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Summary

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 strain of Fusarium oxysporum

pathogenic on tomato, either targeted to specific

chromosomes by homologous recombination or inte-

grated 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 chro-

mosomes 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 pathoge-

nicity chromosome always accompanied this

exchange of core chromosomes.

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 condi-

tionally dispensable, accessory, supernumerary, mini- or B

chromosomes (Covert, 1998). In Fusarium 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 (Croll and McDonald, 2012; Raffaele and

Kamoun, 2012).

Comparison of genomes of the tomato pathogen F. oxy-

sporum 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 ele-

ments (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 �2-Mb LS chromo-

some, chromosome 14 in Fol4287, which is present in all

isolates that cause tomato wilt. Upon co-incubation of F. oxy-

sporum f.sp. lycopersici strain Fol007 with the non-

pathogenic strain Fo47, transfer of this LS chromosome, as

well as the smallest LS chromosome, from Fol007 to Fo47

has been observed (Ma et al., 2010). In that study the chro-

mosome corresponding to LS chromosome 14 of the

reference strain Fol4287 was labelled with the zeocin resist-

ance 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 ana-

lysed, 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).

Horizontal Chromosome Transfer (HCT) of LS chromo-

somes has been described in other species of pathogenic
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filamentous fungi as well. In one of the earliest reports of

HCT a 2-Mb chromosome was 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 the 2-Mb chromosome.

Transfer of the marker was not observed when the marker

was not targeted to the LS chromosome but randomly inte-

grated in nine independent strains, 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 host-

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 con-

taining LS chromosomes from both parents, supporting

the possibility of horizontal transfer (Akagi et al., 2009).

Nectria haematococca (anamorph Fusarium solani) con-

tains 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

F. oxysporum f. sp. pisi, a pathogen of pea, and in Neocos-

mospora 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 observa-

tions it was suggested that the distribution of the PEP

genes is not the result of shared ancestry and loss in sev-

eral lineages but the result of horizontal transfer of genetic

material. Taken together, these observations suggest that

horizontal transfer of pathogenicity genes and/or pathoge-

nicity 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 incompat-

ible 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 trans-

fer. Suppression of heterokaryon incompatibility following

fusion of conidial anastomosis tubes, 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). Conidial anastomosis tube

fusion could lead to the slow-growing heterokaryons

observed by Manners and He (2011).

While heterokaryosis is likely required for HCT, little is

known about the cellular and molecular processes underly-

ing 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 enve-

lope could favour smaller elements (He et al., 1998)

potentially excluding larger chromosomes from transfer,

although it is hard to imagine how even a small chromo-

some (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 chromo-

somes (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 another strain. We used donor strains derived from

Fol4287 with a selection marker either targeted to a spe-

cific chromosome or randomly integrated into the genome.

Upon co-incubation with a recipient strain that was labelled

with a second selection marker, progeny strains were

selected for the stable presence of both markers. Analysis

of the strains containing both markers not only confirmed

the transfer of chromosome 14 but surprisingly revealed

exchange of core genomic regions as well: a core chromo-

some (or a region thereof) of the recipient was replaced by

the homologous region originating from the donor. Transfer

of chromosome 14 always accompanied the exchange of

core regions.

Results

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

To find out whether transfer is restricted to small LS chro-

mosomes, we first tested several chromosomes of the

reference strain Fol4287 for transfer, using chromosome

14 as positive control. Chromosome ‘donor’ strains were

created by targeting an HPH-GFP gene fusion to chromo-

somes 1, 12, 14 and 15 of Fol4287. 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. The

markers were targeted to non-coding sequence not con-

taining any repetitive sequences. Each plasmid was

created by cloning two adjacent �1-kb DNA fragments

from the target chromosome into the multiple cloning site

Chromosome transfer and exchange in F. oxysporum 3703
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of pPK2-HPH-GFP (Michielse et al., 2009) such that

recombination would result in the insertion of the marker

between the two �1-Kb fragments (see Table 1 for posi-

tions 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 trans-

formants were used, Fo47GRB1 and Fo47GRB2, each

with the marker randomly inserted in the genome. Each

donor strain was co-incubated with both recipients on rich

Potato Dextrose Agar (PDA) as well as on synthetic mini-

mal medium Czapex Dox Agar (CDA). For each potential

donor 10 plates were used of each medium, split evenly

between the two independent recipient strains.

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 colo-

nies, 7 were confirmed to express both fluorescent

markers and showed growth on both selective media con-

firming 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 expressed both

markers and grew on both media. From this we conclude

that the majority of the, in total, 440 small colonies originat-

ing 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 individ-

ual 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.

Calculating the frequency of transfer was not possible in a

reliable way, because there is no way to distinguish individ-

ual transfer events from an early event, leading to the

production of many double resistant spores. What could

be determined is that double resistant progeny were gen-

erated on almost all co-incubation plates.

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 were found after co-incubation on CDA while

co-incubation on PDA resulted in overgrown double selec-

tive 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. None 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 dou-

ble selective medium did yield seemingly double resistant

colonies. A total of 52 and 33 colonies were found, respec-

tively. However, as was the case with the marker on

chromosome 15, none of the 85 colonies tested was con-

firmed to be double resistant or double fluorescent. Upon

co-incubation of the two 1HG strains with recipient strains,

no double resistant progeny strains were found. So while

chromosome 12 is similar in size to chromosome 14, trans-

fer is much less likely to occur.

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 identi-

fication 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 Fig. 1 for schematic representa-

tion). 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 hygrom-

ycin resistance cassette randomly inserted into the

genome. The latter strain has previously been shown to

be capable of accepting chromosomes from Fol007

Table 1. Position 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

3704 I. Vlaardingerbroek
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Fig. 1. Graphical summary of testing chromosomes for transfer and screening. Black bars indicate core chromosomes which are syntenic
between strains, brown bars indicate Fol4287 LS chromosomes and the magenta bars represent the Fo47 LS chromosome. Most differences
in karyotype between these two strains are the result of differences in LS content. The left side of the figure represents a targeted approach to
test specific chromosomes for transfer. The right side gives an overview of a screen designed to identify chromosomes or regions amenable to
transfer. Locations of the markers in the different strains are indicated with smaller bars. In the targeted approach (left side) 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 (right side). 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
strains generated by co-cultivation of these strains were tested for the presence of chromosomes from both parents. Combining the results
from these approaches it can be determined if transfer is restricted to LS chromosomes and if any size restrictions exist.

Chromosome transfer and exchange in F. oxysporum 3705
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(Ma et al., 2010). After co-incubation, spores were col-

lected 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.

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, polymerase chain reaction (PCR)

analysis confirmed the presence of both the BLE and the

HPH marker genes in the progeny strains 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 two 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 occurrence. PDA plates were over-

grown 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 con-

taining both markers genes (a3 and a4); for donor B no

additional colonies were obtained. The result for donor C

was the same as before, with an abundance of double

resistant colonies. Three of these colonies were picked for

further analysis (c1–c3).

Progeny strains 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 strains. We used

sets of primers targeting specific insertions of Foxy trans-

posons (Ma et al., 2010) in the LS regions of the Fol4287

genome (Fig. 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 strains

tested contained the two additional markers for chromo-

some 14; presence of markers for other LS regions was

not observed (Supporting Information Fig. S1). This sug-

gests 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

strains markers were present covering the full length of

chromosome 14 suggesting transfer of this chromosome

to the recipient strain in all cases (Supporting Information

Fig. 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

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 with 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), and is just
as intense as the band above (also
consisting 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.

3706 I. Vlaardingerbroek
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possible changes in karyotype, CHEF gel analysis was

performed. Progeny strains 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 chro-

mosome 14 from their respective donors (Fig. 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 (Fig. 2 asterisk). No

separate band could be seen for chromosome 14 in prog-

eny strains c1–c3, however, the presence of the SIX genes

suggests that chromosome 14 is present in the progeny

strains. We suggest that 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 with 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).

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 strain genomes were mapped to this

assembly. Pair mates from broken pairs mapping to

pRW1p were then extracted. Broken pair mates occur

when two paired end reads do not map to adjacent loca-

tions 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 strain

genome sequenced, around half of the broken pair mates

mapped to supercontig 15 of Fol4287 that is located on

chromosome 10 close to position 8 53 000 (www.broadin-

stitute.org). This region is homologous to a region located

on supercontig 8 close to position 14 46 000 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

of Fo47 (which includes supercontig 8 and 11).

Since all progeny strains contain chromosome 14 from

Fol4287, we expected pRW1p to be inserted into this chro-

mosome in all donor strains. Indeed, donor C and progeny

strain c1 have the BLE construct in chromosome 14, with

broken pair mates for the plasmid primarily mapping close

to position 22 8 000 on supercontig 36. This location fits

with the frequent production of double resistant progeny,

similar to the amount produced when testing chromosome

14 for transfer in the targeted approach. However, although

CHEF gel and PCR analysis clearly showed the presence

of chromosome 14 in all progeny strains 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 81 7

000) and in b1 to supercontig 3 (close to position 31 48

000). 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 with the donor are discarded.

The resulting Fol4287 unique read mappings were visual-

ized by calculating the average read depth in 10-Kb

windows and subsequently by mapping them to the

genome assembly. In Fig. 3, the results are visualized. It is

clear that all three progeny strains carry all chromosome

14 sequences (Fig. 3, blue arrows), confirming transfer of

the entire chromosome 14. There are no clear indications

for duplicated regions that could explain the larger size of

chromosose 14 in donor C. No other peculiarities were

found in progeny strain c1, indicating simply transfer of

(enlarged) chromosome 14, but no other events. Strains

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 (Fig. 3A and B, lower panels). In strain 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 (Fig. 3, strain a1 lower panel), but

rather about one third of this chromosome. The region that

is present is approximately 1.6 Mb in length and consists

of supercontig 13 excluding the first 76 020 bp (not visible

in Fig. 3). This region of chromosome 7 of Fol4287 is

homologous to parts of supercontig 6 of Fo47, which is

Chromosome transfer and exchange in F. oxysporum 3707
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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 strain a1, indi-

cating loss of the homologous region in the recipient

genome. The first 600 Kb of the �2.2-Mb long supercontig

is still present, leaving a deletion of around 1.6 Mb. There

are no repetitive elements present at the borders of the

transferred region or at the borders of the lost regions.

Progeny strain b1 showed gain of chromosome 8 from

Fol4287, which is approximately 4 Mb long and appears to

have been transferred completely (Fig. 3, middle green

arrow). Chromosome 8 of Fol4287 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). Super-

contig 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 strains. These data

suggest that transfer of (parts of) a core chromosome from

Fol4287 to Fo47 is accompanied by loss of the corre-

sponding 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 homolo-

gous sequences.

All individual progeny strains were tested by PCR for the

presence of Fol4287 chromosome 7 (a1–a4) or chromo-

some 8 (b1, b2) sequences or for the presence of the

homologous regions in Fo47 with sets of primers that dif-

ferentiate 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 43 6 000 on super-

contig 13; for chromosome 8 markers are located at 36 7

000 and 19 22 000 on supercontig 3. For progeny strains

a1–a4 it was found that in all four cases the marker corre-

sponding to supercontig 13 originated from Fol4287 and

the one corresponding to supercontig 5 from Fo47,

Fig. 3. Average read depth plots for
recipient strains show transfer of two core
chromosomes as well as of chromosome
14. The genomes of progeny strains 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 on the Y-axis
while 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 strain a1
supercontig 13 from chromosome 7 from
Fol4287 is present, while part of the
homologous supercontig 6 of chromosome
5 of Fo47 is missing. Strain b1 received
all of chromosome 8, which comprises
almost all of chromosome 6 from Fo47,
which is no longer present. Both these
progeny strains also received
chromosome 14 indicated with blue
arrows. In the case of c1 this is the only
material present from Fol4287. No parts of
the Fo47 genome are missing in this
progeny strain. Chromosome 14 of
Fol4287 does not have a homologous
region in Fo47. In general, large peaks or
dips in the average read count are a
consequence of missasigned repetitive
sequences and differences between the
reference assembly and our biological
samples.
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indicating partial transfer of chromosome 7 in all strains. In

strains b1 and b2 both markers tested were present, indi-

cating 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.

Non-pathogenic strains gain pathogenicity after transfer

of chromosome 14 from Fol4287

Transfer of chromosome 14 from the pathogenic strain

Fol007 to the non-pathogenic strain Fo47 confers pathoge-

nicity 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 virulent with most plants showing

severe symptoms or complete wilting (Fig. 4A and B). As

expected, plants infected with strain Fo47 and the mock-

inoculated plants produced no disease symptoms (Fig. 4A

Fo47, 4B). In contrast, all of the progeny strains tested pro-

duced disease symptoms. Compared with the pathogenic

donor and control strains, progeny strains showed an inter-

mediate 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 symp-

toms, indicating a consistent gain of pathogenicity with

moderate virulence (Fig. 4A and B). These low levels of vir-

ulence had only a moderate or no effect on overall plant

weight when compared with Fo47 (Fig. 4C). Infection with

the donor strains did lead to a clear reduction in plant

weight (Fig. 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 pathogenicity with moderate to low levels

of virulence by the initially non-pathogenic recipient strain.

Discussion

The aim of this study was to obtain more insight into the

processes underlying HCT and possible restrictions in

chromosome size or other properties. We show that

exchange of two core chromosomes or parts thereof is

possible, albeit at a low frequency. Interestingly, transfer of

chromosome 14 always accompanied exchange of (part

of) core chromosomes. Transfer of other core and LS chro-

mosomes of similar size was not observed. From this we

conclude that transfer is not restricted to LS chromosomes

and size is not the determining factor.

We reached this conclusion by targeting the large chro-

mosome 1 and the small chromosomes 12, 14 and 15 for

transfer. Chromosome 12 is a core chromosome (with

homologs in other Fusarium species), while chromosome

14 and 15 are LS. Of these chromosomes, only chromo-

some 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 small-

est chromosome from Fol007 (which is also LS but not

homologous to chromosome 15 of Fol4287) has been

observed previously (Ma et al., 2010). Apparently, proper-

ties particular to LS chromosomes facilitate but are not

sufficient for transfer.

He et al. suggested two possible pathways for transfer

of chromosomes: uptake through nuclear pores or nuclear

fusion followed by selective degradation (He et al., 1998).

Our observations provide some insight into which pathway

is more likely. In F. oxysporum, breakdown of nuclei was

observed following hyphal fusion and migration of nuclei, in

vegetatively compatible strains (Ruiz-Roldan et al., 2010).

This results in one cellular compartment containing both

an intact nucleus and any residual material from the

degraded nucleus. Potentially this could be followed by

uptake of genetic material by the surviving nucleus. How-

ever, 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 mecha-

nism of such selective loss remains elusive. We show that

part of a chromosome (chromosome 7 of Fol4287) can be

exchanged, which suggests homologous recombination.

We also observed 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 recipi-

ent chromosomes would be in the same nucleus at least

transiently, which would explain exchange of (large)

chromosomes, recombination and gain of several chromo-

somes in a single event. Although this process shares

mechanistic features with the parasexual cycle which has

previously been described between compatible strains of

F. oxysporum (Buxton, 1956; Teunissen et al., 2002) the

outcome is very different. In a parasexual cycle, which was

forced by either combining auxotrophs (Buxton, 1956) or

following protoplast fusions (Teunissen et al., 2002), segre-

gants possess a mixture of genetic material and properties

from both parents. In transfer and exchange no such mas-

sive rearrangements between genomes of non-compatible

strains takes place, as evidenced by CHEF gel, sequenc-

ing and marker analysis of several ‘c’ progeny (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 chro-

mosome 14, especially when selected for. Transfer of this
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chromosome also occurs 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 ame-

nable 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)

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 strains have

some plants showing clear symptoms

while others appear healthy.

B. Disease index for all donor and their

progeny strains. Disease index is scored

from 0 to 4 based on the number of

brown vessels and macroscopic effects.

The Y-axis indicates the number of plants

while the colour 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 that gain of

chromosome 14 leads to gain of

pathogenicity.

C. Average plant weight after infection.

Similar to the disease index, infection with

donor strains leads to a strong reduction

in weight compared with mock

inoculations indicating full pathogenicity.

The progeny strains show a much milder

or no reduction in weight, confirming gain

of pathogenicity with moderate virulence.
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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 – possibly elimination requires the presence of

a homologous chromosome. The level of macrosyntenty

may determine exchange of core chromosomes, meaning

transferability is a result of an interplay between donor and

recipient genomes. If this is the case, different combina-

tions of donor and recipient strains would yield different

results. Since chromosome 14 shares no homology with

the recipient genome it could thereby evade degradation.

However, this leaves the lack of transfer of other LS

regions unexplained. An alternative explanation is the

potential presence of some factor encoded on chromo-

some 14 which facilitates transfer (or rather protects it from

elimination) as suggested previously (Rosewich and Kis-

tler, 2000). Currently, strains lacking chromosome 14 have

been generated in our lab, providing the means to differen-

tiate between these two options. Assuming that a transient

diploid state is the most likely intermediate for HCT, it is

remarkable that we never see aneuploidy, i.e. the stable

presence of two homologous chromosomes. In Mycos-

phaerella graminicola aneuploidy of both core and LS

chromosomes has been observed after meiosis (a process

that has not been observed in F. oxysporum) (Goodwin

et al., 2011). The absence of aneuploidy in F. oxyporum in

our observations could either result from a directed elimi-

nation process of one set of chromosomes or an inability

to stably maintain aneuploidy.

Surprisingly, only one marker insertion was found on

each of the chromosomes 7, 8 and 14 among 269 trans-

formants, which is much less than expected assuming

random insertion of T-DNA in the genome. The low number

of strains found capable of marker transfer might simply be

the result of lack of sensitivity of our experimental setup.

Potentially, LS chromosomes could be more or less likely

sites of insertion for the marker.

The fact that strain c1 with the marker insertion in

chromosome 14 contained a larger version of chromo-

some 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 mate-

rial 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 success-

ful 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 ques-

tions have been answered. Even though 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 transferred remains unclear. What

is clear, however, is that the transfer of large chromo-

somes and the co-migration of several chromosomes

during the same event takes place, suggesting that trans-

fer results from nuclear fusion and selective chromosome

loss rather than uptake of chromosomes by the recipient

nucleus.

Experimental procedures

Strains and plasmids used

Strain F. oxysporum f. sp. lycopersici 4287 (Fol4287) (Di Pietro

and Roncero, 1996) was transformed with pRW1p (Houter-

man 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 a fusion of the HPH hygromycin

resistance gene and GFP (HPH-GFP) on chromosomes of

interest, Fol4287 was transformed according to Mullins et al.

(2001) with p12HG, p14HG or p15HG. Each of these con-

structs was made by cloning two �1-Kb fragments, amplified

from Fol4287 genomic DNA, into the multiple cloning site of

pPK2-HPH-GFP (Michielse et al., 2009) such that homolo-

gous 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 Supporting

Information 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 pri-

mers 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) trans-

formed 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

100 mM KNO3 in a shaker (175 rpm) at 258C for 5 days.

Spores were filtered through a double layer of miracloth

(Merck) and spore concentration estimated using a haemocy-

tometer. Two times 105 spores of each strain were co-

incubated on either CDA (Oxoid) or PDA (BD biosciences) for

5 days before collecting spores from the plate by scraping

using 2 ml of milli-Q filtered water. One millilitre of this spore

suspension was transferred to CDA containing 0.1 M Tris pH 8
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supplemented with 100 lg/ml hygromycin (Duchefa) and 100

lg/ml zeocin (Invitrogen). In the targeted approach, double

drug resistant colonies were picked after 3–5 days and trans-

ferred to a plate containing only zeocin to confirm zeocin

resistance. These colonies were monospored on new plates

containing zeocin after which DNA was isolated for confirma-

tion of the transfer of markers. In the screen, 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 (i.e. false positive) colonies

(which emerge eventually during dual selection). Markers

used for effector genes and for the supercontigs of Fol4287

are displayed in Supporting Information Table S2.

CHEF gels

Preparation of protoplasts and running of CHEF gels was per-

formed as described previously (Teunissen et al., 2002; 2003).

Liquid cultures of F. oxysporum strains (liquid medium contain-

ing 0.17% yeast nitrogen base, 100 mM KNO3 and 3%

sucrose) were grown in flasks (250 ml) for 1 week, after which

conidia were collected by filtration through two layers of mira-

cloth (Merck) and the concentration estimated using a

haemocytometer. 5 3 108 spores per culture were transferred

to 40-ml PDB (BD Biosciences). After incubating for 12–16 h

the fresh mycelium was collected and incubated at 258C for

12–16 h with 50 mg/ml Glucanex (Sigma) and 5 mg/ml Drise-

lase (Sigma) in sorbitol solution (1 M sorbitol, 50 mM CaCl2,

10 mM Tris-HCl pH 7.4). Protoplasts were collected by centrif-

ugation and cast in plugs at a concentration of 1.5 3 108

protoplasts per ml. Chromosomes were separated by running

for 10 days in Seakem agarose (Lonza) at 1.6 V/cm in a

CHEF-DRII system (Biorad) at 58C with switch times between

1200 and 4800 s. For visualization of DNA, gels were stained

with Ethidium Bromide and de-stained using 0.5 xTBE.

Disease assays

Disease assays were performed as described previously (Rep

et al., 2004). Spores were collected from F. oxysporum cul-

tures grown for 5 days in PDB (BD Biosciences). Spores were

filtered through two layers of miracloth, washed, the concen-

tration estimated using a haemocytometer and then diluted to

a final concentration of 107 spores per ml. Ten-day-old C32

tomato seedlings were uprooted, the roots clipped, dipped in

the spore suspension and replanted in individual pots. After 3

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 to 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, 10 mM KNO3 and 3% sucrose) for 5

days, mycelium was collected and freeze dried. DNA was iso-

lated 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 125 bp 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 per-

formed using CLC genomics workbench 8.5.1. Reads were

trimmed (5’ end 15nt) to remove adapter sequences. Reads

were mapped to the Fol4287 or the Fo47 genome only if cov-

erage and identity were 100%, to differentiate between these

two 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. Ten kb non-overlapping sliding win-

dows are displayed.
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Supporting information

Additional Supporting Information may be found in the

online version of this article at the publisher’s web-site:

Fig. S1. Markers for chromosome 14 but no other LS

regions are present in progeny strains. 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 transpo-

son on LS chromosomes of Fol4287. Location on chromo-

some and supercontig are indicated. Only bands for

chromosome 14 are visible. Fo47 was included as negative

and Fol4287 as positive control.
Fig. S2. Markers for chromosome 14 are present in double

resistant progeny strains.
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 pri-

mers targeting insertions of the Foxy transposon.
B. PCR fragments for genes used as markers for chromo-

some 14 in all progeny strains resulting from co-incubation

of donors A, B and C with Fo47H1. Although amplification

of SIX2 was not always successful all progeny strains con-

tain markers spread over the chromosome indicating trans-

fer of large parts of the chromosome (including known

effector genes) from donor to progeny strains.
Table S1. Primers used for cloning.

Table S2. Markers for chromosomes.

Chromosome transfer and exchange in F. oxysporum 3713

VC 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3702–3713


