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Plants form calluses and regenerate new organs when incubated on phytohormone-containing media. While accumulating
evidence suggests that these regenerative processes are governed by transcriptional networks orchestrating wound response
and developmental transitions, it remains unknown if posttranslational regulatory mechanisms are involved in this process. In
this study, we demonstrate that SAP AND MIZ1 DOMAIN- CONTAINING LIGASE1 (SIZ1), an E3 ligase-catalyzing attachment
of the SMALL UBIQUITIN-LIKE MODIFIER (SUMO) to proteins, regulates wound-induced signal transduction and organ
regeneration in Arabidopsis (Arabidopsis thaliana). We show that loss-of-function mutants for SIZ1 exhibit overproduction of shoot
meristems under in vitro tissue culture conditions, while this defect is rescued in a complementation line expressing pSIZ1::SIZ1. RNA
sequencing analysis revealed that siz1-2 mutants exhibit enhanced transcriptional responses to wound stress, resulting in the hyper-
induction of over 400 genes immediately after wounding. Among them, we show that elevated levels of WOUND INDUCED
DEDIFFERENTIATION1 (WIND1) and WIND2 contribute to the enhanced shoot regeneration observed in sizI mutants, as
expression of the dominant-negative chimeric protein WIND1-SRDX (SUPERMAN repression domain) in sizI-3 mutants partly
rescues this phenotype. Although compromised SIZ1 function does not modify the transcription of genes implicated in auxin-
induced callus formation and/or pluripotency acquisition, it does lead to enhanced induction of cytokinin-induced shoot meristem
regulators such as WUSCHEL, promoting the formation of WUSCHEL-expressing foci in explants. This study thus suggests that SIZ1
negatively regulates shoot regeneration in part by repressing wound-induced developmental reprogramming.

Plants display a remarkable capacity for regeneration
and reconstruct of both shoots and roots following severe
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injury. This feature is widely exploited in vitro, where
regenerants are produced via de novo organogenesis
induced by incubating explants on media supplemented
with exogenous phytohormones (Skoog and Miller,
1957; Sugiyama, 2015). In a routinely used two-step
procedure, explants are initially incubated on auxin-
rich callus-inducing medium (CIM) to generate a
pluripotent cell mass, called callus, and subsequently
transferred to cytokinin-rich shoot-inducing medium
(SIM) to induce shoot formation (Valvekens et al.,
1988). Recent studies using Arabidopsis (Arabidopsis
thaliana) have uncovered several key mechanisms in-
volved in the reactivation of developmental processes
in response to external stimuli that lead to induction of
de novo organogenesis. For instance, upon incubation
of explants on CIM, auxin triggers callus formation
through the reactivation of lateral root formation
(Sugimoto et al., 2010). Auxin-activated AUXIN RE-
SPONSE FACTOR? (ARF7) and ARF19 are known to
promote expression of LATERAL ORGAN BOUNDARY
DOMAIN16 (LBD16), LBD18, and LBD29, which then
promote cell proliferation (Fan et al., 2012). Following
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the induction of callus formation, root meristem regu-
lators WUSCHEL-RELATED HOMEOBOX5 (WOX5)
and PLETHORAI (PLT1) are broadly expressed in de-
veloping callus cells (Atta et al., 2009; Sugimoto et al.,
2010). This gain of root meristem-like identity within
callus cells is crucial for the acquisition of shoot regen-
eration competency, as illustrated by the requirement of
root meristem regulators PLT3, PLT5, PLT7, and LBD16
for shoot formation (Kareem et al., 2015; Liu et al., 2018).
Upon transfer to SIM, cytokinin and auxin induce
reprogramming of pluripotent callus, allowing the ac-
quisition of shoot meristem identity. A key molecular
event underlying this cell fate transition is the tran-
scriptional activation of a homeobox gene, WUSCHEL
(WUS), which is induced in promeristems within the first
few days after transfer to SIM (Atta et al., 2009). This is
largely mediated by cytokinin signaling components
ARABIDOPSIS RESPONSE REGULATOR1 (ARR1),
ARR10, and ARR12, which together with homeodomain
Leu zipper III transcription factors such as PHABU-
LOSA, PHAVOLUTA, and REVOLUTA, directly induce
WUS expression (Meng et al., 2017; Zhang et al., 2017).
Other important regulators of shoot regeneration are
the APETALA2/ETHYLENE RESPONSIVE FACTOR
(AP2/EREF) transcription factors ENHANCER OF SHOOT
REGENERATIONT1 (ESR1) and ESR2, which are up-
regulated on SIM and directly activate the expression
of the shoot meristem regulators CUP SHAPED
COTYLEDON (CUC1) and CUC2 (Ikeda et al., 2006;
Matsuo et al., 2011). CUCs are necessary for induction
of the homeodomain transcriptional factor SHOOT
MERISTEMLESS (STM), which is required for shoot
meristem formation and in vitro regeneration alike
(Aida et al., 1999; Daimon et al., 2003).

Although exogenous hormone application alone is
often insufficient to induce shoot regeneration on tissue
culture, wounding of tissues during excision of ex-
plants can provide the trigger necessary for cellular
reprogramming and subsequent shoot regeneration
(Iwaseetal., 2015). A gene encoding a wound-inducible
AP2/ERF transcription factor, WOUND-INDUCED
DEDIFFERENTIATION1 (WIND1), and its homologs
WIND2 through WIND4 promote callus formation and
acquisition of regeneration competency (Iwase et al.,
2011, 2015, 2017). Expression of WIND1 is enhanced
upon cutting and promotes callus formation via acti-
vation of the cytokinin response (Iwase et al., 2011) and
shoot regeneration via direct up-regulation of ESRI
expression (Iwase et al., 2017). Another important signal-
ing component after wounding is jasmonic acid (JA; Leén
et al., 2001; Koo et al., 2009), but its contribution to organ
regeneration seems to be context dependent. For instance,
JA promotes de novo root regeneration from leaf cuttings
(Zhang et al., 2019a), but it represses callus formation in
wounded hypocotyls (Ikeuchi et al., 2017). Wounding also
activates other stress-associated plant hormone pathways
such as those mediated by abscisic acid (ABA), ethylene,
or salicylic acid (SA; Ledn et al., 2001; Wang et al., 2002;
Ogawa et al,, 2010), but it is currently unclear if these
pathways are involved in organ regeneration.
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Wounding, as well as other abiotic stresses such as
heat and drought, induces transcription-independent
signals that act as important primary triggers to alter
the expression of stress-responsive genes. Posttransla-
tional modification of proteins represents a key layer of
regulation that enables intricate control of protein
function in many signaling pathways mediating envi-
ronmental responses and developmental processes.
Advantages of posttranslational modification include
enabling rapid activation of protein function in re-
sponse to acute stress, as well as energy efficient fine
tuning of transcriptional responses appropriate for the
perceived stress (Mazzucotelli et al., 2008). While sev-
eral transcriptional cascades were shown to transduce
stress and/or hormonal cues to activate the expression
of developmental regulators, little is known about the
contribution of posttranslational regulation to the con-
trol of organ regeneration. Plants utilize a combination
of different protein modifications to regulate protein
activity, including the extensively characterized phos-
phorylation and ubiquitination (Bachmair et al., 2001;
Mazzucotelli et al., 2008; Guerra et al., 2015). In addi-
tion, conjugation of the SMALL UBIQUITIN-LIKE
MODIFIER (SUMO) peptide has been implicated in
regulating a number of important transcriptional reg-
ulators (Castro et al., 2012; Mazur and van den Burg,
2012; Augustine and Vierstra, 2018). SUMOylation is a
multistep process and involves sequentially SUMO
activation by E1 enzymes, SUMO conjugation by E2
enzymes, and ligation catalyzed by E3 enzymes. Unlike
ubiquitination, for which over 1,400 putative E3 ligases
have been found in Arabidopsis, SUMOylation is cat-
alyzed by only two E3 ligases, the SAF-A/B, Acinus,
and PIAS (SAP) and Msx-interacting-zinc finger (MIZ)
DOMAIN-CONTAINING LIGASE1 (SIZ1) and METHYL
METHANESULFONATE-SENSITIVE21/HIGH PLOIDY2
(MMS2/HPY2; Ishida et al., 2009, 2012; Kwak et al., 2016;
Liu et al., 2016). Several environmental cues, such as heat,
reactive oxygen species, cold, and drought stress, lead to
accumulation of SUMOylated proteins in plants (Kurepa
et al., 2003; Catala et al., 2007; Castro et al., 2012; Miller
et al., 2013), and most of these stress-induced SUMOy-
lation events are attributed to SIZ1 (Elrouby and
Coupland, 2010; Miller et al., 2010; Castro et al., 2012;
Rytz etal., 2018). Accumulation of SUMOylated proteins
occurs within 10 min of heat stress and is thought to be
transient (Kurepa et al., 2003; Saracco et al., 2007). Recent
proteomic studies identified more than 1,000 putative
SUMOylated proteins in plants and revealed that
around 80% of these SUMOylation targets are nuclear-
localized proteins, including transcription factors, chro-
matin remodeling enzymes, and histones (Shiio and
Eisenman, 2003; Rytz et al., 2018). Targets of stress-
induced SUMOylation include TOPLESS-RELATED1
(TPR1), implicated in the SA-mediated pathogen re-
sponse (Niu et al., 2019), ABA-INSENSITIVES (ABI5), a
key regulator of ABA signaling (Miura et al., 2009), and
JASMONATE ZIM6 (JAZ6), a regulator of JA signaling
(Srivastava et al., 2018). Additionally, several important
developmental regulators were found to be SUMO
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targeted. For instance, a recent study demonstrated that
SUMOylation of ARF7 promotes its interaction with its
negative regulator INDOLEACETIC ACID-INDUCED
PROTEIN3 (IAA3), consequently contributing to root
branching toward water (Orosa-Puente et al., 2018).
Given that organ regeneration is the outcome of the
reactivation of developmental processes upon wound
stress, we sought to investigate whether SIZ1-mediated
SUMOylation is involved in the regulation of de novo
organogenesis. We show that SIZ1 represses in vitro
shoot regeneration, as sizI mutants exhibit overpro-
duction of shoots in the tissue culture condition. Our
gene expression analysis revealed that the transcrip-
tional wound response following explant preparation is
strongly enhanced in these mutants. Our transcriptome
data further uncovered that regulators of shoot meristem
formation are highly activated upon transfer of sizI mu-
tants to SIM. This study thus demonstrates that SIZ1 is
required for the regulation of shoot regeneration by
modulating the expression of key regeneration regulators.

RESULTS
SIZ1 Negatively Regulates Shoot Regeneration

In order to investigate the role of SIZ1 in the control
of de novo organogenesis, we tested whether Arabi-
dopsis mutants for SIZ1 display altered regenerative

responses using a two-step tissue culture procedure. As
previously described (Valvekens et al., 1988), we cut
hypocotyl segments and incubated them on CIM for 4 d
before transferring them to SIM. Under our culture
conditions, wild-type explants start to regenerate
shoots around 9 d after transfer to SIM, leading to the
formation of, on average, five visible shoots per explant
at 14 d (Fig. 1, A and B). In contrast, shoot regeneration
is dramatically enhanced in two SIZ1 loss-of-function
mutants, siz1-2 and siz1-3, with new shoots appearing
by 8 d on SIM and more than 12 shoots forming at 14 d
(Fig. 1, A and B). We also found that explants of these
sizl mutants already appear green by 7 d on SIM
(Fig. 1C), supporting that the initiation of shoot devel-
opmental programs is advanced by the siz1 mutation.
These enhanced shoot regeneration phenotypes in the
siz1-2 mutant are rescued in siz1-2 pSIZ1::SIZ1 plants
expressing SIZ1 under the control of its native promoter
(Fig. 1, A—C), clearly demonstrating that SIZ1 nega-
tively regulates shoot regeneration.

Since preincubation of explants on CIM is a prereg-
uisite for shoot regeneration on SIM (Che et al., 2007),
we next tested if the sizI-3 mutation causes enhanced
callus formation on CIM, which could be responsible
for the subsequent promotion of shoot regeneration on
SIM. As shown in Figure 1, D and E, both callus size and
morphology are indistinguishable between wild type
and siz1-3 plants after 4 d on CIM, the time point at
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Figure 1. SIZ1 negatively regulates shoot regeneration in vitro. A, Images showing shoot regeneration phenotypes in hypocoty!
explants of siz1-2, siz1-3, and siz1-2 pSIZ1::S1Z1 compared to Col-0 wild type (WT). Explants were incubated on CIM for 4 d then
on SIMfor 14 d. Scale bars = 1T mm. Arrows indicate regenerated shoots. B, Time series quantification of shoot regeneration for the
genotypes pictured in A. Explants were incubated on CIM for 4 d followed by SIM for the indicated number of days. Sample sizes
are wild type (n = 68), siz1-2 (n = 103), siz1-3 (n = 99), siz1-2 pSIZ1::51Z1 (n = 47). Error bars represent = SE. Asterisks indicate
significant differences by one-way ANOVA and post-hoc Tukey for each genotype compared to wild type at the same time point
(*P<0.05). C, Images showing accelerated greening of hypocotyl explants in siz7-2 and siz1-3 compared to wild type and siz1-2
pSIZ1::51Z1. Explants were incubated on CIM for 4 d followed by SIM for 7 d. Scale bars = 1 mm. D, DIC images showing similar
callus production in wild-type and siz7-3 explants following 4 d of CIM incubation. Area marked in red highlights the callus-
containing region. Scale bars = 50 um. E, Quantification of projected callus area as shown in D. Sample sizes are wild type (n =
9) and siz1-3 (n = 12). ns, Not significant as evaluated by Wilcoxon rank-sum test (P = 0.917).
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Figure 2. SIZ1 alters gene expression at multiple time points during
in vitro shoot regeneration. A, Graphical depiction of the RNA-seq
analysis experimental setup. B, Volcano plots showing differentially
expressed genes (edgeR, false discovery rate [FDR] < 0.05) between
siz1-2 and wild-type (WT) explants. Significantly up-regulated or down-
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which the explants are transferred to SIM. It is therefore
unlikely that enhanced shoot regeneration on SIM is a
secondary consequence of enhanced callus formation
during CIM incubation. Nevertheless, we did observe
that after prolonged incubation on CIM, the siz1 mu-
tants eventually develop substantially larger callus
(Supplemental Fig. S1), suggesting that SIZ1 also neg-
atively regulates callus formation during long-term
CIM incubation.

The siz1 Mutation Causes Hyperactivation of the
Wound Response

In order to explore the molecular basis underlying
enhanced shoot regeneration in the sizI mutant, we
performed genome-wide transcriptomic analysis using
RNA sequencing (RNA-seq). We compared gene ex-
pression in wild-type and siz1-2 plants at four time
points: within 15 min after excising hypocotyls (after
cutting), after 4 d of incubation on CIM and after either
4 or 6 d on SIM (Fig. 2A). Among these time points, we
observed the most drastic differences in the global gene
expression pattern immediately after cutting, when
1,375 genes are up-regulated and 912 genes are down-
regulated in siz1-2 compared to wild type (edge-R; false
discovery rate < 0.05; Fig. 2B; Supplemental Table S1).
The differences in the gene expression profile are far
less prominent at 4 d on CIM when only 187 genes
are up-regulated and 66 genes are down-regulated
(Fig. 2B). After transfer to SIM, however, the gene ex-
pression pattern is again profoundly affected by the siz1
mutation. After 4 d on SIM, we detected 593 genes up-
regulated and 640 genes down-regulated, and by 6 d on
SIM, the number of misexpressed genes was further
increased (Fig. 2B). Interestingly, we found that mis-
expressed genes are largely distinct after cutting on
CIM and on SIM (Fig. 2C). For instance, we detected
that only 15% of the genes (211 genes out of 1,375 genes,
P = 6.7e—37; hypergeometric test) up-regulated after
cutting are also up-regulated on SIM. We observed a
similar trend for down-regulated genes in sizI1-2, as the
overlap between genes down-regulated after cutting on
CIM and on SIM is small (Supplemental Fig. S2A).
Accordingly, Gene Ontology (GO) enrichment analysis
demonstrated that genes associated with unique bio-
logical processes are up-regulated in sizI-2 at each of
these time points (Fig. 2D). In contrast, we observed less
distinct GO enrichment among down-regulated genes
(Supplemental Fig. S2B). Using these datasets, we also
found that while some genes of the SUMOylation pathway

regulated genes in siz1-2 are depicted as red or blue dots, respectively.
Red or blue numbers indicate the total number of up-regulated or down-
regulated genes. C, Venn diagram showing the overlap between genes
up-regulated in siz1-2 at different time points. D, GO enrichment
analysis for genes up-regulated in siz7-2. Displayed are the top 15 most
enriched GO categories among up-regulated genes at any given time
point. Highly redundant GO categories were manually removed.
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are differentially expressed in the wild type across the
different time points, expression of SIZ1 is fairly stable
(Supplemental Fig. S3), implying that the activity of SIZ1 is
not regulated at the transcriptional level.

Among genes up-regulated in sizI-2 immediately
after cutting, we found that those associated with stress
response are strongly represented. GO categories such
as “response to water” (P = 2.5e—31), “response to
oxidative stress” (P = 6.7e—25), and “response to
wounding” (P = 1.1e—14) are highly represented
(Fig. 2D), implying that the stress response is hyper-
activated in sizI1-2. To test whether this apparent hyper
response is caused by cutting or constitutively present
in sizl mutants even in nonstress conditions, we ex-
amined the overlap between the genes highly expressed
upon cutting in our dataset, and those up-regulated in
intact siz1-2 and sizl-3 plants as reported in other
studies (Catala et al., 2007; Rytz et al., 2018). As shown
in Figure 3A, we found that more than 80% of the genes
present in our dataset (1,112 genes out of 1,375 genes)
are unique to it, supporting the idea that a substantial
proportion of the transcriptional up-regulation we
detected in siz1 mutants is caused by cutting. We ob-
served a significant overlap of our dataset with either of
the previously published ones (Catala et al., 2007; Rytz
et al., 2018; P = 4.7e—64 and P = 1.0e—14; hyper-
geometric test), suggesting that our dataset includes
some genes constitutively activated in siz1. To further
examine how many of the genes in our dataset are in-
duced by wounding, we compared our dataset with
previously published transcriptomic data for wounded
hypocotyls (Ikeuchi et al., 2017). As shown in Figure 3B,
more than 40% of genes (561 genes out of 1375 genes,
P =1.7e—77; hypergeometric test, representation factor
= 2.1) up-regulated in siz] are induced within 3 h fol-
lowing cutting of hypocotyls in wild type. Importantly,
404 genes out of these 561 genes are up-regulated only
after cutting and not in intact siz1 plants (Fig. 3B), in-
dicating that siz1 mutants display a hypersensitive re-
sponse to wounding stimuli.

Phytohormones including SA, JA, ABA, and ethylene
are known to play complex interdependent roles in
regulating the response to wounding (McConn et al.,
1997; Birkenmeier and Ryan, 1998; Wang et al., 2002;
Yamada et al., 2004). Accordingly, GO categories such
as response to JA (P = 3.89e—14) and response to SA (P
= 4.24e—9) are enriched among genes up-regulated in
the siz1-2 mutant (Fig. 2D; Supplemental Table S2). We
indeed found that around 380 genes implicated in SA-
and/or JA-mediated signaling are transiently induced
by wounding in wild-type hypocotyls and that their
induction is more pronounced in siz1-2 (Fig. 3C). These
include SA-induced UBIQUITIN10 (UBQ10; Blanco
et al., 2005) and MYB DOMAIN PROTEIN51 (MYB51),
the latter of which encodes a transcription factor acting
as a major regulator of stress-induced glucosinolate bi-
osynthesis (Frerigmann and Gigolashvili, 2014). JA-
induced VEGETATIVE STORAGE PROTEIN1 (VSPI;
Ellis and Turner, 2002; Nemhauser et al., 2006) is also
among genes highly expressed in siz1-2 after wounding
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(Fig. 3, C and D; Supplemental Table S3). Among genes
up-regulated in sizI mutants, those implicated in SA or
JA response strongly overlap, while those associated
with ABA or ethylene response are clearly more distinct
(Supplemental Fig. S54).

Previous studies have shown that sizI mutants ex-
hibit an autoimmune response due to the accumulation
of SUPPRESSOR OF NPRI1-1, CONSTITUTIVE1
(SNC1) protein and consequential increase in SA levels
(Gou et al., 2017, Hammoudi et al., 2018; Niu et al.,
2019). Our RNA-seq data, however, showed that the
expression of SNC1 and several SA-induced genes is
mostly comparable after cutting between wild-type and
siz1-2 explants (Supplemental Fig. S5). We did observe
up-regulation of SNC1 and SA-induced genes such as
PATHOGENESIS RELATED?2 (PR2) and PR5 in siz1-2
explants on SIM (Supplemental Fig. S5), implying that
SA signaling is enhanced on SIM. The dwarf phenotype
caused by SA accumulation in sizI mutants can be
suppressed by introduction of a bacterial salicylate
hydroxylase, NahG, which degrades this phytohor-
mone (Lee et al., 2007; Miura et al., 2010). In order to
investigate if hyperaccumulation of SA is responsible
for the enhanced shoot regeneration phenotype in siz1
mutants, we compared the shoot regeneration pheno-
type in siz1-2 mutants expressing NahG (siz1-2 NahG;
Lee et al., 2007) to the siz1-2 single mutant. As shown in
Figure 3E, the introduction of NahG does not affect the
enhanced shoot regeneration phenotype in siz1-2, in-
dicating that this phenotype is independent of SA
signaling.

Further investigation of differentially expressed
genes after cutting revealed that 39 genes associated
with the GO category “cellular response to abscisic acid
stimulus” are strongly expressed in sizI-2 plants after
cutting (Fig. 3C; Supplemental Table S3). SIZ1 is known
to negatively regulate ABA signaling by SUMOylating
the transcription factor ABI5, leading to the down-
regulation of its direct target gene RESPONSE TO
ABA18 (RAB18; Miura et al., 2009). In our dataset, the
expression of RAB18 is up-regulated in siz1-2 (Fig. 3, C
and D; Supplemental Table S3), implying that ABI5-
mediated ABA signaling is hyperactivated in siz1-2 af-
ter wounding. Similarly, we found that 51 genes asso-
ciated with GO categories “response to ethylene” or
“cellular response to ethylene stimulus” are strongly
expressed in sizI-2 after cutting (Fig. 3, C and D;
Supplemental Table S3). These include an ethylene-
induced ethylene receptor ETHYLENE RESPONSE
SENSOR?2 (ERS2; Wang et al., 2002; Nemhauser et al.,
2006), suggesting that ethylene signaling is also affected
in the siz1-2 mutant after wounding.

When Arabidopsis hypocotyls are subjected to
wounding without any external hormone application,
they develop calluses from wound sites (Iwase et al.,
2011). Given that the sizI mutants display enhanced
transcriptional responses to wounding, we next tested
if this leads to enhanced callus formation at wound
sites. As previously reported (Iwase et al., 2011), we cut
the top end of hypocotyls and incubated the explants on
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Figure 3. Many genes associated with stress-related hormone signaling are hyperactivated after wounding in siz1 mutants. A,
Overlap between genes up-regulated in siz7-2 compared to the wild type (WT) after cutting, based on our RNA-seq analysis, and
those up-regulated in intact siz1 mutant seedlings, as determined in previous studies (Catala et al., 2007; Rytz et al., 2018). The
significance of the overlap between pairs of gene sets was evaluated by a hypergeometric test. The calculated representation
factor is shown in brackets. B, Overlap between genes up-regulated in siz7-2 after cutting, genes induced at 1 and/or 3 h after
wounding in hypocotyls (Ikeuchi et al., 2017), and genes up-regulated in siz1 intact plants (Catala et al., 2007; Rytz et al., 2018).
The significance of the overlap between pairs of gene sets was evaluated by a hypergeometric test. The calculated representation
factor is shown in brackets. C, Heatmap showing the time course expression of genes hyperactivated after cutting in siz1-2
compared to wild type. Genes associated with a GO category containing one of the following terms, JA, SA, ethylene, or ABA, are
included. Normalized expression was calculated for each gene across all time points, using data from both genotypes. D, Relative
expression of a selection of genes which are associated with one or more of the phytohormone GO terms shown in Ciin siz7-2 and
in wild type explants. Error bars represent = SE. Asterisks indicate significant differences by edgeR comparative analysis between
wild type and siz1-2 (*P < 0.05). E, Images (left) and quantification (right) of shoot regeneration from hypocotyl explants of wild
type, siz1-2, NahG, and siz1-2 NahG plants. All explants were incubated on CIM for 4 d and then on SIM for 14 d. Values
represent mean number of shoots produced per explant, and error bars represent = SE. Sample sizes are wild type (n = 37), siz1-2
(n = 44), NahG (n = 48), and siz1-2 NahG (n = 38). Different letters indicate significant differences based on one-way ANOVA

and post-hoc Tukey test (P < 0.05).
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hormone-free medium. We found that callus induction
is more pronounced in siz1-2 and sizI-3 mutants since
nearly 75% of their hypocotyl explants produce calluses
within 4 d after cutting, as opposed to 56% for the wild
type (Supplemental Fig. S6). Importantly, this en-
hanced callus formation is not caused by SA accumu-
lation, as introduction of NahG does not abolish this
phenotype (Supplemental Fig. S6). These data together
support that SIZ1 is required to prevent hyperactivation
of the wound response.

Elevated WIND1 Expression Contributes to the Enhanced
Shoot Regeneration Phenotype in siz1 Mutants

Wounding induces transcriptional activation of
many key regulators that mediate cellular reprogram-
ing and organ regeneration (Iwase et al., 2011; Ikeuchi
et al., 2017; Rymen et al., 2019). According to our
RNA-seq dataset, some of these wound-induced reprog-
ramming regulators are up-regulated in sizI-2 plants
(Fig. 4A). Consistent with previous reports (Iwase et al.,
2011; Ikeuchi et al., 2017; Rymen et al., 2019), the ex-
pression of both WIND1 and WIND? is transiently el-
evated upon wounding in our dataset, and these genes
are hyperactivated after cutting in siz1-2 plants (Fig. 4B).
Our reverse transcription quantitative PCR (RT-qPCR)
analysis further showed that the expression of these and
several other wound-induced genes is also enhanced in siz1-
2 NahG plants (Fig. 4C), strongly suggesting that this tran-
scriptional activation is not due to the SA-dependent auto-
immunity. We have previously shown that constitutive

Figure 4. Elevated Shoot Regeneration in siz1 Mutants Is Partially De-
pendent on WIND1. A, Heatmap showing the relative expression,
based on our RNA-seq analysis, of transcription factors identified as
wound inducible and involved in cellular reprograming (lkeuchi et al.,
2017). Normalized expression was calculated for each gene across all
time points, using data from both genotypes. B, WINDT and WIND2 are
up-regulated in siz1-2 after cutting. Line plots show relative expression
from RNA-seq analysis. Error bars represent = SE. Asterisks indicate
significant differences by edgeR comparative analysis between wild
type (WT) and siz1-2 (*P < 0.05). C, RT-qPCR analysis showing the
expression of wound-induced transcription factors in wild type, siz1-2,
NahG, and siz1-2 NahG hypocotyl explants after cutting. Gene ex-
pression levels are normalized to PP2A (n = 3, biological replicates).
Error bars represent = SE. Different letters indicate significant differ-
ences between genotypes for each gene based on one-way ANOVA and
post-hoc Tukey test (P < 0.05). D, Images (left) and quantification (right)
of shoot regeneration from hypocotyl explants of wild type, siz1-3,
WIND1-SRDX (pWIND1::WIND1-SRDX), and siz1-3 WIND1-SRDX.
All explants were incubated on CIM for 4 d then on SIM for 14 d. Values
represent mean number of shoots produced per explant, and error bars
represent = SE. Sample sizes are wild type (n = 36), siz1-3 (n = 34),
WIND1-SRDX (n = 36), and siz1-3 WIND1-SRDX (n = 38). Different
letters indicate significant differences based on one-way ANOVA and
posthoc Tukey test (P < 0.05). E, Overlap between genes up-regulated
in siz1-2 after cutting or after 4 d on CIM and 355:WIND1 seedlings
(lwase et al., 2011). P value was calculated by a hypergeometric test,
and the representation factor is shown in brackets.
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overexpression of WINDI promotes shoot regeneration
when uncut seedlings are incubated on SIM without
CIM preculture (Iwase et al., 2015). Similarly, we found
that the higher expression of WIND1 during CIM and
SIM incubation improves shoot regeneration in LEXA-
VP16-ER-(XVE-)WINDI hypocotyl explants cultured in
the presence of 17 B-estradiol (Supplemental Fig. S7). To
further examine if enhanced expression of WIND1 or
WIND?2 is responsible for the enhanced shoot regenera-
tion phenotype in sizlI mutants, we crossed plants
expressing WIND1 fused with the SUPERMAN repres-
sion domain (SRDX), pWIND1::WIND1-SRDX (WIND1-
SRDX), with the siz1-3 mutant. As shown in Figure 4D,
the sizI-3 WIND1-SRDX explants regenerate a signifi-
cantly reduced number of shoots compared to siz1-3
plants, demonstrating that enhanced shoot regenera-
tion in sizI mutants is partially dependent on WIND1. To
further explore whether SIZ1 acts in the same pathway
with WIND1, we compared genes up-regulated in
355:WIND1 plants (Iwase et al., 2011) with our dataset.
Around 12% of genes up-regulated in siz1-2 plants after
cutting (163 of 1,375 genes) and 23% of genes up-
regulated in sizI-2 at 4 d on CIM (43 of 187 genes) are
also overexpressed in 355:WIND1 seedlings (Fig. 4E;
Supplemental Table S4), indicating that SIZ1- and
WIND1-mediated pathways regulate a significantly
overlapping set of genes. Taken together, these results
strongly suggest that the hyperactive wound response in
siz1 mutants contributes to their enhanced ability to re-
generate shoots.

Expression of CIM-Induced Callus-Associated Genes Is
Not Affected in siz1 Mutants

When performing GO analysis on the 187 genes up-
regulated in siz1-2 explants compared to the wild type
after a 4-d incubation on CIM, we observed a lower
degree of functional enrichment compared to other
time points (Fig. 2D; Supplemental Table S2). Wound
stress is known to promote the production of secondary
metabolites (Bodnaryk, 1992; Cheong et al., 2002).
Consistent with this effect, we found that GO categories
such as “secondary metabolite biosynthetic process” (P
= 4.68e—5) and “glycosinolate metabolic process” (P =
4.1e—4) are significantly enriched at this time point,
although this enrichment was also found at other time
points (Fig. 2D; Supplemental Table S2). These data are
consistent with the enhanced wound response ob-
served in siz1 mutants.

Given that auxin is primarily responsible for cell cy-
cle re-entry and acquisition of regeneration competency
during CIM incubation (Fan et al., 2012; Ikeuchi et al.,
2013), we further examined whether genes that are both
auxin induced, according to previous reports, and CIM-
induced, according to our dataset, are differentially
expressed in sizl-2. Among the 6935 genes in our
dataset that are significantly induced in wild-type ex-
plants after 4 d of CIM incubation compared to after
cutting, 716 genes are induced by auxin according to
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previously published transcriptome datasets (Fig. 5A;
Supplemental Table S5; Nemhauser et al., 2006; Goda
et al., 2008; Omelyanchuk et al., 2017). As shown in
Figure 5B, more than 50% of these auxin-induced
genes are specifically expressed on CIM, although
a substantial proportion of genes also continue to be
expressed after transfer to SIM. Importantly, only 10 of
these genes are differentially expressed in siz1-2 plants
(Fig. 5B; Supplemental Table S5), suggesting that the
overall transcriptional response to auxin is not altered
by the SIZ1 mutation. Most of these differentially
expressed genes appeared specifically induced upon
CIM incubation and are clustered in our heat map
(Fig. 5B). We should note, in particular, that key regu-
lators of callus formation, such as LBD16, LBD18, and
LBD?29, as well as regulators of pluripotency acquisition,
like PLT1, PLT2, and WOX5, are not misexpressed in
siz1-2 explants on CIM (Fig. 5, C and D; Supplemental
Table S5).

In order to further explore the expression pattern of
WOXS5 in siz1 mutants, we introduced the WOX5-GFP
marker (pWOX5::ER-GFP; Blilou et al., 2005) into the
siz1-3 mutant and examined its expression in CIM-
induced callus. As shown in Figure 5E, the pattern of
WOX5-GFP expression in developing callus is compa-
rable between wild-type and siz1-3 explants after 4 d on
CIM. 1t is thus unlikely that SIZ1 influences the effi-
ciency of shoot regeneration by altering cellular re-
sponse to auxin on CIM. We should note, however, that
we did observe an increased number of GFP-positive
cells in siz1-3 plants by 9 d on CIM (Supplemental Fig.
S1C), suggesting that SIZ1 may modulate the auxin-
triggered transcriptional response under prolonged
explant incubation on CIM.

Expression of SIM-Induced Shoot Meristem Genes Is More
Pronounced in siz1 Mutants

Our GO analysis showed a clear enrichment of GO
categories such as “shoot system morphogenesis” (P =
1.58e—7) and “stomatal complex development” (P =
3.74e—6) among the 593 genes up-regulated in siz1-2
after 4 d of SIM incubation (Fig. 2D; Supplemental
Table S2). Importantly, calluses developing in wild-
type and siz1-2 explants is morphologically compara-
ble at this time point (Supplemental Fig. S8), implying
that this transcriptional activation is not the conse-
quence of early shoot formation in siz1-2 plants. These
two GO categories become even more strongly over-
represented among the 982 genes up-regulated at 6 d
(Fig. 2D; Supplemental Table S2). As expected, genes
that are up-regulated in sizI-2 compared to the wild
type on SIM include key regulators of shoot meristem
development such as REV, ESR2, STM, and WUS
(Fig. 6, A and B). In order to further characterize these
early transcriptional changes on SIM, we introduced
the gWUS-GFP; construct (Tucker et al., 2008) into the
siz1-3 mutant and examined gWUS-GFP3 expression in
explants following SIM incubation. It was previously
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Figure 5. Expression of CIM-induced callus genes is largely unchanged in the siz7-2 mutant. A, Venn diagram showing overlap
between auxin-inducible (IAA-induced) genes and CIM-inducible genes. The IAA-induced gene list was generated by combining
datasets from Nemhauser et al. (2006; 430 genes), Omelyanchuk et al. (2017; 789 genes), and AtGeneExpress (ExpressionSet:
1007965859; Goda et al., 2008; 103 genes). CIM-induced genes are those up-regulated in the wild type (WT) after a 4-d in-
cubation on CIM compared to after cutting (edgeR, false discovery rate [FDR] < 0.01). The significance of overlap between pairs
of gene sets was evaluated by a hypergeometric test. The calculated representation factor is shown in brackets. B, Heatmap
showing an absence of significant changes in expression between siz1-2 and wild-type plants, based on our RNA-seq analysis, for
genes inducible by both IAA and CIM incubation identified in A. Normalized expression was calculated for each gene across all
time points, using data from both genotypes. Differentially expressed genes (DEG) are marked in red for up-regulated genes in
siz1-2 at CIM 4 d and in blue for down-regulated genes. C, Heatmap showing an absence of significant changes in expression
between siz7-2 and wild-type plants for transcriptional regulators that are involved in callus formation and pluripotency ac-
quisition according to lkeuchi etal. (2019). Gene expression was normalized as in B. D, Relative expression of a selection of genes
from the heatmap in C in siz7-2 versus wild-type plants. Error bars represent = SE. Asterisks inidacte statistical significance of the
difference is indicated based on edgeR analysis from the RNA-seq data (*P < 0.05). E, Expression of the pWWOX5::ER-GFP marker
(green), visualized using confocal microscopy, in siz1-3 and wild-type hypocoty| explants after 4 d on CIM. Samples were stained
with propidium iodide (magenta) to stain cell walls (top). Images of the same hypocotyl explants visualized using light microscopy
(bottom). Scale bars = 50 um.

described that WUS expression is broadly distributed
in callus cells at 4 d on SIM, and it becomes spatially
confined to form fociby 6 d (Zhang et al., 2017). While
WUS-expressing foci were observed in hypocotyl
explants in both wild-type and siz1-3 plants after a 6-
d SIM incubation, the number of these foci is greatly
increased in sizl1-3 explants compared to the wild
type (Fig. 6, C and D). This suggests that the higher
level of WUS expression detected in our RNA-seq
dataset is due to the higher abundance of WUS-
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expressing cells rather than its elevated expression
in individual cells.

Given that cytokinin induces WUS expression during
shoot regeneration on SIM (Zhang et al., 2017), we next
investigated whether transcriptional responses to cy-
tokinin are altered in siz1-2. Among the 7,234 genes that
are induced in wild-type explants at 4 or 6 d on SIM
compared to after cutting, we found 342 genes that are
cytokinin inducible based on previously published
transcriptomic datasets (Fig. 6E; Nemhauser et al., 2006;
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Figure 6. SIZ1 affects the expression of SIM-induced shoot meristem genes. A, Heatmap showing transcriptional regulators up-
regulated in siz7-2 that are highly expressed during SIM incubation and also known to be involved in regeneration according to
Ikeuchi etal. (2019). Normalized expression was calculated for each gene across all time points, using data from both genotypes.
B, Relative expression in siz1-2 versus wild type (WT) plants of selected shoot meristem genes from the heatmap in A. Error bars
represent + SE. Asterisks indicate significant differences by edgeR comparative analysis between wild type and siz7-2 (*P < 0.05). C,
Expression of the gWUS-GFP; reporter (green), visualized using confocal microscopy, in siz1-3 and wild-type hypocotyl explants after
4 d on CIM followed by 6 d on SIM. Samples were stained with propidium iodide (magenta) to stain cell walls. Scale bars = 50 um. D,
Quantification of the number of gWUS-GFP;-expressing foci after 6 d on SIM, observed as in C. Sample sizes are wild type (n = 33) and
siz1-3 (n = 36). Significance was tested with two-tailed Welch's t test (*P = 2.9e—7) and error bars represent = SE. E, Venn diagram
showing the overlap between cytokinin-inducible genes and SIM-inducible genes. The list of cytokinin-induced genes was created by
combining data from Nembhauser et al. (2006; 332 genes), Bhargava et al. (2013; 422 genes), and AtGeneExpress (ExpressionSet:
1008031453; 60 genes). SIM-inducible genes are those up-regulated in the wild type after 4 or 6 d of incubation on SIM compared to
after cutting, based on our RNA-seq data (edgeR, false discovery rate [FDR] < 0.01). The significance of overlap between pairs of gene
sets was evaluated by a hypergeometric test. The calculated representation factor is shown in brackets. F, Heatmap showing the ex-
pression of genes which are both cytokinin inducible and SIM inducible, as identified in E, in siz7-2 and wild-type plants. Differentially
expressed genes (DEG) are marked in red for up-regulated genes in siz7-2 at SIM 4 d or 6 d and in blue for down-regulated genes.

Goda et al., 2008; Bhargava et al., 2013). We detected
22 genes among these cytokinin-induced genes that
are overinduced in sizI-2 explants on SIM, while 110
genes are down-regulated (Fig. 6F, Supplemental
Table S5). Most of these differentially expressed genes
are clustered together in our heat map and are induced
specifically on SIM (Fig. 6F). To further examine the
level of cytokinin response in the wild type and sizl
mutants, we incubated hypocotyl explants on Gam-
borg B5 media that contain 0 to 500 ng mL~! 6-
benzylaminopurine (BA). As shown in Supplemental
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Figure S9, siz1 hypocotyl explants, but not wild-type
explants, display increased callus growth in response to
BA. These data together suggest that the cytokinin re-
sponse is altered in siz1 mutants, which may contribute
to the enhanced expression of shoot meristem regulators.

DISCUSSION

In this study, we demonstrate that the SUMO E3 ligase
SIZ1 negatively regulates in vitro shoot regeneration in
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Arabidopsis, revealing a role for posttranslational
modification in the control of organ regeneration. Our
data suggest that the sizI mutants exhibit an elevated
response to wound stress after explant preparation and
that this is partly responsible for the enhancement of
shoot regeneration. SIZ1-mediated SUMOylation may
also directly regulate the expression of shoot meristem
genes, and identification of SUMOylated proteins under
tissue culture conditions will be essential to gain further
molecular insights into this control. Given that the
transcript level of SIZ1 does not change markedly under
our experimental conditions (Supplemental Fig. S3),
SIZ1-mediated SUMOylation is likely activated by
posttranscriptional mechanisms. Very little is known as
to how SIZ1 is activated and how it specifies its targets
under given conditions, although under some abiotic
stresses such as low temperature, drought, and high salt,
its activity is regulated by CONSTITUTIVE PHOTO-
MORPHOGENIC1 (COP1)-dependent ubiquitination
(Kim et al., 2016a; Mazur et al., 2019). Further elucidation
of these molecular mechanisms will be useful for un-
derstanding how wounding and/or hormonal cues
modulate plant regeneration.

Roles of SIZ1 in the Wound Response

Various biotic and/or abiotic stresses such as path-
ogen infection and exposure to heat are known to in-
duce massive SUMOylation of the proteome in plants
(Kurepa et al., 2003; Catala et al., 2007; Castro et al.,
2012; Miller et al., 2013). Given that loss-of-function
mutants of SIZ1 are often hypersensitive to these
stresses, SIZ1-mediated SUMOylation is thought to
limit the stress response, thereby maintaining physio-
logical homeostasis via posttranslational regulation
(Augustine and Vierstra, 2018). Although we did not
establish whether wound stress promotes similar ac-
cumulation of SUMOylated proteins, our transcriptome
data suggest that SIZ1-mediated SUMOylation is re-
quired to restrict several hormone signaling pathways
activated by wounding (Fig. 3, A-D). SIZ1 is reported to
suppress JA signaling, and accordingly we saw a sig-
nificant enrichment of JA-related genes such as VSP1
(Fig. 3D; Ellis and Turner, 2002; Srivastava et al., 2018),
implying that the JA-mediated stress response is en-
hanced in sizI mutants. Additionally, SIZ1-mediated
regulation of ABA signaling might be involved in the
wounding response. As ABI5-dependent genes are
strongly expressed in siz1-2 plants after cutting (Fig. 3, C
and D), it is possible that SIZ1 negatively regulates this
pathway upon wounding. Whether ABA plays a major
role in the wound response is not established, but it is
known to function in response to drought and oxidative
stress (Shinozaki and Yamaguchi-Shinozaki, 1996;
Finkelstein et al., 2002; Zhao et al., 2016). These stresses
may also be experienced by the explant after cutting,
given that genes involved in response to drought are
overexpressed in sizl explants (Fig. 2D; Supplemental
Table S2). Further analysis of mutants for ABI5 or ABA-
RESPONSIVE ELEMENT BINDING (AREB) transcription
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factors, which are major regulators of ABA signaling
(Yoshida et al., 2010), could help elucidate the role of ABA
in the response to wounding.

Roles of SIZ1 in Shoot Regeneration

The sizI mutants display various developmental
phenotypes including early flowering (Jin et al., 2008;
Kong et al.,, 2017), reduced secondary cell wall thick-
ening (Liu et al., 2019), reduced germination (Kim et al.,
2016b), and reduced hypocotyl growth (Lin et al., 2016;
Hammoudi et al., 2018; Zhang et al., 2019b). This study
uncovered another developmental role of SIZ1 through
the finding that the sizI mutation causes enhanced
shoot regeneration in tissue culture (Fig. 1, A and B).
Since in vitro shoot regeneration is a multistep process
that requires cutting followed by incubation on CIM
and SIM, we dissected the effect of sizI mutations at
each step of the procedure by RNA-seq analysis. In-
terestingly, we saw the most prominent misexpression
of genes previously implicated in regeneration either
immediately after cutting or upon incubation on SIM
(Figs. 2C; Supplemental Fig. S2A). Considering that
wound stress is a key trigger for shoot regeneration
(Iwase et al., 2015, 2017), an interesting hypothesis is
that SIZ1 acts by suppressing the wound stress re-
sponse and that the exaggerated wound response upon
cutting in sizl mutants promotes subsequent shoot re-
generation. Part of the exaggerated response includes
up-regulation of genes related to the stress-induced
defense hormones SA, JA, and ABA (Fig. 3C). The
role of SIZ1 in suppressing the SA response is well
established, and some aspects of the siz1 phenotype are
due to the autoimmunity caused by hyperaccumulation
of SA (Lee etal., 2007; Miura et al., 2010; Gou et al., 2017;
Hammoudi et al., 2018). We provide genetic evidence,
however, that the wound-induced transcriptional acti-
vation as well as the enhanced shoot regeneration
phenotype in siz1 plants is not due to accumulation of
SA (Figs. 3E and 4C). The SA-independent develop-
mental phenotype of sizI mutants is also reported for
both hypocotyl elongation and thermotolerance (Yoo
et al.,, 2006; Lin et al., 2016). Exploring the functional
link between these processes may give some clues to
elucidate how SIZ1 functions in shoot regeneration. JA
signaling is also negatively regulated by SUMOylation
(Srivastava et al., 2018), and it was recently reported
that pretreatment with JA before cutting explants pro-
motes shoot regeneration, demonstrating that in-
creased JA signaling enhances shoot regeneration (Park
et al., 2019). Since this JA-mediated enhancement of
shoot regeneration is dependent on COI1 (Park et al.,
2019), the importance of the SUMO-dependent regula-
tion of COI1 and its targets in shoot regeneration would
be worth investigating in further studies. Whether ABA
signaling participates in shoot regeneration is not well
established, but it does promote shoot regeneration
from embryo explants (Paulraj et al., 2014). It will thus
be interesting to test whether the shoot regeneration
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phenotype in sizl mutants is dependent on ABA
signaling.

We have previously reported that WIND1 regulates
shoot regeneration via transcriptional activation of
ESR1, which is required for the induction of several
shoot meristem regulators such as its paralog ESR2,
WUS, and STM (Matsuo et al., 2011; Iwase et al., 2017).
Indeed, the expression levels of WIND1, ESR2, WUS,
and STM are elevated in siz1, although we could not
detect significantly different expression of ESR1 be-
tween wild-type and siz1 plants at the time points we
tested. Since ESR1 expression is generally very low and
declines after several days on SIM (Iwase et al., 2017),
further expression analysis at different time points may
be necessary to detect a possible up-regulation of ESR1
in sizl. Genetic evidence nevertheless shows that
WINDI1 partly mediates the enhanced shoot regenera-
tion phenotype observed in siz1. How SIZ1 regulates
WIND1 expression is not clear at this point, but one
possibility is through the ABA-mediated pathway, as
SIZ1 negatively regulates ABA signaling (Miura et al.,
2009), and ABA induces WIND1 expression within
30 min of application (Winter et al., 2007). Since incor-
poration of WIND1-SRDX does not fully suppress the
shoot regeneration phenotype in siz1 mutants, we predict
that SIZ1 regulates other pathways that function in par-
allel to the WIND1-mediated pathway. It is also possible
that some factors acting downstream of WIND1 are re-
pressed by SIZ1l-dependent mechanisms, as WINDI-
SRDX plants in the siz1-3 background regenerate shoots.

Our transcriptome analysis showed that many
cytokinin-induced regulators of the shoot meristem are
highly elevated in siz1 (Fig. 6), and consistently, we
found that siz1 mutants are hypersensitive to exoge-
nously supplied cytokinin (Supplemental Fig. S9),
suggesting that the overall cytokinin response is mod-
ified. Some type-B response regulators, such as ARR1
and ARR2, that are responsible for cytokinin signaling
have been identified as candidates for SUMOylation by
proteomics (Rytz et al., 2018); thus, the possibility that
SIZ1 directly regulates the cytokinin response should
be further explored. Our data also suggested that the
auxin response is only marginally affected by the siz1
mutation in calluses formed at 4 d on CIM. This is in
contrast to other studies, which showed that SUMOy-
lation regulates auxin responses in nutrient deficiency
control (Miura et al., 2011) and water-induced lateral
root formation (Orosa-Puente et al., 2018). These results
therefore imply that the regulation of auxin signaling
through SUMOylation might be context dependent. We
did observe that auxin-induced callus formation is en-
hanced in siz1 mutants after prolonged incubation on
CIM (Supplemental Fig. S1); thus, we do not exclude
the possibility that the enhanced shoot regeneration
phenotype in siz1 mutants is a result of undetectable
enhancement in auxin response. Generation of trans-
genic plants that permit inducible complementation of
SIZ1 function should help further reveal when SIZ1 is
required during the multistep processes of in vitro
shoot regeneration.
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Conclusion

This study suggests that SIZ1 represses in vitro shoot
regeneration by preventing the transcriptional hyper-
activation of the wound response. While this repressive
mechanism might be important to balance the physio-
logical response to wound stress in natural contexts,
eliminating this additional layer of regulation facilitates
shoot regeneration in tissue culture conditions where
maximizing the stress response does not appear to
cause any unfavorable consequences. It might be that
protein SUMOylation underlies regenerative recalci-
trance in some plant species, and therefore, targeted
inhibition of SIZ1-mediated SUMOylation, for instance
by chemical inhibitors, may help improve regeneration
efficiency in these plants.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) lines used in this study are in the
Columbia (Col-0) ecotype, and the following genotypes were used: siz1-2
(SALK_065397), siz1-3 (SALK_034008), siz1-2 pSIZ1::SIZ1 (Miura et al., 2005;
Jin et al., 2008), NahG (Delaney et al., 1994), siz1-2 nahG (Lee et al., 2007),
WINDI-SRDX (Iwase et al, 2011), XVE-WIND1 (Iwase et al., 2011),
pWOX5::ER-GFP (Blilou et al., 2005), and gWUS-GFP; (Tucker et al., 2008).
Double mutants were generated by crossing the sizI-3 mutant with the re-
spective mutant lines. Genotyping of homozygous siz1-3 individuals by PCR
was done according to the SIGnAL T-DNA primer design (http://signal.salk.
edu/tdnaprimers.2.html; left genomic primer, 5'-TCCCTCGTAGACATCTGA
TGG-3'; right genomic primer, 5'-AAAGAGAGAGTGAGCGAAGGG-3'; and
left t-DNA border primer, 5'-GATGCACTCGAAATCAGCCAATTTTAGAC-
3'). Selection of nonsegregating lines containing the gWUS-GFP; construct in
siz1-3 gWUS-GFP3 plants was confirmed by PCR (5'-CCCTTGCGCTTTCTC
TTGAGC-3', 5'-TTGAAGTCGATGCCCT-3') with more than 12 individual
plants. Selection of homozygous lines containing the WIND1-SRDX construct
in siz1-3 WIND1-SRDX plants was confirmed by PCR (5'-CAGTGGAACGAG
ACGTTCTCG-3', 5'-AGCGAAACCCAAACCGAGTTCGAG-3') with more
than 12 individual plants. Selection of homozygous lines containing the con-
struct pWOX5::ER-GFP in siz1-3 pWOX5::ER-GFP plants was confirmed by
observing GFP signal in the root apical meristem. Seeds were stratified for 3 d at
4°C and then sown onto Murashige and Skoog media containing 1% (w/v) Suc
and 0.6% (w/v) Gelzan (Sigma-Aldrich). Seedlings were incubated under
constant fluorescent white light (~50 umol m~2 s~ 1) at 22°C.

In Vitro Tissue Culture

Seedlings were grown in the dark for 7 d to induce etiolation. Hypocotyl
explants (around 10 mm long) were excised from etiolated seedlings using a
razor blade and incubated on CIM (Gamborg B5 medium with 0.25% [w/v]
Gelzan, 0.5 ug mL~! 2,4-dichlorophenoxyacetic acid [2,4-p] and 0.05 pug mL~
! kinetin) for 4 d under constant light. Hypocotyl explants were then transferred
to SIM (Gamborg B5 medium with 0.25% (w/v) Gelzan, 0.15 ug mL~ ! IAA and
0.5 ug mL~! 2-IPA) and incubated for several days to induce shoot regenera-
tion. To test the cytokinin response, hypocotyl explants were incubated on
Gamborg B5 media containing 0 to 500 ng mL~! 6-BA.

To quantify callus growth on CIM, individual calli were first dabbed on a
Kimwipe to remove media and then weighed using a XS104 balance (Mettler
Toledo). Projection of the callus area from calli grown for 4 d on CIM was
quantified from differential interference contrast images taken with an
OLYMPUS BX51 microscope and the area of visible callus was quantified using
Image]J software. For calli grown on media containing BA, images of calli were
taken with a DSLR camera (Canon EOS 9000D), and the area of each callus was
calculated using Image] software. To quantify shoot regeneration on SIM, the
number of shoots visible per explant was counted. Shoots were defined as re-
gions with viable leaves with trichomes and appearing to arise from a single
meristem when visualized from the top with an OLYMPUS SZX7 microscope.
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The wound-induced callus assay was performed by cutting the hypocotyl of 7-
d-old dark-grown seedlings about 3 mm below the shoot apical meristem, then
incubating them on Murashige and Skoog media in constant light at 22°C for 4
d. The presence of callus was assessed by formation of more than 3 callus cells
protruding from the cut site when visualized with a SZX7 microscope.

Transcriptomic Analysis by RNA-seq

Total RNA was extracted from ~50 hypocotyl explants either immediately
after cutting, following 4 d of incubation on CIM, or following either 4 or 6 d of
incubation on SIM. Samples for different genotypes within the same biological
replicate set were incubated on the same plate, and three biological replicates
were used. Wild-type and siz1-2 explants were harvested simultaneously, one
replicate at a time. Total RNA was isolated using the RNeasy plant mini kit
(Qiagen) following the manufacturer’s instructions. Isolated RNA was sub-
jected to library preparation with the Kapa stranded mRNA sequencing kit
(KK8420, Kapa Biosystems) and Illumina-compatible FastGene adapters
(NGSAD24, Nippon Genetics). Single-end sequencing was performed on an
Illumina NextSeq500 platform, and mapping was carried out using Bowtie2
(Langmead and Salzberg, 2012), with over 85% of reads uniquely mapped to the
TAIR10 Arabidopsis genome, resulting in 8 to 15.5 million mapped reads per
sample.

Differences in expression between the wild type and mutants was calculated
with the edgeR package (Robinson et al., 2010) in R using the weighted-trim-
med-mean method to calculate normalization values, and the HTSFilter pack-
age (Rau et al., 2013) was used to filter lowly expressed genes. Volcano plots
were made using the ggplot2 package (Wickham, 2016), and clusterProfiler (Yu
etal., 2012) was used for GO analysis. The GO enrichment data were simplified
using the “simplify” function, and redundant GO categories, referring to the
same biological functions, were further removed manually. The heatmaps.2
function in the gplots package was used to generate heatmaps. Venn diagrams
were generated using an online tool (http://bioinformatics.psb.ugent.be/
webtools/Venn/), and for weighted Venn diagrams the Vennerable package
(https:/ /r-forge.r-project.org/ projects/ vennerable) in R was used.

Gene Expression Analysis by RT-qPCR

Total RNA was extracted from freshly excised hypocotyls of 7-d-old dark-
grown seedlings using a RNeasy plant mini kit (Qiagen). Extracted RNA was
reverse transcribed using a PrimeScript RT-PCR kit with DNase I (perfect real
time; Takara) in accordance with the accompanying protocol. Transcript levels
were determined by qPCR using a THUNDERBIRD SYBR qPCR mix kit
(Toyobo) and an Mx399P QPCR system (Agilent). The expression of the PP2A
gene was used as a reference. Primer sets used in this study are listed in
Supplemental Table S6.

Confocal Microscopy Analysis and Imaging

For all fluorescent marker lines, explants were mounted in either water or
propidium iodide before imaging with a Leica SP5 confocal microscope with an
HCXPLAPO CS20x0.70 DRY UV lens. GFP was excited at 488 nm. A z-stack was
taken through the sample, and projected images were generated using the
Image] Bio-Formats plugin with sum of slices option.

Accession Numbers

RNA-seq data have been deposited to Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE141188. Sequence
data from this article can be found in the Arabidopsis Genome Initiative or
GenBank/EMBL databases under the following accession numbers: SIZ1
(AT5G60410), WIND1 (AT1G78080), WIND2 (AT1G22190), WUS (AT2G17950),
WOXS5 (AT3G11260), RAB18 (AT5G66400), MYB51 (AT1G18570), MYB102
(AT4G21440), VSP1 (AT5G24780), STM (AT1G62360), ESR2 (AT1G24590), ARF7
(AT5G20730), ARF19 (AT1G19220), OBP4 (AT5G60850), WOX2 (AT5G59340),
and RAP2.6 (AT1G43160).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. SIZ1 suppresses callus formation on CIM.
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Supplemental Figure S2. Overview of down-regulated genes in the siz1-2
mutant during shoot regeneration.

Supplemental Figure S3. Expression of SIZ1 and other genes implicated in
SUMOylation during shoot regeneration.

Supplemental Figure S4. Venn diagram showing the overlap of JA, SA,
ABA, and ethylene signaling genes up-regulated in the sizI-2 mutant
after cutting.

Supplemental Figure S5. Expression of SNC1 and other genes involved in
SA-induced autoimmunity during shoot regeneration.

Supplemental Figure S6. SIZ1 negatively regulates wound-induced callus
formation.

Supplemental Figure S7. Overexpression of WINDI can promote shoot
regeneration.

Supplemental Figure S8. Observation of explants after incubation on SIM
for 4 and 6 d.

Supplemental Figure S9. Callus formation induced by exogenously
supplied BA.

Supplemental Table S1. List of genes differentially expressed in the siz1-2
mutant at each time point.

Supplemental Table S2. List of enriched GO categories among genes dif-
ferentially expressed in the sizI-2 mutant.

Supplemental Table S3. List of genes up-regulated in the sizI1-2 mutant
after cutting and associated with JA, SA, ABA, or ethylene-related GO
categories.

Supplemental Table S4. List of genes up-regulated in both 355::WIND1
and siz1-2 plants.

Supplemental Table S5. List of genes induced by auxin and CIM or cyto-
kinin and SIM.

Supplemental Table S6. List of primers used in RT-qPCR analysis.
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