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Abstract

Although the division of the pericycle cells initiates both lateral root development and root-derived callus formation,
these developmental processes are affected differently in the strigolactone and karrikin/KARRIKIN INSENSITIVE 2
(KAI2) ligand signalling mutant more axillary growth 2 (max2). Whereas max2 produces more lateral roots than the wild
type, it is defective in the regeneration of shoots from root explants. We suggest that the decreased shoot regeneration
of max2 originates from delayed formation of callus primordium, yielding less callus material to regenerate shoots.
Indeed, when incubated on callus-inducing medium, the pericycle cell division was reduced in max2 and the early
gene expression varied when compared with the wild type, as determined by a transcriptomics analysis. Furthermore,
the expression of the LATERAL ORGAN BOUNDARIES DOMAIN genes and of callus-induction genes was modified in
correlation with the max2 phenotype, suggesting a role for MAX2 in the regulation of the interplay between cytokinin,
auxin, and light signalling in callus initiation. Additionally, we found that the in vitro shoot regeneration phenotype of
max2 might be caused by a defect in KAI2, rather than in DWARF14, signalling. Nevertheless, the shoot regeneration
assays revealed that the strigolactone biosynthesis mutants max3 and max4 also play a minor role.
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Introduction

Plants are known to possess a strong natural potential for tissue  techniques such as grafting and cutting (Melnyk and
and organ regeneration. In nature, this regeneration capacity Meyerowitz, 2015). In the last century, the proposal of the
aids in tissue repair and asexual reproduction, and this re- concept of plant tissue culture rapidly led to advancement in
markable ability has been used for centuries in horticultural —our understanding of and control over plant tissue and organ
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regeneration (Haberlandt, 1902; Ball, 1946; Skoog and Miller,
1957; Steward et al., 1958). Nowadays, for a wide range of
plant species, complete plants can be regenerated from iso-
lated pieces of tissue by transferring them to the appropriate
culture medium, typically supplemented with specific plant
growth regulators, most importantly auxins and cytokinins
(CKs) (Shahzad et al., 2017b). Numerous in vitro propagation
methods have been established that have proven useful for the
industrial propagation of elite plants, the preservation of germ-
plasm, the production of secondary metabolites, and for plant
research in general (Thorpe, 2007; Sengar et al., 2010; Lieber,
2013; Shahzad et al., 2017a).

In Arabidopsis thaliana, in vitro regeneration of shoot tissue
from root explants is achieved through indirect de novo orga-
nogenesis. More specifically, the explants are first incubated on
callus-inducing medium (CIM), containing well-defined con-
centrations of auxin and CK, to induce the growth of callus.
Subsequently, transfer of the calli to shoot-inducing medium
(SIM) with a higher CK-to-auxin ratio directs the differenti-
ation of the calli towards the regeneration of shoots (Fig. 1A)
(Skoog and Miller, 1957;Valvekens et al., 1988). Callus forma-
tion on CIM has been intensively studied in Arabidopsis and
has shown some interesting similarities to the early phases of
lateral root initiation (Sugimoto et al.,2010). In both processes,
the first cell divisions occur in the xylem pole pericycle cells,
which perform a first auxin-dependent asymmetric division.
Subsequent anticlinal and periclinal divisions form a lateral
root primordium (LRP) or an LRP-like structure (Casimiro et
al., 2001; Dubrovsky et al., 2001; Péret et al., 2009). However,
despite their common origin, LRPs obtained via incubation
on CIM display differences in positioning and cellular struc-
ture when compared with true LRPs (Che et al., 2007; Atta et
al., 2009).

Through years of research, the molecular mechanisms
driving de novo organogenesis in Arabidopsis became increas-
ingly better understood (reviewed by Ikeuchi et al., 2019). The
auxin in CIM promotes callus induction through two path-
ways mediated by INDOLE-3-ACETIC ACID INDUCIBLE
14-AUXIN RESPONSE FACTOR7/19 (IAA14-ARF7/19)
and WUSCHEL-RELATED HOMEOBOX11 (WOX11)
(Guo et al., 2018). The activation of both pathways results in
increased expression of genes encoding LATERAL ORGAN
BOUNDARIES (LOB) DOMAIN (LBD) proteins that, in
turn, induce several genes related to cell wall modification and
cell proliferation (Berckmans ef al.,2011; Lee et al.,2012; Fan et
al., 2012; Xu et al., 2018). Simultaneously, auxin activates cer-
tain stem cell regulators, such as PLETHORA (PLT)1, PLT2,
CUP-SHAPED COTYLEDON 1 (CUCI1), and CUC2,
inducing pluripotency and increasing the callus cell compe-
tence for shoot regeneration (Daimon ef al.,2003; Kareem et al.,
2015). On SIM, CK signalling induces the expression of type
B ARABIDOPSIS RESPONSE REGULATORS (ARRs)
that, together with the class III homeodomain-leucine zipper
transcription factors PHABULOSA (PHB), PHAVOLUTA

(PHV), and REVOLUTA (REV), trigger the expression of
shoot apical meristem identity genes, such as WUSCHEL
(WUS) and SHOOT MERISTEMLESS (STM) (Shi et al.,
2016; Meng et al., 2017; Zhang et al., 2017;Yang et al., 2018).

The balance between auxin and CK determines the devel-
opmental fate of the in vitro regeneration processes. However,
other plant hormones might further regulate and fine-tune this
process, for instance, by impinging on the auxin/CK balance. A
role for abscisic acid in in vitro organogenesis has already been
reported (Huang et al., 2012; Hoang and Raldugina, 2012).
In addition, strigolactones (SLs), which play a key role in the
development of lateral roots and have been shown to interact
with both auxin and CK signalling, are probably involved in
callus induction (Kapulnik et al., 2010; Jiang et al., 2016). SLs,
originally identified as rhizosphere signalling molecules, also
act as plant hormones, influencing a multitude of processes
in plant development (Cook et al., 1966; Akiyama et al., 2005;
Gomez-Roldan et al., 2008; Umehara et al., 2008; Domagalska
and Leyser, 2011; Stirnberg et al., 2002, 2007; Ruyter-Spira et
al., 2011; Koltai, 2011; Kapulnik and Koltai, 2014; Waldie et
al., 2014; Al-Babili and Bouwmeester, 2015; Jiang et al., 2016;
Waters et al., 2017). The SL research field has greatly benefited
from mutants in SL synthesis and signalling in different plant
species that all exhibit a dwarf and altered branching pheno-
type, designated more axillary growth (max) in Arabidopsis.

Briefly, in Arabidopsis, a B-carotene isomerase (D27) and
two carotenoid cleavage dioxygenases (CCD7 and CCDS or
MAX3 and MAX4, respectively) are involved in SL biosyn-
thesis and produce carlactone from all-trans-B-carotene, fol-
lowed by oxidation to carlactonoic acid by a cytochrome P450
(MAX1) and by further chemical modification to different SL
types (Abe et al., 2014; Zhang et al., 2014; Brewer et al., 2016;
Yoda et al., 2021). In terms of signalling, SLs are bound and
hydrolysed by the o/ hydrolase DWARF14 (D14) (Hami-
aux et al., 2012;Yao et al., 2016), leading to interaction with
the Skp, Cullin, F-box MAX2 (SCFM**?) complex and with
the regulatory proteins of the SUPPRESSOR OF MAXI
(SMAX1)-LIKE (SMXL) family, SMXL6, SMXL7, and
SMXLS8 (Stirnberg et al., 2007; Jiang et al., 2013; Zhou et al.,
2013).These SMXL proteins are ubiquitinated and targeted for
proteasomal degradation, resulting in physiological responses
(Jiang et al., 2013; Zhou et al., 2013; Soundappan et al., 2015).
The precise function of the SMXL proteins has only recently
been uncovered. In addition to being putative transcriptional
corepressors through their association with TOPLESS (TPL)
proteins, they have been shown to also regulate transcription
by direct binding to promoter regions (Soundappan et al.,
2015; Wang et al., 2020).

The F-box protein MAX2 does not only play a central
role in SL signalling. The activation of a D14 paralog, desig-
nated KARRIKIN INSENSITIVE 2 (KAI2), has been pro-
posed to stimulate a very similar MAX2-dependent pathway
(Nelson et al.,2011;Waters et al.,2012). Unlike D14, KAI2 does
not sense endogenous SLs but perceives the smoke-derived
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Fig. 1. In vitro shoot regeneration of SL biosynthesis and signalling mutants. (A) In vitro shoot regeneration from root explants. Seeds were grown on
BMA medium for 7 d. Roots were cut 1 cm from the tip and transferred to callus-inducing medium (CIM) for 4 d. The root explants, with developing call,
were finally transferred to shoot-inducing medium (SIM) for 21 d, in which shoots regenerated from the callus tissue. (B) Shoot regeneration efficiency (%)
of Col-0, max2-1, max3-9, and max4-1 in CIM supplemented with 0.01% (v/v) acetone (mock) or 1 uM rac-GR24. Data presented are the mean +SE of
nine plates (n=9) with 20 explants per genotype per plate. Statistical significance was determined with a general linear mixed model and asterisks denote
significant differences (*P<0.05, **P<0.01, ***P<0.001). n.s., not significant. (C) Representative photographs of root explants of Col-0, max2-1, max3-9,
and max4-1. (D, E) Shoot regeneration efficiency of SL and KAR signalling mutants. Data presented are the mean +SE of three independent repeats,
each consisting of 20 explants. Statistical significance was determined with a general linear mixed model; different letters indicate significant differences

between genotypes (P<0.05).

karrikins (KARs) and one or more as yet unknown KAI2
ligands (Nelson et al., 2011; Conn and Nelson, 2015). Interest-
ingly, activated KAI2 signalling results in the MAX2-dependent
degradation of a distinct set of SMXL proteins (SMAX1 and
SMXL2) (Khosla et al., 2020). This SMXL protein specificity

determines the difference in the physiological responses to

D14- and KAI2-mediated signalling (Soundappan et al., 2015).
In accordance with the central role of MAX2 in both signalling
pathways, max2 mutants show combined phenotypes of both
d14 and kai2 mutants (Nelson et al., 2011; Waters et al.,2012).
Although knowledge on D14 and KAI2 signalling is
steadily increasing, how these pathways induce the observed
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physiological responses is still unknown, although some pro-
cesses that are controlled by D14 and KAI2 signalling at least
partly through an interaction with one or more additional
plant hormones have been clarified. Several studies on shoot
branching have revealed that D14 signalling affects PIN-
FORMED (PIN) localization at the membrane, thereby con-
trolling auxin fluxes (Bennett et al., 2006; Shinohara et al.,
2013; Zhang et al., 2020). Additionally, genetic studies have
positioned D14 signalling within the auxin/CK interplay to
control branching (Ferguson and Beveridge, 2009; Dun et al.,
2012).

Both signalling pathways are also important for the regula-
tion of the belowground organization of plants and have been
found to affect root length, root hair length, root skewing, and
lateral root number (Ruyter-Spira ef al., 2011; Kapulnik ef al.,
2011; Swarbreck et al., 2019;Villaécija-Aguilar ef al., 2019). As
for shoot branching, the effect of MAX2-dependent signal-
ling on the root architecture is greatly influenced by the auxin
homeostasis inside the plant (Ruyter-Spira et al., 2011). More-
over, treatment with the artificial SL analogue rac-GR24 influ-
ences lateral root priming and emergence via interaction with
the CK signalling machinery (Jiang ef al., 2016). Finally, max2
mutants have a reduced sensitivity to exogenous addition of
the synthetic CK 6-benzylaminopurine (Koren ef al., 2013).

The similarities between lateral root development and callus
formation, and the evidence that MAX2-dependent signalling
influences the auxin/CK interplay during shoot and lateral
root development, point towards a possible role for MAX2 in
the processes of callus formation and shoot regeneration. Al-
though genetic evidence has recently linked the function of
MAX2 to callus formation from hypocotyls, root explants have
not been studied similarly (Li et al., 2019). In addition, no in-
formation is available on the possible mechanisms by which
MAX2 regulates this particular process.

Here, we demonstrate that MAX2 is involved in the in vitro
shoot regeneration of Arabidopsis. More specifically, we show
that MAX2 is mainly implicated in the regulation of callus ini-
tiation, starting with the pericycle cell divisions, and we found
that this pathway requires the presence of an active KAI2,
whereas defects in D14 do not affect the shoot regeneration
capacity. In addition, we provide insight into the early tran-
scriptomic changes in max2-1 root explants that precede callus
initiation upon incubation on CIM.

Materials and methods

Plant material

Arabidopsis thaliana (L.) Heynh., accession Columbia-0 (Col-0), max3-9
(Booker et al., 2004), max4-1 (Sorefan et al., 2003), max2-1 (Stirnberg et
al., 2002), d14-3 (WiscDsLoxHs137_07E), kai2 (Toh et al., 2014), kai2/
d14 (Waters et al., 2012), pCYCB1:GUS (Colén-Carmona et al., 1999),
pCYCBI1:GUS in the max2-1 background (Rasmussen et al., 2012),
p35S::GS-MAX2 in the Col-0 and max2 background (Struk et al.,2021),
and smax1-3 (Stanga et al., 2013) have been previously described.

Cloning and transgenic line generation

The MAX2 promoter region (2112 bp) and coding region (2082 bp),
and the MAX3 and MAX4 coding regions (1890 bp and 1713 bp,
respectively) were amplified by PCR from Arabidopsis Col-0 plants
with the primers listed in Supplementary Table S1. All the constructs
were cloned with the Gateway system (Invitrogen) and Agrobacte-
rium tumefaciens-mediated transformation was used to generate trans-
genic plants (Clough and Bent, 1998; Karimi ef al., 2002, 2007). The
pMAX2::GFP-MAX2 transgenic line was obtained by cloning the pro-
moter into the pDONRP4-PI1R vector and the coding region into
the pPDONR-P2R-P3 vector. Together with a green fluorescent pro-
tein (GFP) construct in the pEN-L1-F-L2 entry vector, these three
building blocks were finally inserted into the pK7m34GW destination
vector, suitable for Agrobacterium-mediated transformation in Col-0. For
p358::MAX3 and p35S::MAX4 overexpression, the coding sequences
were cloned into the pDONRZ221 vector, then transferred into the
pFAST-GO02 destination vector, and finally transformed into the Col-0
background.

Seedling growth conditions

Seeds were surface-sterilized in 70% (v/v) ethanol and 0.05% (w/v) so-
dium dodecyl sulfate for 5 min followed by 95% (v/v) ethanol for 5 min
and then sown in square plates with basic medium for Arabidopsis (BMA)
containing B5 Gamborg’s medium with vitamins (Duchefa Biochemie,
Haarlem, The Netherlands) supplemented with 0.5 g I"' 2-(N-morpho-
lino)ethane sulfonic acid (Duchefa Biochemie), 20 g I p(+)-glucose
monohydrate (Merck, Darmstadt, Germany), and 7 g I"' plant tissue cul-
ture agar (Lab M Ltd, Heywood, UK), pH 5.7 (adjusted with KOH).
After vernalization for 2 d at 4 °C, the seeds were germinated under
long-day conditions (16 h light/8 h dark) at 24 °C on vertical plates and
grown for 7 d. For root explants, the root tip was cut at approximately
1 cm from the tip.

Shoot regeneration assay

For the regeneration experiments, the two-step protocol described by
Valvekens et al. (1988) was applied. Modifications in the standard protocol
are described in the corresponding figure legends. First, root explants
were incubated for 4 d on CIM, consisting of BMA supplemented with
2.2 uM 2,4-dichlorophenoxyacetic acid (2,4-D) (Sigma-Aldrich, Stein-
heim, Germany) and 0.22 uM kinetin (Duchefa Biochemie). Next, the
callus-forming root explants were transferred to SIM, consisting of BMA
supplemented with 0.8 uM indole acetic acid (Sigma-Aldrich) and 10
pM  6-(y,y-dimethylallylamino)purine (Sigma-Aldrich). After 21 d of
SIM incubation, shoot regeneration efficiency was determined per plate
as the percentage of root explants that successfully regenerated at least
one shoot. In each specific experiment, each plate contained 20 explants
of all the genotypes under study. For each treatment and genotype, the
value reported is the mean across 6-18 plates (1), depending on the ex-
periment.

To detect significant differences in the shoot regeneration efficiency,
a generalized linear model was fitted to display the regeneration prob-
ability with the PROC GLIMMIX procedure in SAS with the logit
link function on grouped data with the events/trial response. The model
accounted for the fixed effect of genotype and treatment or time point
(if applicable) and their interaction (if applicable). Additionally, in the
time-point experiment, a generalized estimating equations model was
fitted with an autoregressive working covariance structure and subjects
(clusters) defined by genotype and plate, to reveal the correlations be-
tween the time points. The model incorporated correlations among the
responses that originated from the same plate by adding a random plate
effect. The Kenward-Roger method was used to compute the denomi-
nator degrees of freedom in - and F-tests.
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GUS staining and microscopy analysis

For B-glucuronidase (GUS) staining, root tip explants (0.5 cm) of
7-day-old seedlings of pCYCB1:GUS in the Col-0 and max2-1 back-
ground were harvested at time point 0 and at 1 d of incubation in
CIM and stained for 4 h in GUS buffer [2 mM 5-bromo-4-chloro-
3-indolyl-B-glucuronide, 100 mM Tris (pH 7), 50 mM sodium chlo-
ride, 0.2 mM potassium ferricyanide, 2% (v/v) dimethyl sulfoxide] at
37 °C.The tissues were cleared according to the root clearing pro-
tocol described by Malamy and Benfey (1997) and mounted in 50%
(w/v) glycerol. At least 15 explants were checked for each line and
time point for GUS staining, and 20 explants in three independent
repeats were analysed for the division sites with a BX51 microscope
(Olympus, Tokyo, Japan) and images were captured with an Olympus
U-CAMD3 camera.

Confocal microscopy

Root tip explants (0.5 cm) of 7-day-old pMAX2: GFP:MAX2 were ana-
lysed just after tip cutting and 1 and 2 d after incubation on CIM. A
FV10 ASW confocal scanning microscope (Olympus) was used with the
same settings in the different experiments for image comparison. Ap-
proximately 12 seedlings/images were examined from three independent
transgenic lines.

RNA extraction

Seeds were sown in BMA as previously described, but a nylon mesh was
used to enable a quick transfer to CIM, because approximately 350—-400
root explants (9-10 plates with 40 seeds) were used per genotype and
time point. As a negative control, root explants were collected before
transfer to CIM. In total, three biological repeats were done. Total root
RNA was isolated with the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. After a DNase
treatment, the samples were purified through ammonium acetate pre-
cipitation, quality controlled, and quantified with a Nanodrop spectro-
photometer (Isogen, De Meern, The Netherlands) and Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). RNA integrity values
were >9 for all the samples.

RNA-seq

Sequencing was carried out by the Nucleomics Core (VIB, Leuven, Bel-
gium) by means of stranded mRNA sequencing, 15 million reads per
sample, 75 bp single reads, on a NextSeq 500 sequencer (Illumina, San
Diego, CA, USA). Raw sequencing data were converted to counts with
the Galaxy platform running the in-house established pipeline, contain-
ing FASTQ quality control, Trimmomatic (adaptor removal, filtering for
quality 20 and minimum length of the read of 75 bp), GSNAP to map to
the latest version of the genome (The Arabidopsis Information Resource
10), and HTSeq to summarize the results.

The Bioconductor DEseq2 package in R was applied for the differ-
ential expression analysis. Genotype and treatment were combined in a
single factor, called group, and a generalized linear model of the negative
binomial family was fitted to the count data with the Loess fit (design:
~group). Subsequently, a Wald test was applied for the detection of signif-
icant log,~fold changes (LFCs) between group pairs by means of contrast
statements. As threshold for significant DE, an LFC>0.5 or <-0.5 was
taken with an adjusted P-value <0.01. Genes of interest were either those
differentially expressed (DE) in either max2 or Col-0 (comparison 1) or
those with higher or lower expression when comparing max2 and Col-0
samples incubated on CIM for 6 h (comparison 2).

GO enrichment analysis

Gene Ontology (GO) annotation and GO enrichment analysis were
carried out with the Dicots PLAZA 4.5 platform. GO annotation

frequencies were compared between our dataset and the total Arabidopsis
genome (Araport11) by means of a hypergeometric test, and the result-
ing P-values were corrected for multiple testing with the Bonferroni
method. As a significance threshold for GO enrichment, an adjusted
P-value <0.05 was selected.

gRT-PCR

For quantitative reverse transcription—polymerase chain reaction (qRT—
PCR), mRNA was extracted from root explants as discussed above.
cDNA was synthesized from 1 pg RNA with the iScript cDNA syn-
thesis kit (Bio-Rad, Hercules, CA, USA). The qRT-PCR experiments
were done on a Lightcycler 480 (Roche Diagnostics, Rotkreuz, Switz-
erland) and detected with SYBR Green (Roche Diagnostics). All reac-
tions were done in triplicate and averaged. Cycle threshold values were
obtained with the accompanying software and data were analysed with
the 27**" method (Livak and Schmittgen, 2001). The relative expression
was normalized against the constitutively expressed ACTIN 2 (ACT2,
AT3G18780) and SERINE/THREONINE PROTEIN PHOSPHA-
TASE 2A (PP2A, AT1G69960). The list of the specific primers used is
given in Supplementary Table S1. For the RNA-seq validation experi-
ments, significant changes in relative expression were determined using
a two-way analysis of variance (ANOVA), in which a model with geno-
type, treatment, and genotypeXtreatment interaction was fitted, followed
by a Tukey—Kramer post-hoc test. For the MAX2 expression time series
on CIM and SIM, significant up-regulation compared with the 0 h time
point was determined using one-way ANOVA with Dunnet’s post-hoc
test. Both statistical analyses were performed in GraphPad Prism (Graph-
Pad Software, San Diego, CA, USA).

Lateral root density assay

Seeds were sterilized as described above and sown on half-strength
Murashige and Skoog medium with 1% (w/v) sucrose. The plates were
incubated at 4 °C in the dark for 2 d and then subjected to a 16 h
light/8 h dark photoperiod for 9 d. For each successtully germinated
plant, the lateral root density was determined by counting the emerged
lateral roots and dividing this number by the primary root length (cm).
For each genotype, three biological repeats, with six plates per repeat and
12 seedlings per plate, were counted. Reported values are the mean lat-
eral root density across the repeats (n=3).To detect significant differences
in lateral root density, a linear mixed model was fitted to the lateral root
density in SAS.The model accounted for the fixed effect of genotype and
incorporated correlations among the responses that originated from the
same plate by adding a random plate effect. A Tukey—Kramer post-hoc
test was used to determine grouping across the different genotypes.

Accession numbers

The Arabidopsis Genome Initiative identifiers for the genes described
in this work are: AHK4, AT2G01830; ARR12, AT2G25180; CGAT,
AT4G26150; CYCBI1, AT4G37490; CYCD3;2, AT5G67260; D14,
AT3G03990; F3H,AT3G51240; FLS1,AT5G08640; GLU1,AT5G04140;
KAI2, AT4G37470; LBD4, AT1G31320; LBD11, AT2G28500; LBD14,
AT2G31310; LBD33, AT5G06080; MAX2, AT2G42620; MAX3,
AT2G44990; MAX4,AT4G32810; TT7,AT5G07990.

Results

MAX2 is involved in the in vitro shoot regeneration from
root explants in Arabidopsis

The similarity between lateral root development and the
formation of callus, as well as the involvement of MAX?2 in
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both processes, prompted us to investigate the mechanism
by which MAX2 might influence callus formation and sub-
sequent in vitro regeneration. The SL biosynthesis mutants
max3-9 and max4-1 and the SL signalling mutant max2-1
(hereafter designated max3, max4, and max2, respectively)
were subjected to an in vitro regeneration protocol starting
from root explants (Valvekens et al., 1988) (Fig. 1A). Under
mock conditions, all max mutants showed a significant re-
duction in shoot regeneration capacity compared with
Col-0 (Fig. 1B, C). This effect was strongest in max2 (Fig.
1B, C), and this was unaffected by changes in SIM incuba-
tion time (Supplementary Fig. S1). Interestingly, the addition
of 1 uM rac-GR24 to the medium did not complement the
reduced shoot regeneration capacity of the SL biosynthesis
mutants (Fig. 1B).

As mutation in MAX2 leads to the strongest shoot re-
generation phenotype, we examined the phenotype of the
p358::GS-MAX2-overexpressing lines in the Col-0 and max2
backgrounds (Struk et al., 2021). After 21 d on SIM, the re-
generation efficiency of p35S::GS-MAX2 (max2) was partly
restored but did not fully reach the wild-type (WT) efficiency
(Supplementary Fig. S2A). By contrast, overexpression of
MAX2 in Col-0 did not increase the regeneration frequency
to more than that of the WT (Supplementary Fig. S2A). In-
terestingly, overexpression of MAX3 or MAX4 decreased the
regeneration capacity of Col-0 to levels similar to those of the
max3 and max4 mutants, respectively (Supplementary Fig. S2B,
C, S3).These results hint at the existence of an optimal level of
SL production necessary for efficient shoot regeneration.

The max2 shoot regeneration phenotype is
phenocopied by kai2

The relatively minor max3 and max4 phenotypes and the lim-
ited effect of rac-GR24 on the shoot regeneration of the SL
biosynthesis mutants suggested that the observed max2 pheno-
type might result not from defective D14 signalling but from
a disturbed KAI2 pathway (Nelson et al., 2011; Waters et al.,
2012). To test this hypothesis, we submitted d14, kai2, and a
kai2/d14 double mutant to the in vitro shoot regeneration pro-
tocol. The regeneration of d14 did not differ from that of Col-
0, whereas that of kai2 was significantly reduced, to the same
extent as the regeneration of the kai2/d14 double mutant and
max2 (Fig. 1D, E). These results suggest that the reduced regen-
eration phenotype observed in max2 seems to be due to im-
paired KAI2-mediated, rather than D14-mediated, signalling.

Increasing the auxin concentration in CIM improves in
vitro shoot regeneration of the SL synthesis mutants
max3 and max4

The specific concentrations of 2,4-D (a synthetic auxin-
mimicking compound) and kinetin (a CK) in CIM reflect
the requirement for a fine-tuned balance of both hormones

for callus induction (Valvekens et al., 1988). It is well known
that treatment with rac-GR24 can influence the auxin/CK
interplay during shoot branching and lateral root develop-
ment (Stirnberg et al., 2010; Koren et al., 2013; Cheng et al.,
2013; Rasmussen et al., 2013; Waldie et al., 2014). Therefore,
we tested whether the regeneration phenotype observed in SL
biosynthesis and signalling mutants is caused by a disturbance
in the auxin/CK ratio or in their perception. To this end, the
concentration of 2,4-D and kinetin was doubled or halved in
CIM and the regeneration capacity was evaluated after 21 d on
SIM (Fig. 2).

Variation in the concentration of kinetin (standard: 0.22
pM) while keeping the concentration of 2,4-D unmodified
(standard: 2.2 pM) did not influence the regeneration capacity
of any of the tested genotypes (Fig. 2A), but an increase in
the 2,4-D concentration significantly enhanced the shoot re-
generation capacity of max4 to that of the WT. A minor, al-
beit not significant, increase in shoot regeneration efficiency
was also observed in max3. In contrast, Col-0 and max2 were
unaffected by the increased 2,4-D concentration (Fig. 2B).
A reduced 2,4-D concentration significantly decreased the
shoot regeneration capacity of the WT, and the same tendency
was observed for the other genotypes, albeit not significant
(Fig. 2B).

When the concentrations of both 2,4-D and kinetin were
modified simultaneously, the regeneration capacity depended
on only the auxin (2,4-D) concentration in CIM. Irrespec-
tive of the CK (kinetin) concentration, an increase in the
auxin concentration resulted in slightly, but not significantly,
higher regeneration levels of max3 and max4, but not of
Col-0 and max2. Although reduction of the auxin concen-
tration decreased the regeneration capacity in all genotypes,
a significant effect was detected only for the WT and max4
(Fig. 2C).

As such, these data indicate that auxin concentrations are
not limiting for the shoot regeneration efhiciency of WT
Arabidopsis, because increased auxin concentrations in CIM
do not affect the regeneration of Col-0. Additionally, the
auxin concentrations present in CIM seem to positively reg-
ulate the regeneration capacity of SL biosynthesis mutants
but not of signalling mutants. When this distinct response to
increased auxin concentrations is coupled with the behav-
iour of the corresponding overexpressing lines discussed
above, it appears that the max2 phenotype arises, at least
partly, from a mechanism different from that of the max3
and max4 phenotypes.

The expression of MAX2 js spatiotemporally regulated
during in vitro shoot regeneration

Interestingly, by extending the CIM incubation time from 4 d
to 10 d before transfer of the explants to SIM, a 100% shoot
regeneration rate was obtained for all three max mutants (Sup-
plementary Fig. S4), indicating that MAX2 is mainly involved
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Fig. 2. Effect of altered hormone levels in CIM on the in vitro shoot regeneration of SL mutants. Shoot regeneration efficiency from root explants after
incubation for 4 d on CIM and 21 d on SIM. CIM was supplemented with differing concentrations of kinetin (A), 2,4-D (B), or both (C). Data represent the
mean +SE of 15 (A) or 9 (B, C) plates with 20 explants per genotype per plate. Statistical significance was determined with a general linear mixed model
and significant treatment effects (treatment compared with control treatment) and significant genotypextreatment interaction effects are indicated as

adjusted P values (*P<0.05, **P<0.01, ***P<0.001).

in the early phases of callus induction and that the low re-
generation capacity of max2 mutants might be attributed to
delayed callus growth from the root explants.

To test this hypothesis, we investigated the expression of
MAX2, based on the transcript level, and observed a general
increase upon incubation on CIM (Fig. 3). The MAX2 expres-
sion level showed an increasing trend starting from 6 h of incu-
bation on CIM, but the first significant increase was observed
only after 48 h (Fig. 3A). Such a significant increase in MAX2
gene expression was also detected after 4 d of CIM incubation
and the expression level remained elevated after subsequent
transfer to SIM for 2 d. After 7 d of SIM incubation, the MAX2
expression decreased to the level observed before the start of
CIM incubation (Fig. 3A).

Next, by using a pMAX2::GUS line, we studied the spa-
tiotemporal patterns accompanying these overall changes in
MAX2 expression (Stirnberg et al., 2007). Before incubation,
pMAX2::GUS was expressed uniformly in the root vascu-
lature, in accordance with previous results (Stirnberg et al.,
2007) (Fig. 3B). When the root was supplied with CIM, the
pMAX2::GUS expression gradually accumulated in sharply

delineated zones across the longitudinal root axis, with inter-
mediate zones without GUS expression (Fig. 3B). Callus for-
mation from the central root tissues was visible after 2 d or 4 d
of CIM incubation (Fig. 3C), although this was not limited to
the pMAX2::GUS-accumulating zones (Fig. 3B).

To complement our results on the MAX2 transcription lev-
els, we monitored the expression of pMAX2::GFP-MAX2 in
the root explant after transfer to CIM by confocal microscopy.
Before CIM incubation, the GFP-MAX2 signal was almost
undetectable (Fig. 4A), but 1 d and 2 d of incubation in CIM
resulted in high levels of GFP-MAX2 in the root vascula-
ture (Fig. 4B, C). The GFP-MAX2 expression did not change
in explants that had been cut and placed in control medium
without hormones for 2 d, indicating that explant manipu-
lation itself has no effect on protein expression. Additionally,
treatment with either 2,4-D or kinetin alone did not induce
MAX?2 protein accumulation (Supplementary Fig. S5). Alto-
gether, these data indicate that MAX2 expression in the root
vasculature is influenced by early CIM incubation, both spa-
tially and temporally and on both a transcriptional and a trans-
lational level.
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Fig. 3. Temporal and spatial MAX2 gene expression in root explants upon CIM incubation. (A) MAX2 expression level in root explants incubated on CIM
(upper panel) or incubated on CIM for 4 d before transfer to SIM (lower panel) for the time indicated. Data represent the mean +SE of three biological
repeats. Significant up-regulation compared with the O h time point was determined with one-way ANOVA with Dunnet’s post-hoc test and is reported
as adjusted P-values (*P<0.05, **P<0.01, **P<0.001). (B) Temporal and spatial expression of GUS in pMAX2::GUS roots. Scale bars=100 um. (C)
Transverse sections of the roots of a pMAX2::GUS reporter line taken at the sites indicated by the red lines in (B). Scale bars=50 pm.

MAX2 controls cell division activity during the initial
steps of callus formation

CIM incubation is well known to initiate callus development
by the activation of pericycle cell division (Atta et al., 2009;
Sugimoto et al.,2010).As the earliest increase in MAX2 expres-
sion occurs in the early phases of callus induction, we wanted
to check whether the pericycle cell division capacity was af-
fected in the max2 mutant. To this end, root explants of Col-0
and max2 were cleared as described by Malamy and Benfey
(1997) and, after 1 d of CIM incubation, the cell division sites

were counted in the cleared roots and normalized against the
explant length (division site density=number of dividing sites/
length of root explant). As expected, the division site density
was lower in max2 compared with Col-0 (Fig. 5A, B).

To further investigate the cell division potential during the
initial CIM incubation, we compared the expression of the cell
cycle marker CYCLIN B1 (CYCBI1) in Col-0 and max2 by
using a pCYCB1:GUS construct. After 1 d of CIM incubation,
the pCYCB1:GUS activity was induced along the pericycle
and vascular cylinder in Col-0 root explants, but not in the
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Fig. 4. Effect of CIM on MAX2 protein expression in root explants. Representative expression pattern of pMAX2::GFP-MAX2 in Col-0 root explants
incubated on CIM for 0 d (A), 1 d (B), or 2 d (C). Cells are counterstained with propidium iodide. Scale bars=100 pm.

max2 background, confirming the reduced division potential

of these cells (Fig. 5C).

CIM incubation induces transcriptomic changes in
Col-0 and max2 root explants

The effect of disturbed MAX2 signalling was already visible
after 1 d of CIM incubation. Even though the first signifi-
cant increase in MAX2 transcript level or MAX2 promoter
activity was detected after 48 h and 24 h of CIM incubation,
respectively, the first non-significant trend of increased expres-
sion occurred as soon as 6 h (Fig. 3A). To capture the early
gene-expression events in these initial hours of CIM incu-
bation, we carried out an RNA-seq analysis. Total RNA was
extracted from Col-0 and max2 root explants that had been
incubated on CIM for 6 h or not (0 h incubation) and normal-
ized gene counts were calculated (Supplementary Dataset S1).
We selected genes that reacted to the treatment by comparing
the gene expression of Col-0 and max2 samples after 6 h of
CIM incubation with their respective control samples (0 h)
(Fig. 6, comparison 1). Differential up- or down-regulation
upon CIM incubation was defined as an LFC>0.5 and <-0.5,
respectively (P<0.01).

Our analysis revealed a total of 9296 DE genes after 6 h
of CIM incubation (Fig. 6; Supplementary Dataset S2). Of
the 7120 genes that were DE both in Col-0 and max2, 3052
genes were significantly up-regulated (hereafter described
as CIM UP) and 4068 were significantly down-regulated
(hereafter CIM DOWN). Importantly, MAX2 was among

these genes, with a significant up-regulation after 6 h of
CIM incubation in both Col-0 and max2 (Supplementary
Dataset S2).

To get a general view of the processes that are transcrip-
tionally regulated during the CIM incubation, we analysed the
GO enrichment of the CIM UP and CIM DOWN genes. As
expected, CIM UP genes were enriched for GO terms related
to the response to auxin and lateral root development (Supple-
mentary Dataset S3). In addition, we observed an enrichment
in genes involved in transcription, splicing, IRNA processing,
and amino acid metabolism, suggesting that these processes
are activated during CIM incubation. Interestingly, several
enriched GO terms were related to chloroplasts, photosyn-
thesis, response to light, and metabolism of flavonoids, which
itself is a light-regulated process (Bhatia ef al., 2021). Finally, an
enrichment for KAR response genes was found, implying that
KAI2 might be involved in the response to CIM (Supplemen-
tary Dataset S3).

A similar analysis of the CIM DOWN genes revealed a
strong enrichment for GO terms related to biosynthesis and
maintenance of the cell wall, membrane trafficking, and protein
glycosylation (Supplementary Dataset S3). Genes generally in-
volved in the regulation of cell division were enriched as well.
Finally, GO terms related to translation, IRINA processing, and
splicing were depleted, mirroring the enrichment of similar
terms in the CIM UP set (Supplementary Dataset S3).

To our knowledge, a transcriptome analysis at this early time
point in callus induction had not been done before, although
the effect of CIM incubation on Col-0 root explants had been
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Fig. 5. Effect of max2-7 on initial pericycle cell divisions during early callus formation. (A) Representative root explants after 1 d of incubation on CIM.
Arrows indicate pericycle cells that performed anticlinal cell division. (B) Quantification of the dividing pericycle cells expressed as density (number

of divisions/length of root explant). Data presented are the mean +SE of 28 explants. Significant changes in the average division site density were
determined using a two-tailed unpaired t-test assuming unequal variances and were reported as adjusted P-values (***P<0.001). (C) pCYCB1.GUS
expression in Col-0 and max2-1 at 0 h and 24 h of treatment in CIM. Scale bars=200 pm.

studied using an RINA microarray, but with a 12 h treatment
(Xu et al., 2012). To explore whether a shortened CIM incu-
bation resulted in a different gene expression profile, we com-
pared the set of DE genes after 6 h of CIM incubation in
Col-0 (8350 genes) with that after 12 h of CIM incubation
(Xu et al., 2012). To make the two datasets more comparable,
we only included genes from the 12 h dataset that fulfilled our
more stringent DE criteria (LFC>10.5|; P<0.01), resulting in
a set of 1918 DE genes at 12 h of CIM incubation (Fig. 7).
We found that 49% (941 genes) of these genes occurred in
both datasets (Fig. 7; Supplementary Dataset S4), of which 78%
were influenced similarly by CIM incubation (either up- or

down-regulated in both datasets) (Supplementary Dataset S4).
These results indicate that the CIM-induced changes in gene
expression are time-dependent, even this early after the start of
CIM incubation.

Col-0 and max2 have distinct transcriptional responses
to CIM incubation

In addition to a general view on the transcriptional events in-
duced by CIM incubation, we aimed to get insight into the dif-
ferences between Col-0 and max2. Interestingly, from the 9626
genes DE upon 6 h of CIM incubation, 2174 genes were DE
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Fig. 6. Effect of CIM incubation and max2-1 on the transcriptome. Root explants of Col-0 and max2-1 were incubated for 6 h on CIM or not (O h). RNA-
seq analysis was performed on total RNA extracted from these root explants. Venn diagrams show differentially expressed genes in two comparisons.
Comparison 1 was used to check for genes reacting to the CIM incubation in either Col-0 or max2 [up-regulated (UP) or down-regulated (DOWN) at 6 h
of incubation compared with 0 h incubation]. Comparison 2 was used to check for genes that are differentially expressed in max2 compared with Col-0
at either time point (UP, more expressed in max2 than in Col-0; DOWN, less expressed in max2 than in Col-0). Differential expression was defined as a
log,-fold change of >0.5 or <-0.5 after control of the adjusted P-value according to a Wald test (P<0.01).
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Fig. 7. Venn diagram of genes differentially expressed in Col-0 after
incubation on CIM compared with the RNA-seq analysis of existing
transcriptomics data at 6 h and 12 h (Xu et al., 2012). Differential
expression was defined as a log,_fold change of >0.5 or <-0.5 after control
of the adjusted P value (P<0.01). UP, genes up-regulated on CIM; DOWN,
genes down-regulated on CIM.

in either Col-0 or max2 but not in both (Fig. 6, comparison 1;
Supplementary Dataset S2). These genes could be divided into
four categories: Col-0 UP (626 genes), Col-0 DOWN (602
genes), max2 UP (453 genes), and max2 DOWN (493 genes).
In addition, GLUTAMATE SYNTHASE 1 (GLUT1) was iden-
tified as down-regulated in max2 and up-regulated in Col-0.

By contrast, the LATERAL ORGAN BOUNDARIES (LOB)
DOMAIN 4 (LBD4) gene appeared to be the only gene up-
regulated in max2 but down-regulated in Col-0 upon CIM
treatment (Fig. 6; Supplementary Dataset S2).

Subsequently, we identified the genes with a higher (UP;
LFC>0.5; P<0.01) or lower (DOWN; LFC<-0.5; P<0.01)
expression level in max2 than in Col-0, either when compar-
ing the CIM-incubated samples (6 h UP or 6 h DOWN) or
the control samples (0 h UP or 0 h DOWN). In contrast to
the previous comparison, only 106 genes were discovered with
these criteria, of which 10 were not identified in comparison
1 (Fig. 6; Supplementary Dataset S5). Especially relevant were
the 6 h UP and 6 h DOWN groups, because these exhibited a
similar expression level in both genotypes under mock condi-
tions, but a different expression level after the CIM treatment.
These 6 h UP and 6 h DOWN groups included 18 genes that
had not been identified in comparison 1.

MAX2 is involved in the regulation of GLU1 and CGA1
expression in response to CIM

As expected, GLUT also seemed to be an interesting gene in
comparison 2, showing significantly lower expression in max2
compared with Col-0 under treatment conditions. This distinct
expression pattern was further validated by means of qRT—
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Fig. 8. Normalized counts and gRT-PCR validation results of genes of interest. (A) GLUT and transcription factor CGAT. (B) Flavonol biosynthesis
genes. (C) LBD family transcription factors. (D) Genes known to be involved in callus based on data reviewed in Ikeuchi et al. (2019). RNA-seq data are
represented as normalized counts (mean +SE of three biological repeats); adjusted P-values are reported (**P<0.01, ***P<0.001). The relative gene
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expression was determined with gRT-PCR relative to the expression of PP2A and ACT2, and represented as the mean +SE of three biological repeats;
significant differences are indicated with asterisks (*P<0.05, **P<0.01, **P<0.001). The comparisons between Col-0 and max2 samples incubated on
CIM (grey) compared with not incubated (black) samples of the corresponding genotype are shown. Red asterisks in (D) indicate significant differential
expression that did not exceed our threshold for biological significance (LFC=>0.5 or LFC<-0.5). Significant differences in expression between CIM-
incubated max2 samples and CIM-incubated Col-0 samples are also indicated with a horizontal line above the bars.

PCR, confirming that GLU1 was up-regulated after CIM
treatment in Col-0 but not in the max2 mutant (Fig. 8A). Un-
expectedly, CYTOKININ-RESPONSIVE GATA 1 (CGAT),
the gene encoding the transcription factor known to regulate
GLUT1 expression (Hudson ef al., 2011), showed the opposite
behaviour. Our RNA-seq data and subsequent qRT-PCR
analysis revealed that CGA 1 was significantly up-regulated on
CIM in max2 but not in Col-0 (Fig. 8A). Both genes are in-
volved in the development of chloroplasts and the deployment
of the photosynthetic machinery in root tissues, which is a
carefully regulated process during callus formation from root
explants upon wounding (Kissen et al., 2010; Kobayashi et al.,
2012, 2017; Kobayashi and Iwase, 2017). Although further re-
search is required, our data suggest GLUT and CGA1 as can-
didate genes that might contribute to the understanding of the
delayed shoot regeneration phenotype of the max2 mutant.

Flavonol biosynthesis genes are controlled by MAX2
during CIM incubation
To gain more insight into our remaining RNA-seq dataset
and specifically to examine a possible role for KAI2 signalling
during CIM incubation, we used the Dicot PLAZA 4.5 work-
bench to screen for genes assigned to ‘response to karrikin’
(GO:0080167) (Supplementary Dataset S6). Paradoxically, the
majority of these KAR response genes did not behave differ-
ently in max2 and Col-0 upon CIM incubation, suggesting
that most of them are induced or repressed through KAR and
CIM treatment independently (Supplementary Dataset S6).
Among the KAR response genes that responded dif-
ferentially to CIM in Col-0 and max2 was FLAVONOL
SYNTHASE 1 (FLS1), a gene involved in the biosynthesis of
flavonoids (Fig. 8B; Supplementary Dataset S6) (Bhatia et al.,
2021). When screening the remainder of our transcriptomics
dataset, TRANSPARENTTESTA 7 (TT7) and FLAVANONE
3-HYDROXYLASE (F3H), appeared as two additional flavo-
nol biosynthesis genes (Fig. 8B). Interestingly, all three genes
had similar expression levels in both genotypes under con-
trol conditions, but their expression was significantly lower in
max2 compared with Col-0 after CIM incubation (Fig. 8B).
This difference was observed for TT7 and F3H in the qRT—-
PCR analysis as well. Importantly, the gqRT-PCR confirmed
a significant up-regulation of FLS1 in Col-0 upon CIM incu-
bation, but not in max2 (Fig. 8B). This result is in agreement
with previous reports that flavonoid biosynthesis, under the
control of these genes, is regulated by MAX2 (Walton ef al.,
2016; Wang et al., 2020; Struk ef al., 2022).

Response to CIM involves induction of LBD genes

Next, we screened our RNNA-seq dataset for the recently pub-
lished genes directly linked to callus development and shoot
regeneration (Ikeuchi et al., 2019); of the 90 genes listed, we
found 32 genes DE upon CIM incubation under our conditions
(Table 1). In our RNA-seq dataset, the four LBD transcrip-
tion factors (LBD16, LBD17, LBD18,and LBD29), previously
described as important players in callus induction, were
strongly up-regulated, although both in Col-0 and in max2
(Fan et al., 2012). However, when our dataset was screened for
other LBD genes, four additional members of this family were
detected, LBD4, LBD11, LBD14,and LBD33. LBD4 was one
of the only two genes that had opposite responses to CIM in
Col-0 and max2, but this finding could not be reproduced
by qRT-PCR (Fig. 8C). Of the remaining genes, LBD33 had
the most interesting expression pattern, as it was significantly
up-regulated in both genotypes after CIM incubation, but
the eventual expression was significantly lower in max2 com-
pared with Col-0, as further validated by gqRT-PCR (Fig. 8C).
LBD33 was shown to be cooperatively involved with LBD18
in the formation of lateral roots (Berckmans et al., 2011). As
LBD18 is also an important player in callus induction, a similar
cooperation might be essential in this process as well (Fan et
al., 2012). Altogether, from all the LBD genes described here,
at least LBD4 and LBD13 are interesting candidate genes to
study in more detail.

The callus induction pathway is affected by the absence
of MAX2

We noted four additional genes involved in callus induction
that were DE only upon CIM incubation in either Col-0 or
max2 (Table 1) (Ikeuchi et al., 2019). Two of these DE genes
occurred only in max2, namely PLETHORA 2 (PLT2), in-
volved in the acquisition of pluripotency in callus (Kareem et
al., 2015), and ARABIDOPSIS RESPONSE REGULATOR
12 (ARR12),a CK signalling gene influencing callus initiation
and shoot regeneration (Meng et al.,2017;Dai et al.,2017) (Fig.
8D). The qRT-PCR analysis confirmed that ARR12 expres-
sion was significantly higher in max2 compared with Col-0 at
6 h of CIM incubation, whereas the differences in PLT2 ex-
pression could not be validated (Fig. 8D). Two other genes were
classified as DE genes only in Col-0, namely ARABIDOP-
SIS HISTIDINE KINASE 4 (AHK4), a CK receptor playing
a role in callus induction and development (Higuchi et al.,
2004; Pernisova et al., 2018), and CYCLIN D3;2 (CYCD3;2),
a known cell cycle regulator acting downstream of type B
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Table 1. Genes involved in callus initiation or shoot regeneration

AGI code Name Gene Function in Gene Set
description regeneration
Callus Shoot

Transcriptional regulation
AT3G03660 WOX11 Homeobox + CIM UP
AT3G11260 WOX5 Homeobox CIM UP
AT1G20700 WOX14 Homeobox + CIM UP
AT1G22190 WIND2 AP2/ERF + CIM DOWN
AT1G51190 PLT2 AP2/ERF max2

DOWN
AT5G07310 ERF115 AP2/ERF + CIM UP
AT5G10510 PLT3 AP2/ERF + CIM UP
AT5G65510 PLT7 AP2/ERF + CIM UP
AT5G13330 RAP2.6L AP2/ERF + CIM UP
AT2G33860 ARF3 B3, ARF + CIM UP
AT1G19220 ARF19 B3, ARF + CIM UP
AT4G14550 SLR/IAAT4 Aux/IAA + CIM UP
AT2G25180 ARR12 Type B ARR max2 UP
AT2G42430 LBD16 LOB + + CIM UP
AT2G42440 LBD17 LOB + CIM UP
AT2G45420 LBD18 LOB + CIM UP
AT3G58190 LBD29 LOB + CIM UP
AT3G54220 SCR GRAS + CIM DOWN
Epigenetic regulation
AT3G20810 JMJ30 Jumonji-C + CIM UP
Others
AT2G01830 AHK4/WOL Cytokinin signalling Col-0 DOWN
AT3G63110 IPT3 Cytokinin synthesis  + CIM DOWN
AT5G 19040 IPT5 Cytokinin synthesis CIM DOWN
AT2G28305 LOGT1 Cytokinin synthesis  + CIM DOWN
AT4G35190 LOG5 Cytokinin synthesis  + CIM DOWN
AT1G30760 FAD-BD BBE-lke enzyme  + CIM UP
AT1G53830 PME2 Pectin methyles-  + CIM DOWN

terase

AT4G34160 CYCD3;1 Cyclin + + CIM DOWN
AT5G67260 CYCD3,2 Cyclin Col-0 UP
AT3G50070 CYCD3;3 Cyclin CIM DOWN
AT5G10490 MSL2 MscS-like protein -~ + + CIM UP
AT1G58200 MSL3 MscS-like protein ~ + CIM UP
AT1G73590 PINT Auxin transporter + CIM UP

Genes differentially expressed in root explants upon incubation in
callus-inducing medium (CIM) compared with non-treated explants,
either in Col-0, max2, or both (denoted CIM UP or CIM DOWN), are
shown. Based on data reviewed in lkeuchi et al. (2019). AGlI, Arabidopsis
Genome Initiative.

ARR-mediated CK signalling in callus initiation (Ikeuchi et
al., 2017) (Fig. 8D). In agreement with the RNA-seq data, the
significant up-regulation of CYCD3;2 upon CIM treatment
in Col-0, but not in max2, was validated by qRT-PCR anal-
ysis. For AHKA4, no significant differences in response to CIM
were detected by qRT-PCR in either genotype (Fig. 8D).
Several genes seemingly involved in callus induction were
misregulated in max2. The misregulation of ARR12 might
point to a subtle disturbance of the hormone balance in max2,
whereas CYCD3;2 might be involved in the role played by
MAX2 in early pericycle cell division.

In summary, analysis of our transcriptomics dataset uncov-
ered the misregulation of several genes involved in key pro-
cesses related to callus induction when we compared max2
and Col-0 on CIM. In-depth characterization of these specific
genes might offer new insights into MAX2-dependent callus
initiation, as well as early callus initiation in general.

Discussion

Plants can regenerate new tissues in vitro, and the nature of the
regenerated organ depends on the auxin/CK ratio (Valvekens
et al., 1988; Duclercq et al., 2011; Motte et al., 2014). In the
case of Arabidopsis, shoot regeneration from root explants can
be achieved through subsequent incubation in auxin-rich me-
dium (CIM) followed by CK-rich medium (SIM) (Fig. 1A)
(Valvekens et al., 1988; Che et al., 2006, 2007, 2008). Here, we
studied the involvement of MAX2 signalling in this process.

The MAX2 regeneration phenotype does not result
from impaired SL signalling

In our study, both max2 and the SL biosynthesis mutants
were less efficient in regenerating shoots from root explants,
although max2 exhibited the strongest phenotype (Fig. 1B).
However, the shoot regeneration of d14 was indistinguishable
from that of the WT, suggesting that D14 is not involved in
this process. Additionally, the improvement of shoot regener-
ation of max3 and max4, but not of max2, by increasing the
2,4-D level in CIM suggested that endogenous SLs influ-
ence the shoot regeneration through another mechanism than
the MAX2 pathway. This hypothesis is further supported by
the minor shoot regeneration phenotype of the MAX3- and
MAXA4-overexpressing lines that is similar to that of the max3
and max4 mutants, respectively (Supplementary Fig. S2), but
this was not the case for MAX2-overexpressing lines, possibly
hinting at a crosstalk between endogenous SLs and auxin.When
the bell-shaped auxin response model is considered, max3 and
max4 root explants might conceivably contain suboptimal
auxin levels, whereas the MAX3- and MAX4-overexpressing
lines contain supraoptimal levels of auxin (Ruyter-Spira et
al., 2011). SLs have already been shown to influence auxin
signalling on two levels: regulation of auxin transport by af-
fecting the localization of PIN proteins in the cell membrane,
and induction of TRANSPORT INHIBITOR RESPONSE
1 (TIR1) expression (Crawford et al., 2010; Ruyter-Spira et
al., 2011; Mayzlish-Gati et al., 2012). However, the auxin ho-
molog 2,4-D, used in CIM, is not transported through PIN
efflux carriers (Delbarre et al., 1996; Koltai et al., 2010), and
our transcriptomics analysis revealed that TIR 1 expression was
not influenced by disturbances in MAX2-dependent signalling
(Supplementary Dataset S5). Still, we cannot exclude that the
phenotype of SL biosynthesis mutants on CIM might be due
to a disturbed auxin balance. The role of auxin in the max3
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and max4 phenotypes might be further examined in double
mutants affected in both SL biosynthesis and auxin signalling.
To this end, max3 and max4 could be crossed with iaa14, aif7,
or arf19, which have been shown to be affected in callus induc-
tion and shoot regeneration (Iwase et al., 2011; Fan et al.,2012;
Shang et al., 2016; Lee et al., 2017).

MAX2 signalling confers competence for callus
formation to root tissues

Increasing the CIM incubation time from 4 d to 10 d ef-
fectively complemented the max2 regeneration phenotype
(Supplementary Fig. S4). Therefore, we hypothesized that
MAX2-dependent changes in gene expression could confer
competence for callus formation to the explant, independently
of the main callus induction pathway. Consistently, max2 hypo-
cotyls have been found to generate smaller and fewer green
calli than those of Col-0, hinting at a retarded but not com-
pletely blocked callus development (Li et al., 2019). At as early
as 1 d of incubation, a CIM-dependent increase was observed
in both the MAX2 protein accumulation and MAX2 promoter
activity (Fig. 3). Our RNA-seq analysis indicated a significant
increase in MAX2 expression at as soon as 6 h, implying its
importance during the early phases of callus induction (Sup-
plementary Dataset S5). This assumption was confirmed by the
decrease in pCYCBI induction on CIM and in the pericycle
division site density in the max2 mutant (Fig. 5).

Notably, the pericycle cell division is involved not only in
callus initiation but also in the formation of the lateral root
primordium (Dubrovsky et al., 2001). Thus, the decreased per-
icycle division of max2 seemingly contradicts its increased lat-
eral root phenotype (Kapulnik et al, 2010;Villaécija-Aguilar ef
al., 2019). However, because we quantified the pericycle cell
division very early during the CIM incubation, the callus initi-
ation probably outcompeted the regular lateral root induction.
Hence, our results demonstrated that after 1 d of CIM incuba-
tion, MAX2 is probably involved in the induction of the early
pericycle cell divisions that mark the start of callus formation.
Interestingly, the D-type cyclin CYCD3;2 was significantly
up-regulated at 6 h of CIM incubation only in Col-0, but not
in max2. The members of the Arabidopsis CYCD3 subgroup
are known to regulate the G1-to-S transition in the cell cycle
and to be involved in CK-dependent induction of cell prolifer-
ation (Menges et al., 2006; Dewitte et al.,2007). As CYCD3;2
has already been proposed to play a role in inducing cell divi-
sion at the start of callus induction, the reduced cell division of
max2 might be partly caused by repressed CYCD3;2 induction
(Fig. 8D) (Ikeuchi et al., 2017).

When focusing on genes involved in callus induction, we
found that the expression of the CK signalling gene ARR12
was significantly higher in CIM-treated max2 compared with
Col-0, seemingly in contrast with the max2 phenotype, be-
cause the gene is hypothesized to positively regulate callus in-
duction and shoot regeneration (Ishida et al., 2008). However,

recent evidence indicates that ARR12 regulates callus induc-
tion in a less straightforward manner than initially assumed,
with a negative impact on callus induction under specific con-
ditions (Liu et al., 2020).

Finally, we discovered that four genes coding for transcrip-
tion factors of the LBD family displayed genotype-specific DE
upon CIM incubation. In Arabidopsis, 43 LBD members play
various key roles in plant growth and development, including
flower development, photomorphogenesis, xylem differentia-
tion, lateral root development, and response to plant hormones
(Naito et al.,2007; Okushima et al., 2007; Zentella et al., 2007;
Soyano et al., 2008; Xu et al., 2008; Lee et al., 2009; Man-
geon et al.,2011). The four genes LBD16, LBD17, LBD18, and
LBD?29, besides their roles in regular plant development, also
regulate the formation of callus on CIM (Fan ef al., 2012). In
agreement, they were also up-regulated upon CIM incubation
in our transcriptomics analysis in both Col-0 and max2 (Table
1). Moreover, LBD33, an auxin-inducible LBD gene, was sig-
nificantly less strongly up-regulated upon CIM incubation in
max2 (Fig. 8C); as part of an LBD18/LBD33 dimer, LBD33
regulates lateral root initiation by inducing pericycle cell cycle
activation (Okushima et al., 2007; Berckmans et al., 2011). A
similar cooperation between LBD18 and LBD33 might con-
ceivably be necessary to regulate pericycle cell division in
callus initiation.

LBD4 was, besides GLU1, the only gene with an oppo-
site response to CIM in Col-0 and max2 (Fig. 8C). Compared
with other members of the LBD family, LBD4 is relatively
understudied. Recently, [bd4 mutants have been shown to
have a nitrogen-dependent increased lateral root density phe-
notype, suggesting that LBD4 inhibits lateral root formation
under nitrogen-sufficient conditions (Gaudinier et al., 2018).
More specifically, LBD4 is an important regulator of vascular
patterning in lateral root development (Smit et al., 2020). In
our transcriptomics analysis, the expression of LBD4 in max2
increased after CIM treatment, whereas it decreased in Col-0
(Fig. 8C). Coupled to the increased lateral root phenotype of
Ibd4, this observation might help in reconciling the seemingly
opposite behaviour of max2 in terms of lateral root develop-
ment and callus induction.

MAX2 might indirectly affect callus formation through
transcriptional control of light-responsive genes

The fact that the kai2 and d 14 phenotypes are indistinguishable
from those of max2 and WT, respectively, suggests a role for
KAI2-MAX2 signalling. Indeed, several genes marked as KAR
response genes (GO:0080167) were DE upon CIM incuba-
tion, although many of them reacted to the treatment in both
Col-0 and max2, suggesting that KAR and CIM treatment im-
pinge independently on an overlapping set of genes. As light-
responsive genes represented a substantial part of the DE genes
upon KAR treatment, and CIM-UP genes were enriched for
genes involved in photosynthesis (GO:0019684) and response
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to light (GO:0009416), light signalling might be an important
common pathway targeted under both conditions.

Recent studies on callus induction in root tissues upon
wounding have indeed revealed a possible link between light
signalling and callus induction. Upon wounding, two inter-
locking signalling pathways are induced through the interplay
of auxin and CK, resulting in callus initiation at the wounding
site, and also in the induction of photosynthesis and chloro-
plast biosynthesis in the remaining root tissues (Kobayashi ef al.,
2017; Kobayashi and Iwase, 2017). Interestingly, CGA 1, a likely
regulator of this process, and GLU1, itself under the control of
CGA1, were both misregulated in max2 (Fig. 8A) (Hudson et
al., 2011; Kobayashi and Iwase, 2017). Both the ¢gal and glu1
mutants have a decreased photosynthetic potential in leaves, but
in glu1 root tissues, the expression of photosynthesis genes was
enhanced (Kissen et al., 2010; Hudson et al., 2011). Thus, the
reduced GLUT expression levels in max2 might point towards
an increase in the photosynthetic potential of root explants on
CIM. However, because the role of greening in root-derived
callus initiation is still relatively unknown, it is difficult to pre-
dict whether this would result in the slower callus initiation
characteristic of max2. As these data suggest that MAX2 might
play a role in a process that is spatially regulated within the root
explant, it is essential that future efforts to answer this question
involve isolating the changes in the callus itself from the sur-
rounding root tissue.

Another interesting link between MAX2 and light signal-
ling is the perturbed flavonol biosynthesis pathway in max2
detected in our RINA-seq analysis. Three genes coding for
flavonol biosynthesis enzymes, FLS1, F3H and TT7, had a
significantly lower expression level in max2 compared with
Col-0 upon CIM incubation (Fig. 8B). In the legume Medi-
cago truncatula, flavonols are necessary for the formation of
symbiotic nodules, a process similar to callus initiation. First,
nodule formation is also initiated by the induction of cell
division in cortex and pericycle cells through auxin trans-
port inhibition (Wasson et al., 2006, 2009). Secondly, callus
initiation in Arabidopsis seems to be positively regulated by
MAX2-dependent signalling; the formation of nodules in
M. truncatula is likewise seemingly promoted by rac-GR24,
whereas lateral root formation is inhibited by rac-GR24 in
both plant species (De Cuyper et al.,2015). Third, nodule in-
itiation in M. truncatula also appears to require both CK and
auxin signalling (Ng et al., 2015; Gauthier-Coles et al., 2019).
MAX2 might possibly be involved in both processes by fine-
tuning the interplay between auxin, CK, and light signalling.
Further research might confirm whether callus initiation and
nodule formation share a requirement for flavonol produc-
tion.

In conclusion, our data suggest that although MAX2 is not
an essential player in callus induction and shoot regeneration, it
apparently plays a fine-tuning role, functioning at the crosstalk
between auxin, CK, and light signalling. As such, MAX2 seems
to affect the development of callus at the early stages, possibly

conferring competence for callus initiation to the root explant.
Future studies will further unravel the precise mechanisms by
which MAX2-mediated signalling can control this interplay in
callus initiation and shoot regeneration.
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