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Abstract

Arabidopsis thaliana is currently the most-studied plant species on earth, with an unprecedented number of genetic, genomic,
and molecular resources having been generated in this plant model. In the era of translating foundational discoveries to crops
and beyond, we aimed to highlight the utility and challenges of using Arabidopsis as a reference for applied plant biology re-
search, agricultural innovation, biotechnology, and medicine. We hope that this review will inspire the next generation of plant
biologists to continue leveraging Arabidopsis as a robust and convenient experimental system to address fundamental and
applied questions in biology. We aim to encourage laboratory and field scientists alike to take advantage of the vast
Arabidopsis datasets, annotations, germplasm, constructs, methods, and molecular and computational tools in our pursuit
to advance understanding of plant biology and help feed the world’s growing population. We envision that the power of
Arabidopsis-inspired biotechnologies and foundational discoveries will continue to fuel the development of resilient, high-

yielding, nutritious plants for the betterment of plant and animal health and greater environmental sustainability.

Introduction

About 150 years ago, in the summer of 1873, in the meeting
proceedings of the Society of Friends of Natural Sciences in
Berlin, a report was published that described what appears
to be the first documented Arabidopsis thaliana mutant
(Braun 1873). A renowned German botanist, Alexander
Braun, recounted an agamous-like mutant “found by
Mr. Vatke in a single specimen in the field between
Schoneberg and Willmersdorf” that had multiple whorls of pe-
tals replacing other flower organs. It was not until the 1980s that
Arabidopsis was adopted as a model organism, largely due to
its practicality for studying plant physiology and genetics.
With its compact size, small 5-chromosome genome, speedy
reproductive cycle, prolific seed set, and ease of genetic trans-
formation, Arabidopsis quickly became the gold standard of
plant models in the era of genomics. Classical forward and re-
verse genetics in Arabidopsis were leveraged to identify core
molecular pathways (Arabidopsis Genome Initiative 2000;
Somerville and Koornneef 2002). Natural variation was relied

on to uncover key gene variants underlying quantitative
traits in genome-wide association studies (Weigel 2012).
Arabidopsis has quickly proven instrumental to revealing
the logic of developmental mechanisms, metabolic networks,
and gene regulatory pathways in plants and beyond (Meyerowitz
1999). Indeed, the broader usefulness of Arabidopsis as a model
lies in the translation of scientific findings to more applied
fields, from crop trait improvement to medicine.

This organism’s translational potential is amplified by the
ease with which researchers can screen genetic targets asso-
ciated with relevant traits. This knowledge can then be ap-
plied to genetically complex, transformation-recalcitrant
crops for the purpose of improving yield under a variety of
environmental conditions. Given that many crop plants
have higher orders of ploidy and larger genomes than
Arabidopsis, gene knockouts and other types of genetic al-
terations are more achievable in Arabidopsis. The simple
and rapid transformability of Arabidopsis enables fundamen-
tal molecular research aimed at gaining a fundamental
understanding of the biological processes that underlie
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important agronomic traits. In this review, we highlight the
practicality of using Arabidopsis as a model for research
through an analysis of current literature. We examine the
ways in which Arabidopsis discoveries have been applied to
other plant species, as well as in the biomedical sciences.
Biotechnology tools and methods developed in or sourced
from Arabidopsis are described. Finally, we discuss how com-
putational approaches have been employed to facilitate the
translation of Arabidopsis research. This review dedicated to
the 150th anniversary of Arabidopsis genetics is not meant to
be comprehensive but rather aims to highlight the great po-
tential of Arabidopsis in advancing the frontiers of our
knowledge base while acknowledging the challenges of trans-
lating fundamental research into practical applications. By
providing representative examples of Arabidopsis knowledge
transferability, we hope to inspire the next generation of
plant biologists to adopt Arabidopsis as their model of choice
or leverage Arabidopsis-generated information resources in
their pursuit of solving the world’s most pressing issues.

Translatability of Arabidopsis discoveries to
other plants

Many plant genes are first identified and characterized in
Arabidopsis due to the ease of genetic screening and molecu-
lar characterization in this species, as well as public access to
a wide array of genetic and germplasm resources through well-
established stock centers (Arabidopsis Biological Resource
Center, Nottingham Arabidopsis Stock Centre, and RIKEN
BioResource Research Center). Testing the degree to which
the knowledge of gene function generated in Arabidopsis
can be extrapolated to crop species is of utmost importance
given that one of the goals of Arabidopsis research is to culti-
vate foundational knowledge that can fuel the development of
improved crops. In general, it is much easier to characterize or
manipulate a gene from a species with a curated annotation
than it is to start from scratch. Gene functional information
from Arabidopsis can act as a framework or starting point
for gene discoveries in other species. This allows researchers
to, colloquially, play a matching game instead of searching
for a needle in a haystack. In fact, a majority of Gene
Ontology (GO) annotations for other plant species are based
on annotations initially curated for orthologous Arabidopsis
genes (Whitt et al. 2020; Wimalanathan and Lawrence-Dill
2027; Sessa et al. 2023). However, there are challenges involved
with translating Arabidopsis knowledge to other species. Some
genes and pathways are missing, partially missing, or not con-
served in either Arabidopsis or the species of interest. Other
genes may be relatively conserved based on sequence identity
but diversified in their function. This could be due to species-
specific gene sequence variation, a lack of pathway conserva-
tion, or the decrease in synteny between more distantly
related species. For example, when infested with the
two-spotted spider mite (Tetranychus urticae), Arabidopsis
and tomato plants diverge in their transcriptional response,
with only 96 differentially expressed genes shared out of
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1,092 orthologous pairs (Martel et al. 2015). Another represen-
tative example is the inability of a tomato INNER NO OUTER
(INO) gene to rescue the defects of an Arabidopsis ino mutant
in spite of a significant sequence identity and similarity in ex-
pression pattern (Skinner et al. 2016). Despite these limita-
tions, the function of many genes originally studied in
Arabidopsis has been shown to be either partially or fully con-
served in plants of agronomic importance (Lim et al. 2005; Sun
et al. 2016; Lu et al. 2022). Even if gene function is not con-
served, using Arabidopsis as a reference model for comparative
genomics or to study conservation of genes across species can
uncover previously unknown complex interactions between
genes and the environment (Brendel et al. 2002; Hall et al.
2002; Town et al. 2006; Sharma et al. 2014).

Those studying crop genes with the goal of trait improve-
ment often default to re-examining the function of
well-characterized Arabidopsis homologs, which, thanks to
streamlined transformation methods and libraries of T-DNA
insertion lines, likely already have existing knockout mutants
available (O’Malley et al. 2015). The putative crop orthologs
can then be tested through gene complementation in the
Arabidopsis mutants, confirming the ortholog’s function with-
out having to generate mutants in the crop of interest
(Dubouzet et al. 2003). Gene complementation can also
work the other way, where a knockout crop line is comple-
mented with the Arabidopsis version of the gene (Yuan
et al. 2005). This tends to be the less popular approach because
generating knockout mutants in crops with higher orders of
ploidy and transformation recalcitrance can be tedious. In
some cases, Arabidopsis genes have been tested for potential
roles in crop trait improvement through the creation of over-
expression lines in a crop of interest (Lin et al. 2004; Yuan et al.
2005). This requires the generation of transgenic crops, which,
depending on the laws governing where the crop is grown or
sold, may have limited commercial application. However,
there are still many ways in which Arabidopsis genes can con-
tribute to the development of improved crops (Fig. 1).

Studies that conduct large-scale screening of genetic tar-
gets for crop improvement often leverage Arabidopsis to
identify candidate genes. From 2000 to 2018, Corteva
Agriscience field-tested maize transgenic events to identify
genes that could be used to improve yield, drought tolerance,
and other agronomic traits (Simmons et al. 2021). Among
35,000 genes pre-screened for field testing, 90% were iden-
tified from Arabidopsis transgenic and knockout lines.
Arabidopsis served as a high-throughput pre-screening plat-
form for both forward and reverse genetic screens to identify
candidate genes to test in the field. Out of 1,671 genes tested
in maize field trials, a total of 22 genes (3 of them associated
with drought tolerance from Arabidopsis) showed promising
results (Simmons et al. 2021). These methods can be em-
ployed to understand the molecular mechanisms of import-
ant pathways in plant growth and development, flowering
time, disease resistance, and abiotic stress tolerance for the
purpose of generating information for crop breeders on
which genes to target for optimal crop performance.
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Figure 1. Graphical representation of Arabidopsis gene discoveries translated to crop traits. Examples of genes originally characterized in
Arabidopsis that have contributed to elucidation of the crop traits in potato (tuberization), sugarcane (plant growth), tomato (organ fusion
and plant growth), cotton (transformation), soybean (seed yield), maize (flowering), sweet orange (disease resistance), and rice (abiotic stress).
Gene name abbreviations are as follows: CONSTANS (CO); CUP-SHAPED COTYLEDON (CUC); HAWAIIAN SKIRT (HWS); WUSHEL (WUS); B-BOX
DOMAIN CONTAINING PROTEIN32 (BBX32); EARLY FLOWERING3 (ELF3); NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1 (NPR1); SALT-

AND DROUGHT-INDUCED RING-FINGER1 (SDIRT). Created with BioRender.

Plant development, growth, and yield

It is no surprise that plant growth and development are
among the most common traits targeted in crop improve-
ment. Arabidopsis has proven to be an excellent model for
research in this field, especially due to the simplicity of its
genome and small stature. Thus, there have been many stud-
ies that leverage Arabidopsis-generated knowledge to search
for orthologs that can be targeted to increase yield and bio-
mass, as well as understand how a particular crop progresses
through development. One example is the discovery of
CUP-SHAPED COTYLEDON (CUC) genes in sugarcane, a crop
utilized worldwide for sugar and biofuel. In Arabidopsis, CUC
genes are known to play an important role in plant growth,
particularly in organ boundary formation, ovule development,
and shoot apical meristem establishment (Hibara et al. 2006).
Given that sugarcane is an octoploid with a fairly recently pub-
lished genome, leveraging Arabidopsis would greatly enhance
the speed at which crop improvement traits can be pin-
pointed in sugarcane (Zhang et al. 2018). SsCUC2 and
SsCUC3 were identified as putative orthologs of Arabidopsis
CUC2 and CUC3 genes, respectively (Aslam et al. 2022).
SsCUC2 was able to rescue the classic phenotype of
Arabidopsis cotyledons when ectopically expressed in a cuc2
cuc3 mutant background that had a cup-shaped cotyledon
phenotype, suggesting that the known function of CUC2
may be conserved in sugarcane. This gene complementation
assay in Arabidopsis allowed for quick and easy assessment
of SsCUC2 function without the laborious process of

generating a knockout mutant in the octoploid crop. This re-
sult illustrates that genetic findings in Arabidopsis can be rele-
vant even in distantly related species. However, significant
additional work would still be needed to determine the exact
agronomically relevant effects of altering the activity of this
gene in sugarcane.

Another way of utilizing complementation to confirm pu-
tative gene function is by expressing the curated Arabidopsis
version of a gene in a mutant background of the crop of
interest. This method may be preferred when studying the
effects of a knockout and rescue directly in the crop of inter-
est, especially because plant growth and development traits
tend to be controlled by multiple genes and their interac-
tions with the environment. One noteworthy study used
this complementation method to evaluate the function of
a tomato ortholog of an Arabidopsis gene (Nagata et al.
2021). HAWAIIAN SKIRT (HWS), an F-box containing gene,
was first characterized in Arabidopsis to regulate organ fu-
sion and growth (Gonzalez-Carranza et al. 2007). A tomato
knockdown mutant, slhws-1, shows increased Brix levels (a
sugar content proxy) and displays parthenocarpy (ability to
produce fruit without fertilization), establishing it as a gene
of interest for crop improvement. To test for orthology in
the tomato and Arabidopsis HWS gene function, the slhws-1
mutant was complemented with a functional copy of AtHWS
(Nagata et al. 2021). The complementation construct re-
stored the wild-type (WT) phenotype to the same degree
as did the SIHWS construct, implying conservation of HWS



4 | THE PLANT CELL 2025: 37; 1-26

function across species and suggesting that the wealth of
knowledge in Arabidopsis could accurately inform the devel-
opment of agronomically important traits in tomato.

Besides plant growth, another important agricultural trait
is crop yield, which is a complex quantitative trait that is typ-
ically difficult to breed for. Sourcing genes that produce de-
sirable traits from Arabidopsis would greatly benefit the rate
at which we are able to produce high yielding crops, and
this is exactly what researchers have done. For example,
Arabidopsis-derived B-BOX DOMAIN PROTEIN32 (AtBBX32),
a putative transcription factor (TF) gene originally found to
play a role in light signal transduction in Arabidopsis, was
used to generate a transgenic soybean line with increased
seed yield (Preuss et al. 2012). In this study, an AtBBX32
cDNA driven by a CaMV 35S constitutive promoter was in-
troduced into soybean, and the resulting transgenic lines
were evaluated in a multi-year, multi-location trial. The
transgenic lines exhibited increased plant height, flower
number, and seed number compared with WT control and af-
fected downstream soybean circadian clock-associated genes.
This study also identified orthologous BBX32 genes in soybean.
Overexpression lines of soybean orthologs GmBBX52 and
GmBBX53 exhibited higher yield than WT control (Preuss
et al. 2012), suggesting that these genes may function in the
same pathway in Arabidopsis as they do in soybean. This ex-
ample of the successful introduction of an Arabidopsis gene
into crops highlights yet another way Arabidopsis research
benefits applied plant science.

Disease resistance and defense-related traits

Perhaps the most significant impact Arabidopsis research has
had on crop breeding is the discovery of disease resistance
and defense-related genes. Host-induced gene silencing is
one method employed to increase disease resistance in
Arabidopsis studies, which informs future applications in
crop studies. In 2006, researchers were able to silence the
root-knot nematode (RKN) parasitism gene, 16D10, using
RNA interference (RNAI) in Arabidopsis (Huang et al.
2006). The resulting reduction in number of root galls in
16D10 dsRNA transgenic lines demonstrated host resistance
to 4 major RKN species in Arabidopsis and unveiled a mech-
anism by which crops could be engineered to possess broad
resistance to the pathogen. The method was later employed
in soybean (lbrahim et al. 2011) and grape (Yang et al. 2013)
and successfully decreased root gall number and size caused
by RKN, demonstrating the translatability of disease-related
methods initially tested in Arabidopsis.

Gene complementation has also been utilized in the study
of disease resistance in crops. A notable recent example le-
verages ETHYLENE INSENSITIVE2 (EIN2), a gene well known
to play a role in ethylene signaling, to increase Fusarium
head blight (FHB) resistance in barley (Low et al. 2022). This
study employed CRISPR gene editing to create site-specific
mutations in AtEIN2 to generate ein2 knockout Arabidopsis
lines. Subsequently, a barley ortholog of Arabidopsis EIN2,
HVEIN2, was transformed into the Arabidopsis ein2 mutant.
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The knockout line displayed a higher resistance to fungal hy-
phal growth on inflorescences than either WT or the ein2
HVEIN2 Arabidopsis line, indicating that HVEIN2 was able to
restore the FHB susceptibility phenotype and suggesting the
functional equivalence of the barley HVEIN2 ortholog (Low
et al. 2022). The results of this paper suggest that ethylene sig-
naling advances FHB infection, thus making EIN2 a gene of
interest to target for disease resistance.

To acquire a high level of disease resistance to a variety
of pathogens, it is more efficient to target genes that
increase systemic acquired resistance rather than focusing
on 1 gene that grants resistance to 1 pathogen at a
time. NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1
(NPR1) is a gene, originally cloned from Arabidopsis, that s in-
volved in the regulation of systemic acquired resistance to mi-
crobial pathogens in plants (Zhang and Cai 2005). Many
studies have shown success in increasing disease resistance
against a range of different types of infections when overex-
pressing AtNPR1 in horticultural crops (Wally et al. 2009;
Parkhi et al. 2010b; Molla et al. 2016). For example, a study
in 2015 introduced AtNPR1 into sweet orange trees as a
way to increase resistance to Huanglongbing (HLB), colloqui-
ally known as citrus greening, which is a fatal phloem-specific
bacterial disease caused by Candidatus Liberibacter asiaticus
(Dutt et al. 2015). Due to the fact that its vector, the Asian cit-
rus psyllid (ACP), has no native predators in the United States,
HLB has been able to rapidly spread and has wiped out many
citrus-producing areas since its first detection in 2005
(Halbert 2005). With no cures and little to no commercially
available resistance rootstock, genetic intervention is the
best path to increased resistance in sweet orange. The Dutt
et al. study led to the production of transgenic sweet orange
trees that overexpress AtNPR1 either in all tissues or specific-
ally in the phloem, sourcing a phloem-specific Arabidopsis
SUCROSE-PROTON SYMPORTER?2 promoter. These transgen-
ic sweet orange trees displayed effective resistance to HLB,
with the phloem-specific expression of AtNPR1 lines confer-
ring more relative resistance than either WT or constitutive
expression lines. The successful increase in resistance to
HLB by the phloem-specific lines opens the door to HLB resist-
ant, nontransgenic sweet orange trees being grafted onto
transgene-containing HLB-resistant rootstocks. AtNPRT has
also been utilized in other species to increase resistance to a
variety of different diseases, including cotton resistance to
Verticillium wilt (Parkhi et al. 2010a), canola resistance to bac-
terial disease (Potlakayala et al. 2007), and tobacco resistance
to root-knot nematodes (Priya et al. 2011).

Flowering-related traits

Flowering-related genes and pathways have been well re-
searched in Arabidopsis and horticultural crops due to the
important role these genes play in reproduction and fruit de-
velopment. Understanding of the flowering pathway in
Arabidopsis has proven instrumental to the selection of
key flowering genes to be targeted by classical plant breeding
in a variety of field crops (Eshed and Lippman 2019),
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including soybean (Weller and Ortega 2015), tomato
(Lifschitz et al. 2014), and even tree species (Flachowsky
et al. 2009). A well-known, extensively studied gene involved
in flowering is FLOWERING LOCUS T (FT) originally identified
and characterized in Arabidopsis as a positive regulator of
flowering (Koornneef et al. 1998). Orthologs of FT have
been identified in many plant species, including apple
(Blimel et al. 2015). Expression of 2 apple FT orthologs,
MdFT1 and MdFT2, correlates with floral initiation, and the
ectopic, constitutive expression of either apple ortholog in
Arabidopsis leads to early flowering (Kotoda et al. 2010),
demonstrating the utility of this model plant in validating
the functional conservation of flowering genes across dif-
ferent species. Despite Arabidopsis not producing fleshy
fruits, the knowledge base generated on flowering genes
in Arabidopsis can significantly aid in the elucidation of
flowering mechanisms for the purpose of controlling flow-
ering time and fruiting in horticultural crops. This utility
extends to trees as well, as the use of FT-overexpressing
lines and FT-based tools have revolutionized the breeding
process in multiple tree species (Flachowsky et al. 2009;
Zhang et al. 2010; Soares et al. 2020).

Another noteworthy flowering-related gene is EARLY
FLOWERING3 (ELF3), a repressor of flowering. ELF3 is a com-
ponent of the evening complex (EC) in Arabidopsis along
with ELF4 and LUX ARRHYTHMO (LUX) (Nusinow et al.
2011). In this complex, ELF3 acts as a bridge between ELF4
and LUX to form a transcriptional repressor complex
that mediates plant circadian rhythms. These findings in
Arabidopsis led to the identification of 2 ELF3 orthologs in
maize, ZMELF3.1 and ZmELF3.2, as well as 2 ELF4 orthologs,
ZmELF4.1 and ZmELF4.2 (Zhao et al. 2023). These orthologs
were found to interact in maize, mirroring the interaction
of ELF3 and ELF4 in Arabidopsis. Lines with overexpressed
ZmELF3 genes in an elf3-7 Arabidopsis knockout mutant res-
cued the early flowering phenotype in long-day conditions.
However, ZmELF3 genes lack a C-terminal prion-like domain
that was implicated in the AtELF3 gene’s heat-responsive abil-
ity to act as a thermosensor (Jung et al. 2020). This domain is
partially or fully absent in other plants, including tomato and
Brachypodium distachyon. Interestingly, the prion domain-
lacking maize genes expressed in a mutant elf3-1 Arabidopsis
background phenotypically resemble the WT under normal
temperature conditions but do not rescue the thermally re-
sponsive phenotype of AtELF3, suggesting that the missing
C-terminus is essential for thermosensing (Jung et al. 2020).
This ELF3 gene study illustrates the ways in which not only
Arabidopsis genes but even Arabidopsis-specific variations of
a gene can greatly contribute to improving our understanding
of pathways and traits of agricultural importance.

Another important gene in flowering is the Arabidopsis-
discovered CONSTANS (CO) gene that acts upstream of FT
and plays a role in flowering during long-day conditions
(Yoo et al. 2005). One study tested whether this gene affects
tuberization in potatoes, despite the seemingly unrelated na-
ture of the processes of flowering and tuberization
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(Gonzalez-Schain et al. 2012). StCO was identified as a puta-
tive potato ortholog of CO, and its effect on flowering in po-
tato was tested with overexpression and RNAI silencing.
Under long-day conditions, StCO seemed to have a significant
but weak effect on flowering time in potato, causing the
plants to flower earlier. When tested in an Arabidopsis co
mutant background, StCO was able to only partially rescue
the late-flowering phenotype, as flowering time was still de-
layed with regards to WT. However, StCO was shown to
have a repressive effect on tuberization under long-day con-
ditions, unlike the AtCO’s promotive effect on flowering
(Gonzalez-Schain et al. 2012). This is congruent with the
fact that potato is a short-day plant for tuberization, meaning
long-day conditions inhibit the growth of tubers, whereas
Arabidopsis is a long-day plant that flowers earlier in long-day
conditions than in short-day. There is therefore only partial
conservation of CO function between Arabidopsis and potato,
with the divergence explainable by possible subfunctionaliza-
tion in potato as there are other CO-LIKE genes in potato, in-
cluding St-ICOL1 and St-sCOL1 (Gonzalez-Schain et al. 2012).

Abiotic stress tolerance

Every year, abiotic stressors play a major role in loss of crop
yield worldwide (Kopecka et al. 2023). With changing cli-
mates and rising temperatures, it is becoming increasingly
imperative to find genes that can impart adaptability to new
environmental conditions. Natural variation in Arabidopsis fa-
cilitates the discovery of novel abiotic stress-tolerant genes and
underscores the potential of Arabidopsis to improve crop re-
sistance to stresses like fluctuating temperature, heavy metals,
intense UV light, flooding, high salinity, and drought. Here, we
will highlight examples of this plant’s contributions to elucidat-
ing drought and salt stress pathways in crops.

SALT- AND DROUGHT-INDUCED RING-FINGERT (SDIRT)
encodes an E3 ligase originally identified in Arabidopsis that
was discovered to play a role in abscisic acid (ABA)-related
stress signaling (Zhang et al. 2007). Arabidopsis overexpression
lines of SDIRT showed significant resistance to drought, indi-
cating that SDIRT may be an ideal target for improving drought
tolerance in crops. To test whether this gene could increase
drought tolerance in monocot and dicot crops, Zhang et al.
generated transgenic tobacco (Nicotiana tabacum) and rice
(Oryza sativa) that ectopically express the Arabidopsis SDIR1
gene (Zhang et al. 2008). Upon dehydration, transgenic lines
of both species showed significantly less drought-stress symp-
toms relative to controls. Importantly, the level of drought tol-
erance exhibited in the transgenic crops was comparable to
that in SDIR1-expressing Arabidopsis (Zhang et al. 2008), sug-
gesting that the drought-response pathways regulated by
SDIR1 are conserved across plant species.

Arabidopsis salt stress—responsive genes have also shown
evidence of translatability to crops. SALT OVERLY SENSITIVE1
(SOS1) codes for an Na+ efflux protein in the plasma mem-
brane that, when mutated, renders Arabidopsis plants sensitive
to salt stress (Shi et al. 2000). Overexpression of Arabidopsis
SOS1 in Arabidopsis or tobacco leads to increased salt
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tolerance (Shi et al. 2003; Yue et al. 2012). Furthermore, rice
OsSOST1 can partially suppress growth defects of the
Arabidopsis sos17 mutant in the presence of NaCl, but not
to the same extent as does AtSOS1 (Martinez-Atienza et al.
2007). These findings reveal that there is only partial conser-
vation of SOS1 between dicots and monocots. Thus, the iden-
tification of crop orthologs of candidate Arabidopsis genes of
interest may maximize the benefits of gain-of-function work
and avoid the need for traditional transgenic approaches if
gene editing or classical breeding alone can achieve higher le-
vels of native gene’s activity.

Plant transformation

Unlike most plant species, Arabidopsis and some of its close
Brassicaceae relatives are amenable to flower-dip transform-
ation (Clough and Bent 1998; Verma et al. 2008) and are
currently the only flowering plants where hundreds of inde-
pendent transformants can be generated rapidly without in-
curring an enormous cost. This unique Arabidopsis attribute
reduces the amount of effort and time it takes to test the
consequences of genetic modifications or new transgene de-
signs. In contrast, in most crop species, the process of trans-
genic line production involves several steps of in vitro tissue
culturing to initially achieve degeneration of transformed
plant explants or protoplasts into callus and subsequently re-
generate whole plants (Yue et al. 2021). This process can be
arduous and time-consuming, especially in species that are
recalcitrant to genetic transformation (Anjanappa and
Gruissem 2021). Furthermore, plant regeneration can cause
unintentional genomic and epigenomic changes (Filipecki
and Malepszy 2006).

To circumvent these issues, researchers have focused on
using particular genes with morphogenic potential to induce
pluripotency in a subset of somatic cells and speed up the
rate at which newly transformed plants are produced
(Chen et al. 2022). Arabidopsis has been a source for many
of these genes, with 1 notable example being the well-
researched WUSHEL (WUS) gene that encodes a homeobox
transcription factor (Laux et al. 1996). In an attempt to in-
crease somatic embryogenesis and calli formation, one study
expressed the Arabidopsis WUS in coffee plants under an
estradiol-inducible transcriptional control (Arroyo-Herrera
et al. 2008). Transformed plants exhibited the ability to
form calli and showed an increase in somatic embryo induc-
tion, confirming that WUS plays a critical role in embryogen-
esis. However, overexpression of Arabidopsis WUS in coffee
also led to malformations in growth, impairing the ability
of embryos to regenerate into full plants (Arroyo-Herrera
et al. 2008). Similar results were found in cotton, with over-
expression of WUS leading to increase in embryogenic tissue
in explants without the production of regenerated plants
(Bouchabké-Coussa et al. 2013). Nonetheless, Arabidopsis
WUS and its orthologs in crop species have been instrumen-
tal in shedding light on the regulatory mechanisms of plant
transformation, regeneration, and growth (Jha et al. 2020).
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There are a number of other Arabidopsis genes that have
been identified as developmental regulators that can be lever-
aged in plant transformation and regeneration work
(Yan et al. 2023). A recent study focusing on organogenesis
targeted WUS, PLETHORAS (PLT5), and WOUND INDUCED
DEDIFFERENTIATIONT (WINDT1) genes from Arabidopsis (Lian
et al. 2022). Genetic transformations were carried out in snap-
dragon, tomato, Brassica rapa, and sweet pepper, with each of
these genes transformed individually and driven by a CaMV 35S
promoter. In snapdragon and tomato transformations carried
out in planta (i.e. via injection of Agrobacterium tumefaciens in
soil-grown plants), ectopic expression of Arabidopsis PLT5 led
to the highest frequency of transgenic shoots out of all genes
tested. In contrast, in B. rapa and sweet pepper, crops that
are recalcitrant to genetic transformation, PLT5 did not trigger
shoot regeneration in planta but did promote plant and em-
bryo regeneration in vitro (i.e. tissue culture-grown explants)
(Lian et al. 2022). These studies underscore the utility of
Arabidopsis-generated knowledge in plant transformation
work and suggest that efficient regeneration methods for recal-
citrant crops rely on a thorough understanding of a complex
network of developmental genes and their regulation. These
methods may differ between species but will nonetheless bene-
fit from comparative analysis with respect to a common well-
studied reference like Arabidopsis.

Comparative genomics

The thorough curation of the Arabidopsis genome and de-
velopment of Arabidopsis-specific data storage platforms
have enabled comparative genomics using Arabidopsis as a
reference genome. Those studying plant species with less an-
notated genomes can search Arabidopsis databases to find
characterized genes associated with particular traits, such
as biotic or abiotic stress responsiveness, and identify ortho-
logs of those genes in their species of interest (Sayers et al.
2022). On a genome-wide scale, there are tools that can elu-
cidate the level of synteny, the conservation of gene block or-
der, between Arabidopsis and other genomes, such as
SimpleSynteny (Veltri et al. 2016), MCScan (Wang et al.
2012), and SynFind (Tang et al. 2015). An example of the
Arabidopsis genome being utilized as an anchoring point
for other genomes is a study in which researchers examined
the domestication potential of pennycress as a new oilseed
crop by referencing the Arabidopsis genome to identify do-
mestication genes (Chopra et al. 2018). These researchers
found that Arabidopsis and pennycress have similar gene du-
plication and display a high degree of identity in a one-to-one
comparison of coding sequences. In forward genetic screens,
mutants in pennycress genes related to vegetative growth
that have clear Arabidopsis orthologs included asymmetric
leaf1 (as1) and phytochromeB (phyB) (Chopra et al. 2018).
In reverse genetic screens, a pennycress line with a mutation in
a CAROTENOID CLEAVAGE DIOXYGENASE7/MORE AXILLARY
BRANCHING3 (CCD7/MAX3) ortholog was associated with the
classic bushy dwarf phenotype also observed in Arabidopsis mu-
tants (Booker et al. 2004). These findings illustrate the general
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utility of Arabidopsis in mass identification of genes in a species
of interest and its potential to aid in the domestication of new
crops.

The use of Arabidopsis as a reference genome for compara-
tive genomics has led to better understanding of plant gen-
omes and gene families outside of the model organism. For
example, to generate the genome of oilseed rape (Brassica
napus), the well-annotated Arabidopsis genome was utilized
as a reference along with much less polished Brassica rapa
and Brassica oleracea genome scaffolds (Bancroft et al.
2011). Genomic comparisons to Arabidopsis are also useful
in the annotation and classification of much more distantly
related plant genes, including that of monocots. Thus, for ex-
ample, by comparing the genomes of Arabidopsis and
rice, the structure of the APETALA2 (AP2)/ETHYLENE
RESPONSE FACTOR (ERF) gene family in plants was eluci-
dated (Nakano et al. 2006), providing a roadmap for classify-
ing AP2/ERF family genes in other species (Liu et al. 2023).
Arabidopsis has also been used as a resource for the classifi-
cation of wheat genes homologous to well-characterized
Arabidopsis gene families associated with response to biotic
stress enabling the mass discovery of candidate wheat genes
that could be targeted in the follow-up work to develop cer-
eal crops resistant to a wide spectrum of plant pathogens
(Yang et al. 2017).

Noncoding RNAs

Although plants are at the forefront of the discovery of gene
silencing mechanisms triggered by double-stranded (ds) RNA
in eukaryotes (Chaudhary et al. 2024), Arabidopsis is not the
first plant species where silencing was initially demonstrated
(Napoli et al. 1990). Nonetheless, Arabidopsis has proven to
be instrumental to identifying the molecular machinery of
the RNA interference pathway (Schroder and Jullien 2019)
and to characterizing different types of silencing-inducing non-
coding RNAs (Hajieghrari and Farrokhi 2022). Furthermore, the
artificial microRNA (amiRNA) technology to downregulate tar-
get genes was first developed in Arabidopsis (Alvarez et al. 2006;
Schwab et al. 2006). Since then, amiRNAs have been broadly
utilized in various species, including multiple crops, with a not-
able example being the recent development of a short-stature
amiRNA corn (Paciorek et al. 2022). Researchers targeted 2
maize GIBBERELLIN 20 OXIDASE (GA200x) genes involved in gib-
berellin biosynthesis and suppressed gene expression using a
dominant, amiRNA-based construct leading to a short-stature
phenotype. This compact corn line is projected to go into com-
mercial production in 2027 and is believed to have the potential
to markedly impact crop productivity under an array of
suboptimal environmental conditions (Plume 2022). Overall,
Arabidopsis has played a key role in the detection, characteriza-
tion, and utilization of various forms of ncRNAs to silence spe-
cific genes, serving as a platform for systematic, well-controlled
experiments to knockdown genes of interest for both gene
function exploration and applied purposes (Schroder and
Jullien 2019; Hajieghrari and Farrokhi 2022; Chaudhary et al.
2024).
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Chemical screens and herbicide resistance
Arabidopsis is often leveraged as a “lab rat” in chemical gen-
etic screens to identify compounds that interfere with or trig-
ger molecular pathways of interest, as well as to elucidate the
molecular activity of best-performing chemical effectors or
inhibitors in vivo or in vitro (Serrano et al. 2015). For example,
in a seedling screen of 2000 compounds, a small molecule ky-
nurenine was identified for its ability to revert the heightened
ethylene response of 2 Arabidopsis hormonal mutants,
ethylene overproducer1 and constitutive triple responsel (He
et al. 2011). This chemical was shown to partially block ethyl-
ene responses of these mutants by interfering with auxin
production, with specific threshold levels of hormone auxin
known to be a prerequisite of the normal ethylene response.
Kynurenine was found to act as a competitive substrate
for the key auxin biosynthesis enzyme, TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS1T (He et al. 2011). In
subsequent studies, kynurenine was successfully adopted by
the plant biology community as an effective pharmacological
tool to manipulate auxin production in several plant species,
from rice (Guo et al. 2020) to cork oak (Carneros et al. 2023).
Not only Arabidopsis plant lines but also Arabidopsis genes
expressed in heterologous systems such as yeast have been
leveraged in chemical screens aimed at identifying powerful
synthetic effectors (Serrano et al. 2015). One of the most il-
lustrative examples comes from the work of Sean Cutler’s
group on an ABA receptor, PYRABACTIN RESISTANCE1
(PYR1) (Park et al. 2015). A small library of 15 commercially
available nonherbicidal agrichemicals was screened against
475 Arabidopsis PYRT mutant variants that harbor amino
acid substitutions in its ABA-binding pocket. One specific
chemical effector, mandipropamid, was able to induce the
heterodimerization of mutant PYR1 with its molecular tar-
get, PROTEIN PHOSPHATASE 2C (PP2C), in a yeast 2-hybrid
assay (Park et al. 2015). Repeated rounds of targeted mutagen-
esis of amino acid residues in the PYR1 ABA binding pocket dra-
matically increased the affinity of the mutant protein for
mandipropamid and abolished its affinity for ABA. Critically,
when the resulting PYR1T"ANP' mutant variant was stably ex-
pressed in Arabidopsis and tomato, the transgene was able to
trigger ABA-like responses and drought tolerance upon applica-
tion of mandipropamid (Park et al. 2015). This exiting study de-
monstrates how rational engineering of an Arabidopsis protein
can have promising practical implications for crops.
Herbicides have long been an effective way to control weed
growth in agricultural plots, but continuous herbicide use
comes with a high probability of unintentionally selecting
for mutations that enable weeds to overcome herbicide sen-
sitivity, eventually rendering these agrichemicals ineffective
(Damalas and Koutroubas 2024). Arabidopsis has historically
been leveraged to evaluate the risk of plants developing re-
sistance to herbicides through genetic mutations that cause
single amino acid substitutions in the herbicide binding
pockets of target proteins (Sathasivan et al. 1991; Jander
et al. 2003; Paris et al. 2008). Furthermore, recombinantly
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produced Arabidopsis proteins of interest have been used to
screen chemical libraries to identify novel chemicals with
herbicidal properties (Pinneh et al. 2019; Soares da Costa
et al. 2021). WT or mutant versions of Arabidopsis protein
structures, either experimentally determined or predicted,
have been employed to interrogate the mode of herbicide
action (Pang et al. 2004; Lonhienne et al. 2022). Lonhienne
and colleagues investigated site-of-action mutations in
ACETOHYDROXYACID SYNTHASE (AHAS), an enzyme in
plants known to be targeted by over 50 commercial herbi-
cides (Lonhienne et al. 2022). Arabidopsis AtAHAS was cho-
sen as a model to understand how herbicide resistance
develops in crops. Two main ways were identified by which
herbicides can inhibit this enzyme and AtAHAS mutations
can block herbicide effectiveness. If a herbicide binds to
the catalytic pocket and blocks substrate access, a resistance
mutation in AtAHAS alters the pocket conformation and
prevents herbicide binding. Likewise, if a herbicide acts by
triggering AHAS cofactor oxidation causing time-dependent
accumulative enzyme inhibition, a mutation in AtAHAS al-
ters the enzyme conformation making it more resistant to
herbicide-induced accumulative inhibition due to reduced
affinity of the herbicide for its binding pocket (Lonhienne
et al. 2022). The study analyzed the binding of 7 herbicides
to 4 AtAHAS mutant proteins. One of the herbicides, bispyr-
ibac, was found to exhibit improved accumulative AtAHAS
inhibition in all mutants, as well as greater binding affinity
in some mutants, compared with WT, reducing the likeli-
hood of resistance mutations showing up relative to other
herbicides tested. This work benefited from the abundance
of AtAHAS crystal structures that have been solved in com-
plex with 13 different herbicides (spanning the 5 different
chemical classes of herbicides that target AHAS) and added
to this data collection by resolving crystal structures of the
AtAHAS mutants with 2 commercial herbicides, bispyribac
and chlorimuron ethyl (Lonhienne et al. 2022). Taken to-
gether, these examples illustrate the power of Arabidopsis re-
search to inform applied work.

Applications of Arabidopsis in biomedicine

Though Arabidopsis was intended to be a model organism
for plants, it has also had significant impacts on the biomed-
ical field. Despite the fact that Arabidopsis and humans have
had 1.6 billion years to diverge, there appears to be quite a bit
of conservation among the 2 species in gene function and
general cellular processes. A high percentage of genes asso-
ciated with human diseases, particularly neurological dis-
eases (71%), such as Alzheimer and Parkinson, and cancer
(70%), are orthologous to Arabidopsis (Xu and Meller
2011). There is actually a higher percentage of cancer-
associated gene orthologs in Arabidopsis (70%) than there
are in Drosophila melanogaster (67%) or Saccharomyces
cerevisiae (41%), model organisms that are more closely re-
lated to humans evolutionarily than Arabidopsis. Discoveries
in protein degradation, the circadian clock, and G-proteins
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in Arabidopsis have greatly informed different facets of cancer
studies (Xu and Mgller 2011). A recent report utilized cancer-
hallmark (CH) genes as a framework for the mechanistic com-
parison of biological processes and metabolic pathways in
Arabidopsis and humans (Clavijo-Buritica et al. 2023). The
number of Arabidopsis orthologs for proto-oncogenes asso-
ciated with onset and progression of cancer in humans makes
Arabidopsis a potentially useful model for cancer studies. This
study highlighted the practicality of using Arabidopsis at the
genetic, cellular, and metabolic levels to elucidate the key
events in the process of oncogenesis. First, Arabidopsis CH
orthologs were identified, then associated with biological pro-
cesses and metabolic reactions based on gene ontology enrich-
ment analysis. Next, protein interactomes for both human and
Arabidopsis were generated and used to select for candidate
genes in Arabidopsis that are associated with carcinogenesis
(Clavijo-Buritica et al. 2023). This was done by identifying
highly interconnected nodes in both Arabidopsis and human
interactomes, detecting CH-associated proteins from the
Arabidopsis interactome, or detecting Arabidopsis orthologs
of CH-associated proteins from the human interactome.
These Arabidopsis candidate genes were then validated
through the analysis of transcriptomic data of their human
orthologs, where it was found that Arabidopsis orthologs of
the most differentially expressed human genes in cancerous
tissues were retrieved as potentially CH-associated in the ana-
lysis of an Arabidopsis protein interactome. Overall, the study
demonstrated the potential utility of using Arabidopsis to
unravel the mechanisms of CHs associated with cellular prolif-
eration, energetics deregulation, genome instability, and pro-
grammed cell death (Clavijo-Buritica et al. 2023).

Molecular pathways elucidated in Arabidopsis can provide
valuable insights into the mechanistic underpinning of par-
ticular genetic disorders, syndromes, or autoimmune diseases
in humans (Xu and Meller 2011). In Parkinson disease, a gene
called PARKINSON DISEASE PROTEIN7 (PARK7) that codes
for the protein DJ-1 has been shown to play a role in protect-
ing neurons from neurodegeneration and was found to have
an Arabidopsis ortholog, AtDJ-1a. To elucidate the function
of DJ-1 on a molecular level, AtDJ-1a loss-of-function mu-
tants were generated and characterized (Xu et al. 2010).
These mutants showed accelerated cell death in aging plants,
confirming that AtDJ-1 functions in a similar capacity to DJ-1
by protecting cells from stress-related cell death. Additionally,
AtDJ-1a interacts with proteins within Arabidopsis that are
orthologous to DJ-1-interacting proteins in humans. An ex-
ample of this is the interaction of AtD)-1a with COPPER/
ZINC SUPEROXIDE DISMUTASE 1 (CSD1), an Arabidopsis
cytosolic SUPEROXIDE DISMUTASE (SOD), in plant cells,
which mirrors DJ-1's interaction with SOD1 in mammalian
cells. AtDJ-1a was also shown to interact with human SOD1
in plant cells (Xu et al. 2010), further solidifying the value of util-
izing Arabidopsis genes to study mechanisms in human disease.

Another mechanism that Arabidopsis has helped uncover
in human neurodegenerative diseases is the process of poly-
glutamine repeat (polyQ) aggregation in human Huntington
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disease (Llamas et al. 2023). An exon from the human
Huntingtin (HTT) gene was engineered to contain an ex-
panded polyQ stretch (Q69), making the protein product
prone to aggregation. When the gene was expressed in
Arabidopsis, the plant was able to suppress cytosolic aggrega-
tion of Q69 through a chloroplast STROMAL PROCESSING
PEPTIDASE (SPP) that interacts with Q69, preventing aggre-
gate formation. A human cell compatible synthetic SPP was
able to decrease polyQ aggregation in both human cells and
Caenorhabditis elegans when ectopically expressed (Llamas
et al. 2023), highlighting yet another example in which
Arabidopsis could hold the key to unlocking new routes in
the treatment of human diseases. For more information
and examples of Arabidopsis’s role in understanding human
neurological diseases, refer to the 2011 review by Xu and
Moller (Xu and Meller 2011).

Biomedical sciences have also benefited from Arabidopsis
research on NUCLEOTIDE-BINDING SITE—LEUCINE-RICH
REPEATS (NB-LRR) proteins, which are encoded by genes impli-
cated in disease resistance. These proteins are associated with
molecular chaperones, cytosolic HEAT SHOCK PROTEIN90
(HSP90) and SUPPRESSOR OF THE G2 ALLELE OF SKP1
(SGT1), that interact with the immune responsive NB-LRR pro-
teins in a signal-dependent manner (Jones and Dangl 2006).
Though this interaction was first identified in plants, it was
quickly found that orthologs of HSP90 and SGT1 in humans
also interact with NB-LRR proteins (Mayor et al. 2007). The con-
servation of this mechanism across species exemplifies the com-
monalities between plant and animal innate immune responses
and further establishes that Arabidopsis can be used as a sup-
plemental model for biomedical research. More comprehensive
examples of these commonalities can be found in a 2008 review
by Jones et al (Jones et al. 2008).

In addition to gene discoveries, the biomedical community
has successfully leveraged genetic tools and platforms that
were developed by the Arabidopsis community. The applica-
tion GENEVESTIGATOR was a popular plant-focused platform
that was developed for storing and analyzing Arabidopsis
microarray data (Zimmermann et al. 2004). This database,
along with its associated tools, allowed for the identification
of genes expressed in certain organs under specific conditions,
enabling users to determine which genes and gene families
were coexpressed in particular types of plant tissues. The plat-
form was later expanded to other model crops, such as soy-
bean, rice, and maize, and eventually into the biomedical
field, where human, mouse, and rat gene expression studies
were incorporated. In fact, after the acquisition by the pharma-
ceutical company Immunai, GENEVESTIGATOR currently fo-
cuses solely on immunology-related research, providing an
example of a research platform originally developed to study
Arabidopsis and later adopted by the biomedical community.

Development of Arabidopsis-inspired tools

The enormous data resource pool that has accumulated in
Arabidopsis research has facilitated the development of
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biotechnological applications and synthetic biology tools
that leverage Arabidopsis genetic parts as building blocks.
From signal-responsive elements to complex expression sys-
tems, Arabidopsis has been foundational for studying a var-
iety of plant and animal processes.

Inducible expression systems

One of the tools inspired by genes characterized in Arabidopsis
is the CRY2-CIB1 optogenetic system (Fig. 2A). Optogenetics is
a modern approach to studying cell-signaling in live cells, lever-
aging light-responsive proteins that undergo a conformational
change upon light exposure. CRYPTOCHROME2 (CRY2) is an
example of a light-responsive protein, sourced from Arabidopsis
that homo-oligomerizes and binds to CRYPTOCHROME-
INTERACTING BASIC HELIX-LOOP-HELIX1 (CIB1) in response
to blue light (405-488 nm) exposure (Tischer and Weiner
2014). After removal of blue light, the CRY2-CIB1 complex dis-
sociates and resets within approximately 5 minutes. The
CRY2-CIB1 system was first established in yeast by fusing a tran-
scriptional activation domain to CIBT and a DNA-binding do-
main to CRY2 (Kennedy et al. 2010). Seven years later, the
system was adapted for mammalian cells by removing a dimer-
ization motif from the DNA-binding domain and adding back an
orthogonal domain to preserve dimerization ability in order to
avoid nuclear clearing of CRY2 (Pathak et al. 2017). It is import-
ant to highlight that the system was also adapted for use in
zebrafish back in 2012 as the first artificial light-inducible tran-
scription system in vertebrates (Liu et al. 2012) and utilized in
other animal systems in following years (Yamada et al. 2020).

Optogenetics in mammalian systems has also adopted
Arabidopsis PHYB regulated by red and far-red light (Reed
et al. 1993). Originally known for controlling stem elongation
in Arabidopsis seedlings, PHYB bound to a chromophore is
activated under red light conditions (650 nm). This triggers
a conformational change in PHYB that allows it to bind to
PHYTOCHROME INTERACTING FACTOR3 (PIF3) until ex-
posure to far-red light at a wavelength of 750 nm reverses
the association (Fig. 2B). However, this interaction is difficult
to recapitulate in mammals because mammalian cells do not
inherently produce the right PHYB-compatible chromo-
phore. To use the PHYB-PIF system in mammals, Uda et al.
constructed a biosynthesis system for the chromophore phy-
cocyanobilin (PCB) in mammalian cells by genetically encod-
ing a synthetic gene, PHFF, made up of the CDSs of 4 bacterial
genes required for PCB synthesis separated by self-cleaving
peptides (Uda et al. 2017). This allowed for the PHYB-PCB
interaction to occur, which is required for phytochrome to
become light sensitive. Compared with the CRY2-CIB1 sys-
tem, the PHYB-PIF system is favorable in certain applications
because it is more compatible with fluorescent imaging of
GFP-based biosensors due to the non-overlapping light wa-
velengths used for activation vs imaging.

It is well known that plants and animals have different sets
of hormones, enabling the cross-use of hormones as inducers
for synthetic systems. Just as the plant community will often
employ the animal-based dexamethasone system as an
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Figure 2. Schematic illustration of tools developed from genetic parts discovered in Arabidopsis. A) Depiction of the optogenetic CRY2-CIB1 sys-
tem. Under blue light (405-488 nm), CRY2 binds to CIB1, allowing for proteins of interest (POI) A and B to interact. Dark conditions cause the
CRY2-CIB1 complex to dissociate. B) Depiction of the optogenetic PHYB-PIF system. PHYB interacts with PIF only under red light (650 nm).
The POls fused to PHYB and PIF can then interact. The PHYB-PIF complex dissociates under far-red light conditions (750 nm). C) lllustration of
the AID system, where an auxin-inducible degron (AID) is fused to POI. The presence of auxin allows for the interaction between the AID and
an E3 ligase (SCF-TIR1) through the co-receptor roles of AID and TIR1. An E2 ligase is recruited to add ubiquitin (Ubq) to the AID, marking the
AID-POI fusion for degradation. D) lllustration of the ABA-CIP system, utilized to induce transcription of a LUCIFERASE (LUC) reporter gene.
The ABI1-GAL4 fusion binds to a GAL4 upstream activation sequence (UAS). In the presence of ABA, PYL fused to a VP16 activation domain
(VP16-AD) binds to the ABI1-GAL4 fusion, allowing for the transcription of the reporter gene. Images created with BioRender.

inducer in plant synthetic systems, those working with mam-
malian systems have employed plant hormones to regulate
transcription in mammalian cells (Cutler 2011). The plant
community has extensively studied phytohormones, with
many hormone pathways elucidated in Arabidopsis (Santner
and Estelle 2009). Plant hormones are not found in animals,
nor are they recognized by animal receptors, which makes
them excellent molecules to utilize in synthetic transcriptional
regulation systems. The first phytohormone that was adopted
in animal research was auxin, whose role has been extensively
studied in Arabidopsis. The auxin-inducible degron (AID) sys-
tem was developed in 2009 to rapidly degrade proteins of inter-
est in mammalian cells (Nishimura et al. 2009). It borrows
proteins from the auxin-dependent degradation pathway in
plants to generate an inducible and tunable system that can de-
grade target proteins in the presence of natural or synthetic

auxins, such as indole-3-acetic-acid (IAA) and 1-naphthalenea-
cetic acid (NAA). Auxins are known to promote the interaction
of AUX/IAA transcription co-repressors with the auxin-specific
TRANSPORT INHIBITOR RESPONSE1 (TIR1) F-box protein
that, together with the highly conserved SKP1and CULLIN pro-
teins, form the SCF-TIR1 E3 ligase complex. Thus, by fusing just
the degron region (44-68 amino acids) of an AUX/IAA to a
protein of interest, this target protein will be recruited by
SCF-TIR1 and degraded by the proteasome, but only in the
presence of IAA or NAA (Nishimura et al. 2009). Particularly,
the study that developed the AID system leveraged the degron
of the Arabidopsis INDOLE-3-ACETIC ACID INDUCIBLE17/
AUXIN RESISTANT3 (IAA17/AXR3) protein to destabilize
any target protein of interest (Fig. 2C). The AID system was first
tested in yeast visually with a nuclear GFP as the target protein
and functionally with DNA replication proteins or cell cycle
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regulators as the targets. Both tests yielded positive results,
where the proteins were degraded in the presence of auxin
and untouched in its absence (Nishimura et al. 2009). To adapt
the system to animal cells, a rice ortholog of TIR1, OsTIRT, re-
placed the AtTIRT because it conferred better thermostability
to the AID system. The thermostable system was then sub-
jected to the same tests in animal cells as in yeast, utilizing
human cells for the visual depletion test and chicken cells
for the functionality test. The AID system’s generalizability
later allowed for its use in other organisms like Drosophila
melanogaster and C. elegans (Zhang et al. 2015; Trost et al.
2016; McClure et al. 2022).

Another phytohormone that has been utilized in animals is
ABA. A study in mice modified ABA pathway proteins so that
they could be used in a chemically induced proximity (CIP)
system (Liang et al. 2011). Natively, ABA binds to a family of
intracellular receptors called REGULATORY COMPONENTS
OF ABA RECEPTORS (RCARs), specifically to the PYR 1-LIKE
(PYL) component, which then goes on to physically interact
with and inhibit PP2C activity. The study exploited this
PYL-PP2C interaction by fusing a GAL4 DNA binding domain
with a coding region of the Arabidopsis PP2C gene ABA
INSENSITIVET (ABIT) and a VP16 activation domain with a cod-
ing region of Arabidopsis PYL, ensuring that a Luciferase report-
er gene with a GAL4-binding upstream activating sequence
would only be transcribed in the presence of ABA (Fig. 2D).
This system conferred transcriptional activity of the reporter
gene in murine cells (NIH 3T3), human cells (HEK 293 T),
and Chinese hamster ovary (CHO) cells with a linear ABA
dose response (Liang et al. 2011). The ABA CIP system was
found to be more stable, less toxic, and more affordable com-
pared with using rapamycin, one of the more commonly used
molecules for CIP in animals.

Promoters and promoter cis-elements

In molecular and synthetic biology, different types of biological
parts have been exploited to create systems and circuits for the
purpose of targeted, tunable gene expression in all types of or-
ganisms (Wang et al. 2013). A significant number of biotech ap-
plications involving transgenes have sourced DNA parts from
Arabidopsis, including promoters, promoter motifs, transcrip-
tional domains, and terminators. Due to the intricate knowl-
edge that has been gathered on Arabidopsis signaling
pathways, TFs, and their DNA binding motifs, Arabidopsis has
become an essential resource for extracting well-characterized
components to be employed in other organisms. Thus, for ex-
ample, constitutive Arabidopsis promoters, such as that of
UBIQUITINT0 (UBQ10), a gene moderately active in nearly all
Arabidopsis tissues, have been utilized in recombinant DNA
constructs to drive genes of interest in different plant species
(Norris etal. 1993). The UBQ10 promoter was leveraged in a vec-
tor set developed in 2010 to fluorescently tag proteins to visu-
alize their subcellular localization in transient expression assays
(Grefen et al. 2010). The system, initially tested in Arabidopsis
and tobacco, was successfully applied in other plants including
Medicago truncatula (Zhang et al. 2022). The UBQ10 promoter
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has also been utilized in rice to observe cytoplasmic Ca”* re-
sponses in roots by driving the expression of a GFP-based
Ca”* sensor (Behera et al. 2015) and in apple as a stronger driver
of gene expression of an array of genes than the classical CaMV
35S promoter (Wang et al. 2021b). Its wide range of applica-
tions gives credibility to the UBQ10 promoter’s transferability
to other angiosperms.

Select promoter fragments can also be used to express
genes of interest constitutively. PD7, a 456-base pair fragment
from the Arabidopsis SERINE CARBOXYPEPTIDASE-LIKE30
gene, was found to serve as a strong, constitutive promoter
when transformed into Arabidopsis and Nicotiana benthamiana,
with greater expression achieved than with the well-known
CaMV 35S promoter (Jiang et al. 2018). The PD7 promoter
fused to GUS was subsequently evaluated in maize calli dem-
onstrating that PD7 was able to drive gene expression in that
system at a higher level than a maize UBQ1 promoter. These
results confirmed that PD7 is usable in both monocots and di-
cots for constitutive gene expression.

The ability to express a gene in a conditional, stimulus-
inducible manner allows for tunable expression systems
that respond to environmental signals but rests on the iden-
tification of signal-responsive DNA elements. Take for ex-
ample pathogen detection, where pathogen-inducible
promoter elements are leveraged to build reporters that re-
spond either to pathogen-produced elicitors, such as chitin
or flagellin, or to plant defense molecules, such as camalexins,
salicylic acid (SA), or jasmonic acid (JA) (Huang et al. 2021).
Arabidopsis is a reliable source of well-characterized pathogen-
responsive promoters and DNA elements. A study from 2008
sourced 4 of the 10 pathogen-inducible cis-regulatory ele-
ments tested from promoter regions of Arabidopsis genes
to create robust pathogen biosensors (Mazarei et al. 2008).
Synthetic promoters made of a tandem of 4 copies of these
defense-related cis-elements, CaMV 35S enhancer elements,
and the CaMV 35S minimal promoter were fused to a
[B-GLUCURONIDASE (GUS) reporter gene. These biosensors
were then evaluated in tobacco and Arabidopsis transgenic
plants in response to plant-defense elicitor molecules or plant
viruses (Mazarei et al. 2008). Several of these treatments in-
duced the GUS activity in tobacco plants harboring reporters
made with cis-elements from Arabidopsis PATHOGENESIS-
RELATED GENET (PR1) and NONEXPRESSOR OF PR GENES1
(NPRT). For example, SA or chitin exposure and Alfalfa mosaic
virus (AMV) inoculation all upregulated the GUS levels but
ethephon application or Tobacco mosaic virus (TMV) infec-
tion did not, suggesting some level of biosensor construct spe-
cificity (Mazarei et al. 2008).

A follow-up study focused on the use of transient expres-
sion in Agrobacterium-infiltrated tobacco plants as a quick
assay to test the inducibility of 4 plant defense cis-elements
(Liu et al. 2011). Two of these elements were sourced from
Arabidopsis, the aforementioned SA-responsive PRT motif
and a JA responsive element (JAR) derived from the
VEGETATIVE STORAGE PROTEINT (VSP1) gene promoter.
Synthetic promoters were created by fusing 4 copies of these
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regulatory elements to a CaMV 35S (—46) core promoter
with or without the 35S enhancer motifs to a red fluorescent
protein, pporRFP (Liu et al. 2011). Transient tobacco agroin-
filtration assays showed that PRT constructs were responsive
to SA, JAR constructs were induced by JA, and both types of
reporters were upregulated by 2 different Pseudomonas
syringae strains (Liu et al. 2011). This work demonstrates
that Arabidopsis-sourced pathogen-responsive DNA cis-elements
are functional in tobacco, implying the conservation of de-
fense pathways across different plant species.

Hormone- and stress-inducible promoter fragments as well
as short DNA elements derived from Arabidopsis genes have
also been successfully employed in crops. For example, a syn-
thetic promoter containing a tandem of 5 copies of the
ETHYLENE INSENSITIVE3 binding site (EBS) from the native
promoter of the Arabidopsis ETHYLENE RESPONSE DNA-
BINDING FACTORT gene fused to the CaMV 35S (—46) pro-
moter (Stepanova et al. 2007) works well in tomato (Cruz
et al. 2018; Althiab-Almasaud et al. 2021). Likewise, a
dehydration-responsive element (DRE) from the Arabidopsis
RESPONSIVE TO DESICCATION 29A (RD29A) gene functions
in tobacco (Yamaguchi-Shinozaki and Shinozaki 1994) and
soybean protoplasts (Kidokoro et al. 2015). Moreover,
Arabidopsis stimulus-inducible promoter motifs can also be
utilized to create synthetic promoters that reach expression le-
vels similar to or higher than native promoters. Two synthetic
promoters called SAB and SBA were made from DNA parts
sourced from Arabidopsis cold-inducible promoters of the
COLD-REGULATED15A (COR15A) and COR15B genes (Li
et al. 2013). When tested in potato and tobacco plants, SAB
and SBA reached levels of cold-inducible activity similar to
that of the native COR15B promoter and higher than that of
COR15A. The use of synthetic promoters, like in the case of
SAB and SBA, can help identify important regions of native
promoters for the optimization and tunability of spatio-
temporal and stimuli-responsive gene expression.

Besides composite synthetic promoters, native Arabidopsis
regulatory sequences that harbor full-length, stimulus-responsive
promoters and adjacent regions of a gene can also function in
other plant species. For example, a kilobase-long region of the
Arabidopsis HEAT SHOCK PROTEIN18.2 (HSP18.2) gene that
includes the gene’s promoter, 5'"UTR, and the first 25 codons
candrive heat-inducible expression in petunia (Takahashi and
Komeda 1989), banana (Chong-Pérez et al. 2012), Nicotiana
plumbaginifolia (Moriwaki et al. 1999), and Saussurea
involucrate (Li et al. 2023a) but not in Marchantia polymor-
pha (Nishihama et al. 2016), suggesting that the functional
conservation of the heat response pathways does not extend
to non-vascular plants.

Arabidopsis-sourced promoters have also been utilized in
the construction of synthetic genetic circuits that function
in species beyond Arabidopsis. Czarnecka et al. developed a
biosensor designed with transcriptional autofeedback loop
to sense the presence of human bacterial pathogens in
plants, particularly in lettuce (Czarnecka et al. 2012). This
feedback loop system was engineered with a variety of
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flagellin- and E. coli-inducible Arabidopsis promoters, in-
cluding that of XYLOGLUCAN ENDOTRANSGLUCOSYLASE/
HYDROLASE18 (AtXTH18) that was chosen based on this
gene’s robust induction profile in Arabidopsis upon treat-
ment with flg22, a bacterial peptide elicitor commonly
used to trigger plant immune responses (Felix et al. 1999).
The inducible promoters were placed upstream of a strong
synthetic transcriptional activator, GAL4-VP16, that gets tran-
scribed in the presence of fig22 (Czarnecka et al. 2012). The
GAL4-VP16 activator then binds to a proximal promoter
that drives a firefly Luciferase reporter. In field applications,
this reporter can be fused to or replaced by a protein that in-
creases pathogen resistance in plants. The synthetic system
was transiently expressed in Arabidopsis and lettuce proto-
plasts and tested with an array of promoters driving
GAL4-VP16. In both species, the AtXTH18 promoter had the
highest transcriptional activity in response to flg22 among
the promoters tested (Czarnecka et al. 2012). This pathogen-
sensing system shows promise for implementation in leafy cul-
tivars and provides a roadmap for the development of other
biosensors in crops. This study underscores the utility of well-
characterized Arabidopsis parts in synthetic biology applica-
tions that expand far beyond Arabidopsis.

Other DNA components

Although gene promoters are more predominantly utilized
than other genetic parts by the synthetic biology community
to modulate levels of gene expression, terminators have also
been shown to have a significant impact on the expression of
transgenes (de Felippes and Waterhouse 2022). Some studies
have focused on testing a variety of terminators, as well as
promoter-terminator pairs, to develop synthetic transcriptional
units with optimal expression outputs (Gardiner et al. 2020).
These terminators are typically sourced from plant viruses
or plants themselves, with Arabidopsis being no exception.
In fact, one of the most popular terminators sourced from
Arabidopsis is the terminator from HSP18.2 (tHSP) (Nagaya
et al. 2010). In Arabidopsis, tHSP was shown to support gene ex-
pression of transgenes at a level about 2-fold higher than that
achieved with the widely used bacterial NOPALINE SYNTHASE
(NOS) terminator (Nagaya et al. 2010). The increase in expres-
sion levels caused by tHSP was found to be transferable when
this terminator was employed in several transgenes outside of
Arabidopsis, including in tomato to increase miraculin produc-
tion (Hirai et al. 2011; Kurokawa et al. 2013), lettuce for the
expression of a protein with potential to act as a vaccine for
edema disease in pigs (Matsui et al. 2011), and chickpea to de-
velop pest resistance against a gram pod borer (Singh et al.
2022). The Arabidopsis tHSP terminator is also commonly
used in a promoter-terminator pair in conjunction with the pre-
viously mentioned UBQ10 promoter (Huerta et al. 2023; Mellor
et al. 2023).

Transcriptional regulation domains are another type of bio-
logical part commonly sourced from plants. Activator or repres-
sor domains can be fused to DNA-binding domains to create
new synthetic TFs that regulate transcription of a native or
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synthetic gene. These factors are core to genetic circuitry, as
they are part of the machinery that determines where and
under what conditions a gene is expressed. There are some
transcriptional regulation domains that have been isolated
from Arabidopsis, with 1 notable example of an activation do-
main being the EDLL motif from ETHYLENE RESPONSIVE
FACTOR98 (AtERF98) (Tiwari et al. 2012) and 1 prominent ex-
ample of a repression domain being an ERF-associated amphi-
philic repression (EAR) motif (Ohta et al. 2001). Both of these
motifs have been employed in synthetic systems applied to or-
ganisms beyond Arabidopsis (Vazquez-Vilar et al. 2023). The de-
velopers of a CRISPR-based programmable activator fused an
EDLL activation domain downstream of a dead/inactive version
of Cas9 (dCas9) to create a synthetic transcriptional activator
that provided strong, specific induction of targeted endogenous
genes when tested in N. benthamiana (Selma et al. 2019).
Arabidopsis-derived EDLL has also been utilized in an orthogonal
control system in yeast, producing stronger transcriptional acti-
vation than the endogenous GAL4 activation domain when
fused to TFs from the Arabidopsis NAC (NAM, ATAF1/2, and
CUQ2) protein family (Naseri et al. 2017). On the other hand,
a modified EAR motif taken from an Arabidopsis gene
SUPERMAN (SUP) was employed in the creation of a chimeric
repressor silencing technology (CRES-T) that can flip a TF of
interest from an activator to a repressor (Hiratsu et al. 2003).
This repression domain was dubbed SRDX and was subsequent-
ly tested in Phalaenopsis aphrodite (Lu et al. 2021), poplar (Wang
et al. 2021a), liverwort (Ishizaki et al. 2015), and Torenia fournieri
Lind. (Sasaki et al. 2014) in various repression systems.

Biotechnology methods pioneered in
Arabidopsis

The versatility and convenience of studying cellular and mo-
lecular processes in Arabidopsis has given rise to important
biotechnological methods that are easily applicable to
studies in other organisms. One of these methods, created
for the purpose of studying cell-specific transcriptomics of
ribosome-associated mRNAs, is translating ribosome affinity
purification (TRAP) (Zanetti et al. 2005). TRAP was originally
developed in Arabidopsis as a way to isolate ribosome-
associated transcripts for the quantification of gene expres-
sion via affinity purification. The success of this methodology
led to the development of BACarray, a translational profiling
methodology that utilized TRAP in a cell type-specific man-
ner, in mice (Doyle et al. 2008; Heiman et al. 2008). TRAP was
also adopted for use in zebrafish and later inspired the devel-
opment of Trap-TRAP, a translatomics method that com-
bined a traditional enhancer trap approach with TRAP
(Tryon et al. 2013; Corbacho et al. 2022). Furthermore,
TRAP has also been adapted and optimized to detect trans-
lating RNAs from rare cell populations in Drosophila embryos
(Bertin et al. 2015). In Arabidopsis, the method has been used
in combination with RNA-seq, dubbed TRAP-seq, to study
cell-type specific gene expression of early floral development
in Arabidopsis at a nucleotide resolution (Jiao and
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Meyerowitz 2010) (Fig. 3A). In this study, ribosomal proteins
tagged with His and FLAG epitope tags were driven by cell
type-specific promoters from 3 different master regulators
of flower development, APETALA1 (AP1), APETALA3 (AP3)
and AGAMOUS (AG), to capture all translating cellular
mRNAs in specific tissue types via immunopurification.
TRAP-seq was able to isolate cell-type specific mRNAs at a
high yield and avoided issues of RNA bias that results from
RNA amplification steps that may be necessary in methods
like laser-capture microdissection and fluorescence-activated
cell sorting (Galbraith and Birnbaum 2006). The TRAP and
RNA-seq combination method was then tested in mice
to profile rare cell populations in vivo (Hupe et al. 2014), in
frogs to translationally profile optic nerve regeneration
(Whitworth et al. 2017), and in soybean to study root cortex
response to rhizobial inoculation (Song et al. 2022). TRAP
and TRAP-seq continue to be improved upon and utilized
in many applications within and outside of Arabidopsis
(Reynoso et al. 2015; Traubenik et al. 2020).

Another method, given the name INTACT, which stands
for isolation of nuclei tagged in specific cell types, was devel-
oped in Arabidopsis by Deal and Henikoff in 2011 (Deal and
Henikoff 2011). This method utilizes affinity purification and
biotinylation of nuclear envelope proteins tagged with GFP
(nuclear targeting fusion protein; NTF) to isolate nuclei in
specific cell-types (Fig. 3B). The system leverages a constitu-
tively expressed E. coli biotin ligase, BirA, and an NTF ex-
pressed in the cell type of interest to produce nuclei with a
biotin label only in the cells of interest. INTACT boasts a
50% to 70% theoretical yield of tagged nuclei with a 90%
to 98% purity, with the study that developed it declaring a
93% purity and a recovery of 1.5 X 10 of root hair cell nuclei
from 3 grams of wet roots (Deal and Henikoff 2011). The
method was later utilized in mice to study the neuronal epi-
genome as the first application of INTACT in mammals (Mo
et al. 2015). In the mouse study, a nuclear membrane protein,
GFP, and a Myc-tag were employed to create a constitutively
expressed NTF with a loxP-3x polyA-loxP upstream transcrip-
tional roadblock, which is only removed in the presence of a
Cre recombinase. This recombinase is expressed in a cell-
specific manner to target excitatory neurons, pavalbumin inter-
neurons, and vasoactive intestinal peptide interneurons (Mo
et al. 2015). Using anti-GFP affinity-purification, INTACT ap-
plied to this mammalian system achieved more than a 50%
yield with high purity (>98%), which aligns with the original
claims of INTACT's capabilities. INTACT has also been imple-
mented in frogs (Wasson et al. 2019), rice (Reynoso et al.
2018), flies, and C. elegans (Steiner et al. 2012). The use of
Arabidopsis for the development of INTACT exemplifies the
convenience of using this model organism to determine the ac-
curacy and efficacy of new methods.

Both of the aforementioned methods, TRAP and INTACT,
involve the creation of transgenic lines, which is not a feasible
approach for some species. A nontransgenic approach for
the study of gene mechanisms arose in 2000 to screen
chemically induced mutations in the genome using ethyl
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Figure 3. Biotechnology methods developed in Arabidopsis. Schematics describing the steps of each Arabidopsis-developed biotechnology dis-
cussed in this review are displayed. A) TRAP-seq begins with cell-type-specific promoter-driven expression of a tagged ribosomal protein (RP).
Affinity purification is performed by leveraging epitope-specific antibodies to pull down tagged ribosomes along with mRNAs the ribosomes are
translating. mRNAs are isolated, and reverse transcription is employed to synthesize cDNA. The cDNA library is prepped and sequenced prior
to downstream computational analysis. B) The INTACT method starts with cell-type-specific expression of a synthetic NTF protein and constitutive
expression of a bacterial biotin ligase BirA. Nuclei of cells in which NTF is expressed and bound to the nuclear envelope get biotinylated by BirA.
Tagged and biotinylated nuclei are pulled down through affinity purification with streptavidin beads. Nuclear RNAs or chromatin are then extracted
through RNA isolation or chromatin immunoprecipitation (ChlIP), respectively, for downstream applications. C) TILLING utilizes a chemical muta-
gen (visualized as an orange lightning bolt) to induce random genomic mutations in a population of seeds. The M1 plants are selfed to produce M2
plants, DNA is extracted from M2 s, and pooled for high-throughput screening. Target genes of interest are amplified by PCR and the amplicons are
denatured and re-annealed to form either heteroduplexes (containing a mismatch due to a mutation) or homoduplexes (no mismatches). The DNA
products are then subjected to enzymatic cleavage by CEL1 endonuclease that preferentially cuts heteroduplexes at the mismatched sites. The pro-
ducts of CEL1 digestion are separated on a gel to identify mutations that show up as smaller digestion products on a gel. ECOTILLING follows a similar
protocol to TILLING but uses DNA from unpooled natural populations to detect existing variation instead of generating and identifying mutants.
D) The process of DAP-seq begins with tagged recombinant protein expression and genomic DNA isolation, fragmentation, and adapter ligation.
The tagged proteins of interest (POI) are purified and immobilized on affinity beads. DNA affinity purification is performed to isolate the genomic
fragments that the POI binds to in vitro. Bound DNA is eluted, amplified by PCR and subjected to next-generation sequencing. Reads are mapped to
identify POI-binding motifs enriched in DAP-seq peaks. Images created with BioRender.
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identified in both genes, with 1 CMT3 mutation causing a
truncation that presumably knocks out enzymatic function,
validating the efficacy of TILLING (McCallum et al. 2000). The
method was later improved with the use of a celery-derived
endonuclease, CEL1, which is able to cleave at the mismatches
in the heteroduplexes that are formed upon denaturation
and reannealing of 2 or more chromosomes with differing
sequences, allowing TILLING to become a more high-
throughput method (Colbert et al. 2001). TILLING proved to
be translatable to other species and was successfully adapted
to maize, barley, fruit flies, nematodes, and zebrafish, to name
a few (Barkley and Wang 2008). Thus, this technology origin-
ally developed in Arabidopsis is a versatile reverse genetics ap-
proach to carry out functional genomics work in a variety of
species without the need for transgenesis. TILLING gave rise
to EcoTILLING, which was created to study the function of
genes by observing natural genetic variation instead of detect-
ing chemically induced mutations (Comai et al. 2004) (Fig. 3C).
EcoTILLING has since been utilized in multiple species, includ-
ing black cottonwood, barley, mung bean, and even humans,
for natural SNP detection (Barkley and Wang 2008). Several
TILLING and/or EcoTILLING centers have been established
across the world for many of the species that TILLING has
been tested in, especially for those with an agricultural focus.
Even now, TILLING is still being employed in many species, of-
ten with the help of next-generation sequencing to detect mu-
tations (Sharma et al. 2022).

One of the more recent techniques born out of Arabidopsis
research is DNA affinity purification sequencing (DAP-seq),
an assay used to identify TF binding sites within genomic
DNA (O’'Malley et al. 2016). It combines affinity purification
of tagged TFs bound to DNA and high-throughput sequen-
cing to generate a genome-wide TF binding site map
(Fig. 3D). The study that tested and developed DAP-seq lever-
aged Arabidopsis genomic DNA and recombinantly ex-
pressed Arabidopsis TFs to partially define the Arabidopsis
cistrome, reporting data from close to 2,300 individual
DAP-seq experiments (O’'Malley et al. 2016). The method
was also applied to maize in the same study to compare the
binding landscapes of Arabidopsis and maize AUXIN
RESPONSE FACTOR (ARF) family members. Since then,
DAP-seq has been applied to a variety of species, from rice
to bacteria to fish (Trouillon et al. 2021; Zhu et al. 2021;
Wang et al. 2022). The disadvantage of this approach is that
TF binding may be dependent on cofactors or other protein
partners that aren’t available in this in vitro method.
Additionally, since DAP-seq is carried out with naked DNA
and thus is independent of structural restrictions imposed
by chromatin, it may capture TF-DNA interactions that do
not normally occur in a native context. However, this is also
an advantage, as it reveals the global binding landscape of a
TF, regardless of chromatin accessibility or histone modifica-
tions. For a more accurate depiction of what occurs natively,
DAP-seq is often employed in conjunction with other meth-
ods like DNase-seq and Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq) to provide a faster
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and cheaper way to identify in vivo TF binding sites than is
currently possible with the widely used in vivo chromatin im-
munoprecipitation sequencing (ChIP-seq), which requires
protein-specific antibodies or tagged marker lines (Park
2009; Bartlett et al. 2017). In 2023, a new method that
builds on DAP-seq was published, called double DAP-seq
(dDAP-seq), that allows for the mapping of heterodimer
binding sites within genomic DNA and provides a new way
to study the effect of TF-TF interactions on the stability and
binding specificity of a particular TF (Li et al. 2023b). As an
emerging technology, DAP-seq continues to be utilized in a
range of applications to discover novel TF-DNA interactions
to this day (Liu et al. 2021; Gomez-Cano et al. 2022; Hutin
et al. 2023).

Computational approaches in the transfer
of Arabidopsis knowledge

The era of next-generation sequencing and high-throughput
-omics led to the creation of a vast collection of computa-
tional tools used to store, process, and analyze large amounts
of data (Argueso et al. 2019). Examples of databases and
warehouses created to store and analyze Arabidopsis data in-
clude The Arabidopsis Information Resource (TAIR), a data-
base of genetic and molecular biology data (Huala et al.
2001); the Arabidopsis Gene Regulatory Information Server
(AGRIS), a database server for Arabidopsis cis-regulatory
elements, TFs, and TF targets (Davuluri et al. 2003); the
1001 Genomes Project, a resource for multiple types of
Arabidopsis centered databases and tools (Alonso-Blanco
et al. 2016); and ThaleMine, a data warehouse that integrates
information from TAIR10, SwissProt, Panther, GO, and more
(Krishnakumar et al. 2017) (Fig. 4). Arabidopsis, with its
wealth of data generated from numerous research studies
and a well-connected community of scientists, has become
a hub for translating fundamental research to broader bio-
technological and synthetic biology tools.

The large amount of data generated in the 2000s led to the
rapid development of a wide array of databases to store and
organize both raw and curated data. AraCyc was one of those
databases, developed specifically for Arabidopsis metabolic
pathways (Mueller et al. 2003) (Fig. 4A). Studies would
then go on to use AraCyc as a resource when mining for genes
involved in particular metabolic pathways. For example, a
study attempting to identify sulfur-encoding biosynthetic
genes in rice employed AraCyc to find SULFUR-CONTAINING
COMPOUND (SCC) genes in Arabidopsis (Abdullah-Zawawi
et al. 2022). These genes were then used to identify 25 ortho-
logs of Arabidopsis SCC biosynthetic genes in rice that could
later be putatively targeted in rice breeding. The cultivation
of AraCyc led to the ability to translate Arabidopsis findings
into rice and other species, highlighting the importance of
Arabidopsis-focused research and data curation.

These databases also go on to fuel the creation of data ana-
lysis tools, such as MapMan (Fig. 4B). MapMan is a user-
friendly tool developed to display genomics-based datasets
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in the context of metabolic and biological pathways
(Thimm et al. 2004). It was developed and tested using
Arabidopsis data to visually group genes, even those with
limited functional information, based on function, response,
or gene family. This tool was later adapted to be used for
other species, such as rice, barley, and maize (Usadel et al.
2009). To showcase the utility of an Arabidopsis-inspired
tool like MapMan, a case study was done to compare
gene expression changes when plants were grown in a typ-
ical light/dark cycle vs a cycle with an extended dark period

(Usadel et al. 2009). This experimental set-up allows for a
focus on metabolism of photoassimilates. The results sug-
gested that although some gene expression changes in
Arabidopsis were similar to that in maize, there were still
some key differences across species (Usadel et al. 2009).
This case study underscores the ability of MapMan to
be used in comparative global gene expression analysis
studies to identify the degree to which we can transfer
knowledge from a model species, like Arabidopsis, to
more application-oriented crop species.
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An algorithm for module-guided ranking of candidate
pathway genes (MORPH) was developed for both Arabidopsis
and tomato in 2012 by Tzfadia et al (Tzfadia et al. 2012). The
model takes a list of genes from a particular pathway, gene ex-
pression profiles, and an interaction network as inputs and em-
ploys a machine learning (ML) algorithm to output a ranked list
of candidate genes that may be associated with the target path-
way (Fig. 4B). In the study, the list of pathway-specific genes for
Arabidopsis was extracted from both MapMan and AraCyc,
while for tomato, only MapMan was utilized as a resource
(Tzfadia et al. 2012). The gene networks used for tomato
were also created by lifting Arabidopsis networks and translat-
ing them to tomato based on sequence homology since tomato
networks are far less annotated than the ones for Arabidopsis.
Gene expression profiles for both species were sourced from
published microarray experiments. MORPH performed better
compared with other algorithms for both Arabidopsis and to-
mato, signifying its capability to reliably predict candidate
genes associated with a specified pathway (Tzfadia et al.
2012). Its ability to maintain prediction power despite the
curation of homology-based tomato gene networks under-
lines the transferability of Arabidopsis gene networks to
genetically long-diverged species. The MORPH method
was later integrated into MorphDB, a platform with the
capability to perform genome-wide comparative analysis
across species of candidate genes predicted by MORPH
(Zwaenepoel et al. 2018).

With the rapid increase of computational power over the
past few decades, it has become common to utilize ML algo-
rithms for a variety of plant- or gene-specific analyses
(Mahood et al. 2020). The sheer amount of Arabidopsis re-
search that has been done over the years to generate raw
and curated data makes Arabidopsis an ideal organism to
train ML models on. However, the data used need to be
translatable, at least in part, to other species. The degree to
which Arabidopsis findings are transferable can be deduced
by applying a model pre-trained with Arabidopsis data to an-
other species (Magana-Mora et al. 2013; Kovalev et al. 2018;
Chang et al. 2021). This allows researchers to determine ac-
curacy and robustness of the model by comparing prediction
with a known output (Jiao and Du 2016). This process will oc-
casionally involve comparing the performance of the new
model to a trusted, established model’s performance, pro-
vided that such a model exists. Some ML models are generally
built and trained on Arabidopsis data as a proof of concept
specifically because of the large amount of information avail-
able (Koryachko et al. 2015), but may or may not be success-
ful when applied to other species due to an inherent lack of
conservation of specific pathways or genes across species. A
study from 2020 using a ML model to predict specialized and
general metabolism genes found that when the model was
trained on Arabidopsis data and applied to tomato, the pre-
diction accuracy dropped significantly when compared with
a tomato-trained model (Moore et al. 2020). However, sev-
eral noteworthy applications have successfully employed
models pre-trained on Arabidopsis to predict information
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in other species (Fig. 4C) and some illustrative examples of
these are detailed below.

Dragon TIS Spotter is a prediction tool for translation ini-
tiation sites (TIS) in plants that was intentionally built using
Arabidopsis information and then tested in other species
(Magana-Mora et al. 2013). This tool takes only genomic se-
quences as input, and outputs predicted true TIS motifs
using features optimized by a genetic algorithm search. To
build this model, an artificial neural network was trained
on close to 19,000 genuine TIS sample sites from genes anno-
tated as “protein coding” that were extracted from the
Arabidopsis genome available at the time of the study.
Arabidopsis test data results showed a sensitivity/specificity
(Se/Sp) of 90.75%/92.2%, while for grape and black cotton-
wood, Se/Sp was 66.8%/94.4% and 81.6%/94.4%, respectively
(Magana-Mora et al. 2013). This indicated that the Arabidopsis-
derived model had some room for improvement when trying
to identify all true TIS sites, but also that the prediction was
reliable when it comes to rejecting sites that are not true
TIS motifs.

Another example of using Arabidopsis to pre-train models
is a pipeline developed in 2018 for the classification of dele-
terious mutations in the coding regions of crops (Kovalev
et al. 2018). A Random Forest (RF) classifier was trained
on a dataset of deleterious and neutral mutations in
Arabidopsis for the purpose of identifying deleterious muta-
tions in rice, pea, and chickpea. The RF classifier was able to
predict deleterious mutations at an accuracy of 87% for rice
and 93% for pea, higher than a popular ML method called
PolyPhen-2 that was trained on human data (Kovalev et al.
2018). Both models were then applied to nonsynonymous
SNPs from a new species, chickpea. The results revealed that
the frequency of deleterious mutations is significantly lower
compared with neutral and synonymous mutations, which is
consistent with what is found in other species (Kovalev et al.
2018). In the future, the predictions from the RF classifier de-
veloped in this study could be used to inform plant domesti-
cation and breeding efforts, even though a non-crop model
plant was used to initially train the classifier.

Pre-trained models can also be used for phenotyping appli-
cations. A deep learning (DL) model initially trained on
Arabidopsis was reused to analyze images of plant growth
over time to identify phenotypic differences in lettuce
upon growth pattern analysis (Chang et al. 2021). The accur-
acy of the pre-trained model was similar to that reported in
other studies using ML to identify crop segmentation where
the same crop was used to both train and test the model.
This DL model, originally developed for Arabidopsis, exempli-
fies how the short growth cycle and compact size of this
model organism can be leveraged to generate generalized
but accurate computational models that are easy to use
for plant biologists and applied scientists working with non-
model crops.

Besides phenotyping models, there has also been a multi-
step DL model developed that utilized Arabidopsis cistrome
datasets to predict patterns of gene expression across the
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genome in tomato fruit (Akagi et al. 2022). Known
Arabidopsis TF DNA binding preferences were used to infer
arrays of putative cis-regulatory elements (CREs) for tomato
genes, which were then relied on to predict expression pat-
terns in the next DL step. The conservation of TF family-
specific DNA-binding domains across species, as well as the
extensive curation of Arabidopsis genes, allow for this kind
of application. The results were experimentally validated
through DAP-seq analysis on 6 tomato TFs corresponding
to the Arabidopsis TFs used for CRE prediction, successfully
confirming 85% to 96% of predicted CREs (Akagi et al. 2022).

One emerging field in plant sciences that greatly benefits
from ML models being trained on Arabidopsis data is single-
cell RNA sequencing (scRNA-seq). A study from 2022
showcases this by developing an ML pipeline called single-cell
predictive marker (SPmarker) that identifies cell-specific
markers in scRNA-seq data to assign cells to their respective
cell types (Yan et al. 2022). Sequencing data from over 25,000
cells across 5 published scRNA-seq datasets from the
Arabidopsis root were employed in the training of this pipeline.
The pipeline was able to identify novel marker genes not only in
Arabidopsis, but also in other species, including rice, cucumber,
soybean, tomato, and maize (Yan et al. 2022). Given that
scRNA-seq is currently quite expensive to perform, the ability
to use Arabidopsis data to accurately predict markers in species
lacking publicly available scRNA-seq datasets and well anno-
tated genomes can greatly improve accuracy of classification
and reduce the need for large species-specific training datasets.

Models trained on Arabidopsis data can also have use
outside of the plant field. A neural network model called
Deeplearning Explore Nanopore m°A (DENA) trained direct-
ly on Nanopore RNA-seq data of in vivo mRNA transcripts
from Arabidopsis was used to map N°-methyladenosine
(m°A) modification sites in human transcripts (Qin et al.
2022). To train the model, the researchers used WT and mu-
tant Arabidopsis lines, where the mutant lines were deficient
in the ability to modify mRNA with m®A. DENA proved to
have an accuracy and reliability similar to a method developed
using human RNA-seq data, SCARLET (Liu et al. 2013). It was
the first method that attempted to directly use in vivo mRNA
sequencing data to train an m°A detection model, which cir-
cumvented noise issues that previous models had when
trained on synthetic in vitro data. DENA is a prime example
of how Arabidopsis mutants can inform ML models to accur-
ately predict features in a cross-species fashion.

The examples highlighted in this review represent only a
fraction of the ways in which large datasets generated from
Arabidopsis research have been used to benefit crop species
through computational prediction models. More examples
may be found in a plant-focused ML review by Mahood
et al. (Mahood et al. 2020).

Concluding remarks

With its short life cycle, compact size, prolific seed set,
small and well-annotated genome, as well as the general
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conservation of molecular processes, Arabidopsis thaliana
has proven to be an exceptional model organism for the gen-
eration of foundational knowledge and the development of
biotechnological tools. The availability of information in
Arabidopsis from resources like TAIR and ThaleMine has fa-
cilitated the transfer of knowledge from model plants to
crops to illuminate biological mechanisms and pathways
underlying plant development, general stress responses,
and disease tolerance. Even when genes in Arabidopsis are
not directly translatable to other species, we may still gain in-
sight into conservation of molecular pathways in a quick and
high-throughput manner. Integration of ML approaches with
molecular techniques has empowered our ability to predict
gene patterns, features, and expression levels in Arabidopsis
and evaluate the efficiency at which Arabidopsis data can
be used to pre-train prediction models. Those ML models
have consequently facilitated the efficient and scalable ana-
lyses of genetic and functional conservation of genes and
pathways across diverse species.

Nonetheless, there are limitations and challenges asso-
ciated with leveraging Arabidopsis to draw conclusions
about molecular processes and mechanisms in plants of
agronomic importance or in biomedically relevant animal
models. Although Arabidopsis is easy to work with, the evo-
lutionary distance between Arabidopsis and other species af-
fects the degree to which fundamental discoveries in
Arabidopsis can be translated into practical agricultural or
biomedical applications. The disparities in regulatory path-
ways and genetic networks may pose a challenge when at-
tempting to utilize Arabidopsis findings to enhance crop
productivity or to understand the molecular basis of a hu-
man disorder. When assessing agricultural relevance of
Arabidopsis research, it is important to keep in mind that
in many of the plant studies cited in this review, the effects
of genes of interest on crop traits were evaluated in plants
grown under environmentally controlled conditions. Traits
like yield are, however, highly polygenic, with multiple con-
tributing genes differentially responding to environmental
inputs in accordance with soil and water management
(Benavente and Giménez 2021). With numerous epistatic in-
teractions occurring between these genes, the specific re-
sponses of plants become hard to predict, and thus the
results of environmentally controlled studies are difficult to
extrapolate to highly variable field conditions. Rigorous
testing in agriculturally relevant contexts—open fields or or-
chards, tunnels, greenhouses, or commercial indoor farms—is
still required to establish the true economic importance of
identified gene variants.

To properly assess the utility of Arabidopsis-derived find-
ings when translating knowledge into crops, 5 important cri-
teria recently defined by Khaipho-Burch and colleagues need
to be followed (Khaipho-Burch et al. 2023). These criteria are
(1) outlining standard definitions of yield; (2) replication of
trials across various locations and years; (3) utilization of
planting practices that match those of farms; (4) use of ap-
propriate controls; and (5) prioritization of genes not already
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targeted by plant breeding. Following these important stan-
dards will expedite the identification of genetic variants with
significant effects on beneficial crop traits in commercially
relevant settings.

In summary, while translation of Arabidopsis findings to
useful advancements in applied sciences or practical break-
throughs presents inherent challenges that must be carefully
addressed, Arabidopsis remains an invaluable model system
for both fundamental and applied research. Clearly, a balanced
approach is necessary. Focusing solely on Arabidopsis would
divert resources needed to address specific challenges faced
by major crops and impede progress in meeting global food
security and sustainability demands. However, diverting
too many resources away from fundamental research in
Arabidopsis will greatly slow the pace of critical foundational
discoveries and technological developments that propel innov-
ation. Therefore, a balance between expanding Arabidopsis
knowledge and implementing existing discoveries in crops
necessitates a rational -and complementary- allocation of re-
sources to ensure that new insights continue to be generated
in Arabidopsis and effectively translated into practical advance-
ments within and beyond the agricultural world. This quandary
calls for interdisciplinary, strategic approaches that combine
fundamental Arabidopsis research with focused translational ef-
forts to bridge the gap between model and applied systems,
aiming for a comprehensive understanding of gene networks
and biological processes that can be translated to practical
solutions.

Ultimately, the historical and ongoing utilization of
Arabidopsis as a translational model for agricultural systems,
biomedical research, biotechnology development, and com-
putational biology applications continues to hold great
promise for deepening our comprehension of genetic interac-
tions and regulatory networks in the realm of plant biology
and beyond. Going forth, Arabidopsis-made discoveries will
continue to provide answers to modern-day questions and
quandaries in different fields of science that intersect with
foundational plant biology (Goloubinoff et al. 2022; Roeder
et al. 2022; Armstrong et al. 2023). We hope that the next
50 years of Arabidopsis research will be just as productive
and exciting, with emphasis on tool development, exploration
of technically challenging concepts and ideas, and new founda-
tional discoveries. This knowledge base then needs to be trans-
lated to agricultural crops and biomedical applications to close
the knowledge gap and reinforce the efficacy of employing
Arabidopsis in the development of resilient, high-yielding
crops, innovative research tools, and biotechnological solu-
tions. Through joining forces, fundamental and applied plant
scientists, bioinformaticians, engineers, teachers, and other
professionals can continue to harness the power of this small
plant for the betterment of the world we all live in.
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