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ABSTRACT Octoploid strawberry (Fragaria xananassa) is a valuable specialty crop, but profitable production
and availability are threatened by many pathogens. Efforts to identify and introgress useful disease resistance
genes (R-genes) in breeding programs are complicated by strawberry’s complex octoploid genome. Recently-
developed resources in strawberry, including a complete octoploid reference genome and high-resolution
octoploid genotyping, enable new analyses in strawberry disease resistance genetics. This study characterizes
the complete R-gene collection in the genomes of commercial octoploid strawberry and two diploid ancestral
relatives, and introduces several new technological and data resources for strawberry disease resistance re-
search. These include octoploid R-gene transcription profiling, dN/dS analysis, expression quantitative trait
loci (eQTL) analysis and RenSeq analysis in cultivars. Octoploid fruit eQTL were identified for 76 putative
R-genes. R-genes from the ancestral diploids Fragaria vesca and Fragaria iinumae were compared, revealing
differential inheritance and retention of various octoploid R-gene subtypes. The mode and magnitude of
natural selection of individual F. xananassa R-genes was also determined via dN/dS analysis. R-gene sequenc-
ing using enriched libraries (RenSeq) has been used recently for R-gene discovery in many crops, however this
technique somewhat relies upon a priori knowledge of desired sequences. An octoploid strawberry capture-
probe panel, derived from the results of this study, is validated in a RenSeq experiment and is presented for
community use. These results give unprecedented insight into crop disease resistance genetics, and represent
an advance toward exploiting variation for strawberry cultivar improvement.
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Cultivated strawberry (Fragaria Xananassa) is an important specialty
crop that is cultivated world-wide for its sweet and flavorful fruit.
However, marketable yields and post-harvest quality are significantly
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affected by disease. The strawberry fruit presents a vulnerable target for
microbial pathogens (Farzaneh et al. 2015), as it is soft, moist, carbohydrate
rich, and subject to damage from forces as seemingly innocuous as rain
(Herrington et al. 2011). Genetic disease resistance has been a long-
standing breeding priority. While breeders have made progress in pro-
ducing varieties with tolerance to some pathogens, growers remain
dependent on exogenous crop protection strategies to reduce pathogen
loads (Cordova et al. 2017).

Plant R-genes are mediators of resistance to specific pathogens via
effector triggered immunity, which results in the hypersensitive response
and cell death (Amil-Ruiz et al. 2011). R-genes require a high degree of
regulation to maintain homeostatic transcript levels to mitigate oft-
target protein interactions (Hammond-Kosack and Jones 1997). For
this reason, many classes of functional R-genes are expressed at low
levels unless elicited by pathogens (Lai and Eulgem 2017), contributing
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to the challenges of R-gene genomic and functional annotation.
About 60% of characterized plant R-genes contain nucleotide-binding
(NB-ARC) and leucine-rich-repeat (LRR) domains, and are referred to
NLR genes (Funk et al. 2018). Plant R-genes are frequent targets for
genetic improvement via breeding and genetic engineering (Baumgartner
et al. 2015; Djian-Caporalino et al. 2014), and gene editing methods may
accelerate their introduction into already-elite varieties. However, prog-
ress has been hindered because relatively few R-genes conferring novel
resistance have been characterized (Amil-Ruiz et al. 2011). This problem
is appreciable in strawberry, where the genetic complexity of octoploid
cultivars presents unique challenges for functional identification and
cloning of causal variants. An analysis of diploid R-genes across the
Rosaceae genus was previously conducted (Arya et al. 2014). New
genetic resources for high-resolution genotyping in octoploid straw-
berry have resulted in the recent identification of several disease re-
sistance loci (Mangandi et al. 2017; Nellist et al. 2019; Cockerton et al.
2018; Pincot et al. 2018; Salinas et al. 2018; Anciro et al. 2018; Roach
et al. 2016; Verma et al. 2018). However, the specific genes mediating
resistance in these QTL intervals typically remain unresolved, as ge-
nomic resources for octoploid strawberry have not kept pace with
genetic mapping.

Cultivated strawberry shares common ancestors with the extant
diploid species F. vesca, F. iinumae, F. nipponica, and F. viridis (Edger
et al. 2019) . A high-quality octoploid strawberry genome has been
recently developed (Edger et al. 2019), enabling new kinds analyses
and improved resolution compared with previous studies involving
Fragaria NLRs (Jia et al. 2015; Zhong et al. 2018). Analysis of this
F. xananassa ‘Camarosa’ genome identified the repertoire of octoploid
R-gene sequences and further demonstrated a general genomic reten-
tion bias toward F. vesca-like sequences (Edger et al. 2019).

This research compares R-genes from octoploid strawberry with its
diploid ancestors and provides additional analysis into the genetic
control of R-gene expression and retention patterns. Additional bias
toward retention of F. vesca-like R-genes was detected in octoploid
strawberry, beyond the bias observed in non-R-gene coding sequences.
This finding provides insight into potential practical drivers of biased
gene retention. Conserved domains were compared to describe specific
R-gene phylogenic relationships. The octoploid genome was used to
assemble 61 fruit transcriptomes, and used to discover subgenomic
expression quantitative trait loci (eQTL) for R-genes expressed in oc-
toploid fruit. Data from the octoploid ‘Camarosa’ strawberry gene ex-
pression atlas (Sinchez-Sevilla et al., 2017) was also used to determine
R-gene transcript accumulation throughout the strawberry plant.

Resistance gene enrichment and sequencing (RenSeq) is an advan-
tageous method for sequencing R-genes (Andolfo et al. 2014), and is
likely to be very useful for de novo resolution of causal mutations
(Witek et al. 2016). This method can be used to identify casual muta-
tions within existing disease resistance QTL. For this purpose, a
novel octoploid strawberry RenSeq capture probe library was
designed using the R-genes identified in this analysis. This panel
was experimentally validated using the University of Florida
breeding germplasm. The results demonstrate robust capture
and resequencing of octoploid and diploid R-genes using only
short second-generation sequence reads and with relatively deep
genomic multiplexing.

This report characterizes the complete R-gene collection in the
genomes of commercial octoploid strawberry and two diploid ancestral
relatives, providing the genome-level resolution necessary for fully exploit-
ing genetic disease resistance in strawberry. This research introduces
several new technology and data resources that now may be applied in
study of strawberry disease resistance.
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MATERIALS AND METHODS

Plant populations and genetic materials

Three pedigree-connected and segregating strawberry populations
were created from crosses ‘Florida Elyana’ X ‘Mara de Bois’, ‘Florida
Radiance’ X ‘Mara des Bois’, and ‘Strawberry Festival’ X ‘Winter Dawn’
(Figure S1). These cultivars and 54 progeny were selected for RNAseq
and Istraw35 SNP genotyping analysis (Verma et al. 2017), and were
used to identify expressed genes and R-gene eQTL. De novo assemblies
of ‘Mara des Bois’ and ‘Florida Elyana’ were also used to help design
RenSeq capture probes.

For RenSeq, 14 disease resistant octoploid cultivars and elite breeding
lines were selected from the University of Florida breeding program, and
supplemented with ‘Camarosa’ and with the ancestral diploid F. vesca.
The RenSeq lines are F. vesca genotype Hawaii 4, ‘Camarosa’, Sweet
Sensation ‘Floridal27’, ‘Florida Elyana’, 11.28-34, 11.77-96, 11.98-41,
12.115-10, 12.121-5, 13.26-134, 13.42-5, 13.55-195, 14.100-58, 14.100-59,
14.101-154, and 14.101-225.

Identification of R-genes in strawberry spp

R-genes were predicted from the strawberry octoploid ‘Camarosa’ draft
genome “F_ana_Camarosa_6-28-17.rm” (Edger et al. 2019), the dip-
loid F. vesca reassembly “Fragaria_vesca_v2.0.a2” (Tennessen et al.
2014), and the diploid F. innumae assembly “FII_rl.1” (Hirakawa
et al. 2014). Domain-level analysis was performed using the CLC Ge-
nomics Workbench 11 HMM implementation to search for Pfam- v29
domains on translated gene models from all genomic and transcrip-
tomic strawberry resources. Motif search was performed on all
translated gene models, using 56 R-gene-associated motifs col-
lected from (Van Ghelder and Esmenjaud 2016; Lukasik and
Takken 2009; Jupe et al. 2012). The CLC Genomics Workbench
11 (CLC Bio, Denmark) pattern discovery tool was trained on a
preliminary list of strawberry R-genes, and novel motifs were re-
iterated back to all protein models. The ncoils sequence analysis
algorithm (Lupas et al. 1991) was used to detect coiled-coil do-
mains, and the output was parsed into GFF3 format for protein list
reannotation. BLAST2GO annotation (Conesa et al. 2005) was
performed to assign putative functions to all genes and confirm
sequence association with disease resistance in a cross-referenced
database.

Protein models containing canonical R-gene domains (e.g., NB-ARC
domain) were selected for inclusion as R-genes, as were gene models
with more common domains (e.g., LRR) with supporting evidence of
an R-gene-associated motif. BLAST2GO annotated disease resistance
associated genes not meeting the domain and motif-level criteria were
manually analyzed for potential inclusion, leading to the inclusion of
many LRR-containing RLK putative R-genes.

NB-ARC phylogenetic analysis

NB-ARC domains were extracted from F. iinumae, F. vesca, and
F. Xananassa ‘Camarosa’. The CIPRES Science Gateway (Miller et al.
2010) was utilized for full-length protein sequence alignment using
MUSCLE v3.7 (Edgar 2004) and Maximum likelihood analysis
using RAXML v8.2.10 (Stamatakis 2014). Tree construction was
performed using the PROTGAMMA rate distribution model
with 100 bootstrap replicates, and rooted with human APAF-1.
This process was replicated five times using different random
number seeds. Trees were visualized in CLC Genomic Work-
bench 11 with a 50% threshold bootstrap value. Word clouds
were generated per clade based on the relative domain content
of the full proteins.
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dN/dS analysis

dN and dS values were computed using a set of custom scripts (https://
github.com/Aeyocca/ka_ks_pipe/). Orthologous genes between the
F. xananassa and F. vesca v4 (Edger et al. 2017b) genomes were iden-
tified using the compara module in JCVT utilities library (Tang et al,
2015). Filtering of the JCVI utilities output was performed using a
custom Perl script to identify the best syntenic ortholog and best blast
hit below e-value le-4. Alignment of each orthologous gene pair was
performed using MUSCLE v3.8.31 (Edgar 2004), followed by PAL2-
NAL (v14) (Suyama et al. 2006) to convert the peptide alignment to a
nucleotide alignment. Finally, dN and dS values were computed be-
tween those gene pairs using codeml from PAML Version 4.9h (Yang
2007) with parameters specified in the control file found in the GitHub
repository listed above.

Tissue-specific transcriptome analysis

Raw short read RNAseq libraries from various ‘Camarosa’ tissue
(Sanchez-Sevilla et al. 2017) with the study reference PRJEB12420 were
download from the European Nucleotide Archive (https://www.ebi.a-
c.uk/ena). The complete 54 library RN Aseq experiment consisted of six
independent green receptacle libraries, six white receptacle libraries, six
turning receptacle libraries, six red receptacle libraries, three root li-
braries, three leaf libraries, and six achene libraries each for all corre-
sponding fruit stages. Raw RNAseq reads were assembled to the
‘Camarosa’ reference using the same pipeline as previously described
for fruit transcriptome population analysis. Expression values from
biologically-replicated libraries were averaged. Clustvis (Metsalu and
Vilo 2015) was used for tissue-based RNAseq clustering and heatmap
visualization using correlation distance and average linkage with scaling
applied using default parameters.

Fruit transcriptome analysis

61 fruit transcriptomes were sequenced via Illumina paired-end RN Aseq
(Avg. 65million reads, 2x100bp), and consisted of parents and progeny
from crosses of ‘Florida Elyana’ x ‘Mara de Bois’, ‘Florida Radiance” x
‘Mara des Bois’, and ‘Strawberry Festival’ x ‘Winter Dawn’. Reads were
trimmed and mapped to the F. Xananassa octoploid ‘Camarosa’ anno-
tated genome using CLC Genomic Workbench 11 (mismatch cost of 2,
insertion cost of 3, deletion cost of 3, length fraction of 0.8, similarity
fraction of 0.8, 1 maximum hit per read). Reads that mapped equally
well to more than one locus were discarded from the analysis. RNAseq
counts were calculated in Transcripts Per Million (TPM). Three-
dimensional principle component analysis (PCA) was performed on
all RN Aseq assemblies, including two replicates of ‘Mara des Bois’ fruit
harvested three years apart and sequenced independently (Figure S2).
Transcript abundances were normalized via the Box-Cox transforma-
tion algorithm performed in R (R. Development Core Team 2014)
prior to eQTL analysis. The BLAST2GO pipeline was used to annotate
the full ‘Camarosa’ predicted gene complement.

Genotyping and genetic association of octoploid

fruit R-genes

The Affymetrix IStraw35 Axiom SNP array (Verma et al. 2017) was
used to genotype 60 individuals, including six parental lines from three
independent biparental RNAseq populations (Figure S1). Sequence
variants belonging to the Poly High Resolution (PHR) and No Minor
Homozygote (NMH) marker classes were included for association
mapping. Mono High Resolution (MHR), Off-Target Variant (OTV),
Call Rate Below Threshold (CRBT), and Other marker quality classes,
were discarded and not used for mapping. Individual marker calls
inconsistent with Mendelian inheritance from parental lines were

-=.G3:Genes| Genomes | Genetics Volume 9

removed. The F. vesca physical map was used to orient marker posi-
tions as current octoploid maps do not include a majority of the avail-
able IStraw35 markers. A genome-wide analysis study (GWAS) was
performed using GAPIT v2 (Tang et al. 2016) performed in R. R-gene
eQTL were evaluated for significance based on the presence of multiple
co-locating markers of p-value << 0.05 after false discovery rate correc-
tion for multiple comparisons. Cis vs. trans eQTL determinations were
made by corroborating known ‘Camarosa’ physical gene position with
the eQTL position the F. vesca map. In the example case of FaDRL28,
subgenomic localization was confirmed via BLAST of the associated
markers to the correct ‘Camarosa’ homeologous chromosome.

Subgenome dominance in octoploid strawberry R-genes
The closest homolog for each F. xananassa ‘Camarosa’ gene in either
Fragaria_vesca_v2.0.a2.cds or FII_rl.1cds was determined via BLAST
analysis (e-value threshold < 0.1, word size = 25, match = 1, mismatch
=1, existence = 0, extension = 2). F. vesca-like and F. iinumae-like gene
counts and TPMs were independently calculated for each octoploid
chromosome. This process was performed first on all genes in the
‘Camarosa’ genome to establish the baseline gene retention and expres-
sion bias. This process was then repeated using only predicted NLR
genes containing an NB-ARC domain, as

RenSeq probe design and validation

A panel of 39,501 of 120mer-length capture probes were designed based
on the set of discovered strawberry R-genes from F. xananassa ‘Camarosa’,
F. vesca genotype Hawaii 4, F. iinumae genomes, and de novo fruit
transcriptomes from F. Xananassa ‘Mara des Bois’ and ‘Florida
Elyana’. A proprietary algorithm was used to select for capture probes
of ideal hybridization thermodynamics and screened for potential
off-target capture in the intergenic regions of ‘Camarosa’ and F. vesca
(Rapid Genomics LLC, Gainesville FL). Probes were designed to not
span exon-exon junction, to facilitate cross-utility for both genomic
and cDNA libraries (Figure S3). A minimum baseline of 1x probe
coverage was provided across the length of every predicted R-gene
coding sequence, and additional probes were designed against con-
served R-gene domains in order to promote capture of unknown
and divergent R-genes across diverse octoploid accessions. RenSeq
capture was performed on genomic libraries from fifteen octoploid
disease-resistant cultivars and advanced breeding selections, and
F. vesca, based on conditions set by (Jupe et al. 2014), with optimi-
zations provided by Rapid Genomics LLC. Captured libraries
were sequenced via 16x multiplexed Illumina HiSeq (2 x 100bp) and
mapped to their respective annotated genomic references using CLC
Genomic Workbench 11 (CLCBio, Aarhus, Denmark) (Similarity frac-
tion = 0.9, Length fraction = 0.9, Match score = 1, Mismatch cost = 2,
Insertion cost = 3, Deletion cost = 3).

Data availability

Supplementary figures, tables, files, and raw data are available at
FigShare. Custom scripts used for performing dN/dS analysis are available
at GitHub: https://github.com/Aeyocca/ka_ks_pipe/. Raw short read
RNAseq data from fruit transcriptomes are available from the NCBI Short
Read Archive under project SRP039356 (http://www.ncbinlm.nih.gov/
sra/?term=SRP039356). Raw short read RNAseq data from the ‘Camarosa’
gene expression atlas (Sdnchez-Sevilla et al., 2017) are available at the
European Nucleotide Archive (https://www.ebi.ac.uk/ena) with the study
reference PRJEB12420. Results derived from these data are compiled in
Table S1. File S1 contains a GFF3 file for annotating the octoploid genome
(Edger et al. 2019) with R-genes and R-gene domains. Renseq probe
sequences are provided in File S2. IStraw35 marker names, map
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Table 1 NLR-gene subtype distribution across three strawberry species

F x ananassa ‘Camarosa’ F. vesca F. iinumae
NBS 193 (19.8%) 65 (17.7%) 45 (11.6%)
NBS-LRR 22 (2.3%) 7 (1.9%) 20 (5.2%)
NBS-only type 215 (22.1%) 72 (19.6%) 65 (16.8%)
CC-NBS 163 (16.6%) 45 (12.3%) 126 (32.6%)
CC-NBS-LRR 30 (3.1%) 9 (2.5%) 8 (2.1%)
CNL-type 192 (19.7%) 54 (14.7%) 134 (34.6%)
RPW8 91 (9.3%) 40 (10.9%) 23 (5.9%)
RPW8-NBS 45 (4.6%) 31 (8.4%) 13 (3.4%)
RPW8-type 136 (13.9%) 71 (19.3%) 36 (9.3%)
TIR 134 (13.7%) 136 (37.1%) 86 (22.2%)
TIR-NBS 195 (20.0%) 18 (4.9%) 51 (13.2%)
TIR-NBS-LRR 103 (10.6%) 16 (4.4%) 15 (3.9%)
TNL-type 432 (40.3%) 170 (46.3%) 152 (39.3%)
Total 975 367 387

Absolute and relative distribution of NLR-gene subtypes and truncated subtypes are shown. Domain combinations are shown for coiled coil (CC), toll interleukin
receptor-like (TIR), leucine rich repeat (LRR), and nucleotide binding - APAF-1 (apoptotic protease-activating factor-1), R proteins and CED-4 (Caenorhabditis elegans
death-4 protein) (NBS, or NB-ARC), and resistance to powdery mildew 8 (RPW8) domains.

positions, and genotype sequences used in eQTL analysis are available
in File S3. Supplemental material available at FigShare: https://doi.org/
10.25387/g3.8143961.

RESULTS

Octoploid and diploid R-genes

The genomes of octoploid ‘Camarosa’, diploid F. vesca, and diploid
F. iinumae were analyzed for R-gene signatures. The F.iinumae genome
was selected to represent the closely-related ‘old world’ diploid ances-
tors F.iinumae, F. nipponica and F. viridis, which each have highly
similar but fragmented genomic assemblies.

Putative R-genes were identified based on protein domain and motif
analysis, which identified gene models with traditional NLR-type do-
mains, including coiled coil (CC), Toll Interleukin Receptor-like (TIR),
Leucine Rich Repeat (LRR), and Nucleotide Binding - APAF-1 (apoptotic
protease-activating factor-1), R proteins and CED-4 (Caenorhabditis
elegans death-4 protein) (NBS, or NB-ARC). Gene models with
NLR-type domains that are not highly specific to NLR sequences
(e.g.>» LRR domains) were included if there was also supporting evi-
dence of an additional NLR-associated motif. BLAST2GO annotated
disease resistance associated genes not meeting these criteria were
analyzed manually, leading to the intentional inclusion of many pu-
tative Receptor-like Kinase (RLK-type) R-genes in this analysis.

Octoploid F. xananassa ‘Camarosa’ carries 1,962 putative resistance
genes (1.82% of all genes) (Table S1), including 975 complete or trun-
cated NLR genes (Table 1). NLR gene content is similar in genic pro-
portion to the 367 complete or truncated NLR genes in F. vesca (1.09%
of all genes) and 387 in F. iinumae (0.5% of all genes). Traditional NLR
domains comprise the majority of domain classes in all predicted re-
sistance gene models in diploid and octoploid strawberry accessions
(Figure 1). In many categories, the three genomes show somewhat
dissimilar ratios of relative NLR-subtype content (Table 1). These
include biases toward TIR-only proteins in F. vesca and CNL-type
(CC-containing) NLR genes in F. innumae. Octoploid ‘Camarosa’
is proportionally intermediate for many NLR categories relative to
F. vesca and F. innumae. A high proportion of TIR-NBS and TIR-
NBS-LRR-containing genes is observed in ‘Camarosa’. However, the
overall proportion of TNL-type (TIR-containing) NLR genes is similar
when including TIR-only truncations. The Resistance to Powdery
Mildew 8 (RPW8) domain, a disease resistance domain associated with
broad-spectrum mildew resistance in Arabidopsis, appears frequently
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in strawberry and is present in 136 (13.9%) of octoploid NLRs
(Table 1). Basic trends in NLR-subtype genomic content in ‘Camarosa’
does not more strongly resemble either F. vesca or F. innumae.

In the ‘Camarosa’ genome, 750 of 975 NLR genes contain at least
one NB-ARC domain, which is the most characteristic domain of NLR-
type R-genes (Table 1). The ratio of ‘Camarosa’ NB-ARC-containing
genes to total predicted gene content (1:144) is higher than in F. vesca
(1:171) and F. iinumae (1:262), possibly indicating diversifying selec-
tion of NLR genes in octoploid F. Xananassa. A substantial number
of atypical domains are present on strawberry R-genes, including
malectin-like carbohydrate-binding domains, RNA-binding do-
mains, transcription factor-like WRKY and F-box domains, and
several types of protein kinase domains (Figure 1).

Tandem clusters of R-genes were observed in all three of the analyzed
strawberry genomes. The phenomena of R-gene expansion through
tandem duplication is exemplified in the RPW8-containing R-gene class.
Of the seventy-one RPW8-containing R-genes in F. vesca, all but seven
reside in one of a few genomic clusters (Figure S4A-B). The major
RPWS cluster observed in F. vesca chromosome 1 is strongly retained
in ‘Camarosa’ (Figure S4C). Similar R-gene hotspots are observed
throughout the diploid and octoploid strawberry reference genomes.
Genome annotations for all R-genes and NLR domains in ‘Camarosa’
are provided in File S1. Annotations are also available on the JBrowse
web-based genome browser at the Genome Database for the Rosaceae
(www.rosaceae.org).

Phylogenetic analysis of strawberry NLRs

The conserved NB-ARC domains from ‘Camarosa’, F. vesca, and
F. iinumae were compared via maximum likelihood analysis to exam-
ine evolutionary trends among NLR genes. NB-ARCs from all three
genomes phylogenetically organized mostly according to their ex-
tended R-gene domain structures, with TNLs, CNLs, and RPW8-asso-
ciated NB-ARCs forming clades based on this criteria (Figure 2). Minor
NLR subtypes, such as WRKY-associated NLR genes, also sorted into a
unique subclade based only on NB-ARC sequence. Multiple distinct
clades with identical domain architectures were detected, and in a few
cases these subclades are relatively distant from one another.

R-gene transcript accumulation

Raw RNAseq expression data from different tissues of ‘Camarosa’, de-
rived from the octoploid strawberry gene expression atlas (Sanchez-
Sevilla et al. 2017), were reassembled based on the homeolog-level

-=.G3:Genes| Genomes | Genetics
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octoploid ‘Camarosa’ genome assembly (Edger et al 2019). Out of
975 ‘Camarosa’ genome-predicted NLRs, 478 NLRs show evidence
of RNAseq expression in any ‘Camarosa’ tissue (> 1 Transcript per Million,
TPM). A majority of ‘Camarosa’ NLR genes are predominantly expressed
in the roots and leaves (Figure 3A-B). Comparatively few NLRs are pre-
dominantly or specifically expressed in the mature receptacle (139 expressed
NLRs). Many NLR type R-genes are broadly specific to only one or two
tissues. Expressed NLR genes from root, leaf, green and white receptacles
show fairly poor overlap. Overall NLR transcript accumulation is correlated
with ripening, with strongest expression in the earlier stages and decreasing
with maturity in both the receptacle and achene. Complete R-gene expres-
sion values for each tissue are provided in Table SI.

Mature receptacle transcriptomes from 61 field-grown individuals of
three octoploid populations reveal broadly stable R-gene expression
levels (SD 0.09). R-genes comprise 1.8% of the predicted gene models in
the ‘Camarosa’ genome, but represent an average of only 0.48% of total
transcripts in the mature receptacle (Figure 3C). Minute but statistically
significant absolute differences were observed between each of the three
populations [F (2, 59) = 19.06, P < 0.00001]. To explore possible biases
in the gene expression analysis caused by confounding environmental
factors, principal component analysis (PCA) was performed on all
RNAseq assemblies including two replicates of ‘Mara des Bois’ fruit
harvested in different seasons (Figure S2). Total transcript-accumulation
variation clusters most strongly according to familial relationship,
with the ‘Mara des Bois’ replicates showing similar expression patterns.
A measured amount of variation due to environmental influence can
also be seen, as the two ‘Mara des Bois’ RNAseq replicates cluster
somewhat more closely with their co-harvested progeny.

R-gene eQTL in 61 strawberry fruit transcriptomes

eQTL analysis was performed to evaluate heritable genotypic effects on
R-gene transcription, using 61 mature fruit octoploid transcriptomes
and octoploid genotypes from the IStraw35 SNP array (Verma et al.
2017). This analysis identified 76 R-gene-like sequences with at least
one highly-significant locus explaining differential expression (3.9%
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of octoploid genome-predicted R-genes). These R-genes include
39 NB-ARC containing genes, comprised of 16 TNL’s, 13 CNL’s,
3 NBS-RPWS8 proteins, and 5 NB-ARC-only proteins, and an addi-
tional 6 RPW8-only genes and 4 TIR-only R-genes (Table S1). The
majority of the remaining eQTL genes are LRR-containing RLK puta-
tive R-genes. As the ‘Camarosa’ genomic locus of each transcript is
known, cis vs. trans eQTL status was determined. Of 76 significant
R-gene eQTL transcripts, 52 R-genes are regulated via a cis-genetic
locus (Table 2), and 24 R-genes are under regulation of both cis and
trans-eQTL (Table 3). No solely trans-eQTL were discovered among
this set of R-genes. The most significant IStraw35 SNP marker name
and position for each R-gene transcript is provided with the eQTL
phase, minor allele frequency, p-value (FDR-adjusted), heritability es-
timate, expression in parental lines, and BLAST2GO description.

A representative eQTL R-gene (maker-fvb5-2-snap-gene-4.75) is
detailed in Figure 4. Analysis by BLAST2GO indicates a probable disease
resistance gene homologous to the Arabidopsis thaliana gene At4g27220
with the Uniprot identifier DRL28_ARATH. This gene is hereafter re-
ferred to as “FuDRL28”. A CC-NBS-NLR structure is predicted for
FaDRL28 (Figure 4A). An eQTL was detected for this gene relative to
chromosome 5 on the F. vesca genome position (Figure 4B). This eQTL
is associated with increased transcription of FaDRL28 from near-zero to
above 25 TPM (single-marker ANOVA p-value 1.6E-12) (Figure 4C).
This eQTL is superficially analogous to the physical position of octo-
ploid FaDRL28 on chromosome 5, homeolog 2 (Figure 4D). The sig-
nificant markers are not included in the ‘Holiday’ x ‘Korona’ octoploid
genetic map, impeding a recombination-based subgenomic genetic as-
sociation (van Dijk et al. 2014). However, the associated marker physical
sequences match fairly uniquely to the ‘Camarosa’ chromosome 5-2
subgenomic locus, confirming a cis-eQTL designation (Figure 4E).
One eQTL marker locates inside the FaDRL28 coding sequence.

Evolutionary pressure on F. xananassa R-genes
Elevated median dN/dS ratios were observed across all 1,962 predic-
ted F. X ananassa R-genes (0.47) compared to non R-genes (0.35)
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Figure 2 Phylogenetic Relationship of NB-ARC domains in F. vesca, F. iinumae, & F. x ananassa ‘Camarosa’. A. Full-length NB-ARC domains from
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(Figure 5). Fewer R-genes exhibited extremely low dN/dS ratios, indicat-
ing that high degrees of R-gene conservation are less common. However,
a similar rate of hypervariable genes (dN>>>dS) was observed between
R-genes and non R-genes. Median dN/dS values for RPW8-type R-genes
(0.62) are significantly higher than for general R-genes (0.47) as con-
firmed by one-way ANOVA [F (1, 1911) = 10.6, P < 0.0012] (Table S1).
A complete list of dN/dS ratios for each F. X ananassa R-gene is provided
in Table S1.

R-gene dN/dS values were compared against transcript accumula-
tion across various strawberry tissues and receptacle stages. R-genes
with low transcript accumulation across all tissues were correlated with
higher dN/dS ratios (Pearson’s r = -0.69, P < 0.0001) (Figure S5). In

3320 | C. Barbey et al.

other words, R-genes with poor evidence of expression also have higher
ratios of non-synonymous mutation capable of altering amino acid
sequences and affecting protein function.

Subgenome dominance in octoploid strawberry

Polyploidization is associated with rapid genome remodeling events to
establish a new homeostasis, including selective gene loss and methyl-
ation. While R-gene expansiveness is often considered evolutionarily
favorable, genes that are stoichiometrically or dosage sensitive are more
commonly retained in duplicate after polyploidization (Edger and Pires
2009; Birchler and Veitia 2012; Edger et al. 2017a). The ‘Camarosa’
octoploid genome, in comparison with the genomes from its diploid

-=.G3:Genes| Genomes | Genetics
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F. vesca-like and F. iinumae-like ancestors, has provided an ideal plat-  To gauge R-gene post-hybridization retention specifically, a gene-
form to study the general biological phenomena of post-hybridization  focused baseline assessment of subgenome dominance in the ‘Camarosa’
genome remodeling and subgenome dominance (Edger et al. 2019).  octoploid genome was necessary. Putative gene ancestry was predicted

Z.G3:Genes | Genomes| Genetics Volume 9 October 2019 |  Strawberry Disease Resistance Genetics | 3321



(Penunuoo) m
C
AG-EVOY LYOY 3
aouelsisal aseasip NG10S LVOY 2L 0T 00 00 S0 %00L 20000 6Z0 89LEOS99L  SP LT’ L LL-ousb-deus-| -zqnjiesew ‘s
aseuny IS
paleAnde-usBolN 1aDIA VA 80 ze ze 8¢ 4 %608  SZZ00 9Y'0 655//868 s Zy°zgL-eusb-smsnbne-| -zqnj-1oxew m
LINTVSAVH Y
LISH oseunt ioidedsy HIVIY LISH ST v L€ ) 4 %8EY  G/LO0 EE0 690S9€€ZL S 8t 0g-ouab-smsnbne-y-| gaj-1exew 8
¥y Z 7 uisusixe &
1eadal you-suPNeT HIVIY X1 SLL €0 ) 10 66 %001 LZLO'0 670 0£S60599L s |'p§-ousb-passaoid-z-/qaj-padsewsnisnbne .w
qI9-€VDY LYDY o
aouelsisal aseasip NG10S™LYVDY 2T ) S0 A A %LSE 8LLOO 670 0£560599L s 9'€G-0uab-passasoud-z-/gaj-padsewsnisnbne
aseuly| aseun
pajeAnde-usboup _ou_omdo_v_s_ 00 10 'z 00 €2 %69  €8000 620 LLZLLS99L  SP  gl'Z0g-ousb-passedoid-z-/aa-paxsew smsnbne
Joldadal
L-upjnapaul |0 HIVEY Il Z€L 20 90 z0 S0 %EEL  €0000 ZL'O TLS60S99L s Z'1G-ouab-passeoold-|-/gnj-passews smsnbne
LINT-YSAVH
LISH @seunt 10ydedsy HIVIV LISH 2T a7 7 L0 8l %LLE  0S000 120 LyShzS99L  sP QL Spg-ousb-pessedoid-|-goa-paxsew smsnbne
dY1 ¢ ¢ ulsusixs
1eadal you-suPna HIVYY 2xd1  §'1 1z )4 1o vl %6Y9 L0000 YPO T60SZSEZTL  SP 9 Lpz-ousb-passedoid-p-Gon-paxsew smsnbne
qI9-€VOY LYOY
aouelsisal aseasip NG10S LVOY 870 S¢ L0 vl 80 %99z  0LLO0 SE0 [E08LS99L s | '8 | -ouab-passeooid-y-Ggaj-passews smsnbne
aseuly| aseun
pajeAnde-usbonp _ou_omdo_v_s_ 00 00 1’0 z0 S0 %L€9  YZLOO 920 SE9EZSI9L  SP p'GEL-dusb-passedoid-g-Gonr-paxsew smsnbne
JOldadal
L-upjnapaul o] HIVAY ¥l 0'€ vy €0l 00 Ll %S'GE 08000 870 €ZEYZS99L s 8| /-ouab-passeoold-| -Ggnj-passews smsnbne
LINTYSAVH
LISH eseunt 10ydedsy HIVIV LISH S0 8¢ vl 80 80 %L'vL  ZTLOOO 600 ¥6659€€ZL  SP £'8gz-ousb-passedoid-|-Gon-paxsew smsnbne
Z ulsuaixe
1eades You-aupPne] HIVYY ZX¥1 L0 €l vl 00 9 %L'SZ  SLO00 SE0 9£€S0S99L SO g'gGz-eusb-pessenoid-z-pgn-pexsew snisnbne
qI9-EVOY LYY
aouelsisas aseasip NG10S LYOY L0 ol z'l 00 00 %00l  20ZO0 8L'0 [SP/ZS99L  SP  Ql'L0L-dusb-pessedoid-z-pan-passew snsnbne
wwmc_v_ mwmc_v_
paleande-usbou |ADId VIIN - 8L vl S¢ v0 90 %516 €8000 €70 20650599L  SP Z'99L-dusb-passedoid-|-yoa-paxsew smsnbne
00114Q uoness(oy
Jledas-abewep YN HLVYY 00Ldd L0 08 9'g 8v 1’0 %00L  ¥L000 820 €/8V0S99L  SP "6 L -0uab-passecoid-p-gan-padisew-smsnbne
wwmc_v_ -wc_cow._su Qules
[101ded8) YT HIVIY 76ZVA 61 80 S'S 0e 09 %L18  ZEO00 €20 66LELS99L s g'gg-ouab-passadoid-g-gan-padjsewi-smsnbne
082z 1611y @ouessisal
asessp 8|qeqold HIVIY LA +0 9C 00 v0 80 %70E 60000 8E0 €/898.68 s /°ggg-duab-passadoid-g-ggaj-paxsew smsnbne
0Z/706SHy @ouessisal
asessip a|qeqold HIVIY 0ET¥d €0 80 L0 S0 00 %Ly 76200 0S0 685LLS99L  sP  g/0L-dusb-passedoid-|-ganr-paxsewsmsnbne =
N @ouesisal AWL NODIN NIAWNL €1 gl 4 00 00 %608  YLLOO 620 L98E0S99L S G'GOL-dusb-passedoid-p-zaa-paxsew smsnbne B
G11d JouodwiAs >
uojoud-1ebng HIVEY SITd  9'L g€ 0 90 £C %y'Ey  0SLO0 9L'0 £Z9Z0S99L s | L*£-8usb-passadoid--| gaj-passews smsnbne E
LLZE6ZLOLDOT @
uisioid pazuspelRPUN  €HE  £1Z e €ElL 998 %Y0E  8LYOO E£F0 G9S/1868 sI Z' [Z-8uab-passacoid-z- | gaj-padsewsnisnbne ©
uondussaq UMED [eA-NSS4 Sdue-lpey eu-eA|g esepy S1ewnss ;Y (MAd) 4VIN -XV Gemeng| eseyd swep ausb-y —
I9IUIAN anjen-d 110® ~
N
esseueue x ‘4 Ul sauab passaidxa-}niy o3 Bulutenad 1109 s1D g 9|qel o



(panunuoo)

6vld

aouelsisal 1ybI|g VDY NGTOS EVOY 'L €¢ 0¢ 00 90 %C €6 8/000 8L'0 98L905991 s Zv°Sz | -eusb-deus-p-ganjiesew

N 8duesisal ANL NODIN NIAANL L0 S0 0 L0 L0 %8°LS SGLO0 LZ'0 96L£C5991 sId 0§ t5g-ouab-deus-g-ggaj-1axew

N ®dueisisal AWL NODIN NYAANL 10 9l L0 c0 S0 %V V6 S7000 LL'O 809E6868 s 19 17z-0usb-deus-g-Gaapiesew

N 8duesisal AWL NODIN NIANL S0 L0 90 ¢0 L0 %001 91000 LZ'0 O0l8yesecl s 89°5G1-ouab-deus-g-pgaj-1edew
LINdY

eouelsisal 8sessiq HIVIY LINJY €1 €0 9l 00 00 %S L1 0r00'0 LEO 6EVCEBLS s Gz GEL-auab-smsnbne-g-Ggnj-iodew
PAIT-¢ NIFLO¥d WIOTHJ

119-2dd X094 HLVYV Lld2¢d €0 vl €l c0 00 %V'8L 16¢0°0 970 v60v9ceel S £119-0udb-deus-z-ganj-1exew
022,25 @dueisisal

eseas|p 8|qeqold HLVYY 8Z21d vl (ORA7 [AVAS €6 L'¢ %6'6¢ 00000 ¢€'0 €1890599L S G/ p-ousb-deus-z-Gaay-iaxew
PAIT-¢ NIFLOYd WIOTHJ

119-2dd XOQ-4 HLVYV Llded L1 L€ §'€ 00 00 %591 ¢/000 970 v60r9ceEel S £1°€9-0usB-smsnBne-z-Gaj-ioxew
PAT-¢ NIFLOYd WIOTHJ

019-Cdd X0G9-4 HLVYV 0lg92d 80 9l x4 €0 00 %L LL 71000 9¥'0 P60V9EECL s €1°19-ousb-smsnBne-z-Go-iaxew
Ot /81051y 8seul| -suluoaiyy

aues ail-loidedal ¥y ajqeqoid g0 ocl (0% €0 00 %0 9Y 9€000 970 v60r9ceEel s 0¢ 65-2uab-smsnBne-z-Gaaj-1axew
LINdY

ddueysisal 8sessiq HIVYY LINGY L0 00 00 00 00 %S'9€ 00000 €10 6¥9€2599L s LE"L61-0uab-deus-| -Ganj-iasew
SO1D esepixo pioe-AxoipAy

-Z-(S)lewosixoled HIVYV SO1D  Z'§ 88l 9¢ €S vy %L'7S L0000 €L'0 €0LELS99L S OF'G9Z-duab-smsnbne-p-ggaj-iodew
aseuly| -aulUoaIY} SuLSs

o|-101de281 YY1 HLVIY SLVEA 00 0 00 00 00 %L'SE 6LE00 EVO £9980S5991 s L§°€£g-ouab-deus-| -/qnjiesew
Z Z uisuaxe

1eadas You-suPNeT HIVYY ¢X¥T 00 00 00 00 00 %S'9€ L1000 €€0 Lvl/SEect SIo € vGg-ouab-passadoid-g-/qa-paysewdeus
LVOd

sduejsisal esessip NG1OS LvOY 00 S0 60 c6l €el % V¢ LLYO'0 vE€0 LLP6LS99L S L€ £€-auab-passedoid-| -gqn-paxsewdeus
/ 9seul| aseuly| aseur|

pateAnse-usboly _QU_DMdO_v__\/_ €l vl 0¢ S0 60 %686 G6000 SO0 €€oL9ceet s §1°8gg-ouab-passadoid-g-caa-paysewdeus
Joydaedau

L-upnspsiul |01 HIVEV dIL L0 Sl L'l c0 ¢0 %V LL ¥8000 £LE0 04605991 S GZ' L L-auab-passedold-z-caqn-paxsew deus
LIAM-VSIVH

LISH oseunt 101ded9y HIVIY LISH  t'€ (0% S8 9¢ L' %l'SL L1000 ¢C'0 S6608.68 s v1°£01-0usb-passadoid-| -zgaj-padsewdeus
YY1 Z Z uisusixe

1eadas You-suPNeT HIVIY ZXd1 02 00 00 00 00 %E'86 89000 800 LS/6S€EECL sd £€°6/-9uab-passadoid-z-| qnj-paxsew deus
q19-evOY VDY

sduejsisal ssessip NG10S LVDY  Z°¢C 9€ L' 8l €¢ %9°C8 ¢0000 £L'0 0Svéseeet s 1§ 69-ausb-deus-p-/qaj-1oxew
aseup|

paleAnde-usbolp _QU_QM<v_v__>_ 70 00 90 00 L0 %8 i ¢6000 0S0 1SE8LS99l s £9°6G-auab-deus-y-/qaj-1oxew
Joydaedal

L-upnapsiul 0L HIVHVY dIL  9°L L0 8l 0 60 %LV ?9000 0S'0 LSEBLS99L S 65" 65-0udb-deus-p-/qnj-1exeu
LINM-VSIVH

LISH @seunt 1oxdedsy HIVIY LISH 20 00 L0 0 €0 %l'SL LS€00 vEO0 <8S80S991 s 6v"8p-ousb-deus-p-/qnj-1exew
YY1 Z Z uisusixe

1eadal you-suPna HIVIY gxd1 L1 00 L0 L0 Ve %E 0L £L/000 SP'O €ECvOvsSeECl s Sy gzz-ousb-deus-| -/ qnpiesew

uondussaq UMEP [eA-NSS4 odue-lpey eu-eA|g esepy o1ewnss ;Y (MAd) 4VIN -XV GeEmeng| eseyd sweN susb-y
I9IUIMN anjen-d 110®

panunuod ‘g a|qel

3323

Strawberry Disease Resistance Genetics

Volume 9 October 2019

- G3 Genes | Genomes | Genetics



Description

RGA3_SOLBU RGA3 Bli

Winter

h? estimate Mara Elya-na Radi-ance Festi-val dawn

p-value
phase IStraw35 AX- MAF (FDR)

eQTL

Table 2, continued

R-gene Name
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Genetic association results for 61 transcriptomes are shown, detailing cis genetic factors controlling differentially expressed R-genes. The most significant marker name, minor allele frequency, FDR-adjusted p-value,

cis
narrow sense heritability, transcript accumulation in cultivars, and BLAST2GO description are shown.
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1
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based on gene-by-gene sequence comparisons to determine the
closest ‘Camarosa’ gene homologs in F. vesca (Fragaria_vesca_
v2.0.a2.cds) and F. iinumae (FII_rl.lcds), which is representative
of the highly similar ‘old world’ subgenomes. This gene-by-gene pu-
tative orthology analysis was selected over a total comparison of
homeologous chromosomes, as extensive genetic transfer from the
F. vesca-like subgenome has strongly converted all subgenomes to
contain F. vesca-like genes over time (Tennessen et al. 2014), and
because the F. iinumae FII_rl.1 genome is incompletely assembled
and is not amenable to whole-genome alignment. By this facile coding-
sequence comparison method, a significant bias toward the retention
and/or expansion of F. vesca-like genes is observed in the ‘Camarosa’
genome (Figure 6A), with an even stronger bias toward F. vesca-like
fruit gene expression (Figure 6B) consistent with previous analyses
(Edger et al. 2019). Of 108,087 F. xananassa ‘Camarosa’ predicted gene
models, 68,664 genes (63.5%) were most similar to an F. vesca gene
model, with 35,377 (32.7%) most similar to an F. iinumae gene model,
with a minority of genes not closely matching either. A single homeol-
ogous chromosome with significantly more F. vesca-like genes
(~80% F. vesca-like) was seen in every chromosomal group. In a
majority of cases, this putative F. vesca-derived chromosome pos-
sesses the greatest total gene content of the chromosome group. Gene
expression-based subgenome bias was assessed using mature fruit
transcriptomes averaged from the cultivars ‘Florida Elyana’, ‘Mara
de Bois’, ‘Florida Radiance’, ‘Mara des Bois’, ‘Strawberry Festival’,
and ‘Winter Dawn’. In these cultivars, 73.7% of total transcripts de-
rived from a gene sequence most similar to F. vesca, corresponding to
a 10.2% expression increase relative to the baseline genomic retention
bias. This bias toward the expression of F. vesca-like sequences was
seen on every subgenome (Figure 6B, yellow highlight).

NLR-gene subgenome dominance

Significant gene retention bias toward NLR genes that are more F. vesca-
like is observed in ‘Camarosa’ gene models (Figure 7). Of the 750 pre-
dicted NLR-gene models containing an NB-ARC domain, 69.3%
more closely resemble a F. vesca gene rather than an F. iinumae gene
(Figure 7A). This is somewhat higher than the baseline retention bias
toward F. vesca-like genes in octoploid (63.8%) from this analysis. In
every chromosome group, the F. vesca-like homeologous chromosomes
(yellow highlight) retained the greatest number of NB-ARC domain
containing-NLRs. Overall, 538 NB-ARC domain containing-NLRs dem-
onstrate the highest sequence identity with an F. vesca gene, 210 show
highest sequence identity with an F. iinumae gene, and 2 (an RPW8-only
gene, and an LRR_8-only gene) are without significant matches to either
diploid genome. While F. vesca-like genes contribute the most to total
NLR expression across 61 mature fruit transcriptomes (70.5% of tran-
scripts), this is proportional to F. vesca-like NLR genome content
(71.3%) and is similar in magnitude to general F. vesca expression
bias (73.7%) (Figure 7B). In other words, F. vesca-like NLR genes are
retained in the octoploid genome somewhat above the baseline bias,
but do not experience the additional expression magnitude bias that is
a generic feature of F. vesca-like transcripts. A greater breadth of ge-
nome-predicted NLR genes had evidence of expression across mature
fruit transcriptomes (246 genes, n = 61) (Figure 7B) than in the ‘Camar-
osa’ mature fruit transcriptome alone (139 genes, n = 5) (Figure 3B)
however averaged transcriptional magnitude was similar (Figure 3C).

RenSeq for strawberry resistance genes

A panel of sequence capture probes was designed based on putative R-gene
sequences discovered in the genomes of F. Xananassa ‘Camarosa’, F. vesca
genotype Hawaii 4, F. iinumae, and de novo fruit transcriptomes from
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Description
TMVRN_NICGU TMV resistance N

amingpeptidase 1A MAP 1A 1A

RPP8 2

BIig?\t resistance B149

RGA3_SOLBU disease resistance RGA3
RP8L2_ARATH Probable disease resistance

TMVRN_NICGU TMV resistance N
TMVRN_NICGU TMYV resistance N
TMVRN_NICGU TMV resistance N

MAP1A_ARATH Methionine

2.6
4.0

Winter
dawn
0.2
2.1
0.8
0.5
0.8

1.2
2.0
5.2
1.1

0.4
3.1
0.9

55
2.0
0.9
4.0
6.2
0.8

Radi-ance Festi-val
0.4

0.0
0.2
0.3
0.3
1.0
4.3
0.0

0.3
1.1
0.7
53
2.4
2.2

0.1

79.9%
45.2%
52.3%
69.2%
38.9%
69.6%

h? estimate Mara Elya-na
76.8%

p-value
(FDR)

0.0031

0.0031

0.43 0.0116
0.46 0.0371
0.45 0.0003
0.42 0.0011
0.39 0.0011
0.42 0.0055
0.21

0.39 0.0052

0.42 0.0154
0.16 0.0023

0.17 0.0033
0.27 0.0306
0.42 0.0465

MAF
0.21

[Straw35 AX-
166526312
123359434
123359385
123365359
123364494
166509598
123364494
123365359
166521734

89826525
123366334
123357007
Genetic association results for 61 transcriptomes are shown, detailing cis and trans genetic factors controlling differentially expressed R-genes. The most significant marker name, minor allele frequency, FDR-adjusted p-

123365359
166512110
value, narrow sense heritability, transcript accumulation in cultivars, and BLAST2GO description are shown.

eQTL
phase
trans
cis
trans
cis
trans
cis
trans
cis
trans
cis
trans
cis
trans

cis

Table 3, continued
R-gene Name
gene-8.19
gene-352.19

maker-fvb7-2-augustus-gene-136.47
maker-fvb7-2-augustus-gene-147.47
maker-fvb7-2-augustus-gene-163.44
maker-fvb7-2-augustus-gene-65.21
maker-fvb7-2-snap-gene-161.50
snap_masked-fvb3-4-processed-
snap_masked-fvb6é-1-processed-

C. Barbey et al.

F. Xananassa cultivars ‘Mara des Bois’ and ‘Florida Elyana’. Benchtop
RenSeq capture on genomic DNA was performed on a collection of
sixteen strawberry genotypes, including twelve F. xananassa ad-
vanced breeding selections, three F. Xananassa disease-resistant cul-
tivars, and a diploid F. vesca. As a preliminary validation of capture
efficiency with this novel RenSeq probe panel, multiplexed Illumina
sequencing was performed on captured R-gene genomic libraries. An
average of 2.60 million reads (2 x 100bp) was obtained for each of
sixteen libraries from a single lane. Reads from octoploid and diploid
lines were mapped to their respective annotated genomic references.
An average R-gene resequencing depth of 26x was achieved in the
‘Camarosa’ RenSeq line and 30x in the F. vesca, with similar coverage
ranges in the other diverse octoploid accessions (Figure 8). In the
‘Camarosa’ RenSeq line, 68% of reads mapped to an annotated re-
sistance gene, while an additional 20% of reads mapped to a non-R-
gene gene model. In F. vesca this efficiency was lower, where 36% of
reads mapped to an annotated R-gene. A FASTA of RenSeq probes is
provided for use in File S2. Example probe coverage is detailed in
Figure S3.

DISCUSSION

These results provide a characterization of the R-gene complement of
cultivated octoploid strawberry and the relationship to the extant diploid
relatives, F. vesca and F. iinumae. Commercial strawberry is hypothe-
sized to contain a single F. vesca-like subgenome, and three highly-
similar ‘old world’ subgenomes which are likely derived from F. iinumae,
F. viridis, and F. nipponica (Edger et al. 2019). Polyploidization is
associated with massive genome remodeling events including gene
loss (Edger et al. 2018; Edger et al. 2017a). Linkage-map comparisons
in octoploid and diploid strawberry have uncovered extensive unidi-
rectional homeologous exchanges which have broadly converted the
three ‘old world’ F. innumae-like subgenomes to be more F. vesca-like
(Tennessen et al. 2014). This finding explains the difficulties of clear
ancestral delineation of strawberry homeologs (Vining et al. 2017).
Recent analysis of the octoploid genome reveals that biased homolo-
gous exchanges have converted other subgenomes to be more like the
dominant F. vesca-like subgenome (Edger et al. 2019). The present
gene-level homology and expression analysis shows the majority of
F. vesca-like dominance is derived from F. vesca-like genes residing on
alternate subgenomes. For NLR genes in particular, the bias toward
F. vesca-like genomic retention was more pronounced. Unlike general
octoploid genes, expression of F. vesca-like and F. iinumae-like NLRs
is proportional to their genomic representation. This finding provides
potential insight into the practical drivers of subgenome conversion.
Consolidation of redundant genes and maintenance of stoichiomet-
rically sensitive genes has been hypothesized as a driver for gene
retention bias (Edger and Pires 2009; Birchler and Veitia 2012;
Edger et al. 2017a). NLRs are involved in consequential and sensitive
protein-level interactions, including signaling functions requiring
homo- and hetero-dimerizations (El Kasmi and Nishimura 2016).
Avoidance of dysfunctional NLR molecular interactions may have
contributed to the observed biases in NLR retention and expression,
post-polyploidization.

Multiple distinct NLR clades with identical domain architectures
were detected, likely distinguishing intra-subgenome homologs from
different subgenomes. These likely reflect broad ancestral sequence
divergences prior to hybridization. Comparison of R-genes in octoploid
and diploid strawberry reveals enrichment of different subtypes. The
‘Camarosa’ genome shows a large increase in complete TNL-type
R-genes and a concomitant decrease in truncated TIR-only genes, rel-
ative to its diploid ancestral relatives. The F. iinumae genome shows a

-=.G3:Genes| Genomes | Genetics
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Figure 4 Example cis-eQTL of a Fruit-Expressed Strawberry R-gene. A. Domain analysis of the ‘Camarosa’ putative resistance gene FaDRL28, a
CC-NBS-LRR R-gene. Gray lines delineate exon-exon borders in the predicted mature transcript. B. Octoploid fruit expression of FaDRL28
associates with a single locus on chromosome 5. C. A single dose of an “A” allele increases mean transcription of FaDRL28 to above 25 TPM
("AB" genotype) from a mean approximately 1 TPM (“BB” genotype) (single-marker ANOVA p-value 1.6E-12). D. The Fvb5-2 subgenomic
location of FaDRL28 in the octoploid ‘Camarosa’ genome is indicated (purple vertical line). E. Seven equally-significant eQTL markers (p-value
2.73E-05, post-FDR adjustment) show close subgenomic co-localization with FaDRL28, including one marker within the FaDRL28 coding se-

quence (AX-123366087).

considerably larger amount of CNL-types. TNLs have been nearly
eliminated from most monocot genomes in bias toward CNL-types
(Nepal et al. 2017). The reasons for emerging divisions in TNL/CNL
content in plant genomes remains unclear. In hybrid F. xananassa, it is
possible that relatively high number of complete TNL genes is a result
of higher rate of retention post-polyploidization in this category. Many
of the non-classical domains discovered in ‘Camarosa’ R-genes have
also been found and characterized in the R-genes of other species.
These include an LRR/Malectin-like RLK protein, which mediates pow-
dery mildew resistance in barley and wheat (Rajaraman et al. 2016).
Atypical R-gene domains physically associated with NB-ARCs have
been implicated in a variety of active disease resistance functions, in-
cluding signal transduction and defense gene activation, and serving as
decoy endogenous sequences to bait pathogen effectors into direct in-
teraction and detection (Khan et al. 2016).

A large proportion of strawberry NLR genes from octoploid and
diploid genomes are associated with RPW8 domains. It has been
suggested that the RPW8 domain emerged with the earliest land plants
and subsequently merged with NLR genes, however their prevalence
across plant genomes varies widely (Zhong and Cheng 2016). The
RPW8 domain appears to have been completely lost in monocots,

-=.G3:Genes| Genomes | Genetics Volume 9

and is rare in many other species. R-gene genomic studies frequently
neglect to assess the presence of NLR-associated RPW8 domains. Two
NBS-RPWS8 proteins conferring mildew-resistance have been described
in the Arabidopsis thaliana genome (Xiao et al. 2001) that retained their
function when expressed in grape (Hu et al. 2018). The AfRPW8.2 gene
was recently shown to induce the expression of defense-related genes
when expressed in strawberry leaves (Cui et al. 2017). This R-gene
subtype has apparently expanded in strawberry, possibly due to un-
usually high mildew disease pressure exerted on strawberry species and
intense selection for resistance. However, R-gene domain content is not
reliably predictive of resistance specificity, and close R-gene paralogs
are known to confer resistance to pathogens in entirely different king-
doms (Wen et al. 2015). Interestingly, the strawberry RPW8 domain
is frequently found in association with NB-ARC-containing genes
but never with TIRs. RPW8-containing genes are similar to general
R-genes in terms of their frequency of expression, eQTL discovery rate,
and putative orthology with F. vesca (Table S1). However, a significant
and large difference was noted in terms of dN/dS ratio, indicating a
higher degree of protein-level variability for this subclass. The purpose
of RPW8 gene diversification and expansion in strawberry remains an
interesting open question.

October 2019 |  Strawberry Disease Resistance Genetics | 3327



1.5

1.0
>
=
1%}
c
Q
()]
0.5
0.0

0.0 0.5

Non R-gene
R-gene

1.0 1:5

dN/dS

Figure 5 Evolutionary Pressures on F. x ananassa R-genes. The median dN/dS ratio for R-genes (0.47) is higher than for non R-genes (0.35).
Density curves for F. Xananassa R-genes (blue) and non R-genes (red) are calculated based on comparison to the closest ancestral diploid

homolog from F. vesca.

Octoploid NLR transcript accumulation is low throughout the
strawberry plant, but is particularly low in the mature receptacle. This
is an unexpected result due to the many pathogens targeting this
susceptible organ. It is possible that only certain R-genes are highly
upregulated in the response to pathogen attack. Another possibility is
that resistance based on the hypersensitive response may be less effective

at mature stages, where cell wall disruption has already initiated with
ripening and the intercellular environment is conducive to pathogen
growth. Transcriptional response to Botrytis cinerea infection in the
mature octoploid receptacle led to differential expression of over 1,500
genes, including secondary metabolism and pathogenesis-related (PR)
genes, but only 15 NLR genes (Xiong et al. 2018). In the present study,

A Gene Content B Fruit Expression
F. iinumae- F. vesca- % F. vesca- F. iinumae-like TPM F. vesca -like TPM niether TPM
like like mether like Total genes (12,762 expressed genes) (32,663 expressedgenes) (559 expressed genes) Total TEM
1,736 108 57.3% 3032 Fvbi-1 [ | 83600 24,301 277 132939
1930 112005 3,485 Fvb1-2 || 9,064 [0 15374 87 I 24,525
1,798 106 57.1% 3,147 Fvb1-3 o 7666 01 15,364 243000 3272
| 132 3229 Fvb1-4 1 2296 0 33504 1330035933
109 60.2% 3,526 Fybh2-1 | 8291 I 24,535 138 32,963
163! 3,587 Fvh2-2 I ETE 330120 24560037333
110 58.8% 3222 Fvb2-3 [ ] 78030 25382
18l S36% 3766 Fyb2-4 = 10471 T 26313
114 58.6% 3871 Fvh3-1 [ ] 167940 19.921
13005 407 Fyb3-2  I— 2330400 19,340
132 57.5% 3,751 Fvh3-3 | 176000000 21,526
138, 4041 Fvh3-4 1 3gasl 30,368
82 57.1% 2429 Fvbd-1 | 64570 37094
148 3 3,136 Fvhd-2 || 7317 B 21,620
191 4359 Fvb4-3 [ ] 4nsl L 37246
130 2986 Fvbd-4 [ 14s0l 20677
198 4597 Fvb5-1 [] 3250 39Tl
118 60.5% 3335 Fvb5-2 H 7435 000 16610
139 55.9% 3697 Fvb5-3 | 11,351 17.926
137 58.1% 3271 Fvhs-4 d saul 15.460
233 5,980 Fvb6-1 []
203 59.5% 4904 Fvh6-2 [ |
188 SR 5834 Fyb6-3  —
145 57.7% 4625 Fvb6-4 1 B0l 33673
161 62.4% 4374 Fvb7-1 [ ] 7,579 L 20,190
61 Bi% | 5150 Fvb7-2 [ Lsag 26,160
Fvb7-3 1414 1.990 18 56.5% 3522 Fvb7-3 — i 20874
Fvb7-4 2071 143 65.1% 3180 Fyh7-4 0 a0 20881
Total Genes 35377 68,664 4046 63.5% 108,087 Total TPM 253,128 737,102 9,770
Percent 32.7% 63.5% 3.7% Percent 25.31% 73.71% 0.98%

Figure 6 General Retention and Expression Bias in Octoploid Strawberry. ‘Camarosa’ gene models from every chromosome are categorized as
either more F. vesca-like, more F. iinumae-like, or neither. Red-green color scale indicates low-to-high gene content, respectively. Yellow
highlight indicates the most F. vesca-like homeologous chromosome. A. Gene content per homeologous chromosome, by putative ancestral
gene similarity. B. Relative transcript accumulation of all genes in the fruit, by putative ancestral similarity.
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A NLR Gene Content B
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NLR Gene Fruit Expression

F. iinumae-like TPM  F. vesca-like TPM niether TPM

like like Dlether vesca-like é:l::‘ (38 expressed NB-ARCs) (170 expressed NB-ARCs) (0 expressed NB-ARCs) Total TPM
Fvbi-1 6 7 0 53.8% 13 Fvb1-1 3 11 0 12
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Fvbl-4 4 21 0 84.0% 25 Fvbl-4 2 39 0 41
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Fvb2-3 5 4 0 44.4% 9 Fvb2-3 5 2 0 7
Fvb2-4 11 10 0 47.6% 21 Fvb2-4 54 30 0 85
Fvb3-1 6 20 0 76.9% 26 Fvb3-1 2 34 0 36
Fvb3-2 7 16 0 69.6% 23 Fvb3-2 3 11 0 14
Fvb3-3 8 19 0  70.4% 27 Fvb3-3 2 14 0 16
Fvb3-4 14 32 0 69.6% 46 Fvb3-4 17 33 0 S0
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Fvb4-2 6 10 0 625% 16 Fvb4-2 4 13 0 17
Fvb4-3 3 15 0 18 Fvb4-3 0 40 0 40
Fvb4-4 5 4 100900% 1 10 Fvbd-4 13 3 0 16
Fvb5-1 9 27 0 75.0% 36 Fvb5-1 1 20 0 21
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Fvb5-3 11 19 0  63.3% 30 Fvb5-3 9 8 0 17
Fvb5-4 12 12 0 50.0% 24 Fvb5-4 5 15 0 20
Fvb6-1 3 50 0 943% 53 Fvb6-1 4 68 0 72
Fvb6-2 3 27 0 90.0% 30 Fvb6-2 1 13 0 13
Fvb6-3 8 26 1 743% 35 Fvb6-3 5 25 0 30
Fvb6-4 4 16 0 80.0% 20 Fvb6-4 ds 15 0 16
Fvb7-1 15 31 0 67.4% 46 Fvb7-1 15 19 0 34
Fvb7-2 18 48 0 72.7% 66 Fvb7-2 3 28 0 31
Fvb7-3 11 30 0 73.2% 41 Fvb7-3 1 43 0 45
Fvb7-4 7 23 0 76.7% 30 Fvb7-4 3 21 0 24
Tnta! N 210 538 2 71.7% 750 Total TPM 297 712 0 1,009
ARC genes
Percent 28.0% 71.7% 0.3% Percent 29.5% 70.5% 0.0%

Figure 7 NLR-gene Retention and Expression Bias in Octoploid Strawberry. ‘Camarosa’ NB-ARC domain containing-NLR models from every
chromosome are categorized as either more F. vesca-like, more F. iinumae-like, or neither. Red-green color scale indicates low-to-high gene
content, respectively. Yellow highlight indicates the most F. vesca-like homeologous chromosome. A. NLR-gene content per homeologous
chromosome, by putative ancestral gene similarity. B. Relative transcript accumulation of NLR-genes in the fruit, by putative ancestral similarity.

elevated NLR transcription in the green, white, and turning stages
suggest NLR-based resistance may be more prevalent at these earlier
developmental stages. The highest levels of NLR expression were seen
in the roots and leaves, indicating this mode of resistance may be more
common in these tissues. Root-dominant expression of NLRs is com-
mon in many but not all plant species (Munch ef al. 2018). Strawberry
NLR expression overlaps poorly between tissues, supporting the con-
cept that NLRs are optimized for each tissue (Munch et al. 2018). Based
on these patterns of expression, resistance to soil-borne pathogens via
NLR-genes may be more common in strawberry. It would be interest-
ing to examine the patterns of tissue-specific expression of R-genes
against different strawberry pathogens, particularly the common soil-
borne pathogens causing strawberry verticillium wilt (Verticillium
dahlia), charcol rot (Macrophomina phaseolina), and Fusarium wilt
(Fusarium oxysporum f.sp. fragariae) (Zurn et al. 2018). Across 61 ma-
ture fruit transcriptomes, a greater number of putatively expressed NLR
genes were found compared to ‘Camarosa’ mature fruit alone. This
signifies possible genetic/environmental variabilities which can be mea-
sured via eQTL analysis.

The genetics of differential fruit expression of all R-genes in straw-
berry cultivars was examined via eQTL analysis. In many cases, the
identified genetic markers described presence/absence of R-gene ex-
pression. The identified eQTLs were often due to a cis variant at a single
detectable locus, very close to the physical position of the gene itself.
This is suggestive of a mutation in a cis-regulatory element, such as the
gene promoter or 5'-UTR, or a genic presence/absence structural var-
iation. Such presence/absence variation affects nearly 20% of genes in

-=.G3:Genes| Genomes | Genetics Volume 9

the Brassica oleracea pangenome and is a major contributor of agro-
nomic trait diversity (Golicz et al. 2016). As these strawberry R-gene
eQTL are derived from crosses of cultivars with differing ranges of
pathogen susceptibility, these eQTL genes represent strong candidates
for functional disease resistance and potential genetic improvement.
These disclosed R-gene eQTL marker sequences may be cross-referenced
with existing disease-resistance QTL to potentially identify causal
R-genes. As categories of R-genes are expressed at very low levels unless
induced by pathogens (Lai and Eulgem 2017), the genotype X pathogen
interaction may have lowered confidence values or introduced possi-
ble type II errors in eQTL detection. However, the reproducibility of
cis-eQTL tends to be particularly high in related populations (Peirce
et al. 2006). Additional replicates and infected/non-infected challenge
conditions will likely reveal additional eQTL associations and greatly
improve the confidence of heritability estimates, and may be used to
validate pathogen-induced R-gene candidates.

F. Xananassa predicted R-genes (NLRs and other R-gene types)
have elevated average dN/dS ratios compared to non R-genes, indicat-
ing greater overall tendency toward divergent selection. R-genes with
very low dN/dS ratios are likely to be conserved disease resistance genes.
This active evolutionary selection is highly indicative of function. Of
particular interest are strawberry R-genes demonstrating both low
dN/dS values and low transcript levels across all tissues (Table S1).
Many functional R-genes are expressed at low levels, either constitu-
tively or until elicited by the proper pathogen (Lai and Eulgem 2017).
Such R-genes may be difficult to distinguish from pseudogenes on a
purely transcriptional bases. Low dN/dS values demonstrate selective
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Figure 8 RenSeq Increases Sequencing Depth for R-gene Loci in Multiplexed Octoploid Genomes. Sixteen disease-resistant strawberry genomic
libraries (fifteen octoploid accessions and diploid F. vesca) were enriched for R-genes and sequenced via lllumina HiSeq yielding an average of
2.60 million reads per genomic library. Violin plots indicate the range of R-gene resequencing depth from each genomic RenSeq library. Roughly
half of all sequencing reads mapped to a previously-identified R-gene locus, representing a substantial sequence enrichment relative to R-gene

genomic representation.

pressure to maintain these sequences, offering evidence of maintained
function despite low expression. The results of this combinatorial anal-
ysis can be used help identify novel sources of R-gene-based resistance
which may be otherwise difficult to detect. It should be noted that
this analysis is performed in the context of a single cultivar, which
has undergone several centuries of artificial selection. It is possible
that wild octoploid species may reveal different and more natural
patterns of disease-resistance selection. More sequenced accessions
from geographically diverse wild and cultivated germplasm are
needed. Further analysis on the octoploid pangenome will reveal
more detailed selection patterns, and more importantly, reveal re-
cent selection sweep events which may have occurred in certain
R-gene groups.

Many R-genes were discovered clustered in the genomes of both
octoploid and diploid strawberry, highlighting the challenges of re-
solving individual R-genes via association mapping and positional
cloning. The difficulty of isolating functional R-genes from strawberry
disease resistance QTL was the principle motivator of this analysis. A
thorough identification of R-genes in the octoploid genome is necessary for
future genomics and genetics analysis in strawberry disease-resistance
breeding programs. Additionally, this information is prerequisite for
creating a RenSeq probe panel, to facilitate targeted R-gene sequencing
in breeding programs.

A novel strawberry RenSeq capture-probe library was developed
based on the R-gene sequences identified from genomic and tran-
scriptomic resources. This 39,501-probe panel was experimentally
validated using octoploid and diploid genomes and resulted in an
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average ~20x R-gene resequencing depth per genomic library, using
only multiplexed short reads. RenSeq assembly in ‘Camarosa’ and the
F. vesca genotype Hawaii 4 resulted in significant coverage of R-genes.
Despite having the highest total resequencing depth, the capture effi-
ciency in F. vesca (R-gene reads over total reads) was somewhat lower.
It is possible that this represents the saturation of capture probes in a
smaller genome. It is also possible that probes designed from non-
F. vesca-like octoploid sequences bound spuriously in the F. vesca
genome. Similar rates of perfect sequence matching along the entire
read in ‘Camarosa’ and F. vesca (66.24% and 69.68%, respectively)
indicates that theoretical octoploid reference sequence errors are not
likely promoting RenSeq assembly error in ‘Camarosa’. However,
14.4% of mapped ‘Camarosa’ R-gene reads have an equally valid alter-
native R-gene mapping locus, compared with just 4.83% in F. vesca.
This difference indicates that homeologous sequence redundancy is an
appreciable issue for mapping short-reads in polyploids, even with an
isogenic (but not haplotype-specific) mapping reference. Longer se-
quencing read-lengths, spanning less well-conserved non-coding se-
quences, will assist in de novo resolution of similar loci in octoploid
strawberry. Combining RenSeq with long-read sequencing technolo-
gies will allow for improved de novo assembly of R-gene loci, and will
greatly facilitate causal mutation detection within disease resistance
QTL in octoploid strawberry.
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