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Abstract

Not all genes are essential for plant survival. With the rise of pan-genomics, it is evident that
certain genes can be lost without negatively affecting fitness. Naturally occurring
loss-of-function (LoF) mutations provide a valuable perspective on gene dispensability, offering
insights into deleterious and adaptive gene loss. In this study, we identified 91,751 naturally
occurring LoF variants from publicly available Arabidopsis genome data. Our findings
demonstrate that LoF-intolerant genes are enriched in essential biological functions and
associated with specific histone marks linked to active transcription. In contrast, LoF-tolerant
genes exhibit relaxed selective pressure and are enriched in functions related to pollen rejection
and defense responses, and can be used as a proxy for dispensable genes in the pan-genome.
Using a random forest model trained on histone marks, we achieved moderate success in
predicting gene LoF tolerance, with an AUC of 0.717 in Arabidopsis and 0.768 in rice, and even
across species. We also pioneered genome-wide LoF burden tests in Arabidopsis, collapsing
independent LoF alleles into a single state to reduce allelic heterogeneity. By integrating LoF
burden tests with transcriptomic data, we identified thousands of LoF-expression associations.
Notably, this analysis accurately recapitulated the flowering time networks and identified
FRIGIDA as a key regulator of flowering time genes. Furthermore, we found that collapsing
alleles based on functional outcomes enhances association sensitivity. These results provide
insight into gene dispensability and a framework for leveraging LoF mutations to study gene
functions with improved association studies.

Introduction

Not all genes are essential for organism
survival. In the age of pan-genomics, it is clear
that many genes within a species' genome can be
absent or lost. Moreover, gene loss can often be
adaptive (Smith 1970; Olson 1999; Orr 2005;
Murray 2020; Klim et al. 2024). When certain
genes become dispensable, their loss can lead to

advantageous traits under specific environmental
conditions or selective pressures. For example,
functional disruption of CBF genes, which encode
transcription factors that regulate the expression
of various cold-responsive genes, improves
fitness in warmer climates in Arabidopsis (Monroe
et al. 2016; Lee et al. 2024). In humans,
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individuals with homozygous knockout for C-C
chemokine receptor type 5 (CCR5) are resistant
to HIV-1 infection (Liu et al. 1996). A plethora of
adaptive gene loss cases has also been reported
in other species (Spielmeyer et al. 2002; Wong et
al. 2012; Kvitek and Sherlock 2013; Flannick et
al. 2014; Gomez et al. 2019; Klim et al. 2024).
Adaptive gene loss contributes to the dynamic
nature of gene content evolution, where genomes
are continuously shaped by gains, losses, and
modifications of genes. Previously in human
studies, researchers have pointed out that
loss-of-function (LoF) variants are valuable for
identifying promising drug targets and assessing
the safety of gene inhibition (Minikel et al. 2020).
Artificial gene knockouts in agriculture, like the
knockout of CYP79D1 and CYP79D2 in cassava
to reduce cyanide levels by 92% (Jgrgensen et
al. 2005), can accelerate plant breeding and crop
improvement.

Studying gene function in the context of
dispensability provides insights into which genes
are essential for basic cellular processes and
which can tolerate LoF mutations. Genes that can
withstand LoF are typically non-essential but may
play significant roles in specialized or redundant
functions. Investigating the functions of these
dispensable genes can reveal their contributions
to phenotypic diversity and adaptation. In
traditional genetic research, the process started
by identifying a phenotypic change, followed by
discovering the gene responsible for it, often
resulting in the identification of new genes.
However, genes that had little or no influence on
commonly studied traits were largely overlooked.
Non-essential genes, by their nature, often don'’t
have significant effects on observable
phenotypes, thus are less studied and have poor
functional annotations.

Genome-Wide Association Studies
(GWAS) aim to identify genetic variants
associated with specific traits by testing for
allele-phenotype relationships across large

populations (Manolio 2010; Uffelmann et al.
2021). This method aids gene discovery and
functional studies by revealing how genes
contribute to complex traits and diseases, offering
insights into new gene targets. However, allelic
heterogeneity poses a significant challenge in
conventional GWAS. Allelic heterogeneity occurs
when different alleles at a single locus or different
loci contribute to the same trait, such as multiple
independent LoF variants leading to disrupted
gene function, complicating the identification of
causal variants (Bergelson and Roux 2010). Over
the past decades, the availabilty of
Whole-Genome Sequencing (WGS) data has
revolutionized genomic studies, and advances in
predicting variant effects from gene sequences
have significantly contributed to human and
medical research (MacArthur et al. 2012; Brandes
et al. 2023; Neville et al. 2024), paving the way
for the exploration of genes by leveraging natural
genetic variation. To study rare protein-coding
variants and enhance the statistical power of their
analysis, burden tests were introduced. This
approach aggregates genetic variants, typically
loss-of-function variants, within a gene to
construct a “"burden genotype,” which s
subsequently tested gene-by-gene for
associations with phenotypes. LoF burden tests
have proven instrumental in gene discovery
within human genomics (Backman et al. 2021,
Koprulu et al. 2022; Ivarsdottir et al. 2024,
Spence et al. 2024). Although conceptually
similar to GWAS, they excel in prioritizing the
identification of distinct genes (Spence et al.
2024), offering a complementary and powerful
tool for genetic research.

Utilizing LoF alleles for genome-wide
association studies offers several additional
advantages. Traditional GWAS relies on linkage
to genetic markers, which often identify broad
genomic regions containing hundreds of
candidate genes, necessitating additional work to
pinpoint causal loci. By directly associating
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functional states of individual genes with
phenotypes, LoF association testing provides a
more targeted approach. Furthermore, LoF
burden tests provide actionable insights, offering
testable hypotheses for experimental validation.

In this study, we performed genome-wide
LoF burden tests that mitigate allelic
heterogeneity by collapsing independent LoF
alleles to a single allelic state (LoF burden). We
tested this approach with transcriptome data,
present evidence that collapsing alleles based on
their functional outcomes enhances the sensitivity
of association testing, and offer a framework for
gene function discovery through LoF-expression
associations.

Materials and Methods

Arabidopsis LoF Calling and LoF Matrix

Loss-of-function variants were called from
publicly available Whole-Genome Sequencing
data, including SNP variants and small indel calls
for 1,135 Arabidopsis accessions from the 1001
Genomes Project (1001 Genomes Consortium
2016) and structural variants and indel calls for
1,301 accessions (Goktay et al. 2021). The VCF
from the 1001 Genomes Project annotated using
SnpEff was downloaded from 1001 Genomes
Data Center
(https://1001genomes.org/data/GMI-MPl/releases
[v3.1/1001genomes_snpeff v3.1/). The program
snpEff (Cingolani et al. 2012) is widely used to
annotate mutation effects from genotype variants.
Variants annotated as “High” impact are
considered as putative LoF variants. Those

include “stop_lost”, “stop_gained”, “start_lost”,
“frameshift”, “splice_donor_variants”, and
“splice_acceptor_variants”. For structural

variants, we mainly focus on deletions as they
constitute the majority of the data. A deletion
variant is considered a LoF mutation if it either
causes a frameshift by disrupting the reading

frame (i.e., the deletion overlaps the coding DNA
sequence in a length not divisible by three) or
removes more than 10% of the coding sequence
of the affected transcript. It is also assumed that
the protein product could still be functional with a
change in the first and last 5% of the coding
sequence as an alternative start/stop codon may
rescue the disrupted transcript, and thus variants
that only affect the first and last 5% of the coding
sequence were therefore systematically removed
(MacArthur et al. 2012). Lastly, to ensure true
knockout of a gene and reduce false positives,
only variants that disrupt all gene models for the
gene of interest are kept. With the prediction of
LoF alleles, a LoF allele matrix is generated to
reflect the relationship between accessions and
LoF alleles. Independent LoF alleles of the same
gene were then collapsed into a single allele
state. The collapsed LoF allele matrix represents
a binary state of LoF or functional for each
accession-gene combination, where LoF alleles
are shown as “1” and functional alleles are shown
as “0” in the LoF allele matrix (Supplemental
Table 1).

Arabidopsis Expression Matrix

An expression matrix was generated
based on the 1001 Arabidopsis transcriptomes
(Kawakatsu et al. 2016) after correction for batch
effect. It reflects the log.-transformed transcript
level for every accession-gene combination. The
NaN values after log: transformation were
replaced with the lowest transcript value among
all accessions for each gene.

To test if the non-normality of expression
data changes the scale of LoF-expression
associations, we applied a rank-based inverse
normal transformation (INT) to normalize
non-normally  distributed expression data.
Non-missing values were ranked (with ties
assigned the average rank) and transformed into
a standard normal distribution using the inverse
cumulative distribution function of the normal
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distribution. The transformed values retained the
original rank order.

Gene Ontology Analysis

GO enrichment of LoF-tolerant and
LoF-intolerant genes was performed using
ShinyGO 0.81
(http://bicinformatics.sdstate.edu/go/) (Ge et al.
2020). An FDR-adjusted p-value cutoff of 0.05
was adopted to identify significantly enriched GO
terms.

Arabidopsis Gene Features and Epigenomic
Data

We compiled and generated data on
genome-wide sequence and epigenomic features
of Arabidopsis to construct a high-resolution
predictive  model of pan-genome gene
dispensability. Polymorphism was previously
calculated from the 1001 genomes project (1001
Genomes Consortium 2016). Tissue breadth data
were obtained from Mergner et al. (2020).
Additionally, we retrieved 62 BigWig-formatted
datasets from the Plant Chromatin State
Database, detailing the distribution of histone
modifications, including H3K4me2, H3K4me1,
H3K4me3, H3K27ac, H3K14ac, H3K27me1,
H3K36ac, H3K36me3, H3K56ac, H3K9ac,
H3K9me1, H3K9me2, and H3K23ac. For each
modification, signal intensities were normalized (0
to 1) and averaged across each genomic region
for downstream analyses.

Rice LoF-Tolerant Genes and Epigenomic
Data

To obtain a list of LoF-tolerant genes in
rice, a set of 29 million biallelic SNPs with SnpEff
annotation was downloaded from International
Rice Research Institute (IRRI) Rice SNP-Seek
Database
(https://s3.amazonaws.com/3kricegenome/snpse
ek-dI/NB_bialSNP_pseudo_canonical_ALL.vcf.gz

). Any genes with variants annotated with “High”
impact were extracted. To build predictive models
of LoF tolerance, the Arabidopsis and rice
epigenomic data were obtained from Lu et al.
(2019).

Random Forest Predictions

Random Forest Predictions in this study
were performed wusing the R package
‘randomForest”. Pan-genome dispensability and
gene LoF tolerance were converted to binary
factors. The dataset used for model building
consisted of annotated genes, with indispensable
genes balanced against dispensable genes (or
LoF genes balanced against non-LoF genes)
through  subsampling to ensure equal
representation. The predictors (gene features or
histone marks) were fitted into the model with 500
decision trees (ntree = 500). Model performance
was assessed using receiver operating
characteristic (ROC) curves and the area under
the curve (AUC), with feature importance
quantified by the Mean Decrease in Gini.

Gene Coexpression Network and Coefficient

To measure gene co-expression, we used
previously published data from 874
transcriptomes of natural Arabidopsis genotypes,
capturing stochastic interindividual variation. We
calculated all-by-all expression correlations using
Spearman correlation coefficients, employing the
mr2mods program (Kawakatsu et al. 2016;
Wisecaver et al. 2017). This data was previously
published by Katz et al. (2022).

LoF Tests and

Genome-Wide Burden

Permutations

Genome-wide association testing through
LoF burdens was performed using EMMAX
algorithm (Kang et al. 2010) with the function
‘cGWAS.emmax” in the R package “cpgen”. The
collapsed or uncollapsed binary LoF allele matrix
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was input as the marker matrix and the
expression level of each gene from the
expression matrix was input as phenotype for
each association testing. The kinship matrix
derived from SNP data
(https://1001genomes.org/data/GMI-MPl/releases
[v3.1/SNP_matrix_imputed_hdf5/) was used in
the model to control for population structure.

To mitigate the bias of allele frequency in
association  studies, we performed 101
permutations for the collapsed and uncollapsed
LoF allele matrices, respectively. The order of
LoF or functional alleles (“1” or “0” in LoF allele
matrix) was shuffled for each gene (or allele for
the uncollapsed matrix) but the same allele
frequency was maintained. The 101 simulated
LoF matrices were input in the LoF association
testing pipeline as described above. The p-values
from the LoF-expression associations were then
compared to and ranked among the simulated
values from 100 permutations. A rank matrix was
obtained, showing the rank of p-value or the
absolute value of beta coefficient among 100
simulations for each LoF-expression association.
The 101st simulated p-value matrix was also
ranked among the 100 simulations to create null
rank matrices.

Linear Regression Model

Loss-of-function burden tests were also
conducted using a linear regression model
implemented with the “Ilm” function in R.
Specifically, we modeled gene expression as a
function of LoF status.

Candidate Filtering

To minimize false positives, association
hits underwent a series of stringent filtering steps.
First, the p-values of LoF-expression associations
were corrected for multiple comparisons using the
false discovery rate (FDR) method implemented
in the “p.adjust” function. Associations with an
FDR-adjusted p-value greater than 0.05 were

excluded. Second, to eliminate potential linkage
effects, gene pairs located within 1,000 kb of
each other were removed. Finally, only
candidates with the top-ranked (rank 1) p-value
among 100 simulations were retained, ensuring
only the most robust associations were
considered for downstream analysis. While other
high-ranking associations were not included in
subsequent analysis, they may still represent
biologically meaningful signals.

Gene Network

We constructed and visualized a gene
interaction network based on LoF
burden-expression associations using the R
package “igraph”. Genes are represented as
nodes, with edges indicating the relationships

between LoF genes and their associated
expression genes. The strength of these
associations is  weighted by statistical

significance, while directionality is distinguished
based on whether the association is activating or
repressing.

Results & Discussion

Pan-genome Gene Dispensability Can Be
Inferred from Predicted LoF Based on A
Single Reference Genome

In total, we -called 91,751 naturally
occurring variants that have putative LoF effects
on genes from publicly available WGS data. This
is higher than previous estimates (Xu et al. 2019)
because we combined both small scale mutations
and structural variants (see Materials and
Methods). We emphasize that these are putative
loss-of-function similar to related analyses in
humans (MacArthur et al. 2012; Emdin et al.
2018; Rausell et al. 2020; Beaumont et al. 2024),
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Figure 1. Random Forest Model of Pan-genome Gene
Dispensability Prediction. a) The ROC curve of the predictive
model using Random Forest (RF). An AUC-ROC value of ~0.5
is equivalent to random guessing, while an AUC-ROC of 1
indicates perfect predictions. The diagonal dashed line shows
the expected performance of a model based on random
guessing. Curves closer to the upper left corner of the chart
represent a better predictive performance than curves that are
closer to the diagonal dashed line. b) The Mean Decrease Gini
of all the predictors in the RF model. Higher Gini score signifies
higher importance of the variable to the predictive model.

and that their true effects would require further
experimental validation. The majority of those
LoF alleles have lower expression level
compared to their functional counterparts, as
expected (Figure S1). The variant calling process
is based on a single reference genome Columbia
(Col-0). To evaluate how well LoF calls from a

single reference genome translate to
pan-genome classifications of gene
presence-absence, we applied a machine

learning method and trained a random forest
model on gene features to predict gene
dispensability in the pan-genome. A matrix of
gene features, including LoF frequency, tissue
breadth, epigenomic patterns, and sequence
composition, was used as input predictors. The
binary status of gene dispensability was extracted
from a recent Arabidopsis pan-genome study of
32 genotypes (Kang et al. 2023), where core

genes and soft-core genes were classified as
“indispensable” whereas dispensable genes and
private genes were classified as “dispensable” in
the random forest model. We used 10-fold cross
validation for testing the model's accuracy. Using
gene features to predict gene dispensability in the
Arabidopsis pan-genome, our random forest
model achieves an AUC-ROC of 0.854 (Fig 1a),
demonstrating strong predictive power of
dispensability in the Arabidopsis pan-genome.
Among all the predictors, LoF frequency has the
highest Mean Decrease Gini score, followed by
tissue breadth and H3K4me1. The accuracy and
importance of LoF frequency in the predictive
model demonstrate the utility of integrating
diverse gene features to classify gene
dispensability, providing a robust framework to
use LoF-tolerant genes inferred from both a
single reference genome and small and structural
variant calls from a large population genomic
dataset as a proxy for dispensable genes in the
pan-genome.

LoF-Tolerant and LoF-Intolerant Genes
Display Distinct Features in Arabidopsis

Most genes have low LoF frequency
across all accessions, and 10,999 genes remain
functional (LoF frequency = 0) in all 1,113
accessions represented in the LoF allele matrix
(Figure 2a). To better understand the distribution
of LoF mutations, we categorized genes by their
mutational burden: 10,873 genes (39.7%) carry
no predicted LoF mutations in their gene body,
5,278 genes (19.3%) harbor only one, and the
remaining 41.0% contain multiple independent
LoF mutations (Figure 2b). Five genes have
more than 100 independent LoF alleles
accumulating in the natural population. When
considering the mutations that lead to loss of
function, the most prevalent types of LoF variants
we detected were frameshift mutations and
premature stop codons, which represent 44.59%
and 24.98% of all variants, respectively (Figure
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Figure 2. Characteristics of Loss-of-Function (LoF) Mutations in Arabidopsis. a) The histogram of LoF frequency of all Arabidopsis
genes. Red dash line indicates the 5% allele frequency threshold commonly used in Genome-Wide Association Studies. b) The
histogram of numbers of independent LoF mutations per gene. c) Percentage of each mutation type that causes gene disruption. d) Box
plots of gene features of LoF-tolerant and LoF-intolerant genes in Arabidopsis. e) Top 14 Gene Ontology (GO) terms of LoF-intolerant
genes in Arabidopsis ranked by Fold Enrichment. f) Significant Gene Ontology (GO) terms of LoF-tolerant genes in Arabidopsis ranked

by Fold Enrichment.

2c), consistent with previous reports (Xu et al.
2019).

Chromatin states, such histone
modifications, are closely linked to gene
regulation and function (Berr et al. 2011; Deal and
Henikoff 2011; Liu et al. 2018). Because these
epigenomic features can reflect the functional
importance of genes, we investigated whether
gene tolerance to loss of function is associated
with specific chromatin marks. Genes were
categorized into two groups according to their
tolerance to loss of function (tolerant: LoF
frequency > 0). We found that genes intolerant to
LoF are enriched in H3K4me1, H3K4me2,
H3K4me3, H3K9ac, H3K14ac, H3K23ac,
H3K27ac, H3K36ac, H3K36me3, and H3K56ac
(Figure 2d). These epigenomic marks are
generally  associated with active gene

as

transcription (Roth et al. 2001; Bannister and
Kouzarides 2011; Deal and Henikoff 2011; Liu et
al. 2018; Lee et al. 2020; Jamge et al. 2023).
However, the same enrichment was not observed
in H3K27me1, H3K9me1 and H3K9me2, which
have been previously shown linked to gene
repression or heterochromatin formation (Noma K
et al. 2001; Schotta et al. 2002; Deal and Henikoff
2011; Pan et al. 2018). These findings are similar

to that in humans where loss-of-function
intolerant genes are enriched for active
epigenomic marks (Boukas et al. 2022). We

further observed higher Pn/Ps, higher Dn/Ds
ratios and lower neutrality index (NI) in genes
tolerant to LoF, consistent with these genes
experiencing less purifying selection and reduced
functional constraint compared to genes
intolerant to LoF. LoF-intolerant genes are also
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expressed in a wider range of tissue types (higher
tissue breadth), indicating their roles across
diverse biological processes and developmental
stages. Interestingly, we also found that genes
highly expressed in reproductive tissues exhibit
significantly lower LoF rates compared to the
genome-wide average (Figure S2a). This
underscores the critical importance  of
reproduction-related genes, which appear to be
under stronger selective pressure. As expected,
genes with prominent mutant phenotypes (Lloyd
and Meinke 2012) also exhibit lower LoF
frequencies compared to other genes (Figure
S2b).

Moreover, we performed functional
analysis of LoF-tolerant and LoF-intolerant genes
using Gene Ontology (GO) terms. LoF-intolerant
genes are enriched with functionally important
GO terms that are vital to plants’ growth,
reproduction, and development (Figure 2e). This
is expected as detrimental LoF mutations in
functionally important genes would have been
purged by purifying selection. Conversely, the GO
terms for LoF-tolerant genes (LoF frequency > 0)
are enriched in sesquiterpene metabolic process
and defense-related GO terms, including “Killing
of Cells of Another Organism” and “Defense
Response” (Figure 2f). Sesquiterpenes are a
diverse group of naturally occurring terpenes and
play crucial roles in plants, including defense
mechanisms, environmental stress responses,
communication and signaling, etc (Chizzola
2013). Plants maintain a delicate balance in
allocating energy and resources between defense
and growth (Giolai and Laine 2024). Previous
research found that a mutation in Replication
Factor C Subunit 3 (RFC3) enhances resistance
to pathogen infection but also leads to
developmental defects, including smaller plant
size, narrower leaves and petals, and reduced
cell proliferation (Xia et al. 2009). In certain
environments, it may be advantageous for plants
to lose genes associated with defense

mechanisms, enabling greater allocation of
resources toward overall growth and
reproduction. The regulation of biotic and abiotic
stress responses is highly interconnected, with
extensive signaling cross talk shaping plant
adaptation (Jambunathan et al. 2001; Paparella
et al. 2014; Desaint et al. 2024). Recent studies
highlight this trade-off: a disease resistance gene
in wild pepper was repeatedly lost at high
temperatures, indicating that pathogen resistance
may entail fitness costs (Poulicard et al. 2024),
while species with lower pathogen pressure
exhibit pronounced loss of immune receptors
during adaptation (Li et al. 2025). Moreover, the
convergent loss of plant immunity components
across multiple lineages underscores the
complex coevolutionary interplay between the
immune system and drought tolerance, as these
genes are differentially regulated in defense and
drought response pathways (Baggs et al. 2020).
Interestingly, some cases of gene loss enhance
immunity without compromising growth and
architecture (Castell6 et al. 2010; Wang et al.
2019), making these genes particularly valuable
for agricultural applications.

LoF-tolerant genes in Arabidopsis are also
associated with “Rejection of Self Pollen”,
“‘Recognition of Pollen” and “Pollen-Pistil
Interaction”. Because Arabidopsis is a dominantly
inbreeding plant species, the predominance of
inbreeding may reduce the need for or even
select against the function of genes that mediate
pollen-pistil interactions and self-incompatibility.
Notably, the GO terms associated with
LoF-tolerant genes show substantial overlap with
those of genes affected by copy number
variations (CNVs) as reported by (Zmienko et al.
2020). These terms are significantly enriched for
processes related to interactions with other
organisms, defense mechanisms, and stress
responses. Furthermore, LoF mutations are more
commonly tolerated in non-single-copy genes, as
expected (Xu et al. 2019) (Figure S2c).
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Figure 3. Within- and Cross-Species Prediction of LoF Tolerance through Epigenomic Patterns. a) The Mean Decrease Gini of
histone marks in predicting Arabidopsis LoF tolerance. b) The ROC curve of the random forest model trained on Arabidopsis thaliana
histone marks to predict Arabidopsis LoF tolerance. c) The Mean Decrease Gini of histone marks in predicting rice LoF tolerance. d) The
ROC curve of the random forest model trained on rice histone marks to predict rice LoF tolerance. e) The ROC curve of the Arabidopsis-
trained random forest model tested on rice data. f) The ROC curve of the rice-trained random forest model tested on Arabidopsis data.
For b, d, e & f), the diagonal dashed line shows the expected performance of a model based on random guessing. Curves closer to the
upper left corner of the chart represent a better predictive performance than curves that are closer to the diagonal dashed line.

We also observed a positive correlation
between gene CDS length and the number of
accumulated LoF variants (p < 2.2 x 107"°), which
appears to depend on the functional importance
of the gene. However, despite this overall trend,
some genes accumulate relatively few LoF
variants regardless of their length. This may
indicate that these genes are under stronger
selective pressures, possibly due to their
constrained biological functions. (Figure S3).

Within- and Cross-Species Prediction of LoF
Tolerance through Epigenomic Patterns

We next set out to test if epigenomic
information could serve as a broadly applicable
predictor of gene dispensability in plants. We
focused on histone modifications which reflect
gene activation and repression, to predict LoF
tolerance of genes. Using a random forest model

trained with Arabidopsis thaliana histone marks,
we achieved a moderate predictive performance
for gene LoF tolerance within the species, with an
AUC-ROC of 0.717 and H3K4me3 being the top
predictor (Figure 3a&b). We applied the same
approach to rice (Oryza sativa) by training a
separate random forest model with its
corresponding histone marks, achieving a similar
result with an AUC-ROC of 0.768 and H3K4me3
being the most important predictor (Figure
3c&d). These results indicate that epigenomic
features can be used to infer LoF tolerance. To
further evaluate the generalizability of these
models, we tested them across species. When
the Arabidopsis-trained model was applied to rice
data, it achieved an AUC-ROC of 0.724 (Figure
3e), comparable to within-species predictions for
Arabidopsis. Conversely, the rice-trained model
tested on Arabidopsis data yielded a lower
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AUC-ROC of 0.606 but still outperformed a
random  expectation  (Figure 3f). This
cross-species  validation  underscores the
potential of conserved epigenomic features as
reliable predictors of gene LoF tolerance across
diverse plant species.

Collapsing LoF Alleles into Their Functional
States Mitigates Allelic Heterogeneity in
Association Testing

Gene loss of a locus can be caused by
multiple independent molecular variants, for
example, a frameshift mutation or the introduction
of a premature stop codon. This phenomenon is
called allelic heterogeneity and can be
problematic for the conventional functionally
agnostic genome-wide association studies,
potentially masking important loci (Monroe et al.
2021). Categorizing variants by their predicted
functional effects should theoretically increase our
ability to detect causative loci exhibiting allelic
heterogeneity. Building on this idea,
loss-of-function  burden tests have been

developed to aggregate the effects of multiple
rare or independent LoF variants within a gene
into a single burden score. By collapsing these
variants at the gene level, this approach
enhances statistical power to detect associations
between gene disruption and phenotypic variation
— even when individual variants are too rare to
show significant effects on their own (Povysil et
al. 2019). Based on the prediction of variant
effects on gene function, we created uncollapsed
and collapsed LoF matrices, respectively
(Materials and methods, Figure 4a). Gene
expression as a class of quantitative traits can be
highly heritable and have complex genetic
architecture (Kliebenstein 2009). In this study, we
utilized gene expression as a suite of quantitative
traits to evaluate the performance of LoF burden
tests for gene discovery in association studies in
plants, testing for the effects of candidate loci on
the expression of thousands of genes at a time.
Using the collapsed LoF matrix and transcriptome
data from the 1001 Genomes collection of
Arabidopsis thaliana (Kawakatsu et al. 2016), we
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Figure 4. Collapsing LoF Alleles into LoF Burdens Mitigates Allelic Heterogeneity. a) An diagram illustrating LoF calling from a
single reference genome and the creation of LoF matrix. The LoF matrix reflects a binary state of LoF or functional for each accession-
gene combination, so independent LoF alleles in the species are collapsed into a single allele state, where 1 indicates LoF and 0
indicates a functional allele. b) An illustration of LoF-expression association workflow and candidate filtering process. ¢) The histogram of
number of expression associations per LoF gene. d) The histogram of number of eQTLs per expression gene. e) The ratio of association
percentage at different ranks for collapsed and uncollapsed LoF association testing. More high-rank associations were identified with the

LoF burden approach. Dash line represents null expectation (ratio =

1).
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performed genome-wide LoF burden-expression
tests, which yield 14,175 significant associations
after stringent filtering processes (Materials and
methods, Figure 4b). The loss of function of one
gene is associated with the expression of up to
175 other genes, although the majority of LoF
genes are associated with the expression of
fewer than 50 genes (Figure 4c). Similarly,
individual expressing genes are associated with
up to 80 expression quantitative trait loci (eQTLs),
with most genes linked to fewer than 20 eQTLs
(Figure 4d). Statistically, the power to detect
associations increases with the allele frequency
of a variant, which is why common genetic
variants have been extensively studied, while rare
variants remain a compelling frontier in GWAS
(Lee et al. 2014; Auer and Lettre 2015).
Interestingly, we observed a higher number of
significant LoF-expression associations for genes
with either very low or very high LoF frequencies
(Figure S4). A possible explanation for this
pattern is that genes with low LoF frequencies are
likely to be functionally pleiotropic, and their loss
is more likely to affect the expression of
numerous other genes. Alternatively, this result
could reflect a bias in detection of non-normally
distributed phenotypes with rare variants
(Beasley et al. 2009; McCaw et al. 2020), which
we therefore aimed to address.

To further reduce false positives and
eliminate the bias of allele frequency, the p-value
of each association testing was ranked among
the first 100 simulations, and the 101st simulation
was also ranked among the same 100
simulations to generate a null distribution of the
rank matrix (Figure 4b). An enrichment of high
ranks (e.g. rank 1-10) was observed in the
LoF-expression associations while the null
scenario is evenly distributed (Figure S5),
suggesting more significant associations between
gene LoF and gene expression than expected by
chance. To test if collapsing LoF alleles mitigates
allelic heterogeneity and as a result, increases

the power of association testing, we performed
the same approach with the uncollapsed LoF
allele matrix. Overall, a reduction in high-rank and
an increase in low-rank LoF-expression
associations were observed with the uncollapsed
LoF allele associations. Specifically, there was a
17.2% decrease in the percentage of rank 1
associations (Figure 4e, Figure S5). This aligns
with the expectation that LoF burden approaches
which contrast alleles based on their functional
state rather than individual variants or linked
SNPs have improved power by overcoming allelic
heterogeneity. Intriguingly, we observed a slight
enrichment of rank 101 associations in both
collapsed and uncollapsed tests. This pattern is
likely attributable to correction for population
structure in a GWAS framework, caused by
extreme covariance between allele states and the
kinship matrix. To further investigate, we
performed associations without accounting for
kinship, using a simple linear regression model.
While this approach resulted in no enrichment at
low ranks (e.g. rank 90-101) and a much higher
number of rank 1 associations, as expected for
true positives, many still are likely false positives
driven by spurious correlations due to population
structure (Figure S5).

LoF-expression Associations Recapitulate the
Canonical Flowering Regulatory Network

In the global analysis of LoF-expression
associations, we identified 11,445 significant
positive (e.g. LoF in gene A is associated with
increased expression in gene B) and 2,730
negative  associations for a ratio of
positive/negative of 4.2 (Supplemental Table 2).
These associations can be visualized as a gene
network that captures the significance and
directionality of each association (Figure 5a). To
assess whether the unbalanced ratio of positive
to negative associations has biological
significance or is merely a statistical artifact, we
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Figure 5. LoF Burden-Expression Association Recapitulates the Canonical Flowering Regulatory Network. a) The gene network
constructed from LoF burden-expression association results. Nodes in the network represent genes, categorized as either LoF genes
(circles) or Exp genes (squares). Genes serving as both LoF and Exp genes are depicted as circles. The edges denote directed
associations from LoF genes to Exp genes, with edge colors indicating the direction of the association: pink for positive associations and
blue for negative associations. Flowering time network genes identified by LoF burden-expression association are highlighted with orange
nodes and labels. b) Coexpression coefficients of negative and positive LoF-expression association gene pairs. ¢) Jaccard Index of
tissue-specific expression profiles of negative and positive LoF-expression association gene pairs. Higher Jaccard Index means greater
similarity between the tissue-specific expression profiles of two genes. d) LoF-expression associations ranked by -log10(p). Positive
(pink) and negative (blue) associations are distinguished, with FR/ associations labeled. ) The flowering regulatory network described in
previous studies and signified by LoF burden-expression association. Arrows indicate gene activation, and blunted lines indicate
repression. Pink: positive expression associations with FRI/ LoF; Blue: negative expression associations with FR/ LoF. f & g) The
uncollapsed and collapsed association results for fri-FLC and fri-FT associations, respectively. Bars indicate uncollapsed (gray) and
collapsed (orange) association significance, with x-axis labels showing variant positions or deletions. Numbers above bars indicate the

rank of LoF-expression associations across 100 simulations.

applied the same filtering process to 50 simulated
datasets generated by permuting LoF and
functional alleles. Surprisingly, the simulations
produced even higher positive-to-negative
association ratios (Figure S6a). This indicates
that the inflation of positive associations could be
largely driven by artifacts in the association
testing. However, the number of biologically
meaningful positive LoF-expression associations
we observed is actually lower than expected by
chance, suggesting that the real data may be less

influenced by statistical noise than the permuted
datasets and therefore more reflective of true
underlying biological relationships. To explore
whether the non-normal distribution of expression
data contributes to this bias, we applied a
rank-based inverse normal transformation (INT)
(McCaw et al. 2020). However, INT did not fully
normalize the expression data, as 8,589 genes
(37.5% of all expressed genes) remained
non-normally distributed due to an abundance of
zero-value observations (Shapiro-Wilk normality
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test, p < 0.05). After excluding these genes, the
positive-to-negative association ratio dropped to
0.63, while the 50 simulations averaged 1.06
(One-Sample t-test, p < 2.2 x 107*¢, Figure S6b).
These findings suggest that the observed bias
toward positive associations is driven by
enrichment of type | errors for positive
associations due to the skewed distribution of the
expression phenotype and unequal group sizes in
the binary predictor, which should be carefully
considered in future eQTL studies, particularly
when analyzing associations with rare alleles.
Additionally, the higher prevalence of negative
LoF-expression associations suggests that many
genes may function to promote the expression of
others, consistent with widespread positive
regulatory interactions in the transcriptome.

Given the concerns about the imbalance
between positive and negative associations, we
next asked whether the directionality of these
associations aligns with known gene functional
relationships inferred from independent datasets.
Subsequently, we constructed gene coexpression
networks using Spearman correlation based on
gene expression data. The global patterns
revealed that gene pairs with negative
LoF-expression Beta coefficients exhibit higher
coexpression coefficients compared to those with
positive Beta coefficients (Figure 5b). To explore
the spatial linkages of these significant gene
pairs, we calculated the Jaccard similarity index
of their tissue-specific expression profiles, finding
that gene pairs with negative Beta coefficients
also tend to express in similar tissues (Figure
5¢). A gene pair with a negative LoF-expression
Beta coefficient is positively co-regulated -
perhaps part of the same pathway or functional
module, where the activity of one gene supports
or enhances the activity of the other (Eisen et al.
1998). It is natural that they are also expressed in
similar tissues as genes involved in the same
biological processes often exhibit tissue-specific
coexpression because their function is required in

specific cell types or environmental conditions
(Marbach et al. 2016; Sonawane et al. 2017). On
the other hand, genes in antagonistic
relationships are less likely to be directly
coexpressed because their regulation is inverse
rather than synchronous. Consequently, lower
coexpression coefficients are expected for gene
pairs with positive Beta coefficients. These
findings underscore a strong functional and

spatial connection  between  significantly
associated LoF-expression gene pairs,
suggesting their potential involvement in

coordinated biological processes.

Due to the poor annotation of many
less-studied non-essential genes, interpreting
many of these associations remains challenging.
Nevertheless, the LoF burden-expression tests
effectively captured associations between
FRIGIDA (FRI), a major determinant of natural
variation in Arabidopsis flowering time, and its
downstream targets in the well-studied flowering
time pathway. These associations exhibit
remarkable statistical significance, with
directionalities that align with findings from
previous empirical studies (Figure 5d&e).
Specifically, the LoF of FRI is negatively
correlated with the expression of FLOWERING
LOCUS C (FLC), consistent with earlier reports
that FRI activates FLC transcription (Clarke and
Dean 1994; Gazzani et al. 2003; Choi et al.
2011). Additionally, positive associations were
observed between the LoF of FRI and the
expression of FLOWERING LOCUS T (FT) and
SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS1 (SOCT), which is consistent with
findings that FT facilitates the activation of SOC1
(Yoo et al. 2005) and that FLC binds and repress
FT and SOCT1 (Deng et al. 2011).

LoF  burden-expression tests also
identified a positive association between FRI LoF
and AGAMOUS-LIKE 9 (AGL9) expression, a
gene downstream of FT that promotes flowering
(Mandel and Yanofsky 1998; Yu and Goh 2000;
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Hsu et al. 2003; Gao et al. 2021). Similarly, a
positive association was noted with SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE 15
(SPL15), known to promote FT (Kim et al. 2012),
mediate floral transition (Xu et al. 2016), and
which is repressed by FLC (Deng et al. 2011).
Another notable association is with the
expression of AT2G20440, a Ypt/Rab-GAP
domain protein whose knockout results in early
flowering (Chien et al. 2023), though the
molecular mechanism and its interactions with
other  flowering genes warrant  further
investigation.

Furthermore, our results uncovered novel
associations involving FRI, including genes such
as AT5G10390 (HISTONE 3.1), AT3G06455
(ubiquitin  family protein), AT3G23955 (F-box
family protein), and AT3G60270 (Cupredoxin
superfamily protein). Notably, LoF
burden-expression tests not only detected direct
targets of the LoF gene but also downstream
pathway components, exemplified by capturing
associations between FR/ and FT, with FLC as
an intermediary (Figure 5d). These findings
highlight the power of LoF burden-expression
tests to dissect complex regulatory networks,
offering novel insights into gene interactions and
uncovering both  known and previously
uncharacterized biological connections.

Because the fri-FLC relationship serves
as a positive control whose causality is
extensively supported experimentally, it served as
a test case for examining the consequence of
allelic heterogeneity in gene discovery. We
therefore compared the uncollapsed
LoF-expression association results to the
collapsed LoF burden approach, focusing on
associations involving FRI. When associating with
FLC expression, collapsing LoF alleles resulted in
a notably reduced p-value, underscoring the
increased sensitivity of the collapsed approach.
Interestingly, the strongest signal in the
uncollapsed association testing was driven by a

large structural deletion (Figure 5f). This finding
is particularly striking, as structural variations
have often been underexplored in traditional
GWAS analyses. In the case of FT association,
the collapsed LoF burden test produced a slightly
less significant p-value compared to the most
significant uncollapsed variant. However, the LoF
burden approach achieved a higher rank across
simulations (Figure 5g), suggesting greater
robustness in identifying biologically relevant
associations. Overall, these observations
highlight that collapsing alleles with shared
functional consequences may reduce noise and
better capture the cumulative effects of LoF
variants on trait variation. This further supports
the utility of collapsing LoF alleles in LoF burden
tests as a strategy to uncover subtle but
meaningful genetic associations, particularly in
traits influenced by complex  genetic
architectures.

LoF Burden Tests with Flowering Time
Capture FRIGIDA as a Key Regulator

Inspired by the identification of the
flowering time network through LoF burden tests
with gene expression data, we sought to
investigate whether association tests with
phenotypic traits, such as flowering time, could
yield similar insights. To explore this, we
conducted genome-wide LoF burden tests for
flowering time at 10 °C and 16 °C using EMMAX.
As anticipated, FRI LoF emerged as a highly
significant gene for flowering time at both
temperatures, with results nearing or surpassing
a stringent  Bonferroni-corrected  p-value
threshold. However, no other significant
associations were identified under these
conditions (Figure 6a&c).

Because correction for  population
structure can obfuscate true causal relationships,
we also performed a simplified version of the LoF
burden tests using a simple linear model. Under
this less stringent approach, a considerable
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Figure 6. LoF Burden Tests with Flowering Time Capture FRIGIDA as a Key Regulator. a & c¢) Manhattan plots showing genome-
wide LoF burden tests using EMMAX with flowering time at 10°C and 16°C, respectively. Each point represents the LoF burden test for a
specific gene, with colors indicating the chromosome on which the gene is located. The genomic position of each gene is determined as
the midpoint between its start and end positions, based on the Col-0 gene annotation. The dashed line indicates the significance
threshold determined by Bonferroni correction, with FRIGIDA (AT4G00650) being the only gene surpassing this threshold. b & d)
Manhattan plots showing genome-wide LoF burden tests using a linear model approach with flowering time at 10°C and 16°C,
respectively. Significantly more associations surpass the Bonferroni threshold due to the lack of population structure control.

number of associations surpassed the Bonferroni
threshold, in addition to FR/ (Figure 6b&d).
Distinguishing whether these signals represent
false positives due to uncorrected population
stratification or if they are genuine, biologically
meaningful associations is challenging. A notable
case in this regard is AT1G11520, which
appeared among the most significant hits at both
10 °C and 16 °C. Previous research by Liu et al.
(2021) used a deletion-based genome-wide
association approach and found that accessions
carrying a 182-bp deletion in AT1G11520
exhibited delayed flowering. Interestingly, all
accessions from northern Sweden contained this
deletion, highlighting a strong population
structure. This high degree of population
stratification likely explains why this signal was

lost when population structure was controlled for
in our analysis. Other highly significant
associations revealed here also yield compelling
candidates (Supplemental Table 3). For
example, multiple MADS-box genes show
associations with flowering time at 10°C,
including AT2G41445 (p = 6.43 x 10%),
AT2G41440 (p = 6.71 x 10%), AT4G11880 (p =
9.69 x 107"?), and AT2G41470 (p = 1.84 x 107,
etc. Members of the MADS-box gene family are
well known for their roles in the transition to
flowering (Parenicova et al. 2003). In particular,
AT4G11880 (AGAMOUS-LIKE 14, AGL14) has
previously been shown to promote flowering
(Pérez-Ruiz et al. 2015; Chen et al. 2022),
aligning with our finding that loss-of-function of
AGL14 is positively associated with flowering
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time, despite its low LoF allele frequency (LoF
frequency = 0.036).

Similarly, loss of function in AT1G08620
(JUMONJI DOMAIN-CONTAINING PROTEIN 16,
JMJ16) is significantly and positively associated
with flowering time at both 10°C and 16 °C,
suggesting a role for JMJ16 in promoting
flowering. The Arabidopsis genome encodes six
homologs of Lysine Demethylase 5 (KDM5):
IMJ14, IMJ15, IMJI16, IMJI17, IMJ18, and
JMJ19 (Lu et al. 2008). While previous studies
reported no discernible phenotype for JMJ16
mutants (Yang et al. 2010), other members of this
family — such as JMJ14, which represses the
floral transition (Yang et al. 2010), and JMJ15 and
JMJ18, which promote flowering (Yang et al.
2012a, 2012b) — support the plausibility of a
regulatory role for JMJ16 as well. We should also
emphasize that although we cannot fully exclude
the possibility of spurious associations due to
limited control for population structure in these
cases, the strength of the associations suggests
they may reflect true biological effects and thus
merit further investigation.

These findings highlight an important
trade-off in genetic association studies: while
controlling for population structure is necessary to
reduce false positives, it also carries the risk of
masking true biologically meaningful signals. In
cases like AT1G11520, where population
structure is intrinsically tied to the phenotype of
interest, this trade-off can obscure valuable
insights. Thus, while controlling for population
structure remains a best practice to mitigate
confounding effects, careful consideration must
be given to the potential for missing true positive
signals when this control is applied.

Potential

Current Limitations and

Improvements

Our LoF-calling strategy, while effective, is
not without its limitations. Using a single
reference genome simplifies analyses but

inherently limits our ability to capture variation
across diverse genomes. Genes absent in the
reference genome or structural rearrangements
that deviate from it cannot be accurately
assessed. For example, tools like SnpEff rely on
genome annotations that, while powerful, cannot
perfectly predict the functional impact of all
variants. Furthermore, our approach considers
genetic variants individually. In rare cases, LoF
effects may be rescued by compensatory
mutations, such as a frameshift mutation restored
by a subsequent deletion, which can lead to
functional outcomes.

However, as a famous saying goes “All
models are wrong, but some are useful” (Box
1976), our genome-wide LoF burden tests
successfully captured the textbook flowering
regulatory networks centered around FRI,
validating its usefulness. Notably, a naturally
occurring 16-base-pair deletion is found in the
loss-of-function FRI allele in Col-0 (Johanson et
al. 2000; Risk et al. 2010). This demonstrates that
even with imperfect reference-based predictions,
functional outcomes of genetic variants can still
be inferred. The FRI associations, while not the
most  statistically  significant among  all
LoF-expression association results (Figure 5d),
exemplifies the power of LoF burden tests to
uncover biologically meaningful signals. This
suggests that our dataset of LoF-expression
associations represents a unique resource which
may contain other true biological interactions
warranting further exploration (Supplemental
Table 2).

To address some of the challenges
mentioned above, several improvements can
enhance LoF prediction in future studies. To
begin with, transitioning from single-reference
genomes to pan-genomes would enable better
representation of genetic diversity across
populations, capturing dispensable genes that are
absent in the reference. Moreover, integrating
tools like AlphaFold could help predict how
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specific genetic variants impact protein function,
providing a more precise definition of LoF.

The rapid development of long-read
sequencing technologies and improved assembly
algorithms has also highlighted the importance of
structural variants in shaping genome function
and evolution. Long reads enable more accurate
characterization of complex variants, such as
insertions, deletions, and rearrangements, that
are often missed by short-read technologies
(Chaisson et al. 2019; Zhao et al. 2021; Ahsan et
al. 2023). As structural variants play a significant
role in gene function and dispensability,
incorporating this information will be critical in
refining LoF predictions. At the same time, LoF
studies based on short-read sequencing provide
a valuable glimpse into gene dispensability that
preempts large pan-genomes, as our findings
demonstrate that LoF frequency is the strongest
predictor of non-core genes in the pan-genome.

An intrinsic limitation of our methodology
is the statistical challenge posed by low allele
frequency. In standard GWAS, detecting
significant signals is generally easier when the
minor allele frequency (MAF) of a variant is
higher. Variants with a MAF below 5% are often
excluded from analysis to maintain statistical
power and minimize false positives. To ensure the
robustness of our candidate selection, we
adopted this approach in our study. However, this
filtering led to the removal of a large proportion of
genes (Figure 2a), particularly those essential for
plant survival. For instance, while we successfully
identified FRI as a key regulator of flowering time
through LoF burden association testing, other
well-known regulators such as FLC and FT were
not captured because they did not meet the 5%
MAF threshold. That is, the function of genes with
few or no natural LoF cannot be studied with this
kind of analysis. This limitation is particularly
relevant for LoF-intolerant genes, which are often
involved in critical biological processes, exhibit
low LoF frequencies, and are consequently

underrepresented in LoF association testings.
These findings align with the recent report by
Spence et al. (2024), which highlights that LoF
burden tests often fail to prioritize genes based
on their importance to a trait. This is because the
most trait-critical genes are typically highly
constrained and have the lowest LoF variant
frequencies. Additionally, Spence et al. noted that
gene length significantly influences the power of
LoF burden tests, consistent with our observation
that coding sequence length is positively
correlated with the number of accumulated LoF
variants in Arabidopsis. On the other hand, this
underscores the importance of accurate LoF
variant calling and the aggregation of all LoF
variants, as these steps can substantially
increase the LoF frequencies of genes of interest,
improving their representation in association
studies.

Conclusion and Future Directions

In this study, we explored the
characteristics and functional significance of
genes tolerant of accumulating putative

loss-of-function alleles. Although these genes are
not essential for plant survival, they often play
specialized roles in processes such as defense
and environmental adaptation. Their functions,
however, remain underexplored due to functional
redundancy and their non-essential nature. To
address this, we constructed a comprehensive
LoF allele matrix using available whole-genome
sequencing data, detailing the functional status of
every gene across all accessions represented in
the 1001 Genomes Project (Supplemental Table
1), in the hope that this LoF matrix will serve as a
valuable resource for advancing Arabidopsis
genetic studies. Building upon a previous
insightful study (Xu et al. 2019) on Arabidopsis
LoF variation, our work further incorporates
structural variants — an important but sometimes
underrepresented source of gene disruption —
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into LoF calling, and consolidates all LoF variants
into gene-level LoF burdens to overcome allelic
heterogeneity. We then applied a function-based
burden test approach, leveraging gene
expression and flowering time as phenotypes to
evaluate its effectiveness. Our LoF burden tests
successfully identified associations between gene
pairs, including those within well-characterized
flowering time networks and previously
uncharacterized genes, offering insights into both
previously undescribed and well-established
functional connections.

Future directions for this research include
exploring how genes within an organism
coordinate to fine-tune complex pathways and
traits. For example, can certain pathways or traits
be optimized through coordinated changes in
gene dispensability? Are there instances where
multiple genes co-lose to confer adaptive
advantages, and how do these patterns influence
fitness across different environmental conditions?
Another key question is how dispensable genes
contribute to phenotypic plasticity — do they
enable rapid adaptation to abiotic stresses such
as drought or extreme temperatures? How do
they interact with epigenomic marks or regulatory
networks to mediate gene expression changes in
response to environmental cues? Additionally,
what role does genetic redundancy play in
buffering mutations and enabling gene loss
without detrimental effects on the plant? For
applied research, understanding how LoF
variants affect agriculturally relevant traits could
have significant implications for plant breeding by
accelerating the discovery of targets for
CRISPR-mediated knockouts.  Could we
manipulate dispensable genes or create synthetic
LoF alleles to improve stress resilience, yield, or
nutrient use efficiency? These questions not only
provide exciting avenues for future exploration
but also underline the importance of studying LoF
variants within an integrated framework that

connects  evolutionary  biology, functional

genomics, and agricultural applications.
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Figure S1. Predicted LoF (pLoF) Alleles Display Generally
Lower Expression Level Than Their Functional Counterparts.
Each point represents a t-test between the expression level of
pLoF alleles and functional alleles of a gene. Blue: functional
alleles have higher expression than pLoF alleles; red: pLoF alleles
have higher expression than functional alleles; grey: not significant
in t-test after multiple testing correction.

19


https://doi.org/10.1101/2025.04.30.651390

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.30.651390; this version posted April 30, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhao et al. Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis

kk e,
*kk I I
NS ¢
1_'| I 1
*kk
xRk 7.5
— I 1
0.0
g g 5
T ) 3
2 g g~
3 g >0 3
[ [ [
w25 w w
o P— o o
= = = rm—
g — g 1 ]
—
25
-10
-5.0 |
—
—
Reproductive Leaf All Genes CLB CND ESN MRP Othr, CNV Low-Confidence CNV NONVAR
Gene Categories Gene Categories Gene Categories

Figure S2. LoF Frequency in Different Gene Categories. a) Boxplots of gene LoF frequency of genes highly expressed in leaf tissues,
reproductive tissues, and all genes, respectively. Genes highly expressed in one type of tissue is defined as at least twice average
transcript level than other tissue types. Leaf tissues include vascular leaf, cauline leaf, and rosette leaf. Reproductive tissues include fruit,
seed, embryo, flower, silique. Genes highly expressed in reproductive tissues display significantly lower LoF frequency. b) Boxplots of
LoF frequency of genes according to their essentiality categories based on Lloyd and Meinke 2012. Genes are categorized based on
their mutant phenotypes. CLB: cellular and biochemical; CND: conditional; ESN: essential; MRP: morphological. c) Boxplots of gene LoF
frequency of Copy Number Variation (CNV) genes and NONVAR-genes (genes that did not overlap with any CNVs). NONVAR-genes
show significantly lower LoF frequency than CNV-genes.
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Figure S3. Longer Genes Accumulates More
LoF Mutations. A positive correlation was
observed between gene CDS length and the
number of LoF variants accumulated. Data
points were colored by gene categories based
on their mutant phenotypes from Lloyd and
Meinke 2012. CLB: cellular and biochemical;
CND: conditional; ESN: essential, MRP:
morphological.
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Figure S4. Rare Alleles Show More Expression
Associations in LoF Burden Tests. Data points
were colored by gene categories based on their
mutant phenotypes from Lloyd and Meinke 2012.
CLB: cellular and biochemical, CND: conditional;
ESN: essential; MRP: morphological.
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Figure S5. Rank Distribution of LoF-
Expression Associations against Simulations
Using Different Approaches. Orange: LoF
burden tests using EMMAX; Purple: LoF
association testing without aggregating LoF
burdens; Green: LoF burden tests using a
general linear model; Grey: Simulated LoF
burden tests using EMMAX by permuting LoF
and functional alleles.
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Figure S6. Skewed Expression Data Drives Bias Toward Positive LoF-Expression Associations. a) Histogram of positive-to-
negative association ratios from 50 simulated genome-wide LoF burden tests, comparing results before and after inverse normal
transformation (INT) of expression data. The purple dashed line indicates the observed positive-to-negative association ratio in the
empirical dataset (~3.6), while the green dotted line represents the ratio after INT (~3.2). b) Histogram of positive-to-negative association
ratios from 50 simulated genome-wide LoF burden tests after removing non-normally distributed expression genes. The red dashed line
marks the observed positive-to-negative association ratio in the empirical dataset after filtering (~0.63). Other filtering criteria: 0.05 < LoF
allele frequency < 0.95; FDR-corrected p < 0.05.

24


https://doi.org/10.1101/2025.04.30.651390

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.30.651390; this version posted April 30, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhao et al. Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis

References

1001 Genomes Consortium. 1,135 Genomes Reveal the Global Pattern of Polymorphism in
Arabidopsis thaliana. Cell. 2016:166(2):481—491.

Ahsan MU, Liu Q, Perdomo JE, Fang L, and Wang K. A survey of algorithms for the detection of
genomic structural variants from long-read sequencing data. Nat Methods. 2023:20(8):1143—-1158.

Auer PL and Lettre G. Rare variant association studies: considerations, challenges and opportunities.
Genome Med. 2015:7(1):16.

Backman JD, Li AH, Marcketta A, Sun D, Mbatchou J, Kessler MD, Benner C, Liu D, Locke AE,
Balasubramanian S, et al. Exome sequencing and analysis of 454,787 UK Biobank participants.
Nature. 2021:599(7886):628—634.

Baggs EL, Monroe JG, Thanki AS, O’Grady R, Schudoma C, Haerty W, and Krasileva KV.
Convergent loss of an EDS1/PAD4 signaling pathway in several plant lineages reveals coevolved
components of plant immunity and drought response. Plant Cell. 2020:32(7):2158-2177.

Bannister AJ and Kouzarides T. Regulation of chromatin by histone modifications. Cell Res.
2011:21(3):381-395.

Beasley TM, Erickson S, and Allison DB. Rank-based inverse normal transformations are
increasingly used, but are they merited? Behav Genet. 2009:39(5):580-595.

Beaumont RN, Hawkes G, Gunning AC, and Wright CF. Clustering of predicted loss-of-function
variants in genes linked with monogenic disease can explain incomplete penetrance. Genome
Med. 2024:16(1):64.

Bergelson J and Roux F. Towards identifying genes underlying ecologically relevant traits in
Arabidopsis thaliana. Nat Rev Genet. 2010:11(12):867-879.

Berr A, Shafiq S, and Shen W-H. Histone modifications in transcriptional activation during plant
development. Biochim Biophys Acta. 2011:1809(10):567-576.

Boukas L, Razi A, Bjornsson HT, and Hansen KD. Natural selection acts on epigenetic marks.
bioRxiv. 2022:2020.07.04.187880. https://doi.org/10.1101/2020.07.04.187880

Box GEP. Science and statistics. J Am Stat Assoc. 1976:71(356):791-799.

Brandes N, Goldman G, Wang CH, Ye CJ, and Ntranos V. Genome-wide prediction of disease
variant effects with a deep protein language model. Nat Genet. 2023:55(9):1512—-1522.

Castellé MJ, Carrasco JL, and Vera P. DNA-binding protein phosphatase AtDBP1 mediates
susceptibility to two potyviruses in Arabidopsis. Plant Physiol. 2010:153(4):1521-1525.

Chaisson MJP, Sanders AD, Zhao X, Malhotra A, Porubsky D, Rausch T, Gardner EJ, Rodriguez
OL, Guo L, Collins RL, et al. Multi-platform discovery of haplotype-resolved structural variation in
human genomes. Nat Commun. 2019:10(1):1784.

25


http://paperpile.com/b/CJqml2/4ly3
http://paperpile.com/b/CJqml2/4ly3
http://paperpile.com/b/CJqml2/ohHG
http://paperpile.com/b/CJqml2/ohHG
http://paperpile.com/b/CJqml2/Ts1O
http://paperpile.com/b/CJqml2/Ts1O
http://paperpile.com/b/CJqml2/xWiH
http://paperpile.com/b/CJqml2/xWiH
http://paperpile.com/b/CJqml2/xWiH
http://paperpile.com/b/CJqml2/Pl6z
http://paperpile.com/b/CJqml2/Pl6z
http://paperpile.com/b/CJqml2/Pl6z
http://paperpile.com/b/CJqml2/j80u
http://paperpile.com/b/CJqml2/j80u
http://paperpile.com/b/CJqml2/K6nQ
http://paperpile.com/b/CJqml2/K6nQ
http://paperpile.com/b/CJqml2/zjQm
http://paperpile.com/b/CJqml2/zjQm
http://paperpile.com/b/CJqml2/zjQm
http://paperpile.com/b/CJqml2/ZLOd
http://paperpile.com/b/CJqml2/ZLOd
http://paperpile.com/b/CJqml2/ubBY
http://paperpile.com/b/CJqml2/ubBY
http://paperpile.com/b/CJqml2/S5eo
http://paperpile.com/b/CJqml2/S5eo
http://dx.doi.org/10.1101/2020.07.04.187880
http://paperpile.com/b/CJqml2/GnfW
http://paperpile.com/b/CJqml2/bkRV
http://paperpile.com/b/CJqml2/bkRV
http://paperpile.com/b/CJqml2/VPgu
http://paperpile.com/b/CJqml2/VPgu
http://paperpile.com/b/CJqml2/e0Hv
http://paperpile.com/b/CJqml2/e0Hv
http://paperpile.com/b/CJqml2/e0Hv
https://doi.org/10.1101/2025.04.30.651390

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.30.651390; this version posted April 30, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhao et al. Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis

Chen W-H, Lin P-T, Hsu W-H, Hsu H-F, Li Y-C, Tsao C-W, Hsu M-C, Mao W-T, and Yang C-H.
Regulatory network for FOREVER YOUNG FLOWER-like genes in regulating Arabidopsis flower
senescence and abscission. Commun Biol. 2022:5(1):662.

Chien P-S, Chen P-H, Lee C-R, and Chiou T-J. Transcriptome-wide association study coupled with
eQTL analysis reveals the genetic connection between gene expression and flowering time in
Arabidopsis. J Exp Bot. 2023:74(18):5653-5666.

Chizzola R. Regular monoterpenes and sesquiterpenes (essential oils). . In. Natural Products.
(Springer Berlin Heidelberg: Berlin, Heidelberg), pp. 2973-3008.

Choi K, Kim J, Hwang H-J, Kim S, Park C, Kim SY, and Lee |. The FRIGIDA complex activates
transcription of FLC, a strong flowering repressor in Arabidopsis, by recruiting chromatin
modification factors. Plant Cell. 2011:23(1):289-303.

Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, Land SJ, Lu X, and Ruden DM. A
program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff:
SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly . 2012:6(2):80-92.

Clarke JH and Dean C. Mapping FRI, a locus controlling flowering time and vernalization response in
Arabidopsis thaliana. Mol Gen Genet. 1994:242(1):81-89.

Deal RB and Henikoff S. Histone variants and modifications in plant gene regulation. Curr Opin Plant
Biol. 2011:14(2):116-122.

Deng W, Ying H, Helliwell CA, Taylor JM, Peacock WJ, and Dennis ES. FLOWERING LOCUS C
(FLC) regulates development pathways throughout the life cycle of Arabidopsis. Proc Natl Acad Sci
U S A. 2011:108(16):6680—6685.

Desaint H, Gigli A, Belny A, Cassan-Wang H, Martinez Y, Vailleau F, Mounet F, Vernhettes S,
Berthomé R, and Marchetti M. Reshaping the primary cell wall: Dual effects on plant resistance to
Ralstonia solanacearum and heat stress response. Mol Plant Microbe Interact.
2024:37(8):619—-634.

Eisen MB, Spellman PT, Brown PO, and Botstein D. Cluster analysis and display of genome-wide
expression patterns. Proc Natl Acad Sci U S A. 1998:95(25):14863—14868.

Emdin CA, Khera AV, Chaffin M, Klarin D, Natarajan P, Aragam K, Haas M, Bick A, Zekavat SM,
Nomura A, et al. Analysis of predicted loss-of-function variants in UK Biobank identifies variants
protective for disease. Nat Commun. 2018:9(1):1613.

Flannick J, Thorleifsson G, Beer NL, Jacobs SBR, Grarup N, Burtt NP, Mahajan A, Fuchsberger
C, Atzmon G, Benediktsson R, et al. Loss-of-function mutations in SLC30A8 protect against type
2 diabetes. Nat Genet. 2014:46(4):357—-363.

Gao W, Zhang L, Wang J, Liu Z, Zhang Y, Xue C, Liu M, and Zhao J. ZJSEP3 modulates flowering
time by regulating the LHY promoter. BMC Plant Biol. 2021:21(1):527.

Gazzani S, Gendall AR, Lister C, and Dean C. Analysis of the molecular basis of flowering time
variation in Arabidopsis accessions. Plant Physiol. 2003:132(2):1107-1114.

26


http://paperpile.com/b/CJqml2/vXlS
http://paperpile.com/b/CJqml2/vXlS
http://paperpile.com/b/CJqml2/vXlS
http://paperpile.com/b/CJqml2/rCwM
http://paperpile.com/b/CJqml2/rCwM
http://paperpile.com/b/CJqml2/rCwM
http://paperpile.com/b/CJqml2/ABHL
http://paperpile.com/b/CJqml2/ABHL
http://paperpile.com/b/CJqml2/m282
http://paperpile.com/b/CJqml2/m282
http://paperpile.com/b/CJqml2/m282
http://paperpile.com/b/CJqml2/rsAw
http://paperpile.com/b/CJqml2/rsAw
http://paperpile.com/b/CJqml2/rsAw
http://paperpile.com/b/CJqml2/knqk
http://paperpile.com/b/CJqml2/knqk
http://paperpile.com/b/CJqml2/somI
http://paperpile.com/b/CJqml2/somI
http://paperpile.com/b/CJqml2/dwZY
http://paperpile.com/b/CJqml2/dwZY
http://paperpile.com/b/CJqml2/dwZY
http://paperpile.com/b/CJqml2/tqzI
http://paperpile.com/b/CJqml2/tqzI
http://paperpile.com/b/CJqml2/tqzI
http://paperpile.com/b/CJqml2/tqzI
http://paperpile.com/b/CJqml2/UdEj
http://paperpile.com/b/CJqml2/UdEj
http://paperpile.com/b/CJqml2/ERh3
http://paperpile.com/b/CJqml2/ERh3
http://paperpile.com/b/CJqml2/ERh3
http://paperpile.com/b/CJqml2/6nQp
http://paperpile.com/b/CJqml2/6nQp
http://paperpile.com/b/CJqml2/6nQp
http://paperpile.com/b/CJqml2/o47q
http://paperpile.com/b/CJqml2/o47q
http://paperpile.com/b/CJqml2/Gpwn
http://paperpile.com/b/CJqml2/Gpwn
https://doi.org/10.1101/2025.04.30.651390

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.30.651390; this version posted April 30, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhao et al. Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis

Ge SX, Jung D, and Yao R. ShinyGO: a graphical gene-set enrichment tool for animals and plants.
Bioinformatics. 2020:36(8):2628—-2629.

Giolai M and Laine A-L. A trade-off between investment in molecular defense repertoires and growth
in plants. Science. 2024:386(6722):677—-680.

Goktay M, Fulgione A, and Hancock AM. A New Catalog of Structural Variants in 1,301 A. thaliana
Lines from Africa, Eurasia, and North America Reveals a Signature of Balancing Selection at
Defense Response Genes. Mol Biol Evol. 2021:38(4):1498-1511.

Gomez MA, Lin ZD, Moll T, Chauhan RD, Hayden L, Renninger K, Beyene G, Taylor NJ,
Carrington JC, Staskawicz BJ, et al. Simultaneous CRISPR/Cas9-mediated editing of cassava
elF4E isoforms nCBP-1 and nCBP-2 reduces cassava brown streak disease symptom severity and
incidence. Plant Biotechnol J. 2019:17(2):421-434.

Hsu H-F, Huang C-H, Chou L-T, and Yang C-H. Ectopic expression of an orchid (Oncidium Gower
Ramsey) AGL6-like gene promotes flowering by activating flowering time genes in Arabidopsis
thaliana. Plant Cell Physiol. 2003:44(8):783—794.

Ivarsdottir EV, Gudmundsson J, Tragante V, Sveinbjornsson G, Kristmundsdottir S, Stacey SN,
Halldorsson GH, Magnusson MI, Oddsson A, Walters GB, et al. Gene-based burden tests of
rare germline variants identify six cancer susceptibility genes. Nat Genet. 2024:56(11):2422—-2433.

Jambunathan N, Siani JM, and McNellis TW. A humidity-sensitive Arabidopsis copine mutant exhibits
precocious cell death and increased disease resistance. Plant Cell. 2001:13(10):2225-2240.

Jamge B, Lorkovié¢ ZJ, Axelsson E, Osakabe A, Shukla V, Yelagandula R, Akimcheva S, Kuehn
AL, and Berger F. Histone variants shape chromatin states in Arabidopsis. eLife. 2023.
https://doi.org/10.7554/elife.87714.2

Jorgensen K, Bak S, Busk PK, Sgrensen C, Olsen CE, Puonti-Kaerlas J, and Mgller BL. Cassava
plants with a depleted cyanogenic glucoside content in leaves and tubers. Distribution of
cyanogenic glucosides, their site of synthesis and transport, and blockage of the biosynthesis by
RNA interference technology. Plant Physiol. 2005:139(1):363-374.

Kang HM, Sul JH, Service SK, Zaitlen NA, Kong S-Y, Freimer NB, Sabatti C, and Eskin E. Variance
component model to account for sample structure in genome-wide association studies. Nat Genet.
2010:42(4):348-354.

Kang M, Wu H, Liu H, Liu W, Zhu M, Han Y, Liu W, Chen C, Song Y, Tan L, et al. The pan-genome
and local adaptation of Arabidopsis thaliana. Nat Commun. 2023:14(1):6259.

Katz E, Knapp A, Lensink M, Keller CK, Stefani J, Li J-J, Shane E, Tuermer-Lee K, Bloom AJ, and
Kliebenstein DJ. Genetic variation underlying differential ammonium and nitrate responses in
Arabidopsis thaliana. Plant Cell. 2022:34(12):4696—4713.

Kawakatsu T, Huang S-SC, Jupe F, Sasaki E, Schmitz RJ, Urich MA, Castanon R, Nery JR,
Barragan C, He Y, et al. Epigenomic Diversity in a Global Collection of Arabidopsis thaliana
Accessions. Cell. 2016:166(2):492-505.

Kim JJ, Lee JH, Kim W, Jung HS, Huijser P, and Ahn JH. The microRNA156-SQUAMOSA

27


http://paperpile.com/b/CJqml2/ZChA
http://paperpile.com/b/CJqml2/ZChA
http://paperpile.com/b/CJqml2/82OP
http://paperpile.com/b/CJqml2/82OP
http://paperpile.com/b/CJqml2/XBku
http://paperpile.com/b/CJqml2/XBku
http://paperpile.com/b/CJqml2/XBku
http://paperpile.com/b/CJqml2/p7XG
http://paperpile.com/b/CJqml2/p7XG
http://paperpile.com/b/CJqml2/p7XG
http://paperpile.com/b/CJqml2/p7XG
http://paperpile.com/b/CJqml2/vMbr
http://paperpile.com/b/CJqml2/vMbr
http://paperpile.com/b/CJqml2/vMbr
http://paperpile.com/b/CJqml2/1m1l
http://paperpile.com/b/CJqml2/1m1l
http://paperpile.com/b/CJqml2/1m1l
http://paperpile.com/b/CJqml2/0IcC
http://paperpile.com/b/CJqml2/0IcC
http://paperpile.com/b/CJqml2/BMKC
http://paperpile.com/b/CJqml2/BMKC
http://paperpile.com/b/CJqml2/BMKC
http://dx.doi.org/10.7554/elife.87714.2
http://paperpile.com/b/CJqml2/zM5c
http://paperpile.com/b/CJqml2/zM5c
http://paperpile.com/b/CJqml2/zM5c
http://paperpile.com/b/CJqml2/zM5c
http://paperpile.com/b/CJqml2/nTCY
http://paperpile.com/b/CJqml2/nTCY
http://paperpile.com/b/CJqml2/nTCY
http://paperpile.com/b/CJqml2/zoxC
http://paperpile.com/b/CJqml2/zoxC
http://paperpile.com/b/CJqml2/wGKf
http://paperpile.com/b/CJqml2/wGKf
http://paperpile.com/b/CJqml2/wGKf
http://paperpile.com/b/CJqml2/BBER
http://paperpile.com/b/CJqml2/BBER
http://paperpile.com/b/CJqml2/BBER
http://paperpile.com/b/CJqml2/sqpS
https://doi.org/10.1101/2025.04.30.651390

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.30.651390; this version posted April 30, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhao et al. Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis

PROMOTER BINDING PROTEIN-LIKE3 module regulates ambient temperature-responsive
flowering via FLOWERING LOCUS T in Arabidopsis. Plant Physiol. 2012:159(1):461-478.

Kliebenstein D. Quantitative genomics: analyzing intraspecific variation using global gene expression
polymorphisms or eQTLs. Annu Rev Plant Biol. 2009:60(1):93—-114.

Klim J, Zielenkiewicz U, and Kaczanowski S. Loss-of-function mutations are main drivers of
adaptations during short-term evolution. Sci Rep. 2024:14(1):7128.

Koprulu M, Zhao Y, Wheeler E, Dong L, Rocha N, Li C, Griffin JD, Patel S, Van de Streek M,
Glastonbury CA, et al. |dentification of rare loss-of-function genetic variation regulating body fat
distribution. J Clin Endocrinol Metab. 2022:107(4):1065-1077.

Kvitek DJ and Sherlock G. Whole genome, whole population sequencing reveals that loss of signaling
networks is the major adaptive strategy in a constant environment. PLoS Genet.
2013:9(11):e1003972.

Lee G, Sanderson BJ, Ellis TJ, Dilkes BP, McKay JK, Agren J, and Oakley CG. A large-effect
fithess trade-off across environments is explained by a single mutation affecting cold acclimation.
Proc Natl Acad Sci U S A. 2024:121(6):e2317461121.

Lee H-T, Oh S, Ro DH, Yoo H, and Kwon Y-W. The key role of DNA methylation and histone
acetylation in epigenetics of atherosclerosis. J Lipid Atheroscler. 2020:9(3):419-434.

Lee S, Abecasis GR, Boehnke M, and Lin X. Rare-variant association analysis: study designs and
statistical tests. Am J Hum Genet. 2014:95(1):5-23.

Li S-X, Liu Y, Zhang Y-M, Chen J-Q, and Shao Z-Q. Convergent reduction of immune receptor
repertoires during plant adaptation to diverse special lifestyles and habitats. Nat Plants. 2025:1-15.

Liu D-X, Rajaby R, Wei L-L, Zhang L, Yang Z-Q, Yang Q-Y, and Sung W-K. Calling large indels in
1047 Arabidopsis with IndelEnsembler. Nucleic Acids Res. 2021:49(19):10879-10894.

Liu R, Paxton WA, Choe S, Ceradini D, Martin SR, Horuk R, MacDonald ME, Stuhimann H, Koup
RA, and Landau NR. Homozygous defect in HIV-1 coreceptor accounts for resistance of some
multiply-exposed individuals to HIV-1 infection. Cell. 1996:86(3):367-377.

Liu Y, Tian T, Zhang K, You Q, Yan H, Zhao N, Yi X, Xu W, and Su Z. PCSD: a plant chromatin state
database. Nucleic Acids Res. 2018:46(D1):D1157-D1167.

Lloyd J and Meinke D. A comprehensive dataset of genes with a loss-of-function mutant phenotype in
Arabidopsis. Plant Physiol. 2012:158(3):1115-1129.

Lu F, Li G, Cui X, Liu C, Wang X-J, and Cao X. Comparative analysis of JmjC domain-containing
proteins reveals the potential histone demethylases in Arabidopsis and rice. J Integr Plant Biol.
2008:50(7):886—896.

Lu Z, Marand AP, Ricci WA, Ethridge CL, Zhang X, and Schmitz RJ. The prevalence, evolution and
chromatin signatures of plant regulatory elements. Nat Plants. 2019:5(12):1250-1259.

MacArthur DG, Balasubramanian S, Frankish A, Huang N, Morris J, Walter K, Jostins L,

28


http://paperpile.com/b/CJqml2/sqpS
http://paperpile.com/b/CJqml2/sqpS
http://paperpile.com/b/CJqml2/qrl8
http://paperpile.com/b/CJqml2/qrl8
http://paperpile.com/b/CJqml2/in0O
http://paperpile.com/b/CJqml2/in0O
http://paperpile.com/b/CJqml2/JEkq
http://paperpile.com/b/CJqml2/JEkq
http://paperpile.com/b/CJqml2/JEkq
http://paperpile.com/b/CJqml2/Shj9
http://paperpile.com/b/CJqml2/Shj9
http://paperpile.com/b/CJqml2/Shj9
http://paperpile.com/b/CJqml2/l7Ia
http://paperpile.com/b/CJqml2/l7Ia
http://paperpile.com/b/CJqml2/l7Ia
http://paperpile.com/b/CJqml2/cDj7
http://paperpile.com/b/CJqml2/cDj7
http://paperpile.com/b/CJqml2/jNcS
http://paperpile.com/b/CJqml2/jNcS
http://paperpile.com/b/CJqml2/QD4D
http://paperpile.com/b/CJqml2/QD4D
http://paperpile.com/b/CJqml2/4Ga0
http://paperpile.com/b/CJqml2/4Ga0
http://paperpile.com/b/CJqml2/1N3j
http://paperpile.com/b/CJqml2/1N3j
http://paperpile.com/b/CJqml2/1N3j
http://paperpile.com/b/CJqml2/owMW
http://paperpile.com/b/CJqml2/owMW
http://paperpile.com/b/CJqml2/iRz7
http://paperpile.com/b/CJqml2/iRz7
http://paperpile.com/b/CJqml2/qKzj
http://paperpile.com/b/CJqml2/qKzj
http://paperpile.com/b/CJqml2/qKzj
http://paperpile.com/b/CJqml2/Z5sc
http://paperpile.com/b/CJqml2/Z5sc
http://paperpile.com/b/CJqml2/ogZI
https://doi.org/10.1101/2025.04.30.651390

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.30.651390; this version posted April 30, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhao et al. Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis

Habegger L, Pickrell JK, Montgomery SB, et al. A systematic survey of loss-of-function variants
in human protein-coding genes. Science. 2012:335(6070):823—-828.

Mandel MA and Yanofsky MF. The Arabidopsis AGL 9 MADS box gene is expressed in young flower
primordia. Sex Plant Reprod. 1998:11(1):22-28.

Manolio TA. Genomewide association studies and assessment of the risk of disease. N Engl J Med.
2010:363(2):166—176.

Marbach D, Lamparter D, Quon G, Kellis M, Kutalik Z, and Bergmann S. Tissue-specific regulatory
circuits reveal variable modular perturbations across complex diseases. Nat Methods.
2016:13(4):366-370.

McCaw ZR, Lane JM, Saxena R, Redline S, and Lin X. Operating characteristics of the rank-based
inverse normal transformation for quantitative trait analysis in genome-wide association studies.
Biometrics. 2020:76(4):1262—-1272.

Mergner J, Frejno M, List M, Papacek M, Chen X, Chaudhary A, Samaras P, Richter S, Shikata H,
Messerer M, et al. Mass-spectrometry-based draft of the Arabidopsis proteome. Nature.
2020:579(7799):409-414.

Minikel EV, Karczewski KJ, Martin HC, Cummings BB, Whiffin N, Rhodes D, Alféldi J, Trembath
RC, van Heel DA, Daly MJ, et al. Evaluating drug targets through human loss-of-function genetic
variation. Nature. 2020:581(7809):459-464.

Monroe JG, McGovern C, Lasky JR, Grogan K, Beck J, and McKay JK. Adaptation to warmer
climates by parallel functional evolution of CBF genes in Arabidopsis thaliana. Mol Ecol.
2016:25(15):3632-3644.

Monroe JG, McKay JK, Weigel D, and Flood PJ. The population genomics of adaptive loss of
function. Heredity . 2021:126(3):383-395.

Murray AW. Can gene-inactivating mutations lead to evolutionary novelty? Curr Biol.
2020:30(10):R465-R471.

Neville MDC, Lawson ARJ, Sanghvi R, Abascal F, Pham MH, Cagan A, Nicola PA, Bayzetinova T,
Baez-Ortega A, Roberts K, et al. Sperm sequencing reveals extensive positive selection in the
male germline. medRxiv. 2024:2024.10.30.24316414.
https://doi.org/10.1101/2024.10.30.24316414

Noma K, Allis CD, and Grewal Sl. Transitions in distinct histone H3 methylation patterns at the
heterochromatin domain boundaries. Science. 2001:293(5532):1150-1155.

Olson MV. When less is more: gene loss as an engine of evolutionary change. Am J Hum Genet.
1999:64(1):18-23.

Orr HA. The genetic theory of adaptation: a brief history. Nat Rev Genet. 2005:6(2):119-127.

Pan M-R, Hsu M-C, Chen L-T, and Hung W-C. Orchestration of H3K27 methylation: mechanisms and
therapeutic implication. Cell Mol Life Sci. 2018:75(2):209-223.

29


http://paperpile.com/b/CJqml2/ogZI
http://paperpile.com/b/CJqml2/ogZI
http://paperpile.com/b/CJqml2/K29o
http://paperpile.com/b/CJqml2/K29o
http://paperpile.com/b/CJqml2/2lor
http://paperpile.com/b/CJqml2/2lor
http://paperpile.com/b/CJqml2/sDHq
http://paperpile.com/b/CJqml2/sDHq
http://paperpile.com/b/CJqml2/sDHq
http://paperpile.com/b/CJqml2/2OUI
http://paperpile.com/b/CJqml2/2OUI
http://paperpile.com/b/CJqml2/2OUI
http://paperpile.com/b/CJqml2/Mt3a
http://paperpile.com/b/CJqml2/Mt3a
http://paperpile.com/b/CJqml2/Mt3a
http://paperpile.com/b/CJqml2/ea1W
http://paperpile.com/b/CJqml2/ea1W
http://paperpile.com/b/CJqml2/ea1W
http://paperpile.com/b/CJqml2/F5in
http://paperpile.com/b/CJqml2/F5in
http://paperpile.com/b/CJqml2/F5in
http://paperpile.com/b/CJqml2/Kl1t
http://paperpile.com/b/CJqml2/Kl1t
http://paperpile.com/b/CJqml2/gBqq
http://paperpile.com/b/CJqml2/gBqq
http://paperpile.com/b/CJqml2/XfuC
http://paperpile.com/b/CJqml2/XfuC
http://paperpile.com/b/CJqml2/XfuC
http://paperpile.com/b/CJqml2/XfuC
http://dx.doi.org/10.1101/2024.10.30.24316414
http://paperpile.com/b/CJqml2/OQVm
http://paperpile.com/b/CJqml2/OQVm
http://paperpile.com/b/CJqml2/OCjS
http://paperpile.com/b/CJqml2/OCjS
http://paperpile.com/b/CJqml2/TSKr
http://paperpile.com/b/CJqml2/YZ1b
http://paperpile.com/b/CJqml2/YZ1b
https://doi.org/10.1101/2025.04.30.651390

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.30.651390; this version posted April 30, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhao et al. Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis

Paparella C, Savatin DV, Marti L, De Lorenzo G, and Ferrari S. The Arabidopsis LYSIN
MOTIF-CONTAINING RECEPTOR-LIKE KINASES3 regulates the cross talk between immunity and
abscisic acid responses. Plant Physiol. 2014:165(1):262—-276.

Parenicova L, de Folter S, Kieffer M, Horner DS, Favalli C, Busscher J, Cook HE, Ingram RM,
Kater MM, Davies B, et al. Molecular and phylogenetic analyses of the complete MADS-box
transcription factor family in Arabidopsis: new openings to the MADS world: New openings to the
MADS world. Plant Cell. 2003:15(7):1538—-1551.

Pérez-Ruiz RV, Garcia-Ponce B, Marsch-Martinez N, Ugartechea-Chirino Y, Villajuana-Bonequi M,
de Folter S, Azpeitia E, Davila-Velderrain J, Cruz-Sanchez D, Garay-Arroyo A, et al.
XAANTAL2 (AGL14) is an important component of the complex gene regulatory network that
underlies Arabidopsis shoot apical meristem transitions. Mol Plant. 2015:8(5):796-813.

Poulicard N, Pagan |, Gonzalez-Jara P, Mora MA, Hily J-M, Fraile A, Pifiero D, and Garcia-Arenal
F. Repeated loss of the ability of a wild pepper disease resistance gene to function at high
temperatures suggests that thermoresistance is a costly trait. New Phytol. 2024:241(2):845-860.

Povysil G, Petrovski S, Hostyk J, Aggarwal V, Allen AS, and Goldstein DB. Rare-variant collapsing
analyses for complex traits: guidelines and applications. Nat Rev Genet. 2019:20(12):747-759.

Rausell A, Luo Y, Lopez M, Seeleuthner Y, Rapaport F, Favier A, Stenson PD, Cooper DN, Patin E,
Casanova J-L, et al. Common homozygosity for predicted loss-of-function variants reveals both
redundant and advantageous effects of dispensable human genes. Proc Natl Acad Sci U S A.
2020:117(24):13626—13636.

Roth SY, Denu JM, and Allis CD. Histone acetyltransferases. Annu Rev Biochem. 2001:70(1):81-120.

Schotta G, Ebert A, Krauss V, Fischer A, Hoffmann J, Rea S, Jenuwein T, Dorn R, and Reuter G.
Central role of Drosophila SU(VAR)3-9 in histone H3-K9 methylation and heterochromatic gene
silencing. EMBO J. 2002:21(5):1121-1131.

Smith JM. Natural selection and the concept of a protein space. Nature. 1970:225(5232):563—-564.

Sonawane AR, Platig J, Fagny M, Chen C-Y, Paulson JN, Lopes-Ramos CM, DeMeo DL,
Quackenbush J, Glass K, and Kuijjer ML. Understanding tissue-specific gene regulation. Cell
Rep. 2017:21(4):1077-1088.

Spence JP, Mostafavi H, Ota M, Milind N, Gjorgjieva T, Smith CJ, Simons YB, Sella G, and
Pritchard JK. Specificity, length, and luck: How genes are prioritized by rare and common variant
association studies. bioRxiv. 2024:2024.12.12.628073. https://doi.org/10.1101/2024.12.12.628073

Spielmeyer W, Ellis MH, and Chandler PM. Semidwarf (sd-7), “green revolution” rice, contains a
defective gibberellin 20-oxidase gene. Proceedings of the National Academy of Sciences.
2002:99(13):9043-9048.

Uffelmann E, Huang QQ, Munung NS, de Vries J, Okada Y, Martin AR, Martin HC, Lappalainen T,
and Posthuma D. Genome-wide association studies. Nat Rev Methods Primers. 2021:1(1):1-21.

Wang Y, Li Y, Rosas-Diaz T, Caceres-Moreno C, Lozano-Duran R, and Macho AP. The
IMMUNE-ASSOCIATED NUCLEOTIDE-BINDING 9 protein is a regulator of basal immunity in

30


http://paperpile.com/b/CJqml2/rREl
http://paperpile.com/b/CJqml2/rREl
http://paperpile.com/b/CJqml2/rREl
http://paperpile.com/b/CJqml2/nJHi
http://paperpile.com/b/CJqml2/nJHi
http://paperpile.com/b/CJqml2/nJHi
http://paperpile.com/b/CJqml2/nJHi
http://paperpile.com/b/CJqml2/Dmaa
http://paperpile.com/b/CJqml2/Dmaa
http://paperpile.com/b/CJqml2/Dmaa
http://paperpile.com/b/CJqml2/Dmaa
http://paperpile.com/b/CJqml2/cDUF
http://paperpile.com/b/CJqml2/cDUF
http://paperpile.com/b/CJqml2/cDUF
http://paperpile.com/b/CJqml2/CuHp
http://paperpile.com/b/CJqml2/CuHp
http://paperpile.com/b/CJqml2/cwHh
http://paperpile.com/b/CJqml2/cwHh
http://paperpile.com/b/CJqml2/cwHh
http://paperpile.com/b/CJqml2/cwHh
http://paperpile.com/b/CJqml2/013H
http://paperpile.com/b/CJqml2/wYEQ
http://paperpile.com/b/CJqml2/wYEQ
http://paperpile.com/b/CJqml2/wYEQ
http://paperpile.com/b/CJqml2/0yOv
http://paperpile.com/b/CJqml2/N0vh
http://paperpile.com/b/CJqml2/N0vh
http://paperpile.com/b/CJqml2/N0vh
http://paperpile.com/b/CJqml2/XUM8
http://paperpile.com/b/CJqml2/XUM8
http://paperpile.com/b/CJqml2/XUM8
http://dx.doi.org/10.1101/2024.12.12.628073
http://paperpile.com/b/CJqml2/nIys
http://paperpile.com/b/CJqml2/nIys
http://paperpile.com/b/CJqml2/nIys
http://paperpile.com/b/CJqml2/xwFc
http://paperpile.com/b/CJqml2/xwFc
http://paperpile.com/b/CJqml2/ypHV
http://paperpile.com/b/CJqml2/ypHV
https://doi.org/10.1101/2025.04.30.651390

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.30.651390; this version posted April 30, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhao et al. Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis

Arabidopsis thaliana. Mol Plant Microbe Interact. 2019:32(1):65-75.

Wisecaver JH, Borowsky AT, Tzin V, Jander G, Kliebenstein DJ, and Rokas A. A global
coexpression network approach for connecting genes to specialized metabolic pathways in plants.
Plant Cell. 2017:29(5):944-959.

Wong A, Rodrigue N, and Kassen R. Genomics of adaptation during experimental evolution of the
opportunistic pathogen Pseudomonas aeruginosa. PLoS Genet. 2012:8(9):e1002928.

Xia S, Zhu Z, Hao L, Chen J-G, Xiao L, Zhang Y, and Li X. Negative regulation of systemic acquired
resistance by replication factor C subunit3 in Arabidopsis. Plant Physiol. 2009:150(4):2009-2017.

Xu M, Hu T, Zhao J, Park M-Y, Earley KW, Wu G, Yang L, and Poethig RS. Developmental functions
of miR156-regulated SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes in
Arabidopsis thaliana. PLoS Genet. 2016:12(8):e1006263.

Xu Y-C, Niu X-M, Li X-X, He W, Chen J-F, Zou Y-P, Wu Q, Zhang YE, Busch W, and Guo Y-L.
Adaptation and Phenotypic Diversification in Arabidopsis through Loss-of-Function Mutations in
Protein-Coding Genes. Plant Cell. 2019:31(5):1012-1025.

Yang H, Han Z, Cao Y, Fan D, Li H, Mo H, Feng Y, Liu L, Wang Z, Yue Y, et al. A companion
cell-dominant and developmentally regulated H3K4 demethylase controls flowering time in
Arabidopsis via the repression of FLC expression. PLoS Genet. 2012a:8(4):e1002664.

Yang H, Mo H, Fan D, Cao Y, Cui S, and Ma L. Overexpression of a histone H3K4 demethylase,
JMJ15, accelerates flowering time in Arabidopsis. Plant Cell Rep. 2012b:31(7):1297-1308.

Yang W, Jiang D, Jiang J, and He Y. A plant-specific histone H3 lysine 4 demethylase represses the
floral transition in Arabidopsis. Plant J. 2010:62(4):663—673.

Yoo SK, Chung KS, Kim J, Lee JH, Hong SM, Yoo SJ, Yoo SY, Lee JS, and Ahn JH. CONSTANS
activates SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 through FLOWERING
LOCUS T to promote flowering in Arabidopsis. Plant Physiol. 2005:139(2):770-778.

Yu H and Goh CJ. Identification and characterization of three orchid MADS-box genes of the
AP1/AGL9 subfamily during floral transition. Plant Physiol. 2000:123(4):1325-1336.

Zhao X, Collins RL, Lee W-P, Weber AM, Jun Y, Zhu Q, Weisburd B, Huang Y, Audano PA, Wang
H, et al. Expectations and blind spots for structural variation detection from long-read assemblies
and short-read genome sequencing technologies. Am J Hum Genet. 2021:108(5):919-928.

Zmienko A, Marszalek-Zenczak M, Wojciechowski P, Samelak-Czajka A, Luczak M, Kozlowski P,
Karlowski WM, and Figlerowicz M. AthCNV: A map of DNA copy number variations in the
Arabidopsis genome. Plant Cell. 2020:32(6):1797-1819.

31


http://paperpile.com/b/CJqml2/ypHV
http://paperpile.com/b/CJqml2/2qHd
http://paperpile.com/b/CJqml2/2qHd
http://paperpile.com/b/CJqml2/2qHd
http://paperpile.com/b/CJqml2/9HrF
http://paperpile.com/b/CJqml2/9HrF
http://paperpile.com/b/CJqml2/sD3L
http://paperpile.com/b/CJqml2/sD3L
http://paperpile.com/b/CJqml2/iqWN
http://paperpile.com/b/CJqml2/iqWN
http://paperpile.com/b/CJqml2/iqWN
http://paperpile.com/b/CJqml2/WQ22
http://paperpile.com/b/CJqml2/WQ22
http://paperpile.com/b/CJqml2/WQ22
http://paperpile.com/b/CJqml2/MVtS
http://paperpile.com/b/CJqml2/MVtS
http://paperpile.com/b/CJqml2/MVtS
http://paperpile.com/b/CJqml2/dua2
http://paperpile.com/b/CJqml2/dua2
http://paperpile.com/b/CJqml2/IGKG
http://paperpile.com/b/CJqml2/IGKG
http://paperpile.com/b/CJqml2/9vqi
http://paperpile.com/b/CJqml2/9vqi
http://paperpile.com/b/CJqml2/9vqi
http://paperpile.com/b/CJqml2/aRH7
http://paperpile.com/b/CJqml2/aRH7
http://paperpile.com/b/CJqml2/BrWv
http://paperpile.com/b/CJqml2/BrWv
http://paperpile.com/b/CJqml2/BrWv
http://paperpile.com/b/CJqml2/fPVb
http://paperpile.com/b/CJqml2/fPVb
http://paperpile.com/b/CJqml2/fPVb
https://doi.org/10.1101/2025.04.30.651390

	Functional Insights into Dispensable Genes using Genome-Wide Loss-of-Function Burden Tests in Arabidopsis 
	Abstract 
	Introduction 
	Materials and Methods 
	Arabidopsis LoF Calling and LoF Matrix 
	Arabidopsis Expression Matrix 
	Gene Ontology Analysis 
	Arabidopsis Gene Features and Epigenomic Data 
	Rice LoF-Tolerant Genes and Epigenomic Data 
	Random Forest Predictions 
	Gene Coexpression Network and Coefficient 
	Genome-Wide LoF Burden Tests and Permutations 
	Candidate Filtering 
	Gene Network 

	Results & Discussion 
	Pan-genome Gene Dispensability Can Be Inferred from Predicted LoF Based on A Single Reference Genome 
	LoF-Tolerant and LoF-Intolerant Genes Display Distinct Features in Arabidopsis 
	Within- and Cross-Species Prediction of LoF Tolerance through Epigenomic Patterns  
	Collapsing LoF Alleles into Their Functional States Mitigates Allelic Heterogeneity in Association Testing 
	LoF-expression Associations Recapitulate the Canonical Flowering Regulatory Network 
	LoF Burden Tests with Flowering Time Capture FRIGIDA as a Key Regulator 
	Current Limitations and Potential Improvements 

	Conclusion and Future Directions 
	Acknowledgments 
	Data and code availability 
	Supplemental Materials 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	References 

