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ABSTRACT

The fungal genus Fusarium contains plant pathogens,
mutualists, and commensalists. Because nonpathogenic
Fusarium strains can contribute to disease suppression in soil by
competition or induced plant resistance, identifying factors that
influence the abundance of nonpathogenic strains could lead to
strategies that enhance plant-beneficial interactions and deter
pathogen invasion. We developed a Fusarium-specific
high-throughput translation elongation factor 1α (EF-1α)
amplicon-sequencing method with subspecies resolution. Newly
designed primers enabled reads to be joined for improved
quality metrics after Illumina MiSeq sequencing. By including the
‘oligotyping’ program in our bioinformatic workflow, we
reconstructed Fusarium EF-1α haplotypes with 100% accuracy.
We conducted simulated crop rotation experiments in soil
infested with the strawberry pathogen Fusarium oxysporum f. sp.
fragariae (Fof) and the following treatments: strawberry,
blackberry, raspberry, lettuce, broccoli, and fallow. We profiled
root Fusarium communities with EF-1α amplicons and observed

that nonpathogenic strains of F. oxysporum did not colonize
crops uniformly; some strains exhibited asymptomatic host
preferences. In susceptible strawberry roots, >90% of
sequences corresponded to Fof. Bulk soil communities of
Fusarium were remarkably stable and had minimal
treatment-dependent effects after 1 year. Similarly, in a
long-term agricultural research experiment, 18 years of
conservation tillage and cover cropping did not lead to bulk soil
Fusarium communities that were significantly different than
controls. Although the roots of rotation crops can augment the
abundance of nonpathogenic F. oxysporum strains, their
abundance in bulk soil is unlikely to be altered after a single
year. Climate and soil physicochemical properties may have a
greater effect on Fusarium community structure.

Keywords: amplicon sequence variants, conservation tillage,
cover cropping, fungal communities, Fusarium wilt

Reproduction on susceptible plant tissues contributes to the per-
sistence of many soilborne pathogens (Henry et al. 2019a; Mol
et al. 1995; Singh et al. 1990; Xiao et al. 1998). This lifecycle
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process can be disrupted by planting rotation crops that are unfa-
vorable for pathogen population growth (Henry et al. 2019a; Singh
et al. 1990; Xiao et al. 1998). Rotation crop cultivation and de-
composition can also influence the taxonomic composition of soil
microbiota (Peralta et al. 2018), whose interactions with pathogenic
organisms may alter disease outcomes (Siegel-Hertz et al. 2018;
Weller et al. 2002). Superior disease control can be achieved with
crop rotations that both avoid pathogen proliferation and augment
natural populations of disease suppressive organisms (Inderbitzin
et al. 2018).

Control of Fusarium wilt diseases through crop rotation is lim-
ited by the pathogen’s ability to asymptomatically colonize a wide
diversity of plant species and compete saprotrophically for organic
matter in soil (Gordon and Okamoto 1990; Gordon et al. 1989;
Henry et al. 2019a). Thus, these pathogens can persist in soil, de-
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spite decreasing in abundance during periods without symptomatic
hosts (Henry et al. 2019a; Scott et al. 2012). Fusarium wilt dis-
eases are caused by host-specific pathogenic strains of Fusarium
oxysporum (called ‘formae speciales’), and at least 106 formae
speciales have been reported (Edel-Hermann and Lecompte 2019).
In addition to plant pathogens, the F. oxysporum species com-
plex harbors a great diversity of apparently nonpathogenic strains
(Gordon 2017), some of which possess biological control capabil-
ities for Fusarium wilt diseases (Bolwerk et al. 2005; Constantin
et al. 2019; de Lamo et al. 2020). Although unfeasible to prove
experimentally that an isolate cannot cause disease on any plant,
it is generally accepted that there are truly nonpathogenic strains
(Demers et al. 2015; Gordon and Martyn 1997). Multiple lines
of evidence support this assumption: diverse F. oxysporum strains
are frequently isolated from healthy plants (Gordon et al. 1989),
and lack genomic signatures of pathogenicity (Constantin et al.
2021). Nonpathogenic F. oxysporum strains are ubiquitous in
soil and are almost always present in the same locations as
pathogenic strains (Bao et al. 2004; Demers et al. 2015; Gordon
and Martyn 1997). There is evidence that nonpathogenic strains of
F. oxysporum and other Fusarium spp. contribute to specific sup-
pression of Fusarium wilt diseases (Alabouvette 1986; Schneider
1984; Siegel-Hertz et al. 2018).

Although past research has identified niches that are important
for the persistence of F. oxysporum, we lack an understanding of
how these processes manifest at a community level to affect the
abundance of individual strains in the natural environment. For ex-
ample, once a pathogen establishes in soil where its susceptible
host is grown, does it outcompete resident nonpathogenic strains
and become the dominant strain in that location? Or, are there
community dynamics that limit pathogen abundance after introduc-
tion? In addition, what are the relative contributions of endophytic
growth on living plant roots and saprotrophic growth on soil organic
matter for the survival of nonpathogenic or pathogenic F. oxyspo-
rum? Past research indicates there can be host specialization for
asymptomatic plant colonization (Dhingra and Coelho Netto 2001;
Haware and Nene 1982; Henry et al. 2019a) but is this broadly
relevant among presumed nonpathogenic strains or an uncommon
feature of some pathogens? Dissecting these questions could lead
to new management strategies that harness the biocontrol potential
of nonpathogenic strains and discern the fundamental mechanisms
that limit pathogen abundance in soil.

To start answering these questions, a high-throughput method
is needed to determine the abundance of pathogenic strains of
F. oxysporum in context with the resident nonpathogenic strains of
Fusarium and non-Fusarium fungi. Fungal communities are typi-
cally characterized by high-throughput sequencing of internal tran-
scribed spacer (ITS) amplicons and taxonomic classification of the
resulting reads (Bokulich and Mills 2013; Taylor et al. 2016). How-
ever, ITS amplicon sequencing only discriminates to the genus or
species level (Bokulich and Mills 2013) and, therefore, it is limited
in its ability to provide meaningful data for genus Fusarium, where
ecological differences at the subspecies level are common (Gordon
and Martyn 1997; O’Donnell et al. 2012).

An intron-rich region of the translation elongation factor 1α

(EF-1α) gene provides better phylogenetic resolution within Fusar-
ium than ITS (O’Donnell et al. 1998). This locus is widely used for
phylogenetic comparisons and many reference sequences are avail-
able from public databases (O’Donnell et al. 2009). Because of these
characteristics, Fusarium-specific high-throughput EF-1α ampli-
con sequencing methods were developed (Boutigny et al. 2019;
Cobo-Díaz et al. 2019; Karlsson et al. 2016). However, the ampli-
cons generated by these protocols are either (i) 500 to 700 bp long
and cannot be reliably joined into a single sequence from paired-end

reads on the commonly used Illumina MiSeq platform (Boutigny
et al. 2019; Karlsson et al. 2016) or (ii) include significant pro-
portions of exon sequence with fewer phylogenetically informative
sites (Cobo-Díaz et al. 2019). Because joining paired-end reads into
a single sequence can greatly improve quality scores, most proto-
cols for ITS and 16S-based community profiling use amplicons
that can be joined after paired-end sequencing and target variable,
noncoding regions (Bokulich and Mills 2013; Taylor et al. 2016).
These modifications could improve existing protocols and facilitate
implementation with currently available sequencing technology.

The objectives of this study were to (i) design a new primer
pair and protocol for Fusarium EF-1α amplicon-sequencing that
is compatible with the Illumina MiSeq platform and that allows
paired-end joining and (ii) apply this tool to investigate the impact
of crop rotation, cover cropping, and tillage practices on the rela-
tive abundance of Fusarium amplicon sequence variants (ASVs).
To achieve these objectives, we developed primers to specifically
amplify an approximately 400- to 450-bp EF-1α amplicon from
Fusarium spp. that contains >80% intron regions and can be joined
into a single sequence from Illumina MiSeq paired-end reads. We
analyzed reads generated from this protocol with a novel bioinfor-
matics workflow that yielded subspecies-level relative abundances
of Fusarium ASVs from environmental samples. We applied our
method to investigate the colonization of rotation crops by Fusar-
ium ASVs in field soil that was artificially infested with F. oxyspo-
rum f. sp. fragariae (Fof), the cause of Fusarium wilt of strawberry,
and determined how changes in the soil inoculum density of this
pathogenic strain related to other Fusarium ASVs. In addition, we
analyzed the impact of an 18-year conservation tillage and cover
cropping experiment on bulk soil and root endosphere assemblies
of Fusarium ASVs. The outcome of this study is a detailed view of
Fusarium community dynamics in agricultural systems.

MATERIALS AND METHODS

Fusarium EF-1α reference database construction. Two
databases were constructed: the first was a database of 2,726 man-
ually curated sequences that we used for taxonomic classification,
and the second was a broad survey of 21,159 sequences from NCBI
GenBank that were used for primer design and validation.

To construct the first database, we compiled EF-1α sequences
from the Fusarium-ID v2 database (1,651 sequences) (Geiser
et al. 2004), GenBank type sequences (449 sequences), and 14 re-
cent publications (626 sequences) (Supplementary Table S1) in or-
der to represent the 27 species complexes and 4 species described
by O’Donnell et al. (2012). These sequences spanned the taxo-
nomic diversity in the genus Fusarium, except for the albidum and
ventricosum species complexes (sequences were not available at
the time of compilation). Sequences were aligned with MUSCLE
(version 3.8.31) and trimmed to include only the region between
the 3′ end of the first exon and the 5′ end of the third exon (Edgar
2004). This region was targeted to maximize the amount of intron
sequence while limiting the amplicon size to approximately 450 bp
(Supplementary Fig. S1). Truncated (n = 291) and nonunique (n =
1,716) sequences were removed manually and with the ‘sequniq’
function of GenomeTools (version 1.5.10) to yield a database of 718
Fusarium EF-1α sequences (Supplementary Dataset S1) (Gremme
et al. 2013). A neighbor-joining tree was built from this alignment
in Geneious Prime version 2021.1.1 with the Tamura-Nei genetic
distance model (Supplementary Datasets S2 and S3). Clades on this
tree were manually assigned to 27 species complexes and 4 species
proposed by O’Donnell et al. (2012) based on shared topology trees
built on the RPB1/RPB2 loci and previously reported species-level
classifications of representative sequences.
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The second database comprised all sequences in NCBI GenBank
matching the search terms “Fusarium translation elongation factor
1-alpha” (n = 30,312) on 4 January 2021. These sequences were
aligned (by MUSCLE) and trimmed (in Geneious Prime) to in-
clude only the target amplicon region. Sequences were removed
that did not contain the full target region (n = 8,184), contained
ambiguous bases (n = 702), contained missense or nonsense muta-
tions in the first or third exons (n = 69), or were “UNVERIFIED”
(n = 198). The remaining 21,159 sequences were deduplicated
to remove nonunique sequences (n = 18,844 removed). We ob-
served that prospective primer binding sequences from the basal,
F. dimerum species complex were highly divergent, and we chose
not to target these species complexes in subsequent primer design.
We removed F. dimerum species complex sequences to yield a final
database of 2,284 sequences (Supplementary Dataset S4).

Template-specific primer design. We designed primers target-
ing the EF-1α locus based on 718 unique sequences in the first
database. A forward primer (called “fefF”) was designed 2 nu-
cleotides (nt) downstream of the “Fa” primer designed by Karlsson
et al. (2016) to avoid sequence divergence in some F. solani isolates
(Supplementary Fig. S1). The reverse primer (called “fefR”) was
designed to target the 5′ end of the third exon. Primer sequences
were fefF: 5′-GTCATCGGCCACGTCGACTCTGG-3′ and fefR:
5′-CCTTDCCGAGCTCRGCGGCTTCC-3′, where D represents
A, G or T, and R represents A or G.

Oligo design for two-step PCR library construction. Ampli-
con libraries can be produced with two sequential PCR amplifi-
cation steps (called the “two-step” method). An advantage of this
method is that unique, template-specific barcodes do not need to
be purchased for every sample, because the same indices can be
used for multiple amplicon targets (Supplementary Fig. S2). Oligos
were designed for two-step PCR library construction with EF-1α

and ITS loci. The full oligos used in PCR amplification contained
the Illumina Truseq adapter followed by a spacer (0 to 3 randomly
selected nucleotides [“N”]), a 2-nt linker (not complementary to any
nucleotides 5′ of the primer binding sites), and the template-specific
primer sequence: fefF or fefR for EF-1α, and ITS4ngs (White et al.
1990) and ITS86f (Turenne et al. 1999) for ITS2 (Supplementary
Dataset S5). The 0- to 3-nt spacers upstream of primer sequences
were included to improve cluster diversity on the flow cell and
subsequent sequence quality. Oligos of the four spacer types were
pooled with equal molarity.

Oligo design ligation-based library construction after inline-
barcoded PCR amplification. Libraries can also be generated by
ligating Illumina flow-cell adapters to amplicons produced with
primers that have a sample-specific barcode (“inline-barcoded”
primers) (Supplementary Fig. S2). An advantage of this method
is that it may require fewer cycles of amplification and is conve-
nient when the same locus will be targeted for amplification across
multiple studies. For inline-barcoded PCR amplification, forward
primer oligos were designed with an 8-nt barcode, a 2-nt linker
(the same as above), and the fefF template-specific sequence (Sup-
plementary Dataset S5). The 8-nt barcodes had a minimum Ham-
ming distance of 4, equal GC ratios, and no homopolymers longer
than 2 nt (generated by ‘create.dnabarcodes’ in R) (Buschmann and
Bystrykh 2013).

EF-1α two-step PCR amplification. The first-step reaction
mixture for EF-1α PCR amplification contained a total reaction
volume of 25 μl, 1× concentration of OneTaq Master Mix (New
England Biolabs), 0.2 μM each primer oligo mixture (fefF and
fefR with 0- to 3-nt spacers), 20 μg of bovine serum albumen, and
60 ng of template DNA. The first-step EF-1α PCR assays were run
in a Bio-Rad T100 Thermal Cycler with these thermocycler param-
eters: 3 min at 95°C; then, 30 cycles of 95°C for 30 s, 68°C for

30 s, and 72°C for 30 s; followed by a final extension of 72°C for
5 min. The high (68°C) annealing temperature was selected from a
gradient for increased specificity with optimal amplification (data
not shown). The second-step PCR amplification was conducted by
mixing 5 μl of step 1 reaction mixture (after thermocycling) with
1× OneTaq Master Mix and 0.24 μM unique dual-indexed TruSeq
Illumina adapters (Supplementary Dataset S5). This mixture was
run in the same thermocycler with the following settings: 95°C for
3 min; 10 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for
30 s; then, 72°C for 5 min.

ITS2 two-step PCR amplification. Amplification of ITS2 was
conducted with 1× concentration of OneTaq Master Mix; 0.2 μM
oligos containing TruSeq adapters, spacers, and either ITS4ngs or
ITS86f template-specific sequences (Turenne et al. 1999; White
et al. 1990); 20 μg of bovine serum albumen; and 60 ng of template
DNA. The reaction was run in a Bio-Rad T100 Thermal Cycler with
95°C for 3 min; 30 cycles of 95°C for 30 s, 56°C for 15 s, and 72°C
for 30 s; and 72°C for 1 min. The second step PCR was conducted
as described for the EF-1α amplicons.

EF-1α inline-barcoded PCR amplification. The reaction mix-
ture (25 μl) for inline-barcoded EF-1α PCR amplification contained
1× concentration of DreamTaq Master Mix (Invitrogen), 0.2 μM
inline-barcoded fefF primer, 0.2 μM template-specific fefR primer,
20 μg of bovine serum albumen, and 60 ng of template DNA. Re-
actions were run in a Bio-Rad T100 Thermal Cycler with 3 min at
95°C; 35 cycles of 95°C for 30 s, 68°C for 30 s, and 72°C for 30 s;
and a final extension of 72°C for 5 min.

Library preparation and high-throughput sequencing. We
included a barcoded negative (water) control in every PCR (for ITS
and EF-1α), and these were included in all library preparations. PCR
amplicons resulting from the two-step PCR amplification method
were purified with AMPure XP beads (Beckman-Coulter) following
the manufacturer’s protocol. EF-1α amplicons were size selected
with BluePippin (Sage Science) for fragments between 350 and
600 bp. The EF-1α and ITS2 libraries were then pooled and se-
quenced on an Illumina MiSeq with 300-nt paired-end reads.

Amplicons generated by the inline-barcoded method were pooled
into a single mixture, then size selected to 350- to 550-bp fragments
with the Zymo Research Gel Recovery kit (Zymo Research). Li-
braries were prepared for MiSeq sequencing with the ligation-based
Kapa Hyper Prep library preparation kits at the DNA Technologies
Core Facility (University of California–Davis). The resulting DNA
was sequenced on an Illumina MiSeq with 300-nt paired-end reads.

Read processing and analysis. Reads were classified to the
species (EF-1α) or genus (ITS) level with multiple functions
from the dbcAmplicons program (version 0.9.0; https://github.com/
msettles/dbcAmplicons) (Williams et al. 2017). We first used the
‘preprocess’ function with default parameters to identify and re-
move primer and barcode sequences. Paired-end reads were merged
FLASH2 (version 2.2.00) via the ‘join’ function (maximum mis-
match rate “-x” = 0.2 for EF-1α and 0.1 for ITS) (Magoc and
Salzberg 2011). Joined EF-1α reads were classified to species with
‘classify’, which uses the RDP naïve Bayesian classifier with our
718-sequence reference database and a minimum-length parameter
(‘minL’) of 350 nt. Joined ITS reads were classified to genus-level
phylotypes with the ‘classify’ function and the UNITE reference
database. The read counts per taxonomic classification were sum-
marized by the ‘abundance’ function.

To identify subspecies-level haplotypes for EF-1α reads, we
generated species-specific alignments for use with ‘oligotyping’
(version 2.1; https://merenlab.org/software/oligotyping/) (Eren
et al. 2013). First, we extracted ‘fastq’-formatted reads that corre-
sponded to specific Fusarium spp. with the dbcAmplicons ‘extract’
function. Reads were converted to ‘fasta’ format with the bbmap
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function ‘reformat.sh’ and aligned against a template alignment
with PyNAST (minimum percent identity of 80%; version 0.1)
(Caporaso et al. 2010). Template alignments were generated for
each species complex by subsetting reads corresponding to the de-
sired taxonomy (e.g., F. oxysporum species complex) from the com-
prehensive, 2,284-sequence database.

Shannon’s entropy was then determined for each position of
each alignment with the ‘entropy-analysis’ function. Sites that were
known to be polymorphic (from the analysis of isolates cultured
from these soils) or had high-entropy values were manually se-
lected for oligotyping, and the ‘oligotype’ function was run with
the following parameters: “-A 500 -M 150”. The species-level rel-
ative abundances (determined by dbcAmplicons ‘classify’) were
split into the relative proportions of their constituent oligotypes.
This resulted in a relative abundance table in which all Fusarium
ASVs were classified to the subspecies level.

Analysis of ITS and EF-1α amplicon data. Representative se-
quences from ITS phylotypes and EF-1α ASVs were aligned by
MUSCLE and their phylogenetic distance was calculated by fast-
tree (Version 2.1.10). We used ‘phyloseq’ (version 1.32.0) in R
(version 4.0.2) to import read counts, taxonomy, sample infor-
mation, and phylogenetic distance (McMurdie and Holmes 2013;
R Core Team 2013). Count data sets were normalized using the phy-
loseq ‘transform_sample_counts’ function by dividing each count
in a sample by the total sample sum. Phylotypes or ASVs whose
normalized total abundance was >1% were identified and visu-
alized via stacked bar plots using the phyloseq ‘plot_bar’ func-
tion. Nonmetric multidimensional scaling was calculated and visu-
alized with the phyloseq ‘ordination’ (method = NMDS, distance =
wunifrac) and ‘plot_ordination’ functions, respectively.

The phyloseq function ‘phyloseq_to_deseq2’ was utilized to de-
fine a DESeq2 object containing an explanatory variable formula
“group”, which was generated by combining sample data variables
“treatment type” and “extraction location” (design = ∼group). To
account for samples containing 0 counts, the DESeq2 function
‘estimateSizeFactors’ was used (version 1.28.1; type = poscounts)
(Love et al. 2014). The DESeq2 function ‘DESeq2’ then was used
to perform comparisons using nonnormalized count data (test =
wald, fitType = mean).

Microbiome objects with normalized counts were created using
the microbiome (version 1.4.2) ‘transform’ function (transform
= compositional) (Lahti and Shetty 2017). The ‘adonis’ function
from vegan (version 2.5-7) was then used to perform permutational
multivariate analysis of variance (PERMANOVA) on a weighted
distance matrix created using the phyloseq ‘distance’ function
(method = wunifrac). Codes used for R analysis of microbiome
data in this study are available at http://www.github.com/pmhenry/
USDA-ARS-fusarium-community.

Performance on artificial communities. To evaluate our EF-1α

amplicon sequencing method, we mixed DNA from eight Fusarium
isolates in five different proportions (called ‘mock communities’)
and compared the observed “post-PCR” percentage of reads of each
isolate with the expected percentages of template DNA (“pre-PCR”)
in each mock community. Post-PCR percentages for the eight iso-
lates were obtained for the two library preparation methods that we
tested (i.e., inline-barcoded and two-step PCR); thus, for each iso-
late there were 2 observed versus expected comparisons (16 total).

We determined whether the variability in measurements of DNA
concentration could account for differences in observed versus ex-
pected relative abundances of each isolate. DNA concentration was
quantified three times for each isolate by Qubit (version 2.0), and
these estimates were averaged to determine the mean pre-PCR DNA
concentration per isolate. From the three measurements of each iso-
late’s input DNA concentration, we generated a normal distribution

of DNA concentrations (R package = ‘stats’; function = ‘rnorm’).
These distributions were sampled 10,000 independent times for the
concentrations (in counts per thousand [cpt]) of the eight isolates
(R package = ‘stats’; function = ‘rnorm’). Then, we subtracted
the observed cpt (from amplicon sequence analysis) from the sim-
ulated cpt (based on a normal distribution) for each PCR replicate.
The P values are the fraction of the two-sided Wilcoxon signed
rank test in which the post-PCR minus simulated pre-PCR values
were not significantly (α = 0.05) different from zero after adjust-
ment for 16 comparisons with the false discovery rate (R package =
‘stats’; function = ‘wilcox.test’,’p.adjust(method=”BH”) (https://
github.com/objetora/lepstein/blob/master/pcriw.r) (Benjamini and
Hochberg 1995).

We used the genome size of each isolate to estimate the expected
numbers of single-copy EF-1α template sequences per nanogram
of DNA. The genome sizes were known for two isolates: GL1080
(Henry et al. 2021) and FolCA3 (Henry et al. 2019b). The genome
size of the F. oxysporum f. sp. apii race 2 isolate Foa40 was based on
the size of F. oxysporum f. sp. apii race 2 strain 207A (Henry et al.
2020b); race 2 is monomorphic in California (Epstein et al. 2017).
For the remaining isolates, we used the mean size of GenBank
assemblies corresponding to the species complex (Supplementary
Table S2).

Culture-dependent characterization of Fusarium communi-
ties from field soil before infestation with Fof. Approximately
300 liters of soil from a depth of 0 to 15 cm was collected near Wat-
sonville, CA from an organic strawberry field that did not have a
history of Fusarium wilt of strawberry. This soil was passed through
a 4-mm mesh sieve to remove rocks and plant debris and homoge-
nized by mixing for 1 h in a potting soil mixer. Three 5-g subsam-
ples were taken from the bulk mixture, mixed vigorously with 1%
sodium hexametaphosphate, diluted with 0.1% agar solution, and
plated on Komada’s medium with a detection limit of 50 CFU/g.
All colonies with aerial mycelia that was not green (to avoid Tricho-
derma and Penicillium spp.) were single-hyphal tipped (with sterile
scalpels under a dissecting scope) to obtain pure cultures. DNA was
extracted from each culture with the OmniGen-X Purespin gDNA
extraction kit and the EF-1α locus amplified with EF1 and EF2
primers, as described by Henry et al. (2021). Amplicons were puri-
fied with the Bioneer Accuprep PCR purification kit and sequenced
from both ends on an ABI 3130XL Capillary Electrophoresis Ge-
netic Analyzer. We used Geneious Prime to analyze reads (2× cov-
erage for each sample) and generate consensus sequences from
the fefF and fefR amplicon regions. Unique sequence types were
quantified by the ‘fastx_collapser’ tool in the fastx_toolkit (version
0.0.13).

Inoculum and soil preparation. A hygromycin-resistant trans-
formant of a highly virulent strain of Fof was previously generated
by Agrobacterium-mediated transformation (Henry et al. 2020a).
Eighteen 100-mm-diameter Petri dishes of potato dextrose agar
were inoculated with this strain (called GL1080hyg+) and grown
for 10 days at 25°C under continuous fluorescent lighting. Infested
agar was then blended in sterile deionized water for 2 min and evenly
hand mixed into 10 liters of sterile sand. This infested sand mixture
was stirred manually daily for 1 week until completely dry. Infested
sand was mixed thoroughly with 85 liters of the field soil described
above. This mixture is hereafter referred to as “Fof-infested soil”.

Plant growth, incorporation, and incubation. Ten-day old
seedlings of five crop treatments (broccoli, spinach, lettuce, rasp-
berry, and blackberry) as well as strawberry crowns that had bro-
ken dormancy (from Fof-susceptible and -resistant cultivars) were
transplanted into 2-liter pots containing Fof-infested soil (n = 6 per
treatment) and transferred to a controlled-environment facility with
a 12-h photoperiod and temperatures of 25°C (day) and 18°C (night)
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(Table 1). Six pots filled with Fof-infested soil were left unplanted as
a “no-plant” control. The six replicate pots/treatment were arranged
in a completely randomized design. Pots were checked daily for
6 weeks for weeds, and irrigated with a nutrient solution contain-
ing NH4-N at 5.99 mg/liter, NO3-N at 70.39 mg/liter, P at 53.92
mg/liter, K at 113.83 mg/liter, Ca at 170.75 mg/liter, Mg at 29.35
mg/liter, and S at 38.64 mg/liter. After this period, aboveground
plant biomass was collected and weighed, and a sample of feeder
roots (<1 mm in diameter) was saved for later analysis. Soil was
removed from the pot and thoroughly mixed, and an approximately
200-g subsample was saved. Plant biomass was then cut into ap-
proximately 1-cm fragments and mixed evenly with the soil, which
was then returned to the pot. For the no-plant treatment, soil was
removed, mixed, sampled, and returned to the pot. Pots were then
returned to the growth chamber for a 6-week fallow period, in which
all treatments were irrigated weekly with 200 ml of water. Then,
soil was sampled and pots were replanted with the crop that had pre-
viously been grown. The entire process of plant growth (6 weeks),
fragmentation and incorporation, and fallowing (6 weeks) was con-
ducted twice, so that each pot was subjected to two plant growth
and incubation periods of the same crop (Fig. 1A). All pots were
thereafter irrigated weekly with 200 ml of water for 28 weeks, at
which point soils were sampled for a final time. At this final time-
point, soils were passed through a 4-mm mesh sieve to remove plant
debris. This experiment was conducted three times.

Soil sampling, culture-dependent quantification of Fof, and
DNA extraction. Soil was sampled as described above immedi-
ately after infesting with Fof at the beginning of the experiment,
and then at 6, 12, 18, 24, and 52 weeks postinitiation (wpi) of the
experiment (Fig. 1A). At each timepoint, soil was stored at 4°C
for no longer than 1 week prior to dilution plating on Komada’s
medium containing hygromycin B at 100 mg/liter (Komada 1975).
Few other microorganisms grow on this medium, and colonies mor-
phologically identifiable as Fof were enumerated after 5 to 7 days
of incubation at 23°C under continuous fluorescent lighting. Two
assays were conducted per pot and the average of these values was
used in subsequent statistical analyses. Soil for DNA extraction
was collected from all pots (n = 6 per treatment) at 52 wpi and
stored at −80°C until the time of extraction. DNA was extracted
from 500-mg soil samples with the Zymo Research Quick-DNA
Fecal/Soil extraction kit as per the manufacturer’s instructions.
PCR and library preparation were as described for the two-step
method.

Fine root tissue sampling and DNA extraction. Feeder roots
were submerged in sterile 1% sodium hexametaphosphate solution

TABLE 1
Rotation crop treatments in the Fusarium oxysporum f. sp.

fragariae experiment

Crop/treatment Cultivar

Broccoli Marathon F1

Spinach Whale

Lettuce Green Towers

Raspberry Heritage

Blackberry Black satin

Strawberry (resistant) Ventana

Strawberry (susceptible) Sweet Anne

No plant (irrigated)a −
a This treatment was irrigated when dry (approximately once per

week) for the duration of the experiment.

(to disperse soil aggregates) and shaken at 100 rpm for 10 min
(Kettler et al. 2001). Tissue was transferred to a tube with fresh,
sterile 1% sodium hexametaphosphate solution, shaken again, and
sonicated in a Branson 5510 water bath (Marshall Scientific, LLC)
for 7 min. Tissue was then transferred to a tube with sterile, deion-
ized water and shaken for 10 min at 100 rpm. Root tissues were
then transferred to sterile 2-ml centrifuge tubes, flash frozen in liq-
uid nitrogen, and lyophilized prior to DNA extraction. A modified
cetyltrimethylammonium bromide extraction protocol was used to
isolate DNA from the plant tissue (Brandfass and Karlovsky 2008).
The two-step PCR and library preparation method was used for
these DNA samples.

Impact of an 18-year cover crop and conservation tillage
study on Fusarium communities. We investigated the impact of
cover cropping and conservation tillage on Fusarium communities
at the long-term (18-year) Conservation Agriculture Systems Inno-
vation site at the University of California’s West Side Research and
Extension Center in Five Points, CA (36°20′29′′N, 120°7′14′′W)
(Mitchell et al. 2021). The field has Panoche clay loam with two
experiments that each contain four replicated blocks of four man-
agement treatments: (i) standard tillage with no off-season cover
crop, (ii) standard tillage with an off-season cover crop, (iii) conser-
vation tillage with no off-season cover crop, and (iv) conservation

A

B

Fig. 1. Experimental design for simulated crop rotation experiments and
18-year conservation tillage and cover cropping trials. A, Depiction of
the timing for data collected from the simulated crop rotation experi-
ments. Plants were grown between 0 and 6 weeks postinitiation (wpi)
of the experiment in soil infested with Fusarium oxysporum f. sp. fra-
gariae (Fof), then fragmented and mixed into the soil. The soil was then
irrigated weekly between 6 and 12 wpi as plant tissues decomposed.
Pots were replanted at 12 wpi fragmented and tilled into the soil at
18 wpi, and then irrigated weekly until 52 wpi. Green intervals depict
time periods when plants were growing (0 to 6 and 12 to 18 wpi) and
brown intervals depict time periods when soil was incubated and tis-
sues were decomposing. The amount of Fof in soil was quantified by
plating on selective medium at 0, 6, 12, 18, 24, and 52 wpi. DNA was
extracted from roots from 6 wpi and soil from 52 wpi for high-throughput
sequencing (HTS) of translation elongation factor 1α (EF-1α) and inter-
nal transcribed spacer (ITS) amplicons. B, Visualization of treatments
and sampling procedures after 18-year tillage and cover-cropping field
trials. Treatments included conservation tillage or standard tillage and
cover cropped or not. Garbanzo bean plants were grown in the winter of
2017 and 2018 and, during these years, bulk soil was sampled for HTS
of EF-1α amplicons. DNA was also extracted from roots in 2017 for HTS
of EF-1α amplicons.
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tillage with an off-season cover crop (Fig. 1B). Each plot was
10 m wide by 100 m long with a 10-m buffer between plots. From
2014 through 2018, there was a 2-year crop rotation alternating
between garbanzo bean (cultivar UC27) and sorghum; four blocks
were planted to each crop in each year. The cover-crop-treated plots
had an annual fall planting, starting in 2014, with a mix of triticale,
cereal rye, common vetch, radish, and clover.

On 9 May 2017 and 12 June 2018, 10 random bulk soil samples
(0 to 15 cm deep, 13 cm from a garbanzo [Cicer arietinum] stem)
per plot were pooled, mixed, air dried, and mixed again. In 2017, the
fine fibrous roots from 10 random garbanzo bean plants were also
collected, washed in water, sonicated in a Branson 5510 water bath,
blotted dry, stored at −70°C until lyophilization, then ground in liq-
uid N2 with a mortar and pestle. The DNA from 50-mg root sam-
ples was extracted with ZR Soil Microbe DNA Miniprep kits. PCR
and library preparation were as described for the inline-barcoded
method for 2017 samples and by the two-step amplification method
for 2018 samples.

Data availability. Amplicon sequences were deposited in
the GenBank Sequence Read Archive under accession codes
SRR17775566 and SRR17775565. All data will be made available
upon request.

RESULTS

Primer design. To design and evaluate the compatibility of
new primers for Fusarium EF-1α amplicon sequencing, we de-
veloped a database of 21,159 high-quality Fusarium EF-1α se-
quences from GenBank, of which 2,284 were unique. The fefF
primer was identical to its binding region in 97.5% of the 2,284
sequences; 58 sequences (2.5%) had silent mutations in this re-
gion. The fefR primer contained two degenerate bases, which made
it perfectly complementary to 99.3% of sequences; there were 2
sequences with silent mutations and 14 sequences with missense
mutations. Mismatches on either fefF or fefR were not clustered
within the same species complex and were dispersed, apparently
at random, across seven species complexes (Supplementary Table
S3), suggesting that they are sequencing errors rather than true
polymorphisms.

Quantification of Fusarium ASVs from mock communities.
We identified each input isolate from amplicon sequences by
oligotyping, and this method reconstructed the expected EF-1α

sequences with 100% sequence identity. Because the differences
between post- and pre-PCR values may have been due to inaccura-
cies in the estimates of the pre-PCR values, we sampled simulated

TABLE 2
Difference between observed and expected relative abundances of eight Fusarium isolates in five mock community mixturesa

Fusarium spp. or spp. complex Isolate Methodb Difference (range) (%)c P valued

Fusarium oxysporum_B Foa40 Inline/lig. −1.3 (0.4) 0.25

Foa40 Two-step −1.1 (0.8) 0.35

F. oxysporum_B FolCA3 Inline/lig. −1.8 (1.6) 0.0001***

FolCA3 Two-step −2.2 (2.1) 0.0001***

F. oxysporum_B FolHM2 Inline/lig. −1.5 (1.0) 0.42

FolHM2 Two-step −0.2 (0.8) 0.58

F. oxysporum_B GL1080 Inline/lig. −3.2 (1.6) 0.0001***

GL1080 Two-step −2.8 (1.9) 0.19

F. solani_3 Fs35a Inline/lig. 0.2 (0.9) 0.72

Fs35a Two-step −2.5 (0.5) <0.0001***

F. fujikuroi_Af GL1093 Inline/lig. 1.0 (0.5) 0.002**

GL1093 Two-step 2.0 (0.5) <0.0001***

F. tricinctum GL1203 Inline/lig. 7.0 (1.0) <0.0001***

GL1203 Two-step 5.1 (0.9) <0.0001***

F. incarnatum-equiseti GL1446 Inline/lig. 0.8 (1.4) 0.98

GL1446 Two-step 2.3 (1.1) 0.68

a Each sample contained eight Fusarium spp. isolates in one of five different proportions.
b The PCR and library preparation method was either with inline barcodes followed by ligation (Inline/lig.) or by two-step PCR amplification

(Two-step). In the inline/lig. method, a sample-specific 8-nucleotide (nt) barcode was attached to the template specific fefF primer during PCR.
Amplicons were then pooled and prepared for Illumina sequencing with a ligation-based library preparation method. For the two-step PCR
library preparation method, the fefF and fefR primers each had a 5′ Illumina TruSeq adapter sequence in the first round of amplification. The
primers in the second round of amplification had the P5 or P7 Illumina adapters and an 8-nt sample-specific barcode. After the second round of
amplification, amplicons were pooled and size selected before sequencing.

c Median percent difference (and interquartile range) between observed and expected. Pre-PCR estimates of quantity of each isolate were based
on the measured DNA concentration of each isolate stock and their genome sizes, in order to estimate the number of single-copy translation
elongation factor 1α templates of each isolate in each mix. For each isolate, PCR method, and PCR replicate, the percent difference was
calculated as (post-PCR − mean pre-PCR) × 100. Because the percent differences were not normally distributed, the column has the median
values (n = 15 and 9 for the 2017 and 2018 PCR methods, respectively).

d P value that pre-PCR variability could account for a significant difference between post- and pre-PCR. The three measurements of pre-PCR
DNA concentration of each isolate were normally distributed, except for FolCA3. To test whether the post-PCR relative differences could be
explained by the pre-PCR variability, we sampled 10,000 sets of eight values, one for each isolate, from the corresponding pre-PCR distributions
that were based on the three measurements of DNA concentration for each isolate. The P values are the fraction of the 10,000 samples that
had a nonsignificant (α = 0.05), two-sided Wilcoxon signed rank test adjusted for 16 comparisons with the false discovery rate (α = 0.05) for the
post-PCR − simulated pre-PCR values.
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estimates from the distribution of possible values. In 8 of the 16
cases, the relative difference was significant and the variability of
the pre-PCR value could not account for the observed difference be-
tween the post-PCR and pre-PCR values (Table 2; Supplementary
Fig. S3). Overall, PCR amplification did not affect the post-PCR

percentage of Foa40, FolHM2, and GL1446 in the mixes (Table 2).
With both methods, we observed bias for three isolates: an increase
in the percentage of GL1093 (median = 1.5%) and GL1203
(median = 6.0%) and a decrease in the percentage of FolCA3
(median = −2.0%) (Table 2).

A B

C D

Fig. 2. Fusarium and fungal communities on the roots of six crop species harvested after 6 weeks of growth in Fusarium oxysporum f. sp. fragariae
(Fof)-infested soil. Treatment codes are as follows: BB = blackberry, BR = broccoli, LE = lettuce, RB = raspberry, SW = Fof-susceptible strawberry
cultivar ‘Sweet Ann’, and VT = Fof-resistant strawberry cultivar ‘Ventana’. A, Stacked bar chart depicting the relative abundance of the top 14
most abundant Fusarium amplicon sequence variants (ASVs), based on translation elongation factor 1α (EF-1α). The ASV corresponding to the
introduced strain of Fof is depicted in yellow and called FoxB_C2-FOF in the legend. ASV IDs starting with “Finc” are from the F. incarnatum-equiseti
species complex, “FoxB” = F. oxysporum species complex, “Fsol3” = F. solani species complex 3, and “Ftri” = F. tricinctum species complex. Missing
data were caused by sample loss during DNA extraction or a lack of target amplification. B, Nonmetric multidimensional scaling plot of Fusarium
communities in roots based on EF-1α amplicon analysis. C, Stacked bar chart depicting the relative abundance of the 21 most abundant fungal genera
identified by internal transcribed spacer 2 (ITS2) amplicon sequence analysis. D, Nonmetric multidimensional scaling plot of fungal communities in
roots based on ITS2 amplicon sequences.
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Fusarium community profiles reveal evidence for host prefer-
ences in both symptomatic and asymptomatic interactions. The
profound niche advantage granted by host-specific pathogenicity
was confirmed by our analysis of Fof relative abundance on root
tissues of strawberry and other crop species growing in artificially
Fof-infested soils. As revealed by EF-1α amplicon sequencing, the
Fusarium community on roots of the susceptible strawberry cul-
tivar was dominated by the introduced Fof (isolate GL1080hyg+;
ASV FoxB_C2-FOF), which had log2 fold-change (log2FC) >

6.17 differential abundance compared with any other treatment
(P < 0.001) (Fig. 2; Supplementary Dataset S6). Concurrently,
many F. incarnatum-equiseti, F. solani 3, and F. oxysporum ASVs
were at lower relative abundance in the susceptible strawberry treat-
ment compared with the roots of other crops (Fig. 2; Supplementary
Dataset S6). In the ITS data, the Fusarium genus was 1.59 to 6.53
log2FC more abundant on the susceptible strawberry roots than the
roots of any other crop (P < 0.001) (Fig. 2).

Fig. 3. Culture-based changes in the population density of Fusarium
oxysporum f. sp. fragariae (Fof; isolate GL1080hyg+) after introduction
into the soil of simulated crop rotations. Log2 soil population densities of
GL1080hyg+ at 6, 12, 18, 24, and 52 weeks postinitiation (wpi) after crop
rotation treatments. Points show the mean at each timepoint, and error
bars depict ± 1 standard error. Tukey’s honestly significant difference
test was conducted on values from 52 wpi; the same letters adjacent to
this timepoint are not significantly different (α = 0.05). Starting inoculum
density at 0 wpi was approximately log2(16.6), or 1 × 106 CFU/g.

Differential abundance analysis with DESeq2 also provided evi-
dence that host preferences during asymptomatic root infections
are common for Fusarium spp.; from these data, we observed
many crop-dependent differential abundances of Fusarium ASVs
on healthy root tissues. For example, Fof ASV FoxB_C2-FOF was
at lower relative abundance in lettuce roots than blackberry or Fof-
resistant strawberry roots (log2FC = −1.76 and −1.73, respec-
tively; P < 0.03) (Supplementary Dataset S6). In addition, the pu-
tatively nonpathogenic strain ASV FoxB_C3.3.33 was at higher rel-
ative abundance on broccoli than lettuce and raspberry (log2FC =
2.21 and 1.99, respectively; P < 0.001) (Supplementary Dataset
S6). The most abundant ASV on most crops, FoxB_C3.1.77, was
at higher relative abundance on broccoli roots compared with rasp-
berry roots (log2FC = 2.06; P < 0.001) (Fig. 2; Supplementary
Dataset S6). These differences suggest that crop rotation could aug-
ment the relative abundance of nonpathogenic strains that could
compete with host-specific pathogens.

Soil inoculum densities of Fof after repeated crop-fallow
cycles and comparison with Fof ASV relative abundances.
To compare the culture-independent data with culture-dependent
counts of Fof, the soil inoculum densities of the introduced
hygromycin-resistant Fof isolate GL1080hyg+ were determined by
soil dilution plating at five timepoints. The approximate inoculum
density of GL1080hyg+ in the initial soil mixture was 1 × 106 CFU/g
of soil. Mean soil densities of GL1080hyg+ were numerically highest
in the susceptible strawberry treatment at all timepoints and experi-
ments of all treatments (Fig. 3). Inoculum densities of GL1080hyg+
declined between the time of the second tillage at 12 wpi of the ex-
periment and the final timepoint at 52 wpi. Two-way mixed-model
analyses of variance (ANOVAs) at 52 wpi showed a significant
effect of random effects (experiment and experiment–treatment in-
teractions; P = 0.049 and 0.005, respectively). Therefore, data were
analyzed separately for each experiment; the fixed effect of treat-
ment was always significant (P < 0.001) in one-way ANOVAs
(Fig. 3).

Overall, the relative abundance of the GL1080hyg+ Fof ASV
(FoxB_C2-FOF, as determined by amplicon sequencing) was not a
good predictor of the abundance of Fof CFU/g of soil (determined
by culture-dependent soil dilution plating). The only statistically

Fig. 4. Relationship between relative abundance and CFU per gram of
soil of Fusarium oxysporum f. sp. fragariae (Fof) at 52 weeks postinitia-
tion. Each point depicts the proportion of reads (i.e., relative abundance)
corresponding to the Fof haplotype (y-axis) and the CFU of Fof per gram
of soil (x-axis) for a single replicate. The two-step library preparation
was used to generate reads for calculating Fof relative abundance. Two
treatments are shown: the susceptible strawberry and fallow-irrigated
treatments.
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significant correlations between Fof relative and actual abundance
were observed in the susceptible strawberry (R2 = 0.43; P = 0.003)
and resistant strawberry (R2 = 0.23; P = 0.043) (Fig. 4; Supplemen-
tary Fig. S4). No correlation between these variables was observed
in the other treatments (R2 ≤ 0.068; P ≥ 0.30) (Fig. 4; Supple-

mentary Fig. S4). Furthermore, the Fof ASV FoxB_C2-FOF was
not differentially abundant between the susceptible strawberry and
no-plant treatments by DESeq2 analysis in soil at 52 wpi (Supple-
mentary Dataset S6). This result contrasts with culture-dependent
quantifications of Fof from soil at that timepoint; the CFU of Fof

A

C
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D

Fig. 5. Fusarium and fungal communities from soil after decomposition of six crop species and a fallow control at 52 weeks postinitiation (wpi) of the
experiment. Treatment codes are as follows: BB = blackberry, BR = broccoli, FW = no-plant control, LE = lettuce, RB = raspberry, SW = Fusarium
oxysporum f. sp. fragariae (Fof)-susceptible strawberry cultivar ‘Sweet Ann’, and VT = Fof-resistant strawberry cultivar ‘Ventana’. A, Stacked bar
chart depicting the relative abundance of the top 14 most abundant Fusarium amplicon sequence variants (ASVs) in soil at 52 wpi, based on
translation elongation factor 1α (EF-1α) amplicon sequencing. The ASV corresponding to the introduced strain of Fof is depicted with yellow and
called FoxB_C2-FOF in the legend. ASV IDs starting with “Finc” are from the F. incarnatum-equiseti species complex, “FoxB” = F. oxysporum species
complex, “Fsol3” = F. solani species complex 3, and “Ftri” = F. tricinctum species complex. B, Nonmetric multidimensional scaling plot of Fusarium
communities in soil based on EF-1α amplicon analysis. C, Stacked bar chart depicting the relative abundance of the top 21 fungal genera in soil
identified by internal transcribed spacer 2 (ITS2) amplicon sequence analysis. D, Nonmetric multidimensional scaling plot of fungal communities in
soil based on ITS2 amplicon sequences.
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per gram of soil (actual abundance) were significantly (P < 0.05)
higher for susceptible strawberry than the no-plant treatment in ev-
ery experiment at 52 wpi (Fig. 1B).

Soil Fusarium and fungal communities. Because we observed
such poor correlations between relative and actual abundance of
Fof, we adjusted the EF-1α Fusarium relative abundances by the
CFU of Fof per gram of soil observed at the same timepoint to obtain
the estimated total abundance of each Fusarium ASV (Supplemen-
tary Fig. S5). Using this adjusted dataset, we observed that crop
treatment had a very minimal effect on soil Fusarium communities
(Fig. 5B); the maximum correlation for PERMANOVAs compar-
ing any two treatments was R2 = 0.21 (Supplementary Dataset S6).
However, soil after the broccoli treatment had significantly lower
relative abundance of the Fof ASV than the no-plant, lettuce, and
susceptible strawberry treatments (log2FC = −2.19, −1.74, and
−2.21, respectively; P < 0.02) (Supplementary Dataset S6), sug-
gesting that it could be a good rotation crop for control of this
pathogen.

More substantial treatment-level differences were apparent in soil
from the analysis of ITS amplicons (Fig. 5). In addition to result-
ing in the lowest Fof CFU/g of soil over time (Fig. 3), the no-plant
treatment appeared to be detrimental to overall Fusarium commu-
nities. This treatment had a significantly lower relative abundance
of the Fusarium genus than any other treatment (adjusted P value
≤ 0.001; log2FC ≥ 1.4).

Culture-dependent Fusarium community profiling and com-
parison with amplicon-based identification of EF-1α sequences.
Before Fof infestation, we performed soil dilution plating of the bulk
field soil used in the crop rotation experiments, isolated pure cul-
tures of Fusarium spp. from dilution plates, and sequenced their
EF-1α locus. This provided a reference against which we could
compare results from amplicon sequencing and confirmed that
no native F. oxysporum isolates in the field soil shared the same
EF-1αhaplotype as the introduced strain of Fof. From three replicate
culture-dependent soil assays conducted before infestation with Fof,
we recovered 93, 77, and 65 colonies of Fusarium spp. at a detec-
tion limit of 50 CFU/g soil. These 235 total colonies comprised
27 unique haplotypes. Importantly, no native F. oxysporum iso-
lates in the field soil shared the same EF-1α haplotype as the in-
troduced strain of Fof. Only seven haplotypes were observed in all
three samples; all others were present at low abundances (50 to
150 CFU/g) (Fig. 6). The most abundant Fusarium sp. in this soil
was F. oxysporum, which had 10 distinct haplotypes (Fig. 6).

Our analysis of EF-1α amplicon sequences from roots and soil
in the crop rotation experiments recovered 34 EF-1α ASVs (Sup-
plementary Fig. S6). Although amplicon sequencing was not con-
ducted on the initial three soil samples used for culture-dependent
analysis, 17 ASVs were identical to 1 of the 27 haplotypes de-
tected by culture-dependent analysis. Of the 10 EF-1α haplotypes
that were only discovered by culture-dependent analysis, 8 were at
very low abundance (50 CFU/g; at the detection threshold) and 2
were moderately abundant (100 and 300 CFU/g), with both in F.
solani species complex 3. Amplicon sequence analysis recovered
17 ASVs that were not identified by culture-based haplotyping.

Conservation tillage and cover cropping significantly affected
garbanzo root but not soil Fusarium community composition.
We analyzed the soil Fusarium community from a long-term agri-
cultural research experiment with four treatments: standard tillage
with no off-season cover crop (STNO), standard tillage with an off-
season cover crop (STCC), conservation tillage with no off-season
cover crop (CTNO), and conservation tillage with an off-season
cover crop (CTCC) (Fig. 1B). From this 18-year experiment, we
collected roots and soil in 2017 and soil in 2018. In 2017, an early-
season stunting and significant reduction in yield was observed in

the STCC treatment; no stunting or yield differences were detected
in the 2018 trial (Mitchell et al. 2021).

Despite 18 years of treatment applications, we detected few
treatment-dependent differences in Fusarium community profiles.
Soil Fusarium compositions were not different between years
for the CTCC, CTNO, and STNO treatments. (PERMANOVA;
P ≥ 0.17). There was a significant (R2 = 0.52; P = 0.02) effect
of year for the 2017 versus 2018 STCC soil comparison, which
corresponded to the decline phenotype observed in 2017 but not
2018. With soil community data pooled across years, we observed
no significant community-level differences associated with treat-
ment (P ≥ 0.10) (Fig. 7A; Supplementary Dataset S7). The only
four differentially abundant ASVs were associated with the STCC
treatment versus all other treatments (Supplementary Dataset S7).

We observed significant differences between root Fusarium com-
munity profiles in 2017 (Supplementary Dataset S7). Interest-
ingly, the largest effect size was observed for the treatments with
differences in both tillage and cover crop practices (CTCC ver-
sus STNO; PERMANOVA P value = 0.02; R2 = 0.63). Within
treatments, the root community profiles were significantly different
from soil (PERMANOVA P value ≤ 0.03; R2 ≥ 0.57). Differen-
tial ASV abundance compared between all root and all soil sam-
ples was structured by species complex; roots were enriched for
oxysporum, solani, and fujikuroi (asiaticum) ASVs, whereas soil
was enriched for all incarnatum-equiseti and cyanostomum ASVs
(Fig. 7C).

Fig. 6. Fusarium community profile of field soil before Fusarium
oxysporum f. sp. fragariae (Fof) infestation at the start of the exper-
iments. These data were determined by a culture-dependent method
in which 235 Fusarium colonies were isolated in pure culture and se-
quenced at the translation elongation factor 1α locus. Haplotype IDs
starting with “FoxB” are F. oxysporum and IDs starting with “Fsol3” are F.
solani species complex group 3. Haplotypes detected at a density that is
≤100 CFU/g of soil are considered “low abundance”. All haplotype IDs
are color coded and indicated to the right of their corresponding stacked
bar.
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DISCUSSION

Amplicon sequencing of the EF-1α locus on the Illumina MiSeq
platform can achieve subspecies-level resolution among Fusarium
ASVs. Incorporating the oligotyping method allowed us to decom-
pose raw sequences into ASVs that were identical to those recovered
by Sanger sequencing EF-1α amplicons from pure cultures. We ob-
served some bias with respect to over- or underreporting specific
isolates. However, this bias was not as severe as the bias that has
been reported for ITS primers (Bokulich and Mills 2013), and was
reproducible with multiple library preparation methods and differ-
ent mock communities. Some evidence of off-target amplification
was observed, because not all reads could be classified to a species
complex (data not shown). Despite this challenge, we obtained suf-
ficient Fusarium sequences for our analyses. Therefore, within a
study, this method should enable valid comparisons among treat-
ments, conditions, and tissue types.

There are many potential applications for this tool, including
for investigations of the biogeography of species across wide ge-
ographic regions. Studies focused on basal Fusarium clades such
as the F. dimerum species complex would need to redesign the for-
ward (fefF) primer; specificity toward these taxa was sacrificed for
a shorter amplicon in this study. For the more terminal Fusarium
clades, we demonstrate that this method can profile haplotypes with
single-base-pair resolution. Because we did not detect ASVs with
the same EF-1α sequence as the Fof isolate that was added to the
soil, we can assume that we were quantifying just the pathogenic
strain when recovering its ASV. However, without this contextual
knowledge, it would not be possible to assume that an ASV repre-
sents a specific Fusarium wilt pathogen; identical EF-1α sequences
can be shared between pathogens and nonpathogens (O’Donnell

et al. 2009). This limitation is not unique to EF-1α; horizontal chro-
mosome transfer in F. oxysporum eliminates the ability for any core
genome locus to identify pathogenic strains without further contex-
tual information (Ma et al. 2010). Nevertheless, with the appropriate
experimental design, as demonstrated here, this limitation can be
overcome.

Our results suggest that a causal relationship exists between plant
colonization by a pathogenic strain of F. oxysporum (Fof, as mea-
sured by ASV relative abundance) and soil abundance after a period
of tissue decomposition (measured both by ASV relative abundance
and CFU per gram abundance). This inference is congruent with
previous studies (Elmer and Lacy 1987; Henry et al. 2019a), and is
supported by our observation that Fof had a very high relative abun-
dance (>90%) on susceptible strawberry roots (Fig. 3) and numer-
ically highest soil inoculum densities after susceptible strawberry
cultivation (Fig. 1B). This can be explained by pathogen growth on
susceptible plant tissues leading to increased soil inoculum density
after decomposition.

However, unexpected differences were observed between ASV
relative abundance in roots and bulk soil after root decomposition.
These differences indicate that treatment-dependent microbial suc-
cessions can occur during plant decomposition that dilute the im-
pact of root-inhabiting communities on subsequent soil community
profiles. The outcome is that soil relative abundances after decom-
position do not directly mirror those observed in root tissues. For
example, the F. solani species complex 3 ASV Fsol3_5-17 had very
low relative abundance in living broccoli roots but was the most
abundant Fusarium ASV in soil after broccoli decomposition. This
ASV also had significantly higher soil abundance after broccoli
cultivation than all treatments, except for blackberry (log2FC ≥
1.54; adjusted P value ≤ 0.003). This observation would be most
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Fig. 7. Fusarium community profiles after 18-year cover-cropping or conservation-tillage field trials. A, Nonmetric multidimensional scaling plot of soil
Fusarium communities in bulk soil from 2017 and 2018 organized by treatment. B, Nonmetric multi-dimensional scaling plot of root and soil Fusarium
communities from 2017. C, Log2 fold-change of Fusarium amplicon sequence variants (ASVs) between root and soil samples from 2017; positive
values indicate higher proportions in root samples. Treatment codes are as follows: standard tillage with no offseason cover crop (STNO), standard
tillage with an off-season cover crop (STCC), conservation tillage with no off-season cover crop (CTNO), and conservation tillage with an off-season
cover crop (CTCC).
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easily explained by Fsol3_5-17 increasing in abundance during
plant decomposition.

Intriguingly, despite the application of major soil disturbances
in a treatment-dependent manner (such as rotation crop species,
cover cropping, or conservation tillage), very little impact on bulk
soil Fusarium communities was observed. For the simulated rota-
tion crop trial, this result stood in stark contrast to the treatment-
dependent effects on fungal communities measured by ITS2. The
cover crop treatments at the West Side Field Station received dry
biomass at an average of 0.37 kg/m2 of aboveground cover crop
biomass/year for the previous 18 years (Mitchell et al. 2017), and
this level of input did not significantly alter the bulk soil Fusarium
community.

It is possible that climatic conditions or soil physicochemical
properties are greater drivers of Fusarium communities in soil than
the crop-dependent effects we investigated. Edaphic characteristics
such as soil pH, texture, and mineral content can impact the severity
of Fusarium wilt diseases but their impact on Fusarium community
composition has not been explored (Gatch and du Toit 2017; Orr and
Nelson 2018). Future research is needed to investigate additional
variables that could be driving the assembly of F. oxysporum in
agricultural environments and how these factors could impact the
establishment of pathogens in new fields.

The differences we observed between relative abundances (i.e.,
the proportion of Fof ASV reads) and absolute abundances (i.e.,
CFU per gram inoculum densities) of Fof in soil highlight an im-
portant limitation of amplicon-sequencing-based methods for ex-
amining treatment effects. Any estimation of pathogen abundance
derived from amplicon sequencing is expressed only as a propor-
tion of the total microbial community, as has been noted previously
(Gloor et al. 2017). Therefore, if the community varies in total
abundance, true differences in pathogen absolute abundances will
be obscured.

Perhaps, in part, because of successional changes in ASV abun-
dance, our data show that, once a pathogenic strain of F. oxyspo-
rum establishes in soil where its susceptible host is grown, it does
not necessarily become the most abundant strain of F. oxysporum
in that field. The field soil we used for the simulated crop rota-
tions contained 11 F. oxysporum EF-1α haplotypes, as detected
by a culture-dependent method. All native haplotypes were ap-
parently nonpathogenic on the six tested crops; disease was only
observed in the susceptible strawberry variety as a result of the
introduced Fof strain. Although Fof was added to the soil in very
high abundance at the start of the experiment (Fof at mean = 1 ×
106 CFU/g of soil) relative to the total ASVs of F. oxysporum
(only approximately 3 × 103 CFU/g), Fof had a low relative abun-
dance among F. oxysporum ASVs in soil by the end of 52 weeks.
This result was even observed in the susceptible strawberry treat-
ment, where it should have had the greatest competitive advan-
tage. These data indicate that pathogenic strains, once established
in soil where a susceptible host is grown, do not necessarily dis-
place or achieve greater abundance than the native F. oxysporum
strains.

We also observed evidence for asymptomatic host preferences
between apparently nonpathogenic strains of F. oxysporum. Crop-
specific differences in asymptomatic colonization during disease-
incompatible interactions have previously been documented for
pathogenic strains of F. oxysporum (Dhingra and Coelho Netto
2001; Henry et al. 2019a; Leoni et al. 2013; Scott et al. 2013). This
observation raises the prospect that crop rotations can be advanta-
geous by increasing the relative abundance of possibly beneficial,
nonpathogenic strains. Furthermore, beyond the binary concepts
of pathogen–host and nonpathogen–host interactions, these differ-
ences point to a continuum of ability to colonize living plants. This

continuum may constitute the genetic and phenotypic base upon
which selection for pathogenicity is based.

In conclusion, this study shows that the community structure of
Fusarium spp. in agricultural soils is remarkably static in the face
of disruptions caused by crop rotation, cover crop, and tillage prac-
tices. Although a causal link may exist between reproduction on
plant tissues and soil abundance, factors such as microbial succes-
sion and edaphic characteristics may play a greater role in structur-
ing the soil Fusarium community. More work is needed to mech-
anistically understand how successional dynamics or soil physico-
chemical properties modulate the Fusarium community structure.
Such knowledge could provide insights into how these processes
can be leveraged to reduce pathogen abundance.
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