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Abstract: Fusarium wilt of watermelon, caused by Fusarium oxysporum f. sp. niveum (FON), is
pathogenic only to watermelon and has become one of the main limiting factors in watermelon
production internationally. Detection methods for this pathogen are limited, with few published
molecular assays available to differentiate FON from other formae speciales of F. oxysporum. FON has
four known races that vary in virulence but are difficult and costly to differentiate using traditional
inoculation methods and only race 2 can be differentiated molecularly. In this study, genomic and
chromosomal comparisons facilitated the development of a conventional polymerase chain reaction
(PCR) assay that could differentiate race 3 from races 1 and 2, and by using two other published
PCR markers in unison with the new marker, the three races could be differentiated. The new PCR
marker, FNR3-F/FNR3-R, amplified a 511 bp region on the “pathogenicity chromosome” of the
FON genome that is absent in race 3. FNR3-F/FNR3-R detected genomic DNA down to 2.0 pg/uL.
This marker, along with two previously published FON markers, was successfully applied to test
over 160 pathogenic FON isolates from Florida, Georgia, and South Carolina. Together, these three
FON primer sets worked well for differentiating races 1, 2, and 3 of FON. For each marker, a greater
proportion (60 to 90%) of molecular results agreed with the traditional bioassay method of race
differentiation compared to those that did not. The new PCR marker should be useful to differentiate
FON races and improve Fusarium wilt research.

Keywords: Fusarium oxysporum f. sp. niveum; comparative genomics; race differentiation; polymerase

chain reaction; watermelon

1. Introduction

Fusarium oxysporum f. sp. niveum (FON) is the causal agent of Fusarium wilt of
watermelon and a common limiting factor for watermelon production worldwide [1-5].
FON is a soilborne ascomycete fungus and one of at least 106 formae speciales within
the Fusarium oxysporum species complex [6]. As with all formae speciales of F. oxysporum,
FON has three types of spores: single-celled microconidia, multi-celled macroconidia,
and over-wintering chlamydospores. The long-lasting survivability of chlamydospores
demonstrates the challenge of combating this pathogen using crop rotation and chemical
fumigants [5,7-9]. In addition, diagnosis based on spore morphology cannot be done to
the forma specialis level due to the likeness of spores between formae speciales and other
Fusarium species [10-12].

Fusarium wilt can be identified in the field by observing a single side or vine of the
watermelon plant wilting with the rest of the plant being unaffected [13]. Wilting is due to
the accumulation of microconidia in the plant’s xylem tissue and the defense response of the
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plant to form tyloses, a mechanism by which the plant suppresses fungal growth [5,14,15].
The vasculature of the watermelon plant turns red /brown before the infection spreads
to the rest of the plant which is a key diagnostic feature in the field [16-19]. Often, FON
infections occur early in the growth stage and cause damping-off of seedlings, particularly
when grown in the presence of nematodes whose damage from feeding may allow for the
ingress of the pathogen [20,21]. Symptoms may vary (variable wilting, chlorosis, necrosis,
and damping off), complicating the diagnosis of the disease. Variation is due to a number
of factors such as environmental conditions, the concentration of pathogenic propagules,
the race of the pathogen, age of the plant, and watermelon cultivar [1,14,22,23].

Although FON is a soilborne pathogen, it is internationally widespread with regions
of historic watermelon production seeing the highest disease pressure [19,24,25]. Grow-
ers in the United States, particularly in Delaware, Florida, Georgia, Maryland, South
Carolina, and Texas, continue to have difficulties controlling this disease with resistant
cultivars [1,5,16,18,26-28]. Unfortunately, many previously resistant cultivars have become
unsustainable as new populations of FON have emerged which can overcome the plant host
resistance. These newly resistant populations have been designated as races that describe
the unique interaction between pathogen and host [2,29,30]. While FON'’s pathogenicity is
limited to watermelon, four races of the pathogen are currently identified, race 0, race 1,
race 2, and race 3, each subsequent race being more virulent with wider pathogenicity with
race 3 having the largest cultivar range [1,4,29-33]. The first two races were described in
1963 when the newly pathogenic race 1 was discovered in Florida, dividing FON into races
0 and 1 [14]. Since that time, the other two races emerged in the United States: race 2 in
1981 in TX [14,34] and race 3 in 2009 in MD [1,14]. Race 2 is aggressive on all commercial
watermelon cultivars but not the PI line (PI-296341-FR), and race 3 is aggressive on all
watermelon cultivars and PI lines. Until recently, it was believed that race 1 was the most
widespread race, race 2 less well distributed, and race 3 limited to a very small geographic
area. As of today, race 3 has been detected in 3 states: MD [1], FL [31], and GA [32]. Recent
survey studies in SC, GA, and FL have shown race 2 to be widespread, and in the case of
GA, race 3 is also widespread, demonstrating the previously unknown dissemination of
these highly aggressive races of FON [18,32].

Molecular detection methods have been developed for the differentiation of FON from
other closely related formae speciales in the F. oxysporum species complex, as traditional
methods of morphological identification cannot identify the pathogen beyond the species
level [5,7,14,19,25]. Race differentiation, however, is limited to a bioassay, which is a lengthy;,
expensive, and inaccurate method. Seedlings of multiple cultivars with different levels of
susceptibility are grown and inoculated with the pathogen and disease development is then
scored. Based on the average score, the pathogen is given a race determination. This method
takes weeks to grow plants and evaluate disease, the seeds of certain cultivars are difficult
to source, and the experimental and greenhouse conditions (e.g., temperature, humidity;,
spore concentration, etc.) can have a significant effect on the level of pathogen virulence
leading to an incorrect result [1,5,14,35,36]. In addition, a single race may have isolates that
have vastly differing virulence on a single cultivar, not only due to the aforementioned
experimental conditions but also possibly due to other unknown molecular mechanisms.
Multiple isolates of race 1 can infect susceptible cultivars at disease levels ranging from 5 to
100% [37]. Thus, races are difficult to determine correctly based on phenotypic observations.
These shortcomings demonstrate the necessity for a molecular approach for differentiation
of FON races.

Niu et al. (2016) reported that on chromosome 14 of FON (also known as the
pathogenicity chromosome), race 2 isolates lack the avirulence gene known as “secreted
in xylem protein 6” (SIX6). By using polymerase chain reaction (PCR) primers specific to
SIX6, race 2 could be differentiated molecularly from races 0 and 1. Race 3 isolates were
not tested by Niu et al., however, upon whole-genome analysis, AVRSIX6 was identified in
the race 3 isolate, showing that the AVRSIX6 primer could differentiate race 2 isolates from
all other currently recognized races.



Int. J. Mol. Sci. 2021, 22, 822

30f15

The primary objective of this study was to develop a molecular method of differentiat-
ing FON race 3 isolates from race 1 and race 2 isolates to identify this new aggressive race
rapidly and accurately. A comparison of the pathogenicity chromosome from published
whole-genome sequences by Hudson et al. (2020) was used to find conserved and unique
regions that could be used to design markers for race 3 specific amplification [38]. In addi-
tion, a FON race-differentiation protocol was developed by using the new PCR-based race
3 marker along with two other previously published FON-specific PCR markers, which
was validated in race identification of 161 FON isolates collected from Florida, Georgia,
and South Carolina.

2. Results
2.1. Sequence Analysis and Primer Design

Genomic analysis of the three FON races used in this research revealed that the
pathogenicity chromosome yielded several regions that were absent in race 3 and present
in races 1 and 2. After testing the race standards in a larger pool of isolates, a single primer
set was chosen (FNR3-F/FNR3-R) that amplified a 511-bp region of a larger region (1121 bp)
absent in race 3 (Figure 1). This region also was chosen because of BLAST results identifying
high homology (>90% identity) with a hypothetical protein from a F. oxysporum f. sp.
Lycopersici sequence (accession: XM_018387901), a F. odoratissimum (formerly F. oxysporum f.
sp. cubense) sequence (accession: XM_031202915), and an unnamed F. oxysporum isolate
from Australia (accession CP053262) [39,40]. Within the 1121-bp region absent in race
3 isolates, two separate open reading frames (ORFs) consisting of 74 and 62 amino acids are
present as predicted by ORFfinder from the National Center for Biotechnology Information
(NCBI) and the Interactive Genomic viewer (IGV).
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GATCAACAA(TCTGTATTTGACTATCCACCAACTCAYCCTCATATATCCCCAG(TTCGTGGCATGGACCTCACTAATCAGCTCGCCCATGTCCTG(CAGACT

TTTGAGTGCCTAAGTTCGAATGCTCCTCCAGCTCTCTGACCCTCTCAAACGTCAATCCAGCCAACGACCCGAACTCTTCTTCGAAGCCTTGAGGCTTCCTC

Figure 1. Region targeted for Polymerase Chain Reaction (PCR) amplification on chromosome 14 of Fusarium oxysporum
f. sp. niveum (FON). (A) Interactive Genomics Viewer (IGV) window of races 1, 2, and 3. Red box indicates the area
investigated for amplification. (B) Geneious alignment of races 1, 2, and 3, zoomed in on a 1540 bp section showing 1121-bp
absent in race 3. (C) 1121 bp sequence on Geneious. Amplified sequence is underlined in red, forward and reverse primers
are underlined in blue.

2.2. Specificity and Sensitivity of the Race 3 Marker

The race 3-specific marker, FNR3-F/FNR3-R, was optimized and tested for specificity
and sensitivity (Figure 2). The specificity of the new marker was determined by testing
additional cucurbit pathogens as well as other fungal and oomycete isolates: Phytophthora
capsici, Phytophthora sojae, Pseudoperonospora cubensis, Cucurbit leaf crumple virus, Rhizocto-
nia solani, Colletotrichum orbiculare, Fusarium solani, F. oxysporum f. sp. vasinfectum, and
F. oxysporum £. sp. lycopersici.
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Figure 2. Optimization of the developed marker. (A) Non-target amplification of FNR3-F/FNR3-R.
Sample numbers correspond accordingly: 1. Phytophthora capsici, 2. Phytophthora sojae, 3. Pseu-
doperonospora cubensis, 4. Cucurbit leaf crumple virus, 5. Rhizoctonia solani, 6. Colletotrichum orbiculare,
7. Fusarium solani, 8. F. oxysporum f. sp. vasinfectum, 9. F. oxysporum f. sp. lycopersici, 10. Fusarium
oxysporum f. sp. niveum (FON) race 1, 11. FON race 2, 12. FON race 3, and control = negative. (B) Sen-
sitivity determination of FNR3-F/FNR3-R using a serial dilution of FON DNA. DNA concentrations
ranged from 20 ng/pL to 0.2 pg/pL. PCR positive bands amplified samples as low as 2.0 pg/uL.
(C) Gradient PCR results to optimize annealing temperature. Temperatures ranged from 60 to 70.5 °C.

The optimized temperature was 63 °C.

Besides FON races 1 and 2, only F. oxysporum f. sp. lycopersici (FOL) was amplified
using the same primer set and conditions. However, a slightly larger band size (555 bp)
was amplified in FOL due to the differences in the individual base pairs of the FOL vs. FON
amplicons (Figure 2A). To determine the sensitivity of the new marker, a serial dilution
of the race 1 standard isolate was made from 20 ng/uL to 0.02 pg/uL and tested using
the same PCR conditions. PCR results demonstrated the lowest successful amplification
occurring at 2.0 pg/pL of genomic DNA (Figure 2B). The annealing temperature was
determined to be optimized at 63 °C, showing the highest temperature with equally bright
amplicons as lower temperatures (Figure 2C).
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2.3. Development of a Protocol for Race Differentiation

A protocol was developed by using the new marker FNR3-F/FNR3-R in concert
with the previously published Fon-1/Fon-2 and FONSIX6F/FONSIX6R markers, and
differentiation of races 1, 2, and 3 from each other is possible by running them subsequently,
as shown in Figure 3A. After DNA is isolated, samples are first confirmed with Fon-1/Fon-
2 primers for their identity as FON isolates. Primer set FONSIX6F/FONSIX6R is then
run to determine if the isolate is race 2 based on the absence of the amplicon. If there is
an amplicon, samples are then amplified using FNR3-F/FNR3-R primers to determine
if the isolate is race 1 or race 3, based on the absence (race 3) or presence (race 1) of the
amplicon. This process is demonstrated in Figure 3C with 10 isolates of unknown identity
to show what possible reactions can occur. Based on the results of these 10 isolates, two
were identified as race 2 (US-2, 5) shown by a positive reaction with Fon-1/Fon-2 and
FNR3-F/FNR3-R, but a negative reaction for FONSIX6F/R; two were identified as race
3 (US-8, 9) shown by a positive reaction for Fon-1/Fon-2, positive for FONSIX6F /R, and
negative for FNR3-F/FNR3-R, and six were identified as race 1 (US-1, 3,4, 6,7, 10) as all
reactions were positive.

A B
I DNA Extraction

¥

PCR with FON specific
Primer (FON-1/FON-2)

FON race 1
FON race 2
FON race 3

Negative
Not FON

FON positive isolates
PCR with race 2
determinant primer

(FONSIX6F/R) SIX6 F/R

Negative ﬁ

FON race 2

SIX6 positive isolates 280
PCR with race 3

determinant primer
(FNR3F/R)

FNR3 F/R

Negative
FON race 3

Positive isolates are
FON race 1

©
2
S
c
(o]
O

- \Vith Fon-1/Fon-2

- \With FONSIX6F/R

—a With FNR3F/R

Figure 3. (A) Flowchart of Fusarium oxysporum f. sp. niveum (FON) isolate testing with all three
marker sets to differentiate races 1, 2, and 3. Possible results are highlighted in blue. (B) Example
of a practical application on known isolates. (C) Application on unknown field isolates. Absence of
amplification of both FONSIX6F/R and FNR3-F/FNR3-R showed a positive identity for races 2 and 3.
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2.4. Race Distribution of Experimental Samples

Two hundred one FON isolates from various field locations and labs in three states
in the southeastern USA (FL, GA, and SC) were tested using the newly developed race
differentiation protocol to establish their identity. FON samples that showed signs of
contamination of any marker based on the gel images were removed or re-extracted and
retested. All isolates were run with all markers in triplicate to confirm results.

The method of determining race 1 isolates came only after using all the primer sets, as
only race 1 isolates would show positive amplification from all three primer sets, whereas
the other two races would be determined by their absence in amplification for each re-
spective marker. After the removal of race 0 isolates identified by bioassays and non-FON
samples (negative for Fon-1/Fon-2), 161 isolates remained and are presented with their
PCR results and resulting race determination (Supplementary Table S1). The race distribu-
tion of all isolates tested, regardless of state was: 53% race 1, 25% race 2, and 22% race 3.
Of the 28 GA isolates, 50% (14) were race 1, 25% (7) were race 2, and 25% (7) were race 3.
Of the 85 SC isolates, 44.7% (38) were race 1, 28.24% (24) were race 2, and 27.06% (23) were
race 3. Of the 48 FL isolates, 66.6% (32) were race 1, 20.8% (10) were race 2, and 12.5% (6)
were race 3 (Figure 4). Additionally, isolates race-typed using the bioassay were compared
to molecular assay results. Of those isolates, 26 (89.65%) for race 1 matched between the
assays, 33 (80.49%) for race 2, and 14 (60.87%) for race 3 (Table 1).

A FON race identification in FL GA and SC

53%

Race1 CRace2 mRace3

FON race identification by state

100% -
90% A
80%
70% A
60% A
50%
40% A
30% -
20% A
10% A
0%

12.5% (6)
27.06% (23) 25% (7)

FL SC GA
mRace1 wRace2 wRace3

Figure 4. Molecular test results for race identification in states from which samples were taken.
(A) Race distribution of all states tested. (B) Race distribution of individual state samples (FL: Florida,
SC: South Carolina, and GA: Georgia). Race 1 = blue, race 2 = orange, race 3 = grey. The number of
each race is labeled in the colored section corresponding to the race and state.
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Table 1. Percentage of agreement for race differentiation using bioassay vs. molecular assay:.
FON Race Number of Isolates Tested Percentage (%) of Molecular Results
Using Both Methods Agree with the Bioassay Race Results
Race 1 29 89.65%
Race 2 41 80.49%
Race 3 23 60.87%

3. Discussion

The concept of races in various pathosystems is established, however, the requirement
of a specific (a)virulence gene being identified as necessary for pathogenicity in order to
confirm a race has been a recent addition [41-43]. This confirmation-by-correlation of
AVR gene(s) to race has not been established in Fusarium oxysporum £. sp. niveum, as no
genes have been confirmed to confer pathogenicity by being transferred to a less-virulent
strain via horizontal chromosome transfer, so a more general approach is needed for race
identification. Due to this, the bioassay that is used for FON race differentiation has a
number of problems. First, experimental conditions (temperature, humidity, soil type, etc.)
of the bioassay are difficult to standardize from lab to lab, not to mention from season to
season. Second, isolates of a given race can change in virulence over time (perhaps due
to other conditions such as long-term storage) and the scoring method to determine race,
of which there are multiple, relies on the virulence level of an isolate [44—46]. Third, the
cultivars used have discrepancies in the literature and because seeds of some cultivars
are difficult to source, others must be substituted. Some researchers claim a range of
resistance among seven cultivars, others use only four or five cultivars with a distinct
delineation between their reactions, and still others substitute certain cultivars for others
possibly changing the level of resistance again [4,10,47,48]. To confirm these inaccuracies
between methodologies, copies of a single isolate were sent to multiple labs with access
to the bioassay and different race results were returned. The genetic variability within a
single race, or from isolate to isolate, is a known complexity in the Fusarium oxysporum
species complex, characterized well by the lack of consistency when testing isolates with
the traditional bioassay. Factors such as mobile pathogenicity chromosomes and horizontal
chromosome transfer have been seen in other formae speciales and shed some light as
to why certain markers do not remain successful over time, or in distinct geographic
locations. Horizontal chromosome transfer presents the largest problem when maintaining
consistency in evaluating virulence of isolates, as both the transfer from one forma specialis
to another and from one Fusarium species to another have been documented [40,49-51].

As traditional methods for identification within the F. oxysporum species complex
are known to be inadequate, molecular methods are necessary for accurate identification.
Races complicate the process of molecular differentiation due to the highly conserved
genomic content that they share (often < 1%) [32,42,52-54]. This can be seen through
sequencing of traditional molecular marker genes such as internal transcribed spacer (ITS),
heat shock proteins (HSP), B-tubulin, intergenic spacer (IGS), and Cytochrome c oxidase (COX),
all of which were determined to have 100% conservation across all races sequenced. In
addition, F. oxysporum is known to have the ability to transfer genes and chromosomes
horizontally, both genes related and unrelated to pathogenicity [49,55-57]. As aresult, a
comparative genomics approach was used to identify genetic regions that would allow
for consistent differentiation of race 3 from the other two races of economic impact: 1 and
2, which are currently increasing in presence across the world [1,24,31,58-60]. No race
0 isolate was available for analysis or comparison. The whole-genome sequencing results
were published previously by Hudson et al. (2020) which contain more analysis and details
of the WGS data [38]. It was noted that during testing, race 0 isolates identified by the
bioassay were most commonly negative for FONSIX6F /R, signifying race 2 as the identity,
but other race 0 isolates had variable results including negative for both Fon-1/Fon-2
and FNR3 primer sets. Additional isolates tested in the bioassay were nonpathogenic
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on susceptible cultivars and pathogenic on the resistant PI line which did not allow for
proper race differentiation (J. Fulton, personal communication). The variation of isolate
pathogenicity and race 0 variability underlines the necessity for additional genes to be
sequenced and correlated closely with pathogenicity.

In an attempt to neutralize some of the variations from the bioassay results, several
steps were made to confirm that the genomic sequences of each race were accurate to
the claimed race and the region in the genome chosen for marker development would
be conserved. As the key importance between races is differential pathogenicity, and
due to a high concentration of SNPs and InDels, we focused on chromosome 14, where
previous studies on FON and other F. oxysporum formae speciales had identified avirulence
genes [37,40,49,61,62]. Other chromosomes (3, 6, and 15) are additionally known to be
involved in pathogenicity but were not used as fewer genetic changes were seen [14]. The
primary group of these avirulence genes is the “secreted in xylem” or SIX genes [57,63,64].
One such gene, SIX6, was developed previously and used in this study to differentiate race
2 isolates based on the absence of SIX6 [3,65,66]. The identity of the race 2 whole genome
sequence was additionally confirmed through chromosomal analysis to lack the SIX6 gene
region, implying that the race 2 isolate was consistent with previous research. This method
of genomic confirmation gave better confidence to molecular results as they correlate with
race differentiation; both race 1 and race 3 have identical copies of SIX6, also suggesting
separate origins for races 2 and 3.

In this study, the FNR3 marker was developed using comparative genomics in an
attempt to provide stable locations in the FON genome that will rapidly determine a FON
isolate as a highly virulent one, currently characterized as race 3. This marker was designed
based on a unique region on the “pathogenicity chromosome” of the FON genome, absent
in race 3 but present in races 1 and 2. This marker was found to be effective to differentiate
race 3 from other races and no false negatives or false positives were observed during the
validation with other phytopathogens except F. oxysporum f. sp. lycopersici (FOL) (Figure 2).
The sensitivity of this assay revealed the detection limit of the primer set to be 2.0 pg/uL
and the optimized annealing temperature was 63 °C for 30 s (Figure 2B,C). In order to
determine the race (1, 2, or 3) of an isolate that is pathogenic on the least resistant cultivar, a
protocol was developed that outlines all possible results from testing a FON isolate with the
three primer sets (Figure 3A). Multiplex PCR was attempted for this study, but consistent
results could not be obtained. It was probably because cycle conditions differed too greatly,
or inhibition due to multiple PCR primers occurred. It is important to note that race
1 isolates must receive a positive reaction from all three primer sets to confirm race 1 as
the identity, but the initial Fon-1/Fon-2 primer set is required for all FON identifications
(Figure 3).

After race typing, isolates were rearranged to reflect their geographic state of origin
and assessed on that basis. In this study, the races of available isolates we identified were
as follows for all three states combined: race 1: 53.4%, race 2: 24.84%, and race 3: 21.74%
(Figure 4). Of the three states, only two had previously reported the presence of race 3 FON
isolates (Florida and Georgia) but South Carolina had not [1,18,31,32]. According to the
molecular test results, this would be the first time race 3 has been detected in SC, however,
previous studies have addressed the lack of a race 3 phenotype in SC based on testing
of a number of cultigens of watermelon. While isolates and locations were not sampled
randomly as in a survey, GA isolates differed in percentages from previously reported
studies in which race 3 had been the most common race, instead of race 1 in this study [32].
The percent correlation (%) of race differentiation between bioassay vs. molecular assay
was determined based on a sample of 93 isolates that were tested for race determination by
the two methods (Supplementary Table S2). The percentage (%) of molecular results agree
with the bioassay results of race 1, 2, and 3 at 89.65%, 80.49%, and 60.87%, respectively
(Table 1). A significant disagreement was observed between the two approaches for race
identification, which may be due to the aforementioned experimental variation within
the bioassay, long-term storage of some isolates, or inconsistencies with cultivar usage
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and reaction with the pathogen. Alternatively, race 3 isolates, as they were only recently
recognized within the literature, could be a group of other, yet uncharacterized, races
all with higher virulence than race 2 isolates. The additional possibility, specifically to
Fusarium spp., of horizontal chromosome shifting would theoretically allow for variability
of a single isolate, causing alterations in results of both bioassay and molecular assay.

Based on previously published reports on pathogenic races, it is hypothesized that
due to loss of function or absence of avirulence (AVR) genes in specific races, the pathogen
could circumvent the resistance of the plant host [3,67-69]. While the targeted region
for race 3 differentiation is not a known AVR gene, similar processes of novel resistance
could be occurring. This would be evidence against the thesis of sequential development
of races in the order in which they have been detected but instead races 2 and 3 arising
from a common origin such as race 0 or race 1. Alternatively, gene acquisition conferring
quantitative disease resistance could play a significant role in the development of newly
pathogenic races, as has been seen in other Fusarium spp. Further analysis of international
FON samples of all races is necessary to increase the confidence of marker stability and
determine the mechanisms of resistance. This means that the availability of more whole-
genome sequences like the ones used in this study will allow easier marker design and
comparison in the future. Specifically, multiple genomes of isolates that are at the extremes
of virulence should be analyzed and compared as should isolates from distinct geographic
origins. In addition to the region selected for amplification with the FNR3-F/FNR3-R
primer set, screening of possible effector protein-coding regions in the FON genome would
be a reasonable next step for the development of knockout mutants to test pathogenicity on
resistant watermelon cultivars and to connect the identity of a specific FON race to an AVR
gene. The marker presented in this study should improve the speed and accuracy of the
current diagnostic ability for FON and provide a jumping off point for other researchers to
investigate similar regions involved in pathogenicity and race development.

4. Materials and Methods
4.1. FON Isolates and DNA Extraction

FON isolates were gathered from laboratories of Ji, Dufault, and Keinath at the Univer-
sity of Georgia, University of Florida, and Clemson University, respectively (Supplementary
Table S1). Many of the isolates were previously identified to races using greenhouse bioas-
say by the respective labs. No bioassay testing was done in this study. The isolates were
grown on potato dextrose agar (PDA) plates at 25 °C for seven days, and fungal tissue
(100 mg) was scraped into a 1.5-mL safe lock tube (Eppendorf Canada Ltd., Mississauga,
ON, Canada) with steel beads for homogenization. Samples were homogenized in the
FastPrep FP120 cell disruptor (Qbiogene, Carlsbad, CA, USA) for 30 s at speed 5, twice,
or until there were no large pieces of mycelia. DNA was extracted using the DNeasy
plant mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions.
DNA was purified using Quantum Prep PCR Kleen Spin Columns (BIO-RAD, Hercules,
CA, USA). Total DNA yield and purity were estimated by measuring OD at 260 nm and
260/280 nm with a NanoDrop LITE (Thermo Scientific, Waltham, MA, USA).

4.2. Sequence Alignment and Primer Design

Genomic sequences of FON isolates (BioProject number: PRINA656528 and accession
numbers SAMN15791673, SAMN15791674, and SAMN15791675) and the reference genome
of FOL 4287 (NCBI: txid426428) were obtained from NCBI [38,49]. Sequences were aligned
and visualized using the Interactive Genomics Viewer (IGV) (2013-2018 Broad institute
and the Regents of the University of California). Targets for primer design were searched
on chromosome 14 (NC_030999.1), as it contained previously targeted gene candidates
for race differentiation [40]. Regions absent in race 3 but present in races 1 and 2 were
targeted specifically [40]. Using this approach, 21 different loci were isolated as candidates
for differentiation based on their absence in the race 3 genome. To narrow the possible
pool of target loci, BLAST was used to determine the likelihood of genetic conservation
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within the genome based on shared sequences with related species. In addition, sequences
containing coding regions and hypothetical proteins were targeted specifically for primer
design. After using BLAST, a further narrowing of candidates was done based on primer
design properties such as GC content analysis and amplicon size. Consequently, seven
primer pairs were then designed manually and checked for quality and content using the
Integrated DNA Technologies PrimerQuest Tool. All primers were synthesized by Sigma
Aldrich (St. Louis, MO, USA) and stored at —20 °C. All primers are listed in Table 2.

Table 2. List of primers used in this study.

Assay Primers Sequence (5'-3') Product Size (bp) Source
FON specific primer Fon-1 CGATTAGCGAAGACATTCACAAGACT 174 [19]
Fon-2 ACGGTCAAGAAGATGCAGGGTAAAGGT
Race 2 differentiating FONSIX6F CGCTCTTATCGCATCAATCT 453 3]
primer FONSIX6R GGGTTGACTGAGGTCGTGGT
Race 3 dlf'ferentlatmg FNR3F CGGCTTTCCTCTGTCAGATAGT 511 This study
primer FNR3R TAGTGAGGTCCATGCCACGAA

4.3. Selection of Race-Specific Diagnostic Marker Primer Set and PCR Conditions

To select a marker that specifically amplified races 1 and 2 but not race 3, all primer sets
were tested against the three isolates sequenced by Hudson et al. (2020), then on a larger
pool of isolates from multiple states (20 from each state) [38]. Primers with weak signals,
strong dimers, or double bands were removed. Finally, two primer sets remained and were
used to amplify all FON isolate DNA. From these PCR tests, a final primer set was chosen
after showing clear and consistent amplification of target isolates. The final primer set was
a result of targeting an 1121-bp region in chromosome 14 that was identical in races 1 and
2, and entirely absent in race 3 (Figure 1). The primer, named FNR3-F/FNR3-R, amplified
a 511 bp (555 bp in the FOL reference) region of the larger 1121-bp region that contained
multiple hypothetical proteins depending on the codon frame viewed. PCR reactions were
executed on a thermal cycler (Biorad-96 well T100™, Bio-rad, Hercules, CA, USA) using
EconoTaq® PLUS Green 2X Master Mix (Lucigen, Middleton, WI, USA) which included
the following components: EconoTaq® PLUS Green 2X Master Mix (12.5 uL), forward
primer (0.3 uM), reverse primer (0.3 uM), target DNA (1 uL), and ddH2O to total 25 pL per
reaction. PCR products (4 pL per sample) were run on a 1% agarose gel stained with SYBR
safe stain (Invitrogen, Waltham, MA, USA) and then imaged on a UV gel doc (Analytik
Jena, Jena, Germany). PCR was performed using the following conditions: denaturation at
95 °C for 3 min followed by 35 cycles of amplification at 95 °C for 30 s, annealing at 63 °C
for 30 s and 72 °C for 40 s, and terminated by a final elongation at 72 °C for 6 min.

4.4. Optimization of the Developed Marker

The new primer set was tested to determine the optimal annealing temperature, the
level of specificity, and the detection limit of genomic DNA. To optimize the annealing
temperature a gradient PCR was run from 60 to 70.5 °C and the highest temperature was
selected that did not diminish the brightness of the amplicon. To analyze the specificity, the
FNR3-F/FNR3-R primer set was tested with a range of non-FON isolates. PCR samples
were made to the same concentrations as described above with approximately 50 ng of
DNA per reaction. A positive FON control and a negative water control were included
with the non-target samples. Other pathogens tested were as follows: Phytophthora capsici,
Phytophthora sojae, Pseudoperonospora cubensis, Cucurbit leaf crumple virus, Rhizoctonia solani,
Colletotrichum orbiculare, Fusarium solani, F. oxysporum {. sp. vasinfectum, and F. oxysporum
f. sp. lycopersici. To test the sensitivity levels of the newly designed PCR marker, the
genomic DNA extracted from the race 1 standard isolate was standardized to 20 ng/uL,
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then underwent a tenfold serial dilution down to 0.2 pg/uL of DNA. These dilutions were
amplified using the new primer set FNR3-F/FNR3-R to determine the minimum sensitivity.
PCR results (4 pL per sample) were imaged on a 1% agarose gel and the lowest successful
amplification was determined to be the detection limit of the new primer set.

4.5. Development and Application of a Protocol for Race Differentiation

A protocol with three PCR primer sets was used to amplify and determine races
of the FON isolates (Figure 1). The first primer set (Fon-1/Fon-2) was used to amplify
FON isolates specifically, with no other pathogenic F. oxysporum formae speciales being
amplified [19]. The second primer set (FONSIX6-F/ FONSIX6-R) was used to determine
race 2 isolates based on the absence of the SIX6 gene [3]. The final primer set “FNR3-
F/FNR3-R” was developed in this study and selectively amplifies races 1 and 2 and has no
amplicon for race 3 isolates. Two hundred one FON isolates from various field locations and
labs in Florida, Georgia, and South Carolina were tested using the new protocol with the
three primer sets to establish their identity: Fon-1/Fon-2 to confirm their identity as FON,
FONSIX6F/FONSIX6R to differentiate race 2 from races 1 and 3, and FNR3-F/FNR3-R to
differentiate race 3 isolates.

Supplementary Materials: Supplementary materials can be found at https:/ /www.mdpi.com /1422
-0067/22/2/822/s1.
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