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Abstract

Establishing a transformation system is an essential first step for functional studies. Numerous
transformation systems have been developed and optimised for filamentous ascomycetes,
including Agrobacterium-mediated transformation. Recently, such a system was developed for the
African tree pathogen Ceratocystis albifundus. This fungus is part of the family Ceratocystidaceae,
which includes many tree and plant pathogens of economic importance. Despite the many
advantages associated with Agrobacterium-mediated transformation, establishing and optimising
this system within a species is extremely arduous due to the many species-specific parameters
that must be optimised. This study aimed to apply the existing C. albifundus Agrobacterium-
mediated transformation protocol to eight diverse Ceratocystidaceae species from eight different
genera. Minor adjustments were made to the already established protocol to increase transformant
yield before it was used to successfully produce transformants for six of the eight targeted species
without the need for any further species-specific optimizations. Although the number of
transformants obtained was less than for C. albifundus, this study proves that protocols for
Agrobacterium-mediated transformation might be more transferable than previously thought. It also
provides a useful benchmark for future transformation studies in the Ceratocystidaceae and will

make species-specific optimisation easier.
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Introduction

Functional studies are crucial to our understanding of fungal biology and have become more
important as the number of publicly available genome sequences has increased. The diversity of
fungal species for which genome sequences are available (http://1000.fungalgenomes.org)
provides a comprehensive source of candidate genes needing functional characterisation.
Understanding gene function, however, is often based on the extrapolation of knowledge from
homologues identified and functionally studied in non-related species, mostly model organisms.
The assumption that the function of a gene is conserved among both closely related and diverse
species is mostly correct, but examples exist where this is not the case (Kwon et al., 2011). The
problem worsens for species-specific genes for which there is no point of reference, such as novel
mating-type genes (Turgeon & Yoder, 2000; Wilken et al., 2017). In these cases, functional studies
in non-model systems are needed, as genetic manipulation of target genes can advance our
understanding of gene function for both species-specific genes, as well as known homologues.
However, before targeted genome editing can be achieved, a transformation system must first be

established in the organism of interest.

Agrobacterium-mediated transformation has been used to genetically alter fungi for more than two
decades, and still remains one of the most popular transformation techniques (de Groot et al.,
1998). Agrobacterium tumefaciens is a bacterium that can transmit a segment of its tumour-
inducing (Ti) plasmid into a target cell. The transferred piece is aptly named the transfer DNA (T-
DNA), and randomly integrates into the genome when there is a lack of sequences homologous to
the recipient DNA (Hooykaas et al., 2018). These are usually single-copy integrations (Blaise et al.,
2007; Michielse et al., 2005). Agrobacterium-mediated transformation is also useful for targeted
integrations where the T-DNA is targeted to a specific genomic location by incorporating guide
sequences into the T-DNA. This form of integration has proven very successful as homologous
recombination is generally more likely to occur than non-homologous recombination in
Agrobacterium transformations (Amey et al., 2003; Bundock et al., 1999; Michielse et al., 2005).
Agrobacterium-transformation has been successfully applied to a range of starting material

including conidia and fresh mycelia, a distinct advantage over other transformation techniques that



rely on the production of enzymatically digested protoplasts (de Groot et al., 1998; Zhang et al.,

2003).

While Agrobacterium-mediated transformation is a highly efficient method, there are many
parameters of the protocol that should be optimised for individual species (Michielse et al., 2005).
This makes it a difficult and time-consuming process to establish and optimise an Agrobacterium
protocol in species where none exists (Michielse et al., 2005; Poyedinok & Blume, 2018), as is
often the case in non-model species. These parameters include the type and quantity of fungal
material used, the amount of bacteria used, the ratio of fungal cells to A. tumefaciens cells in the
co-incubation suspension, the need for and concentration of acetosyringone, as well as co-
incubation conditions such as time, temperature, pH and choice of membrane used (Michielse et
al., 2005). For example, a co-incubation period of 48 hours in Penicillium parvum resulted in an
approximate four-fold increase in transformant yield as opposed to a 36 hour period, and 24 hours
did not yield any transformants (Long et al., 2018). In Kabatiella zeae, a ratio of 3:1 of conidia to
bacteria (conidia suspension of 108 conidia per ml and A. tumefaciens with an ODsoo of 0.6) was
optimal, resulting in more than 142 transformants per 10° conidia, while ratios of 2:1 and 4:1
yielded less than 50 transformants (Sun et al., 2018). With so many factors influencing
transformation success, attempting these optimisations for many different species would be an

arduous task.

Recently, an Agrobacterium-mediated transformation protocol was established for Ceratocystis
albifundus, a filamentous ascomycete in the family Ceratocystidaceae (Sayari et al., 2019a). This
species is an important pathogen on plantation of Acacia mearnsii and cultivated Protea
cynaroides plants in South Africa (de Beer et al., 2014). A genome sequence is available for this
species, as well as for numerous other members of the family (van der Nest et al.,, 2014a, b;
Wingfield et al., 2015, 2018). These genomes have been used for studies related to host
specificity, pathogen aggressiveness, the degradation of plant-derived sucrose, sexual
reproductive strategies and recombination, as well as secondary metabolite biosynthesis gene
clusters (Fourie et al., 2019; Nel et al., 2018; Sayari et al., 2018; Sayari et al., 2019b; Simpson et

al., 2018; van der Nest et al., 2015, 2019; Wilken et al., 2014; Wilken et al., 2017; Wilson et al.,



2018; Witthuhn et al., 2000). However, almost all of these were limited to in silico analyses as
transformation systems are only available for five Ceratocystidaceae species; three of which are
Agrobacterium protocols (including the recent C. albifundus protocol) and the remaining two are
PEG/CaCl,-protoplast transformation systems (Al-jaaidi, 2007; Loppnau et al., 2004; Niu et al.
2019; Sayari et al., 2019a; Tzima et al., 2014; Wilson et al., 2020). Considering the importance of
this family in plant health, as well as the amount of interest generated through in silico analyses,
there is clearly a need to establish more transformation systems that will drive functional studies for

these fungi.

The aim of this study was to transform eight Ceratocystidaceae species using the Agrobacterium-
mediated transformation system established in C. albifundus (Sayari et al., 2019a). The existing
protocol was first minorly adjusted and applied to C. albifundus, before being used on the closely
related species Ceratocystis manginecans, as well as a representative member of the genera
Ambrosiella, Berkeleyomyces, Chalaropsis, Davidsoniella, Endoconidiophora, Huntiella and
Thielaviopsis. In this way, the transferability of the Agrobacterium-mediated transformation protocol
of C. albifundus to other species within the same family was evaluated. The results of this study
will address questions related to the transferability of Agrobacterium-mediated transformation
systems across genera, while providing a starting point for future optimizations for this

transformation system in the Ceratocystidaceae.

Materials and methods

Strains and plasmid

The AGL-1 strain of A. tumefaciens, that contains a chromosomal carbenicillin resistance gene and
makes use of a bivalent vector system, was used for this study (Hellens et al., 2000). This
bacterium contained the Ti plasmid pC-HYG-GFP (Sayari et al., 2019a). In addition to a kanamycin
resistance gene within the backbone of this plasmid, the T-DNA region contains two selectable
markers to allow for effective selection of transformed fungal hosts. These markers include a
hygromycin resistance gene (hyg®) and a gene encoding green fluorescent protein (GFP).

Agrobacterium tumefaciens was maintained on standard Luria-Bertani agar plates (10 g/l tryptone,



Sigma-Aldrich, Johannesburg, South Africa; 10 g/l NaCl, 5 g/l yeast extract, 1.5% agar, Biolab,
Germiston, South Africa) supplemented with 50 pg/ml carbenicillin and 100 pg/ml kanamycin

(Sigma-Aldrich, Johannesburg, South Africa) incubated at 28°C.

The nine fungal isolates used in this study were obtained from the culture collection (CMW) of the
Forestry and Agricultural Biotechnology Institute (FABI) based at the University of Pretoria (Table
1). These included Ceratocystis albifundus isolate CMW 4068 that was included in the initial study
that established the Agrobacterium-mediated transformation protocol (Sayari et al., 2019a).
Ceratocystis manginecans was chosen as a closely related relative, while one representative
species was chosen from seven other Ceratocystidaceae genera. For most of the species, genome
sequences are available for the specific isolates used in this study (Table 1). Although genome
sequences are not available for the isolates of Huntiella moniliformis and Berkeleyomyces basicola
used here, representative assemblies are publicly available (Table 1). A reference assembly for the
genome of Chalaropsis ovoidea is expected to be made publicly available in the near future (P.M.
Wilken, personal communication). All fungal isolates were maintained at room temperature (~25°C)
on 2% MEA (2% malt extract, 2% agar, Biolab, Germiston, South Africa), supplemented with 100
mg/l thiamine and 150 mg/I streptomycin (Sigma-Aldrich, Johannesburg, South Africa), through the
sterile transfer of a mycelial block or spore drop mass. To produce liquid cultures, five mycelial
blocks of between 5 - 10 mm were transferred into 200 ml of 1% malt extract and incubated for one

week in the dark at 25°C with 140 rpm shaking.

Hygromycin sensitivity

To determine if a single, selective dosage of hygromycin could be used to screen for transformants
across all the targeted species, the wild-type isolate of each species was grown in triplicate on
media supplemented with either 25 pg/ml or 50 pg/ml of the antibiotic (Sigma, Johannesburg,
South Africa). A 5 mm mycelial plug of each species was plated on 2% MEA supplemented with
hygromycin in 65 mm plates and incubated at room temperature. Growth was measured as an

average across two perpendicular diameters for each plate after 14 days of incubation.



Table 1: Isolates used in the Agrobacterium-mediated transformations

Species

Culture collection

number(s)!

Country

Host

Collected/
isolated by

Genome sequence

Genome assembly

accession number

Ambrosiella cleistominuta

Berkeleyomyces basicola

Ceratocystis albifundus

C. manginecans

Chalaropsis ovoidea

Davidsoniella virescens

Endoconidiophora polonica

Huntiella moniliformis

Thielaviopsis cerberus

CMW 50464, CBS
141682;
C 3843

CMW 25440; CBS
142829

CMW 4068; CBS
128992

CMW 17570; CBS
138185

CMW 22733; CBS
354.76; C 1375

CMW 17339; CBS
17339

CMW 20930; CBS
100205

CMW 36919; CBS
144008

USA

Indonesia

South Africa

Oman

Netherlands

USA

Norway

Cameroon

Cameroon

Anisandrus maiche

Styrax benzoin

Acacia mearnsii

Prosopis cineraria

Firewood

Acer saccharum

Picea abies

Theobroma cacao

Elaeis guineensis

C.G. Mayers 2015

M.J. Wingdfield &

M. van Wyk 2007

J. Roux 1997

A. Al Adawi 2005

W. Gams 1976

D. Houston 1987

H. Solheim 1990

M. Mbenoun 2009

M. Mbenoun &

Wilken et al., 2020

Nel et al., 20182

van der Nest et al.,
2019

van der Nest et al.,
2014b

P.M. Wilken,
personal

communication

Wingfield et al.,
2015

Wingfield et al.,
2016

van der Nest et al.,
2014b?

Kramer et al. 2021

ASM1713954v1

ASM367143v1

ASM274225v2

CMang1.0

ASM151380v1

ASM185676v1

CMo_1.0

ASM1685922v1




CMW 36653; CBS J. Roux 2010
130763

1 c: culture collection of T.C. Harrington, lowa State University, USA; CBS: Culture collection of the CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands; CMW: Culture

collection of Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, South Africa.

2 A genome assembly is not available for the specific isolates tested here, however, representative genome sequences are publicly available.



Transformation

The Agrobacterium-mediated transformation protocol established in C. albifundus (Sayari et al.,
2019a) was used as a basis for all the transformations attempted in this study. Minor adjustments
were made to the established protocol in an effort to improve transformant yield and increase
throughput rate, and the effect of these were tested in C. albifundus (Table 1). The first adjustment
was the use of liquid cultures to isolate conidia instead of cultures grown on solid agar. Following
filtration of the liquid cultures through Miracloth (Merck, New Jersey, USA), conidia were pelleted
by centrifugation at 5 000 g for 30 min at 4°C. The second adjustment was the addition of a one-
hour incubation step in liquid at 25°C (with shaking at 140 rpm) before plating the conidial and A.
tumefaciens suspensions. Lastly, transformants were selected using a hygromycin concentration of
50 ug/ml instead of 10 pg/ml, as determined by the hygromycin assay (see results). The altered
protocol was then applied to the remaining eight Ceratocystidaceae species (Table 1), without any

further alterations.

Two controls were included during every transformation reaction. To ascertain the viability of the
conidia following transformation, a sample of the conidia / A. tumefaciens mixture from the co-
incubation step was placed onto MEA containing cefotaxime (100 pg/ml, Aspen Pharmacare,
Durban, South Africa), but lacking the selective hygromycin antibiotic. This would kill the bacteria,
but allow both transformed and untransformed conidia to grow. For a second control, conidia that
had not been mixed with A. tumefaciens, but that were further subjected to all other transformation
steps, were plated on selective media containing cefotaxime and hygromycin. Growth of these
conidia would screen for false positives that could emerge on selective media even when not

transformed.

The plates were checked regularly for the emergence of colonies for up to 30 days. Where
possible, transformation efficiency was calculated as the average number of transformants
produced from 10° conidia (Sayari et al., 2019a). As colonies emerged, a maximum of five colonies
were transferred to 2% MEA plates with 50 pg/ml hygromycin by collecting mycelia with a sterile
needle. Homokaryotic transformants were obtained by first transferring mycelia of each

transformant onto 2% water agar and incubating these overnight. These were then used to collect



hyphal tips onto hygromycin-supplemented MEA using a stereomicroscope. This excluded the
possibility of heterokaryotic transformants that may contain multinucleated cells with some nuclei

lacking T-DNA integrations.
Analysis of transformants

DNA was isolated from 1 to 2 week-old cultures of both the wild-type isolates and homokaryotic
transformants using an adapted version of the Damm et al. (2008) CTAB extraction protocol.
Modifications included the use of glass beads (212 — 300 pm; Sigma-Aldrich, Johannesburg, South
Africa) to macerate the fungal mycelia by vortexing until homogenised in the CTAB buffer (0.2 M
Tris, 1.4 M NaCl, 20 mM EDTA, 0.2 g/l CTAB). The tube was then incubated at 100°C for 3 min
and immediately placed on ice for a further 10 min before adding the chloroform: isoamyl alcohol
(24:1) mixture. Cold ammonium acetate (to a final concentration of 2.5 M) and 1.5 volumes of
isopropanol were added to the supernatant collected after centrifugation (Damm et al., 2008), and
the samples were incubated overnight at -20°C. This was followed by ethanol precipitation and

resuspension of the DNA as per the Damm et al. (2008) protocol.

The hygromycin resistance (hyg®) and green fluorescent protein (GFP) genes were targeted in
PCR reactions as markers for T-DNA presence. Primers hph-F and hph-R (Sayari et al., 2019a)
were used to amplify 428 bp of the hyg® gene, while primers ZSG-F and ZSG-R were used to
amplify 594 bp of the GFP open reading frame (Suppl. Table 1). PCR reactions were conducted in
25 ul volumes that consisted of 1 U KAPA Tag DNA Polymerase (KAPA Biosystems, Boston, MA,
USA), 1 X KAPA Taq Buffer A, 0.2 mM dNTP mix, 0.4 uM of each primer and 10 — 50 ng of
template DNA. The Ti plasmid and DNA from the wild-type isolates served as a positive and
negative control, respectively. The initial denaturation step was at 96°C for 5 min followed by 25
cycles of denaturation at 96°C, annealing at 60°C and elongation at 72°C, with each step lasting
30 sec. This was followed by a final elongation step at 72°C for 7 min. PCR products and
GeneRuler 100 bp DNA ladder (ThermoScientific, Waltham, USA) were mixed with GelRed
(Biotium, Hayward, USA) and analysed by electrophoresis through a 1% agarose gel (Lonza,
Basel, Switzerland) using a 1 X sodium boric acid (SB) buffer (Sigma-Aldrich, Johannesburg,

South Africa; Brody & Kern, 2004).



The transformants were evaluated for expression of GFP using fluorescent microscopy. Slides
were prepared from mycelia collected from one-week-old cultures and mounted in sterile water.
Both the wild-type isolates and the transformants were evaluated using an Axioskop microscope
(Zeiss, Oberkochen, Germany), with the filter set 00 (excitation 530 — 585 nm and emission 615
nm) and a fluorescent illuminator with a HBO50 mercury lamp. Pictures were taken using a
magnification of 20 x with an AxioCam ICc 5 camera (Zeiss, Oberkochen, Germany) using the
AxioVison program (v4.9.1) with exposure set to 4 s. For comparisons, brightfield images were

also taken.

Stability of T-DNA integration

To determine the stability of the T-DNA integrations into the genomes of the transformed isolates,
the retention of hygromycin resistance over multiple sub-culturing rounds were evaluated. A block
of mycelia from each homokaryotic transformant was placed onto MEA plates without the
hygromycin antibiotic. These plates were incubated at room temperature for a week, before being
used for a new round of inoculations. This assay was repeated three more times, so that each
isolate was sub-cultured on antibiotic free media for a total of five consecutive sub-plating rounds.
A block of mycelia was transferred from the last non-antibiotic media culture onto MEA containing

50 pug/ml hygromycin, before being visually inspected for mycelial growth.

Results

Hygromycin sensitivity

The hygromycin assay confirmed that the wild-type isolates of all species used in this study were
sensitive to this antibiotic. When grown on 2% MEA media lacking hygromycin, the culture grew to
a size of between 41 mm and 65 mm (covering the entire plate) during 14 days of incubation
(Suppl. Table 2). Only D. virescens and T. cerberus showed growth on media supplemented with
25 pg/ml hygromycin, although the growth rate of both species was noticeably reduced (65 mm to
14.8 mm and 65 mm to 43 mm respectively). At a 50 pg/ml hygromycin concentration, none of the
species showed any growth, and this concentration was considered sufficient for the selection of

transformants.
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Transformant yield

Small modifications that were made to the existing Agrobacterium-mediated transformation
protocol improved the transformant yield in C. albifundus. The modified protocol yielded an
average of 237 colonies on each of four replicate plates for an efficiency of 2 370 transformants

per 10° conidia. The fifth plate lacked any fungal growth even after one month of incubation.

The modified protocol was used to successfully transform six additional Ceratocystidaceae
species. Colonies became visible on the selective media after 5 to 20 days for C. manginecans,
Ch. ovoidea, D. virescens, H. moniliformis and T. cerberus. D. virescens and H. moniliformis
producing at least five colonies each, while Ch. ovoidea and T. cerberus showed only two and
three colonies, respectively. Two colonies were obtained from B. basicola after 30 days of
incubation that had grown underneath the cellophane sheet and were only visible after the sheet
was removed from the plate, making the exact time of emergence unknown. All hyphal tip
isolations of the colonies from the different species onto fresh hygromycin-MEA produced full-sized
cultures. While transformation was successful in these six species, the transformant yield was less
than in C. albifundus. In many cases, this could be attributed to noticeable variation at different
stages of the protocol. After the overnight incubation of the conidia, some isolates had germinated
to the point of having visible mycelia in the spore suspension. Many of these also had colonies
emerging on the induction agar plates before the cellophane sheets were transferred to selective
media. In some cases, after transfer to the selective media more than five transformed colonies
were present, but these emerged at the edges of the plates and many overlapped, making it
difficult to determine the exact number of colonies present. For A. cleistominuta and E. polonica,
no growth was observed on the selective media after the 30-day incubation period, despite isolates

on hygromycin-free MEA growing normally during this time.
Analysis of transformants

PCR amplification of the hyg® and GFP gene served as moderately good indicators of successful
transformation. As expected, no amplification of either the hyg® gene or GFP gene was possible
from the wild-type isolates. Both genes were successfully amplified from most of the transformants,
producing amplicons of the expected size (Suppl. Table 1). However, in one of the C. manginecans
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) Wild type Transformant
Species o o
Brightfield Fluorescence Brightfield Fluorescence

C. albifundus

C. manginecans

Ch. ovoidea

B. basicola

D. virescens

T. cerberus

H. monilformis

Figure 1. Microscopy images of fungal isolates indicating fluorescence in mutant individuals.
Brightfield and fluorescence micrographs are presented for comparisons and to visualise the GFP
emission in transformants. For each species, the wild type and a single, representative transformant
is shown. Scale bars 50 um.
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transformant no amplicon corresponding to the GFP gene was produced, although the hyg® gene

fragment was successfully amplified.

GFP expression was observed in at least one transformed homokaryon from each of the different
Ceratocystidaceae species tested (Figure 1). Auto-fluorescence was detected in the wild-type C.
manginecans and D. virescens isolates, although neither exhibited the bright green emissions seen
in the transformed cultures. GFP fluorescence was detected in both mycelia and conidia of most
isolates tested. For H. moniliformis, fluorescence could only be detected in the mycelia from four
homokaryons. Additionally, one of the transformants from B. basicola, C. manginecans, D.
virescens and H. moniliformis did not show detectable GFP. The C. manginecans transformant that

lacked detectable GFP was the same one from which the GFP gene could not be amplified.
Stability of T-DNA integration

Most transformants retained the T-DNA inserts through multiple rounds of sub-culturing. These
were able to grow on hygromycin-supplemented media following five rounds of growth of MEA
lacking the antibiotic. The ability to maintain resistance in the absence of antibiotic selection
indicates that the T-DNA was stably integrated into the host genome. For all three T. cerberus
transformants, no growth was observed on the hygromycin-supplemented media, even after one

month of incubation, showing that the T-DNA was likely lost due to unstable T-DNA integration.

Discussion

Establishing an Agrobacterium-mediated transformation system can be extremely arduous largely
due to the numerous parameters of the protocol that need optimization. A comparison between
Agrobacterium-mediated protocols for six Aspergillus species show that variations in the number of
conidia and A. tumefaciens cells used, co-cultivation temperatures and incubation periods as well
as the types of membranes used for co-cultivation all influence transformation success and
efficiency (Kunitake et al., 2011; Meyer et al., 2003; Michielse et al., 2004; Nguyen et al., 2016;
Sugui et al., 2005; Wang et al., 2014). This indicates that, even among closely related species,
optimisations at different stages of the transformation process are needed. Studies such as these

creates the valid expectation that Agrobacterium-mediated transformation protocols are not easily
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transferred between even closely related species. The findings presented here challenge this
preconception, as a single protocol was successfully applied to seven Ceratocystidaceae species
from six different genera, without the need for any species-specific optimisation. This indicates that
Agrobacterium-mediated transformation might be more transferable than generally expected and

provides a basis for further optimization of this protocol in these Ceratocystidaceae species.

Six of the eight Ceratocystidaceae species targeted in this study were successfully transformed,
producing multiple transgenic cultures that are resistant to hygromycin and express detectable
levels of GFP. Although the protocol used was specifically developed for C. albifundus (Sayari et
al., 2019a), minor adjustments were made that likely contributed to the transferability reported
here. For example, the introduction of a one-hour liquid co-incubation step likely enhanced
interactions between A. tumefaciens and the fungal cells, resulting in a higher transformation rate.
The inclusion of such a co-incubation step in Kabatiella zeae increased the number of
transformants obtained (Sun et al., 2018). Changes (such as conidia isolation from liquid cultures
as opposed to isolating them from cultures grown on agar plates, and the use of a single selective
hygromycin concentration) were made to streamline the protocol and optimize it for multiple
transformations in a single run. This would be useful when transforming multiple isolates or

species, or when performing various knock-ins/knockouts in tandem.

The lack of species-specific optimization did result in some shortcomings during the transformation
attempts. The number of transformants produced from the six Ceratocystidaceae species targeted
was noticeably less than that obtained for C. albifundus in either this study, or that of Sayari et al.
(2019a). An exact transformation efficiency for these Ceratocystidaceae species could not be
determined due to the position of the emerging colonies, making it impossible to discern single
colonies. The lower colony number and unexpected location of emerging colonies may be linked to
the use of cellophane membranes, as Tzima et al. (2014) reported that transformation was only
successful in Berkeleyomyces basicola when a Hybond N+ membrane was used. These two
membranes influence different various aspects of transformation, including the movement of the
acetosyringone as well as interactions between the bacteria and fungus (Tzima et al., 2014). The

presence of visible mycelia in the conidial suspensions after overnight incubation was likely a result
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of variability in the growth rates of the different species. Membrane choice and incubation time are
both variables that can be optimised in future to increase transformation efficiency, as the current

study clearly shows the importance of these factors.

A comparison of the transformation protocol used here with those previously established in B.
basicola and E. resinifera allows for easy identification of additional areas for optimization (Table 2;
Loppnau et al., 2004; Tzima et al., 2014). Increasing the concentration of conidia and/or bacteria
could raise transformation efficiency as this could improve the interactions between the two
(Michielse et al., 2005). However, care should be taken as increasing the bacteria too much could
lead to less transformations as the fungus struggles to compete for nutrients and the bacteria
become difficult to kill during subsequent selection, while too many fungal cells can result in false
positive colonies emerging. The co-incubation period on induction minimal media (IMM) agar could
also be adjusted to the growth rates of each species, allowing the conidia to be at an optimum
point of germination that makes the fungal cells more susceptible to Agrobacterium infection
(Michielse et al., 2005; Tzima et al., 2014), and supplementing the induction and selection media
with V8 juice (a commonly used supplement that is a blend of 8 vegetable juices) can increase
their germination. Although such optimizations were not attempted here, these could not only
increase transformant vyield, but might also prove crucial to inducing transformation in A.
cleistominuta and E. polonica, the two species that could not be transformed using the current

protocol.

The demonstrated transferability of this Agrobacterium-mediated transformation protocol, together
with the suggested modifications to improve transformant yield, makes this study a benchmark for
genetic modification in the Ceratocystidaceae. It provides a useful starting point in using this
transformation system as a powerful tool for future mutagenic studies, either through random
mutations as displayed here, or for targeted mutagenesis, a strategy that is invaluable when trying
to discern the functions of specific genes. The transferability of this Agrobacterium-mediated
transformation protocol amongst the family Ceratocystidaceae displayed here, as well as the ever-
growing availability of genome sequences for this group, now provides the opportunity to

functionally study these economically important fungi. Although it will be important to first improve
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Table 2: Comparison of the parameters used in the Agrobacterium-mediated transformation protocol

established in Ceratocystis albifundus, Berkeleyomyces basicola and Endoconidiophora resinifera

C. albifundus! B. basicola? E. resinifera®
Concentration of conidia suspension 1x108 5 x 108 1x108
Co-cultivation media IMM#4 IMM# + V8 juice IMM#
Concentration of acetosyringone 200 uM 600 uM 200 pM
Ratio (bacteria : conidia) 11 1:1 10:1
Membrane Cellophane Hybond-N+5° Cellophane
Co-incubation period 3 days 2 days 5 days

1 The protocol used in this study and adapted from Sayari et al. (2019a).
2From Tzima et al. (2014).
3 From Loppnau et al. (2004).

4Induction minimal media.

5Hybond N+ was found to yield the most transformants, although nytran- and nitrocellulose membranes were also tested.

16



the transformation efficiency of this protocol within these species, especially when using targeted
mutation, the application of the current protocol to various species yielded GFP-emitting
transformants. The ability to detect GFP emissions in these few transformants means the infection
pathway of these fungi within their hosts can be tracked (Maor et al., 1998; MorocCko-Bi¢evska &
Fatehi, 2011; Tzima et al., 2014; Vu et al., 2018), an important aspect considering that most of the

Ceratocystidaceae family are well-known plant pathogens.
Acknowledgements

The financial assistance of the National Research Foundation (NRF) towards this research is
hereby acknowledged. Opinions expressed and conclusions arrived at, are those of the author and
are not necessarily to be attributed to the NRF. We would like to thank Dr Mohammad Sayari for
providing the bacteria strain and plasmid, and Dr Quentin Santana for providing us with GFP-

specific primers.

17



References

Al-jaaidi, S. S. (2007). Transformation of Thielaviopsis basicola to study host-pathogen interactions

(Doctoral thesis). 73—122. https://rune.une.edu.au/web/

Amey, R. C., Mills, P. R., Bailey, A., & Foster, G. D. (2003). Investigating the role of a Verticillium
fungicola [-1,6-glucanase during infection of Agaricus bisporus using targeted gene
disruption. Fungal Genetics and Biology, 39(3), 264-275. https://doi.org/10.1016/S1087-

1845(03)00061-6

Blaise, F., Rémy, E., Meyer, M., Zhou, L., Narcy, J. P., Roux, J., ... Rouxel, T. (2007). A critical
assessment of Agrobacterium tumefaciens-mediated transformation as a tool for
pathogenicity gene discovery in the phytopathogenic fungus Leptosphaeria maculans. Fungal

Genetics and Biology, 44(2), 123—-138. https://doi.org/10.1016/j.fgh.2006.07.006

Brody, J. R., & Kern, S. E. (2004). Sodium boric acid: a Tris-free, cooler conductive medium for

DNA electrophoresis. BioTechniques, 36(2), 214-216. https://doi.org/10.2144/04362BM02

Bundock, P., Mroczek, K., Winkler, A. A., Steensma, H. Y., & Hooykaas, P. J. J. (1999). T-DNA
from Agrobacterium tumefaciens as an efficient tool for gene targeting in Kluyveromyces
lactis. Molecular and General Genetics, 261(1), 115-121.

https://doi.org/10.1007/s004380050948

Damm, U., Mostert, L., Crous, P. W., & Fourie, P. H. (2008). Novel Phaeoacremonium species
associated with necrotic wood of Prunus trees. Persoonia: Molecular Phylogeny and Evolution

of Fungi, 20, 87—102. https://doi.org/10.3767/003158508X324227

de Beer, Z. W., Duong, T. A., Barnes, |., Wingfield, B. D., & Wingdfield, M. J. (2014). Redefining
Ceratocystis and allied genera. Studies in  Mycology, 79(1), 187-219.

https://doi.org/10.1016/j.simyco0.2014.10.001

de Groot, M. J. A, Bundock, P., Hooykaas, P. J. J., & Beijersbergen, A. G. M. (1998).
Agrobacterium  tumefaciens-mediated transformation of filamentous fungi. Nature

Biotechnology, 16(9), 839-842. https://doi.org/https://doi.org/10.1038/nbt0998-839

18



Fourie, A., van der Nest, M. A,, de Vos, L., Wingdfield, M. J., Windfield, B. D., & Barnes, |. (2019).
QTL mapping of mycelial growth and aggressiveness to distinct hosts in Ceratocystis
pathogens. Fungal Genetics and Biology, 131(10), 103242.

https://doi.org/10.1016/j.fgh.2019.103242

Hellens, R., Mullineaux, P., & Klee, H. (2000). A guide to Agrobacterium binary Ti vectors. Trends
in Plant Science, 5(10), 446-451. https://doi.org/https://doi.org/10.1016/S1360-

1385(00)01740-4

Hooykaas, P. J. J., van Heusden, G. P. H., Niu, X., Roushan, M. R., Soltani, J., Zhang, X., & van
der Zaal, B. J. (2018). Agrobacterium-mediated transformation of yeast and fungi. In S. B.
Gelvin (Ed.), Agrobacterium Biology. Current Topics in Microbiology and Immunology (pp.

349-374). https://doi.org/10.1007/82_2018_90

Kramer D, Lane FA, Steenkamp ET, Wingfield BD, Wilken PM. (2021) Unidirectional mating-type
switching confers self-fertility to Thielaviopsis cerberus, the only homothallic species in the

genus. Fungal Biology, In Press. https://doi.org/10.1016/j.funbio.2020.12.007

Kunitake, E., Tani, S., Sumitani, J., & Kawaguchi, T. (2011). Agrobacterium tumefaciens-mediated
transformation of Aspergillus aculeatus for insertional mutagenesis. AMB Express, 1(1), 1-11.

https://doi.org/10.1186/2191-0855-1-46

Kwon, M. J., Arentshorst, M., Roos, E. D., van den Hondel, C. A. M. J. J., Meyer, V., & Ram, A. F.
J. (2011). Functional characterization of Rho GTPases in Aspergillus niger uncovers
conserved and diverged roles of Rho proteins within filamentous fungi. Molecular

Microbiology, 79(5), 1151-1167. https://doi.org/10.1111/].1365-2958.2010.07524.x

Long, L., Lin, Q., Shi, Y., Wang, J., & Ding, S. (2018). Highly efficient transformation of a (hemi-
)cellulases-producing fungus Eupenicillium parvum 4-14 by Agrobacterium tumefaciens.
Journal of Microbiological Methods, 146(1), 40-45.

https://doi.org/10.1016/j.mimet.2018.01.013

Loppnau, P., Tanguay, P., & Breuil, C. (2004). Isolation and disruption of the melanin pathway

polyketide synthase gene of the softwood deep stain fungus Ceratocystis resinifera. Fungal

19



Genetics and Biology, 41(1), 33—41. https://doi.org/10.1016/j.fgh.2003.08.008

Maor, R., Puyesky, M., Horwitz, B. A., & Sharon, A. (1998). Use of green fluorescent protein (GFP)
for studying development and fungal-plant interaction in Cochliobolus heterostrophus.

Mycological Research, 102(4), 491-496. https://doi.org/10.1017/S0953756297005789

Meyer, V., Mueller, D., Strowig, T., & Stahl, U. (2003). Comparison of different transformation
methods  for  Aspergillus giganteus. Current  Genetics, 43(5), 371-377.

https://doi.org/10.1007/s00294-003-0406-3

Michielse, C. B., Arentshorst, M., Ram, A. F. J.,, & van den Hondel, C. A. M. J. J. (2005).
Agrobacterium-mediated transformation leads to improved gene replacement efficiency in
Aspergillus awamori. Fungal Genetics and Biology, 42(1), 9-19.

https://doi.org/10.1016/j.fgh.2004.06.009

Michielse, C. B., Ram, A. F. J., Hooykaas, P. J. J., & van den Hondel, C. A. M. J. J. (2004). Role of
bacterial virulence proteins in Agrobacterium-mediated transformation of Aspergillus awamori.

Fungal Genetics and Biology, 41(5), 571-578. https://doi.org/10.1016/J.FGB.2004.01.004

Michielse, C. B., Hooykaas, P. J. J., van den Hondel, C. A. M. J. J., & Ram, A. F. J. (2005).
Agrobacterium-mediated transformation as a tool for functional genomics in fungi. Current

Genetics, 48, 1-17. https://doi.org/10.1007/s00294-005-0578-0

Morocko-Bi¢evska, I., & Fatehi, J. (2011). Infection and colonization of strawberry by Gnomonia
fragariae strain expressing green fluorescent protein. European Journal of Plant Pathology,

129(4), 567-577. https://doi.org/10.1007/s10658-010-9720-z

Nel, W. J., Duong, T. A., Wingfield, M. J., Windfield, B. D., Hammerbacher, A., & de Beer, Z. W.
(2018). Heterothallism revealed in the root rot fungi Berkeleyomyces basicola and B. rouxiae.

Fungal Biology, 122(11), 1031-1040. https://doi.org/10.1016/j.funbio.2018.08.006

Nguyen, K. T., Ho, Q. N., Pham, T. H., Phan, T. N., & Tran, V. T. (2016). The construction and use
of versatile binary vectors carrying pyrG auxotrophic marker and fluorescent reporter genes

for Agrobacterium-mediated transformation of Aspergillus oryzae. World Journal of

20



Microbiology and Biotechnology, 32(12), 1-9. https://doi.org/10.1007/s11274-016-2168-3

Niu, X., Pei, M., Liang, C., Lv, Y., Wu, X., Zhang, R., ... Qin, W. (2019). Genetic transformation and
green fluorescent protein labeling in Ceratocystis paradoxa from coconut. International

Journal of Molecular Sciences, 20(10), 2387. https://doi.org/10.3390/ijms20102387

Poyedinok, N. L., & Blume, Y. B. (2018). Advances, problems, and prospects of genetic
transformation of fungi. Cytology and Genetics, 52(2), 139-154.

https://doi.org/10.3103/s009545271802007x

Sayari, M., Steenkamp, E. T., van der Nest, M. A., & Wingfield, B. D. (2018). Diversity and
evolution of polyketide biosynthesis gene clusters in the Ceratocystidaceae. Fungal Biology,

122(9), 856—866. https://doi.org/10.1016/j.funbio.2018.04.011

Sayari, M., van der Nest, M. A, Steenkamp, E. T., Adegeye, O. O., Marincowitz, S., & Wingfield, B.
D. (2019a). Agrobacterium-mediated transformation of Ceratocystis albifundus.

Microbiological Research, 226(9), 55—-64. https://doi.org/10.1016/j.micres.2019.05.004

Sayari, M., van der Nest, M. A., Steenkamp, E. T., Soal, N. C., Wilken, P. M., & Wingfield, B. D.
(2019b). Distribution and evolution of nonribosomal peptide synthetase gene clusters in the

Ceratocystidaceae. Genes, 10(5), 328. https://doi.org/10.3390/genes10050328

Simpson, M. C., Coetzee, M. P. A,, van der Nest, M. A., Wingfield, M. J., & Wingfield, B. D. (2018).
Ceratocystidaceae exhibit high levels of recombination at the mating-type (MAT) locus.

Fungal Biology, 122(12), 1184-1191. https:/doi.org/10.1016/j.funbio.2018.09.003

Sugui, J. A, Chang, Y. C., & Kwon-Chung, K. J. (2005). Agrobacterium tumefaciens-mediated
transformation of Aspergillus fumigatus: an efficient tool for insertional mutagenesis and
targeted gene disruption. Applied and Environmental Microbiology, 71(4), 1798-1802.

https://doi.org/10.1128/AEM.71.4.1798-1802.2005

Sun, J., Xu, R., Xiao, S., Lu, Y., Zhang, Q., & Xue, C. (2018). Agrobacterium tumefaciens-
mediated transformation as an efficient tool for insertional mutagenesis of Kabatiella zeae.

Journal of Microbiological Methods, 149(5), 96-100.

21



https://doi.org/10.1016/j.mimet.2018.05.004

Turgeon, B. G., & Yoder, O. C. (2000). Proposed nomenclature for mating type genes of
filamentous ascomycetes. Fungal Genetics and Biology, 31(1), 1-5.

https://doi.org/10.1006/fghi.2000.1227

Tzima, A. K., Paplomatas, E. J., Schoina, C., Domazakis, E., Kang, S., & Goodwin, P. H. (2014).
Successful Agrobacterium mediated transformation of Thielaviopsis basicola by optimizing
multiple conditions. Fungal Biology, 118(8), 675-682.

https://doi.org/10.1016/j.funbio.2014.04.009

van der Nest, M. A., Steenkamp, E. T., McTaggart, A. R., Trollip, C., Godlonton, T., Sauerman, E.,
... Windfield, B. D. (2015). Saprophytic and pathogenic fungi in the Ceratocystidaceae differ in
their ability to metabolize plant-derived sucrose. BMC Evolutionary Biology, 15(1), 273.

https://doi.org/10.1186/s12862-015-0550-7

van der Nest, M. A., Beirn, L. A., Crouch, J. A., Demers, J. E., de Beer, Z. W., De Vos, L., ...
Wingfield, B. D. (2014a). Draft genomes of Amanita jacksonii, Ceratocystis albifundus,
Fusarium circinatum, Huntiella omanensis, Leptographium procerum, Rutstroemia sydowiana,
and Sclerotinia echinophila. IMA Fungus, 5(2), 473-486.

https://doi.org/10.5598/imafungus.2014.05.02.11

van der Nest, M. A,, Bihon, W., De Vos, L., Naidoo, K., Roodt, D., Rubagotti, E., ... Wingfield, B. D.
(2014b). Draft genome sequences of Diplodia sapinea, Ceratocystis manginecans, and
Ceratocystis moniliformis. IMA Fungus, 5(2), 135-140.

https://doi.org/10.5598/imafungus.2014.05.01.13

van der Nest, M. A., Steenkamp, E. T., Roodt, D., Soal, N. C., Palmer, M., Chan, W. Y., ...
Wingfield, B. D. (2019). Genomic analysis of the aggressive tree pathogen Ceratocystis

albifundus. Fungal Biology, 123(5), 351-363. https://doi.org/10.1016/j.funbio.2019.02.002

Vu, T. X., Ngo, T. T., Mai, L. T. D., Bui, T. T., Le, D. H., Bui, H. T. V., ... Tran, V. T. (2018). A highly
efficient Agrobacterium tumefaciens-mediated transformation system for the postharvest

pathogen Penicillium digitatum using DsRed and GFP to visualize citrus host colonization.

22



Journal of Microbiological Methods, 144, 134-144.

https://doi.org/10.1016/j.mimet.2017.11.019

Wang, D., He, D., Li, G., Gao, S., Lv, H., Shan, Q., & Wang, L. (2014). An efficient tool for random
insertional mutagenesis: Agrobacterium tumefaciens-mediated transformation of the
filamentous fungus Aspergillus terreus. Journal of Microbiological Methods, 98(1), 114-118.

https://doi.org/10.1016/j.mimet.2014.01.007

Wilken, P. M., Aylward, J., Chand, R., Grewe, F., Lane, F. A,, Sinha, S., ... Windfield, B. D.
Wingfield, M. J. (2020). Draft genome sequences of Ambrosiella cleistominuta, Cercospora
brassicicola, C. citrullina, Physcia stellaris, and Teratosphaeria pseudoeucalypti. IMA Fungus,

11(19). https://doi.org/doi.org/10.1186/s43008-020-00039-7

Wilken, P. M., Steenkamp, E. T., Windfield, M. J., de Beer, Z. W., & Windfield, B. D. (2014). DNA
loss at the Ceratocystis fimbriata mating locus results in self-sterility. PLOS ONE, 9(3),

€92180. https://doi.org/10.1371/journal.pone.0092180

Wilken, P M, Steenkamp, E. T., van der Nest, M. A., Wingdfield, M. J., De Beer, Z. W., & Windfield,
B. D. (2017). Unexpected placement of the MAT1-1-2 gene in the MAT1-2 idiomorph of
Thielaviopsis. Fungal Genetics and Biology, 113, 32-41

https://doi.org/10.1016/j.fgh.2018.01.007

Wilken, P M., Steenkamp, E. T., Wingdfield, M. J., de Beer, Z. W., & Wingfield, B. D. (2017). Which
MAT gene? Pezizomycotina (Ascomycota) mating-type gene nomenclature reconsidered.

Fungal Biology Reviews, 31(4), 199-211. https://doi.org/10.1016/j.fbr.2017.05.003

Wilson, A. M., van der Nest, M. A., Wilken, P. M., Wingfield, M. J., & Wingdfield, B. D. (2018).
Pheromone expression reveals putative mechanism of unisexuality in a saprobic ascomycete

fungus. PLOS ONE, 13(3), e0192517. https://doi.org/10.1371/journal.pone.0192517

Wilson, A. M., Wilken, P. M., van der Nest, M. A., Windfield, M. J., & Wingdfield, B. D. (2020). The
novel Huntiella omanensis mating gene, MAT1-2-7, is essential for ascomatal maturation.

Fungal Genetics and Biology, 137, 103335. https://doi.org/10.1016/j.fgh.2020.103335

23



Wingfield, B. D., Ambler, J. M., Coetzee, M. P. A., de Beer, Z. W., Duong, T. A., Joubert, F., ...
Yilmaz, N. (2016). Draft genome sequences of Armillaria fuscipes, Ceratocystiopsis minuta,
Ceratocystis adiposa, Endoconidiophora laricicola, E. polonica and Penicillium freii DAOMC

242723. IMA Fungus, 7(1), 217-227. https://doi.org/10.5598/imafungus.2016.07.01.11

Wingfield, B. D., Barnes, |., de Beer, Z. W., De Vos, L., Duong, T. A., Kanzi, A. M., ... Wingfield, M.
J. (2015). Draft genome sequences of Ceratocystis eucalypticola, Chrysoporthe cubensis, C.
deuterocubensis, Davidsoniella virescens, Fusarium temperatum, Graphiloum fragrans,
Penicillium nordicum, and Thielaviopsis musarum. IMA Fungus, 6(2), 493-506.

https://doi.org/10.5598/imafungus.2015.06.02.13

Wingfield, B. D., Bills, G. F., Dong, Y., Huang, W., Nel, W. J., Swalarsk-Parry, B. S., ... Zhang, X.
(2018). Draft genome sequence of Annulohypoxylon stygium, Aspergillus mulundensis,
Berkeleyomyces basicola (syn. Thielaviopsis basicola), Ceratocystis smalleyi, two Cercospora
beticola strains, Coleophoma cylindrospora, Fusarium fracticaudum, Phialophora cf. hyalina,
and Morchella septimelata. IMA Fungus, 9(1), 199-223.

https://doi.org/10.5598/imafungus.2018.09.01.13

Witthuhn, R. C., Harrington, T. C., Wingfield, B. D., Steimel, J. P., & Wingfield, M. J. (2000).
Deletion of the MAT-2 mating-type gene during uni-directional mating-type switching in

Ceratocystis. Current Genetics, 38(1), 48-52. https://doi.org/10.1007/s002940000131

Zhang, A., Lu, P., Dahl-Roshak, A. M., Paress, P. S., Kennedy, S., Tkacz, J. S., & An, Z. (2003).
Efficient disruption of a polyketide synthase gene (pksl) required for melanin synthesis
through Agrobacterium-mediated transformation of Glarea lozoyensis. Molecular Genetics

and Genomics, 268(5), 645—655. https://doi.org/10.1007/s00438-002-0780-4

24





