expected, the vast majority of cells were negative for GFP as shown in blue in Fig. 2a. A small 
and distinct population that was positive for GFP was also present (fig 2a, green). This 
population averaged 16 ± 9 per million spores. Individual spores from the GFP-positive 
population were sorted onto plate to determine fluorescence and the site of insertion of the T-
DNA. Twenty-nine individual cultures from 29 individual plates were screened for fluorescent 
spores. From each of the 29 cultures 16 individual spores were transferred to plates using the 
cell sorter and allowed to grow into a colony for 2-3 days. For each plate three individual 
colonies were transferred to minimal medium in a 96 wells plate, allowed to grow for one day 

and then checked for fluorescence using an EVOS inverted microscope. 88% of the colonies 
were confirmed to be positive for GFP. DNA was isolated from each of the positive colonies and 
the site of insertion was checked by PCR. Only one of these colonies had the insertion at the 
target site on chromosome 14 – this strain was called 4287-14HG. A transformation of wild-type 
Fol4287 using hygromicin resistance as a selectable marker performed using the same construct 
did not yield any insertions at the target site, out of around 90 transformants tested (data not 
shown). A very low frequency of homologous recombination has often been observed when the 
target site is present on chromosome 14 of F. oxysporum strain 4287 (our unpublished 
observations). These experiments demonstrate that FAST can be used to screen for 
transformants of F. oxysporum.  
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Fig. 1. Separation of populations of fluorescent spores labeled with RFP, GFP or CFP. Colors 
correspond to the fluorescent proteins detected. Axis labels show detection channel. Units on 
the axis represent arbitrary units for the area under the curve of the signal detected. This is 
specific for each instrument and experimental setup as the sensitivity of the detectors can be 
adjusted so that it matches the range of signal from a particular biological sample. Panels A,B 
and C show separation when measured in one channel.  Panels D and E show separation of GFP- 
and CFP-positive populations before and after calculating fluorescence compensation. Panel F 
shows histograms for different fluorescent populations as detected in the Cyan channel. 
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Fig. 2.  A) Non-fluorescent spores transformed with a construct carrying GFP. Cells in the gate 
(indicated by a square) were selected for further analysis. B) and C) A GFP-positive strain, 
obtained from the transformation shown in panel A, transformed with a construct carrying RFP. 
Cells positive for both markers were selected for further analysis. D) A strain obtained from the 
second transformation, with both GFP and RFP, grown in liquid culture, showing double (GFP- 
and RFP-) positive cells in blue and debris in the lower left corner (in the square; <1% of total). 
Arrow indicates spores that have spontaneously lost the marker. 
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Screening for insertion of a second fluorescent marker.  

To investigate the potential of FAST for consecutive transformations, 4287-14HG was 
transformed again. This strain, carrying p14HPH-GFP, was transformed with pGRBΔVIB. These 
two constructs share the glyceraldehyde-3-phosphate dehydrogenase (gpd) promotor and trpC 
terminator from Aspergillus nidulans but the latter carries RFP and a phleomycin resistance 
gene instead of the HPH-GFP fusion gene. In pGRBΔVIB, RFP and BLE are flanked by two 1kb 
fragments corresponding to the flanks of the F. oxysporum homolog of the Neurospora crassa 
VIB-1 gene, which is involved in vegetative incompatibility (Xiangand Glass, 2004). Homologous 
recombination in these flanks should result in the replacement of VIB1 with BLE and RFP, 
leading to loss of this gene. FAST experiments were performed in the same way as described 
above. Cells positive for RFP were sorted onto a plate, checked for fluorescence using 
fluorescence microscopy and further analyzed using PCR to confirm gene replacement. The 
same construct was used to do normal ATMT of the same strain using zeocin resistance 
(conferred by BLE) to select for transformants. Co-cultivations of F. oxysporum and A. 
tumefaciens  for both FAST and ATMT were performed on the same day with the same cultures 
to directly compare both methods. Forty zeocin resistant colonies were picked from ATMT and 
40 plates were used for FAST. 

For FAST the population of spores positive for both GFP and RFP as determined by FACS (fig. 2a 
and c) was 21.5 ± 24 per million. Two thirds of colonies emerging from spores positive for both 
markers on the FACS were positive for both markers when checked microscopically. From each 
plate two colonies were tested for gene replacement of VIB1 with BLE by PCR. From the 31 
plates we tested, in thirty-four colonies from 25 different plates gene replacement was 
successful. This is a relatively high frequency of homologous recombination, but not unusual for 
F. oxysporum. Re-culturing of these strains showed the bulk of the population positive for both 
markers and, as always observed, some debris (not fluorescent in either channel), indicating 
stable expression of both markers (fig. 2d). In some cases colonies were positive for RFP but 
negative for GFP. For six out of seven tested, we confirmed replacement of the GFP gene by the 
RFP gene by PCR. Reculturing these strains and analyzing them by flow cytometry confirmed 
stable expression of both markers (fig. 2f). There was a small population that had apparently 
lost the GFP protein – PCR analysis of several colonies emerging from these spores showed that 
GFP was indeed missing but not SIX1 and SIX6, both of which are genes for small secreted 
proteins located on the same chromosome (Ma et al. 2010). This indicates that spontaneous 
loss of GFP occurs, albeit at very low frequency. 

Out of the 31 transformants generated in the same experiments using phleomycin resistance to 
select transformants there were 24 successful gene replacements for VIB1. 
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Discussion 

Here we demonstrate that it is possible to screen for transformants of the fungus F. oxysporum 
based on the introduction of genes for fluorescent proteins, without the need to introduce 
genes conferring drug resistance. We show this can be achieved both ectopically and targeted at 
specific sites. We also show that FAST can be used to select transformants of a strain that 
already contains a fluorescent marker.  

FAST expands the repertoire of available markers for transforming filamentous fungi, and 
potentially, organisms as diverse as bacteria, plant cells and human cell lines, provided separate 
transformed cells can be produced and sorted. The extra transformation markers provided by 
FAST can be used as a marker for creating gene deletion mutants or for adding genes which is 
particularly useful when researching gene families, biosynthetic pathways or duplications where 
redundancy often means single deletion mutations have no effect. Using flow cytometry it is 
also possible to select against the presence of a fluorescent marker so each marker is also a 
negative marker. It is possible to distinguish RFP and GFP that are widely used. In our set-up 
Cyan fluorescence was also detectable but not sufficiently strong and distinct to be practical for 
selection of transformants. There are no special requirements for the vectors used beyond the 
gene for a fluorescent protein and efficient uptake by the target organism. 

Screening transformants directly for GFP has been performed in plants such as sugarcane and 
wheat (Elliott et al., 1998; Jordan, 2000). Screening in these cases was performed by 
microscopic examination of candidates, made possible by a very high frequency of 1-5% of 
embryos that were transformed and the macroscopic nature of plants. The observed frequency 
for F. oxysporum was around 0.003% of spores co-incubated with Agrobacterium. This low 
frequency precludes visual inspection as a viable option for screening. Using flow cytometry it is 
possible to screen up to 20,000 cells per second, allowing quick selection of transformants even 
with very low transformation efficiency. Potentially multicellular spores or compartments could 
also be used as long as they do not exceed the maximum particle size for the cell sorter used. 

Alternative techniques currently available to enhance the number of repetitive transformations 
of a single strain all rely on recombination, which is often laborious and time consuming. They 
also require vectors carrying specified recombinases and recombination sites, which entail limits 
on possible cloning strategies. Still, leaving no markers at all by excising a marker through 
recombination is generally more desirable, especially for commercial or environmental 
applications (Watsonand Wang, 2012). On the other hand, leaving GFP in a strain is certainly 
more desirable than drug resistance genes since unwanted growth can still be controlled using 
anti-fungal drugs. Since flow cytometry can also be used to select against markers it is also 
possible to select cells that have spontaneously lost the marker gene. Our results also show that 
FAST can be used to swap cassettes at a target site. 
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FAST does have certain limitations. Due to the high costs of maintaining and operating a FACS 
machine and the expertise required these are not accessible to everyone. Further, a limited 
number of fluorescent markers is available which could be used for this technique. Other than 
the three already discussed here a Far Red fluorescent protein like mPLUM could be suitable 
(Wang et al., 2004).  A brighter blue fluorescent protein such as eBFP2 (Ai et al., 2007) would 
likely be more easily distinguishable than CFP used in this paper.  Adding even more markers is 
not feasible at the moment due to overlap in excitation and emission spectra for the different 
fluorescent proteins with the lasers and filters available for cell sorting. Despite these 
restrictions, we propose that FAST is a worthwhile addition to the technology available to 
transform filamentous fungi. 
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Material and Methods 

Fungal strains  

The fungal strain used to demonstrate FAST is F. oxysporum f sp. lycopersici (Fol) 4287 (Di Pietro 
and Roncero, 1996) with an insertion of a HPH hygromycin resistance cassette (Punt and van 
den Hondel, 1992) between the genes FOXG_14191 and FOXG_14192 on chromosome 14 
(supercontig 22 397592; www.broadinstitute.org 
/annotation/genome/fusarium_group/MultiHome.html). This insertion was obtained by 
transformation of 4287 with plasmid p14H (described below). The strains used to determine 
which markers can be identified in FAST were 4287 transformed with pPK2-HPH-RFP (Van Der 
Does et al., 2008) and 4287 transformed with pPK2-HPH-GFP (Michielse et al., 2009). The CFP 
positive strain used for this purpose was the non-pathogenic strain Fo47 (Lemanceau; 
Alabouvette, 1991) transformed with pPK2-HPH-CFP (Ma et al., 2010). 
 

Preparation of spores for FAST 

F. oxysporum was grown in minimal liquid medium containing 3% sucrose, 0.17% yeast nitrogen 
base and 100mM KNO3 in a shaker (175 rpm) at 25 °C for 5 days. Spores were filtered through 
two layers of miracloth (Merck; pore size of 22-25 µm), counted and a spore suspension was 
made with a final density of 2x106 spores per milliliter. Agrobacterium tumefaciens containing a 
binary vector for transformation to F. oxysporum, was grown to an OD of 0.45, then incubated 
for 6 hours in Induction Medium (Mullins et al., 2001) supplemented with 200 mM 
acetosyringone (AS) and then mixed in a 1:1 ratio with the fungal spore suspension. 100 µl of 
this mix was then pipetted on a 0.45-µm pore, 45-mm diameter nitrocellulose filter (Whatman) 
on either Potato Dextro Agar or CM supplemented with AS and grown for 3-5 days. Filters were 
then transferred to PDA plates containing 200 µg *ml-1 cefotaxime. After another 3-5 days of 
incubation spores were scraped off of the filters using liquid minimal medium and transferred to 
liquid minimal medium.  After two to three days of incubation (175 rpm, 25 °C) spores were 
collected for sorting by filtering through two layers of miracloth (Merck; pore size of 22-25 µm). 

Construction of vectors and confirmation of insertion at the desired location 

Plasmids p14H and p14HG were made by amplifying 1 kb segments of chromosome 14 from 
genomic DNA of strain 4287 using FP2900 and FP2901 and FP2902 and FP2903 (all primers used 
are listed in Supplementary Table S1). The segment amplified with FP2902 and FP2903 was 
cloned in pRW2h (Houterman et al., 2008) for p14H and pPK2-HPH-GFP (Michielse et al., 2009) 
using PacI and KpnI. These two vectors share the same backbone but differ in the markers 
present; pRW2h only contains the HPH resistance cassette, while HPH is fused to GFP in pPK2-
HPH-GFP. The resulting plasmids and the fragment amplified with FP2900 and FP2901 were 
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then digested with XbaI and HindIII and ligated to form p14H and p14HG, respectively.  
Insertion of either construct at the desired locus was determined using primer pair FP2906 and 
FP2907, which only gives a PCR product if the construct is not present at the desired locus. 
Strains negative for this PCR product were further analyzed with FP659 and FP3759 for proper 
insertion of the left flank and FP745 and FP3761 for the right flank. 

Vector pGRBΔVIB was made by amplifying the A. nidulans  gpd promotor from pPK2-HPH-GFP 
using FP5547 and FP5548. This fragment and pHH1-RFP (supplemental figure S1) were then 
digested using PacI and BstBI and ligated, yielding plasmid GPD-RFP-BLE (pGRB). pGRB and the 
right flank of VIB1, amplified from genomic DNA using FP5323 and FP5324, were digested with 
XbaI and ligated. The resulting plasmid and the left flank amplified using FP5325 and FP5326 
were then digested using PacI and ligated to form pGRBΔvib. 
Primers FP4208 and FP4209 were used to check for presence of the VIB1 gene in transformants 
of F. oxysporum. In strains lacking the gene, FP659 and FP4206 were used to determine proper 
insertion of the left flank and FP745 and FP4207 for the right flank. Primers FP659 and FP750 
were used to check for ectopic insertions of the left border and FP745 and FP746 were used to 
check for ectopic insertions of the right border (borders are retained only in case of ectopic 
insertions). 

Flow cytometry 

All flow cytometry experiments were performed using a BD Facsaria III. 

Spore suspensions were prepared by filtering minimal medium grown cultures through 2 layers 
of Miracloth (Merck) directly before sorting (described above). Spore suspensions were diluted 
with MilliQ water and sample line pressure adapted resulting in 20000 events per second (evt/s 
– the number of drops per second containing a particle which generates a signal) suitable for 
sorting with a 70 µm nozzle at a pressure of 70 psi. Front and side scatter area and width were 
used to exclude the largest cells and those with aberrant profiles to ensure a homogenous 
starting population.  

GFP was excited with a 488 nm blue laser and detected using a 665 nm long pass and 530/30 
nm band pass filter. RFP was excited with a 561 nm laser to excite and detected using a 630 nm 
long pass and 610/20 nm band pass filter. CFP was excited with a 407 nm laser and detected 
using a 595 nm long pass and 510/50 nm band pass filter.  Populations constitutively expressing 
GFP or RFP were used to set PMT voltage to use the full range of detection and to be able to 
distinguish GFP and RFP positive populations. Application settings were created and used 
throughout the experiments to normalize population location on the plots.  

Spores positive for the desired markers were gated and sorted onto plates containing PDA 
supplemented with 100 µg *ml-1 penicillin and 200 µg *ml-1 streptomycin in a 4 by 4 grid. 
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Colonies were allowed to grow for 48 hours, scraped off the plate and the presence of the 
fluorescent protein(s) confirmed using an Evos FL inverted microscope (AMG). 
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Table S1: Primers used in study 
Number sequence 

659 TAGAGATCATGCTATATCTC 
745 GCATGTTTCTTGAACTCTC 
746 TGCGCAACTGTTGGGAAGGG 
750 ACTGAATTAACGCCGAATTGCTC 

1155 aaagggcccATGGCCTCCTCCGAGGACGT 
1156 aaaactagtGGCGCCGGTGGAGTGGCG 
1753 CTAGAGATCATGCTATATCTC 
2900 ccttaattaaCTAGATGAGTGTCTGAATTGGTGG 
2901 ggggtaccAATTAATATTGGTGTGGTGACTGTGAT 
2902 tgctctagaGTATCATTCGTCATAAAGTCTATGAAGACTTC 
2903 cccaagcttTATGCTCCTCAGACCCGTcc 
2906 TCCAGCAGAAACAACATCAGTg 
2907 TCAAGGGGGACTTCTCTACCtactataa 
3759 GCCACTCCTCAGCACTCCTC 
3761 GCGTCCTAGATGAAAGTTCGC 
4206 CCTGTTGCTGCCACTGCT 
4207 CCCTCTACACGCTAATCAACTT 
4208 CCATTTCCATATACAAGTACACACTT 
4209 GCTCCGAATCATTTGTTACCAT 
5323 aaaattaattaaGCCGTGCCGTTCACTCC 
5324 ttttttaattaGCCTACGAAGTAGAAGATGAGCTT 
5325 aaaatctagaCGATATACAAAAGTTGCCATCAAA 
5326 tttttctagaGAACAGATCTATTAACAAAGCCATCC 
5547 ccttaattaaCTAGCAGTTCCAGGTGGAATGTT 
5548 aaattcgaaTCTGCTCAAGCGGGGTAGCTGTTA 

restriction sites depicted in lower case letters. 
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Fig S2  
Construction of pHH01-RFP. To create pHH01-RFP, a fragment containing the inducible xylanase 
promotor was amplified from pXPcFLPnatFRT (Kopke et al., 2010) using primers FP2875 and 
FP3528. The fragment and pRW2h (Houterman et al., 2008) were then digested with PacI and 
EcoRV and ligated. The terminator region of SIX1 (Van Der Does et al., 2008) was amplified from 
genomic DNA using FP2877 and FP3704. The plasmid containing the promoter and the SIX1 
terminator region were then digested with BstEII and EcoRV and ligated. The resulting plasmid 
and RFP amplified from pGWB454 (Nakagawa et al., 2007) using FP3514 and FP3515 were 
digested with BglII and PsiI and ligated. To create a histone H1-RFP fusion protein, the histone 
H1 gene (FOXG_12732 www.broadinstitute.org 
/annotation/genome/fusarium_group/MultiHome.html) was amplified from genomic DNA using 
FP3516 and FP3518. The amplicon was cloned into the plasmid in frame with RFP using BglII and 
BstBI. Finally the plasmid and pRW1p (Houterman et al., 2008) were both digested with MfeI 
and BlpI. The resulting fragment from pRW1p containing the BLE resistance gene was then 
ligated into the vector to create pHH01-RFP.  

Houterman, P.M., Cornelissen, B.J., and Rep, M. (2008) Suppression of plant resistance gene-based immunity by a 
fungal effector Plos Pathog 4: e1000061. 

Kopke, K., Hoff, B., and Kück, U. (2010) Application of the Saccharomyces cerevisiae FLP/FRT Recombination System 
in Filamentous Fungi for Marker Recycling and Construction of Knockout Strains Devoid of Heterologous Genes. 
Appl Environ Microbiol 76: 4664-4674. 
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Abstract 

Horizontal transfer of supernumerary or lineage-specific (LS) chromosomes has been described 
in a number of plant pathogenic filamentous fungi. So far it was not known whether transfer is 
restricted to chromosomes of certain size or properties, or whether “core” chromosomes can 
also undergo horizontal transfer. We combined a directed and a non-biased approach to 
determine whether such restrictions exist. Selection genes were integrated into the genome of 
a tomato-pathogenic strain of Fusarium oxysporum, either targeted to specific chromosomes by 
homologous recombination or integrated randomly into the genome. By testing these strains 
for transfer of the marker to another strain we could confirm transfer of a previously described 
mobile pathogenicity chromosome. Surprisingly, we also identified strains in which (parts of) 
core chromosomes were transferred. Whole genome sequencing revealed that this was 
accompanied by the loss of the homologous region from the recipient strain. Remarkably, 
transfer of the mobile pathogenicity chromosome always accompanied this exchange of core 
chromosomes.  
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Introduction. 

In many filamentous fungi a distinction can be made between “core” chromosomes, which are 
present in all strains within the species, and chromosomes composed primarily of DNA 
sequences not found in all strains of the species. These extra chromosomes are known as 
conditionally dispensable, accessory, supernumerary, mini- or B chromosomes (Covert, 1998). In 
F. oxysporum they are known as lineage-specific (LS) chromosomes (Ma et al., 2010). In both F. 
oxysporum and other pathogenic fungi some LS chromosomes carry genes associated with 
pathogenicity (Raffaele and Kamoun, 2012; Croll and McDonald, 2012) . 

Comparison of genomes of the tomato-pathogen Fusarium oxysporum f. sp. lycopersici  4287 
(Fol4287) and Fusarium verticillioides revealed that large sub-telomeric regions of chromosome 
1 and 2 and all of chromosomes 3, 6, 14 and 15 of Fol4287 do not have syntenic chromosomes 
or regions in F. verticillioides and are therefore designated as LS regions (Ma et al., 2010). They 
are distinguished from the core genome by a much higher density of transposable elements 
(TEs) and lower gene density, with few or no housekeeping genes. Most genes for small proteins 
secreted in xylem of infected plants (SIX genes) (Houterman et al., 2007), are located on a single 
~2Mb LS chromosome, chromosome 14 in Fol4287, which is present in all isolates that cause 
tomato wilt. Transfer of this LS chromosome from strain Fol007 to a non-pathogenic recipient 
resulted in gain of pathogenicity by the recipient (Ma et al., 2010). Another, smaller LS 
chromosome from strain Fol007 was shown to sometimes co-migrate with this ‘pathogenicity 
chromosome’, further increasing pathogenicity.   

Horizontal Chromosome Transfer (HCT) of LS chromosomes has been described in other species 
of pathogenic filamentous fungi as well. In one of the earliest reports of HCT a 2Mb 
chromosome was selectively transferred between non-compatible strains of Colletotrichum 
gloeosporioides – although in this case transfer of pathogenicity was not observed (He et al., 
1998). Transfer was found by testing for transfer of a marker located on a 2Mb LS chromosome. 
Transfer of the marker randomly integrated into the genome was not observed for any of the 
nine independent transformants obtained, suggesting that not all chromosomes are amenable 
for transfer in Colletotrichum. 

HCT has also been suggested to have played a role in evolution of Alternaria alternata 
pathotypes, in which hos-specific toxin genes reside on LS chromosomes (Akagi et al., 2009). 
When different pathotypes are grouped based on genes on the core genome the pathotypes do 
not group together, suggesting HCT might be involved in the distribution of LS chromosomes 
within the species. Protoplast fusions of two pathotypes yielded a hybrid containing LS 
chromosomes from both parents, supporting the possibility of horizontal transfer (Akagi et al., 
2009). 
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Nectria haematococca (anamorph Fusarium solani) contains a cluster of pea pathogenicity (PEP) 
genes located on a LS chromosome (Han et al., 2001). This cluster is present not only in N. 
haematococca but also in a strain of Fusarium oxysporum f. sp. pisi, a pathogen of pea, and in 
Neocosmospora boniensis which was not known as a pathogen on pea but demonstrated to be 
able to cause disease (Temporini and VanEtten, 2004). Based on these observations it was 
suggested that the distribution of the PEP genes is not the result of shared ancestry and loss in 
several lineages but the result of horizontal transfer of genetic material. Taken together, these 
observations suggest that horizontal transfer of pathogenicity genes and/or pathogenicity 
chromosomes between incompatible strains or even different species plays an important role in 
the evolution of pathogenicity in filamentous fungi.  

Slow-growing heterokaryons consisting of two incompatible strains have been observed in C. 
gloeosporioides and are suggested to play a role in HCT (Manners and He, 2011). In these 
heterokaryons genomes from both strains co-exist in the same mycelium potentially enabling 
transfer. Suppression of heterokaryon incompatibility following fusion of conidial anastomosis 
tubes (CATs), a specialized form of hyphal fusion (Ishikawa et al., 2012), has been suggested to 
result in cytoplasmic continuity, creating a pathway for HCT (Mehrabi et al., 2011). CAT fusion 
could lead to the slow growing heterokaryons observed by Manners and He (2011). 

While a role of heterokaryosis seems inevitable for HCT to take place, little is known about the 
cellular and molecular processes underlying HCT or possible requirements such as chromosome 
size and structure. Most filamentous fungi have closed mitosis where the nuclear envelope is at 
least partially maintained during cell division, although equilibration between nucleoplasm and 
cytoplasm does occur (De Souza and Osmani, 2007). Traversing the nuclear envelope could 
favour smaller elements (He et al., 1998) potentially excluding larger chromosomes from 
transfer, although it is hard to imagine how even a small chromosome (with nucleosomes) could 
travel through a nuclear pore. Alternatively, nuclear fusion followed by selective degradation of 
all but the transferred chromosome could result in chromosome transfer (He et al., 1998).  

Structural differences have been noted between core and LS chromosomes that could affect 
their propensity for horizontal transfer. The high TE content of LS chromosomes (Ma et al., 
2010) or the enrichment of certain types of histone modifications in non-syntenic regions, as 
described in Fusarium graminearum (Connolly et al., 2013) are potential prerequisites for 
transfer. Apart from these structural properties transfer could be facilitated by a specific genetic 
element present on LS chromosomes (Rosewich and Kistler, 2000).  

To work towards answering these questions, we set out to identify Fol4287 chromosomes that 
can be transferred to the recipient. We used donor strains with a selection marker either 
targeted to a specific chromosome or randomly integrated into the genome. Upon co-
incubation with a recipient strain that was labelled with a second selection marker, progeny was 
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selected for the stable presence of both markers. Analysis of the progeny containing both 
markers not only confirmed the transfer of chromosome 14 but surprisingly revealed exchange 
of core genomic regions as well: a core chromosome (or a region thereof) of the recipient was 
replaced by the homologous regions originating from the donor. Transfer of chromosome 14 
always accompanied the exchange of core regions. 
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Fig. 1: Graphical summary of testing chromosomes for transfer and screening. 
Black bars indicate core chromosomes which are shared between strains, red bars indicate Fol4287 LS 
chromosomes and the green bar represent the Fo47 LS chromosome. Locations of the markers in the 
different strains are indicated with smaller bars. Chromosomes 1, 12, 14 and 15 were all targeted for 
insertion with a HPH-GFP fusion gene (green) and the resulting strains tested for transfer of the targeted 
chromosome to Fo47 with a random integration of BLE-RFP (red).  Transfer capability of other F. 
oxysporum chromosomes was tested with a screen and a targeted approach. In the screen 269 individual 
transformants with the marker gene BLE (blue) integrated in a random location in the genome were 
tested for transfer of the marker to the non-pathogenic strain Fo47 carrying the HPH resistance gene 
(yellow). Double resistant progeny of co-cultivation of these strains were tested for the presence of 
chromosomes from both parents. With the results from these approaches combined it can be 
determined if transfer is restricted to LS chromosomes and if any size restrictions exist. 
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Results 

A targeted approach to monitor transfer of chromosomes confirms transfer of chromosome 
14 from the tomato-infecting strain Fol4287 

Upon co-incubation of F. oxysporum f.sp. lycopersici strain Fol007 with the non-pathogenic 
strain Fo47, transfer of two LS chromosomes from Fol007 to Fo47 has been observed (Ma et al., 
2010). In that study the chromosome corresponding to LS chromosome 14 of the reference 
strain Fol4287 was labelled with the zeocin resistance gene (BLE) whereas Fo47 contained a 
hygromycin resistance gene (HPH) inserted randomly into the genome, allowing selection of 
colonies carrying genetic material from both parental strains. The chromosome corresponding 
to chromosome 14 of Fol4287 is considered a ‘pathogenicity chromosome’ as it confers 
pathogenicity to tomato when transferred to Fo47. Nine double resistant strains were analyzed, 
each showing the same karyotype as Fo47 with the addition of the pathogenicity chromosome; 
two of these strains also contained a second, smaller LS chromosome of Fol007. Transfer of 
Fo47 material to Fol007 was not observed (Ma et al., 2010). 

To find out whether transfer is restricted to small LS chromosomes, we first tested several 
chromosomes of the reference strain Fol4287 for transfer, using chromosome 14 as positive 
control. By targeting an HPH-GFP gene fusion to chromosomes 1, 12, 14 and 15 of Fol4287 
chromosome ‘donor’ strains were created. HPH allows for selection of transfer of the marker 
from the donor (Fol4287) to the recipient (Fo47) while GFP allows for easy confirmation of 
transfer by microscopic examination. Fol4287 was transformed with one of the plasmids p1, 
p12, p14 or p15 to tag specific chromosomes. Each plasmid was created by cloning two adjacent 
~1kb DNA fragments from the target chromosome into the multiple cloning site of pPK2-HPH-
GFP (Michielse et al., 2009) such that recombination would result in the insertion of the marker 
between the two ~1Kb fragments (see Table 1 for positions of insertion of the marker). For 
chromosome 1 and 14 two independent in-locus transformants were obtained, 1HG1 and 1HG2, 
and 14HG1 and 14HG2, respectively. For chromosome 12 and 15, one transformant each was 
obtained, called 12HG and 15HG, respectively. Recipient strains were created by transforming 
Fo47 with pGRB (Vlaardingerbroek et al., 2015) containing RFP fused to BLE, the zeocin 
resistance gene. Two independent transformants were used, Fo47GRB1 and Fo47GRB2, each 
with the marker randomly inserted in the genome. Each donor strain was co-incubated with 
both recipients on complex rich (PDA) as well as on synthetic minimal medium (CDA). For each 
potential donor 10 plates were used of each medium, split evenly between the two 
independent recipient strains. After co-incubation for one week spores were collected from the 
plates and transferred to double selective medium. Emerging colonies were collected after five 
days to allow any resistant colony sufficient time to develop. These were then monospored and 
transferred to medium containing only zeocin and medium containing only hygromycin to 
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confirm resistance and finally microscopically examined to confirm presence of both fluorescent 
fusion proteins. 

Table 1: postion of markers on chromosomes  
Chromosome  supercontig  position size of supercontig 

1 14 963040 1603705 
12 23 278722 937052 
14 22 396619 1030612 
15 24 24947 957384 

 

Co-incubation of the two 14HG strains with the Fo47GRB strains on CDA medium yielded both 
small and large colonies on double selective medium. In total 78 large colonies were found on 9 
plates. One large colony per plate was picked and monospored. Of these 9 colonies, 7 were 
confirmed to express both fluorescent markers and showed growth on both selective media 
confirming the presence of both markers. This suggests that the majority of the 78 large 
colonies are positive for both markers. Small colonies were present on all 20 plates resulting 
from the co-incubation of either 14HG1 or 14HG2 with the recipient strains on CDA. One colony 
was picked from each plate. Of these only two turned out to express both markers and to show 
growth on both media. From this we conclude that the majority of the, in total, 440 small 
colonies originating from co-incubation on CDA plates are false positives. However, if 10% of the 
colonies represent real transfer events there were still ~40 such events. From the plates on 
which spores had grown collected from PDA co-incubation plates, a plug was taken randomly as 
no individual colonies could be distinguished; the plates were overgrown with mycelium. Of the 
20 plugs tested, 12 showed the presence of both markers and growth on both selective media. 
From this we conclude that transfer of chromosome 14 to Fo47 recipient strains is a relatively 
common event and not restricted to a specific donor strain.  

Co-incubation of 15HG and the recipient strains followed by transfer to double selective 
medium resulted in the emergence of seemingly double resistant colonies. A total of 46 colonies 
was found after co-incubation on CDA while co-incubation on PDA resulted in overgrown double 
selective plates, similar to the situation with the marker on chromosome 14. All colonies 
originating from co-incubation on CDA as well as two plugs taken from each plate inoculated 
with spores from the PDA co-incubation plates, were further examined. Not a single one of the 
46 colonies and 40 plugs tested showed resistance to both antibiotics nor the presence of both 
fluorescent markers. From this we conclude that stable transfer of chromosome 15 of Fol4287 
occurs either very rarely or not at all. 

Similar results were obtained for chromosomes 1 and 12. Co-incubation of 12HG with Fo47GRB1 
and Fo47GRB2 on CDA and PDA, followed by transfer to double selective medium did yield 
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seemingly double resistant colonies. A total of 52 and 33 colonies were found, respectively. 
However, as was the case with the marker on chromosome 15, none of the 85 colonies tested 
could be confirmed to be double resistant or double fluorescent. Upon co-incubation of the two 
1HG strains with recipient strains, no real double resistant progeny was found either. So while 
chromosome 12 is similar in size to chromosome 14, transfer is much less likely to occur, if at all 
possible. 

A non-targeted approach to identify chromosomes that can be transferred reveals exchange 
of core regions 

Since the targeted approach did not lead to the identification of transferrable chromosomes 
other than chromosome 14, a large scale, non-biased approach was chosen to test transfer of 
other genomic regions. First, a collection was made of transformants with a selection marker 
integrated randomly in the genome and tested for transfer (see left side of Figure 1 for 
schematic representation). Fol4287 was transformed with plasmid pRW1p (Houterman et al., 
2008), which contains the BLE zeocin resistance gene. In total 269 individual transformants were 
obtained, a number high enough to expect insertions in all chromosomes, including the smaller 
chromosomes, assuming integration is not highly biased towards certain chromosomes. To 
assess their capability to act as donor of the marker gene each individual transformant was co-
incubated with strain Fo47H1 containing the HPH hygromycin resistance cassette randomly 
inserted into the genome. The latter strain has previously been shown to be capable of 
accepting chromosomes from Fol007 (Ma et al., 2010). After co-incubation, spores were 
collected and transferred to plates containing both drugs. These were then screened for the 
emergence of double resistant colonies, indicative for the transfer of the BLE marker from the 
donor to the recipient. Colonies were picked after 2-3 days rather than 5 to reduce false 
positives, and subsequently transferred to plates containing zeocin only, to select against zeocin 
sensitive (false positive) colonies (which emerge eventually during dual selection). 

The initial screening yielded 14 transformants capable of producing double resistant colonies 
upon co-incubation with Fo47H1. All these were re-tested in a comprehensive co-incubation 
experiment as described above. To allow detection of rare marker transfer events 20 plates 
were used for each combination, divided equally over PDA and CDA. Six of the 14 transformants 
again yielded colonies growing on double selective medium after co-incubation. Upon 
monosporing, PCR analysis confirmed the presence of both the BLE and the HPH marker genes 
in the progeny of three of these transformants, indicating their capacity to donate the BLE 
marker to recipient Fo47. The numbers of double resistant colonies found after co-cultivation 
differed for these three donor strains, designated donor A, B, and C. For donors A and B only 2 
individual colonies (designated a1 and a2 and b1 and b2, respectively) were found on the 20 
plates used in this experiment. For donor C, on the other hand, transfer was a common 
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occurrence. PDA plates were overgrown with colonies to the extent that discrimination 
between individual colonies was no longer possible. The number of double resistant colonies 
growing after co-incubation on CDA was in the range of dozens of colonies per plate. Transfer of 
the BLE marker from donor C was confirmed for 10 individual colonies. Repetition of the 
experiment yielded two additional colonies for donor A containing both markers genes (a3 and 
a4); for donor B no additional colonies were obtained. The result for donor C was the same, 
with an abundance of double resistant progeny. Three of these colonies were picked for further 
analysis (c1-c3).  

Progeny from all three donor strains contain chromosome 14-specific markers  

To assess the presence of genomic regions other than the marker sequences, the genomes of all 
progeny strains originating from each of the three BLE donors were first tested for the presence 
of SIX1 and SIX6, which reside on different parts of chromosome 14. All strains were found to be 
positive for both SIX genes. In an earlier study in which the homolog of chromosome 14 from 
strain Fol007 was shown to be amenable for transfer (Ma et al., 2010), a smaller LS 
chromosome co-transferred in two out of nine cases. This prompted us to look for other LS 
sequences, besides SIX1 and SIX6, in the progeny. We used sets of primers targeting specific 
insertions of Foxy transposons (Ma et al., 2010) in the LS regions of the Fol4287 genome (Figure 
1). For the LS regions of chromosome 1 and 2 one marker was used for each and at least two 
markers were used for chromosomes 3, 6, 14 and 15. All progeny tested contained the two 
additional markers for chromosome 14; presence of markers for other LS regions was not 
observed (Figure S1). This suggests that no other LS sequences were transferred. To further 
substantiate the presence of chromosome 14 sequences, four additional genes located on 
chromosome 14, SIX2, SIX3, SIX7 and ORX1, (Ma et al., 2010) were tested and found to be 
present. In summary, in all progeny markers were present covering the full length of 
chromosome 14 suggesting transfer of this chromosome to the recipient strain in all cases 
(Figure S2).  

Chef gel analysis confirms transfer of chromosome 14 

To confirm transfer of chromosome 14 from the pathogenic donor to the non-pathogenic 
recipient and to observe other possible changes in karyotype, CHEF gel analysis was performed 
(Figure 2). Progeny from donors A and B had the same karyotype as the non-pathogenic 
recipient with the addition of a smaller chromosome of similar size as chromosome 14 from 
their respective donors (Figure 2). The karyotype of donor C slightly differs from those of donors 
A and B: chromosome 14 in donor C seems to be larger than in the other two, running at the 
same position as the smallest chromosome of the recipient (Figure, 2 asterisk). No separate 
band could be seen for chromosome 14 in progeny strains c1-c3, however, the presence of the 
SIX genes suggests that chromosome 14 is present in the progeny. We suggest that 
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chromosome 14 is present in the same position as the smallest chromosome of Fo47 in the 
CHEF gel. This is consistent with the increase in intensity of this band in progeny strains c1-c3 
compared to the other progeny strains and their respective positions in the CHEF gel. In a1-a4 
and b1-b2 the band for the smallest chromosome is less intense than the band above it. In c1-c3 
intensity is the same for the two bands corresponding to the smallest chromosomes. 

 

Fig. 2: Karyotyping of donor and recipient strains confirms transfer. 
CHEF gel analysis of donor and recipient strains reveals the presence of chromosome 14 (white 
arrow) from donor A in recipients a1-a4 and from donor B in b1 and b2. In recipients c1-c3 no 
extra chromosome is visible compared to Fo47H1, however chromosome 14 in donor C is larger 
than for the other donor strains (left of the asterisk) - this results in this chromosome co-
migrating with the smallest chromosome from Fo47. This results in the double band seen in 
these progeny strains (right of the asterisk), which is just as intense as the band above, which 
also consists of two chromosomes co-migrating. Several marker genes on chromosome 14 were 
shown to be present in these strains indicating transfer of the entire chromosome 14. 

Whole genome sequencing reveals exchange of core genomic regions 

To determine more precisely the insertion site of the markers in the genome of the three donor 
strains and the recipient strain, and to identify any sequences originating from the donor other 
than chromosome 14, the genomes of progeny strains a1, b1 and c1 and donor C were 
sequenced with an average coverage of at least 50X. To determine the site of insertion of the 
markers, the sequence of the T-DNA from pRW1p, the construct present in the donor strains, 
was added to the Fol4287 genome sequence as a separate contig. Then the reads from each of 
the progeny genomes were mapped to this assembly. Pair mates from broken pairs mapping to 
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pRW1p were then extracted. Broken pair mates occur when two paired end reads do not map 
to adjacent locations on the reference genome; broken pair mates collected from reads 
mapping to pRW1p DNA should map to regions adjacent to the site of insertion. Because of 
sequence similarity between the constructs used to create donor and recipient strains, 
insertions in both strains can be found using this approach. For each progeny genome 
sequenced, around half of the broken pair mates mapped to supercontig 15 of Fol4287 that is 
located on chromosome 10 close to position 853000 (www.broadinstitute.org). This region is 
homologous to a region located on supercontig 8 close to position 1446000 in Fo47. Since this 
insertion is shared by all three progeny strains tested, but not present in donor C, it has to 
originate from the recipient strain. From this we conclude that the HPH marker in the recipient 
strain is located on chromosome 8 (which includes supercontig 8 and 11).  

Since all progeny strains contain chromosome 14 from Fol4287, we expected pRW1p to be 
inserted into this chromosome in all donor strains. Indeed, donor C and progeny c1 have the BLE 
construct in chromosome 14, with broken pair mates for the plasmid primarily mapping close to 
position 228000 on supercontig 36. However, although CHEF gel and PCR analysis clearly 
showed the presence of chromosome 14 in all progeny from co-incubations of both donor A and 
B with the recipient, the broken pair mates for the insertions (the ones unique to each strain) 
did not map to chromosome 14; in a1 the insertion mapped to supercontig 13 (close to position 
817000) and in b1 to supercontig 3 (close to position 3148000). These positions are located on 
chromosome 7 and 8, respectively.  

To determine whether these two core chromosomes of the Fol4287 genome had indeed been 
transferred to the recipient strain, along with chromosome 14, the mapping results were further 
analyzed. Transfer of any region of the Fol4287 genome to the Fo47 background can be 
identified based on the presence of single nucleotide polymorphisms (SNPs) between core 
chromosomes of these two strains. By mapping reads with 100% identity and 100% coverage to 
Fol4287, all reads originating from the recipient genome containing SNPs compared to the 
donor are discarded. The resulting Fol4287 unique read mappings were visualized by calculating 
the average read depth in 10Kb windows and subsequently by mapping them to the genome 
assembly. In Figure 3 the results are visualized. It is clear that all three progeny strains carry all 
chromosome 14 sequences (Figure 3, blue arrows), confirming transfer of the entire 
chromosome 14. Progeny a1 and b1, with the marker located on core chromosome 7 or 8 of 
their respective donor strains, indeed showed the presence of the respective chromosomal 
sequences of Fol4287 (Figures 3A and 3B, lower panels). In progeny a1, a clear increase in 
average read depth after mapping to the Fol4287 genome was found specifically for 
chromosome 7. Interestingly, not all of chromosome 7 from Fol4287 appears to be present 
(Figure 3A, lower panel), but rather about one third of this chromosome. The region that is 
present is approximately 1.6Mb in length and consists of supercontig 13 excluding the first 80Kb 
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(not visible in Fig. 3A). This region of chromosome 7 of Fol4287 is homologous to parts of 
supercontig 6 of Fo47, which is located on chromosome 5 in that strain. Surprisingly, when 
reads are mapped to the Fo47 reference genome, most of supercontig 6 appeared to be missing 
from progeny a1, indicating loss of the homologous region in the recipient genome. The first 
600Kb of the ~2.2Mb long supercontig is still present, leaving a deletion of around 1.6Mb. There 
are no repetitive elements present at the borders of the transferred region or at the borders of 
the lost regions. 

Progeny b1 showed gain of chromosome 8, which is around 4Mb long and appears to have been 
transferred completely (Figure 3, middle green arrow). Fol4287 chromosome 8 is homologous to 
supercontigs 5 and 19 from Fo47. Both are missing when the reads of recipient b1 are mapped 
to the Fo47 genome (fig 3B upper panel; supercontig 19 not indicated). Supercontig 5 and 19 of 
Fo47 together make up chromosome 6, so it appears in this case that the entire chromosome 6 
from Fo47 is absent in the progeny. These data suggest that transfer of (parts of) a core 
chromosome from Fol4287 to Fo47 leads to loss of the corresponding chromosome or region in 
the recipient. The gain of core regions from the donor and the loss of homologous regions in the 
recipient, suggest an exchange of homologous sequences.  

All individual progeny strains were tested by PCR for the presence of Fol4287 chromosome 7 
(a1-a4) or chromosome 8 (b1,b2) sequences or for the presence of the homologous regions in 
Fo47 with sets of primers that differentiate between these two strains based on an insertion of 
the Foxy retrotransposon (Ma et al., 2010). Two markers were used per chromosome, each 
located on a different supercontig. For chromosome 7 the markers are located at position 
513.000 on supercontig 5 and 436.000 on supercontig 13; for chromosome 8 markers were 
located at 367.000 and 1.922.000 on supercontig 3. For progeny strains a1-a4 it was found that 
in all four cases the marker corresponding to supercontig 13 originated from Fol4287 and the 
one corresponding to supercontig 5 from Fo47, indicating partial transfer of chromosome 7 in all 
strains. In strains b1 and b2 both markers tested were present indicating transfer of the full 
chromosome 8 or at least a large part thereof. In conclusion, in all cases gain of a region from 
Fol4287 led to the loss of the homologous region from the recipient strain. 
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Fig 3. Average read depth plots for donor and recipient strains shows transfer of two core 
chromosomes as well as chromosome 14. 
Legend on next page. 
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Fig3. Average read depth plots for donor and recipient strains shows transfer of two core 
chromosomes as well as chromosome 14. 
The genomes of progeny a1, b1 and c1 were sequenced and mapped to both the Fo47 and 
Fol4287 reference genomes. To visualize these mappings average read counts in 10Kb windows 
are calculated and displayed. Y-axis indicates the average read count in 1Kb windows, the x-axis 
depicts chromosomes for mappings to the Fol4287 genome and major supercontigs for 
mappings to Fo47 as well as the length of the genome in Mb (on top). Approximate positions of 
the marker in the donor strains are depicted with a green arrow in their respective mappings to 
Fol4287. In progeny a1 supercontig 13 is present from Fol4287 while part of the homologous 
supercontig 6 is missing. Progeny b1 received all of chromosome 8, which is homologous to 
supercontig 5 and 19 (not indicated) from Fo47 which are no longer present. Both these 
progeny strains also received chromosome 14 indicated with blue arrows. In the case of 
progeny c1 this is the only material present from Fol4287. No parts of the Fo47 genome are 
missing in this progeny strain. Chromosome 14 does not have a homologous region in Fo47.  

Non-pathogenic strains gain pathogenicity after transfer of chromosome 14 from Fol4287 

Transfer of chromosome 14 from the tomato-pathogenic strain Fol007 to the non-pathogenic 
strain Fo47 confers pathogenicity to the recipient (Ma et al., 2010). We investigated whether 
Fo47 also gains pathogenicity after acquiring chromosome 14 from the reference strain, 
Fol4287. While some variation is present between the three donor strains, each of these is fully 
pathogenic with most plants showing severe symptoms or complete wilting (Figure 4A, B). As 
expected, plants infected with strain Fo47 and the mock-inoculated plants showed no disease 
symptoms at all. In contrast, all of the progeny strains tested showed disease symptoms. 
Compared to the pathogenic donor and control strains progeny strains showed an intermediate 
phenotype, mostly scoring a relatively low disease index; in many cases only one brown vessel 
was found in the hypocotyl of the plants while their general appearance was still quite normal. 
While severe symptoms or complete wilting were rare, so was a complete absence of 
symptoms, indicating a consistent but moderate gain of pathogenicity in these progeny strains 
(Figure 4A,B). These low levels of pathogenicity had only a moderate or no effect on overall 
plant weight when compared with Fo47 (Figure 4C). Infection with the donor strains did lead to 
a clear reduction in plant weight (Figure 4C). In conclusion, transfer of chromosome 14 from any 
of the three Fol4287-derived donor strains, including donor C with a larger version of 
chromosome 14, leads to gain of (moderate) pathogenicity by the initially non-pathogenic 
recipient strain.   
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Fig. 4: A bioassay with donor and recipient strains shows gain of pathogenicity with gain of 
chromosome 14. 
A. Representative pictures of plants infected with wild-type Fol4287, one of the pathogenic 
donors and one of the progeny strains having gained chromosome 14. The wild-type and donor 
strains show mostly severely diseased plants while the progeny has some plants showing clear 
symptoms while others appear to be healthy. B. Disease index for all donor strains and their 
progeny. Disease index is scored from 0-4 based on the number of brown vessels and 
macroscopic effects. The Y axis indicates the number of plants while the color indicates the 
disease index. This experiment was repeated with similar results. All donors cause disease to the 
same extent as the wild-type strain.  While disease index caused by progeny strains is usually 
low, often without macroscopic effects but with one or two brown vessels, almost all plants 
show symptoms. This confirms gain of chromosome 14 leads to gain of pathogenicity. C. 
Average plant weight after infection. Similar to the disease index infection with donor strains 
lead to a strong reduction in weight compared to mock inoculations indicating full 
pathogenicity. The progeny strains show a much milder or no reduction in weight, confirming a 
mildly pathogenic phenotype. 
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Discussion 

The aim of this study was to obtain more insight into the processes underlying horizontal 
chromosome transfer and possible restrictions in chromosome size or other properties. It has 
previously been shown that F. oxysporum contains a mobile pathogenicity chromosome (Ma et 
al., 2010) . We confirm that this chromosome, chromosome 14 from the reference strain 
Fol4287, can be transferred to a non-pathogenic recipient. Furthermore, we show that 
exchange of core chromosomes or parts thereof is also possible, albeit at a lower frequency. 
Interestingly, transfer of chromosome 14 always accompanied exchange of (part of) core 
chromosomes. From this we conclude that transfer is not restricted to lineage specific 
chromosomes and size is not the determining factor. (He et al., 1998) suggested two possible 
pathways for transfer of chromosomes: uptake through nuclear pores or nuclear fusion 
followed by selective degradation. The transfer of a chromosome of ~4Mb (chromosome 8 of 
Fol4287) and the consistent co-transfer of chromosome 14 accompanying the exchange of core 
chromosomes favor the latter pathway. 

To determine whether size is a determining factor for transfer the large chromosome 1 and the 
small chromosomes 12, 14 and 15 were also tested. Chromosome 12 is a core chromosome 
(with homologs in other Fusarium species), while chromosome 14 and 15 are lineage-specific. 
Of these chromosomes, only chromosome 14 was found to be transferred to the non-
pathogenic recipient. While chromosome 1 could be excluded based on size chromosome 12 is 
quite similar in size to chromosome 14 (2.4 Mb and 2 Mb respectively). We did not observe 
transfer of LS chromosome 15, which suggests that a propensity for horizontal transfer is not a 
property of all LS chromosomes. Co-transfer of the smallest chromosome from Fol007 (which is 
also LS but not homologous to chromosome 15 of Fol4287) has been observed previously (Ma et 
al., 2010). Apparently, relatively small size and other properties particular to LS chromosomes 
may be required but are not sufficient for transfer. 

Several conclusions can be drawn from the results of the screen for chromosomes amenable for 
transfer. Firstly, we show that exchange of core regions and even entire chromosomes is 
possible. Transfer of chromosome 8 from Fol4287 shows that chromosomes of at least 4Mb are 
amenable for transfer. Importantly, transfer of core regions was always accompanied by 
transfer of LS chromosome 14, which suggests that the mechanism of transfer allows several 
chromosomes to be transferred simultaneously, as also suggested by the co-transfer of the 
smallest chromosome of Fol007 with the chromosome homologous to chromosome 14 in two 
out of nine cases (Ma 2010). 
Taken together, these conclusions provide some insight into possible mechanisms of transfer. In 
F. oxysporum, breakdown of one of the resident nuclei was observed after invasion of another 
nucleus following hyphal fusion, in vegetatively compatible strains (Ruiz-Roldan et al., 2010) . 
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Potentially this could be followed by uptake of genetic material by the surviving nucleus. 
However, our results rather suggest that nuclear fusion followed by selective loss of 
chromosomes from one of the fusion partners is more likely – even though the mechanism of 
such selective loss remains elusive. We show that part of a chromosome (chromosome 7 of 
Fol4287) has been exchanged, which suggests homologous recombination. This would mean 
that these chromosomes have had to be paired in some way. Finally we observe co-transfer of 
chromosome 14 in all cases where transfer of a core region was selected for. If transfer requires 
nuclear fusion, all of the donor and recipient chromosomes would be in the same nucleus at 
least transiently, which would explain exchange of (large) chromosomes, recombination and 
gain of several chromosomes in a single event. 

In C gloeosporioides, heterokaryons can emerge from two incompatible strains (Manners and 
He, 2011) and we have obtained indications for this in our experiments with F. oxysporum: one 
of the donor strains yielded double resistant colonies which originally tested positive for both 
markers but later lost one of them (data not shown). 

While we demonstrate that transfer of core regions is possible, the observed frequency of 
exchange for core chromosomes is much lower than for transfer of LS chromosome 14. Transfer 
of this chromosome occurs even when not selected for (i.e. when the marker is inserted in 
chromosome 7 or 8). Possibly, chromosome 14 has features that make it especially amenable 
for transfer and that are not shared even with other LS chromosomes. Transfer capability (which 
may in fact mean resistance to elimination in a transient diploid state) could be the result of 
organization of the DNA within the nucleus or other not yet defined features. For core 
chromosomes we observe exchange of homologous sequences, and we did not find evidence of 
aneuploidy (stable presence of two homologous chromosomes) – possibly elimination requires 
the presence of another homologous chromosome. Lack of macrosyntenty might restrict 
exchange of core chromosomes, meaning transferability is a result of an interplay between 
donor and recipient genomes. Since chromosome 14 shares no homology with the recipient 
genome it could thereby evade degradation. However, this leaves the lack of transfer of other 
lineage specific regions unexplained. An alternative explanation is the potential presence of 
some factor encoded on chromosome 14 which facilitates transfer (or rather protects it from 
elimination) as suggested previously (Rosewich and Kistler, 2000). Currently, strains lacking 
chromosome 14 have been generated in our lab, providing the means to differentiate between 
these two options.  
Assuming that a transient diploid state is the most likely intermediate for horizontal 
chromosome transfer, it is remarkable that we never see aneuploidy, i.e. the stable presence of 
two homologous chromosomes. In Mycosphaerella graminicola aneuploidy of both core and LS 
chromosomes has been observed after meiosis (which has not been observed in F. oxysporum) 
(Goodwin et al., 2011). The absence of aneuploidy in F. oxyporum in our observations could 
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either result from a directed elimination process of one set of chromosomes or an inability to 
stably maintain aneuploidy. 

Surprisingly, only one chromosome 14-marked donor strain was found among 269 
transformants, which is much less than expected assuming random insertion of T-DNA in the 
genome. We hypothesize that either insertion in LS chromosomes is much less frequent than in 
core chromosomes or expression of the marker is more often silenced upon insertion in LS 
regions. The frequency of homologous recombination when targeting loci on chromosome 14 is 
in general much lower than for core chromosomes (our own unpublished observations). 
Alternatively, the low number of strains found capable of marker transfer might simply be the 
result of lack of sensitivity of our experimental setup.  
The fact that the one strain with the marker insertion in chromosome 14 contained a larger 
version of chromosome 14 remains puzzling. While the event that led to the increase in size 
might have been (in part) induced by insertion of the marker, the identity of the extra material 
could not be determined by genome sequencing. The method of mapping the average read 
depth to the reference genome has been used successfully before to find both deletions and 
duplications (Urban et al., 2015)(our observations, submitted). Why this was not successful with 
this strain remains unclear, but it might be the result of repetitive sequences present in the LS 
part of the genome. 

While interesting new questions arise from the results presented in this paper, a number of 
longstanding questions have been answered. While it is not as common as transfer of the Fol 
pathogenicity chromosome, exchange of core chromosomes between incompatible strains is 
possible. How uptake of a core chromosome leads to the loss of homologous regions of the 
recipient remains to be discovered. Also, why chromosome 14 in particular is commonly 
retained remains unclear. What is clear, however, is that the transfer of large chromosomes and 
the co-migration of several chromosomes during the same event takes place, indicating that 
transfer results from nuclear fusion and selective chromosome loss rather than uptake of 
chromosomes by the recipient nucleus.  
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Experimental procedures 

Strains and plasmids used 

Tomato-pathogenic strain F. oxysporum f. sp. lycopersici 4287 (Fol4287) (Di Pietro and 
Roncero,1996) was transformed with pRW1p (Houterman et al.,2008) to create 269 individual 
transformants used in a screen for transfer of the BLE  resistance gene present in pRW1p. To 
obtain strains with HPH-GFP on chromosomes of interest, Fol4287 was transformed (according 
to (Mullins et al.,2001) with p12HG, p14HG or p15HG. Each of these constructs was made by 
cloning two ~1Kb fragments, amplified from Fol4287 genomic DNA, into the multiple cloning 
site of pPK2-HPH-GFP (Michielse et al., 2009) such that homologous recombination between the 
plasmid and the genome results in insertion of the HPH-GFP fusion gene at the desired site 
without deleting any material. The primers used as well as the chromosomal locations targeted 
are given in table S1. Each location has a forward and reverse primer for the left flank (LF and 
LR) and right flank (RF and RR). Insertion at the correct site is tested by using primers just 
outside the left and right flanks (LT and RT) combined with primers on the backbone (LB_R and 
RB_F). The resulting strains were called 12HG, 14HG and 15HG. The strain used as a recipient in 
the screen was Fo47H1 (Ma et al.,2010) which is Fo47 (Lemanceau and Alabouvette,1991) 
transformed with pPK2-HPH-GFP (Michielse et al.,2009). Fo47 transformed with pGRB 
(Vlaardingerbroek et al.,2015) was used as a recipient in the experiments with 12HG, 14HG1, 
14HG2 and 15HG as potential chromosome donor strains. Two individual transformants, 
Fo47GRB1 and Fo47GRB2, were used. 

Transfer experiments 

Chromosome transfer was performed with an adapted version of the method described 
previously (Ma et al.,2010). Donor and recipient strains were grown in minimal liquid medium 
containing 3% sucrose, 0.17% yeast nitrogen base and 100mM KNO3 in a shaker (175 rpm) at 25 
°C for 5 days. Spores were filtered through a double layer of miracloth (Merck) and spore 
concentration estimated using a haemocytometer. 2x105 spores of each strain were co-
incubated on either Czapex Dox Agar (oxoid) or Potato Dextrose Agar (BD biosciences) for 5 days 
before collecting spores from the plate by scraping using 2 ml of MQ. One ml of this spore 
suspension was transferred to CDA containing 0.1 M tris PH 8 supplemented with 100 µg/ml 
hygromycin (Duchefa) and 100 µg/ml zeocin (Invitrogen). After 3-5 days double drug resistant 
colonies were picked and transferred to a plate containing only zeocin to confirm zeocin 
resistance. These colonies were monospored on a new plates containing zeocin after which DNA 
was isolated for confirmation of the transfer of markers. Markers used for effector genes and 
for the supercontigs of Fol4287 are displayed in table S2 
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CHEF gels 

Preparation of protoplast and running of CHEF gels were performed similar to described 
previously (Teunissen et al.,2002; Teunissen et al.,2003). Liquid cultures of F. oxysporum strains 
(liquid medium containing 0.17% yeast nitrogen base, 100 mM KNO3 and 3% sucrose) were 
grown in flasks (250ml) for one week, after which conidia were collected by filtration through 
two layers of miracloth (Merck) and the density measured. Conidia were transferred to 40 ml 
Potato dextrose broth (BD biosciences) to a total of 5*10^8 spores per culture. After incubating 
for 12-16 hours the fresh mycelium was collected and incubated at 25°C for 12-16 hours with 50 
mg/ml Glucanex (Sigma) and 5mg/ml driselase (Sigma) in sorbitol solution (1 M sorbitol, 50 mM 
CaCl2, 10 mM Tris-HCl pH 7.4). Protoplasts were collected by centrifugation and cast in plugs at 
a concentration of 1,5*10^8 protoplasts per ml. Chromosomes were separated by running for 
ten days in Seakem agarose (Lonza ) at 1.6V/cm in a CHEF-DRII system (Biorad) at 5oC with 
switch times between 1200 and 4800 seconds. For visualization of DNA, gels were stained with 
Ethidium Bromide and de-stained using  0.5x TBE. 

Disease assays 

Disease assays were performed as described previously (Rep et al.,2004). Spores were collected 
from F. oxysporum cultures grown for 5 days in Potato Dextrose Broth (BD biosciences). Spores 
were filtered through two layers of miracloth, washed, the concentration estimated using a 
haematocytometer and then diluted to a final concentration of 107 spores per ml. 10 day old 
C32 tomato seedlings were uprooted, the roots clipped, dipped in the spore suspension and 
replanted in individual pots. After three weeks the part of the plant above the cotyledons was 
cut off and weighed and disease index was scored based on vessel browning from 0-4 (0 no 
brown vessels at the cotyledons or just above the soil; 1 one brown vessel at the cotyledons or 
just above the soil; 2 two brown vessels; 3 more than two brown vessels; 4 all vessels brown, 
severe growth defects or completely dead plants). 

Genome sequence analysis 

Strains to be sequenced were grown in liquid medium (0.17% yeast nitrogen base, 10mM KNO3 
and 3% sucrose) for 5 days, mycelium was collected and freeze dried. DNA was isolated from 
the mycelium by phenol-chloroform extraction. Library construction and illumina sequencing 
was performed by Keygene NV (Wageningen, the Netherlands). An average coverage of at least 
50X was achieved with 125bp paired-end reads. Mapping of these reads to the reference 
genomes (Fusarium Comparative Sequencing Project, Broad Institute of Harvard and MIT 
(http://www.broadinstitute.org/)) was performed using CLC genomics workbench. Reads were 
trimmed (5’ end 15nt) to remove adapter sequences. Reads were mapped to the Fol4287 or the 
Fo47 genome only if coverage and identity were 100%, to differentiate between these two 
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strains based on SNPs. For visualization of the read counts the mapped reads were sorted using 
SAMtools sort function. Duplicate reads were removed using Picard Tools with standard 
settings. 10 kb non-overlapping sliding windows are displayed. 

 

 

Figure S1: Markers for chromosome 14 but no other LS regions are present in progeny. 
Progeny strains that were not sequenced were tested for transfer of LS regions of the genome 
from the donor to the recipient. Primers were used targeting specific insertions of the Foxy 
transposon on LS chromosomes of Fol4287. Location on chromosome and supercontig are 
indicated. Only bands for chromosome 14 are visible. Fo47 was included as negative and 
Fol4287 as positive control. 
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Supplemental figure 2: Markers for chromosome 14 are present in double resistant progeny.  
A. Schematic representation of chromosome 14 with the location of the genes encoding for 
small proteins Secreted in Xylem (SIX) and ORX1 as well as the location of the primers targeting 
insertions of the Foxy transposon. B. PCR fragments for genes used as markers for chromosome 
14 in all progeny of co-incubation of donors A, B and C with Fo47H1, although amplification of 
SIX2 was not always successful all progeny strains contain markers spread over the chromosome 
indicating transfer of large parts of the chromosome (including known effector genes) from 
donor to progeny. 
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Abstract 

The genomes of many filamentous fungi consist of a “core” part containing conserved genes 
essential for normal development as well as conditionally dispensable (CD) or lineage-specific 
(LS) chromosomes. In the plant pathogenic fungus Fusarium oxysporum f.sp. lycopersici one LS 
chromosome harbors effector genes that contribute to pathogenicity. We employed flow 
cytometry to select for events of spontaneous (partial) loss of either of the two smallest LS 
chromosomes or two different core chromosomes. We determined the rate of spontaneous loss 
of the ‘effector’ LS chromosome in-vitro at around 1 in 35.000 spores. In addition, a viable strain 
was obtained lacking a chromosome that is considered to be a part of the core genome. We also 
isolated strains carrying ~1Mb deletions in both of the LS chromosomes tested and in the 
dispensable core chromosome. The second core chromosome examined was never (partially) 
lost. Whole genome sequencing revealed that some of the sites at which the deletions occurred 
were the same in several independent strains obtained for the two chromosomes tested, 
indicating the existence of deletion hotspots. For the core chromosome this deletion hotspot 
turned out to be the site of insertion of the marker used to select for loss events. Losing the 
core chromosome did not affect pathogenicity while loss of the effector chromosome led to 
complete loss of pathogenicity. 
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Introduction 

Lineage-specific (LS) chromosomes are not present in all strains of a species and share no 
synteny to chromosomes of closely related species (Covert, 1998). In some cases LS 
chromosomes have been shown to be lost under certain conditions without affecting growth, 
and are then called Conditionally Dispensable (CD) chromosomes. Although often used 
interchangeably, we differentiate between these two terms (LS and CD chromosomes) based on 
whether or not experimental evidence exists for the dispensable nature of the chromosome.  
Comparative genomics and other approaches have led to the discovery and characterization of 
LS chromosomes in a number of plant pathogenic filamentous fungi including Fusarium 
oxysporum (Ma et al., 2010), Nectria haematococca (Fusarium solani) (Coleman et al., 2009), 
Leptosphaeria maculans (Rouxel et al., 2011), Alternaria alternata and A. arborescens (Hatta et 
al., 2002; Hu et al., 2012), and Mycosphaerella graminicola (Goodwin et al., 2011). In several 
cases there is a direct link between pathogenicity and such a chromosome. For instance, in F. 
oxysporum f. sp. lycopersici strain Fol4287 genes encoding small proteins secreted in xylem (Six 
proteins or effectors) were shown to be located on a LS chromosome that can be horizontally 
transferred from one strain to another (Ma et al., 2010). The fact that this chromosome is only 
(fully) present in strains pathogenic towards tomato suggests, but does not prove, that it is 
conditionally dispensable. 

While the technologies of the genome era have greatly facilitated the identification and 
characterization of such chromosomes, the first discovery of CD chromosomes in N. 
haematococca dates back almost 25 years (Miao et al., 1991). Karyotyping showed these 
chromosomes to be meiotically unstable. Meiotic instability of CD chromosomes has also been 
described in L. maculans (Balesdent et al., 2013) and M. graminicola (Wittenberg et al., 2009). 
In L. maculans CD chromosomes are lost in ~5% of the progeny from sexual crosses. In M. 
graminicola this percentage was as high as 15-20%. 

Loss of conditionally dispensable chromosomes during vegetative growth in N. haematococca 
can be induced by genetic transformation or treatment with the fungicide benomyl (Wasmann 
and VanEtten, 1996; VanEtten et al., 1998). Currently it is not known how stable these 
chromosomes are during vegetative growth although spontaneous loss has been observed in A. 
alternata (Johnson et al., 2001) and in the insect-infecting Metarhizium anisopliae (Wang et al., 
2003).  

CD chromosomes are likely to represent examples of evolutionary trade–offs, as the cost of 
maintaining the extra DNA or expression of genes from these chromosomes would be 
counterbalanced by the functional advantages it confers under certain conditions (Raffaele and 
Kamoun, 2012). These chromosomes are also suggested to constitute a more dynamic 
‘subgenome’, allowing the fungus to adapt more quickly to changing demands placed on it by 
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the host (Croll and McDonald, 2012; Raffaele and Kamoun, 2012). Such adaptation by some 
fungal plant pathogens may be achieved by deletion and recovery of avirulence genes within 
the population (Chuma et al., 2011). 

In this study we investigated the stability of several LS and core (conserved) chromosomes in a 
tomato-infecting strain of F. oxysporum, one of the top 10 fungal pathogens in molecular plant 
pathology (DEAN et al., 2012). The LS part of the genome of strain Fol4287 consists of parts of 
chromosome 1 and 2, and the complete chromosomes 3, 6, 14 and 15 (Fig 1A) as these contain 
sequences without synteny to the closely related species F. verticillioides (Ma et al., 2010). 
These LS chromosomes are enriched for transposons and repeats compared to core 
chromosomes. LS chromosome 14 carries almost all the genes for small, secreted proteins 
found in xylem sap of infected tomato plants (Ma et al., 2010; Schmidt et al., 2013).  

By tagging selected chromosomes with a gene encoding Green Fluorescent Protein (GFP) and 
screening by flow cytometry for spores without GFP fluorescence after vegetative growth, we 
were able to estimate the rate of loss for chromosomes 1, 12, and 14. While spontaneous loss 
of the GFP marker expressed from chromosome 1 was regularly observed, this was not due to 
loss of (large parts of) the chromosome but to small deletions. In contrast, strains were 
obtained in which LS chromosome 14 or, surprisingly, core chromosome 12 sustained large 
deletions or were even completely absent. Whole genome sequencing revealed that some 
deletions occurred at the same location. 

  



Dispensable chromosomes 

 74 

Fig 1: Selection for loss of expression of a marker gene from selected chromosomes.  
A. Schematic representation of core (black) and LS (red) parts of the genome of Fol4287. 
Locations targeted for GFP insertion are indicated in green. B-E. Dot plots showing flow 
cytometry analysis of strains containing both GFP and RFP. Axis labels indicate the detection 
channel used. Axis scale values are given in arbitrary units that were defined to fit the range of 
fluorescence in the biological samples. Each panel displays 1*106 spores of a single culture with 
the GFP insertion in core chromosome 1, 12 or LS chromosome 14 of Fol4287. Arrows indicate 
populations of spores that have lost GFP but not RFP, indicative for the loss of the associated 
genomic region. Asterisks indicate the populations that have lost RFP but not GFP. F. Bar graph 
showing the number of GFP-negative, RFP-positive spores for strains expressing GFP from 
chromosome 1, 12 or 14, averaged over two repeats. This number is significantly (p=1,6*10-5) 
lower for strains with GFP located on chromosome 12.  
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Results 

LS chromosomes and a core chromosome can be spontaneously lost during vegetative growth 

To assess possible differences in mitotic stability between LS and core chromosomes during 
vegetative growth, strains were created with two fluorescent markers, one targeted to a specific 
chromosome and a second one randomly integrated in the genome. To investigate the stability 
of CD chromosome 14, we started out with strains 14HG1 and 14HG2. These strains contain a 
fusion of the HPH hygromycin resistance gene and GFP under control of the gpd promoter, 
targeted to a location on chromosome 14 between FOXG_14191 and FOXG_14192 
(Vlaardingerbroek et al., 2015). To be able to differentiate between live spores that had lost GFP 
and (non-fluorescent) cellular debris, 14HG1 and 14HG2 were transformed with pGRB 
containing a gpd promoter-driven fusion of RFP and the BLE zeocin resistance gene for selection 
(Vlaardingerbroek et al., 2015). Flow cytometry was used to assess RFP expression in 
transformants and 14HG1GRB1, 14HG1GRB2 and 14HG2GRB were selected for further studies.  

For the analysis of the stability of a core chromosome, the HPH-GFP gene fusion was targeted 
into supercontig14 behind nt 963018 on chromosome 1 of wild-type strain Fol4287 (see Table 
S1 for primers). Next, two independent transformants, 1HG1 and 1HG2, were transformed with 
plasmid pPK2-HPH-RFP containing a gpd-promotor driven HPH-RFP fusion gene (van der Does et 
al., 2008). Since 1HG1 and 1HG2 were already hygromycin resistant, Fluorescent Assisted 
Selection of Transformants (FAST) was employed for selection of transformants 
(Vlaardingerbroek et al., 2015). Transformants 1HG1GHR and 1HG2GHR were used in further 
experiments. 

To determine the GFP loss rate for chromosomes 1 and 14, the five selected strains were grown 
for three days in 40 ml of liquid minimal medium from an inoculum of 107 spores. Spores were 
isolated from the cultures by filtration over miracloth and screened for the absence or presence 
of GFP and/or RFP using flow cytometry as described previously (Vlaardingerbroek et al., 2015). 
Two independent lasers were used to excite the fluorescent proteins and two independent 
detectors to receive the signal. Dot plots were created with the signals from each individual 
particle (either spore or cellular debris) detected by the GFP and RFP channels. Screening of 106 
particles took around 1 minute allowing for high-throughput screening. 

For the three strains carrying the insertion of GFP in chromosome 14 (and RFP at a random 
location on the genome) a total of 16 individual cultures were analyzed in two separate 
experiments. Thirteen individual cultures were analyzed for the two strains with GFP inserted 
into chromosome 1. From each culture one million spores were analyzed and the results 
displayed in dot plots. Examples are shown in Fig 1B-E. Dot plots showed GFP negative, RFP 
positive populations for all of the cultures (Fig 1B-E indicated by arrows). Variation between 
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cultures was high, particularly in cultures of 1HG-GHR strains. Some cultures contained very few 
spores without GFP, but with RFP present, i.e. live cells potentially missing the region tagged 
with the GFP gene (Fig 1C arrow). Other cultures from the same strains contained more than 
1000 GFP-negative, RFP-positive spores per million (Fig 1D arrow).  

The average number of spores per million lacking GFP from samples containing the GFP gene on 
CD chromosome 14 was 1175 (± 325) (Fig 1F). When the gene was located on core chromosome 
1 this number was 750 (± 250), which is not significantly lower (p=0.35). RFP was more 
frequently absent in 14HG-GRB cultures than in 1HG-GHR cultures; 14HG-GRB cultures 
consistently showed a large population of spores negative for RFP but positive for GFP (Fig 1B 
lower right corner indicated with an asterisk). This population is almost completely absent in 
cultures of strains that have the insertion of GFP on chromosome 1 (Fig 1C, D).   

For each culture, thirty-six individual GFP-negative, RFP-positive spores were deflected to solid 
medium on which spores were allowed to grow into colonies. Around 15-20% of the spores gave 
rise to colonies. The fraction of spores that grew into a colony negatively correlated with the 
population size of GFP-negative spores for both chromosome 1 and 14 (regression coefficient -
80 and -100, respectively, both p<0.05). Of all colonies the presence or absence of GFP and RFP 
was checked using fluorescence microscopy. For both chromosome 1 and 14 about 90% of the 
colonies arising from GFP-negative, RFP-positive spores in the cell sorter indeed showed RFP but 
no GFP fluorescence when microscopically analyzed. 

Out of the 94 colonies emerging from GFP-negative spores of strains with the GFP gene on 
chromosome 14, 82 were confirmed to be GFP-negative by microscopic examination. PCR of the 
GFP gene showed that of these 82 colonies 46 (56%) still contained the GFP gene despite the 
absence of GFP fluorescence. To determine which parts of the chromosome were missing in the 
38 remaining strains that had lost the GFP gene, 17 markers (see Table S2 for primer pairs) 
spread over chromosome 14 (Fig 2A) were used to ’scan’ the chromosome. Markers were 
missing in 12 out of the 38 GFP-negative strains tested, which originated from 10 independent 
cultures. Of these, six were negative for all markers, suggesting loss of the entire chromosome 
14; the other six strains had apparently lost parts of chromosome 14. Since each of the latter six 
strains lacks the same nine markers (c-l), a similar part of chromosome 14 seemed to be missing 
(Fig 2C).  The average rate of loss of the entire chromosome 14 was 1 in ~65.000 spores. For the 
large deletions the rate was an average of 1 in ~70.000 spores. Due to the negative correlation 
between the number GFP-negative spores in a culture and the fraction of spores that grew into 
a colony, most of these events were found in samples with a relatively small number of GFP-
negative cells. 
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Of the colonies originating from 1HG-GHR cultures, 21 out of a total of 57 still contained the GFP 
gene. The 36 strains that were negative for GFP were also tested for presence of FOXG_11030 
and FOXG_11140. These genes are located ±370Kb upstream and ±40Kb downstream of the 
insertion of GFP. Both genes are present in all strains tested, showing that loss of the GFP gene 
from this chromosome is not associated with loss of more than 400kb of the ~ 7Mb 
chromosome. 

CHEF gel analysis of four strains (14-1, 14-3, 14-5 and 14-6) that were negative for all 
chromosome 14 markers confirmed the loss of chromosome 14 compared to the wild-type 
strain (Fig 3A). Three strains (14-2, 14-4 and 14-7) that were positive for only some of the 
chromosome 14 markers contain a new chromosome smaller than chromosome 14 or 15, likely 
representing the remainder of chromosome 14 (Fig 3A). Strains 14-4 and 14-7 contain a new 
chromosome of similar size while 14-2 carries a larger chromosome (Fig 3A indicated by 
arrows). The absence of chromosome 15 in all of these strains results from the absence of 
chromosome 15 in the strains carrying GFP on chromosome 14 used in the flow cytometry 
experiments (Fig S1). 

The smallest chromosome in Fol4287, chromosome 15, was also tagged with GFP and the 
resulting strain transformed with pGRB to assess the stability of this CD chromosome. As 
described above, colonies were grown from GFP negative, RFP positive spores. Due to lack of 
unique sequences, screening by PCR of these populations for loss of chromosome 15 was not 
feasible. Nevertheless, we examined several colonies grown from spores lacking GFP from a 
single culture and found these had lost the GFP gene. These were found to contain an apparent 
deletion in chromosome 15 as a smaller chromosome than the wild-type chromosome 15 was 
visible on CHEF gel (Fig S2). In the culture from which these strains were selected, 1325 spores 
per million were negative for GFP. 
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Fig 2. Location of markers and genes encoding proteins secreted in xylem on positioned 
scaffolds of chromosome 14 
A. Location of primer pairs used to determine size and location of the deletions in chromosome 
14. Primer sequences are shown in table S1. B. Location of genes for small secreted proteins 
(red bars) and of the insertion of the GFP marker (green bar) in chromosome 14. Alternating 
colored bars indicate different supercontigs. Only positioned supercontigs are displayed. C. 
Dashed bars indicate the three deletions found, labeled with the strain number and color-
coded. The deletion in 14-4 continues until the end of supercontig 22 but does not continue in 
supercontig 43 - the exact location of the deletion is unknown. All three strains lack the same 
five genes for in xylem secreted proteins. D. Average read depth of genome sequences mapped 
to the reference for chromosome 14 for strains 14-2 (blue line), 14-7 (green line) and 14-4 (red 
line). The black arrow marks the start of the gap in all three strains. The end for each gap is 
indicated with an arrow in the color corresponding to the color of the lines for each sample. 
Read depth for 14-2 is higher for part of sc22, all of sc51 and part of sc36. 



Chapter 4 

79 
 

Fig 3. Karyotype analysis confirms partial or complete loss of chromosomes 
A. CHEF gel showing the size and number of chromosomes for strains which have lost 
chromosome 14 or part of chromosome 14. Chromosome 13 is indicated with an arrowhead for 
reference. All strains lack the smallest chromosome from the wild type strain (chromosome 15) 
as well as the normal size chromosome 14. Strains 14-2, 14-4 and 14-7 have a smaller 
chromosome absent in the wild-type strain, indicated with arrows. B. CHEF gel analysis of 
strains with partial or complete loss of chromosome 12. Chromosomes 11 and 12, which run 
closely together, are indicated with an arrowhead. In all the selected strains without the GFP 
gene the band corresponding to chromosome 12 is missing. Below chromosome 11 in these 
strains are chromosomes 13-15, in most cases followed by a novel chromosome. This presumed 
remainder of chromosome 12 is indicated with an arrow in 12-1. This chromosome is absent in 
12-5, suggesting complete loss of chromosome 12 in that strain. 
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Core chromosome 12 is dispensable for in-vitro growth. 

To investigate the stability of a core chromosome with a relatively small size, similar to 
chromosome 14, we tagged chromosome 12. Chromosome 12 of F. oxysporum is syntenic to 
parts of chromosome 4 and 8 of F. verticillioides as well as chromosomal regions in F. 
graminearum and N. haematococca (Ma et al., 2010; Hane et al., 2011). Because of this 
extensive synteny, and the low number of repeats and transposable elements, it has been 
designated as a core chromosome (Ma et al., 2010). To tag chromosome 12 a gpd promotor-
driven HPH-GFP fusion was integrated next to FOXG_14588 (Sc23; nt 278744). Only one 
transformant was found with the marker inserted at the intended location. This strain, 12HG, 
was then transformed with pGRB and two independent transformants were chosen for further 
experimentation, 12HG1GRB1 and 12HG1GRB2. With an average of 78 (± 17) spores per million 
lacking GFP (two experiments each with 5 cultures per strain), the GFP gene appears relatively 
stable at this location (Figs 1E and 1F). The fraction of the spores that grew into a colony was 
the same as for the other chromosomes tested, around 15-20%. In total 96 GFP-negative 
colonies were obtained. Of these, 27 were negative for the same chromosome 12 marker of the 
two we tested for. This marker is located ~450Kb downstream of the site of HPH-GFP insertion 
while the other is located ~1.3Mb upstream. A single colony was negative for both markers in 
the 20 samples tested. For each sample at least one million spores were analyzed. The average 
rate of loss of one of the markers was 1:190.000.  

On CHEF gels, chromosome 12 migrates close to or together with chromosome 11 (arrowhead 
in Fig. 3B). Karyotyping of eight strains missing one or both markers of chromosome 12 (12-1 to 
12-8) revealed the absence of chromosome 12. Instead, seven of these strains were found to 
contain a chromosome migrating just below chromosome 15 (indicated with an arrow in Fig. 3B 
for strain 12-1). In strain 12-5, which is negative for both chromosome 12 markers, this small 
chromosome is not present at all, suggesting the absence of the entire chromosome 12. From 
this we conclude that, surprisingly, chromosome 12 is dispensable for in-vitro growth of F. 
oxysporum.  

Whole genome sequencing reveals deletion hotspots and secondary deletion/duplication 
events in CD regions 

Whole genome sequencing was used to determine which parts of chromosome 12 and 14 are 
missing in the strains found to contain large deletions, and to confirm the loss of an entire 
chromosome in some strains as suggested by marker and CHEF gel analyses. The genomes of 
three chromosome 12 and three chromosome 14 deletion strains were sequenced as well as 
two strains that most likely had completely lost either chromosome 12 or 14. Interestingly, 
mapping of the reads to the reference genome for each of the strains containing a deletion in 
chromosome 14 revealed that one border of the deletion is in the same region in all three 
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strains; the reads map until position 99132 on supercontig 22. In the reference genome 
(www.broadinstitute.org) this position is followed by a sequence gap of unknown size, making it 
impossible to determine the exact location of the start of the deletion (Fig 2C). The other border 
of the deletion is located at a different position in each strain: at position 859648 in 14-2, at 
1027000 in 14-7 (at both locations several Kb of unique reads map to the reference) and 
between supercontig 22 and supercontig 43 in 14-4. The estimated sizes of the deletions in 14-2 
and 14-4 are 760kb and 930kb, respectively. Since it is not known how large the distance is 
between supercontig 22 and supercontig 43 an estimation for 14-7 is not possible. Based on the 
CHEF gel the size difference between 14-7 and 14-4 is, however, minor (Fig. 3A). To visualize 
these deletions the average number of reads was counted in 10Kb windows and mapped to the 
assembly of chromosome 14 (Fig 2D). There appear to be several regions of chromosome 14 in 
strain 14-2 which have increased read depth compared to the other two samples and 14-2s own 
baseline, notably one end of supercontig 22, all of 51 and part of 36. This suggests the presence 
of segmental duplications and is consistent with the size of this chromosome on the CHEF gel 
(Fig 3A), which is much larger than the other two, while the size difference of the gap is only 
150Kb. No reads were found of which the paired ends mapped to opposite ends of the gap. 
Attempts to bridge the gaps using primers at either border of the deletions were not successful. 
Most likely this is a consequence of repetitive sequences on either end of the deletions. 

Mapping the sequencing reads to the reference genome for three strains that had a deletion in 
chromosome 12 (12-1, 12-4 and 12-8) revealed that the deletions are very similar, even though 
the strains were isolated from independent cultures (as will be discussed below, the three 
strains differ in the presence of spontaneous duplications in the CD component of the genome). 
Curiously, the start of the deletion in all three cases is located at nt 278722 on supercontig 23 of 
the reference strain, the exact location of the insertion of the T-DNA containing HPH-GFP. The 
sequence bordering the gap is the sequence of the primer used to amplify the flank used for the 
in locus insertion of GFP in chromosome 12 – no residual sequence of the T-DNA mapped to this 
location. The other border of the deletion lies outside supercontig 23 in all three strains and 
therefore the exact location could not be identified. In an attempt to find the exact size and 
location of the deletions in chromosome 12 the sequencing reads were mapped to our own 
assembly of the genome of strain Fol007 that is very similar to Fol4287. Using this approach we 
were able to localize the other border of the deletion at nt 155000 of Fol4287 supercontig 44 in 
all three strains, an unassigned scaffold in the reference assembly. Examining this position in the 
mapping to the Fol4287 reference genome confirmed the position of this border. Consistent 
with the CHEF gel analysis, the deletions are around 900 kb in length. Located close to this 
border is a sequence with 70% identity to the dane1 retrotransposon from Aspergillus nidulans. 
This deletion is flanked by non-unique sequences. Mapping to our assembly of Fol007 revealed 
that the start of the sequencing gap is flanked by FOXG_16465, a gene with eight near-identical 
homologues in the Fol4287 genome, mostly on CD chromosomes. As with chromosome 14, no 

http://www.broadinstitute.org/
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reads were found spanning both ends of the deletion. This could be because of the many non-
unique reads present near this end of the deletion.  

To confirm the deletions in chromosome 12, primers were designed for amplification of either 
end of the deletion or the entire deletion (junction fragment). For supercontig 23 a primer pair 
(Table S3) with one primer next to the deletion and one in the deletion gave a band of the 
expected size for 12HG1GRB1, but not for any of the three sequenced deletion strains, 
confirming this site as the start of the deletion. A similar approach for supercontig 44 did not 
result in a band for 12HG1GRB1 and therefore the exact site of the deletion could not be 
determined at this end. This may be due to the high number of non-unique reads mapping to 
supercontig 44 making it impossible to determine the exact location of the border. 

To determine whether or not any secondary deletion or duplication events took place on other 
chromosomes in the sequenced strains, the average read depth was determined for 10Kb 
windows and plotted on to the reference genome. This was done for the three deletions in 
chromosome 14, for the three deletions in chromosome 12, and for 12-5 and 14-1 that judged 
from the CHEF gel analysis seem to lack the entire chromosome 12 or 14. Comparing 14-1, 14-2, 
14-4 and 14-7 to the strains with deletions in chromosome 12 (Fig 4, panels 12-1, 12-4, 12-5 and 
12-8) revealed that chromosome 14 was indeed completely missing in strain 14-1, with all read 
counts well below the baseline of the other chromosomes (Fig 4, panel 14-1, green arrow; the 
deletions in chromosome 14-2, 14-4 and 14-7 are indicated with a green arrow in their 
respective panels). Consistent with the absence of chromosome 15 in the CHEF gel, average 
read depth for chromosome 15 and the start of chromosome 1, which is a duplication of a 
region of chromosome 15 (Ma et al., 2010),was also lower in the four strains with chromosome 
14 deletions or absence. The three strains with the deletion in chromosome 12 show the exact 
same region of reduced read depth (indicated with red arrows in Fig. 4, 12-1, 12-4 and 12-8), 
consistent with our observation that the deletion in the three sequences strains were the same, 
and the CHEF gel, although in the gel 12-4 seems to have a smaller deletion than 12-1 (Fig 3B). 
For strain 12-5, which appeared to be completely missing chromosome 12 in the CHEF gel, read 
depth was close to zero over the full length of the chromosome, confirming loss (Fig 4, 12-5). 
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Fig 4. Average read depth reveals duplication and loss events  
Legend on next page
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Fig 4. Average read depth reveals duplication and loss events 
Top four panels show average read depth for the strain from which chromosome 14 was lost 
completely (14-1) and three strains which have a 0.9 Mb deletion in chromosome 14, indicated 
with green arrows. Strain 14-2 has a smaller deletion than 14-4 and 14-7. Strains 12-1, 12-4 and 
12-8 all have the same deletion in chromosome 12, indicated with red arrows. Both strain 14-2 
and 12-4 have a duplicated region on chromosome 6 relative to the reference genome, 
indicated with black arrows. Strain 12-4 has a lower read depth for the CD region of 
chromosome 1 and chromosome 15 compared to 12-1 and 12-8, indicated with blue arrows. 
The conditionally dispensable part of the genome had undergone duplications or deletions in 
several of the strains sequenced. There is variation in the CD part of chromosome 1, which is 
duplicated on chromosome 15. In strain 12-4 the read depth for these parts is much lower than 
the baseline for 12-4 and in 12-1 and 12-8 indicating loss of one of these regions relative to the 
other two strains (Fig 4, panel 12-4 blue arrows).It appears there are also duplications of parts 
of chromosome 6 in two strains. Both 14-2 and 12-4 have a region in the middle of the 
chromosome with a relative read depth clearly higher than in other strains (Fig 4, panels 14-2 
and 12-4 black arrows). These duplications are independent events because the two strains 
originate from different parents.As described above, duplications of parts of chromosome 14 
also took place in strain 14-2 (Fig 2D). Taken together, it is clear that apart from the events 
selected for by flow cytometry, LS regions of the genome are highly variable even between 
colonies originating from the same culture. These events seem to be similar in location and size, 
even between different strains and experiments. This is also the case for the deletion events in 
chromosome 12 and 14. This indicates the presence of duplication and/or deletion hotspots in 
the F. oxysporum genome.  
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Loss of chromosome 12 or large portions of chromosome 14 does not significantly affect 
pathogenicity 

Gain of chromosome 14 from Fol007 by a non-pathogenic strain is sufficient for the latter to 
become pathogenic (Ma et al., 2010) and chromosome 14 harbors 13 of the 14 identified 
effector genes encoding small, secreted proteins that were found in the xylem sap of infected 
tomato plants (Houterman et al., 2007), (Schmidt et al., 2013). We therefore considered it likely 
that loss of chromosome 14 leads to a reduction of pathogenicity. The effector genes SIX6, SIX9 
and SIX11 as well as ORX1 encoding an in xylem secreted oxidoreductase and a close homolog 
of ORX1 are located in the region that is deleted in strains 14-2, 14-4 and 14-7 (Fig. 2). Hence we 
expected these strains to also have reduced pathogenicity. No known effector genes are located 
on chromosome 12 but expression of many genes located on chromosome 12 is induced upon 
invasion of tomato roots (Schmidt et al., in preparation). To assess the contribution of the entire 
chromosome and chromosomal regions deleted from chromosome 12 and 14 to virulence, a 
disease assay was performed on 10-day-old susceptible tomato seedlings.  

Disease index was scored on a scale of 0-4 after three weeks as described earlier (Rep et al., 
2004). All strains were tested that had partially or completely lost either chromosome 12 or 14. 
Strains 14HG1GBR1 (Fig 5 panel 1-1) and 14HG1GBR2 (1-2) from which chromosome 14 deletion 
strains were derived, also lack chromosome 15. Loss of the entire chromosome 14 (strains 14-
1,14-3, 14-5 and 14-6) leads to complete loss of pathogenicity (Fig 5A and C). Stems cut above 
ground from infected plants showed no outgrowth of F. oxysporum on agar plates containing 
rich medium (data not shown) demonstrating that stems were not colonized. To test whether 
the lack of pathogenicity of strains without chromosome 14 was indeed due to the absence of 
chromosome 14 and not to other mutations, we re-introduced chromosome 14 into five strains 
which had completely lost chromosome 14. This was achieved by transferring chromosome 14 
from Fol4287 as described earlier for chromosome 14 of Fol007 (Ma et al., 2010). While 
pathogenicity varied between each of the complemented strains, all of them were clearly 
pathogenic, confirming that chromosome 14 is required for pathogenicity (Fig 5D). 

Surprisingly, the large deletions in chromosome 14 in strains 14-2, 14-4 and 14-7 had no strong 
effect on disease severity compared to wild type (Fig 5B and C – there is a small apparent effect 
but none of the differences are significant at p<0.05). Since these strains lack genes coding for 
at least four in xylem secreted proteins, notably SIX6, SIX9, SIX11 and ORX1 (Fig 2B), of which 
SIX6 has been shown to contribute to virulence (albeit slightly (Gawehns et al., 2014)) they were 
expected to have reduced pathogenicity. However, under our bioassay conditions all genes on 
the missing fragment of the chromosome appear dispensable for pathogenicity.  
 
Since chromosome 12 contains many genes that are up-regulated during infection, loss of this 
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chromosome or parts of it was expected to result in reduced pathogenicity. However, all five 
strains lacking parts or all (strain 12-5) of chromosome 12 that were derived from cultures of 
12HG1GRB1 as well as the three strains derived from 12HG1GRB2 showed a very similar 
distribution of disease severity compared to the control strains (Fig 5E, F and G). All strains were 
fully pathogenic, indistinguishable from the parental strains. This suggests that chromosome 12 
is dispensable for pathogenicity towards tomato seedlings. 
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Fig 5. Loss of chromosome 12 or almost half of chromosome 14 has no effect on pathogenicity 
A. Plants infected with strain 14-6 which has lost chromosome 14 are completely healthy. B. 
Plants infected strain 14-7 from which part of chromosome 14 was lost show disease symptoms 
similar to wild-type and parental strains. C. Distribution of disease index for strains which have 
lost parts, or all of, chromosome 14. Disease index (DI) was scored from 0-4 based on the 
number of brown vessels and macroscopic effects as described previously (Rep et al., 2004). 
Twenty plants were used per strain. The experiment was performed twice with similar results. 
1-1 indicates 14HG1GBR1 and 1-2 indicates 14HG1GRB2 – these are the strains from which the 
other strains were selected and they show disease severity similar to wild-type Fol4287 (despite 
absence of chromosome 15). 14-7 was selected from a culture of 14HG1GRB2 while the other 
strains all originate from 14HG1GRB1 cultures. Pathogenicity of strains 14-2, 14-4 and 14-7 
which have all sustained a deletion in chromosome 14 is not significantly different from wild 
type. Strains completely lacking chromosome 14 have lost pathogenicity C. Disease index for 
five independent strains derived from chromosome 14-loss strains complemented with 
chromosome 14 through horizontal chromosome transfer. All strains show regaining of 
pathogenicity. E and F. Pictures of plants infected with strains 12-1 and 12-4 which have lost 
part of chromosome 12.G. Disease index for strains missing parts of chromosome 12, or 
chromosome 12 completely. GRB1 is strain 12HG-GRB1 from which strains 12-1 through 12-5 
originate; strains 12-6 through 12-8 originate from GRB2 (12HG-GRB2). 
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Loss of chromosome 12 or 14 has limited effects on utilization of diverse carbon sources 

To further investigate the phenotypic implications of the loss of chromosome 12 or 14 (strains 
12-5 and 14-1) or parts thereof (strains 12-1 and 14-2), carbon source utilization by the 
respective strains was assessed. Strains were grown on biolog FF plates containing 96 different 
carbon sources and their growth was quantified as described earlier (Michielse et al., 2009a). 
Two plates were used for each strain. Absorbance at 595nm was measured as an approximation 
of fungal growth. Absorption levels were used to cluster both the strains tested and the 
different carbon sources (Fig 6). As expected, the two replicate plates for each strain group 
together. Interestingly, 14HG1GRB1 and 12HG1GRB1 did not group together, suggesting that 
differences between these two parental strains, which have a similar karyotype (the absence of 
chromosome 15 in 14HG1GRB1 being the only difference), are larger than between these 
strains and the strains missing (parts of) chromosome 12 or 14. The carbon sources D-ribose and 
adenosine-5’-monophosphate (AMP) grouped outside the rest of the carbon sources. The 
capacity to grow on D-ribose appeared almost completely lost in the strain completely lacking 
chromosome 12 (six-fold lower compared to 12HG), while growth on AMP appeared more than 
two-fold higher in 12-1 and 14-2, both of which have a large deletion in either chromosome 12 
or 14. To validate these results the same strains as used in the biolog experiments were grown 
on agar plates containing minimal medium supplemented with 1% of either D-ribose or AMP as 
carbon source. Two additional carbon sources were included in this plate assay: D-Fructose on 
which 12-1 and 12-5 both showed about two-fold more absorption than wild-type and N-acetyl-
D-glucosamine on which absorption by 12-1 and 12-5 was 1,5 and 1,8 fold higher, respectively. 
Out of the carbon sources tested in this plate assay only differences in growth on D-ribose could 
be confirmed, with 12-5 showing much reduced aerial hyphae then 12HG-GRB1 (Fig S3A). F. 
oxysporum has two genes for ribokinases, which catalyze the first step of ribose utilization. One 
of these genes, FOXG_13522, is located on chromosome 12, in the region retained in strain 12-
1.  
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Fig 6. Carbon source utilization of strains with deletions in, or loss of, chromosomes 12 and 14. 
Hierarchical clustering of absorption measured at 595nm after growth on 96 different carbon 
sources for strains lacking parts (strains 12-1 and 14-2), or all (strains 12-5 and 14-1), of 
chromosome 12 or 14. Black cells indicate no growth; bright yellow indicates the highest growth 
(absorption at 595 nm) in the assay.  
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Discussion 

It has been well established that there is a large variation in both chromosome number and size 
between different strains of F. oxysporum (Ma et al., 2010). Here we provide insight in the 
occurrence and frequency of two of the processes underlying this variability: spontaneous loss 
and duplication of genomic regions. We show that loss as well as duplication of genetic material 
occurs under normal growth conditions. While the frequency of loss of or deletions in LS 
chromosomes is low, ~1 in 35000 of spores, the sheer number of spores produced by Fusarium 
oxysporum means these events still occur in individual cultures. Loss of (parts of) core 
chromosome 12 was much less frequent, even though this chromosome is not required for 
normal growth (except on ribose). This difference in frequency could be the result of different 
physical properties of core and LS chromosomes, such as the density of repetitive elements. 
Loss of CD regions containing avirulence genes can lead to gain of pathogenicity towards plants 
containing a corresponding resistance gene (Balesdent et al., 2013). Genome plasticity in other 
asexual pathogens has also been suggested to play an important role in adaptation to the host 
niche (Wittenberg et al., 2009; Chuma et al., 2011; de Jonge et al., 2013). Chromosome transfer 
and (partial) loss allows the fungus to quickly adapt to changes in host availability and 
susceptibility by creating genetic variation in the absence of a sexual cycle. Even when not 
selected for, we observed duplications and deletions within the CD part of the genome in two of 
eight strains examined. It is interesting to note that in both these cases (strains 12-4 and 14-2) 
more than one chromosome was affected.   

Mitotic versus meiotic chromosome loss 

Spontaneous loss of CD chromosomes during mitosis has been reported before (Johnson et al., 
2001; Wang et al., 2003) and induced CD chromosome loss by treatment with benomyl or 
during transformation has been documented (Wasmann and VanEtten, 1996; VanEtten et al., 
1998). A strain of Leptosphaeria maculans regularly loses its mini-chromosome during meiosis 
(Balesdent et al., 2013). In Mycosphaerella graminocola loss of CD chromosomes is also 
common during meiosis and is probably caused by non-disjunction during the second meiotic 
division (Wittenberg et al., 2009).  During meiosis in L. maculans, mini-chromosomes are lost 
with a frequency of up to 5% (Balesdent et al., 2013) while in M. graminicola this can be as high 
as 20% (Wittenberg et al., 2009). These rates are much higher than the rates we observed for 
mitotic loss of chromosome 14 during vegetative growth (1:35000). 

What causes instability of LS chromosomes? 
Both chromosomes 12 and 14 are dispensable for growth, but still the loss of chromosome 12 
was much less frequent: it was only observed once after screening millions of spores. Clearly, 
the small core chromosome 12 is mitotically quite stable and conserved during evolution even 
though it is dispensable for growth, pathogenicity and the utilization of most carbon sources 
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tested. We assume it must confer advantage under conditions that we have not explored, such 
as growth in soil or competition with other microbes. Chromosome 15 was lost in two 
independent transformations in which a construct was targeted to chromosome 14. Such loss of 
CD chromosomes following transformation has been described previously (Wasmann and 
VanEtten, 1996). 

We suspect that structural differences, such as in chromatin modifications, centromere 
composition or repeat content, and not reduced fitness of the resulting strains, underlie the 
differences in loss rate between core chromosome 12 and LS chromosomes. Another difference 
between core and LS chromosomes is the occurrence of spontaneous duplications or deletions 
of regions in the latter. Similar events have been described in a number of transformants of F. 
graminearum (Urban et al., 2015). Although in that study it was found that many genes were 
lost (up to 150) the strains functioned normally. Deletions seemed more prevalent in, but not 
entirely restricted to, the regions of local polymorphism previously described (Cuomo et al., 
2007). In our experiments spontaneous deletions and duplications occurred only in LS regions of 
the genome. However, we did not sequence a sufficient number of strains to exclude such 
events taking place in the core genome. 

Deletion hotspots 
Deletions within a chromosome and chromosomal breaks in Fusarium species appear to be non-
random. Recombination between Helitron transposable elements in chromosome 14 appear to 
have been frequently responsible for the evolution of race 2 from race 1 in F. oxysporum f.sp. 
lycopersici (Biju V.C. et al. in preparation). Kistler and coworkers (Kistler et al., 1996) showed 
that it is possible to induce chromosomal breaks by introduction of telomeric repeats, leading to 
loss of 100 kb of the targeted chromosome. In this study, we could not determine specific 
sequence elements involved in the deletions in chromosome 14. This could be the result of 
repetitive DNA making it difficult to map the genome reads to the exact site of the deletions. 
We encountered the same problem in the case of chromosome 12 even though it has more 
than 10 times fewer transposable elements (Ma et al., 2010). One end of the deletion was 
located on an unpositioned scaffold enriched in non-unique sequences. The other end of the 
deletion occurred exactly at the site of insertion of the T-DNA used for selection. Apparently, 
the insertion of T-DNA led to enhanced recombination at this site, in a surprisingly accurate 
manner. 

Phenotypic effects of chromosomal loss or partial deletion 
Complete loss of chromosome 12, 14 or 15 had no or limited effects on growth and 
development of Fol4287 under the conditions tested. Still, the conservation of chromosome 12 
across Fusarium species and the conservation of chromosome 14 in Fol suggests that there are 
circumstances in the environment of Fol under which the presence of these chromosomes is 
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beneficial. For chromosome 14 this would obviously include the ability to proliferate within 
tomato plants. Alternatively, some chromosomes may (partially) promote their own spread in 
the population without being beneficial, in which case they can be considered parasitic or 
‘selfish’.  

Surprisingly, deletion of a large portion of chromosome 14 had only little effect on pathogenicity 
in our disease assays (Fig 2). The part that was deleted contains the genes encoding Six6, Six9, 
Six11 and Orx1, which are proteins found in the xylem sap of infected tomato plants (Ma et al., 
2010; Schmidt et al., 2013). Six6 has been shown previously to be required for full pathogenicity 
(Gawehns et al., 2014). This effect may be present but was not statistically significant in the 
strains generated lacking a region containing Six6 in the current study. It is clear however, that 
the strains lacking 0.9Mb of sequence from chromosome 14 are able to cause disease in tomato 
plants, indicating that the genes on this chromosome that are sufficient for tomato infection are 
located on the remaining part. These include genes for the small proteins secreted in xylem Six1 
(Avr3), Six2, Six3 (Avr2), Six5, Six7, Six8, Six10, Six11, Six12 and Six14 (Ma et al., 2010; Schmidt et 
al., 2013). Deletion of SIX1, SIX3 or SIX5 individually leads to a small reduction in virulence (Rep 
et al., 2005; Houterman et al., 2009; Ma et al., 2015). SIX8 is present in at least 8 identical copies 
in Fol4287 (Schmidt et al., 2013). Potentially, one of the remaining, untested effector genes or 
another gene present in the remaining part of chromosome 14 is essential for infection. 
Alternatively, no single gene is essential for infection but a minimal combination of several 
(effector) genes is required. Extending the approach employed in this study, strains lacking 
different parts of chromosome 14 could be created by tagging a different part of the 
chromosome and screening for additional deletions in this chromosome. In this way the minimal 
set of genes required for infection could be determined.  

Surprisingly, the differences in carbon source utilization between wild-type strains and strains 
lacking either chromosome 12 or 14 or parts thereof were very small. Apparently both the LS 
chromosome 14 and the core chromosome 12 do not encode important (unique) metabolic 
capabilities under the conditions tested, except growth on ribose, which requires chromosome 
12 – possibly because of a ribokinase gene on that chromosome. It will be interesting to 
determine the circumstances under which chromosome 12 contributes to fitness of Fusarium 
oxysporum. 
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Conclusions 

We report here the first estimate of the rates of loss or partial deletion during in-vitro growth 
for both LS and core chromosomes, processes that explain part of the karyotype variability 
found in natural populations of F. oxysporum. Core chromosome 12 proved to be more stable 
than CD chromosome 14, even though this core chromosome is dispensable for pathogenicity 
and in-vitro growth. The LS part of the genome displays high levels of plasticity, including 
deletion and duplication events in regions that were not selected for. These high levels of 
genome plasticity could lead to adaptation to changing demands placed by the environment, 
including plants that are potential hosts. This adaptation can include avoiding recognition by the 
host (Balesdent et al., 2013)) as well the development of novel effector genes (Croll and 
McDonald, 2012). The method described here to select for loss or partial deletions of 
chromosomes provides a unique tool for the analysis of the function of CD chromosomes. 
Identification of chromosomal features that contribute to deletion or duplication hotspots 
would greatly contribute to our understanding of the mechanisms underlying genome plasticity 
in F. oxysporum. 
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Materials and methods 

Fungal strains. 

The strain in which chromosomes were targeted for insertion of HPH-GFP was strain Fol4287 (Di 
Pietro and Roncero, 1996). The non-pathogenic strain used as a control in the bioassays was 
Fo47 (Lemanceau and Alabouvette, 1991).  
Strains containing the insertion of HPH-GFP in chromosome 14 were described earlier 
(Vlaardingerbroek et al., 2015). Fol4287 was transformed with p1HG, p12HG, and p15HG 
according to (Mullins et al., 2001) to mark each chromosome with HPH-GFP. Each of these 
plasmids was obtained by cloning two adjacent ~1Kb fragments for a specified location in the 
respective chromosome in the two multiple cloning sites of pPK2-HPH-GFP (Michielse et al., 
2009b). Through these flanking fragments, the HPH-GFP cassette in these plasmids can insert at 
the desired location by homologous recombination. All primers used in creating these plasmids 
are listed (Table S1). Each location has a forward and reverse primer for the left flank (LF and LR) 
and right flank (RF and RR). Insertion at the correct site is tested by using primers just outside 
the left and right flanks (LT and RT) combined with primers on the backbone (LB_R and RB_F). 
Strains 1HG1 and 1HG2 were transformed with pPK2-HPH-RFP  (Van Der Does et al., 2008) using 
the FAST protocol (Vlaardingerbroek et al., 2015) to create 1HG1GHR and 1HG2GHR. Strains 
12HG1 and 14HG1 and 14HG2 were transformed with pGRB (Vlaardingerbroek et al., 2015) to 
create 12HG1GRB1, 12HG1GRB2, 14HG1GRB and 14HG2GRB. 

Preparation of spores for sorting. 

To prepare spores for sorting with FACS, strains were grown for 3-5 days in liquid medium 
containing 0.17% yeast nitrogen base, 100mM KNO3 and 3% sucrose. 40ml of medium was 
inoculated from plate and incubated in flasks at 25 °C and 175rpm. After this, spore suspensions 
were prepared for sorting by filtration through two layers of miracloth (Merck; pore size of 22-
25 µm). Presence/absence of fluorescent markers was determined as described in 
(Vlaardingerbroek et al., 2015). Briefly, spores were sorted with a 70 µm nozzle at 20.000 
evts/sec. The population of spores negative for GFP but positive for RFP (to distinguish live cells 
from cell debris) were sorted onto Potato Dextro Agar plates. After growing into colonies for 2-3 
days, mycelium was harvested for confirmation of presence or absence of fluorescent markers 
using an EVOS inverted microscope and for DNA isolation for further analysis. 

Chef gel analysis. 

Preparation of protoplasts and running of CHEF gels was performed as described previously 
(Teunissen et al., 2002) with slight adaptations. Conidia (5*10^8) were incubated at 25°C for 12-
16 hours after which fresh mycelium was collected and incubated with 50 mg/ml Glucanex 
(Sigma) and 5mg/ml driselase (Sigma) in sorbitol solution (1 M sorbitol, 50 mM CaCl2, 10 mM 
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TRIS-HCl pH 7.4). Protoplasts were isolated and plugs were cast with a concentration of 
1.5*10^8 protoplasts/ml. Chromosomes were separated by running the plug for ten days in 
Seakem agarose (Lonza) at 1.6V/cm in a CHEF-DRII system (Biorad) at 5oC with switch times 
between 1200 and 4800 seconds. For visualization gels were stained with Ethidium Bromide and 
de-stained using  0.5x TBE. 

Bioassays. 

Bioassays were performed as described in (Rep et al., 2004). In short, 10 day old susceptible C32 
tomato seedlings (Kroon and Elgersma, 1993) were uprooted, most of the roots removed and 
dipped in a spore suspension containing 10-7 spores/ml. Spores were obtained by growing 
strains in Potato Dextrose Broth for 5 days at at 25 °C and 175rpm and then filtered through two 
layers of miracloth. After dipping, plants were potted in fresh pots. Disease symptoms were 
scored after three weeks on a scale of 0-4 (0 = no symptoms; 1 one brown vessel below the 
hypocotyl; 2 one or two brown vessels at the cotyledons; 3 more than two brown vessels and 
growth defects; 4 all vessels brown and/or completely wilted plants). 

Whole genome sequencing. 

DNA was isolated by phenol-chloroform extraction performed on freeze-dried mycelium of 5 
day-old cultures grown in liquid medium (0.17% yeast nitrogen base, 10mM KNO3 and 3% 
sucrose). Library construction and illumina sequencing with an average coverage of at least 50X 
with 125bp paired end reads was performed by Keygene NV (Wageningen, The Netherlands). 
Mappings were performed using CLC genomics workbench. Reads were trimmed (5’ end 15nt) 
to remove adapter sequences and mapped to the F. oxysporum genome assembled in 
chromosomes or supercontigs (Fusarium Comparative Sequencing Project, Broad Institute of 
Harvard and MIT (http://www.broadinstitute.org/)) with 90% coverage and 90% identity set as 
lower limit. For the location of the deletion in chromosome 12, reads were also mapped to our 
own assembly of strain Fol007 using the same parameters. For visualization of the read counts 
the mapped reads were sorted using SAMtools sort function. Duplicate reads were removed 
using Picard Tools with standard settings. 10 kb non-overlapping sliding windows are displayed. 

Carbon source utilization. 

Carbon source utilization was determined by growth on 96 carbon sources in BIOLOG FF plates 
(BIOLOG) as described earlier (Michielse et al., 2009a). In brief, 1*10^4 spores were grown in 
150 µl medium in each well for four days after which absorption at 595nm was determined 
using a plate reader (tecan infinite F50). For hierarchical clustering absorption values were log-
transformed and then clustered using Gene Cluster 3 (de Hoon et al., 2004) and the resulting 
files visualized using Java Treeview (Saldanha, 2004).  

http://www.broadinstitute.org/)


Dispensable chromosomes 

 96 

 

Fig S1. Karyotypes of strains used for sorting loss of chromosomes 12 and 14 
CHEF gel analysis reveals both 14HG1 and 14HG2 are lacking chromosome 15 which is present in 
both the wild-type strain and all strains with the marker on chromosome 12. Spontaneous re-
arrangements are also visible in 14HG2R2. Picture is made up of two separate gels. 

 
Fig S2. Karyotypes reveals a deletion in chromosome 15 
CHEF gel showing the karyotype of six individual strain which were selected for loss of GFP 
signal. All six originate from the same culture. Chromosome 14 in the selected strains and 
chromosome 15 in the wild-type are indicated with numbered arrows. Chromosome 15 in these 
strains, indicated with the unnumbered arrow, is clearly reduced in size compared to the wild-
type chromosome 15. 
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Fig S3. Growth assay on different carbon sources 
A. and B. Bottom and top view of 12HG-GRB1 and 12-5 which is completely lacking 
chromosome 12 growing on plates with ribose as carbon source. Growth of 12-5 is clearly 
impaired compared to 12HG-GRB1. C. and D. Bottom and top view of 14HG1-GRB1 and 14-2 
which has a deletion in chromosome 14 growing on plates with AMP as carbon source. Growth 
of both strains is very similar. 
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Table S1 primers used for cloning.  
Name sequence  re site 
1HG_LF ccttaattaaCGGTTCTTCCAGCGCTTCT PacI 
1HG_LR ggggtaccGGTATCTATCTGTCTCCCCTCCC KpnI 
1HG_RF tgctctagaGAAAGGATACGAGTGGAATCAAGA XbaI 
1HG_RR cccaagcttGGAAATACCATGCTACGTTAACT HindIII 
Chr1H_LT GCTCCGTGCTCTTGCCC   
CHR1H_RT GAACAGCAATAGAGCACATCGTA   
Chr1H_IF TGAGGCTTTCTCGAGGTGCGA   
Chr1H_IR AGAAAATCATCACTGGGTTACTTA   
12HG_LB ccttaattaaGGTGAAGTCGTCACTGCAGGACCTCT PacI 
12HG_LB ggggtaccCCAATCTGAACCAAGTCGAGACCG KpnI 
12HG_RB tgctctagaCAATCTGTCTGTGACGCGTCGC XbaI 
12HG_RB cccaagcttCCCAGATGGGATCCCAATGGGGA HindIII 
12HG_LT CGCAACGTGGGGCTGCGATTTCG   
12HG_RT CCCAGATGGGATCCCAATGGGGA   
12HG_IF ATGAAAATCTGCTACGCTGCCA   
12HG_IR GTATCCACCTCGCCGTTGC   
Chr14H_LF ccTTAATTAACTAGATGAGTGTCTGAATTGGTGG PacI 
Chr14H_LR ggggtaccAATTAATATTGGTGTGGTGACTGTGAT KpnI 
Chr14H_RF tgctctagaGTATCATTCGTCATAAAGTCTAtgaagacttc XbaI 
Chr14H_RR cccaagcttTATGCTCCTCAGACCCGTcc HindIII 
Chr14H_LT TCTTCGCCTCACGAGCTG   
Chr14H_RT AACCACATCCGTGGGAAGTC   
Chr14H_IF TCCAGCAGAAACAACATCAGTG   
Chr14H_IR TCAAGGGGGACTTCTCTACCTACTATAA   
15HG3_LF ccttaattaaCCTCAATTGTGAGGTGTCACGCT PacI 
15HG3_LR ggggtaccGGATATGGAGGTTAAGGTTGATG KpnI 
15HG3_RF tgctctagaCCATATGATAGAAATTAGTATATA  XbaI 
15HG3_RR cccaagcttCCTTATCTTCTGTATTCTTCTTGTC HindIII 
15HG_LT GCGGCATGGCAGTGAGGGGCAC   
15HG_RT CAGAATATAAGATGAAGTTTGA   
15HG_IF GGATCTTAGGTAATTAGAGAGAG   
15HG_IR GGATATTGTTGGATAGATCAGAT   
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Table S2: Markers for chromosomes 
Primer name   
Markers on chromosome 1   
Chr1.14_F TCACAACCTGGGGAAAATGG 
Chr1.14_R CTTTCCCTTTCCACCAAGCT 
FOXG_11140_F ATGCCATACCTCTTGAAGGGC 
FOXG_11140_R TTAACCCTCTGTGGTATCCATGA 
Markers on chromosome 12   
chr12sc19fwd1L GTTATAACGAACTGCGGTGG 
chr12sc23fwd1L GAACGCTCGCGTGATGAAGC 
Foxy-EcoRI-R GAGAGAATTCTGGTCGGTG 

  

Table S3: Primers for gap in chromosome 12 
GAP12_sc44_R2 CCTAAATTTATAAGGATTTCCTTT 
GAP12_sc44_R1 GCTTACTAATTATAATATATTACT 
GAP12_sc44_F1 CCTTCTTAATAGGCATTAAAGTCT 
GAP12_sc44_F2 GCTATATATTAAGTTTTAAGATTA 
GAP12_sc23_R1 GCAATTTCTTTATCGGTCTCGACT 
GAP12_sc23_R2 CGTATTTATAAGAGTTCTATCG 
GAP12_sc23_F1 GCTGATAGGCTTAGTGCAATTTTT 
GAP12_sc23_RF2 CGAATGTGACGTCATTGTGTCTGT 
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Table S2 continued: 
Markers for 
chromosomes     
Markers on Chromosome 
14   Marker 
peg1F CAGCAATCGCCATTGTCATA a 
Peg1R TAAGCTTCTCTGTTGGTATACGAGTC   
PEG4F3 ACATCTTCTGCTTACCAATG b 
PEG4R3 CCGATCATAGGTTGAAATCC   
FOXG_14164F TACAGCCAGCTCAATAAGG c 
FOXG_14164R TTATGTGTGTCGCTAGGTTC   
FOXG_14167F1 TGGGCTTGATAGCTCCTTCTGC d 
FOXG_14167R1 AACACAGTGATAGGTCAGACTAG   
FOXG_14173F ATCTTGGCTGGTGGCGAAACG e 
FOXG_14173R TTTATTAGCGAAGGGAGAGC   
FOXG_14177F TCGCATTCGCAGTTCTCGTACC f 
FOXG_14177R ACAATACCGAATCCTTTGC   
FOXG_14188F2 TTACTAACGTGATTGAACGG g 
FOXG_14188R2 AACATGAACAGGCTCCATCC   
GFP-F-Apa1 AAAGGGCCCATGGTGAGCAAGGGCGAGGAG h 
GFP-R-Apa1 AAAGGGCCCTTACTTGTACAGCTCGTCC   
SIX9-F2 CTTCTAGCAGTTGTAGCCAC i 
SIX9-R2 GTACGCCAGTTGACGCAAG   
ORX1-F1 GTTTGATCAGCCAGTTGTC j 
ORX1-R1 ATTCCGGGCCATTTGGGTTC   
SIX6-F1 CTCTCCTGAACCATCAACTT k 
SIX6-R1 CAAGACCAGGTGTAGGCATT   
ORX1-F1 GTTTGATCAGCCAGTTGTC l 
ORX1-R1 ATTCCGGGCCATTTGGGTTC   
PRED.PRO.16.F1  AGTTACCAGCCAAAGTGATCG m 
PRED.PRO.16.R1 CAGCACTTAGACCTTGCCTTG   
SIX7-F1 CATCTTTTCGCCGACTTGGT n 
SIX7-R1 CTTAGCACCCTTGAGTAACT   
SIX5-F1 ACACGCTCTACTACTCTTCA o 
SIX5-R1 GAAAACCTCAACGCGGCAAA   
2D4-F7 = SIX3-F1 CCAGCCAGAAGGCCAGTTT p 
2D4-R2 = SIX3-R2 GGCAATTAACCACTCTGCC   
SIX2-F1 ATGCTCTTCAAAATCGCGTG q 
SIX2-R1 TCAACATAGGCCACACCATT   
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Introduction 
Conditionally dispensable or lineage specific  (LS) chromosomes have been known in fungi in 
general and in Fusarium species in particular for several decades now. One of the first reports of 
a functional LS chromosome in Nectria haematococca was described by (Miao et al., 1991), who 
found an extra chromosome carrying a gene for antibiotics resistance. Shortly afterwards these 
chromosomes were found to be lost after transformation or after treatment with fungicides 
(Wasmann and VanEtten, 1996; VanEtten et al., 1998), confirming their dispensable nature. 
Transfer of a chromosome of around 2Mb in size between two incompatible strains of 
Colletotrichum gloeosporioides was shown almost two decades ago (He et al., 1998) 
demonstrating the flexibility of fungal genomes.  

In Fusarium oxysporum transfer of a small chromosome carrying effector genes has been 
demonstrated to result in gain of pathogenicity by a non-pathogenic recipient (Ma et al., 2010). 
The distribution of this chromosome within the species complex and comparative genomics 
with related species in the Fusarium genus suggested horizontal transfer. The New Generation 
Sequencing (NGS) technology in the bioinformatics era has revolutionized fungal genome 
research, with this thesis providing a modest example of the current possibilities. While many of 
the results presented in this work could have been achieved using more traditional methods, 
genome sequencing has allowed a level of depth and insight that could have not been achieved 
in another way. The role of transfer in distribution of chromosomes (or genes) is much better 
understood now (reviewed by (Mehrabi et al., 2011)), as well as the link between extra 
chromosomes and pathogenicity. LS chromosomes are generally accepted to play an important 
role in adaptation to changing demands from the host (this thesis (Croll and McDonald, 2012; 
Raffaele and Kamoun, 2012)). When it comes to experimental work, however, it seems fair to 
say that the field of genome biology is still in its infancy. As a result some very basic questions 
concerning the stability and transferability of extra chromosomes have not been answered yet. 
In this thesis some important first steps have been taken in answering these questions, and - as 
always - many new ones have arisen. 

Transfer 

Experimental demonstration of transfer of LS chromosomes has only been demonstrated in C. 
gloeosporioides (He et al., 1998) and F. oxysporum (Ma et al., 2010). In Alternaria alternata, 
transfer has also been suggested to have played a role in the evolution of different pathotypes, 
and was achieved by creating protoplast fusions (Akagi et al., 2009). Many other implied 
transfer events were discovered using comparative genomics (reviewed by (Mehrabi et al., 
2011)). However, it was not known whether transfer was restricted to LS chromosomes or was 
also possible for core chromosomes, and which features of these two types of chromosomes 
cause these potential restrictions. 
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While we originally expected size to be an important determinant of transfer capability, the 
influence of size seems limited. We also expected there to be differences between core and LS 
chromosomes. There is still potentially an upper limit for size of chromosomes that can be 
transferred, but differences in transfer capability between chromosomes were found that 
cannot be explained by their size differences or their evolutionary origin. As expected, we 
observed transfer of chromosome 14 of strain Fol4287, which was previously shown to be a 
“mobile pathogenicity chromosome” (Ma et al., 2010). In this thesis for the first time transfer of 
core chromosomes or regions thereof is described: transfer of a ~1.6Mb part and an entire 
chromosome of ~4Mb was observed. Since this led to the loss of the homologous region of the 
recipient genome the term exchange was adopted for this process. Transfer of core 
chromosomes was always accompanied by transfer of chromosome 14. 
Core and LS chromosomes other than the ones mentioned above were not observed to transfer 
between strains. From this it was concluded that neither size nor core/LS identity alone are 
determining factors for transfer. If it were, one would expect to find transfer of several small 
chromosomes that were specifically targeted to test for transfer. The frequency of exchange of 
core chromosomes was much lower than for transfer of the LS chromosome. Differences in 
frequency might be explained either by reduced stability or the requirement of loss of the 
homologous region from the recipient. The borders of the exchanged core regions were mostly 
defined by the borders of macrosynteny, which are delineated by ends of chromosomes and 
ends of supercontigs. From this observation it can be inferred that the organization of the 
recipient genome and the levels of macrosynteny between donor and recipient strain are 
potential limiting factors for chromosome exchange. For the exchange of a 1.6Mb supercontig 
from Fol4287 with part of a Fo47 chromosome sequences need to be aligned based on 
homology, potentially followed by homologous recombination and loss of all other donor 
chromosomes, with the exception of chromosome 14. Since chromosome 14 does not share 
homology with any region of the recipient, it could escape loss. Why F. oxysporum does not 
tolerate copies of identical chromosomes, i.e. which mechanisms are involved is not known. In 
M. graminicola copies of chromosomes from two parents can be retained (Goodwin et al., 
2011). There might still be merit to the idea posed by (Rosewich; Kistler, 2000) that there might 
be some factor present on chromosome 14 which makes it particularly amenable for transfer. 

Even if chromosome exchange is a natural process it is unlikely to have played an important role 
in the evolution of the F. oxysporum species complex and potentially other fungi in which this 
process occurs. Since both frequency and the portion of the genome that can be exchanged 
appear to be very low, it is not likely to occur often. While this is also partially true for transfer 
of LS chromosomes their effect on the genome composition and the phenotype of the fungus is 
much more pronounced, allowing for much easier identification of such events. 
Transfer may have shaped the genome in more than one way. Apart from the gain of genetic 
material directly required for pathogenicity, transfer of a mobile pathogenicity chromosome 
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creates an evolutionary bottleneck, since it allows only a very small segment of the population 
to infect the host (as suggested in the introduction). Genetic elements that happen to be 
present near the pathogenicity related genes will be fixed in the population in this way. We see 
several LS chromosomes that seem to be largely dispensable even for pathogenicity being 
sustained in the population. These regions are also regularly spontaneously duplicated as 
evidenced by the comparative genomics performed in Chapter 4.  

He et al (1998) suggested two possible pathways for transfer: transfer of single chromosomes 
between nuclei in an unstable heterokaryon or nuclear fusion followed by selective loss of 
almost all of the genome of the donor strain. Our observations provide some evidence for the 
second of these two suggested pathways for chromosome transfer. We observed transfer of 
larger fragments, which makes the possibility of traversing of the nuclear envelope less likely. 
Co-migration of chromosome 14 would require two chromosomes to traverse the nuclear 
envelope simultaneously. Finally the exchange of core chromosomes presumably requires 
pairing based on sequence homology. These observations are more consistent with nuclear 
fusion followed by selective loss. So the following model (depicted in Figure 1) for transfer of 
chromosomes between incompatible strains of a fungus is proposed: 

First a heterokaryon has to be formed. Since incompatibility responses are suppressed during 
Conidial Anastomosis Tube (CAT) (Ishikawa et al., 2012) fusion of these early colony stage 
structures are likely involved (Fig 1A and 1B). After a heterokaryon has been formed fusion may 
occur between nuclei from both strains (fig 1 C and 1D). Nuclear fusion leads to co-existence of 
both genomes within the same nucleus (Fig 1D and E). At what stage of colony development this 
takes place, or how long it is sustained are questions that cannot be answered based on current 
observations. Although in the same nucleus, these genomes may remain spatially separated, 
potentially because they have both been anchored to the nuclear envelope in different 
positions. Progeny with a mixture of chromosomes from both parents never has been observed. 
This means at some point the fused nucleus needs to lose one of the genomes and any residual 
chromosome of this genome are then found as a ‘transferred’ chromosome.  
There are two possible ways in which one of the genomes could be lost; through the selective 
degradation of one of the genomes (Fig1 F1), or by asymmetric division during which both 
genomes end up in their own nucleus (Fig1 F2). In both cases one or two chromosomes could 
escape separation or degradation and end up in the progeny as transferred chromosomes, if the 
mobile pathogenicity chromosome is transferred this leads to gain of pathogenicity by the non-
pathogenic recipient (Fig 1G). This seems more likely to happen to (some) LS chromosomes (as it 
is more frequently observed), possibly because there is no interaction with a homologous 
chromosome from the other genome, or because of different DNA packaging. For exchange of 
core chromosomes this is probably the stage where one of the chromosomes of the recipient is 
lost. If exchange of core chromosomes occurs in the course of asymmetric division of a fused 
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nucleus than both resulting nuclei should contain a chromosome from the other parent (Fig 1 
E2). Our experimental setup only allows for the selection of one of these two options; a marker 
on the two core chromosomes that are exchanged would allow us to identify both events, if 
existent.  
Both pathways require a distinction to be made between chromosomes originating from either 
parent. How this distinction is made remains a mystery as the two strains used are genetically 
very closely related. 

In the end an independent lineage arises containing genetic material from both parents. How 
the asymmetric division or selective degradation limits transfer to one or two chromosomes is 
still an open question. It would seem more likely that after the nuclei fuse the resulting progeny 
would contain a mixture of chromosomes from both. Perhaps many combinations of 
chromosomes are somehow incompatible and lead to non-viable spores. 

It remains possible that there is no fusion of nuclei leading to transfer and exchange, but it is 
rather the result of the uptake of individual chromosomes. It would certainly be easier to 
explain the transfer of single chromosomes than the selective degradation or separation of the 
genomes by division of the nucleus. However, uptake of chromosomes does not provide a 
logical explanation for the co-transfer of chromosome 14, which was always observed to 
accompany exchange of a core chromosome. 
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Loss 

While the role of horizontal transfer in F. oxysporum and especially its link to pathogenicity has 
been well described (Ma et al., 2010), the role of spontaneous loss of chromosomes in F. 
oxysporum is a new research topic. In both L. maculans (Balesdent et al., 2013) and F. 
oxysporum (Biju V.C. et al. in preparation) loss of an entire LS chromosome or a large deletion 
led to the loss of an avirulence gene and thus recognition by the host. It has been suggested at 
least some fungal pathogens have a reservoir of effectors in the population with both transfer 
and loss playing an important role to adapt to changing demands by the host (Chuma et al., 
2011). In Zymoseptoria tritici (Mycosphaerella graminicola) both transfer and loss occur at high 
rate during meiotic divisions (Wittenberg et al., 2009; Goodwin et al., 2011). Spontaneous loss 

of chromosomes is probably the result of non-disjunction during mitosis leading to an a-
synchronous distribution of chromosomes in the daughter cells. If chromosomes break or large 
deletions occur, non-disjunction might be the result of certain regions no longer being attached 
to the centromere. 

Even though F. oxysporum lacks a sexual cycle, it has been shown that transfer occurs, and the 
distribution of chromosomes within the species complex suggests frequent loss as well (Like 
Fokkens, unpublished observations). We set out to answer some of the most basic questions 
concerning genome stability: which chromosomes are spontaneously lost, and how often? Due 
to the putative dispensable nature of the LS chromosomes these were expected to be 
spontaneously lost. This turned out to be true even though extensive screening was required to 
record these events. Surprisingly, “core” chromosome 12 was also found to be dispensable for 
in-vitro growth as well as full pathogenicity on the tomato host. Even though chromosomes 12 
and 14 are both dispensable for in vitro growth, they differ vastly in how often they are retained 
by the fungus. For chromosome 14 around 1:65.000 spores spontaneously lost the entire 
chromosome and 1:70.000 sustained a large deletion. For chromosome 12, 1:300.000 spores 
were found to have sustained a large deletion while only one strain was found which 
spontaneously lost an entire chromosome. Chromosome 12 is also missing in a strain of F. 
oxysporum f. sp. cucumerinum that was sequenced, demonstrating that loss of this 
chromosome occurs naturally (Like Fokkens, unpublished observations). 
Taken together, LS and conditionally dispensable chromosomes are not synonymous although 
they are often used interchangeably in literature.  
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Mutation hotspots  

Interestingly, in three strains that had sustained a large deletion in chromosome 12 and that 
were sequenced the deletion was at the same site. To our surprise, one end of the deletion was 
located exactly at the start of the T-DNA insertion for the marker. Interestingly, the other end 
was also found to be exactly the same in all three strains. (Kistler et al., 1996) already reported 
the creation of a similar hotspot in the closely related F. solani (Nectria haematococca) 
following insertion of a telomeric repeat. We found a similar situation in strains that carry a 
deletion in chromosome 14. While one end of the deletion is unique in each of the three 
sequenced strains, the other end is shared by all three strains. 

When examining the spontaneous duplications that were found in the LS chromosomes of 
sequenced strains, similarities were also found (Chapter 4). While it is hard to determine exact 
locations due to the large number of repetitive sequences on these chromosomes, the patterns 
for read counts in strains originating from different parental strains and experiments appeared 
very similar. Apparently, there are duplication and deletion hotspots in the F. oxysporum 
genome. Other than the insertion site of the T-DNA, no specific elements were found at the 
borders of the deletions. Assembly supercontigs defined the regions of core chromosomes that 
were exchanged in the transfer experiments. The spontaneous duplications on chromosome 14 
found in strain 14-2 were also constrained by supercontig borders. This could mean the 
transposable elements which are often found in the regions in between contigs are involved. As 
with transfer there could be a relationship between the hotspots and nuclear organization, 
most notably anchoring to the envelope.  

The differences in stability we observed between the similarly sized “core” and LS chromosomes 
12 and 14 could be due to their “core” or LS characteristics. LS chromosomes differ in TE 
content (Ma et al., 2010). TEs are generally considered to be conducive to changes in genome 
architecture (Raffaele et al., 2010) and in inducing chromosomal rearrangements. 
(Sperschneider et al., 2015) suggest a two-speed structure for the genome of F. oxysporum with 
different rates of evolution between core and LS chromosomes. It has been suggested that 
there might even be a three-speed genome in F. oxysporum with the smaller “core” 
chromosomes being an intermediate between “core” and LS properties (Like Fokkens, 
unpublished observations).  

 



General discussion 

 114 

Role of genome dynamics in the evolution of pathogenicity  

The classic view that non-sexual lineages are evolutionary dead ends has recently been 
challenged (Seid and Thomma, 2014). Even if it were true that these lineages are dead ends, it 
does not mean they are short-lived or unimportant in the ecosystem. Considering that all 
species are subject to going extinct over time, and no time frame can be attached to these 
“dead ends”, I believe it is not a useful term. In this thesis, we demonstrate that remarkable 
variation in genetic make-up can be present in a formally asexual fungus. Perhaps this is actually 
made possible by the omission of the restraints of a sexual cycle. Since pairing of chromosomes 
is not required in the absence of a sexual cycle, variation in chromosome number and size is 
tolerated. This allows for reorganizations within the core genome to occur much more readily.  
It has been shown before in F. oxysporum and other species (Ma et al., 2010; Mehrabi et al., 
2011) that transfer of genes and chromosomes is important in the development and spread of 
disease.  

Future perspectives 

In the past decade, F. oxysporum has been used as a model organism to answer some very 
important biological questions. It was the organism used in seminal papers on the first AVR gene 
in a root pathogen (Rep et al., 2004), and has been used to experimentally demonstrate the 
transfer of a “mobile pathogenicity chromosome” leading to gain of pathogenicity by the non-
pathogenic recipient (Ma et al., 2010). Here, with the development of tools for experimental 
verification and identification of conditionally dispensable chromosomes, modest additions are 
made to this list as well as a new method of transformation. While other fungi have been used 
for similar experiments, the tools available and knowledge acquired of genome dynamics in F. 
oxysporum warrants its use in future research. The procedures developed to identify 
spontaneous loss of chromosomes can also be used to investigate their function as 
demonstrated in this thesis (Chapter 4). By targeting a marker close to a set of effector genes 
and subsequent screening for loss of these genes several can be deleted at the same time. This 
way it might be possible to determine a minimal set of effector genes required for 
pathogenicity, circumventing the often time consuming and inefficient targeted deletion of 
these genes through homologous recombination. 

What else is in store for this model system in the coming years? When it comes to the subject of 
chromosome transfer, getting better insight into possible mechanisms would be the next logical 
step. Progress has been made in the last few years in gaining insight into the mechanisms, such 
as the transfer of LS and exchange of core chromosomes in this thesis. These observations all 
point to a route that involves nuclear fusion rather than the uptake of chromosomes by a 
nucleus as was suspected earlier.  
While this change of perspective justifies the work put into it so far, more subtle mechanistic 
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insight will be hard to achieve without having a quantifiable method of scoring transfer. To 
achieve this the cell sorter could be used. Attempts to achieve selection of transfer events have 
not been successful so far despite extensive attempts. The selection of transfer events probably 
requires three markers, one for each strain and one for the chromosome of interest. In this way, 
a distinction can be made between transfer events and both parental strains, since these could 
be selected against. Flow cytometry provides new research options in the field of fungal 
genetics, allowing experiments that are inconceivable by other methods. In this thesis we 
describe the use of flow cytometry to select transformed spores (chapter 2) and to select for 
spontaneous loss of regions of the genome (chapter 4). Other potential uses are the selection of 
spores expressing certain genes by using their promotors to drive expression of GFP either from 
culture or potentially even plant material. 

While advances have been made many questions are still open. These questions can be 
adressed using F. oxysporum as a model system. This will certainly include research into the 
highly dynamic nature of fungal genomes, as well as fundamental work on the interaction of 
fungi with plants. 



General discussion 

 116 

References 

Akagi, Y., Akamatsu, H., Otani, H., and Kodama, M. (2009) Horizontal chromosome transfer, a mechanism for the 
evolution and differentiation of a plant-pathogenic fungus. Eukaryot Cell 8: 1732-1738. 

Balesdent, M., Fudal, I., Ollivier, B., Bally, P., Grandaubert, J., Eber, F., et al. (2013) The dispensable chromosome of 
Leptosphaeria maculans shelters an effector gene conferring avirulence towards Brassica rapa. New Phytol 198: 
887-898. 

Chuma, I., Isobe, C., Hotta, Y., Ibaragi, K., Futamata, N., Kusaba, M., et al. (2011) Multiple translocation of the AVR-
Pita effector gene among chromosomes of the rice blast fungus Magnaporthe oryzae and related species. Plos 
Pathog 7: e1002147. 

Croll, D., and McDonald, B.A. (2012) The accessory genome as a cradle for adaptive evolution in pathogens. Plos 
Pathog 8: e1002608. 

Friesen, T.L., Stukenbrock, E.H., Liu, Z., Meinhardt, S., Ling, H., Faris, J.D., et al. (2006) Emergence of a new disease 
as a result of interspecific virulence gene transfer. Nat Genet 38: 953-956. 

Goodwin, S.B., M'Barek, S.B., Dhillon, B., Wittenberg, A.H., Crane, C.F., Hane, J.K., et al. (2011) Finished genome of 
the fungal wheat pathogen Mycosphaerella graminicola reveals dispensome structure, chromosome plasticity, and 
stealth pathogenesis. Plos Genet 7: e1002070. 

He, C., Rusu, A.G., Poplawski, A.M., Irwin, J.A., and Manners, J.M. (1998) Transfer of a supernumerary chromosome 
between vegetatively incompatible biotypes of the fungus Colletotrichum gloeosporioides. Genetics 150: 1459-
1466. 

Ishikawa, F.H., Souza, E.A., Shoji, J., Connolly, L., Freitag, M., Read, N.D., and Roca, M.G. (2012) Heterokaryon 
incompatibility is suppressed following conidial anastomosis tube fusion in a fungal plant pathogen. Plos One 7: 
e31175. 

Kistler, H.C., Meinhardt, L.W., and Benny, U. (1996) Mutants of Nectria haematococca created by a site-directed 
chromosome breakage are greatly reduced in virulence toward pea. Mol Plant-Microbe Interact 9: 804-809. 

Ma, L., van, d.D., Borkovich, K.A., Coleman, J.J., Daboussi, M., Di Pietro, A., et al. (2010) Comparative genomics 
reveals mobile pathogenicity chromosomes in Fusarium. Nature 464: 367-373. 

Mehrabi, R., Bahkali, A.H., Abd-Elsalam, K.A., Moslem, M., Ben M'Barek, S., Gohari, A.M., et al. (2011) Horizontal 
gene and chromosome transfer in plant pathogenic fungi affecting host range. FEMS Microbiol Rev 35: 542-554. 

Miao, V.P., Covert, S.F., and VanEtten, H.D. (1991) A fungal gene for antibiotic resistance on a dispensable ("B") 
chromosome. Science 254: 1773-1776. 

Raffaele, S., and Kamoun, S. (2012) Genome evolution in filamentous plant pathogens: why bigger can be better. 
Nat Rev Microbiol 10: 417-430. 

Raffaele, S., Win, J., Cano, L.M., and Kamoun, S. (2010) Analyses of genome architecture and gene expression reveal 
novel candidate virulence factors in the secretome of Phytophthora infestans. BMC Genomics 11: 637-2164-11-637. 



Chapter 5 

 
 

117 

Rep, M., Van Der Does, H Charlotte, Meijer, M., Van Wijk, R., Houterman, P.M., Dekker, H.L., et al. (2004) A small, 
cysteine-rich protein secreted by Fusarium oxysporum during colonization of xylem vessels is required for I-3-
mediated resistance in tomato. Mol Microbiol 53: 1373-1383. 

Rosewich, U.L., and Kistler, H.C. (2000) Role of horizontal gene transfer in the evolution of fungi. Annu Rev 
Phytopathol 38: 325-363. 

Seidl, M.F., and Thomma, B.P. (2014) Sex or no sex: evolutionary adaptation occurs regardless. Bioessays 36: 335-
345. 

Sperschneider, J., Gardiner, D.M., Thatcher, L.F., Lyons, R., Singh, K.B., Manners, J.M., and Taylor, J.M. (2015) 
Genome-wide analysis in three Fusarium pathogens identifies rapidly evolving chromosomes and genes associated 
with pathogenicity. Genome boil evol evv092 

VanEtten, H., Jorgensen, S., Enkerli, J., and Covert, S.F. (1998) Inducing the loss of conditionally dispensable 
chromosomes in Nectria haematococca during vegetative growth. Curr Genet 33: 299-303. 

Wasmann, C., and VanEtten, H.D. (1996) Transformation-mediated chromosome loss and disruption of a gene for 
pisatin demethylase decrease the virulence of Nectria haematococca on pea. Mol Plant-Microbe Interact 9: 793-
803. 

Wittenberg, A.H., van der Lee, Theo AJ, M'Barek, S.B., Ware, S.B., Goodwin, S.B., Kilian, A., et al. (2009) Meiosis 
drives extraordinary genome plasticity in the haploid fungal plant pathogen Mycosphaerella graminicola. Plos One 
4: e5863. 

 

 

 



 

 118 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

119 

Summary 

Fusarium oxysporum it the causal agent for important diseases in many crops and has been 
classified as one of the top 10 most important fungal pathogens. It has also been a model 
system for studying the interaction between pathogenic fungi and plants. In the case of the 
tomato-pathogenic strains a number of small secreted proteins, also called effectors, have been 
isolated from xylem sap of infected tomato plants. Interestingly, the genes for these effectors 
are located on a single, relatively small (~2 Mb) chromosome highly enriched in transposable 
elements, chromosome 14 in the reference genome of strain Fol4287. This chromosome is not 
present in non-tomato infecting strains or related species of fungi, and is therefore not 
considered part of the “core” genome. Such extra chromosomes are known as Lineage Specific 
(LS), supernumerary or Conditionally Dispensable (CD) chromosomes. Transfer of chromosome 
14 to the non-pathogenic, vegetatively incompatible, strain Fo47 leads to gain of pathogenicity 
by the recipient strain. This chromosome can therefore be considered to be a “mobile 
pathogenicity chromosome”. It has been described in related Fusarium species that loss of 
certain CD chromosomes can be induced by treatment with the fungicide benomyl or during 
transformation. 

While the occurrence of both chromosome transfer and loss in Fusarium had been described 
prior to the work in this thesis was commenced, little was known about the underlying 
processes or restrictions on chromosome size and other potential properties. We set out to 
answer some very basic questions: which chromosomes can be transferred or lost and what 
distinguishes them from those that are not amenable to transfer or loss? To answer these 
questions novel experimental procedures had to be developed, in particular the use of flow 
cytometry to screen for rare events. 

In chapter 2 we describe the basic setup for cell sorting as well as a novel method of selecting 
transformants: Fluorescence Assisted Selection of Transformants or FAST. In this method the 
normal transformation procedures are followed but selection of successful uptake of the DNA 
by the fungus is achieved using flow cytometry to screen for fluorescent markers, rather than 
antifungal drug resistance genes. This method was developed and used to generate some of the 
strains which were used in chapter 4 to identify spores that had lost specific chromosomes. 

To determine which chromosomes are amenable for transfer a directed and unbiased approach 
were combined, which are described in chapter 3. In the unbiased approach, 269 individual 
random insertions of a marker in Fol4287 were tested for transfer of the marker to Fo47. We 
found three strains consistently capable of donating the marker to the recipient strain. Initial 
testing showed that all progeny from all three donor strains and the non-pathogenic recipient 
contained the “mobile pathogenicity chromosome”, and the ability to infect tomato. 
Surprisingly, whole genome sequencing revealed that the marker was inserted in the 
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pathogenicity chromosomes in only one of the three strains. In the other two the marker was 
inserted in chromosome seven or eight, both of which are medium-sized core chromosomes. All 
4Mb of chromosome eight from the donor and a 1.6Mb part of chromosome seven from the 
donor strain were present in the progeny strains. This led to the loss of the homologous regions 
in the recipient genome, showing that transfer of core regions is possible and leads to exchange 
of homologous regions. Remarkably, then, the pathogenicity chromosome was co-transferred in 
all cases, despite not being selected for. 
We also specifically targeted several smaller and larger chromosomes of Fol4287 and tested 
them for transfer to Fo47 to further clarify which chromosomes can be transferred. We were 
especially interested in the smaller chromosomes 12 through 15. Chromosomes 12 and 13 are 
small core chromosomes while 14 and 15 are LS chromosomes. We already observed transfer of 
LS chromosome 14 (the pathogenicity chromosome) and the larger core chromosome 8. In this 
directed approach we only observed transfer of chromosome 14.  

Based on the co-migration of chromosome 14 with core chromosomes, the exchange of core 
regions and the transfer of larger chromosomes than previously observed we propose a model 
for the transfer of chromosomes. It was suggested previously that transfer must either involve 
the crossing of the nuclear envelope by single chromosomes or nuclear fusion followed by 
selective loss of almost all of the donor genome. Based on our observations we believe that the 
latter option  is much more likely since (1) transfer of larger chromosomes was observed, (2) the 
transfer of two chromosomes simultaneously was frequently observed and (3) gain of a core 
chromosome led to loss of the homologous region of the recipient, requiring alignment of 
homologous sequences. 

In chapter 4 we describe experiments to determine the stability of specific chromosomes and 
the consequences of their absence. We tested chromosomes 1, 12, 14 and 15 for spontaneous 
loss. This was achieved by tagging each chromosome with a marker and subsequently screening 
spores for loss of this marker using flow cytometry. As expected, chromosomes 14 and 15 could 
be lost spontaneously, or sustain large deletions without affecting viability. Surprisingly, core 
chromosome 12 also turned out to be dispensable. Several strains were found which had 
sustained a deletion of ~1Mb in chromosome 12 and one strain had lost chromosome 12 
entirely.  
Loss of or deletions in chromosome 14 occurred at a much higher frequency than for 
chromosome 12, indicating that LS chromosomes may be more readily (partially) lost. Several 
strains were sequenced to analyze the events that led to deletions. In chromosome 14 the 
deletion started at the same location in all three strains sequenced, while the end was at three 
separate locations. The three strains which were sequenced that had sustained a deletion in 
chromosome 12 all had the exact same location of the deletion, indicating there are deletion 
hotspots in the F. oxysporum genome. No genetic element could be identified which explains 
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these hotspots in the strains which had lost chromosome 14. For the strains which had 
sustained the deletion in chromosome 12, to our surprise one end of the deletion was located 
at the exact site of insertion of the T-DNA. This suggests that we created our own deletion 
hotspot. 
While loss of chromosome 14 resulted in loss of pathogenicity, large deletions containing 
several genes expressed during infection had no significant effect on pathogenicity. 
Chromosome 12, while containing many genes up-regulated during infection, appears to be 
completely dispensable for normal in-vitro development as well as pathogenicity. When 
comparing growth on 96 different carbon sources the strain completely lacking chromosome 12 
was found only to be impaired in growth on D-Ribose.  

Taken together, our findings provide new insight into fungal genome dynamics and the link to 
pathogenicity. 
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Samenvatting 

Fusarium oxysporum veroorzaakt ziekte in meerdere belangrijke voedselgewassen en is als een 
van de top tien belangrijkste plant-pathogene schimmels geclassificeerd. Het is ook een 
modelsysteem om de interactie tussen pathogene schimmels en hun waardplanten te 
onderzoeken. In het geval van tomaat-infecterende stammen zijn meerdere kleine 
uitgescheiden eiwitten, ook bekend als effectoren, geïsoleerd uit het xyleemsap van 
geïnfecteerde tomaten planten. Opmerkelijk genoeg bleken de genen voor deze effectoren 
allen gelokaliseerd op een enkel, relatief klein chromosoom (van ongeveer 2Mb) wat verrijkt is 
voor transposons. In het genoom van de referentiestam Fol4287 is dit chromosoom 14. Dit 
chromosoom is niet aanwezig in stammen die tomaat niet infecteren of in verwante 
schimmelsoorten, en wordt daarom niet gerekend tot het “basis” gedeelte van genoom. Dit 
soort extra chromosomen staan bekend als “schimmelstam-specifieke chromosomen”, of 
conditioneel niet-essentiële chromosomen. Overdracht van chromosoom 14 naar de niet-
pathogene, vegetatief incompatibele, stam Fo47 leidt tot het verkrijgen van pathogeniciteit 
door de ontvangende stam. Hierdoor kunnen we dit chromosoom beschouwen als een “mobiel 
ziekteverwekkend chromosoom”. Het is in verwante Fusarium soorten aangetoond dat verlies 
van zulke chromosomen geïnduceerd kan worden door behandeling met de fungicide benomyl 
of tijdens transformatie van de schimmel. 

Het voorkomen van zowel overdracht als verlies van chromosomen in Fusarium was al 
beschreven bij aanvang van het onderzoek in dit proefschrift. Er was echter weinig bekend over 
de onderliggende processen en de restricties voor wat betreft het formaat en eventuele andere 
eigenschappen van chromosomen die overdracht of verlies kunnen bemoeilijken of faciliteren. 
We richtten ons op enkele zeer basale vragen: welke chromosomen kunnen overgedragen over 
verloren worden en wat onderscheidt hen van chromosomen waarbij deze processen niet 
plaatsvinden? Voor het beantwoorden van deze vragen hebben we nieuwe experimentele 
procedures moeten ontwikkelen, in het bijzonder het gebruik van een cel-sorteer apparaat om 
zeldzame gevallen van verlies waar te nemen. 

In hoofdstuk twee beschrijven we de methoden en instellingen voor het cel-sorteren en een 
nieuwe methode voor selectie van transformaten: Selectie van Nieuwe Eigenschappen met Licht 
oftewel SNEL (“FAST” in het engels). Bij deze methode worden de normale transformatie-
procedures gevolgd maar vindt selectie voor het succesvol opnemen van DNA door de schimmel 
plaats door gebruik van een cel-sorteer apparaat – door te zoeken naar fluorescente eiwitten –
anders dan de gebruikelijke resistentie tegen schimmeldodende stoffen. Deze methode is 
ontwikkeld en gebruikt om enkele van de stammen te genereren die we in hoofdstuk 4 
gebruiken om verlies van specifieke chromosomen te volgen. 
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Om te bepalen welke chromosomen overgedragen kunnen worden en welke niet hebben we 
een gerichte en een onbevooroordeelde methode gecombineerd – de resultaten hiervan zijn 
beschreven in hoofdstuk 3. Bij de onbevooroordeelde methode hebben we 269 individuele 
transformanten met inserties van een resistentie-gen tegen een fungicide in Fol4287 getest op 
overdracht van dat gen naar Fo47. We vonden drie stammen die in staat waren het resistentie-
gen over te dragen naar de ontvangende stam. In eerste instantie bleken de nakomelingen van 
het co-incuberen van de drie donoren en de niet pathogene stam alleen het “mobiele 
ziekteverwekkende chromosoom” te bevatten, en daarmee het vermogen tomaat te infecteren. 
Verrassend genoeg bleek uit de genetische code die we hebben bepaald voor de volledig 
genomen dat het resistentie-gen in slechts één van deze drie stammen in het 
ziekteverwekkende chromosoom terecht was gekomen. In de ander twee stammen was het gen 
aanwezig op chromosoom zeven of acht, twee middelgrote “basis” chromosomen. Het volledige 
chromosoom acht (~4Mb) van de ene, en een deel van chromosoom zeven (~1.6Mb) van de 
andere donorstam bleken aanwezig in hun nakomelingen. Dit leidde tot het verlies van de 
homologe regio van het ontvangende genoom. Hiermee hebben we aangetoond dat overdracht 
van “basis” regio’s van het genoom mogelijk is en leidt tot uitwisseling van homologe regio’s. 
Het is zeer opmerkelijk te noemen dat overdracht van deze regio’s altijd gepaard ging met 
overdracht van het mobiele ziekteverwekkende chromosoom, ondanks dat hiervoor niet 
geselecteerd werd.  

We hebben ook specifiek bepaalde grotere en kleinere chromosomen van Fol4287 uitgekozen 
om gericht te testen voor overdracht door hier het fungicide resistentie-gen in aan te brengen. 
Door deze stammen te testen voor overdracht naar Fo47 kunnen we verder verduidelijken 
welke chromosomen geschikt zijn voor overdracht. We waren vooral geïnteresseerd in de 
kleinere chromosomen 12 tot en met 15. Chromosoom 12 en 13 zijn kleine chromosomen van 
het “basis” genoom terwijl 14 en 15 stam-specifiek zijn. We hadden eerder al overdracht van 
het mobiele ziekteverwekkende chromosoom 14 en het grotere “basis” chromosoom 8 gezien. 
In deze gerichte aanpak zagen we alleen overdracht van chromosoom 14. 

Gebaseerd op de co-migratie van chromosoom 14 met “basis” chromosomen, het uitwisselen 
van “basis” regio’s en de overdracht van grotere chromosomen suggereren we een model voor 
de overdracht van chromosomen. Het is eerder voorgesteld dat overdracht oftewel door het 
passeren van het kernmembraan door individuele chromosomen plaatsvindt of door kernfusie 
gevolgd door het verloren gaan van bijna het volledige genoom van één van de ouders. Op basis 
van onze observaties geloven wij dat die laatste optie meer waarschijnlijk is, aangezien we (1) 
overdracht van grote chromosomen waarnemen, (2) we regelmatig zien dat meerdere 
chromosomen tegelijkertijd worden overgedragen, en (3) we zien dat opname van een basis-
chromosoom leid tot verlies van de homologe regio, wat het ‘paren’ van homologe sequenties 
vereist. 
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In hoofdstuk 4 beschrijven we experimenten om de stabiliteit van specifieke chromosomen te 
bepalen, en welke gevolgen hun verlies heeft. We hebben chromosoom 1, 12, 14 en 15 getest 
voor spontaan optredend verlies. Dit hebben we bereikt door een gen voor een fluorescerend 
eiwit op ieder van die chromosomen aan te brengen en dan sporen te testen voor het verlies 
van dit eiwit met de cel-sorteerder. Zoals verwacht konden chromosoom 14 en 15 of delen 
daarvan spontaan verloren gaan zonder de levensvatbaarheid van de schimmel te beïnvloeden. 
Tot onze verrassing bleek echter “basis” chromosoom 12 ook niet essentieel. Verschillende 
stammen werden gevonden waarin een deletie van ongeveer 1Mb had plaatsgevonden op dit 
chromosoom, en er was een stam waarbij chromosoom 12 volledig verloren is gegaan. 
Verlies van, of deleties in, chromosoom 14 vonden met een veel hogere frequentie plaats dan 
voor chromosoom 12, waaruit we concluderen dat stam-specifieke chromosomen gemakkelijker 
(gedeeltelijk) verloren gaan. Van verschillende stammen werd de genetische code bepaald, om 
zo inzicht te krijgen in de gebeurtenissen die tot de deleties hebben geleid. In chromosoom 14 
begon de deletie op dezelfde plek in de drie stammen waarvan de sequentie werd bepaald, de 
andere kant was in elke stam uniek. De drie stammen waarbij een deletie was ontstaan in 
chromosoom 12 hadden allen de deletie exact op dezelfde locatie, waaruit we concluderen dat 
er specifieke locaties zijn met verhoogde kans op deleties. Er konden geen genetische 
elementen worden gevonden in chromosoom 14 die deleties zouden kunnen faciliteren. In de 
stammen met de deletie in chromosoom 12 bleek een einde van de deletie exact overeen te 
komen met de locatie waar het resistentie gen was ingebouwd. Dit suggereert dat we onze 
eigen plek hebben gecreëerd van waar deletie optreedt. 
Alhoewel verlies van chromosoom 14 resulteerde in verlies van pathogeniciteit, bleken de grote 
deleties geen significant effect te hebben op het verwekken van ziekte, ondanks de afwezigheid 
van enkele genen waarvan het product was gevonden in xyleem-sap. Chromosoom 12 bleek 
volledig misbaar voor het verwekken van ziekte, ondanks dat veel genen op dit chromosoom tot 
expressie komen tijdens infectie. Bij het vergelijken van de groei van deze stammen op 96 
verschillende koolstofbronnen konden we alleen verminderde groei vinden op D-Ribose van de 
stam die chromosoom 12 volledig is verloren. 

Al met al hebben we dankzij onze vindingen nieuwe inzichten gekregen in de dynamiek van 
schimmel genomen en de effecten daarvan op het verwekken van ziekte. 
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