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SUMMARY 8 

Karrikins are a class of butenolide compounds found in smoke that were first identified as seed 9 
germination stimulants for fire-following species. Early studies of karrikins classified the 10 
germination and post-germination responses of many plant species, and investigated 11 
crosstalk with plant hormones that regulate germination. The discovery that Arabidopsis 12 
thaliana responds to karrikins laid the foundation for identifying mutants with altered karrikin 13 
responses. Genetic analysis of karrikin signalling revealed an unexpected link to 14 
strigolactones, a class of carotenoid-derived plant hormones. Substantial progress has since 15 
been made toward understanding how karrikins are perceived and regulate plant growth, in 16 
no small part due to advances in understanding strigolactone perception. Karrikin and 17 
strigolactone signalling systems are evolutionarily related and retain a high degree of 18 
similarity. There is strong evidence that karrikins (KARs) are natural analogues of an 19 
endogenous signal(s), KAI2 ligand (KL), which remains unknown. KAR/KL signalling regulates 20 
many developmental processes in plants including germination, seedling 21 
photomorphogenesis, and root and root hair growth. KAR/KL signalling also affects abiotic 22 
stress responses and arbuscular mycorrhizal symbiosis. Here we summarise the current 23 
knowledge of KAR/KL signalling, and discuss current controversies and unanswered 24 
questions in this field. 25 
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INTRODUCTION 30 

Fires have profound effects on local ecosystems, causing the immediate destruction of plants 31 
and often long-term changes in plant community composition. One way that plants regrow 32 
after fire is through breaking the dormancy of seeds buried in soil. The most dramatic 33 
examples of this are found among fire ephemeral, or pyroendemic, plants that only emerge 34 
after fire, sometimes after many years of absence. In the early 1990s, it was discovered that 35 
chemical cues from smoke, rather than heat itself, were sufficient to activate seed germination 36 
of many fire-following species (De Lange & Boucher, 1990; Keeley & Pausas, 2018). 37 
Application of aerosol smoke or smoke-water solutions to bushland soil can cause dramatic 38 
increases in the number of seedlings and different species that later emerge. At least 1200 39 
species have positive germination responses to smoke or smoke-water (Sweedman & Merritt, 40 
2006; Dixon et al., 2009; Jefferson et al., 2014). 41 

Several germination-promoting compounds have been found in the highly complex mixture of 42 
chemicals that is smoke, including NO2, glyceronitrile, and karrikins (Keeley & Fotheringham, 43 
1997; Flematti et al., 2004, 2011; van Staden et al., 2004; Keeley & Pausas, 2018). Karrikins, 44 
so named for “karrik”, an Aboriginal Noongar word for smoke, are a family of small, water-45 
soluble, butenolide compounds that are potent germination stimulants for many fire-following 46 
species (Dixon et al., 2009; Flematti et al., 2009; Nelson et al., 2012) (Box 1). In some cases, 47 
low nanomolar concentrations of karrikins are effective at triggering germination (Flematti et 48 
al., 2004, 2007).  49 

Notably, karrikin responses are not restricted to germination, nor to species that are endemic 50 
to fire-prone ecosystems. KAR1 improves the germination, seedling vigour, and stress 51 
tolerance of many crops (Antala et al., 2019). Genetic studies in Arabidopsis (Arabidopsis 52 
thaliana), rice (Oryza sativa), Lotus japonicus, and Brachypodium distachyon have shown that 53 
the karrikin pathway also controls photomorphogenic seedling growth, mesocotyl elongation 54 
in the dark, anthocyanin abundance, cuticular wax deposition, abiotic and drought stress 55 
tolerance, leaf shape, root hair density and elongation, root skewing, and symbiosis with 56 
arbuscular mycorrhizal (AM) fungi (Figure 1) (Nelson et al., 2010; Waters et al., 2012; Stanga 57 
et al., 2013, 2016; Soundappan et al., 2015; Gutjahr et al., 2015; Li et al., 2017, 2020; Wang 58 
et al., 2018; Swarbreck et al., 2019; Choi et al., 2020; Zheng et al., 2020; Carbonnel et al., 59 
2020a; Bursch et al., 2021; Villaécija-Aguilar et al., 2022; Meng et al., 2022; Feng et al., 2022). 60 

Genetics to the rescue: identifying the elements of karrikin signalling 61 

The discovery that karrikins promote germination and seedling photomorphogenesis of 62 
Arabidopsis thaliana opened the door for understanding how karrikins are perceived and 63 
regulate plant growth (Nelson et al., 2009, 2010). A forward genetic screen revealed that 64 
karrikin responses in Arabidopsis require the F-box protein MORE AXILLARY GROWTH2 65 
(MAX2, known as DWARF3 (D3) in rice) (Nelson et al., 2011). Several plant hormone 66 
signalling systems, including those of auxin, jasmonate, and gibberellin, involve ligand-67 
activated proteolysis that is mediated by F-box proteins acting in SCF-type (Skp1, Cullin, F-68 
box) E3 ubiquitin ligase complexes (Blázquez et al., 2020). Thus, the discovery that an F-box 69 
protein was involved in karrikin responses was not altogether surprising. What was 70 
unexpected, however, was that MAX2/D3 is also required for strigolactone signalling, but 71 
karrikins and strigolactones mostly affect plant growth and development in different ways 72 
(Gomez-Roldan et al., 2008; Umehara et al., 2008; Nelson et al., 2011). This implied that there 73 
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must be a way for SCFMAX2-mediated signalling to discriminate between karrikins and 74 
strigolactones during signal perception (input) and activation of different downstream 75 
responses (output). 76 

Progress on the input front was greatly assisted by the earlier characterisation and mapping 77 
of the strigolactone-insensitive dwarf14 (d14) mutant of rice (Arite et al., 2009). At the time, 78 
the function of the α/β-hydrolase encoded by D14 was not understood, beyond its requirement 79 
for strigolactone response. However, it was clear that angiosperms had two clades of genes 80 
with similarity to D14: one was defined by D14 itself, while the second clade of unknown 81 
function was represented by another rice gene named D14-LIKE (Arite et al., 2009). In 2012, 82 
two mutant alleles of the Arabidopsis orthologue of D14-LIKE, also known as 83 
HYPOSENSITIVE TO LIGHT (HTL), were discovered to be karrikin-insensitive, but 84 
strigolactone-responsive; thus the gene was named KARRIKIN INSENSITIVE2 (KAI2) (Sun & 85 
Ni, 2011; Waters et al., 2012). (Note that HTL nomenclature is typically used for KAI2 86 
homologues in the parasitic weed Striga hermonthica (Tsuchiya et al., 2015; Toh et al., 2015), 87 
whereas D14-LIKE (D14L) nomenclature is only used in rice.) By contrast, an Arabidopsis d14 88 
mutant is strigolactone-insensitive and karrikin-responsive, whereas max2 shows the 89 
combined phenotypes of kai2 and d14 (Waters et al., 2012; Soundappan et al., 2015). Thus, 90 
D14 and KAI2 contribute to discrimination of strigolactones and karrikins. An orthologue of 91 
D14 in petunia, DECREASED APICAL DOMINANCE2 (DAD2), provided the first evidence 92 
that D14 proteins are SL receptors (Hamiaux et al., 2012). This role has since been validated 93 
in many species (Yao et al., 2016; de Saint Germain et al., 2016; Waters et al., 2017).  94 

The most comprehensive phylogenetic analysis of KAI2 and D14 homologues to date has 95 
resulted in a revised nomenclature to accommodate the complexity and likely evolutionary 96 
relationships in this family (Box 2) (Bythell-Douglas et al., 2017). Note that the DLK23 clade, 97 
represented by D14-LIKE2 (DLK2) in Arabidopsis, is actually more similar than KAI2 to D14 98 
than is KAI2. True D14 orthologues are restricted to seed plants, but KAI2 orthologues are 99 
present in all land plants and some algal ancestors. This distribution implies that D14 evolved 100 
from a KAI2-like ancestral sequence. 101 

On the output side of MAX2, a screen for mutations that suppress max2 phenotypes in seed 102 
and seedlings uncovered a recessive allele of SUPPRESSOR OF MAX2 1 (SMAX1) (Stanga 103 
et al., 2013). SMAX1 is one of eight SMAX1-LIKE (SMXL) genes in Arabidopsis, a family that 104 
originated as four major types in the angiosperm lineage: SMAX1 (SMAX1 and SMXL2 in 105 
Arabidopsis), SMXL39 (SMXL3 in Arabidopsis), SMXL4 (SMXL4 and SMXL5 in Arabidopsis), 106 
and SMXL78 (SMXL6, SMXL7, and SMXL8 in Arabidopsis). Fortunately for the success of a 107 
suppressor screen, SMAX1 is the primary regulator of germination and seedling growth 108 
downstream of MAX2 in Arabidopsis, so the smax1 single mutant shows obvious phenotypes. 109 
SMXL2 is partially redundant with SMAX1, primarily at the seedling stage (Stanga et al., 2016). 110 
In combination, recessive, loss-of-function alleles of smax1 and smxl2 are epistatic to max2 111 
and impart reduced seed dormancy, shortened seedling hypocotyls, and transcriptional 112 
patterns opposite to kai2 and max2; in other words, a phenotype consistent with a constitutive 113 
karrikin response. 114 

Genetic screens for suppressors of the excess shoot branching phenotype of max2 had been 115 
attempted previously, but in retrospect this approach was unlikely to work because of 116 
redundancy among the SMXL family members that regulate shoot architecture (Soundappan 117 
et al., 2015; Wang et al., 2015). This issue was bypassed by identification of a dominant, gain-118 
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of-function mutant in rice, dwarf53 (d53), that mimicked SL-insensitive mutants. D53, an 119 
orthologue of SMXL6, SMXL7, and SMXL8 in Arabidopsis, was the first SMXL protein 120 
demonstrated to be a target of D14-SCFMAX2 in response to strigolactone (Jiang et al., 2013; 121 
Zhou et al., 2013). This role was later validated for SMXL6, SMXL7, and SMXL8 through 122 
biochemical assays and suppression of strigolactone-associated max2 phenotypes by loss-123 
of-function smxl alleles (Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016). The 124 
transcription factor BRASSINOSTEROID INSENSITIVE1-ETHYL METHANESULFONATE-125 
SUPPRESSOR1 (BES1) was also proposed to be a  target of MAX2 involved in strigolactone 126 
regulation of shoot branching, but this idea has been challenged by further genetic analysis 127 
(Wang et al., 2013; Bennett et al., 2016). 128 

SMAX1 and SMXL2 are targeted for ubiquitination and degradation by SCFMAX2 through 129 
activation of KAI2 and regulate karrikin-associated traits (Wang et al., 2020b; Khosla et al., 130 
2020a; Zheng et al., 2020; Park et al., 2022). For these reasons, SMAX1 and SMXL2 are 131 
sometimes described as negative regulators of karrikin signalling that operate downstream of 132 
MAX2. However, it is more accurate to consider SMXL proteins similarly to DELLA proteins. 133 
Although DELLA proteins are targeted by gibberellin signalling for proteolysis, it is better to 134 
think of them as signalling hubs rather than repressors of gibberellin responses. DELLAs 135 
control many growth and defence transcriptional programs and are in turn post-translationally 136 
regulated by multiple gibberellin-independent mechanisms (Blanco-Touriñán et al., 2020). 137 
Similarly, SMAX1 and SMXL2 protein abundance is regulated by karrikin signalling, but not 138 
exclusively (Khosla et al., 2020a; Park et al., 2022; Kim et al., 2022). Among other examples, 139 
in some circumstances SMAX1 and SMXL2 can be targeted for degradation by D14-mediated 140 
strigolactone signalling (Wang et al., 2020b; Li et al., 2022). 141 

Signal perception and hydrolysis by D14 and KAI2 142 

Our knowledge of karrikin signalling is closely interwoven with that of strigolactones because 143 
the mechanisms are broadly the same, and progress on one front has helped inform the other. 144 
As such, neither can really be discussed in isolation from the other. D14 and KAI2 are α/β-145 
hydrolases with a dual receptor-enzyme function. A core of α-helices and β-sheets (the “α/β 146 
fold”) is linked to a cap composed of two V-shaped pairs of α-helices. Between these two 147 
domains sits a conserved catalytic triad of Ser, His and Asp residues at the base of a 148 
hydrophobic substrate-binding pocket (Figure 2). Both D14 and KAI2 are capable of 149 
hydrolysing generic substrates such as para-nitrophenyl acetate. Both proteins also hydrolyse 150 
the strigolactone analogue GR24, albeit with preferences for different stereoisomers that 151 
compose the typical racemic GR24 (rac-GR24) mixture (Box 1) (Sun & Ni, 2011; Hamiaux et 152 
al., 2012; Waters et al., 2015b; de Saint Germain et al., 2016). Incubation of purified D14 and 153 
KAI2 with bioactive compounds, such as GR24, leads to a decrease in the melting temperature 154 
of the proteins, as detected by fluorescence-based assays such as differential scanning 155 
fluorimetry (DSF). These changes in thermostability suggest that the signalling mechanism 156 
involves a conformational change in the receptor into an activated state, which is supported 157 
by structural data (see below). Receptor variants with mutated catalytic residues do not 158 
respond with a decrease in thermostability, which implies either that ligand hydrolysis is a 159 
prerequisite for signalling, or that ligand interaction with one or more catalytic residues is 160 
necessary to initiate the conformational change (Hamiaux et al., 2012; Waters et al., 2015b; 161 
Seto et al., 2019). Notably, the hydrolysis reaction results in covalent modification of the 162 
catalytic triad, which has been detected by crystallography and mass spectrometry. The 163 
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cleaved butenolide ring can be opened to bridge the Ser and His residues, forming a covalently 164 
linked intermediate molecule (CLIM), or can be bound to the Ser or His residues alone (Yao 165 
et al., 2016; de Saint Germain et al., 2016; Guercio et al., 2022). Quantum 166 
mechanics/molecular mechanics simulations have revealed that all of these reported 167 
modifications are likely to occur, but CLIM is predicted to be the most energetically favourable 168 
and dominant form (Chen & Shukla, 2022). 169 

The precise significance of ligand hydrolysis is contested. On the one hand, mutation of the 170 
catalytic serine or histidine renders D14 and KAI2 non-functional as enzymes and receptors. 171 
Such mutant proteins have abolished hydrolytic activity, do not interact with SCFMAX2 or their 172 
target SMXL proteins, and are not themselves degraded after ligand perception (Hamiaux et 173 
al., 2012; Jiang et al., 2013; Waters et al., 2015a,b; Hu et al., 2017; Seto et al., 2019; Lee et 174 
al., 2020; Khosla et al., 2020a). Furthermore, non-hydrolysable substrates are much less 175 
biologically active, or even antagonistic (Takeuchi et al., 2018; Uraguchi et al., 2018). 176 
However, mutating the catalytic Asp residue in Arabidopsis D14 prevents GR24 hydrolysis 177 
without abolishing strigolactone signalling in transgenic plants (Seto et al., 2019). Instead, 178 
Arabidopsis d14D218A transgenic lines were reported to have slightly increased sensitivity to 179 
strigolactones (Seto et al., 2019). These findings imply that hydrolysis is simply a mechanism 180 
for inactivation of the ligand after signalling, and a resetting of the receptor. 181 

However, an unrelated carboxylesterase enzyme has since been identified in Arabidopsis that 182 
hydrolyses strigolactones and related analogues with much greater catalytic efficiency than 183 
D14 (Xu et al., 2021), which implies that there exists an independent route for SL breakdown. 184 
Furthermore, both D14 and KAI2 are degraded following signalling (Chevalier et al., 2014; 185 
Waters et al., 2015a; Hu et al., 2017; Sanchez et al., 2018; Khosla et al., 2020b; Li et al., 186 
2022), albeit over a timescale of minutes to hours, which raises doubts about the benefit of 187 
resetting the receptor by hydrolysing the ligand. If the aspartic acid is only necessary for ligand 188 
inactivation, then why are there no reported D14 or KAI2 homologues with a substituted 189 
aspartic acid residue? Perhaps an intact catalytic triad helps to maintain the overall protein 190 
conformation and stability; or, perhaps d14D218A is predisposed to adopt the active 191 
conformational state, and ligand binding is sufficient to complete the transition. This possibility 192 
is consistent with the observation that the D218 residue is located on a flexible loop that is 193 
displaced away from the ligand-binding pocket during strigolactone perception (Yao et al., 194 
2016; Chen et al., 2021, 2022). Alternatively, immediate ligand hydrolysis by the receptor 195 
might provide short-term, highly localised control over signalling that optimises sensitivity over 196 
a narrow range of substrate concentrations. Meanwhile, receptor degradation and 197 
strigolactone catabolism might serve as longer term homeostatic mechanisms, especially in 198 
response to external environmental cues, and perhaps in a tissue or organ-specific manner 199 
(Xu et al., 2021). 200 

The canonical mechanism for strigolactone perception proposes nucleophilic attack upon the 201 
butenolide carbonyl group by the catalytic serine residue of D14, which opens up the 202 
butenolide ring (Yao et al., 2016). This event is followed by the covalent attachment of a 96-203 
Da butenolide derivative to the catalytic histidine, as detected by mass spectrometry (Yao et 204 
al., 2016; de Saint Germain et al., 2016). This mechanism is supported by the observation of 205 
a covalently-linked intermediate molecule (CLIM) trapped in the pocket of D14 during co-206 
crystallisation with GR24 and D3 (Yao et al., 2016), although the exact identity and location of 207 
CLIM has faced some scrutiny (Carlsson et al., 2018; Bürger & Chory, 2020). Further evidence 208 
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comes from the crystallographic observation of a bond between the catalytic serine and the 209 
open butenolide ring of a non-hydrolysable strigolactone analogue (Takeuchi et al., 2018).  210 

Until very recently, it was assumed that substrate recognition and hydrolysis by KAI2 was 211 
essentially the same as for D14, but direct experimental evidence was lacking. We now know 212 
that Arabidopsis KAI2 and several homologues from Physcomitrium patens form covalent 213 
adducts with a 96-Da mass when incubated with the 2′S-configured compounds GR24ent-5DS 214 
and ent-5-deoxystrigol (Bürger et al., 2019; Lopez-Obando et al., 2021); in the latter case, 215 
these adducts were mapped to the active site histidines, as seen with D14. Even more 216 
compelling evidence has come from X-ray crystallography studies of PsKAI2B from pea, which 217 
revealed the probable presence of 5-hydroxy-3-methylbutenolide attached to the catalytic 218 
serine (Guercio et al., 2022). This compound probably represents the first reaction 219 
intermediate following nucleophilic attack on the butenolide carbonyl and is probably highly 220 
transient, because the presumably more stable 96-Da covalent adduct was again localised to 221 
the catalytic histidine by mass spectrometry (Guercio et al., 2022). This model is further 222 
supported by molecular dynamics and quantum mechanical free energy simulations that 223 
favour the butenolide carbonyl as the initial target (Chen & Shukla, 2022). Not only do these 224 
findings support the likely catalytic mechanism of KAI2 upon butenolide ligands, but they also 225 
refine the previously proposed reaction mechanism for D14 (Yao et al., 2016; de Saint 226 
Germain et al., 2016). Together, these studies make it highly likely that both types of 227 
butenolide receptors operate with the same mode of action. 228 

KAI2 is probably not a karrikin receptor 229 

Genetic studies have clearly shown that KAI2 is necessary for karrikin responses (Waters et 230 
al., 2012). In addition, KAI2 has been shown to bind KAR1 with a broad range of affinities 231 
through several in vitro techniques including isothermal calorimetry, equilibrium microdialysis, 232 
heteronuclear single quantum coherence, and dye–based thermal denaturation (Kagiyama et 233 
al., 2013; Guo et al., 2013; Xu et al., 2016, 2018; Lee et al., 2018; Bürger et al., 2019).  This 234 
has led to the understandable conclusion in the literature that KAI2 is a karrikin receptor, but 235 
we no longer consider this to be entirely accurate. 236 

We argue that the ability of KAI2 to bind a molecule does not necessarily mean that the 237 
molecule can activate KAI2 and initiate downstream signal transduction. Several observations 238 
(Box 3) have led us and others to conclude that karrikins must be metabolised in vivo before 239 
perception by KAI2 can occur (Waters et al., 2015b; Xu et al., 2018; Wang et al., 2020b; Khosla 240 
et al., 2020a). The mechanism of SL perception by D14 and GR24ent-5DS perception by 241 
PsKAI2B suggests that a hydrolyzable butenolide moiety, which covalently modifies one or 242 
more catalytic triad residues, may be a common feature of KAI2 agonists (Yao et al., 2016; de 243 
Saint Germain et al., 2016; Guercio et al., 2022). If so, perhaps the conversion of karrikin into 244 
a bioactive molecule involves the formation of a cleavable butenolide ring.  245 

Furthermore, we propose that the typical function of KAI2 is not to mediate karrikin responses. 246 
For many plants, such as Arabidopsis (Arabidopsis thaliana) and lettuce (Lactuca sativa), the 247 
adaptive value of a karrikin response mechanism is unclear. Perhaps fire played a more 248 
important role in the ecology of some plant lineages in past eras and a karrikin signalling 249 
system has been maintained by chance in extant descendants. Alternatively, we favour the 250 
idea that karrikin metabolites fortuitously activate KAI2, which normally recognizes an 251 
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endogenous plant growth regulator(s) known as KAI2 ligand (KL). This is conceptually similar 252 
to a drug or small molecule in a chemical library (in this case, smoke) that can modulate the 253 
activity of a protein. Karrikin-activated germination could have evolved in some fire followers 254 
through KAI2 duplication and selection for enhanced karrikin sensitivity over KL in one 255 
paralogue (Martinez et al., 2022). 256 

Although KL has not yet been identified (Box 4), several observations have led to a widespread 257 
expectation that it exists (Flematti et al., 2013; Conn & Nelson, 2015; Machin et al., 2020; 258 
Guercio et al., 2022; Bonhomme & Guillory, 2022). First, kai2 and max2 mutants are not only 259 
karrikin-insensitive, but show seed and seedling phenotypes that are opposite to karrikin-260 
induced responses (Nelson et al., 2011; Waters et al., 2012; Villaécija-Aguilar et al., 2019). 261 
For example, karrikins promote germination, whereas kai2 and max2 have enhanced seed 262 
dormancy. This implies that either KAI2-SCFMAX2 has ligand-independent, as well as karrikin-263 
enhanced, signalling activity, or that responses to an endogenous signal have been lost in 264 
kai2 and max2 (Nelson et al., 2011; Waters et al., 2012). Arguing against constitutive, ligand-265 
independent KAI2 activity, 25-fold overexpression of KAI2 enhanced the sensitivity of 266 
Arabidopsis seedlings to karrikin application without affecting growth in the absence of 267 
treatment (Waters & Smith, 2013). Second, the strict conservation of a catalytic triad in KAI2 268 
proteins implies that substrate hydrolysis is important for their function, as it is for the 269 
homologous strigolactone receptor D14 (Bythell-Douglas et al., 2017). Indeed, the catalytic 270 
Ser is required for the enzymatic and signalling functions of KAI2 (Waters et al., 2014, 271 
2015a,b). If KAI2 signalling were primarily ligand-independent (e.g. KAI2 has constitutive 272 
protein-protein interactions with SCFMAX2 and its targets, SMAX1/SMXL2), then purifying 273 
selection to maintain the triad residues seems less likely. Third, aqueous phase extracts from 274 
Arabidopsis leaves stimulate expression of a transcriptional reporter of KAR signalling in a 275 
KAI2-dependent manner, suggesting the presence of KL (Sun et al., 2016). Finally, KAI2 276 
proteins in many species, such as Arabidopsis, Brassica tournefortii, rice, pea, and Lotus 277 
japonicus, can rescue an Arabidopsis kai2 mutant and restore responses to karrikins, implying 278 
these receptors have the flexibility to respond to both KL and karrikins (Waters et al., 2012; 279 
Sun et al., 2020; Carbonnel et al., 2020b; Guercio et al., 2022). However, among the KAI2 280 
paralogs that have arisen from gene duplication events in asterids and the parasitic 281 
Orobanchaceae are several examples of proteins that appear to have subfunctionalized 282 
responses to KL and karrikins. Some KAI2 variants can rescue Arabidopsis kai2 but do not 283 
confer responses to karrikins, while others cause little or no rescue of kai2 but show sensitive 284 
responses to karrikins (Conn & Nelson, 2015; Conn et al., 2015; Martinez et al., 2022). 285 
Therefore, perception of KL and karrikins by KAI2 can be genetically separated.   286 

The KAR/KL signalling pathway is found in lycophytes and bryophytes as well as angiosperms 287 
(Mizuno et al., 2021; Lopez-Obando et al., 2021; Kodama et al., 2022; Bonhomme & Guillory, 288 
2022). In one case, a KAI2 gene from the lycophyte Selaginella moellendorffii has been shown 289 
to partially rescue several Arabidopsis kai2 phenotypes, although it does not confer responses 290 
to karrikins or other known KAI2 agonists. It requires an active catalytic triad to do so (Waters 291 
et al., 2015b). This suggests KL signalling was present in an early ancestor of land plants. 292 
Genetic studies in the bryophyte Marchantia polymorpha have shown that the KAI2-SCFMAX2-293 
SMXL pathway regulates thallus growth, thallus orientation, and gemma cell proliferation 294 
(Mizuno et al., 2021). KAI2a in M. polymorpha is putatively responsive to GR24ent-5DS, similar 295 
to many KAI2 proteins in angiosperms. In contrast to rice, however, KAI2 and MAX2 are not 296 
required for AM symbiosis in Marchantia paleacea, suggesting this role emerged in vascular 297 
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plant lineages (Kodama et al., 2022). In terms of the origins of SL perception, M. paleacea 298 
produces a non-canonical SL, bryosymbiol, that stimulates symbiosis with AM fungi. 299 
Interestingly, bryosymbiol-deficient mutants lack obvious phenotypes other than reduced 300 
mycorrhization (Kodama et al., 2022). In addition, KAI2 and MAX2 (there is no D14) are not 301 
involved in SL perception in M. paleacea. Therefore, the earliest roles for SL may have been 302 
symbiotic rather than hormonal; putatively, SL was later co-opted to act as a hormone in the 303 
vascular plant lineage through adaptation of the KAR/KL pathway. 304 

Ligand preferences of KAI2 305 

Collectively, the KAI2 protein family mediates perception of multiple chemical stimuli. The 306 
molecular basis of the different ligand preferences that have evolved among KAI2 proteins 307 
has been a subject of intense interest. Initially, the significance of stereochemistry in substrate 308 
selectivity by KAI2 and D14 was not fully appreciated, leading to misattribution of some rac-309 
GR24 effects as strigolactone responses. It is now known that in Arabidopsis, KAI2 has a 310 
strong preference for GR24ent-5DS, whereas D14 has a strong preference for GR245DS (Scaffidi 311 
et al., 2014). These preferences are not absolute under all contexts (Villaécija-Aguilar et al., 312 
2019), but have proven to be generally robust across a broad taxonomic range of KAI2 and 313 
D14 proteins and multiple assays, both biochemical and physiological (Sun et al., 2020; 314 
Khosla et al., 2020a; Carbonnel et al., 2020b; Lopez-Obando et al., 2021; Guercio et al., 315 
2022). There is however a notable exception to this pattern: many evolutionarily divergent 316 
KAI2 proteins from parasitic weeds in the Orobanchaceae have evolved to perceive host-317 
derived strigolactones, and therefore show the greatest sensitivity to GR245DS and natural 318 
strigolactones (Conn & Nelson, 2015; Conn et al., 2015; Tsuchiya et al., 2015; Toh et al., 319 
2015; Nelson, 2021; Wang et al., 2021a; Arellano-Saab et al., 2021).  320 

Although many smoke-responsive species respond robustly to KAR1 (Flematti et al., 2007; 321 
Sun et al., 2020; Martinez et al., 2022), many other species (for example, Arabidopsis thaliana 322 
and Brachypodium distachyon) show a preference for KAR2 (Nelson et al., 2009, 2010; Waters 323 
et al., 2012; Meng et al., 2022). Karrikin preference has been investigated for KAI2 324 
homologues from several species (Table 1). Interestingly, Lotus japonicus seedlings show 325 
tissue-specific differences in responses to KAR1, KAR2, and rac-GR24 (Carbonnel et al., 326 
2020b). This raises the possibility that KAR/KL perception can be affected by cellular context, 327 
for example through modulation of signal transport, metabolism, expression of KAI2 variants, 328 
and SMAX1 stability. 329 

Several studies have investigated the molecular basis for karrikin preferences with a focus on 330 
KAI2 (Xu et al., 2016; Sun et al., 2020; Carbonnel et al., 2020b; Guercio et al., 2022; Martinez 331 
et al., 2022). One commonly used approach has been to identify the various KAI2 proteins 332 
and assess their karrikin preference in cross-species complementation assays by expressing 333 
them in an Arabidopsis kai2 or kai2 d14 null mutant background. Because karrikins probably 334 
require metabolism to become bioactive ligands for KAI2, in vitro assays for ligand-receptor 335 
interactions can be misleading (Box 3). Examining KAI2 activity in vivo through transgenics 336 
overcomes this problem. Another common approach has been the use of structural homology 337 
modelling to identify residues near the KAI2 ligand-binding pocket that might influence ligand 338 
selectivity. This is most effective when coupled with functional tests of candidate residues. 339 

One study investigated karrikin perception in Brassica tournefortii, an invasive weed of 340 
Mediterranean-type biomes that thrives in fire-prone environments thanks in part to stimulation 341 
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of germination by KAR1. Whole genome triplication has resulted in three KAI2 paralogues. 342 
Two, BtKAI2a and BtKAI2b, encode functional KAI2 proteins but confer alternate karrikin 343 
preferences to transgenic Arabidopsis (Sun et al., 2020). Residue-swapping experiments 344 
identified two leucine residues (Leu98 and Leu191) in BtKAI2b that are sufficient to specify 345 
preference for KAR1 over KAR2 in Arabidopsis; of the two, Leu98 is primarily responsible for 346 
the effect. Although rare among a sample of nearly 500 angiosperm KAI2 sequences, the two 347 
leucines are more frequently observed together than expected by chance, suggesting the 348 
possibility of functional co-dependency (Sun et al., 2020). 349 

Selective karrikin responses are also found in legumes. A gene duplication event prior to the 350 
diversification of legumes produced two KAI2 paralogues in Lotus japonicus, soybean (Glycine 351 
max), barrel medic (Medicago truncatula), and pea (Pisum sativum) (Carbonnel 2020; Guercio 352 
2022). LjKAI2b from L. japonicus confers a preference for KAR1 over KAR2 in transgenic 353 
Arabidopsis, whereas LjKAI2a is ambivalent; interestingly, LjKAI2b is unable to mediate 354 
responses to either GR24 enantiomer, although LjKAI2a could (Carbonnel et al., 2020b). 355 
Structure-guided inspection of the differences between both proteins and their corresponding 356 
orthologues in other legumes identified three distinguishing residues. Although the effect of 357 
these residues on karrikin specificity in planta was not determined, a tryptophan-to-358 
phenylalanine substitution at position 158 accounts for most of the differential response of 359 
each protein to GR24ent-5DS, both in vitro and in Arabidopsis (Carbonnel et al., 2020b). 360 
Surprisingly, the W158 residue in LjKAI2b, which renders it unresponsive to GR24ent-5DS, is 361 
relatively rare among angiosperms and is not found in other legume KAI2 proteins in the same 362 
clade. Notably, the orthologous PsKAI2B from P. sativum, which was successfully crystallised 363 
with a GR24ent-5DS reaction intermediate (Guercio et al., 2022), has a canonical phenylalanine 364 
at the same position. In P. sativum, DLK2 transcript abundance increases only in response to 365 
KAR1 and not to KAR2. Although it is not quite clear whether only one or both KAI2 paralogues 366 
contribute to this preference, PsKAI2b appears to account for most of the KAR1 response 367 
(Guercio et al., 2022). As such, it is likely that the same KAI2 orthologue confers a preference 368 
for KAR1 over KAR2 in legumes, but the specific residues responsible for this difference remain 369 
unresolved. 370 

Most recently, the basis for a strong and sensitive response to KAR1 in lettuce (Lactuca sativa 371 
cv. “Grand Rapids”) – which guided the first isolation of KAR1 from smoke-water (Flematti et 372 
al., 2004) – was elucidated. The lettuce genome contains two KAI2 paralogs. LsKAI2b 373 
transcripts are several-fold more abundant in dry achenes than LsKAI2a. LsKAI2b also confers 374 
highly specific and sensitive KAR1 responses as a transgene in Arabidopsis, but LsKAI2a does 375 
not (Martinez et al., 2022). Several residues that may contribute to ligand-specificity were 376 
identified through comparisons of the predicted ligand-binding pockets of KAI2 proteins with 377 
known or suspected preferences for KAR1 to in-species KAI2 paralogues that do not. A 378 
broader comparison of KAI2 proteins in asterids revealed that five of these pocket sites 379 
(positions 96, 124, 139, 161, and 190) appear to be co-evolving among two major groups. 380 
KAI2 proteins with a Tyr124 residue are broadly present among asterids, whereas KAI2 381 
proteins with a Phe124 substitution, as in LsKAI2b, are less common. The emergence of 382 
LsKAI2b in lettuce is likely to have occurred independently within the Asterales lineage, as a 383 
similar Phe124-type of KAI2 protein was not observed in 36 related species. An analysis of 384 
Arabidopsis KAI2 variants with one or more substitutions at positions 96, 124, 139, and 161 385 
showed that position 124 is an important determinant of KAR2 responsiveness, while 386 
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substitutions at the other positions can affect KAR1 or rac-GR24 response in complex ways 387 
(Martinez et al., 2022).  388 

Addressing KAI2 ligand specificity from a different angle, Arellano-Saab et al. (2021) screened 389 
for substitutions in AtKAI2 that could render it much more sensitive to the 2′R-configured 390 
enantiomer GR245DS. Using the 2′R-sensitive ShHTL7 from the parasitic weed Striga 391 
hermonthica as a guide, one AtKAI2 variant with three combined substitutions (Trp153Leu, 392 
Phe157Thr and Gly190Thr) showed the strongest responsiveness to GR245DS in terms of 393 
Arabidopsis seed germination, without losing the capacity to respond to KAR2, and potentially 394 
KL (Arellano-Saab et al., 2021). 395 

The recurring theme across these studies is one of KAI2 gene duplication and subsequent 396 
diversification, which mirrors the independent recruitment of KAI2 homologues in parasitic 397 
weeds for strigolactone perception (Conn et al., 2015). Perhaps surprisingly, there are multiple 398 
solutions to altering KAI2 ligand specificity and affinity for karrikin-derived signals that appear 399 
to have evolved independently in different lineages. 400 

Recognition of an activated receptor by MAX2  401 

Although a MAX2-KAI2 complex has yet to be described, structural studies have revealed two 402 
modes for binding between MAX2/D3 and D14 that may also be relevant for KAI2. In the first, 403 
AtD14 was bound to the leucine-rich repeat (LRR) region of rice D3, with the covalently linked 404 
product of GR24 hydrolysis trapped in the ligand-binding pocket (Yao et al., 2016). In the 405 
second, the extreme C-terminal LRR20 of D3 was captured in a complex with rice D14 in a 406 
pre-hydrolysis state (Shabek et al., 2018). This C-terminal helix (CTH) of D3 is 407 
conformationally flexible and can adopt an engaged/closed form with a typical helical structure, 408 
or a dislodged/open state, with more of a random coil appearance. Interestingly, the CTH 409 
alone is able to bind and inhibit the hydrolysis activity of D14, suggesting that this region of D3 410 
has a regulatory function (Shabek et al., 2018). Both the engaged and dislodged forms have 411 
been observed in the two D3-D14 structures (Yao et al., 2016; Shabek et al., 2018), raising 412 
the question of whether CTH conformational flexibility has functional relevance in plants.  413 

Recent data show that the C-terminal aspartate residue of MAX2, which is absolutely 414 
conserved, is important for the transition between the engaged and dislodged states (Tal et 415 
al., 2022). In the engaged state, this negatively charged aspartate residue sits within a 416 
positively charged concave region on the surface called the D pocket. Mutation of the 417 
aspartate to lysine – which forces the CTH into the dislodged state – produces multiple 418 
phenotypes in Arabidopsis that are consistent with disrupted SL and KL signalling, as do 419 
mutations of the D pocket or CTH. Although polyubiquitination of a D53D2 fragment is 420 
increased, proteasomal degradation of a SMXL7D2 fragment is slowed by the Asp-to-Lys 421 
mutation. However, the capacity of MAX2/D3 to recruit the signalling partners D14 and 422 
D53/SMXLs is unaffected. This suggests that the dislodged CTH state is important for 423 
recruitment of a SMXL substrate, whereas the engaged state is important for proteasomal 424 
degradation of the substrate and signal transduction, putatively by promoting substrate 425 
release. Excitingly, Tal et al. (2022) also found that the switch between the two states could 426 
be affected by small organic acids with carboxylate groups that can fit in the D pocket. In 427 
particular, citrate promotes formation of the dislodged state of D3, thus rendering the SMXL7D2 428 
fragment more stable (Tal et al., 2022). Therefore, allosteric control of MAX2 activity by 429 
metabolites may impose another layer of regulation for SMXL protein dynamics. 430 
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Degradation of SMXL repressor proteins 431 

Genetic analysis and homology between KAR/KL and SL signalling components led to the 432 
long-held assumption that SMAX1 and SMXL2 are polyubiquitinated and targeted for 433 
degradation by KAI2-SCFMAX2 in a similar manner to D53-type SMXL degradation by D14-434 
SCFMAX2 (Soundappan et al., 2015; Waters et al., 2017; Blázquez et al., 2020).  Until recently, 435 
however, biochemical evidence for this mechanism was lacking. The first demonstration of 436 
SMAX1 degradation showed that SMAX1-YFP expressed under the control of a SMXL5 437 
promoter in the developing phloem and procambium of the root disappears within minutes of 438 
rac-GR24 treatment (Wallner et al., 2017). However, expression of SMAX1-GFP driven by a 439 
native SMAX1 promoter did not produce detectable fusion protein, even in a max2 440 
background, although the transgene was functional (Khosla et al., 2020a). Only deletion of a 441 
conserved RGKT motif, which also affects D53 stability (Jiang et al., 2013; Zhou et al., 2013), 442 
produced a stable, detectable fusion protein. Putatively, SMAX1 has a high rate of turnover 443 
that is not entirely due to MAX2 (Khosla et al., 2020a). This problem was bypassed by adoption 444 
of a ratiometric reporter system and the use of a C-terminal SMAX1 fragment that has a longer 445 
half-life than full-length SMAX1. With these tools, it was shown that SMAX1 is degraded after 446 
karrikin or rac-GR24 treatment in a KAI2- and MAX2-dependent manner (Khosla et al., 2020a). 447 
Recently, immunoblot detection of a 35S:SMAX1-GFP reporter in Arabidopsis seedlings was 448 
achieved, enabling another observation of KAR2-induced degradation of SMAX1 (Park et al., 449 
2022). Better success has been had in demonstrating the polyubiquitination and degradation 450 
of Arabidopsis SMXL2 and rice OsSMAX1 after KAI2-SCFMAX2 activation (Wang et al., 2020b; 451 
Zheng et al., 2020). GFP-fused SMXL2 protein is degraded in Arabidopsis after KAR1 and 452 
GR24ent-5DS treatment. OsSMAX1 abundance is increased in rice d14l or d3 mutants (Choi et 453 
al., 2020; Zheng et al., 2020). OsSMAX1 also declines after treatment with KARs or GR24ent-454 
5DS in a D3- and/or D14L/KAI2-dependent manner (Zheng et al., 2020). Polyubiquitination of 455 
SMXL2 and OsSMAX1 is dependent on the GKT motif (Wang et al., 2020b; Zheng et al., 456 
2020). 457 

KAI2 interactions with SMAX1 and SMXL2 are enhanced by rac-GR24, in particular by the 458 
GR24ent-5DS component (Wang et al., 2020b; Khosla et al., 2020a). Interactions between 459 
ShHTL7, a paralog of KAI2 in Striga hermonthica that detects strigolactone, and MAX2 or 460 
SMAX1 are also respectively dependent on, or improved by, GR24 (Yao et al., 2017). In some 461 
assays, however, AtKAI2 appears to be more prone to ligand-independent interactions with 462 
SMAX1 and MAX2 than D14 is with its partners (Xu et al., 2018; Yao et al., 2018; Khosla et 463 
al., 2020a). Similarly, in several assays, OsD14L shows constitutive interactions with 464 
OsSMAX1 that are unaffected by the presence of an agonist or the loss of catalytic triad 465 
residues. Nor does OsD14L require an agonist to interact with D3 (Zheng et al., 2020). 466 
Nonetheless, ligand-enhanced degradation of OsSMAX1 degradation shows that activation of 467 
OsD14L is still important for KAR/KL signalling in rice. It may be that KAI2/D14L proteins are 468 
“sticky” in many protein-protein interaction assays. Transient expression of Lotus japonicus 469 
KAI2a or KAI2b blocks the accumulation of detectable LjSMAX1-GFP reporter in Nicotiana 470 
benthamiana when LjMAX2 is coexpressed, and does not require application of a KAI2 agonist 471 
(Carbonnel et al., 2020a). Perhaps LjKAI2a and LjKAI2b are activated by endogenous signals 472 
in Nicotiana benthamiana, or perhaps transient, ligand-independent interactions with LjMAX2 473 
and LjSMAX1-GFP are sufficient to drive LjSMAX1-GFP degradation when LjMAX2 is 474 
overexpressed. 475 
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Despite the strong homology between the core components of KAR/KL and SL signalling, 476 
these pathways are mostly independent (Figure 3A). Loss of SMAX1 and SMXL2 suppresses 477 
kai2-associated phenotypes of max2, while loss of SMXL6,7,8 suppresses d14-associated 478 
phenotypes of max2 (Soundappan et al., 2015; Villaécija-Aguilar et al., 2019). KAI2 does not 479 
interact with D53-type SMXL proteins or induce their degradation (Wang et al., 2020b; Khosla 480 
et al., 2020a; Carbonnel et al., 2020a). Neither do karrikins inhibit shoot branching or trigger 481 
D53-type SMXL degradation (Nelson et al., 2011; Jiang et al., 2013; Wang et al., 2015; Khosla 482 
et al., 2020a; Song et al., 2021). However, D14 is able to target SMAX1 and SMXL2 for 483 
degradation when GR24 is applied (Wang et al., 2020b; Li et al., 2022). This seems likely to 484 
be a non-preferred interaction that may not occur in many natural physiological contexts. For 485 
example, SL-insensitive and SL-deficient mutant seedlings do not show signs of 486 
SMAX1/SMXL2 overaccumulation, unlike kai2 and max2, implying that endogenous 487 
strigolactones are not important for normal seedling photomorphogenic growth (Nelson et al., 488 
2011; Shen et al., 2012). In addition, expression of D14 under control of a KAI2 promoter does 489 
not recover kai2 seed germination, even in the presence of GR24 (Waters et al., 2015b). This 490 
suggests that D14-mediated targeting of SMAX1 and SMXL2 is too inefficient to overcome 491 
seed dormancy. However, under osmotic stress, which putatively raises endogenous 492 
strigolactone levels, SMAX1 degradation occurs in a D14-SCFMAX2-dependent manner (Li et 493 
al., 2022).  494 

 495 

Additional regulation of SMXL degradation 496 

SMAX1 protein abundance is not only controlled by SCFMAX2. SMAX1 shows instability in vitro, 497 
even in max2 or kai2 protein extracts, that is only partially slowed by treatment with the 26S 498 
proteasome inhibitor MG132 (Khosla et al., 2020a). In one study, SMAX1-GFP could not be 499 
detected, even in a max2 background (Khosla et al., 2020a). SMAX1 abundance is markedly 500 
reduced by higher temperatures (e.g. 1 d at 28 C) (Park et al., 2022). SMAX1-GFP protein 501 
levels in light-grown seedlings also decline several-fold within three hours of transfer to the 502 
dark (Kim et al., 2022). This reduction is not blocked by MG132 treatment. This raises the 503 
possibility that environmental factors such as temperature and light can potentiate SCFMAX2-504 
mediated responses to KAR/KL by modulating SMAX1 abundance. 505 

Nutrient availability or primary metabolites can tune SL signal transduction. D53 degradation 506 
is induced by nitrate and inhibited by sucrose (Sun et al., 2021; Patil et al., 2022). As discussed 507 
above, citrate allosterically influences conformational switches in MAX2 in vitro by blocking 508 
engagement of the CTH with the D pocket. This in turn impacts the polyubiquitination and 509 
degradation of D53 and SMXL7 (Tal et al., 2022). KAR/KL signalling might be influenced 510 
similarly. In Arabidopsis, max2 mutations that block CTH engagement produce elongated 511 
hypocotyls in seedlings (Tal et al., 2022), which suggests disruption of KL perception and the 512 
possibility that SMAX1/SMXL2 degradation might be affected by an organic acid such as 513 
citrate. Another potential example is found in root chemotropism of the facultative parasite, 514 
Phtheirospermum japonicum. Growth of the parasite root toward strigolactones, which favours 515 
attachment to a host root, is putatively mediated by KAI2 proteins and only occurs under 516 
nitrogen deficiency (Ogawa et al., 2022).  517 

PHYTOCHROME-ASSOCIATED PROTEIN PHOSPHATASE 5 (PAPP5) is another potential 518 
regulator of MAX2 activity. PAPP5 was identified through affinity purification-mass 519 
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spectrometry as a potential interacting protein with MAX2, KAI2, and, to a lesser extent, D14 520 
baits (Struk et al., 2021). A surface-localised MAX2 phosphopeptide is detected in the papp5 521 
mutant but not in wild type, suggesting MAX2 is a potential substrate of PAPP5. However, 522 
papp5 has weak phenotypes compared to max2 and kai2. Seed dormancy in the dark and 523 
hypocotyl elongation are slightly enhanced in papp5, but shoot branching and lateral root 524 
growth remain normal (Struk et al., 2021). Thus PAPP5 may have some effect on KAR/KL 525 
signalling. The functional importance of these candidate phosphorylation sites remains to be 526 
evaluated. 527 

The functions of SMXL protein domains 528 

SMAX1 and SMAX1-LIKE proteins are distantly related to the hexameric molecular 529 
chaperone, HEAT SHOCK PROTEIN 101 (HSP101) (Stanga et al., 2013). SMXL proteins are 530 
composed of an N-terminal double Clp-N motif (N domain), a putative ATPase domain (D1), 531 
a middle region (M), and a C-terminal, putative ATPase domain (D2) that can be further 532 
subdivided into D2a and D2b (Figure 3B). The N domain is the most well-conserved region of 533 
SMXL proteins, but its function is currently unknown. It is not required for degradation of 534 
SMAX1 (Khosla et al., 2020a; Park et al., 2022). The D1 or D1M domains mediate interactions 535 
with D14 or KAI2 (Zhou et al., 2013; Khosla et al., 2020a; Zheng et al., 2020). However, the 536 
D2 domain is also likely to contribute to interactions with the receptors and stabilise formation 537 
of tripartite SMXL-receptor-SCFMAX2 complexes (Shabek et al., 2018). D2 is necessary for 538 
SCFMAX2-induced degradation, but it is not sufficient because it lacks receptor interaction 539 
domains; thus it should not be termed a degron. SMAX1D2 is degraded after GR24 treatment 540 
in wild-type Arabidopsis seedlings, but not in the smax1 smxl2 background; it may be targeted 541 
for degradation indirectly through association with full-length SMAX1 or SMXL2, which have 542 
receptor-interaction domains (Khosla et al., 2020a). A highly conserved Arg-Gly-Lys-Thr 543 
(“RGKT”), or P-loop, motif in the D2a domain is important for the stability of SMXL proteins. 544 
Deletion of the RGKT motif renders SMAX1, SMXL2, and D53-type SMXL proteins resistant 545 
to SCFMAX2-mediated polyubiquitination and degradation, and causes dominant KAR/KL- or 546 
SL-insensitive effects (Jiang et al., 2013; Zhou et al., 2013; Soundappan et al., 2015; Wang 547 
et al., 2015, 2020b; Khosla et al., 2020a; Zheng et al., 2020; Carbonnel et al., 2020a). 548 
SMXL3/4/5 proteins lack this motif and are not degraded after rac-GR24 treatment (Wallner 549 
et al., 2017). The D2b domain is implicated in SMXL-SMXL protein-protein interactions and 550 
reduces the instability of SMAX1 variants that contain D2a (Khosla et al., 2020a).  551 

SMXL proteins are nuclear-localised. A nuclear localisation sequence is found in the D2a 552 
domain of SMAX1 and in the N domain of SMXL7 (Liang et al., 2016; Khosla et al., 2020a). 553 
MAX2 is also nuclear-localised, while KAI2 and D14 are found in both the nucleus and 554 
cytoplasm (Stirnberg et al., 2007; Shen et al., 2007; Sun & Ni, 2011; Chevalier et al., 2014; 555 
Liang et al., 2016). This implies that the nucleus is the site of SMXL protein function and post-556 
translational regulation. Supporting this idea, nuclear localisation is important for the function 557 
and SL-induced degradation of SMXL7 (Liang et al., 2016).   558 

SMXL proteins share a conserved Ethylene-responsive element binding factor-associated 559 
Amphiphilic Repression (EAR) motif in D2a that enables interactions with TOPLESS and 560 
TOPLESS-RELATED proteins, implying that they function as transcriptional co-repressors 561 
(Jiang et al., 2013; Soundappan et al., 2015; Wang et al., 2015; Struk et al., 2018; Zheng et 562 
al., 2020). The EAR motif has varying importance for different SMXL7-regulated 563 
developmental processes (Liang et al., 2016). D53 also has a second, non-conserved EAR 564 
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motif that contributes to some of its functions (Ma et al., 2017). It has been assumed that 565 
SMXL proteins recruit TPL/TPR to genomic loci that are specified through interactions with 566 
transcription factors, analogous to the Aux/IAA proteins of auxin signalling and the JAZ-NINJA 567 
complex of jasmonate signalling (Blázquez et al., 2020). Indeed, D53 proteins in rice, wheat, 568 
maize, and Arabidopsis interact with SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE 569 
(SPL) proteins to regulate shoot branching (Liu et al., 2017, 2021; Song et al., 2017; Xie et al., 570 
2020; Sun et al., 2021). The transcription factors BES1 in Arabidopsis and BZR1 in rice serve 571 
as additional regulators of shoot branching through association with D53 (Fang et al., 2020; 572 
Hu et al., 2020). Unexpectedly, D53 orthologs in Arabidopsis also show the ability to bind DNA 573 
directly (Wang et al., 2020a). The “output” domain(s) of SMXL proteins that determine 574 
specificity in DNA-binding or interactions with DNA-binding proteins have not yet been 575 
resolved. Transcription factor partners of SMAX1 and SMXL2 have also not yet been 576 
identified, although SPL proteins may be a reasonable starting point for candidates.  577 

A recent review has suggested an additional role for the EAR motif with the intriguing 578 
hypothesis that SMXL proteins form molecular condensates that influence their function 579 
(Temmerman et al., 2022). This idea is based upon the observation that SMXL translational 580 
reporters can form subnuclear speckles, either on their own or when in association with TPR2 581 
or D14 (Zhou et al., 2013; Soundappan et al., 2015; Liang et al., 2016). Putatively, these 582 
condensates could form through a chain of associations between the EAR motifs in SMXL-583 
SMXL complexes and tetrameric TPL/TPR proteins (Ma et al., 2017; Temmerman et al., 584 
2022). One simple test will be to determine whether the formation of nuclear speckles by SMXL 585 
proteins is EAR motif-dependent. 586 

Events further downstream that link SMAX1/SMXL2 degradation to specific developmental 587 
outputs are gradually emerging and complex. For brevity, we will only note here that KAR/KL 588 
signalling integrates with light, temperature, auxin, ethylene, abscisic acid, brassinosteroid, 589 
and gibberellin pathways (Nelson et al., 2009, 2010; Waters & Smith, 2013; Wei et al., 2016; 590 
Brun et al., 2019; Bunsick et al., 2020, 2022; Carbonnel et al., 2020a; Bunsick & Lumba, 2021; 591 
Bursch et al., 2021; Villaécija-Aguilar et al., 2022; Hamon-Josse et al., 2022; Park et al., 2022; 592 
Kim et al., 2022). This will be a rich area for future study. 593 

Feedback regulation of KAR/KL signalling 594 

At least three mechanisms contribute to negative feedback regulation of KAR/KL signalling, 595 
which is likely important for limiting the duration and intensity of KAR/KL responses. First, KAI2 596 
protein is subject to degradation within hours of treatment with KAR2, GR24ent-5DS, or dGR24ent-597 
5DS, limiting the amount of receptor available for continued perception (Waters et al., 2015a; 598 
Yao et al., 2021). This occurs through interaction with SMAX1 and SMXL2 but, unlike D14, is 599 
not dependent on SCFMAX2 (Chevalier et al., 2014; Khosla et al., 2020a). Second, SMAX1 600 
and/or SMXL2 transcripts increase after karrikin or rac-GR24 treatment, and are 601 
downregulated in max2 and rice d14l (Mashiguchi et al., 2009; Nelson et al., 2010; Stanga et 602 
al., 2013; Zheng et al., 2020). Putatively, this tunes the amount of KAI2-SCFMAX2 substrate 603 
that must be degraded for a response to occur.  604 

Third, a recent characterization of a transcriptional marker of KAR/KL signalling, KARRIKIN 605 
UPREGULATED F-BOX1 (KUF1), in Arabidopsis fortuitously revealed a gene that appears to 606 
negatively regulate KL biosynthesis and KAR metabolism (Sepulveda et al., 2022). The loss-607 
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of-function kuf1 mutant shows several phenotypes that are consistent with hyperactive 608 
KAR/KL signalling and dependent on MAX2 and KAI2 (Sepulveda et al., 2022; Feng et al., 609 
2022) (Tian et al., Plant Physiology, accepted 6/26/22). Intriguingly, kuf1 shows 610 
hypersensitivity to KAR1 but not other signals mediated by KAI2 such as KAR2 or GR24, which 611 
can be perceived directly. This suggests that kuf1 is affected in a step upstream of ligand 612 
perception by KAI2, rather than having a defect that affects the activity of the KAR/KL 613 
signalling pathway overall (Sepulveda et al., 2022). As an F-box protein, KUF1 is likely to 614 
target one or more protein substrates for ubiquitination and degradation. This target(s) may 615 
directly or indirectly promote KL biosynthesis and KAR metabolism. 616 

Another implication of these observations with kuf1 is that KAR1 and KAR2 are not metabolised 617 
by the same protein in Arabidopsis. Some potential support for this idea comes from the 618 
observation that Lotus japonicus has tissue-specific responses to KAR1 and KAR2 (Carbonnel 619 
et al., 2020b). LjKAI2a confers responses to KAR1 and KAR2 in L. japonicus hypocotyls and 620 
when expressed in Arabidopsis. However, L. japonicus roots respond to KAR1 alone, despite 621 
LjKAI2a being expressed and active. This suggests that another factor needed for KAR2 622 
perception, perhaps a KAR2-metabolising enzyme, is not expressed in roots.  623 

It may be that other genes regulated by KAR/KL participate in feedback regulation loops. For 624 
example, DLK2 expression is upregulated in response to karrikins or removal of SMAX1 and 625 
SMXL2, and downregulated in max2 and kai2 (Waters et al., 2012; Stanga et al., 2013, 2016). 626 
Interestingly, DLK2 expression is also increased in response to root colonisation by AM fungi 627 
in tomato and rice (Ho-Plágaro et al., 2021; Sisaphaithong et al., 2021). The function of DLK2 628 
with regard to SCFMAX2-dependent signalling is currently unclear (Végh et al., 2017), but an 629 
Arabidopsis dlk2 mutant has shown reduced seed dormancy under light-limited conditions, 630 
which could be consistent with increased KAR/KL signalling (Bunsick et al., 2022). In tomato, 631 
DLK2 overexpression in roots reduces AM colonisation and inhibits arbuscule branching, 632 
whereas DLK2 silencing has the opposite effect. The proposed explanation for this is that 633 
DLK2 sequesters DELLA proteins by protein-protein interaction, inhibiting the promotion of 634 
arbuscule development by DELLAs (Ho-Plágaro et al., 2021). Alternatively, given that AM 635 
colonisation is a KAI2/D14L-dependent process in rice and Brachypodium distachyon (Gutjahr 636 
et al., 2015; Choi et al., 2020; Meng et al., 2022), it is possible that DLK2 inhibits some KAR/KL 637 
responses. 638 

Conclusion 639 

The smoke has cleared substantially over the past 18 years since the discovery of karrikins, 640 
leaving us with a far better understanding of how karrikin and KL signalling affects plant 641 
growth. However, many burning questions remain. What are the identities of KL and the 642 
putative karrikin metabolites? How is KL made and how are karrikins metabolised? Is KL one 643 
compound or many, and is it the same compound across the green lineage? How are KAR/KL 644 
and strigolactone signalling pathways insulated from each other, and how did this separation 645 
evolve? How are different developmental responses controlled by KAR/KL signalling? We 646 
anticipate that the answers to these questions will spark future innovations in agriculture, while 647 
illuminating a fascinating phenomenon in plant biology. 648 

 649 
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BOXES 651 

BOX 1 - Bioactive butenolides 652 

Karrikins are chemically classed as butenolides 653 
based on the four-carbon, heterocyclic lactone 654 
structure. A number of other bioactive butenolides, 655 
both natural and synthetic, have been described, 656 
most notably strigolactones (SLs). 657 

Karrikins and strigolactones share a butenolide 658 
moiety (red) that is essential for bioactivity. KAR1 and 659 
KAR2 are the most frequently used karrikins in recent 660 
literature, and differ only by a methyl group. KAR2 is 661 
more potent than KAR1 in Arabidopsis, but karrikin 662 
preferences can vary for different species or traits 663 
(Flematti et al., 2007; Nelson et al., 2009, 2010; Sun 664 
et al., 2020; Carbonnel et al., 2020b; Martinez et al., 665 
2022). Canonical strigolactones have a tricyclic 666 
lactone core (the ABC part) linked by an enol-ether 667 
bridge to a butenolide moiety, also known as the D-668 
ring.  Non-canonical SLs, which are also derived 669 
from β-carotene via a carlactone intermediate, lack 670 
the ABC-rings of canonical SLs but share the enol-671 
ether-linked D-ring (Yoneyama et al., 2018). 672 

Similarly, synthetic SL substitutes and profluorescent SL probes such as Yoshimulactone 673 
Green, Xilatone Red, and the GC series commonly feature an ether-linked methyl butenolide 674 
(Tsuchiya et al., 2015; Wang et al., 2021b; de Saint Germain et al., 2022). This underscores 675 
the significance of the D-ring for receptor activation, whereas other parts of the molecule can 676 
vary substantially. 677 

Canonical SLs are split into two main groups – represented here by 5-deoxystrigol and 678 
orobanchol – as defined by the stereochemistry of the B-C junction. Although this 679 
stereochemistry can influence the germination of parasitic weeds, it is not a critical determinant 680 
of bioactivity in the control of shoot branching via D14 (Fukui et al., 2011; Zwanenburg & 681 
Pospísil, 2013; Boyer et al., 2014; Nelson, 2021). In contrast, the 2′ carbon of the D-ring is 682 
exclusively in the R configuration in naturally occurring strigolactones. This stereochemistry 683 
originates in the strigolactone precursor carlactone (Alder et al., 2012). However, the opposite 684 
D-ring configuration (2′S) is produced during synthetic preparations of strigolactone analogues 685 
such as GR24. Molecules with a 2′S-configured D-ring are much less active via the 686 
strigolactone receptor D14 compared to the natural 2′R configuration (see main text). The two 687 
enantiomers can either be separated by chiral-phase HPLC (Scaffidi et al., 2014) or 688 
synthesised directly by enantioselective techniques (Bromhead et al., 2014). Typical 689 
preparations of GR24 are racemic mixtures (rac-GR24) of both 2′R and 2′S enantiomers. 690 
These enantiomers are commonly referred to as either (+)-GR24 and (–)-GR24, or GR245DS 691 
and GR24ent-5DS, respectively. Also shown here are “desmethyl” equivalents of the GR24 692 
enantiomers, which lack the butenolide methyl group, similar to KAR2. These desmethyl 693 
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compounds are seemingly not bioactive via D14, but dGR24ent-5DS is particularly active via 694 
KAI2 orthologues from numerous species (Yao et al., 2021).  695 
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BOX 2 - Evolution of the KAI2 and D14 family of α/β-hydrolases 696 

The KAI2/D14 family may have emerged in land plants via 697 
horizontal gene transfer from bacteria (Wang et al., 2022). 698 
Available evidence suggests an origin for the family in the 699 
Charophyte algae, followed by an ancient split very early in the 700 
evolution of land plants to form two super-clades: eu-KAI2 and 701 
DDK (for D14/DLK2/KAI2), as depicted in this simplified 702 
phylogeny. The eu-KAI2 clade is generally highly conserved, 703 
and contains the characterised KAI2 sequences from 704 
angiosperms, along with highly similar sequences from 705 
gymnosperms, pteridophytes and lycophytes (here collapsed 706 
into “Ferns & allies”), mosses, liverworts and hornworts. Thus, 707 
all land plant groups are represented in this clade. The DDK 708 
clade is much more divergent on a sequence level. It contains 709 
previously characterised D14 and DLK2 homologues from 710 
angiosperms, but also one or more ‘KAI2-like’ sequences from 711 
mosses (PpKAI2L-FK, -HIL and -GJM) (Lopez-Obando et al., 712 
2021), liverworts (MpKAI2b) (Mizuno et al., 2021), and 713 
Selaginella (SmKAI2b) (Waters et al., 2015b) that had not 714 

resolved clearly with core KAI2 or D14 sequences in previous analyses (Waters et al., 2012; 715 
Lopez-Obando et al., 2016). In reality, many of these ‘KAI2-like’ DDK members are no more 716 
similar to eu-KAI2 than they are to eu-D14 (Bythell-Douglas et al., 2017). The conserved D14 717 
sequences, restricted to seed plants, are defined as eu-D14 to distinguish them from 718 
uncharacterised close relatives in the DLK4 clade found in gymnosperms. Taxon-specific 719 
expansions within the DDK clade have given rise to additional groups such as DLK3 (close 720 
relatives of DLK2 in angiosperms) and DLK23 (a gymnosperm-specific sister group of DLK2 721 
and DLK3). Perhaps surprisingly, the DDK superclade does not have any hornwort 722 
representatives. In addition, the precise placing of the hornwort members of the eu-KAI2 723 
super-clade is problematic, which casts some uncertainty about the timing of the super-clade 724 
split and therefore the origin of strigolactone perception within the DDK lineage (Bythell-725 
Douglas et al., 2017). This ambiguity results largely from the unresolved phylogenetic 726 
relationships of non-vascular plants. 727 

  728 
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BOX 3 - Evidence that karrikins are not directly perceived by KAI2 729 

Several observations demonstrate that KAR1 does not activate KAI2 directly. First, in DSF 730 
assays, the melting temperature of KAI2 decreases in the presence of GR24ent-5DS, dGR24ent-731 
5DS, and other 2′S-configured strigolactone analogues, but is unaffected by KAR1 or KAR2 732 
(Waters et al., 2015b; Yao et al., 2018, 2021; Sun et al., 2020). Second, yeast two-hybrid 733 
interactions between KAI2 and SMAX1 are stimulated by rac-GR24 and GR24ent-5DS, but not 734 
by KAR1, KAR2, or the 2′R-configured SL analog GR245DS (Khosla et al., 2020a). Third, co-735 
immunoprecipitation of KAI2 and SMXL2 occurs in the presence of GR24ent-5DS, but not KAR1 736 
(Wang et al., 2020b). Likewise, rac-GR24 stimulates KAI2-dependent interaction with MAX2 737 
in pull-down assays, but KAR1 does not (Xu et al., 2018). Fourth, stimulation of SMXL2 738 
polyubiquitination and degradation in vivo is slower with KAR1 than with GR24ent-5DS (Wang et 739 
al., 2020b). Similarly, OsSMAX1 degradation in rice calli is apparent within 30 min of treatment 740 
with GR24ent-5DS, but KAR1 has no effect even after a 2 h treatment (Zheng et al., 2020). Fifth, 741 
crystallography of two KAI2-KAR1 complexes are inconsistent with respect to KAR1 orientation 742 
in the ligand-binding pocket (Guo et al., 2013; Xu et al., 2016). Neither structure shows the 743 
dramatic conformational change found in D14 when it is in a putatively active complex with 744 
MAX2/D3 (Yao et al., 2016). Finally, the chemistry of karrikins is incompatible with the ligand 745 
hydrolysis model proposed for PsKAI2B in pea (Guercio et al., 2022), because karrikins do 746 
not have a suitable leaving group and would likely re-close upon nucleophilic attack (Scaffidi 747 
et al., 2012). However, this last point may be moot if ligand hydrolysis is not essential for signal 748 
transduction by KAI2, as has been hypothesised for D14 (Seto et al., 2019). 749 

 750 

  751 
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BOX 4 - What is the endogenous KAI2 ligand? 752 

Although the identity of the KAI2 ligand(s) (KL) 753 
remains mysterious, there are several clues. 754 
Putatively KL-responsive KAI2 proteins can be 755 
activated by synthetic molecules with 756 
hydrolyzable, 2’S-configured butenolide rings, 757 
such as GR24ent-5DS (Waters et al., 2015b; Sun 758 
et al., 2020; Wang et al., 2020b; Carbonnel et 759 
al., 2020b; Yao et al., 2021). The KAI2 760 
catalytic triad undergoes a similar modification with the cleaved butenolide ring as D14 does 761 
during strigolactone hydrolysis (Guercio et al., 2022). This suggests KL may have some 762 
structural similarity to strigolactones. However, KL is unlikely to be derived from carlactone as 763 
strigolactones are. Carlactone-deficient mutants in the strigolactone biosynthetic pathway do 764 
not show kai2 phenotypes, and the effects of carlactone application are dependent on D14 765 
rather than KAI2 (Nelson et al., 2011; Scaffidi et al., 2013). The sesquiterpene lactones 8-766 
epixanthatin and tomentosin, which have an unsaturated lactone moiety similar to a butenolide 767 
ring, have been proposed as candidate KAI2 ligands. This hypothesis is based on the 768 
observation that sesquiterpene lactones can inhibit hypocotyl elongation, are predicted to 769 
have high affinity to KAI2 structural models in molecular docking studies, and are potentially 770 
widespread in land plants as sesquiterpene derivatives (Rahimi & Bouwmeester, 2021). 771 
However, there is currently no experimental evidence that sesquiterpene lactones act via 772 
KAI2. Another idea is that KL may be a desmethyl butenolide because desmethyl, 2’ epimer 773 
versions of strigolactone analogues (e.g. dGR24, Box 1) are strong and specific activators of 774 
KAI2 from a range of species (Yao et al., 2021). However, in the absence of any KL-deficient 775 
mutants, the potential biosynthetic source of a desmethyl compound is unknown. 776 
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 1229 

 1230 

Figure 1. Roles of karrikin/KL signalling in plant development. 1231 

A summary of the broad developmental processes under the influence of KAR/KL signalling. 1232 
These roles are supported by genetic analysis in combination with appropriate chemical 1233 
treatments. Here KL is depicted, speculatively, as a desmethyl butenolide group with an 1234 
unknown substituent moiety “?”. 1235 
 1236 
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 1237 

 1238 

Figure 2. Key residues conferring ligand selectivity in KARRIKIN INSENSITIVE 2. 1239 

A. Overall structure of KAI2 from Arabidopsis thaliana (PDB 5Z9G; Lee et al. (2018)) 1240 
highlighting the two V-shaped pairs of alpha helices that comprise the cap domain (blue) and 1241 
the alpha-beta fold core domain (brown). Also shown are the catalytic Ser, His and Asp 1242 
residues (yellow sticks) at the distal end of a ligand-binding pocket (grey surface, centre). 1243 
Arrow indicates point of ligand entry from the solvent. 1244 

B. Closer view of the ligand-binding pocket of Arabidopsis thaliana KAI2. Sites that differ in 1245 
KAI2 proteins from other species and that confer altered ligand specificity for KAR1 versus 1246 
KAR2 are shown, coloured by domain. The conserved catalytic residues are shown as a 1247 
reference point (yellow). Residue numbering is for AtKAI2. 1248 

  1249 
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 1250 

Figure 3. Regulation and domain structure of SMXL proteins.  1251 

A. Model of MAX2-dependent signalling in Arabidopsis. Upon activation by a putative 1252 
karrikin-derived molecule (K), endogenous KAI2 ligand (KL), or butenolide molecules with a 1253 
2’S stereochemical configuration (e.g. GR24ent-5DS or dGR24ent-5DS), the a/b-hydrolase KAI2 1254 
works with SCFMAX2 to target SMAX1 and SMXL2 proteins for polyubiquitination and 1255 
proteasomal degradation. Similarly, D14 works with SCFMAX2 to target the D53-type SMXL 1256 
proteins SMXL6, SMXL7, and SMXL8. However, D14 is activated by strigolactones (SL), 1257 
butenolide molecules in a 2’R stereochemical configuration (e.g. GR245DS), and to a lesser 1258 
degree by butenolide molecules in a 2’S configuration (e.g. GR24ent-5DS). D14 can also target 1259 
SMAX1 and SMXL2, when adequate agonist is present. Degradation of SMXL proteins leads 1260 
to different downstream developmental responses.  1261 

B. Diagram of the major domains of Arabidopsis SMAX1 and their functions. Adapted from 1262 
(Khosla et al., 2020). Other SMXL proteins have a similar overall structure. However, 1263 
SMXL3, SMXL4, and SMXL5 lack the RGKT motif and the function of their domains has not 1264 
been evaluated. The nuclear localisation sequence is not necessarily found in the D2a 1265 
domain in D53-type SMXL proteins.  1266 
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Table 1. Ligand preferences of homologues of KARRIKIN INSENSITIVE2 1267 

KAI2 homologues listed here are limited to those for which karrikin response has been 1268 
investigated directly by plant-based assays and mutants, or by using heterologous 1269 
complementation assays in Arabidopsis thaliana. Many KAI2 homologues in parasitic plants 1270 
that function as strigolactone receptors have also been examined through biochemical or 1271 
transgenic approaches but are not listed here (see Nelson et al., 2021 for review). n.d., not 1272 
determined; N/A, not applicable 1273 

Species Homologue 

Karrikin 
(KAR) 
preference 

Other 
preferred 
ligands Notes Reference 

Dicots      

Arabidopsis 
thaliana AtKAI2 KAR2>KAR1 dGR24ent-5DS 

Crystal structure with 

KAR1 reported 

(Nelson et al., 
2009; Waters 

et al., 2012; 

Guo et al., 
2013; Yao et 
al., 2021) 

Brassica 
tournefortii BtKAI2a KAR2>KAR1  

No response to GR24 in 

DSF 

(Sun et al., 
2020) 

 BtKAI2b KAR1>KAR2 GR24ent-5DS 
Dominant isoform in 

seeds and seedlings  

 BtKAI2c N/A N/A 

Non-functional due to 

mutation  

Lactuca sativa LsKAI2a 

weak 

response to 

KAR   

(Martinez et 
al., 2022) 

 LsKAI2b KAR1>KAR2    

Pisum sativum PsKAI2A Ambiguous  

Uncertain contribution of 

PsKAI2A to KAR 

response in P. sativum 

(Guercio et al., 
2022) 

 PsKAI2B 

KAR1>KAR2 

(probable) GR24ent-5DS 
May not confer KL 

response in A. thaliana  

Lotus japonicus LjKAI2a KAR1=KAR2 GR24ent-5DS  

(Carbonnel et 
al., 2020b) 

 LjKAI2b KAR1>KAR2  

No response to GR24 in 

DSF  

Striga 
hermonthica 

ShHTL3 

(ShKAI2iB) KAR1=KAR2  

Crystal structure of 

ShHTL3 with KAR1 

reported; no activity with 

rac-GR24 

(Conn et al., 
2015; Toh et 
al., 2015; Xu et 
al., 2016) 

Phelipanche 
ramosa PrKAI2d3 n.d. GR245DS 

Binds isothiocyanates in 
vitro 

(de Saint 

Germain et al., 
2021) 

      

Monocots      

Brachypodium 
distachyon BdKAI2 KAR2>KAR1 dGR24ent-5DS  

(Meng et al., 
2022) 
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Oryza sativa 

OsKAI2 

(D14L) Ambiguous dGR24ent-5DS 

SMAX1 degradation 

response similar for 

KAR1 and KAR2 

(Zheng et al., 
2020; Yao et 
al., 2021) 

      

Non-
angiosperms      

Selaginella 
moellenorffii SmKAI2a 

No response 

to KAR dGR24ent-5DS 

Retains KL response 

when expressed in A. 
thaliana 

(Waters et al., 
2015b; Yao et 
al., 2021) 

Physcomitrium 
patens 

PpKAI2-like 

(multiple) 

No response 

to KAR 

Generally 

GR24ent-5DS 

Extensive gene 

duplication in P. patens; 

no response to KAR in 

moss or in A. thaliana 

transgenics, but binding 

to KAR1 reported for 

PpKAI2L-H, -K and -L 

(Hoffmann et 
al., 2014; 

Bürger et al., 
2019; Lopez-

Obando et al., 
2021) 

Marchantia 
polymorpha MpKAI2a 

No response 

to KAR GR24ent-5DS 

Required for thallus 

growth and orientation; 

likely KL receptor 

(Mizuno et al., 
2021) 

 MpKAI2b 

No response 

to KAR GR24ent-5DS 
No clear developmental 

role  

Marchantia 
paleacea MpaKAI2a n.d. GR24ent-5DS 

Required for thallus 

growth and orientation; 

likely KL receptor 

(Kodama et al., 
2022) 

 MpaKAI2b n.d.  

No clear developmental 

role  

1274 
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