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The plant hormone auxin regulates awide variety of transcriptional
responses depending on the cell type, environment and species. How

this diversity is achieved may be related to the specific complement of
auxin-signalling componentsin each cell. The levels of activators (class-A
AUXIN RESPONSE FACTORS) and repressors (class-B ARFs) are particularly
important. Tight regulation of ARF protein levels is probably key in
determining this balance. Through comparative analysis of novel, dominant
mutants in maize and the moss Physcomitrium patens, we have discovered
a~500-million-year-old mechanism of class-B ARF protein-level regulation
mediated by proteasome degradation, important in determining cell fate
decisions across land plants. Thus, our results add a key piece to the puzzle
of how auxinregulates plant development.

Plants develop organs continuously through the activity of stem cells.
Pattern formation, differentiation and tissue deformation define the
shape of complex organs, whileiterative development of these organs
builds the plant body. Modulation of these developmental processes
givesrise to a huge diversity in organ shapes and plant architectures.
Despite this complexity, a single phytohormone, auxin, has a major
conserved role across land plants'™, underpinning cell fate decisions,
organ initiation, shape and plant architecture. How auxin precisely
regulates so many distinct processes is one of the biggest unresolved
questionsin plant biology.

Canonical auxin signalling occurs through the activity of asuite of
deeply conserved transcriptional regulators foundinallland plants® ™.
The AUXIN/INDOLE-3-ACETIC-ACID repressors (AUX/IAAs), AUXIN
RESPONSE FACTORS (ARFs) and the TRANSPORT INHIBITOR RESPONSE
1/AUXIN-SIGNALING F-BOX (TIR1/AFB) co-receptors are components
of the best-characterized auxin-mediated transcriptional regulation
pathway®'°. All three components are in multigene families that have
greatly expanded in flowering plants®. When auxin levels are low,
AUX/IAAs arebound to ARFs and recruit transcriptional co-repressors,

preventing ARF activation of auxin-responsive genes. In elevated auxin
levels, the TIR1/AFB co-receptor forms a complex with auxin and
AUX/IAA repressors, resulting in ubiquitylation and degradation
of AUX/IAAs via the 26S proteasome' ", Degradation of AUX/IAAs
relieves ARF repression, facilitating auxin transcriptional responses™.
Recentstudies have elaborated on this core pathway, showing that the
TIR1/AFB proteins possess adenyl cyclase activity activated upon auxin
binding and required for ARF activity"”. In addition, the ABP1-TMK
pathway, responsible for perceiving extracellular auxin, caninfluence
ARF function by phosphorylating the non-canonical Aux/IAA proteins
IAA32 and IAA34 (ref. 16).

Land plant ARFs are divided into three phylogenetic lineages;
class-A,-Band-C, each associated with functions based on protoplast
and Marchantia studies. Class-A ARFs are activators, while class-B
and -C are potential repressors*”'®, All ARFs share a DNA-binding
domain (DBD), a middle domain and a C-terminal Phox and Beml
(PB1) domain'?°, Differences in domain sequences lead to variationin
DNA-binding activity? %, interacting partners (including other ARFs,
AUX/IAAs, other transcription factors, chromatin remodellers'’) and
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oligomerization®. Modulation of auxin responseis believed to be deter-
mined by the complement of ARF and AUX/IAA proteinsin the cell, and
invitroanalysis hasrevealed different activation levels of ARF-AUX/IAA
protein combinations, indicating potential subfunctionalization
mechanisms”. However, the elegant model of auxin-dependent ARF
de-repressionis notable to account for all auxin responses. For exam-
ple,only 5 ofthe 22 Arabidopsis thaliana (Arabidopsis hereafter) ARFs
functionally interact with AUX/IAAs in vivo®.

Although genetic studies implicate class-B function in diverse
developmental processes®®°, their mode of action and regulation
is unclear. Studies in non-vascular plants such as Marchantia and
Physcomitrium indicate that class-B ARFs can directly compete with
class-A ARFs to bind to promoter sequences™>.. In maize, class-A and
-B ARFs exhibit clear DNA-binding site differences. However, a propor-
tion of the sites (16%) are bound by both classes, thus supporting
the hypothesis that competition between class-A and -B ARFs may be
important for the regulation of some auxin-regulated genes across
land plants®*****, In addition, class-B ARFs can function indepen-
dently of AUX/IAAs, directly recruiting the TOPLESS (TPL) repressor
to chromatin®*~%, providing an AUX/IAA-independent way to repress
gene expression. Regardless of mechanism, the level of class-B ARFs
isakey determinant of auxin-regulated transcription. Without a clear
understanding of class-B ARF proteinregulation and howit has evolved,
we lack akey piece of the auxin regulatory system puzzle.

Toaddress this deficiency, we leveraged acomparative approach
by investigating dominant class-B ARF mutants in the distantly
related species Zea mays (maize) and the moss Physcomitrium patens
(P.patens), which diverged ~500 million years ago (Ma)*. The mutations
resultinamino acid substitutionsinaloop regioninthe DBD. We dem-
onstrate that this contains a novel regulatory region that is required for
degradation of class-B ARF proteins, thus revealing a deeply conserved
mechanism of class-B ARF regulation in land plants.

Truffulahas pleiotropic defects

Maize is a classic model genetic system with a rich history of develop-
mental mutant analyses*°. We found the striking, dominant Truffula
(Trf) mutantin an ethyl methanesulfonate (EMS)-mutagenized popula-
tionand analyseditintwoinbred backgrounds: W22 and Mol7.Inboth
inbreds, when compared to normalsiblings, Trfmutants had reduced
plantheight, increased leaf number, and tassels and tassel flowers with
ear traits (Fig. 1a-d and Supplementary Fig. 1). The mutation did not
transmit through the ovule parentin Mol17, but did atareducedratein
W22, permitting analysis of homozygotes. Mutant plants were half the
height of normal siblings in W22 (Fig. 1a) and two-thirds the sizein Mo17
(Fig.1b). The reduced height results from shorter internodes, the stem
sectionbetween leaves (Supplementary Fig.1a,b). On average in Mol7,
non-mutant siblings produced 15 leaves, while heterozygous mutants
produced19.In W22, non-mutants produced 15 leaves, heterozygotes
produced 29 and homozygotes produced 54 (Fig. 1e). Mutants flowered
atthesametime as normalsiblings (Supplementary Fig.1c), hence the
increaseinleaf number is due to ashorter plastochron (time between
leaf initiations) in Trf. Leaf phyllotaxy was also altered in the upper
nodes of Trf, switching from distichous to spiral-like (Supplementary
Fig.1d). Additional Trf phenotypes were inbred dependent such as
defects in midrib formation (15% of leaves), ranging from midribless
leaves to multiple midribs (Fig. 1c, arrowheads), and leaf shape, forming
very rare tube leavesin W22 (<1% of leaves).In W22, only afew kernels
formed at the base of the normally staminate tassel, whilein Mo17 many
tassel florets were pistillate and tassel branches were often transformed
into ears wrapped in husk leaves (Fig. 1d).

Trfis associated with amutationinZmARF28

To identify the underlying causal mutation in 7rf, we carried out
whole-genome sequencing (WGS) bulk-segregant analysis*, identifying
aregionbetween11.0 Mbp and 20.0 Mbp on chromosome 10 (Fig. 2a).

Short sequence repeat (SSR) mapping (Fig. 2b and Supplementary
Table 1) refined the region to between 13.5 Mbp and 14.0 Mbp. This
region contains 8 annotated genes, of which 5 are expressedin the veg-
etative shoot apex according to RNA-seq (Fig. 2b, and Supplementary
Fig. 2a and Table 2). Analysis of the WGS data in the mapping region
reveals 188 EMS-type variants (G:C to A:T transitions) specific to Trf
siblings. Of these SNPs, only one is in a conserved non-coding sequence,
associated withZm00001eb408820, agene whichis not significantly
differentially expressed in Trf. SNPEff*? analysis predicts 7 moderate
to high-effect EMS-type single nucleotide polymorphisms (SNPs) in
the interval (Supplementary Table 3). Only a single SNP in exon 8 of
ZmAUXIN RESPONSE FACTOR28 (ZmARF28, Zm00001eb408800),
resulting in a Ser-to-Asn change in the DBD (Fig. 2c-f), is Trf specific
when compared to other maize inbred backgrounds (Supplementary
Table 3), suggesting that this mutationin ZmARF28is probably respon-
sible for the Trfphenotype.

The Trf phenotype, although distinct from other reported
ARF mutants in maize®, is consistent with the defects observed in
maize seedlings treated with auxin transport inhibitors** and other
auxin-signalling mutants* in which changes to organ initiation and
medial-lateral leaf patterning are observed. To investigate the link
between Trfand auxin response further, we carried out an RNA-seq
analysis of vegetative shoot apices, at a time consistent with the for-
mation of the Trf vegetative phenotypes (Supplementary Fig. 2a-d
and Table 4). A total of 1,804 genes were significantly differentially
expressed (sigDE), of which 455 were downregulated (P, < 0.05,
log,fold change (FC) <-0.5). Interestingly, when compared to pub-
lished class-B ARF DNA affinity purification sequencing (DAP-seq)
data*, potential class-B ARF target genes were both up- and downregu-
lated (19% and 16%, respectively, Supplementary Fig. 2d), suggesting
that ZmARF28’s role may not be only as a straightforward repressor.
Consistent with adefectinan ARF, sigDE genes were enriched for Gene
Ontology (GO) terms associated with auxin signalling and response
(P,;=0.00002, Supplementary Table 5). Inline with the Trfphenotype,
wealso observed enrichments for GO terms associated with meristem
development (Supplementary Fig. 2¢). Crucially, this RNA-seq data
showed that ZmARF28 is not significantly differentially expressed
in Trf (Supplementary Fig. 2b), suggesting that the 7rf mutation
affects protein activity or post-translational regulation of ZmARF28.
To further evaluate the auxin response in Trf, we treated seedlings
with indole-acetic-acid (IAA) and evaluated transcriptional response
using RNA-seq and quantitative (q)PCR (Supplementary Fig.2e-hand
Tables 6 and 7). At 30 min post-lIAA treatment, both normal and Trf
siblings showed significant differential gene expressioninresponse to
auxin, although the overlap is small (Supplementary Fig. 2f), suggesting
differential responses potentially arising from the existing dysregula-
tion of auxin-signalling componentsin Trfseedlings before treatment.
Ofthe1,130 sigDE genes, 831 genes were downregulated in Trfsiblings
treated with IAA versus mock (P,4; < 0.05, log,FC <—0.5), consistent
with arole as arepressor of auxin-responsive gene expression. Of the
299 significantly upregulated genes (P,g; < 0.05,log,FC > 0.5), 58 were
potential class-B ARF targets based on overlap with published DAP-seq
data® (Supplementary Fig. 2g), and 5 of these were AUX/IAA genes,
highlighting a potential role of ZmARF28 in promoting the expression
of other repressors of auxin response. Mapping fragments perkilobase
of transcript per million mapped reads (FPKM) of all genes associated
with auxin GO terms and expressed in both 7rfand normal siblings
showed clear auxin transcriptional response differences (Supplemen-
tary Fig. 2h). Combined, this evidence supports the hypothesis that the
Trfphenotypeisatleastin part caused by altered auxin transcriptional
response due to the identified mutationin ZmARF28.

As ZmARF28is a co-orthologue of Arabidopsis AtARF2 (Supple-
mentary Fig. 3), we carried out sequence alignments (Fig. 2e) to see
whether the mutation was in an already characterized residue. We
found that although the mutation is in the DBD, the Trf mutationisin
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Fig. 1| Maize Truffula mutants have pleiotropic defects. a-d, Normal (+/+) and
Trfsiblings (Trf/+, Trf/Trf) in the W22 (a,c) and Mo17 (b,d) inbred backgrounds.
a,b, Mature plants. ¢, Midrib phenotypes in Trfleaves: midribless (i), normal

(ii) and multiple midribs (iii). Scale bars, 1 cm. d, Tassel phenotypes showing
ear-like traits in Trfsiblings. Scale bar, 5 cm. e, Leaf number in mature plants of
normal (blue) and Trfsiblings (orange). **P < 0.05 determined by Kruskal-Wallis
non-parametric test followed by Wilcox pairwise tests, n > 6 plants. Black dot and
error bars, mean +s.d.

the dimerization domain, not the B3 domaininvolved in DNA binding,
andisoutside of the coreresidues previously shown to be required for
functionality in AtARF1and AtARF5 (Fig. 2d-f, blue, ref. 21). Homology
modelling revealed that the Trfresidue is in an externally facing loop
regionand is not predicted to cause notable structural changes (Fig. 2f).
These findings suggest that the novel 7rf phenotype is not due to a
mutationinanalready characterized ARF residue, potentially revealing
anovel regulatory module.

Although protein structure is predicted to be conserved, amino
acid sequenceis variable in this region of plant class-B ARFs (Fig. 2e).
This suggests that the Trfphenotype could be due to the disruption of
agrass-specific regulatory pathway in the expanded family of class-B
ARFs. Alternatively, the Trfmutation could highlight the role of afunc-
tionally conserved region of class-B ARFs that has yet to be described
duetolack of sequence conservation.

Mutationsin P. patens class-B ARFs cause auxin
resistance

Evidence thatthe Trfmutationrevealed an ancient mechanismof class-B
ARF regulation emerged from parallel forward-genetic analyses in
the moss P. patens. We found that the genomes of four newly isolated
P. patens NAA-RESISTANT (nar) mutants® had missense mutations in

the same Trfregion in two of the four class-B ARF genes (PpARFb2
and PpARFb4, Fig. 2c—f). narC29 and narCI18 mutants have missense
mutations, causing Glu-to-Lys substitutions (E263K) in PpARFb4/
Pp6c6_11530, while narD72 has the same substitution in PpARFb2/
Pp6cl6_6840 (E266K). narD120 has a GIn-to-Arg substitution in
PpARFb2 (R269Q). When the DBD are aligned, the residues affected
in the moss mutants flank the position altered by the maize Trf muta-
tion (Fig. 2e,f). These class-B ARF moss nar mutants had clear defects
inthe auxin-regulated transition from highly photosynthetic chloro-
nemal cells to ‘nutrient foraging’ spreading caulonemal cells, and a
subsequentdelay in the production of 3D-leafy shoot (gametophore)
growth forms. This effect was more pronounced on media containing
ammonium which delays transitions promoted by auxin*¢. Unlike wild
type, the nar mutants produce gametophores even when grown on
media containing micromolar amounts of 1-naphthaleneacetic acid
(NAA) (Fig.3a).Further supporting the reductionin auxin responsein
these narmutants, expression of the proDR5:DsRed2 auxin-signalling
reporter was also dramatically reduced in narC29, narCi8, narD72 and
toalesser extentin narD120 (Fig. 3a and Supplementary Fig. 4a).

To independently verify that pparfb mutations are responsible
for the above nar phenotypes, we used oligo-mediated gene edit-
ing* to introduce the E-to-K substitution to all four PpARFb loci. The
pparfb2:%* and pparfb4*2°* lines recapitulated the nar phenotypes of
narD72and narC29, respectively, and the pparfb15* and pparfb35¢
lineswere also appreciably resistant to NAA (Fig. 3b and Supplementary
Fig. 4b). pparfb2?*? and pparfb4*?°*® mutations conferred weak nar
phenotypes similar to narD120 (Fig. 3b and Supplementary Fig. 4c).
Interestingly, combining both the E-to-K and R-to-Q mutations in the
same gene resulted in dramatically stronger phenotypes approach-
ing those of quadruple mutants lacking all four TIRI/AFB genes which
are completely auxin insensitive (Fig. 3b and Supplementary Fig. 4c).
In-frame deletions and insertions in this region of PpARFb2 also con-
ferred either intermediate phenotypes similar to those of pparfb2%¢
orstrong phenotypes similar to those of pparfb2-266¢*#2¢°¢ (Supplemen-
tary Table 8). Reduced expression of proDR5:DsRed and reduced auxin
induction of auxin-regulated genes in pparfb2t%5%* confirmed that the
phenotypes are due to reduced auxin response (Fig. 3c and Supple-
mentary Fig. 4d-e). Interestingly, Trf-like substitutions in PDARFbH2
(M268N) and PpARFb4 (L265N) caused no phenotypic changes, but
both Trf-like and ZmARF28-like 9-amino-acid swapsin the loop caused
narphenotypes (Supplementary Fig. 5).

The phenotypes of the four nar mutants are similar to those of
lines that over-accumulate PpARFb protein either by expression with
astrong heterologous promoter” or by disruption of the miR1219 and
tasiARFtarget sequences*® (Supplementary Fig. 4f). The nar mutations
do not affect any known small RNA regulatory elements, but the phe-
notypic similarities suggest that the nar lesions represent dominant
mutations. To test this, we used CRISPR/Cas9 to delete the mutated
genesinthe mutant lines. Deletion of either the wild-type PpDARFb2 or
PpARFb4 genes in moss has minor phenotypic effects”, but deletion
ofthe mutated genes inthe nar mutants restored NAA sensitivity indi-
cating that, similar to the maize Trf mutant, the P. patens pparfb2 and
pparfb4variants are dominant mutations (Fig. 3a and Supplementary
Fig. 4a,g) with defects in auxin signalling.

Allmajor domains are required for the dominant
phenotype

ARF domains confer specific functionality: the B3 repression domain
(BRD) recruits the TPL repressor®***%, the PB1 domain mediates
oligomerization*’, and the DBD binds target DNA sequences and can
facilitate binding to other proteins®>*. To better understand how
the above mutations confer gain-of-function auxin phenotypes in
moss, we introduced second-site mutations affecting key residues of
the known functional domains into the pparfb2t** mutant (Fig. 3d
and Supplementary Fig. 6). We anticipated that if the functionality
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Fig. 2| The Truffulalesion maps to ZmARF28. a, Plotting WGS-BSA variant mean
allelic distances in 0.5-Mbp windows across the maize NAMS.0 reference genome
reveals aregion on chromosome 10 (Chr10) which is more associated with Trf
mutants than normal siblings (red box). n = 80 per genotype. Dot and error bars,
mean ts.e.m. Colour scale: mean allelic distance —0.25:dark blue to 0.45:red.

b, PCR mapping narrows the region to between 13.5 Mbp and 14.0 Mbp. Mapping
primer positions are indicated (AD_# and umc#), numbers represent Mbp
position on Chr10, and recombinant numbers are shown in brackets. There are
8genesintheinterval, of which 5 have an FPKM > 1in our shoot apical meristem
RNA-seq dataset (green) and 3 have an FPKM <1 (purple). Amoderate effect,
Trf-specific, EMS-type SNP (*) is present in Zm00001eb408800 (ZmARF28).

¢, Locations of the Trf narD72, narD120, narC29 and narC18 mutations (red

arrows). The exons (blue), 5 and 3’ UTRs (grey), CRISPR sgRNA targets for
deletions (magenta arrowheads), and small RNA regulatory sites (cyan) are
indicated. d, Generalized cartoon depiction of the protein domainsin class-B
ARFs, with the DBD, B3 and PB1 domains indicated; the relative location of

the mutations identified in this study are indicated in red. e, f, The maize Trf
mutation and the moss narD72, narD120, narC29 and narCI8 mutations map to
the same loop regionin the ARF protein. e, Multiple sequence alignments of ARFs
from maize, Arabidopsis and moss. f, Homology modelling of the ZmARF28,
PpARFb2 and PpARFb4 DBDs for both wild-type and mutant proteins (metricsin
Supplementary Table 10). (i)-(iii), Zoomed-in images of the green-boxed regions.
e, f, Mutation locations (red) and amino acids previously shown to be important
for ARF function (blue) are indicated.

of a domain was required for the pparfb22*** phenotype, we would

restore the wild-type phenotype. Mutating the BRD (L614S + F615S)
eliminates theinteraction witha TPLhomologue (TPL2/Pp6c9_10690)
and reverts the pparfb22* phenotype to wild type (Fig. 3d and Sup-
plementary Fig. 6a-c). Similarly, mutating a conserved lysine residue
inthe positive face of the PB1domain (K682A) partially suppresses the
arfb2"5* phenotype, and a frameshift mutation near the start of the
domainresults in near-complete suppression. Introducing a pair of
substitutions (P194A + R196A) shown to abolish DNA binding® restores
NAA response, although additional phenotypes appear, suggesting
dominant-negative effects. None of these functional-domain muta-
tions caused phenotypic effects in an otherwise wild-type PDARFb2
(Supplementary Fig. 6a). These data show that the gain-of-function
phenotypes depend on all known ARF protein functions: DNA binding,
TPL recruitment and PB1-mediated oligomerization. Interestingly,
the requirements of both the BRD and PB1 domains indicate that TPL
recruitment through PB1 interactions with AUX/IAAs is insufficient
andthat oligomerization withother ARFsis required. Indeed, PpARFb4
overexpression phenotypes were previously shownto beindependent
of AUX/IAAs®,

Mutationsincrease class-B ARF stability
Onthebasis of the phenotypes and lack of ZmARF28 and PpARFb expres-
sion changes in the mutants, we hypothesized that the maize Trfand
P.patensarfbmutant phenotypes were due toaccumulation of ZmARF28
and PpARFb protein, respectively. To test whether the PpARFb proteins
are more abundant in the moss mutants, we knocked in mYPet yellow
fluorescent protein (YFP) tags to the four endogenous PpARFb lociand
the mutants to quantify protein abundance. The YFP signal dramati-
callyincreasedinall nucleiof the mutants compared with the weak and
sporadic YFP signal detected in nucleiin the wild type (Fig. 4a,b and
Supplementary Fig. 7a,b). Protein localization did not change in the
mutants (Fig. 4a). Since the transcript levels are similar in the mutant
and wild-type lines (Supplementary Fig. 7c), the increased YFP signal
suggests that the mutations affect PpARFb stability. Consistent with
accumulation of PpARFb protein resulting in the mutant phenotypes,
mutations with higher YFP signal had stronger mutant phenotypes
and less auxin response (Fig. 3a, and Supplementary Figs. 4 and 5).
To determine whether the wild-type moss proteins are subject to
degradationviathe 26S proteasome, we treated the wild-type YFP lines
overnight with the proteasome inhibitor, bortezomib*’. Quantification

of the YFP signal revealed significant increases in protein level for all
four wild-type lines in the presence of the inhibitor (Supplementary
Fig.7d-f), supporting the hypothesis that PpARFb proteins are subject
to proteasome-dependent degradation.

To determine whether protein levels were also elevated in the
maize Trf mutants, we developed an antibody against ZmARF28.
Semi-quantitative westernblot analysis of whole-protein extract from
vegetative seedlings revealed a statistically significant increase in
ZmARF28 protein abundance in Trf compared with normal siblings
(Fig.4c,d), supporting the hypothesis that ZmARF28 is stabilized in Trf.
Totestwhether ZmARF28 was also subject to proteasome-dependent
degradation, we expressed wild-type and Trfversions of ZmARF28-GFP
in Nicotiana benthamiana and maize protoplasts treated with the
proteasome inhibitor MG132 (ref. 51). Western blots revealed accu-
mulation of ZmARF28 protein in the presence of MG132, which was
more markedin the wild-type ZmARF28-GFP samples (Fig. 4e and Sup-
plementary Fig. 2i). This suggests that both the Trfand moss mutants
disrupt a deeply functionally conserved class-B ARF region required
for proteasome-dependent degradation.

To further test the effect of the 7rf mutation on protein stabil-
ity in flowering plants, we expressed the Arabidopsis orthologue of
ZmARF28, AtARF2, and a Trfvariant of AtARF2 (arf2™®) in Arabidopsis
mesophyll protoplasts using a ratiometric reporter system. Protoplasts
expressing AtARF2 or arf2™°®" were treated with the transcriptional
inhibitor cycloheximide (CHX). Similar to AtARF1 (ref. 52), AtARF2
shows a half-life of -4 h. Conversely, arf2™*N only lost 23% of its initial
protein level after 4 h of CHX treatment, suggesting that its half-life is
longer than that of wild-type AtARF2 (Fig. 4f). These results show that
the Trfmutationin AtARF2 resultsinincreased protein accumulation
notduetoincreasedrates of translation but more likely due toincreases
inprotein stability, further supporting functional conservation of this
region.

To test whether the mutations disrupt ubiquitylation of the
domain, we immunoprecipitated wild-type and mutant versions of
the PpPARFb2 DBD from bortezomib-treated proPpARFb2:DBD""mt-yFp
moss lines and probed with an anti-ubiquitin antibody. Polyubiqui-
tylated proteins were detected for the wild-type DBD but not for the
E266K/R269Q version (Fig. 4g). Combined with protein stability find-
ings, these data indicate that the dominant mutations in moss and
maize uncovered a region required for class-B ARF degradation by
the 26S proteasome.

Fig. 3| Mutations in PpARFb2 and PpARFb4 cause auxinresistance.

a, Comparison of wild type, narand Apparfb4 deletion mutants after 21 days

of growth on standard medium (BCD) and BCD supplemented with 5 mM
ammonium tartrate or 5 tM NAA. Plants grown on NAA were imaged for RFP
fluorescence from the proDRS5:DsRed auxin-response reporter. On NAA-
containing media, wild-type and Apparfb4 strains produce ectopic rhizoids and
high levels of RFP fluorescence, whereas the nar mutants produce green leafy
gametophores. Arrowheads indicate leafy shoots in narD120 and Apparfb4.Scale
bar, 5 mm.b, Comparison of wild type and gene-edited point mutants grown for
21days, asina. ¢, Expression of select auxin-responsive genes (PpRSL6, ROOT

HAIR DEFECTIVE SIX-LIKE 6; PpIAA2, Aux/IAA2; PpHSLI-2, HOOKLESSI-LIKE 2)
inwild type, pparfb2?°* and auxin-response mutant ppiaa2®*S grown for1h

on media containing 10 pM IAA or 0.01% ethanol (3 technical replicates). Bars
represent mean + s.e.m. Transcript levels were normalized to the APT gene.

d, Growth comparisons of wild type, the pparfb27°* mutant and the pparfb27°¢«
mutant with second-site mutations, asina. brd-, L614A + F615A substitutions in
the B3 repression domain; pb1K->A, K682A substitution in the PB1 domain; 4pb1,
a5-bp frameshift-causing deletion starting at G680 codon; dbd-, P194A + R196A
substitutions affecting DNA-interacting residues. n > 4. Scale bars, 5 mm.
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Fig. 4| Mutations in the same domain result in stabilization of ZmARF28,
PpARFb and AtARF2. a,b, PpARFb2-YFP signal in P. patens wild type, pparfb2t*?,
pparfb2¥°*“ and the pparfb2:?2**#2°¢ double mutants. a, Representative
confocal microscopy images. Yellow, PPARFb2-YFP; magenta, chlorophyll
autofluorescence. Scale bar, 25 pum. b, Nuclear fluorescence quantification.
Centre black dot and error bars, mean +s.d.; **P < 0.01, determined using
Kruskal-Wallis non-parametric test followed by Wilcox pairwise tests.

¢, Western blot of ZmARF28 in +/+ and Trf/+ mutant siblings from a W22
backcross population. Lanes are different biological replicates. Anti-tubulin
was used as aloading control. d, Quantification of ZmARF28 abundance relative
to TUBULIN. **P < 0.01, Welch 2-sample ¢-test. Centre black dot and error bars,

aGFP_IP Input

mean +s.d.; 3 technical replicates, 2 biological replicates in each. e, Western blots
of ZmARF28-GFP accumulation in N. bethamiana, with (+) and without (=) MG132
treatment, n=3.f, Mean + s.e.m. ratiometric signal of AtARF2-mNeonGreen
(blue) and AtARF2-Trf-mNeonGreen (orange) in Arabidopsis protoplasts,

relative to mScarlet after cycloheximide (CHX) treatment (2,166 cells across 6
technical replicates analysed). g, Western blots of anti-GFP immunoprecipitated
samples («GFP IP) and cleared extracts (input) using anti-GFP and anti-ubiquitin
antibodies. Extracts were from bortezomib-treated untransformed control

(‘C’) and stable lines expressing YFP-fused ARFb2’s DBD with and without the
E266K + R269Q substitutions. Mutant IP samples were diluted 5-fold to normalize
DBD-YFP amounts loaded. n=3.

Discussion

The precise complement and abundance of auxin-signalling compo-
nentsineachcell determines auxin sensitivity and how the auxin signal
isdecoded to producedistinct transcriptional responses. Data across
land plants show that the relative levels of class-A and -B ARFs have a
key role in regulating auxin response*?, We leveraged a comparative
analysis of species that diverged ~500 Ma and identified an ancient
regulatory mechanism that controls class-B ARF accumulation. By
combining our findings with an emerging understanding of differential
class-A and -B binding preferences**>**, we can start to build amodel
of how class-A and -B ARF function may be regulated.

Our comparative mutational analysis revealed that the level of
class-B ARFsis essential for dictating cell fate decisionsinland plants.
Elevated class-B ARFs, as in the dominant Pparfb mutations, block
or delay differentiation towards a leafy gametophore fate. Similarly,
in maize, class-B ARF ZmARF28 accumulation probably influences
meristem cell fate, leaf medio-lateral patterning and sex determina-
tion. Defects in these auxin-determined decisions lead to changes in
phyllotaxy, node elongation and inflorescence architecture, while
fate decisions such as the transition to flowering remain unaffected.

Comparisons of the Trf phenotype with other known maize ARF
mutants (reviewed in ref. 43) highlight potential diversification of
ARF function in organ-specific developmental programmes in differ-
entplantlineages.

Itisremarkable that, despite alack of sequence-level conservation,
the same short region within the DBD of class-B ARFs has an essential
role in determining protein level across land plants. Assuming that
this region interacts with a second protein, perhaps a ubiquitin pro-
tein ligase, it is possible that the degradation-regulating region and
interacting protein have co-evolved during the ~500 Myr that separate
maize and P. patens, explaining differences in sequence and response,
and the inability of the maize regulatory region to be recognized in
moss. This further emphasizes that, similar to class-B ARFs regula-
tion by the TAS3 trans-acting small interfering RNA (tasiRNA), some
aspects of ARF regulation are ancient, although the outcomes can
be different: in flowering plants, TAS3 regulation of ARF3and ARF4 is
required for adaxial-abaxial patterning, while in P. patens the path-
way regulates protonemal development*®*>**, These differences fur-
ther highlight lineage-specific changes to auxin-regulated cell fate
decisions.
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Ourworkunderscores theimportance of protein-level regulation
of ARF levelsin tuning auxinresponse. Previous work found that protea-
someregulation of class-B AtARF1and AtARF2 stability in Arabidopsis,
is dependent on AtHOOKLESSI activity*. More recently, the F-box
protein AtAFF1 was shown to regulate the levels and behaviour of the
class-A ARFs, AtARF7 and AtARF19 (ref. 56). Proteasomal degradation
of MpARF1 and MpARF2 in Marchantia polymorpha has also recently
been reported™*®. In addition, AtARF2 has recently beenidentified by
proximity labelling with AtCULLI, part of the E3 Ligase SKP1-Cullin-
F-box complex®, further supporting our findings here. Additional
instances of proteasome regulation of ARFs, potentially conserved
across evolution, as in the case of the Trfand nar mutants, may exist.
It will be interesting to see whether similar non-sequence conserved
regulatory mechanisms are commonin the ARF lineages.

The TIR1I/AFB-Aux/IAA pathway is subject to complex regulation
consistent with its essential role in diverse processes. These parallel
regulatory pathways enhance auxin response robustness, and modu-
lation probably facilitated the expansion and fine-tuning of auxin-
mediated processes across land plant lineages. Comparative analyses
between species, such as the work presented here, is key to the disco-
very of the auxin puzzle pieces and how they fit together.

Methods

Maize plants

The Truffula seed was provided by Gerry Neuffer, originally called
Ts-2620 and found in an EMS-mutagenized Mo17 population. The phe-
notype of Trfwas analysedin backcrossesinto W22 and Mo17 advanced
to generation 10. Field-grown plants were grown at UC Berkeley Gill
Tract, UC Davis and UMass Amherst during summer field seasons.
All plants used for molecular analysis were backcrossed into W22 10
times. Seedlings grown for RNA and DNA extractions were grown under
greenhouse conditionsin 30 x 45 x 2.5 cm trays with peat-free soils plus
osmocote. Seedlings grown for auxin treatment tests and western blots
were grownintemperature-controlled greenhouses with supplemental
light in 30 x 45 x 2.5 cm trays with peat-reduced osmocote compost
with added fertilizer under16 h25°C/8 h 21 °C day/night cycle.

DNA extraction

Leaf discs were collected from 80 Trfand N siblings in the W22 back-
cross population (at least 10 introgressions). High-quality gDNA was
extracted using urea as described previously®. Inbrief, genomic DNA
was extracted using a urea-based extraction method whichis as follows.
Tissue was ground in urea extractionbuffer (4 Murea,4 MNaCl,1MTris
pH8,0.5 MEDTA, 34 mM n-lauroyl sarcosine). Then an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1), was added and vortexed
to mix. After centrifugation, the supernatant was decanted and mixed
with an equal volume of chloroform. After another centrifugation,
the supernatant was decanted and mixed with 1/10th volume of 4.4 M
NH,OAc pH 5.2 and 0.7 volume of isopropanol. Strands of DNA were
then collected and washed with 70% ethanol in a separate tube. The
dried pellet was resuspended in 100 pl of Tris-EDTA buffer (TE). DNA
integrity was checked using gel electrophoresis and quantified using
Qubit before sending for library preparation and 150-bp paired-end
sequencing by Novogene. Sequencing was for 10x coverage of the
maize genome. DNA for SSR mapping and genotyping was extracted
from1.5 cm of leaf tissue using the protocol described previously®.

Whole-genome sequencing bulk-segregant analysis

Sequence data were downloaded via ftp from Novogene servers and
passed through the following analysis pipeline: FASTPQ® > Bowtie2
(ref. 63) alignment to the B73_Reference_Nam5.0 genome > sam-
tools mpileup variant calling®* > SNPeff*? and variant filtering in R,
restricting to EMS-type SNPs. Jupyter notebooks containing the code
for WGS-BSA analysis is available on GitHub at https://github.com/
ThePlantShapeLab.

SSR mapping and genotyping maize plants

SSR markers were identified using the Maize GDB database and used
to genotype Trf phenotype plants from successive generations (see
Fig. 2 for position, and Supplementary Table 1 for primers). Custom
SSR markers were identified and designed to refine the region further
(Supplementary Table1). Genotyping PCRs used AD_4 and AD_5. AllPCRs
were carried outin 20 plreactions using GoTag Green Master Mix (Pro-
mega), following manufacturer instructions. PCRreactions were carried
out onaBio-Rad T1I000 thermocycler using the following conditions:
98 °Cfor 5 min, then35 cycles of 98 °Cfor 2 min, 58 °Cfor30s,72 °C for
30s,then72°Cfor10 min. The PCR product (10 pl) was analysed using
thin metaphor agarose (3.5% in 1x TBE, 1:10,000 SYBR safe, 90 V, 1 h)
electrophoresis and imaged on a BioRad GelDoc GO imaging system.

Auxin treatment of maize

A segregating population of 5-week-old 7rf siblings was genotyped
using primers AD_4 and AD_5. Plants were cut at the root-shoot node
and submergedineither 100 pmindole-3-aceticacid (Sigma, 15148) in
1% ethanol, or1%ethanol only, ensuring that atleast 10 cm of the shoot
base was completely submerged. Shoot apices were harvested (-1 cm
encompassing the base of the meristem and young leaf tissue, outer
leafremoved), dried briefly and flash frozen in liquid nitrogen at O min
and 30 min. Tworeplicate poolsfor each treatment and genotype group
were collected, containing 3 individualsin each pool.

Maize RNA extraction

For the Trfversus normal (N) sibling RNA-seq experiment, a segregat-
ing population of 3-week-old maize seedlings were first genotyped for
Trf (see Supplementary Table 1 for primers). The outer 2 leaves were
removed and 0.5 cm of the shoot apex was dissected and flash frozen
in liquid nitrogen. Three replicate pools were created for Trfand N
siblings, with 10 individuals per pool. For the auxin treatment of 7rf
versus N siblings, tissues were treated as described above. RNA for all
experiments was extracted from each pool using TRIzol (Invitrogen)
as described in the manual. RNA was DNAse treated to remove gDNA
contamination using Invitrogen DNasel (18068015) digestion. RNA
quality was checked using gel electrophoresis (1x Agarose in 1x TBE)
and quantified using Qubit before sending for library preparation
and 150-bp paired-end sequencing by Novogene, or generating cDNA
libraries using the iScript gDNA clear cDNA synthesis kit (Bio-Rad).

RNA-seq analysis

Sequence data were downloaded via ftp from Novogene servers and
passed through the following analysis pipeline: FASTPQ®* > HiSAT2
(ref. 65) alignment to the Zea mays Reference NAMS5.0 genome > Fea-
tureCounts®®>DeSeq_2 (ref. 67) analysis of differential gene expression
using genes withmore than 5 countsin 3 or more samples. All analysis
was carried outlocally (3.6 GHz 8-Core Intel Core i9 processor, 32 GB
RAM) using R packages combined with Jupyter notebooks. Jupyter
notebooks containing the code for RNA-seq analysis are available on
GitHub at https://github.com/ThePlantShapelLab. GO term analysis
was carried out using the GAMER Maize annotations®® and the GOSeq R
package®’; significantly enriched GO terms had a Benjaminiand Hoch-
berg cut-off P, value of <0.05. Comparisons of significantly differen-
tially expressed genes (P, < 0.05, log,FC < -0.5 or >0.5) with potential
class-B ARF regulatory targets were carried out using the DAP-seq data
publishedinref.24 aligned to the maize B73 NAM5.0 genome (provided
by Andrea Gallavotti and Mary Galli, Rutgers University). DAP-seq
peak data for three class-B ARFs in the same subclade as ZmARF28:
ZmARF13 Zm00001eb170540, ZmARF10 Zm00001eb142540 and
ZmARF25Zm00001eb363810 were used (ZmARF28 does not have
any published DAP-seq data). DAP-seq target genes were filtered and
considered ‘high-confidence’ targets if the DAP-seq peak was within
1kb of the transcriptional start site, generating a list of 4,654 class-B
target genes, of which 61% are shared.
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cDNA synthesis and qPCR analysis

cDNA was synthesized from 750 ng RNA using the iScript gDNA clear
cDNA synthesis kit (BioRad) according to the manufacturer’s manual.
cDNAwas then diluted 1:10 for subsequent analysis. Primers for gPCR
were designed spanningintron/exon boundaries for auxin-responsive
gene ZmSAUR27 (Zm00001eb104110, primers AER639:CTGG
AGGGTGGAAAGGGAAG, AER640:AGCATCAAAAGGCTCCATGGA) and
the GAPDH housekeeping gene (Zm00001eb173410, primers
AER647:CATCATTCCTAGCAGCACCG, AER648:TACACAAGCAGCA
ACCATCC) using Benchling and checked for specificity using the Maize
GDB BLAST tool (https://www.maizegdb.org/). Primers were then
tested using standard RT-PCR conditions (1 1 1:10 cDNA, 2 pl of each
5 UM primer, 10 pl GoTag Green Master Mix, 5 pl nuclease-free H,0, run
on BioRad ThermoCycler T2100 30 cycles of 95 °C/58 °C/72 °C) and
evaluated using gel electrophoresis (1% agarose in TBE, 90 V, 40 min).
All primers generated single, specific bands at the expected size
(-500 bp). To confirm that identity bands were excised, the DNA was
extracted using Qiagen Gel Extraction kit and sent for Sanger sequenc-
ing. qPCR was performed with the optimized primers using PowerUp
SYBR Green Master Mix (Applied Biosystems) according to manufac-
turerinstructions, and the Applied Biosystems StepOnePlus Real-Time
PCR System. Optimum conditions were determined as follows: first,
primer specificity was tested by a melting curve analysis, yielding a
single peak per primer pair. Next, serial dilutions of each sample were
used to determine the optimum cDNA concentration, whichwas found
tobethesame1:10 dilution asabove, with a 20 pl final volume for each
reaction. Reactions were carried out as follows: a hold step (2 min,
50 °C) and initial denaturation (2 min, 95 °C); 40 cycles of 95 °C (15 s)
followed by 60 °C (1 min); ending with a melt curve (60 to 95 °C). The
2-34¢ method was used to calculate relative quantification’®,
with values normalized to the average of the mock treatment for the
WT pools.

Antibody production

Antibody was developed from the ZmARF28 full-length coding
sequence cloned into pDEST17 bacterial destination vector carrying
the 6His tag for antigen production. Recombinant protein expression
was carried out in E. coli Rosetta strain (BL21). After purification, a
total of 200 pg of protein was sent to Cocalico Biologicals where two
guinea pig immunizations were performed. To improve specificity
of this antibody, purification from antiserum was carried out using a
synthetic 20-amino-acid peptide from position 505 to 524 which is a
highly specific region to ZmARF28 (amino acids 505-524: RPFPNKIS-
GTRSSTWVTADA) using magnetic beads from Invitrogen. A cysteine
(C) residue was added at the N-terminal end of the peptide to enable
covalent binding to the beads used for antibody purification. To vali-
date specificity of the purified antibody, awesternblot was carried out
following the described protocol in the next section, using 20 mg of
soluble total protein from vegetative B73 maize shoot apical meristem.

ZmARF28 protein extraction from maize and western blots

Maize seedling (3-week-old) shoot apices were harvested and flash
frozeninliquid nitrogenbefore grinding to afine powder. Powdered tis-
sue (100 mg) was then thawed in 1x SDS + dithiothreitol loading buffer
and vortexed. Samples were heated at 95 °C for 5 min before loading
on al0% acrylamide gel for electrophoresis. Semi-dry transfer to a
methanol-activated PVDF membrane in1x Tris-glycine/20% methanol
was carried out. Membranes were air dried, reactivated in methanol,
washed in TBS/0.05% Tween for 5 min and then blocked for 1 h with 6%
skimmed milkin TBS/0.05% Tween at room temperature. Membranes
wereincubated overnightin the primary anti-ARF28 antibody diluted
1:250in1% milk/TBS/0.05% Tween. The following day, membranes were
washed (3x 5 min in TBS/0.05% Tween) and incubated with 1:5,000
anti-guinea pig-HRP secondary antibody (Thermo Fisher, A18769)
at room temperature with rocking for 2 h. After washing (4x 5minin

TBS/0.05% Tween), membranes were incubated with Clarity Western
ECL substrate (Bio-rad, 1705060) and exposed to X-ray film. Film was
exposed to the membrane for 10 min before developing. This experi-
ment was repeated four times with similar results.

Expression of ZmARF28-GFPin N. benthamiana and

western blots

The CDS of ZmARF28 and ZmARF28-Trf was cloned into pEAR-
LYGATE103 using gateway cloning. Sequence was confirmed
using plasmid nanopore sequencing (Source Biosciences). The
ZmARF28-pEARLYGATE103 constructs were transformed into Agrobac-
teriumstrain AGLO, and successful transformants were confirmed using
colony PCR. Glycerol stocks of colonies were created and used for all
subsequent experiments. Overnight cultures of Agrobacterium strains
containing ZmARF28-pEARLYGATE103, ZmARF28-Trf-pEARLYGATE103
or pEARLYGATE103 empty vector were grown in Luria-Bertani (LB)
media with 10 pg ml™ rifampicin and 50 pg mI™ kanamycin at 28 °C
with 200 r.p.m. shaking. The next day, the optical density at 600 nm
(ODg,) of the cultures was measured and the cultures diluted in infil-
tration buffer (10 mM MES, 10 mM MgCl,, 0.2 mM acetosyringone) to
0D, = 0.3 for pEARLYGATE103 constructs. Leaves of N. benthamiana
plants at 2 weeks post transplantation to soil were infiltrated with a
pPEARLYGATE103 strain and then left to grow for a further 2 days (16 h
22°C/8 h22°Cday/nightcycle). Infiltrated leaves were then infiltrated
with 5 pl100 pMMG132in DMSO, or DMSO only, diluted in1 mlinfiltra-
tion buffer and incubated for 4 h before harvest and snap freezing in
liquid nitrogen. Leaves were ground to a very fine powder inliquid nitro-
gen before adding extraction buffer (50 mM NacCl, 1% Igepal CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCI (pH 8.0), 1 mM
EDTA, 50 mMNEM, 1x cOmplete EDTA-free protease inhibitor cocktail
(Roche, 11836170001), 1x PhosSTOP phosphatase inhibitor (Roche,
PHOSS-RO)) and continuing to grind until defrosted. Samples were
transferred to Eppendorftubes and centrifuged at 6,500 x gat 4 °C for
12 min. The supernatant was transferred to anew Eppendorftube and
centrifugedat 9,800 x gat4 °C for 3 min. Protein was quantified usinga
Qubit Broad Range Proteinkit and the Qubit fluorometer 4 (Invitrogen).
Total protein extract was diluted to 0.5 pug ml™ in extraction buffer.
Avolume of 10 pl of extract was mixed with 4x SDS + dithiothreitol (5
buffer stock: 0.25% bromophenol blue, 0.5 M dithiothreitol, 50% glyc-
erol,10% sodium dodecyl sulfate, 0.25 M Tris-HCI pH6.8) loading buffer
and heated at 95 °Cfor 5 min. Sample (20 pl) was loaded onto a12% SDS-
PAGE gel and ranin 1x Tris-glycine running buffer with 0.1% SDS at 70 V
for30 min, then100 V for 90 min at room temperature. Proteins were
transferred overnight at 4 °C using the Bio-Rad wet-transfer mini-blot
system to a PVDF membrane. Membranes were washed in dH,0 and
dried before reactivating in methanol for 1 min and washing in dH,0.
Membranes were then stained for 5 minin Ponceaustain, and blots were
imaged after 3 rinses in dH,0. Ponceau stain was washed off the blot
using 1x PBS-T (1x PBS, 0.05% Tween-20). Membranes were blocked at
roomtemperature for 2 hin 5% milk/PBS-T with shaking, thenincubated
with 1:3,000 mouse anti-GFP (Roche, 11814460001) for 90 min, washed
3timesin 1x PBS-T, thenincubated with 1:3,000 anti-mouse-HRP (Cell
Signaling Technology, 7076) for 1 h at room temperature. Blots were
washed three timesin1x PBS-T before incubating with SuperSignal West
Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 34577) for
1 minaccording to manufacturer instructions and imaged onan Azure
300 Chemiluminescent imager. Experiments were repeated 3 times.

Expression of ZmARF28-GFP in maize protoplasts

Protoplasts were extracted as follows. A 3-4-week-old seedling was
harvested and the outer unexpanded leaves removed before being cut
into 2-cm sections and surface sterilized in 0.5% bleach/1% Tween-20
for3 min. Tissue was thenrinsed in sterile water four times and patted
dry using kimwipes. Tissue was finely sliced (<1 mm) in a sterile glass
Petridishand 10 ml of sterile enzyme solution added (10 mM KCI, 8 mM
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MES, 1 mM CacCl,, 0.5 M mannitol, 0.6% cellulase RS, 0.1% macroenzyme
R-10, 0.1% bovine serum albumin, 0.1% polyvinylpyrrolidone K30)
beforeincubating onan orbital shaker (20 mm orbit, 40 r.p.m.)for2 h
atroomtemperatureinthe dark. A volume of 10 ml sterile W5 solution
(154 mMNacl, 125 mM CaCl,, 5 mMKCI,2 mM MES) was then added and
incubated for 1 h at room temperature on an orbital shaker (20 mm
orbit, 80 r.p.m.) in the dark. This was then filtered through a 70-pm
cell strainer before centrifugation at 100 x g for 5 min. Protoplasts
were resuspended in1mlsuspension solution (0.4 M mannitol,20 mM
CalCl,, 5 mM MES) and viability checked using fluorescein diacetate
(FDA) staining and confocal microscopy. Protoplasts (200 pl) ata con-
centration of 400,000 per ml were thenincubated with 20 pg of plas-
mid DNA (full-length ZmARF28 or ZmARF28-Trfin pEARLYGATE103)
for 5 min at room temperature. A volume of 220 pl PEG solution (40%
PEG4000, 0.1 M CalCl,, 0,4 Mmannitol pHS5.7, 50 mM MES) was added
and mixed by inversion before incubation at 28 °C for 15 min. PEG was
diluted with 800 pl of W5 solution, protoplasts were pelleted (100 x g,
3 min), washed with 500 pl W5 solution and then resuspended in 300 pl
incubation buffer (0.5 M mannitol, 4 mM KCI, 4 mM MES, 1% BSA,
50 pg ml” kanamycin) and incubated overnight at room temperature
in the dark on an orbital shaker (20 mm orbit, 20 r.p.m.). Protoplasts
were checked for GFP expression using confocal microscopy before
proceeding withMG132 treatment (20 pM MG132 or DMSO mock treat-
ment) andincubated forafurther3 h. Once complete, protoplasts were
pelleted and washed with W5 solution before proceeding with protein
extraction and westernblots as described above for the N. benthamiana
protein expression. Experiments were repeated 3 times.

Image analysis and figure assembly
Allimages were analysed in FIJI”". Figures were assembled using Adobe
Photoshop.

Statistical analyses

Alldata were tested for normality using the Shapiro-Wilk test. On the
basis of this analysis, data with a normal distribution were analysed
using aStudent’s t-test or analysis of variance (ANOVA) where appropri-
ate. Data that were not normally distributed were analysed using the
non-parametric Kruskal-Wallis test, followed by pairwise Wilcox tests.
AJupyter notebook containing the code for data analysis is available
on GitHub at https://github.com/ThePlantShapeLab.

Moss growth

Moss was grown on BCD minimal medium or BCD supplemented with
either 5mM ammonium tartrate (BCDAT) or 5 uMNAA (BCD + NAA)™.
BCDAT was used for routine growth. Ammonium directly or indirectly
dampens auxinresponses, which enhances the phenotypes of mutants
with reduced auxin response. For growth assays, ~1-mm? pieces of tis-
sue from chloronema-rich cultures of each genotype were spotted in
4-6 different positions on the plates containing all three media, with
eachgenotyperepresented by at least two independent lines. The nar
mutants were isolated inthe DRS:DsRed/NLS-4backgroundin the Grans-
denecotype®, andall subsequent analyses were carried outin either the
Reute ecotype or a strain with the DR5:DsRed transgene introgressed
fromthe semi-fertile Gransden strain into Reute through three crosses.
During the course of this work, it was discovered that the DRS:DsRed
expression is often silenced upon retransformation, possibly due to
thelocus containing approximately 60 repeats of the transgene®.

Moss mutant screen

The screen for nar mutants and mutant genome sequencing was
described previously®. Briefly, 30 plates of week-old lawns of
DR5:DsRed/NLS-4 on cellophane-overlain BCDAT media were irra-
diated with 150 mJ cm™ of UV light in a Stratalinker UV Crosslinker
(Stratagene). After 24 h in darkness, the cellophanes were moved to
newBCD + NAA plates, and the mutants were identified after 2-4 weeks.

Confirmed mutants were screened for mutations in Aux//IAA and
DIAGEOTROPICA genes by sequencing PCR products, and genomes
of 12 of the strongest remaining mutants were sequenced. The full
set of variants in the mutant genomes were filtered for those caus-
ing protein-altering changes in the same gene in two or more of the
mutants. While both narC29 and narCi8 had the E263K substitutions
in ARFb4, narC18 also had a G608S substitution in class D ARF, ARFd]1,
which probably accounts for the stronger phenotype. For simplicity,
only narC29is shown.

CRISPR/Cas9

Plasmids for expressing one or two single guide RNAs (sgRNAs) and
Cas9 were assembled either asdescribed inref. 73 or after modification
to bypass the Gateway cloning step: the empty pENTR-L1L2-U6:Bsal
insert was recombined into the pMH-Cas9-Gateway vector with LR
Clonase Il (Invitrogen), then the resulting plasmid backbone was
replaced with that of pUK21 which lacks Bsal restriction sites and thus
allows GoldenGate assembly of protospacers between the Bsal sites after
the PpU6 promoter. A fragment of GFP was inserted between the Bsal
sites to help distinguish recombinant clones from the parental vector.
The hph selection gene was swapped for nptil,aacCI or bleto allow selec-
tionwithkanamycin/G418, gentamicin/G418 and Zeocin, respectively,
inadditionto Hyg. Protospacers were selected on the basis of predicted
specificity and efficiency using the CRISPOR website (http://crispor.gi.
ucsc.edu/)™. sgRNAs starting with G were preferred. Plasmids for
making deletions contained dual PpU6:sgRNA genes targeting shortly
after the start codons and before the stop codons. Oligo-mediated gene
editing was achieved by designing double-stranded oligos matching the
target but with theintended missense mutation(s) and silent mutations
tocreatearestriction site and multiple mismatchesinthe PAM-proximal
half of the sgRNA target. The oligos extended 21 bases before and after
the mismatched bases.

Moss transformations
Protoplasts were prepared from week-old tissue and transformed as
previously described’?, except that the post-heat-shock dilution was
doneby slowly adding 10 ml 8.5% mannitol all at once rather than 6.5 ml
in 10 steps. Transformations included 15-25 pg of each plasmid and
250 pmol of annealed oligos. Deletion lines were identified by dramati-
cally truncated PCR products and Sanger sequencing. Genome-edited
lineswereidentified by PCR across the edited site, followed by digestion
with the restriction enzyme whose site was added to the template oli-
gos. PCRproducts with the expected digestion pattern were sequenced.
In several instances, lines exhibiting the same mutant phenotype but
lacking the restriction site change or lacking the phenotype but hav-
ingtherestriction site change were found to have incorporated either
the missense mutation or the restriction site, respectively, without
the other. In the first editing experiment to re-create the E266K and
R269Q mutationsin PpARFb2, it was discovered that the proDR5:DsRed
transgene’s gentamicin selection cassette also confers resistance to
the G418 selection agent and this precluded selection of the CRISPR
plasmid. Weinstead screened the transformants for resistance to NAA.
Some of the NAA-resistant lines had the intended mutation but many
had smallin-frame insertions and deletions in the region.
YFP-tagging of endogenous lociwas achieved by co-transforming
a CRISPR plasmid targeting near the stop codon and a plasmid that
included: 600-1,500 bp homology arm of the coding region preceding
the stop codon fused in-frame to alinker (SRGGGGA) and YFP (encod-
ing a bright, monomeric yellow fluorescent protein), followed by the
Pisum rbcS terminator, a pro35S:Hyg:ter35S selection cassette flanked
by loxPsites and adownstream homology arm consisting ofthe 3’ UTR
and downstreamsequences. Stable lines were identified by selecting for
the CRISPR plasmid and the knock-in construct for 7 days, followed by
10-14 days of noselection and 7 days of Hyg selection. Cleaninsertion
lines were identified by (1) PCR amplification with primers matching
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before the upstream homology arm and downstream from the down-
stream homology arm with primers to YFP and ter35S, and (2) lack of
PCRamplificationboth across the insertion site and of the Cas9 gene.
Inthe case of the pparfb1?*f and pparfb2-2°°¥, the strength of the phe-
notypesincreased uponintegrating the YFP/Hygsequences. Removal of
the pro35S:Hyg:ter35S selection cassette by CRE/lox-mediated excision
reverted the phenotype to that before insertion, suggesting that pro35S
enhancers may act atadistance on the nearby promotersinmossasin
Arabidopsis”™. All YFP lines shown had their selection cassettes excised.
The proARFb2:DBD-YFP constructs with and without the
E266K + R269Q substitutions and the overexpression constructs
were constructed by GoldenGate assembly. The DBD-YFP assembly
included plasmids containing mYPet and 3 kb of sequence upstream
from ARFb2's start codon, PCR products containing the DBD sequences
before and after the loop sequence, double-stranded oligos with the
wild-type or mutant loop sequences and the pMP2133 destination
vector. The pMP2133 vector contained PIGI-locus-homology arms for
targeting, AtHsp18.2 terminator sequences and a pro35S:nptli:ter35S
selection cassette. The overexpression construct assembly included
the pMP2280 destination vector, plasmids containing the maize Ubiq-
uitinpromoter, the PPARFb2 or ZmARF28 cDNAs (without stop codons),
andadouble-stranded oligo witha C-terminal 1x Myc epitope and astop
codon. The pMP2280 vector contained Pp108homology arms flanking
the cloningsite, a nosterminator and a pro35S:Hyg:ter35S selection cas-
sette. The constructs were co-transformed into Reute WT along with a
CRISPR plasmid targeting the corresponding native neutral targeting
locus. Transformants were selected for 7 days with hygromycin and
G418, followed by 10 days off selection. Stable lines were identified by
PCR after screeninglinesresistant to G418 and sensitive to hygromycin
(DBDlines), or resistant to hygromycin (overexpression lines).

Moss RT-PCR

Week-old pparfb2-%5°¥, ppiaa2®®* and the corresponding wild-type
(DRS:DsRed/3xRe) tissues were homogenized, plated on BCDAT plates
overlain with cellophanes and grown for 6 days. At 18 h before treat-
ment, the cultures on cellophanes were moved to BCD plates to allevi-
ate the antagonism on auxin response by ammonium. Approximately
100 mg of tissue were scraped from the cellophane and transferred
in triplicate to wells of 6-well plates with BCD-agar media containing
either 10 uMIAA or 0.01% ethanol with 1 mlliquid BCD media, with the
same concentrations of IAA and ethanol. After 1 h, tissue was patted dry
between paper towels, and RNA was extracted using the Quick-RNA
Plant Miniprep kit (Zymo Research) and a Mini-Beadbeater-16 (BioSpec
Products) according to manufacturer instructions. Total RNA (1.3 pg)
was reverse transcribed using the Maxima H Minus cDNA Synthesis
Master Mix (Thermo Fisher), diluted 8-fold with 0.1x TE, and 3 pl used
per 20 pl SYBR-qPCR reaction using the CFX Connect-96 Real-Time PCR
Detection System (Bio-Rad). Datarepresent two technical replicates for
each ofthethreebiological replicates for each genotype and treatment.

Yeast two-hybrid assay

Yeast interaction assays were carried out using the Matchmaker
LexA Two-Hybrid System (Clontech). Interactions were indicated by
B-galactosidase detection on SD/Gal/Raf/X-Gal plates. For testing BRD
function, a C-terminally Myc-tagged full-length TPL2/Pp6c9_10690
cDNAwas insertedinto pGilda (LexA DBD), and full-length ARFb2 cDNA
withand without the L614S and F615S substitutions were inserted into
pB42AD. No dimerization was detected between DBD/DD domains
using pGilda+ARFb2[aal-375] and pB42AD + ARFb2[full-length].

Moss imaging

For growth assays, 3-week-old moss were photographed with a Nikon
SMZ1500 and aDS-Ril camera. DsRed fluorescence was captured using
a TRITC filter set. Confocal microscopy was performed using a Zeiss
LSM880. Tissue was mounted in water or liquid BCD medium, and

images were captured for differential interference contrast (DIC),
YFP fluorescence and chlorophyll autofluorescence. FlJl was used for
processing images and for measuring DsRed and YFP signals”. DsRed
signal was measured from oval selections of whole plants and regions
ofbackground and calculated as IntDen[sample]-(IntDen[backgroun
d]xArea[sample]/Area[Background]). For YFP, nuclei were identified
in the YFP or DIC channels, circled as freehand selections and their
integrated density measured. Note that not all nuclei in wild type,
unlike the mutants, have detectable YFP signal and thus could not be
measured, hence their quantificationis probably an overestimate and
the difference between wild type and the mutantsis an underestimate.
The proARFb2:DBD-YFPlines were mounted in water and imaged with a
Keyence BZ-X810 microscope withan EYFPfilter cube and a x4 objective
to capture brightfield and YFP (2 s exposure time) images.

Detection of ubiquitylated protein

Tissue fromuntransformed Reute WT (Re), proARFb2:DBD-YFP(T215-5,
DBDY) and proARFb2:dbd-YFP(E266KR269Q, T216-2, dbdY) strains were
homogenized and splitinto 10 plates of BCDAT medium overlain with
cellophane sheets and grown for 9 days. Moss tissues (200-250 mg)
were added to wells of 6-well plates containing solid BDCAT + 100 uM
bortezomib (LC Laboratories, B-1408) plus1 mlliquid BCDAT +200 pM
bortezomib. After 18 h, tissues from 3 wells (Re and DBDY) or 1 well
(dbdY) were patted dry between paper towels and frozen in liquid
nitrogenin triplicate. Frozen tissue was ground to a powder while fro-
zen, then mixed with 1,350 pl (Re, DBDY) or 450 pl (dbdY) chilled lysis
buffer (50 mM Tris-HCIpH 7.5,150 mM NacCl, 1% Ipegal CA-630,50 mM
N-ethylmaleimide, 1.75% plant protease inhibitor cocktail (Millipore,
P9599), 50 mM NaF, 10 mM B-glycerophosphate) and transferred to
microfuge tubes in ice. After pelleting debris at 17,000 g for 10 min,
‘input’ samples were removed and 25 pl of thrice-washed GFP-Trap
magnetic beads (Bulldog Bio, GMA020) were added to each tube and
rotated for2 hat4 °C. Thebeads were gathered using amagneticstand,
and the liquid was removed and replaced with1 ml wash buffer (50 mM
Tris-HCI pH 7.5, 150 mM NacCl, 0.05% Ipegal CA-630). Three washes
in total were performed, with the beads being transferred to clean
tubesinthe second wash. The third wash was completely removed and
replaced with 70 pl of 2x SDS sample buffer, mixed and heated to 95 °C
for 10 min before removingimmunoprecipitated (IP) samples from the
beads. Samples were separated using 7.5% SDS—-PAGE gels transferred
tonitrocellulose membranes using the Bio-Rad wet-transfer mini-blot
system. Membranes were rinsed with TBST and blocked for 2 hin 5%
milk, then incubated overnight at 4 °C with the primary antibodies in
5% BSA. GFP was detected using the rabbit polyclonal antibody (Invit-
rogen, A-11122,1:2,000 dilution), and ubiquitin was detected with the
P4D1mouse monoclonal antibody (Cell Signaling Technology, 3936T,
1:1,000). Blots were washed 3% in TBST and incubated for 2 h in 5%
milk with the goat-anti-rabbit (Millipore, A6154) or goat-anti-mouse
(Bio-Rad,1706516) peroxidase-conjugated secondary antibodies. After
3 washes, the blots were incubated with SuperSignal West Pico PLUS
Chemiluminescent Substrate for 5 min and imaged using an Image-
Quant LAS 4000 mini-imager. For the IP samples, equivalent amounts
of Re and DBDY elution samples were loaded along with a 1:5 dilution
ofthe dbdY samples to give equivalent amounts of YFP fusion protein.
This ratio was estimated from preliminary blot of the IP samples.

Cloning ARF2 and arf2T98N constructs

DNA encoding 4 GS repeats, a porcine teschovirus-12A (P2A) cleavage
peptide’ and mScarlet3 were synthesized using TWIST biosciences
fragment synthesis. The P2A-mScarlet3 insert was amplified by PCR
using Q5 2x master mix (NEB). The protoplast expression vector
pLCS107 waslinearized by PCR using Q52x master mix (NEB). Theinsert
was clonedinto linearized pLCS107 using NEBuilder Hifi cloning reac-
tionsto generate pUBQ-mNEON-P2A-mScarlet. The arf2T298N variant
wasintroducedintothe ARF2 CDS in pENTR by PCR amplification and
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infusion cloning (TakaraBioSciences). Both wild type and T298N ARF2
were amplified from a pENTR backbone by PCR and cloned in-frame
with mNEON and the GS linker using NEBuilder Hifi cloning. The
pUBQ-mNEON-2A-mScarlet backbone was linearized by PCR.

Arabidopsis protoplast expression and quantification
Arabidopsis mesophyll protoplasts were isolated from 14-day-old
Col-0 leaves. Cells (100,000) were transformed with 20-30 pg
of plasmid DNA carrying mNEON-ARF2-P2A-mScarlet3 or
mNEON-arf2T298N-P2A-mScarlet3 constructs using the tape-sandwich
method and incubated for 16 h in the dark”. Transformed cell pop-
ulations were scored using the Beckman Coulter Cytoflex S flow
cytometer and CytExpert software. A back gating strategy was taken
to identify the population of intact protoplasts. Cells expressing
mScarlet3 reporters were first identified by comparing transformed
mNEON-ARF2-P2A-mScarlet3 cells to untransformed cells using the
Y610 channel (561 nm excitation, 610 + 20 nm emission,1,000 gain) and
thenback gated on FSCvSSC. Cells were treated with100 pM cyclohex-
imide dilutedin protoplast mediafor theindicated times. A minimum
of 162 mScarlet3 positive cells from 6 independent transformations
were used to collect mScarlet3 reporter levels. The mNEON levels
were collected using the B525 channel (488 nm excitation, 525 + 40 nm
emission, 69 gain). FCS files for mScarlet3 positive cell populations
were generated by Cytoflex and analysed using FlowKit’®, NumPy”’ and
Pandas® (https://zenodo.org/record/7979740) packages in Python
with custom scripts. Ratios were determined by taking the mNEON
signal divided by the mScarlet3 signal on a per cell basis. The mean
ratio of each replicate at timepoint O was generated and all cells from
thatreplicate were normalized to this value. Aminimum of 2,166 cells
across all 6 replicates were collected. Graphs were generated using
seaborn® and Matplotlib® in Python.

ARF DNA-binding domain structural predictions
Proteinstructure predictions of ARF DNA-binding domains as defined
inref. 21 from wild-type and mutant ZmARF28, PpARFb2 and PpARFb4
were generated using CollabFold v.1.5.2 (https://colab.research.google.
com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb)®
accessed on 8 August 2023 using default conditions. The top model
from each prediction was visualized with PyMol 2.5 (http://www.pymol.
org). AlphaFold pTM values are shown in Supplementary Table 10.

Phylogenetic tree construction

Protein sequences for class-B ARFs from 13 species were identi-
fied by reciprocal BLAST searches and aligned using T-COFFEE
(v.11.00.8cbe486)%*. Non-conserved regions were trimmed using
Mesquite (v.3.70)%, and a tree was inferred using MrBayes (v.3.2.7)%
with the settings ‘aamodelpr=mixed, rates=invgamma, 2 runs of 4
chains for1,000,000 generations’.

Databases used were for the following species: Alsophila
spinulosa®, Amborellatrichopoda®, Arabidopsis thaliana®, Ceratodon
purpureus®, Ceratopteris richardii®, Diphasiastrum complanatum®,
Marchantia polymorpha®®, Physcomitrium patens®, Selaginella
moellendorffii®, Solanum lycopersicum®®, Takakia lepidozioides”,
Thuja plicata® and Zea mays®. Class-B ARF sequences were found
neitherinthe three published genomes norin the 1IKP transcriptomes
for hornwort species'®*'%2,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All original numerical, sequence and image data are included in the
manuscript or freely available via the University of Edinburgh Data-
Share service at https://doi.org/10.7488/ds/7903 (ref. 103); mutant

and parental P. patens raw sequence reads are available at BioProject
(PRJNA1210789); raw sequence reads for the Zea mays work is available
for download at NCBIGEO accession numbers GSE293375, GSE293431,
GSE293432. Seeds and plant material are available on request from
A.E.R. (maize), M.E. (P. patens) and L.C.S. (Arabidopsis). Source data
are provided with this paper.

Code availability
Allcode used for the maize sequence analyses is available on GitHub at
https://github.com/ThePlantShapeLab/Truffula (ref.104).

References

1. Matthes, M. S. et al. Auxin EvoDevo: conservation and
diversification of genes regulating auxin biosynthesis, transport,
and signaling. Mol. Plant 12, 298-320 (2019).

2. Thelander, M., Landberg, K. & Sundberg, E. Auxin-mediated
developmental control in the moss Physcomitrella patens. J. Exp.
Bot. 69, 277-290 (2018).

3.  Muitte, S. K. et al. Origin and evolution of the nuclear auxin
response system. Elife 7, 33399 (2018).

4. Kato, H. et al. Auxin-mediated transcriptional system with a
minimal set of components is critical for morphogenesis through
the life cycle in Marchantia polymorpha. PLoS Genet. 11, e1005084
(2015).

5. Powers, S. K. & Strader, L. C. Regulation of auxin transcriptional
responses. Dev. Dyn. 249, 483-495 (2020).

6. Jing, H. & Strader, L. C. AUXIN RESPONSE FACTOR protein
accumulation and function. BioEssays 45, 2300018 (2023).

7. Hernandez-Garcia, J. et al. Evolutionary origins and functional
diversification of Auxin Response Factors. Nat. Commun. 15,
10909 (2024).

8. Ramos Béaez, R. & Nemhauser, J. L. Expansion and innovation in
auxin signaling: where do we grow from here? Development 148,
dev187120 (2021).

9. Leyser, O. Auxin signaling. Plant Physiol. 176, 465-479 (2018).

10. Nemhauser, J. L. Back to basics: what is the function of an Aux/IAA
in auxin response? New Phytol. 218, 1295-1297 (2018).

1. deFigueiredo, M. R. A. & Strader, L. C. Intrinsic and extrinsic
regulators of Aux/IAA protein degradation dynamics. Trends
Biochem. Sci. 47, 865-874 (2022).

12. Tao, S. & Estelle, M. Mutational studies of the Aux/IAA proteins
in Physcomitrella reveal novel insights into their function. New
Phytol. 218, 1534-1542 (2018).

13. Lavy, M. et al. Constitutive auxin response in Physcomitrella
reveals complex interactions between Aux/IAA and ARF proteins.
Elife 5, €13325 (2016).

14. Weijers, D. & Wagner, D. Transcriptional responses to the auxin
hormone. Annu. Rev. Plant Biol. 67, 539-574 (2016).

15. Qi L. et al. Adenylate cyclase activity of TIR1/AFB auxin receptors
in plants. Nature 611, 133-138 (2022).

16. Cao, M. et al. TMK1-mediated auxin signalling regulates
differential growth of the apical hook. Nature 568, 240-243
(2019).

17. Tiwari, S. B., Hagen, G. & Guilfoyle, T. The roles of auxin response
factor domains in auxin-responsive transcription. Plant Cell 15,
533-543 (2003).

18. Ulmasov, T., Hagen, G. & Guilfoyle, T. J. Activation and repression
of transcription by auxin-response factors. Proc. Natl Acad. Sci.
USA 96, 5844-5849 (1999).

19. Cancé, C., Martin-Arevalillo, R., Boubekeur, K. & Dumas, R. Auxin
response factors are keys to the many auxin doors. New Phytol.
235, 402-419 (2022).

20. Smit, M. E. et al. Specification and regulation of vascular tissue
identity in the Arabidopsis embryo. Development 147, dev186130
(2020).

Nature Plants | Volume 11| April 2025 | 821-835

832


http://www.nature.com/natureplants
https://zenodo.org/record/7979740
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
http://www.pymol.org
http://www.pymol.org
https://doi.org/10.7488/ds/7903
https://github.com/ThePlantShapeLab/Truffula

Article

https://doi.org/10.1038/s41477-025-01973-3

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

1.

42.

43.

44,

Boer, D. R. et al. Structural basis for DNA binding specificity by the
auxin-dependent ARF transcription factors. Cell 156, 577-589 (2014).
Franco-Zorrilla, J. M. et al. DNA-binding specificities of plant
transcription factors and their potential to define target genes.
Proc. Natl Acad. Sci. USA 111, 2367-2372 (2014).

O'Malley, R. C. et al. Cistrome and epicistrome features shape the
regulatory DNA landscape. Cell 165, 1280-1292 (2016).

Galli, M. et al. The DNA binding landscape of the maize AUXIN
RESPONSE FACTOR family. Nat. Commun. 9, 4526 (2018).
Stigliani, A. et al. Capturing auxin response factors syntax using
DNA binding models. Mol. Plant 12, 822-832 (2019).

Powers, S. K. et al. Nucleo-cytoplasmic partitioning of ARF
proteins controls auxin responses in Arabidopsis thaliana. Mol.
Cell 76, 177-190 (2019).

Weijers, D. et al. Developmental specificity of auxin response by
pairs of ARF and Aux/IAA transcriptional regulators. EMBO J. 24,
1874-1885 (2005).

Ellis, C. M. et al. AUXIN RESPONSE FACTOR1 and AUXIN RESPONSE
FACTOR2 regulate senescence and floral organ abscission in
Arabidopsis thaliana. Development 132, 4563-4574 (2005).
Sessions, A. et al. ETTIN patterns the Arabidopsis floral meristem
and reproductive organs. Development 124, 4481-4491 (1997).
Pekker, I., Alvarez, J. P. & Eshed, Y. Auxin response factors mediate
Arabidopsis organ asymmetry via modulation of KANADI activity.
Plant Cell17, 2899-2910 (2005).

Kato, H. et al. Design principles of a minimal auxin response
system. Nat. Plants 6, 473-482 (2020).

Freire-Rios, A. et al. Architecture of DNA elements mediating

AREF transcription factor binding and auxin-responsive gene
expression in Arabidopsis. Proc. Natl Acad. Sci. USA117,
24557-24566 (2020).

Rienstra, J., Hernandez-Garcia, J. & Weijers, D. To bind or not to
bind: how Auxin Response Factors select their target genes.

J. Exp. Bot. 74, 6922-6932 (2023).

lkeda, M. & Ohme-Takagi, M. A novel group of transcriptional
repressors in Arabidopsis. Plant Cell Physiol. 50, 970-975 (2009).
Piya, S., Shrestha, S. K., Binder, B., Stewart, C. N. Jr & Hewezi, T.
Protein-protein interaction and gene co-expression maps of ARFs
and Aux/IAAs in Arabidopsis. Front. Plant Sci. 5, 744 (2014).

Choi, H.-S., Seo, M. & Cho, H.-T. Two TPL-binding motifs of ARF2
are involved in repression of auxin responses. Front. Plant Sci. 9,
372 (2018).

Liu, X., Galli, M., Camehl, |. & Gallavotti, A. RAMOSA1 ENHANCER
LOCUS2-mediated transcriptional repression regulates vegetative
and reproductive architecture. Plant Physiol. 179, 348-363 (2019).
Kuhn, A. et al. Direct ETTIN-auxin interaction controls chromatin
states in gynoecium development. Elife 9, 51787 (2020).

Morris, J. L. et al. The timescale of early land plant evolution. Proc.
Natl Acad. Sci. USA 115, E2274-E2283 (2018).

Richardson, A. E. & Hake, S. The power of classic maize mutants:
driving forward our fundamental understanding of plants. Plant
Cell 34, 2505-2517 (2022).

Klein, H. et al. Bulked-segregant analysis coupled to whole
genome sequencing (BSA-Seq) for rapid gene cloning in maize.
G3 8, 3583-3592 (2018).

Cingolani, P. et al. A program for annotating and predicting the
effects of single nucleotide polymorphisms, SnpEff: SNPs in the
genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly
6, 80-92 (2012).

Cowling, C. L., Dash, L. &Kelley, D. R. Roles of auxin pathways in
maize biology. J. Exp. Bot. 74, 6989-6999 (2023).

Scanlon, M. J. The polar auxin transport inhibitor N-1-naphthylphthalamic
acid disrupts leaf initiation, KNOX protein regulation, and
formation of leaf margins in maize. Plant Physiol. 133, 597-605
(2003).

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

Bascom, C. Jr et al. Clade-D auxin response factors regulate auxin
signaling and development in the moss Physcomitrium patens.
PLoS Biol. 21, 3002163 (2023).

Plavskin, Y. et al. Ancient trans-acting siRNAs confer robustness
and sensitivity onto the auxin response. Dev. Cell 36,

276-289 (2016).

Yi, P. & Goshima, G. Transient cotransformation of CRISPR/Cas9
and oligonucleotide templates enables efficient editing of
target loci in Physcomitrella patens. Plant Biotechnol. J. 18, 599
(2020).

Causier, B., Ashworth, M., Guo, W. & Davies, B. The TOPLESS
interactome: a framework for gene repression in Arabidopsis.
Plant Physiol. 158, 423-438 (2012).

Nanao, M. H. et al. Structural basis for oligomerization of auxin
transcriptional regulators. Nat. Commun. 5, 3617 (2014).
Beathard, C., Mooney, S., Al-Saharin, R., Goyer, A. & Hellmann, H.
Characterization of Arabidopsis thaliana R2R3 S23 MYB
transcription factors as novel targets of the ubiquitin
proteasome-pathway and regulators of salt stress and abscisic
acid response. Front. Plant Sci. 12, 629208 (2021).

Smalle, J. & Vierstra, R. D. The ubiquitin 26s proteasome
proteolytic pathway. Annu. Rev. Plant Biol. 55, 555-590

(2004).

Salmon, J., Ramos, J. & Callis, J. Degradation of the auxin
response factor ARF1. Plant J. 54, 118-128 (2008).

Garcia, D., Collier, S. A., Byrne, M. E. & Martienssen, R. A.
Specification of leaf polarity in Arabidopsis via the trans-acting
siRNA pathway. Curr. Biol. 16, 933-938 (2006).

Fahlgren, N. et al. Regulation of AUXIN RESPONSE FACTOR3 by
TAS3 ta-siRNA affects developmental timing and patterning in
Arabidopsis. Curr. Biol. 16, 939-944 (2006).

Li, H., Johnson, P., Stepanova, A., Alonso, J. M. & Ecker, J. R.
Convergence of signaling pathways in the control of differential
cell growth in Arabidopsis. Dev. Cell 7,193-204 (2004).

Jing, H. et al. Regulation of AUXIN RESPONSE FACTOR
condensation and nucleo-cytoplasmic partitioning. Nat.
Commun. 13, 4015 (2022).

Das, S. et al. Quantitative imaging reveals the role of MpARF
proteasomal degradation during gemma germination. Plant
Commun. 5,101039 (2024).

de Roij, M., Hernandez Garcia, J., Das, S., Borst, J. W. &

Weijers, D. ARF degradation defines a deeply conserved step in
auxin response. Preprint at. bioRxiv https://doi.org/10.1101/
2024.09.12.612472 (2024).

Sun, F. et al. TurbolD-based proteomic profiling reveals proxitome
of ASK1 and CUL1 of the SCF ubiquitin ligase in plants. New Phytol.
244, 2127-2136 (2024).

Chen, J. & Dellaporta, S. in The Maize Handbook (eds Freeling, M.
& Walbot, V.) 526-527 (Springer, 1994).

Lunde, C. Small-scale DNA extraction method for maize and
other plants. Bio Protoc. https://doi.org/10.21769/BioProtoc.2782
(2018).

Chen, S., Zhou, Y., Chen, Y. & Gu, J. Fastp: an ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics 34, i884-i890 (2018).
Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357-359 (2012).

Danecek, P. et al. Twelve years of SAMtools and BCFtools.
Gigascience 10, giab008 (2021).

Kim, D., Paggi, J. M., Park, C., Bennett, C. & Salzberg, S. L.
Graph-based genome alignment and genotyping with

HISAT2 and HISAT-genotype. Nat. Biotechnol. 37, 907-915
(2019).

Liao, Y., Smyth, G. K. & Shi, W. FeatureCounts: an efficient general
purpose program for assigning sequence reads to genomic
features. Bioinformatics 30, 923-930 (2014).

Nature Plants | Volume 11| April 2025 | 821-835

833


http://www.nature.com/natureplants
https://doi.org/10.1101/2024.09.12.612472
https://doi.org/10.1101/2024.09.12.612472
https://doi.org/10.21769/BioProtoc.2782

Article

https://doi.org/10.1038/s41477-025-01973-3

67. Love, M. ., Huber, W. & Anders, S. Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2.
Genome Biol. 15, 550 (2014).

68. Wimalanathan, K., Friedberg, I., Andorf, C. M. & Lawrence-Dill, C. J.
Maize GO Annotation—Methods, Evaluation, and Review
(maize-GAMER). Plant Direct 2, e00052 (2018).

69. Young, M. D., Wakefield, M. J., Smyth, G. K. & Oshlack, A. Gene
ontology analysis for RNA-seq: accounting for selection bias.
Genome Biol. 11, R14 (2010).

70. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression
data using real-time quantitative PCR and the 2~24¢T method.
Methods 25, 402-408 (20071).

71.  Schindelin, J. et al. Fiji: an open-source platform for
biological-image analysis. Nat. Methods 9, 676-682
(2012).

72. Cove, D. J. et al. The moss Physcomitrella patens: a novel model
system for plant development and genomic studies. Cold Spring
Harb. Protoc. 2009, pdb-emo115 (2009).

73. Mallett, D. R., Chang, M., Cheng, X. & Bezanilla, M. Efficient and
modular CRISPR-Cas9 vector system for Physcomitrella patens.
Plant Direct 3, e00168 (2019).

74. Concordet, J.-P. & Haeussler, M. CRISPOR: intuitive guide
selection for CRISPR/Cas9 genome editing experiments and
screens. Nucleic Acids Res. 46, W242-W245 (2018).

75. Yoo, S. Y. et al. The 35S promoter used in a selectable marker
gene of a plant transformation vector affects the expression of the
transgene. Planta 221, 523-530 (2005).

76. Kim, J. H. et al. High cleavage efficiency of a 2A peptide derived
from porcine teschovirus-1in human cell lines, zebrafish and
mice. PLoS One 6, 18556 (2011).

77. Wu, F.-H. et al. Tape-Arabidopsis Sandwich - a simpler Arabidopsis
protoplast isolation method. Plant Methods 5, 16 (2009).

78. White, S. et al. FlowKit: a Python toolkit for integrated manual and
automated cytometry analysis workflows. Front. Immunol. 12,
768541 (2021).

79. Harris, C.R. et al. Array programming with NumPy. Nature 585,
357-362 (2020).

80. Pandas Development Team. pandas-dev/pandas. GitHub
https://github.com/pandas-dev/pandas (2023).

81. Waskom, M. L. Seaborn: statistical data visualization. J. Open
Source Softw. 6, 3021 (2021).

82. Hunter, J. D. Matplotlib: a 2D graphics environment. Comput. Sci.
Eng. 9, 90-95 (2007).

83. Mirdita, M. et al. ColabFold: making protein folding accessible to
all. Nat. Methods 19, 679-682 (2022).

84. Notredame, C., Higgins, D. G. & Heringa, J. T-Coffee: a novel
method for fast and accurate multiple sequence alignment.

J. Mol. Biol. 302, 205-217 (2000).

85. Maddison, W. P. & Maddison, D. R. M. Mesquite: a modular system
for evolutionary analysis. v.3.70 http://www.mesquiteproject.org
(2023).

86. Ronquist, F. et al. MrBayes 3.2: efficient Bayesian phylogenetic
inference and model choice across a large model space. Syst.
Biol. 61, 539-542 (2012).

87. Huang, X. et al. The flying spider-monkey tree fern genome
provides insights into fern evolution and arborescence. Nat.
Plants 8, 500-512 (2022).

88. DOE-JGI. Amborella trichopoda var. SantaCruz_75 HAP1v2.1.
http://phytozome-next.jgi.doe.gov/ (2022).

89. Cheng, C.-Y. et al. Araport11: a complete reannotation of the
Arabidopsis thaliana reference genome. Plant J. 89, 789-804
(2017).

90. Carey, S., Yu, Q. & Harkess, A. The diversity of plant sex
chromosomes highlighted through advances in genome
sequencing. Genes 12, 381(2021).

91. Marchant, D. B. et al. Dynamic genome evolution in a model fern.
Nat. Plants 8, 1038-1051 (2022).

92. DOE-JGI. Diphasiastrum complanatum v3.1. http://phytozome-
next.jgi.doe.gov/ (2022).

93. Bowman, J. L. et al. Insights into land plant evolution garnered
from the Marchantia polymorpha genome. Cell 171, 287-304.e15
(2017).

94. Lang, D. et al. The Physcomitrella patens chromosome-scale
assembly reveals moss genome structure and evolution. Plant J.
93, 515-533 (2018).

95. Banks, J. A. et al. The Selaginella genome identifies genetic
changes associated with the evolution of vascular plants. Science
332, 960-963 (2011).

96. Zhou, Y. et al. Graph pangenome captures missing heritability and
empowers tomato breeding. Nature 606, 527-534 (2022).

97. Hu, R. et al. Adaptive evolution of the enigmatic Takakia now
facing climate change in Tibet. Cell 186, 3558-3576.e17 (2023).

98. Shaley, T. J. et al. The western redcedar genome reveals low
genetic diversity in a self-compatible conifer. Genome Res. 32,
1952-1964 (2022).

99. Hufford, M. B. et al. De novo assembly, annotation, and
comparative analysis of 26 diverse maize genomes. Science 373,
655-662 (2021).

100. Zhang, J. et al. The hornwort genome and early land plant
evolution. Nat. Plants 6, 107-118 (2020).

101. Li, F.-W. et al. Anthoceros genomes illuminate the origin of
land plants and the unique biology of hornworts. Nat. Plants 6,
259-272 (2020).

102. Leebens-Mack, J. H. et al. One thousand plant transcriptomes
and the phylogenomics of green plants. Nature 574, 679-685
(2019).

103. Richardson, A. et al. Comparative mutant analyses reveal a novel
mechanism of ARF regulation in land plants [dataset]. DataShare
https://doi.org/10.7488/ds/7903 (2025).

104. ThePlantShapelLab. ThePlantShapelLab/Truffula: V1.0. Zenodo
https://doi.org/10.5281/zenodo.15115846 (2025).

Acknowledgements

We thank G. Neuffer for the kind donation of the original Trf seed;

S. Leiboff (Oregon State University), M. Bartlett (UMass Amherst),

D. Weijers (Wageningen University) and S. Hetherington (University of
Edinburgh) for discussions and comments; Z. Ban and M. Narasimhan
(UCSD), Orosa and Spoel Labs (University of Edinburgh), and

C. H. Hurst (University of Dundee) for advice on immunoprecipitation;
A. Gallavotti and M. Galli (Rutgers University) for kindly sharing the
class-B ARF DAP-seq peaks aligned to the B73 NAM5.0 genome;

the ARS/USDA Plant Gene Expression Center plant growth support
staff, the University of Edinburgh Plant Growth Facility, and CYVERSE
(work supported by the National Science Foundation under Award
Numbers DBI-0735191, DBI-1265383 and DBI-1743442; www.cyverse.
org) for technical support and resources. Funding was provided by
the University of Edinburgh Start-Up Fund (A.E.R.), UKRI EP/YO10116/1
(A.E.R.) and Royal Society IES\R2\212032 (A.E.R.); National Science
Foundation 1051922543 (S.H.), PGRP BIO-2112056 (L.C.S.); National
Institutes of Health RO1 GM043644 (M.E.), R85GM141892 (M.E.) and
R35 GM136338 (L.C.S.); and the Ledell Family Research Scholarship
for Science and Engineering (W.S.).

Author contributions

A.E.R,L.C.S., M.E., S.H., N.M. and M.J.P. conceptualized the project.
S.H., A.d.N., K.J. and A.E.R. cloned and phenotyped Trf; A.E.R. carried
out the WGS, RNA-seq and auxin treatment analyses; N.M. carried
out the protoplast stability experiments and the AlphaFold analysis;
M.J.A.-). purified the ZmARF28 antibody and carried out the maize
western blots; A.E.R., H.J. and T.M. carried out plasmid cloning and

Nature Plants | Volume 11| April 2025 | 821-835

834


http://www.nature.com/natureplants
https://github.com/pandas-dev/pandas
http://www.mesquiteproject.org
http://phytozome-next.jgi.doe.gov/
http://phytozome-next.jgi.doe.gov/
http://phytozome-next.jgi.doe.gov/
https://datashare.ed.ac.uk/handle/10283/8938
https://doi.org/10.5281/zenodo.15115846
http://www.cyverse.org
http://www.cyverse.org

Article

https://doi.org/10.1038/s41477-025-01973-3

the RT-gPCR analysis in maize; T.M. and A.E.R. carried out the MG132
test of ZmARF28 and associated western blots; W.S. carried out the
nar mutant screen and the initial mutant characterization with help
from M.J.P.; M.J.P. generated and characterized all moss deletion,
genome-edited and reporter lines with support from W.S.; N.D. carried
out the yeast two-hybrid experiments. M.L. provided reagents. A.E.R.,
N.M. and M.J.P. performed visualization. A.E.R., L.C.S., M.E. and S.H.
acquired funding. A.E.R., L.C.S., M.E. and S.H. administered the
project. A.E.R. and M.J.P. curated data. A.E.R., L.C.S., M.E. and S.H.
supervised the project. A.E.R., L.C.S., M.E., S.H., N.M. and M.J.P. wrote
the original draft. A.E.R., L.C.S., M.E., S.H., N.M. and M.J.P. reviewed
and edited the manuscript.

Competinginterests
L.C.S. is on the scientific advisory board of Prose Foods. All other
authors declare no competing interests.

Additional information
Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41477-025-01973-3.

Correspondence and requests for materials should be addressed to
Lucia C. Strader, Mark Estelle or Annis E. Richardson.

Peer review information Nature Plants thanks Yanhua Qi and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

Nature Plants | Volume 11| April 2025 | 821-835

835


http://www.nature.com/natureplants
https://doi.org/10.1038/s41477-025-01973-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

*Dr Annis Richardson

nature portfolio

Corresponding author(s):  Prof. Lucia Strader

Last updated by author(s): 2025/01/21

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
>~
[«5)

|Z The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|Z A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XOO O 0O0odf oot
OXX X K XX KX

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection |Provide a description of all commercial, open source and custom code used to collect the data in this study, specifying the version used OR
state that no software was used

Data analysis All software and code used in the analysis is provided with relevant references in the manuscript materials and methods. All code used for the
maize genomic and transcriptomic analyses is available via the gitub page provided in the acknowledgments and data availability statement.
(https://github.com/ThePlantShapelab/Truffula ) . For WGS data: Sequence data was downloaded via ftp from Novogene servers and passed
through the following analysis pipeline: FASTPQ> Bowtie2 alignment to the B73_Reference_Nam5.0 genome > samtools mpileup variant
calling > SNPeff and variant filtering in R. For RNAseq data: Sequence data was downloaded via ftp from Novogene servers and passed
through the following analysis pipeline: FASTPQ > HiSAT2 alignment to the Zea mays Reference NAM5.0 genome (https://www.maizegdb.org/
genome/assembly/Zm-B73-REFERENCE-NAM-5.0) > FeatureCounts > DeSeq2. GO term analysis was carried out using the GAMER Maize
annotations (accessed via https://datacommons.cyverse.org/browse/iplant/home/shared/commons_repo/curated/
Carolyn_Lawrence_Dill_GOMAP_Maize_MaizeGDB_B73_NAM_5.0_December_2021.r1/3_final-result/3.1_B73v5.MaizeGDB.CLEANED.gaf.gz)
and the GOSeq R package. All software was installed using command line during 2022, and genome data was accessed and downloaded in
2022. Maize DAPseq data published in Galli, et. al. 2018 is available here https://data.waksman.rutgers.edu/aj2/gallavotti/ZmARFs

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(e}
wv
c
=
=
o
<

€20z [udy




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data and materials availability: All original numerical, sequence and image data is included in the manuscript or freely available via The Plant Shape Lab collection on
the University of Edinburgh DataShare service (https://datashare.ed.ac.uk/handle/10283/8938), mutant and parental P. patens raw sequence reads are available at
BioProject (PRINA1210789). Seeds and plant material are available on request from Richardson (maize), Estelle (P.patens), Strader (Arabidopsis).

Maize B73 NAM5.0 genome was accessed here: https://www.maizegdb.org/genome/assembly/Zm-B73-REFERENCE-NAM-5.0, Maize GO annotations were accessed
here: https://datacommons.cyverse.org/browse/iplant/home/shared/commons_repo/curated/
Carolyn_Lawrence_Dill_GOMAP_Maize_MaizeGDB_B73_NAM_5.0_December_2021.r1/3_final-result/3.1_B73v5.MaizeGDB.CLEANED.gaf.gz, Maize DAPseq data
published in Galli, et. al. 2018 is available here https://data.waksman.rutgers.edu/aj2/gallavotti/ZmARFs

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Appropriate samples sizes were determined based on methodology established in the published literature. In all experiments at least 3
biological replicates were used, and 2-3 technical replicates.

Data exclusions  For transcriptomic data samples that failed quality checks carried out by the sequencing company were rejected. For sequenced libraries PCA
anlayses was used to assess if the libraries clustered before continuing with analyses.

Replication At least 2 technical replicates were carried out for all experiments, with at least 3 biological replicates per technical replicate. All replicates
showed results consistent with each other.

Randomization  Samples were genotyped to confirm mutant/ normal then randomly assigned pools where relevant.

Blinding N/A Blinding was not use din this study, and human bias was not deemed to be of high risk, as all experimental work was analytical and did
not rely upon human interpretation to define the result.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(e}
wv
c
=
=
o
=<




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

IZ Antibodies IZ |:| ChlP-seq

|:| Eukaryotic cell lines IZ |:| Flow cytometry

|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

& Plants

OIXNNXXXO &

Antibodies

Antibodies used Custom antibodies to ZmARF28 were generated in guineapig by Author Dr Jazmin Abraham-Juarez. Commeracially available
antibodies used were:
mouse anti-GFP (Roche #11814460001)
anti-mouse-HRP (Cell Signaling Technology, #7076)
Anti-guinea pig-HRP secondary antibody (Thermo Fisher Scientific catalog no. A18769)
rabbit anti-GFP polyclonal antibody (Invitrogen, A11122)
P4D1 mouse monoclonal antibody (Cell Signaling Tech, 3936T)
goat-anti-rabbit (Millipore, A6154)
goat-anti-mouse (Bio-Rad, 1706516)

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(@]
wv
c
=
=
o
=<

Validation Custom antibodies were validated using western blot, and indicated single bands of the correct size for ZmARF28 from crude plant
protein extract (as in Figure 4). Commercial antibodies were validated by the manufacturers for cross-reactivity using western blots
and ELISA assays. In the lab we tested for specificity using western blot before carrying out the final data-collection experiments,
looking for signal intensity and specificity when compared to control purified protein samples.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

D Ecosystems
|:| Any other significant area

NXXX X &

Experiments of concern

Does the work involve any of these experiments of concern:

—<
)
%

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

NXXXXKXXX §
Ooodoogo

Any other potentially harmful combination of experiments and agents




Plants

Seed stocks

Novel plant genotypes

Authentication

We thank Gerry Neuffer for the kind donation of the original Trf maize seed, generated by GN in an EMS screen. W22 and B73 maize
seed was provided by the Hake/ Richardson lab stocks. Moss mutants were generated in the Estelle lab/

We thank Gerry Neuffer for the kind donation of the original Trf maize seed, generated by GN in an EMS screen.
Moss mutants were generated via irradiation with 150 mJ/cm2 of UV light , and via CRISPR editing.

All plant lines were genotyped using PCR and subsequence sanger sequencing. The maize Trf mutant line was additionally subject to
whole-genome sequencing to confirm mapping interval.

=
Q)
=
(@
™D
1®)
@
=
S
-
3
D)
O
=1
=
(@]
wv
=
=
3
Q)
S




	Comparative mutant analyses reveal a novel mechanism of ARF regulation in land plants

	Truffula has pleiotropic defects

	Trf is associated with a mutation in ZmARF28

	Mutations in P. patens class-B ARFs cause auxin resistance

	All major domains are required for the dominant phenotype

	Mutations increase class-B ARF stability

	Discussion

	Methods

	Maize plants

	DNA extraction

	Whole-genome sequencing bulk-segregant analysis

	SSR mapping and genotyping maize plants

	Auxin treatment of maize

	Maize RNA extraction

	RNA-seq analysis

	cDNA synthesis and qPCR analysis

	Antibody production

	ZmARF28 protein extraction from maize and western blots

	Expression of ZmARF28-GFP in N. benthamiana and western blots

	Expression of ZmARF28-GFP in maize protoplasts

	Image analysis and figure assembly

	Statistical analyses

	Moss growth

	Moss mutant screen

	CRISPR/Cas9

	Moss transformations

	Moss RT–PCR

	Yeast two-hybrid assay

	Moss imaging

	Detection of ubiquitylated protein

	Cloning ARF2 and arf2T98N constructs

	Arabidopsis protoplast expression and quantification

	ARF DNA-binding domain structural predictions

	Phylogenetic tree construction

	Reporting summary


	Acknowledgements

	Fig. 1 Maize Truffula mutants have pleiotropic defects.
	Fig. 2 The Truffula lesion maps to ZmARF28.
	Fig. 3 Mutations in PpARFb2 and PpARFb4 cause auxin resistance.
	Fig. 4 Mutations in the same domain result in stabilization of ZmARF28, PpARFb and AtARF2.




