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Summary

e A plethera of developmental and physiological processes in land plants is influenced
by auxin, to a large extent via alterations in gene expression by AUXIN RESPONSE
FACTORSs (ARFs). The canonical auxin transcriptional response system is a land
plant innavaion, however, charophycean algae possess orthologs of at least some
classes.of ARF and AUX/IAA genes, suggesting elements of the canonical land plant
systemsexisted in an ancestral alga.

e We reconstructed the phylogenetic relationships between streptophyte ARF and
AUX/AA genes and functionally characterized the solitary class C ARBRK3
in Marchantia polymorpha

e Phylegenetic analyses indicate that multiple ARF classes, including class C ARFs,
existed'in' an ancestral alga. Loasd gain-of-function MARF3alleles result in
pleiotropic effects in the gametophyte, with MRF3inhibiting differentiation and
developmental transitions in multiple stages of the life cycle. Whiledbfsction
Mparf3 and Mpmirl60alleles respond to exogenous auxin treatments, strong miR-
resistant MARF3alleles are auxin insensitive, suggesting class C ARFs act in a

context-dependent fashion.
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e We conclude that two modules independently evolved to regulate a pre-existing ARF
transcriptional network. While theeuxin TIR1-AUX/IAA pathway evolved to repress
class A/B ARF activity, miR160 evolved to repress class C ARFs in a dynamic

fashion.

Key words:auxin, AUXIN RESPONSE FACTORARF), auxin signalling, class C ARF,

land plant/evolutioniiarchantig mir16Q

I ntroduction
The canoniealauxin transcriptional response system was originally characterized in
flowering plants.’ In the absence of auxin, AUXIN/INDOLEABETIC ACID (AUX/IAA)
repressors heterodimerize with AUXIN RESPONSE FACTOR (ARF) transcription factors
via the PB1 domain and recruit TOPLESS (TPL) corepressors, thus preventisgraRF
regulating-target gend€kim et al, 1997; Ulmasoet al, 1997ay; Szemenyeet al, 2008;
Vernouxet al, 2011). In the presence of auxin, the AUX/IAA proteins arestayfor
degradation by an SCF E3 ubiquitin ligase (TRANSPORT INHIBITOR RESPONSE1
(TIR1)/AUXIN SIGNALING F-BOX (AFB)), via auxin dependent interactions between
AUXI/IAA and TIR1 proteindGrayet al, 2001; Tiwariet al, 2001; Dharmasiet al, 2005;
Kepinski&iLeyser, 2005). Comparison of TIR1, AUX/IAA and ARF orthologs across land
plants and chargphycean algae indicate that the assembly of the canonical auxin
transcriptional response pathway is a land plant innov@tlon et al, 2014; Bowmaret al.,
2017).

Phylogenetic analyses across land plants identify three ARF c{é@sd€®sC;
Ulmasovet al, 1999a; Tiwaret al, 2003; Finett al, 2013) ARF classes are not equal, with

class A acting primarily as transcriptional activators, and classes B and C as transcriptional

This article is protected by copyright. All rights reserved



repressorgUlmasovet al, 1999a; Tiwarkt al, 2003) Since auxin application

predominantly activates gene expression, stlen argued that class B and C ARFs may act
to repress common target genes activated by class A ARFs as all classes can potentially
compete for targets as they recognize similar Aux@HEwasovet al, 1997a; Ulmasoet

al., 1999ah; Tiwari et al, 2003) Yeasttwo-hybrid studies suggested that activator ARFs
interact with AUX/IAAs and that AUX/IAAs may also homodimeriBy. contrast, repressor
ARFs do net interact efficiently with AUX/IAAS, leaving most class B and C repressors
outside this protein netwk (Vernouxet al, 2011) This lack of interaction implies that many
ARF repressors regulate gene expression independently of auxin. Thus, it iepgbssibl
transcriptional activation by class A ARFs is negatively regulated inxan dependent
manner bysAUX/IAAs and an auxin independent manner by class B and C ARFs.

This system is broadly conserved across land plants, with both the classes and
interactions,conserved in the médsyscomitrella paten@riggeet al, 2010; Lavyet al.,
2016)andthe liverworMarchantia polymorphdFloresSandovakt al, 2015; Katcet al.,

2015). InMarchantia transactivation assays suggest the single class A ARF (MpARF1) acts
as transcriptional activator, the single class B ARF (MpARF2) acts as a transcriptional
repressor and the class C ARF (MpARF3) is not explicitly an activator or a rep(Kssoet

al., 2015)."koss‘of MARF1results in pleiotropic phenotypes including auxin insensitivity,
constitutive tropisms, loss of gemmae dormancy, formation of ectopic meristdmis
regulated.cell.division patterns during gemmae development (Segaho2014; Flores-
Sandovakt al, 2015; Kateet al, 2017). However, the morphology of &l mutants does

not resemble less of auxin biosynthesis mutants, where all tissue patterningE&iiasd et

al., 2015). Ascemplete loss of growth and patterning associated with auxin depletion can only
be observed by making proteolysis resistant MplKato et al, 2015)or chimeric MpTPL

PB1 domain fusions using PB1 domains of MpARF1, MpARF2 and MAéres

Sandovakt al, 2015). Although all MpARFs have the potential to interact with MplAA
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when expressed in yed#tato et al, 2015) chimeric TOPLES$B1"P*R™3 fusions cannot
elicit strong developmental phenotypeglanta, suggesting that MpARF3 activity may be
independent of AUX/IAA degradation by auxiiR1 (FloresSandovakt al, 2015).

The class C ARF/MIR160 module in angiosperms regulates a range of processes
including leaf margin complexity and lamina grovihallory et al, 2005; Hendelmaat al.,
2012; Ben&eraet al, 2016) nodule formation in soybean roots (Tureeal, 2013;
Nizampatnanetal, 2015) root meristem patterningVanget al, 2005; Ding& Friml,
2010; Bennetet al, 2014)floral determinacy(Liu et al, 2010), ovary and fruit patterning,
floral organ.abscissiofDamodhararet al, 2016)and seed germinatidhiu et al, 2007; Liu
et al, 2013) Class C ARFs also promote the formation of shoot meristems in
undifferentiated-callus by directly repressing negative regulators of cyiakgmalling
(Qiaoet al, 2012; Liuet al, 2016). Auxin response reporters have been shown to be both
induced and repressed by class C ARF activity in angiosperms, suggesting a comtextua
for these'genes in developméktallory et al, 2005; Wanget al, 2005; Liuet al, 2010;
BenGeraét al, 2016) Irrespective of their foction as transcriptional repressors or
activators, genetic studies suggest that class C ARFs have the potential to antagonize auxin
signalling (Turneeet al, 2013; Benceraet al., 2016) The function of Class C ARFs outside
of angiospermsis largely unknown, except that negative regulation by miR160 is conserved
across land plan{g\xtell et al,, 2007; Linet al, 2016; Tsuzuket al, 2016) Here we
investigate the.evolutionary history of the ARF and AUX/IAA gene families andifunadty

characterizehte class C ARF in the liverwaMarchantia polymorpha

M aterials and Methods

Sequence analysis, alignment, and phylogenetic anfdydisor, please check that the

formatting and hierarchy of the headingsare correct throughout.]
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Coding nucleotide sequences were manually aligned as amino acid transgidhs (
v2.0all; Rambaut, 1996). Sequence alignments and Bayesian and Maximum Likelihood

command files for the phylogenetic analyses are provided upon request.

An unambiguous alignment of 78 amino acid characters in 138 PB1 sequences for
subsequent:Bayesian analysis using Mr. Bayes @l@lsenbecl& Ronquist, 2001). The
fixed rate model option JTT + | was used and analyses were run for 2,500,000 generations,
sufficient for convergence of simultaneous runs. To allow for burn-in, 10% of the tegdl sa
trees was discarded. Convergence to 0.022 was observed, the relatively high eglaeiék

to polytomies within the IAA, A ARF, and C ARF subclades.

An unambiguous alignment of 1278 nucleotide characters in 99 (or 97) ARF
sequences for subsequent Bayesian analysis using Mr. Baye@Hiél@enbeck and
Ronquist, 2001) that were run for 5,000,000 generations, sufficient for convergence of the
simultaneous runs. To allow for the burn-in, 10% of the total saved trees was discarded.
Convergence 10:0.045@pporting Informatiorrig. S1a) and 0.023F{g. S1b) were observed,
the relatively high value likely due to polytomies and/or low levels of support for some

subclades.

Maximum/(Likelihood (ML) Translated protein sequences were analysed against Conserved
Domains Database (http://www.ncbi.nim.nih.gov/cdd/) using aSeBrchProtein sequences

of the three conserved domains were aligned using a multiple alignment algorithm
implemented onsthe online version of MAFFT v. 7. Amino acid alignments were converted to
nucleotideswusing the PAL2NAL on line tool (http://www.bork.emipd&nal/). A

nucleotide matrix using only 1st and 2nd codon positions was used to perform a ML search in
RaxML Black box (https://embnet.vit#lch/raxmtbb/) using the CAT model of rate

heterogeneity.
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Plant growth

Plants were grown as described preslgfGamborget al, 1968; Ishizaket al, 2008;
FloresSandovakt al, 2015) For auxin sensitivity assapsants were grown for 30 d in B5
media before transferring to either mock or exogenous auxin plates (2,442)10en
independent lines were agsd per condition. For transcriptional auxin induction
experiments, mature 1 month thaleretransferred to liquid B5 media (2% sucrose, 0.1%
Casaminoacids and 0.03%qglutamine) in either mock (ethanol) or 22420 uM) and tissue

was harvested after 48 h in continuous white light.

Cloning and plasmids
Genetic nomengclature is as outlinedBowmanet al, 2016) Primers are listed in Table S1.

gRNA design‘and cloninggRNAs targeting genes of interest wereexpressed on
independent T-DNAs using plasmids GE010 (Sugzred. (2014) ands. Sugancet al
(unpublished) and GWB30XIshizakiet al, 2015) Design of specific gRNAs was
perfomredsuchithat putative dérgets Karchantiagenome assembly 3.1) lacked an
associated PAM site. gRNAs were cloned downstream of tHéG\dpomoter, excluding

PAM sites; and.were eexpressed with &9 (Sugancet al, 2014).

Cloning of MpMIR160 The MaMIR160precursor was amplified using primers EcoRl
MpmiR160-F/Kpnl-MpmiR160-R and cloned into pCRIGPO.EcoRI andKpnl were used
to subclone into EF1:BJ36 V2.0 aNatl into pHART or pKART (binary vectors conferring

Hygromycin or G418 resistance in plants, respectively).
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Cloning and mutagenesis of MARF 3 Wild-type cDNA from 8d-old gemmalings was

used to amplify a 2.4kb MfRF3transcript lacking the canonical PB1 domain using nested
PCR (primers: MpARFF5/MpARF3F3/MpARF3R5/MpARF3R3) and cloned into
pCRII-TORO. This amplicon was fused with ianvitro synthesized (Genescript) 592 bp

3’end containing the WT PB1 domain usiBgtXl and Hindlll. MpARF3was subcloned into
EF1:BJ36_usindgpnl andHindlll and then into HART usinlotl creating

proEF1:MpARF3 Assembly PCR was used to mutagenizeARE3in pCRII. Primers M13
R/MpARF10m6Fwd were used to create fragment 1 (893 bp) paimlers MpARF3
F3/MpARF10m6-Rev to create fragment 2 (1651 bp). The assembly used both fragments as
templates and primers MpARF10codingKpnl-F/MpARF10codingHinRlir a nested PCR

and the preduet'was cloned as described §&F1:MpARF3

Mp ARF 3 promoter Primers MpARF1&ro-Ndel-Fwd/MpARF10proKpnIRev were used

to amplify a'3.6kb fragment from a genomic PAC clone provided by Takayuki Kohchi. The
PCR productwas cloned into pCRIBPO.Ndd andKpnl were used to subclone
proMPARFESINto'pRITA, a shuttle vector with@US/UidAreporter gene andres
terminatorNdd andKpnl were used to exchanggEF1into prEF1:MpARFIMpARF3" to
create,MpARE3IMpARF3and ,,,MpARF3MpARF3". The ,,,MpARF3was exchanged

with proMpSHI(Mapoly0049s0083.1) usirigpnl/Hindlll into pME159(FloresSandovakt

al., 2015), ereating,,SHI:ARF3and,,MpSHI:ARF3". All constructs were transferred to

HART usingNot.

Mp MIR160-premoter Wild-type DNA was used to amplify a 4kb fragment using primers
4kbMpMIR160pro-F-pENTR/MpMIR160pro-R, which was cloned into pENTR-D and

subsequently recombined into pGWB4&hizakiet al, 2015).

Complementation clonesCas9resistant MBRF3(MpARF32*°R®) was generated by

assembly PCR: primer sets M13F/ARF3gRNASmutR and ARF3gRNASmutF/M13R were
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used to create products then assembled by nested PCR using MpABHRpnlI/MpARF3-
STRHindlll. A mutagenized gRNADS resistant MRF3(7118-4) was cloned in pCRII and
used as a template for a second round of mutagenesis using ARF3gRNA4mutF/Rdresult
amplicons'were cloned into pCRII-TOPO, and subsequently subcloned into
proMPARFSMpPARF3BJ36 usindKpnl/Hindlll and into KART usingNotl. The class C ARF,
AtARF1Q wasamplified with primers AtARF10FsmkEpnl/AtARF10R-Hindlll.
AtARF10FsmKBKpnl creates a silent mutation erasing lthiedlll site in ARF10K5 to

facilitate cloning into BJ36KpnlI/Hindll) and later KART Kotl).

RLM-RACE

RACE PCR,was. performed as described previo{lHlyresSandovakt al, 2016)to detect

cleavage of MARF3transcripts using primers RLIMpARF3-R11/RLM-MpARF3-R10.

RNAseq

Total RNAuisolated from Zimonth-old thalli (QIAGEN RNAeasy Plant Kit) from three
independent lines per genotype was assessed for quality with a Nanodrop spectretgnotom
and aBioanalyzer 2100 microfluidics system (Agilert)brary preparation substrates were
enrichedfor.mRNA (lllumina TruSeq Stranded mRNA technology). Sequencing used the
lllumina NextSeq500 in High-Output mode (20 million single-ended 75b reads per sample).
Reads were mapped onto tarchantiav3.1 assembly using TopHat Version 2.1.0 for
Galaxy(Kim'et al, 2013). Resulting Bam files were loaded onto IGV 1.3.1 toymed

Sashimi PlotgRobinsoret al, 2011) A count matrix of average raw reads/gene/sample was
created using HTsecpde using Galaxy (Andeeg al, 2015) Raw reads were normalized by

total million reads per library (RPM) and transcript lengths in kilebdRPKM). The

This article is protected by copyright. All rights reserved



voom/limma, edgeR and DESeq2 packages were used for differential gene expression
analysis using Galaxy (Table S&fganet al, 2015).Fastq files are accessible in SRA
(NCBI) with the following accessions: SAMN08493813, SAMN08493814,
SAMNO08493815, SAMN08493816, SAMN08493817, SAMN08493818, SAMN08493819,

SAMNO08493820, SAMN08493821. BioProject ID: PRINA433456

gPCR

SeeMethods S1.

In situ hybridization

See Methods:S1

Plant transfermation and screening

Marchantiasporeling transformation waeerformed as described b¥.(Ishizakiet al 2008).
Putative CRISPR)jene-editing lines were plated under two successive rounds of
Hygromicin/Chlorosulfuron and selected by phenotypic resemblance to loss-or gain-of-
function transgenic lines. Co-expression of two gRNAs substantially increasedditamg-e

frequency.

Complementation assays

Complementation with MBRF3was obtained by co-expressing gRNAs witsresistant
MpARF3variants using a third selectable marker (G418), screened with primers

MpARF3screenF/MpARF3creenrR. MpMIR160genotyping was done with primers EcoRI-
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MpmiR160-F/Kpnl-MpmiR160R and PCR (TERRACR, Clonetech). Amplification of the
endogenous MpRF3locus in MPARF32*°R*complementation lines employed an intron
specific reverse primer (MpARF&FintronR1) in conjunction with MpARF3screernMants
were grown under two successive rounds of selection and then transferred to %2 Bomedia f

another month before analyses.

Area measurements

Area measurements employed Adobe Photoshop® using photos of plants with a conventional
ruler to set'a*Costume Measurement Scale’. -Bivoensional area representations were
delineated using the ‘Color range’ function and measurements were done wibhdRe

Measurement’.function.

GUSsstaining

GUS assays were performed as previously described (Jeftrabn1987) Plants were
incubatedtin GUS staining solution (0vBM Potassium Ferrocyanid, 0.5mM Potassium

Ferricyanide and inM X-Gluc)for 3 h at 37C and cleared with ethanol.

Microscopy

Scanningelectron microscopy was performed as previously desc(fedesSandovakt

al., 2015).

Results

Origin and evolution of land plant ARF genes
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ARF proteins possess B3 DN#inding and PB1 protein-protein interaction domains and
similar genes are found throughout Streptohphytest(al, 2015; Bowmaret al, 2017).

While IAA proteins possess a PB1 domain, they lack the B3 dofiHam et al., 2014;
Bowmanetal, 2017). However, lack of an appropriate outgroup has hindered resolution of
phylogenetic relationships between ARF and IAA genes. Recent analyses of charophycean
algal and liverwort sequences revealed another clade of B3 transcriptmans fédoe RAV

family, with,a RB1 domain suggesting the two domains were already associated ddying ea
charophyte evolutio(Bowmanet al, 2017). RAV orthologs from other land plant lineages
have lost the PB1 domain. Here we made an assumption that the association of the B3 and
PB1 domains inf/ARF and RAYV proteins is homologous and used RAV sequences to root the
tree and resolve'the position of the IAA genes using genome and transcriptome data from
basal land plants and charophycean algae (Reasilg 2008; Bank®t al, 2011; Nystedét

al., 2013; Wicketet al, 2014; Jwet al, 2015; Vannestet al, 2015; Coope& Delwiche,

2016).

Phylogenetic analysis of PB1 amino acid sequences from RAV, ARF, and IAA genes
resulted in;a welkupported tree, witthe three ARF classes forming a clade sister to a clade
containing theslAA genes-(g. 1). Both ARF and RAV clades contaiesostigma
sequences, implying their origins occurred before the diversification of extapitdptigtes
(Figs1, Sla). Class C ARFRwe sister to all other ARFs, and since charophyte sequences are
found in'both class C and class A/B clades, the gene duplication giving rise to class C ARFs
and the ancestor of class A and B ARFs occurred in a charophycean ancestor. The class A
and B ARFEsdiverged later, with phylogenetic analysis indicating this occurred in the
ancestral land planF{g. S1a-d). We did not observe a class B ARF in the hornwort
Nothocerosalthough this could be due to sampling bias. The ancestral ARF possessed B3,

FD, DD, LFG and PB1 domains, and all three classes retain each of these domains, with
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classspecific LFG and PB1 sequence motifs (Figs S2, S3). Interaction of class C ARF
transcripts with miR160 evolved in land plants, with the miR160 binding site elmtbed

within a land plant specific CL-Bomain Fig. S4).

Related.to class A ARFs are NGDANONICAL ARF (NCARF) genes, which have
lost the B3/ED/DbB-and LFG domains but retained a PB1 domain and thus, could act as
modulators of auxin response via interaction of their PB1 domain with ARF or IAA PB1
domains. Bothclass A ARFs and NCARF are also characterized bych Qomain.

NCARF sequences have been noted previousBelaginellaandPhyscomitrellgFinetet
al., 2013) and here we find them in liverworts, but ndemm or gymnosperm species
surveyed. This phylogenetic distribution implies a gene duplication in the antasti@lant

producing/class A ARF and NCARF genes.

IAAfgenes, together with NOIANONICAL IAA (NCIAA) genes, form a clade
sister to the ARF claa] with the two clades diverging within a charophycean ancestor. This
topology impliesithat the B3 domain was lost in the IAA/NCIAA lineage. Bectneseell-
supported NCIAA clade contains charophyte sequences, the IAA and NCIAA clades also
diverged within a charophycean ancestor. Unlike NCARF genes, NCIAA orthologs are
broadly distributed from charophycean algae to flowering plants, including Arabidopsis
(At57574201AA33), but may have been lost within moss and lycophyte lineages. Since no
charophyte sequee in the IAA/NCIAA clade possesses domains | gBdwmanet al,
2017) these domains | and Il were acquired specifically in the IAA ancestor after its
divergencesfram NCIAA. Basal land plant IAA genes are also characterized by two
conserved motifs in addition to domains | and Il, named here EHDY andrigRSE); the
EHDY domain has been lost in most, if not all, angiosperm genes. Liverwort IAA sequence
also contain a @ich domain, but its evolutionary relationship with similar domains in A

ARF and NCARF genes is unclear.
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Wild-type M. polymorphadevelopment

As a background for interpreting phenotypes and expression patterns, a brief description of
wild type isfrequired. Wildype M. polymorphaplants progress through a series of
developmental stages during vegetative growth. Following spore germination, an éarly cel
division produces a rhizoid and a vegetative cell, the latter of which undergoesenultipl
relatively unordered divisions to prockia small clump of cell$-{g. S6a). A single cell in

the clump @merges as an apical cell, which produces lateral derivatives in two planes,
forming a twodimensional sheet of cells called a prothallus that lacks specializedriglls (
S6b). Theprothalis may branch, but in most cases the apical cell progresses into one that
produces derivatives in four planes (two lateral, ventral, and dorsal), producheg-a th
dimensional'complex thallus with air chambers and pdtigs $6¢). Gemmae cups are
produced from the dorsal epidermis with gemmae developing from single cellscofthe
base. Dormant gemmae, with two apical meristems, are several cell layers thick, but lack

specialized cell types except rhizoid precursors and oil body EedlsS6d).

The MpARE3expression pattern correlates growth and differentiation

To explore the MARF3spatiattemporal expression pattern, we analysed GUS
transcriptional-fusions in a developmental series.MpARF3:GUS(3.6kb upstream of
gene model) angoMpMIR160:GUS(4kb upstream of gene model) gemmalingig (2).
Signal for bethMpARF3and MMIR160was detected in apical notches prior, during and
after the first'branching event in gemmalings, between days 3 and 6 of gemmaling
developmen{FloresSandovakt al, 2015; Sollyet al, 2017). While both are expressed in
meristems and the central zone of the gemmaé\RHE3is expressed at a higher level than

MpMIR160(Fig. 2a—d). By day 6, MARF3expression is also associated with air pore
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differentiation Fig. 5d), whileMpMIR160remains meristemati¢-{g. 2e—h). In mature
vegetative thalli thg, ,MpARF3GUSexpression patterrrig. S7a) follows the midib,

similar to the expression pattern observed for the auxin biosynthesis gatéOa(Eklund

et al, 2015). Finally ,,\MpMIR160:GUSlines also exhibit staining along the nrid-and in
dormant gemmalingd={g. S7b). Widespread expression of MpF3in the thallus including
dormant gemmae, smooth rhizoids and anteridiophores was also observed sising
hybridization Eig. S7¢-h). Low concentrations of exogenous auxipll 2,4-D) inhibited
proMPARF3GUSsignal in the central zone and differentiating air pores after 7 d of growth
compared'te'mack controlEify. 2i-). This was further corroborated by segiCR, where

auxin induced tissue had no detectableARp3expression by semi-gRFER Fig. 2m).

MpARF3isregulated by miR160

Phylogenetic-analysis revealed that thi&160binding site evolved in the common ancestor

of embryophytesKigs 1, S4). We confirmed cleavage of the mRNA derived from the single
Marchantiaclass C ARF, MpRF3(Mapoly0043s0098), between bases 10/11 of the miR160
binding site'kig=3a), suggesting the conserved miR160 binding site is a cleavage site across
all land plantskig. 3b). We identifed a single MpIIR160(Mapoly0002s0211) genomic

locus, encedinga 246 stem loop within a Roltranscript Fig. S8) that has previously been

used as a backbone to generate artificial miRNAsresSandovakt al, 2016)

Given these tools, we created loss ofAR#-3activity via ectopic or overexpression
of MpMIR160(Fig. S9a) and via CRISPR&® generatedHig. S9b) MPARF3mutant alleles
(Table 1 FiguS10). For constitutive ectopic overexpression ofMVR160we utilized the
EF1-a promoter, which drive expression in most, if not all, cells at high le@khoff et al.,
2014). Conversely, we created gain of MRF3activity via CRISPRCa® generated

MpMIR160mutant alleles and via ectopic or onexpression of MARF3 either a wildtype
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allele or a miR60resistant MARF3" transcript (Table 1). We obtained three independent
MpMIR160-CRISPR alleles by eexpressing two gRNAs targeting the primary stem loop
(Fig. 3d). Deletions affecting stem loop secondary structuren{(ivls0-2, miR/miR*
sequences (Mpirl160-3 or both secondary structure/miR* (lhgr160-4 were obtained.
(Figs 3d,k,'S11). gRT-PCR detection of mature miR160 levels relative to the highly
expresseiR166 showed all three mutant lines failed to produce matuRL60(Fig. 3e).

Predicted stemyloop secondary structures (Zuker, 20G8) mutants were different to wid

type Fig. S99.

MpARF3faeilitates multiple developmental processes

Given the observation that auxin response and auxin biosynthesis mutants have & complet
loss of three-dimensional patterning (Eklwetdal, 2015; Flores-Sandovat al., 2015; Kato

et al, 2015);-and the previously proposed ideas that ARFs work as facilitators and not
determinants-of developmental transitions (Stewart and NemhauserBaohe@tt and

Leyser, 2014; Flores-Sandowtlal, 2015), we hypothesized that loss of MRF3activity

would resultinspleiotropic defects in multiple developmental processesdinuesly every

aspect of growth and development was affected wheiRE3adivity was changed.

Growth Loss of MARF3activity resulted in significant decreases in surface area and apical
notches intboth,sEF1:MpMIR160andputative nulllines. After 14 d of growth, four
independent populations ghEF1:MpMIR160lines had grown te. 1/4 of the size of wild-

type controls Eigs 3f,i,j, S9¢-h). Notch production (branching) is reduced to ~1/2 in
oroEF1L:MpMIR160lines after 14 dRig. 3g). Similar proportions are observed between wild-
type and Mprf3 null alleles afte ~2 months of growtlwhich will be discussed in detail in

the complementation analysection Conversely, increased MRF3activity in MpMIR160

loss-offunction alleles (Mmirl60) or expression of a miR1a@sistant MARF3allele
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(,roMpPARF3MpARF3"), results in proliferative outgrowths where thallus maturation and
growth appear decoupleBig. 3k,l) and the regular bifurcation-cup-bifurcation branching
pattern observed in the wilgpe is lacking Fig. S11a—d). Scanning electron microscopy
(SEM) revealed multiple layers of stacked branches imMviG0alleles compared to the

wild-type ‘€ig. S11€f).

RegenerationRegeneration in complex thalloids has been studied extensively, with the
locations of regenerant tissue reflecting that predicted for the higher aumdentrations
(Vochting, 1885; Dickson, 1932; Bind& Maravolo, 1972; Gaadt al, 1982). InMarchantig
excision of apical notches triggaits novdormation of apical meristemg&ig. 3h). The

newly formed thallus, transitions from immature to mature stages and subsequsenthelsr
(Fig. 3h). Comparisons of regenerating branches in wild-typarfd@and

proEFLMpMIR160Q demonstrate that loss of MRF3delays the regeneration proceSgy(
3i,j). Lines ih which a CRISPResistant version of MBRF3(MpARFZ2*°R¢f complemented
an Mparf3 mutant background, showed a capacity to regenerate, grow and branch, similar to
wild-type Fig3m), but complementation using tAeabidopsisclass C ahologue AARF10
restored growth but not wHtype levels of regeneratiofiy. 3n). Complementation analysis

will be discussed in detail in the following sections.

GemmaeA significant reduction in gemmae production was observegdkf1:MpMIR160
lines Fig+4ashe): In putative null Mparf3 alleles, no gemmae were produced although
gemmae cup production was not supressed, leaving plants with emptyiougs d).
Mpmirl60alleles produce fewer gemma cupgy( S11a—d) and thus, robust measurements
of gemmaling production are not feasible in such alleles. This suggeI%phRF3is

necessary for the production of clonal undifferentiated propagules.

Differentiation of air chambers and poresThe dorsal surface of wiltype thalli is covered

with a regularly spaced pattern of air chambers with a centrally located a{iMidrel,
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1835; Barne& Land, 1907; Shimamura, 2018)hese structures develop into mature thalli
but are not present in the earlier prothallus stage, which is characterized dynsvesional
growth. We quantified thallus differentiation in MBRF3loss- and gain-ofunction alleles
by measuring number of air ponesrarea (mrf). After 14 d of growthFig. 4f), wild-type
gemmalings produced an average of 406 air pores in a #&rem egivalent to “9 pores
mmZ. MpmiR160-2plantsproduced about half as many ("4 poresmm= 3.74 x 10,
while ,,,EEMpMIR160plants producetlvice as many as wittype ("15 pores mif P =
0.0002). SEM o, EF1:MpMIR160and Mmrf3 lines revealed smaller cells and air
chambers'in/a gualitative fashidrigs4g,h, S12a,b). Finally, examination of mature
Mpmirl60-2epidermis revealed sections without air chambéig 4i) in comparison to the
homogenous-pattern observed in wild-typ&y(4g). This suggests thtpARF3is a

repressor of air chamber differentiation.

Rhizoids and ‘scaled he ventral surface of thé. polymorphamature thallus has two types

of rhizoids and.two or more rows of scales flanking the midrib and two types of rhiggds (
4j). Smoothrrhizoids are produced along the midrib and act in nutrient uptake, while pegged
rhizoids, dead cells at maturity, are associated with the ventral scales and act as capillary
water conduit§McConaha, 1941; Duckett al, 2014). The smooth (living) rhizoids are
formed at a distance from the apex (SFig. 4j) and thus are mostly absent at the distal end
of the thallugProustet al, 2016; Shimamura, 2016). Conversely, scales and pegged rhizoids
(thin and structural) are visible and pronounced in the distal ends of the thsi&rskan

Fig. 4j). proEF1:MpMIR160plants seem to have a decreased number of smoothdshizoi

along the_midrib, exposing scales and pegged rhizéids$12c,d). Moreover, putative null
Mparf3 alleles, form conspicuous bundles of pegged rhizoids along the ventral midrib and
adjacent sitesHg. 4k,l). Conversely, Mmir160-4alleles showed profe formation of

smooth rhizoids, even visible from a dorsal anglg.(4m).
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Mparf3 alleles have increased number, size and complexity of meristematic scales
protecting the apical notch in comparison to wild-tylpey(4n,0). Meanwhile, Mmir160-2
did na produce meristematic scal@sg. 4p). Mparf3 plants displayed hyponastic growth
(Figs 4q, S12f), possibly due to protrusion of ventral scales visible in the dorsal stirigice
could be due to/over-growth or over-production (Figs 4q, S12e,f). Qualitative observations of
ventral scales revealed that Mf8 alleles have more ventral scales per area thantypiel

(Fig. S12g,h), suggesting MyRF3represses production of scales.

GametophoresWild-type plants subjected to afiged light (FRL) treatment undergo a
developmental‘transition with some branches differentiating into sexugitgphores
antheridiophores develop antitga thatproduce sperm cells; and archegoniophdmselop
archegniathatproduce egg cedl After 1 month of FRL treatment, witype plants
produced on.average ~10 gametophores from a ~Athatius(Fig. S13a,b,}l Both
Mparf3-2 and Marf3-12 lines produced on average 8 gametophores from a ~4thattus,
suggesting rates of gametophore production were retainedarf3Aputants despite growth
deficienciesfig:S13b,d,e). However, Mpirl60-3and Mpmirl160-4alleles were completely
insensitive;to FRL treatment with respect to gametophore production from a8t
(Fig. S13c—e)psuggestingpARF3inhibits the developmental transition from asexual to
sexual reproductiorRlants with partial loss of MARF3(,r0EF1:MpMIR160)displayed
ectopic antheridia protruding from the dorsal surface of the antheridiogfigrdi(s). In
addition, femaleg,,EF1:MpMIR160plants produced archegoniophores exhibiting varying

degrees of stalk'fusioffrig. 4t,u).

Ectopic MPARF3expression results in less differentiated states

We created gainf-function MpARF3alleles expressingild-type (MpARF3"™) and miR-

resistant versions of MiRF3(MpARF3"), using a range of promoters; ectopic expression of
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MpARF3" consistently resulted in stronger phenotypes thaARE8"" controls Fig. 5a).

We first used 3.6kb of the putative MBF3endogenous regulatory sequences ksge

S14). Phenotypes @l MpARF3MpARF3plants ranged from almost wild-type, to folded
thalli (Fig. 5a,b), suggesting dosage effects ofARP-3 or alternatively, the putative
promoter lacks some regulatory elemehts restrain the wildype MpARF3expression
pattern. Expression of the miR160 resistant versighlpARF3MpARF3", resulted in a
prothallus-like phenotypd-{g. 5a,c,d), with thin layers of tissues lacking air chambers and
pores Fig. 5d)." gRTPCR was usd to verify increased levels in multiple
proMPARF3MpARF3and ,,, MpARF3MpARF3" lines compared to controlify. 5m).
proMPARF3MpARF3lines have the highest levels of MRF3expression despite having a

weaker phenotyp@-ig. 5m).

We next restricted adibbnal MpARF3activity to a smaller expression domain limited
to the apical meristem using the regulatory region oSMIBSTY(Mapoly0049s0083)
(FloresSandovakt al, 2015) The genotypeso,SHI:MpARF3and p,SHI:MpARF3" do not
appeaphenotypicallydistinct, despite MPIIR160:GUSalso showing expression in the
apical noteh, where MARF3""is a target for cleavag€if. 5e—g). Both genotypes develop
into highly branched plants that formed air chambers and pores, but no gemmagag:ups (

5h).

Constituive expression of wild-type MPRF3(,,EFLMpARFJ resulted in plants
similar to Mpmir160lines, with highly branched convoluted thalli, often lacking air
chambersandsporeBi@. 5i,j). Constitutive expression of miresistant MARF3
(proEFL:MPARF3") resuted in a loss of differentiatior{g. 5i,k,l) similar to wildtype
sporeling cellsKig. S6a) and tdvlarchantiaplants lacking the canonical auxin biosynthetic
pathway (Eklunckt al, 2015) Since plants constitutively expressing MpF3" resemble

those lacking the canonical land plant auxin biosynthetic pathway, the auxin sgrsitivit
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loss- and gain-of-function MkRF3alleles was tested by growth on 2410 uM). While
oroMPARF3MpARF3lines are sensitive to exogenous auxin both in terms of growth
inhibition and rhizoid production,,MpARF3MpARF3" lines are insensitive with respect to
growth inhibition (Figs5n, S15). ,,EF1:MpARF3" lines show the cleanest auxin resistance
when grown in NAA (5 uM), compared tpEF1L:MpARF3and wildtype plants afte?2 and

4 wk of growth Fig. S15b). Similar top, o MpARF3MpARF3lines, Mpmir160-3gemmalings
were sensitive to auxirHg. S16, suggesting that MRF3can antagonize auxin signalling
only at the highest doses. Unlike Btfil loss-of-function alleles (Sugamt al, 2014; Katcet
al., 2017) ogroEF1:amiRVMpARFL1lines (FloresSandovakt al, 2016), both
proEFL:MpMIR160(Fig. S17a) and Mrf3 (Fig. S17) lines aresensitive to exogenous

auxin Fig..5n).

Transcriptional compensatory feedbacks betweeMNi60and MPARF3

To examinepotential feedback regulation betweeRIE3and MpgMIR16Q we performed
RNA-seq on mature 1-month old thallus in three independent Warf8Blpnd Mpmir160
lines. MpARES3transcripts are significantly upregulated in &3 (~2x) (Fig. 6a;Table S2).
Despite this upregulation, no reads were mapped to the deletions sites, suggeesttigra
of aberranttranscript$ig. 6e). As expected, MkRF3is significantly upregulatgin
Mpmirl60 mutants (1.78x)Kig. 6a). Meanwhile, MpIIR160transcripts are significantly
downregulated:in Marf3 (~0.2x) and upregulated eight-fold in Mp160mutants Fig. 6b).
Density plots revealed that in wild type, MiR160reads accumulate 3' thet miR/miR*
region, with lack of 5' reads indicative DfCER processingFig. 6¢). In Mpmirl60alleles,
raw reads are detected 5’ of the miR/miR* site, suggesting a |d2lC&R processing and
accounting for the unexpected transcriptional increlege §c). Furthermore, M@IR160

transcription appears dependent onA®Rp-3activity, suggesting MBRF3activates its own
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repressorKig. 6¢). Supporting this, qRIPCR shows that MpiR160is upregulated in
severak,MpARF3MpARF3and,,sMpARF3MpARF3" lines compared to wild typéig.
6d). These results suggest that steady state feedback loopARM3@and MpMIR160act to

compensate for the loss of functional transcripts.

Transcriptional upregulation of auxin induced genes imf8and Mpnirl60

To test whether/auxin signalling depends onARp-3activity, semiquantitative RTPCR
was used to asses a set of recently disco\&at et al., 2017; Mutteet al., 2017) auxin-
induced transeripts in wiltype, Mmarf3 and MpniR160alleles. In wild type, we were able
to detect upregulation of MPXPANSIN12%Mapoly0125s0001) after 48 h of auxin
treatment Fig.S18). Upregulation of MEXPANSIN12%y auxin is not compromised in
Mparf3-12andMparf3-22alleles Furthermore, MEXPANSIN25 is upregulated in
MpmiR160-4din-the absence of auxin comparedatild-type controlsFig. S18). A similar
scenario is_ebserved for M}2HDZ (Mapoly0069s0069)Hig. S1&). Differential count
analysis (DESeq2 and edgeR) using RNAseq revealed tHa2NIPpZ, MpEXPANSIN125
andMpEXPANSIN61Mapoly0061s0098) were significantly dowegulated in Mprf3
mutants but not significantly changed in MiR160alleles compiged to the wildtype Fig.
S1&). Theseresults suggest thatAMRF3positively regulates auximduced genes in an

auxin independent fashion.

Complementation of Mgrf3 reveals functional conservation of embryophyte class C ARFs

We performed complementation assaygliacorroborate that the Mpf3 phenotypes are
linked to the observed MyRF3mutations, (2) test the capacity of the cloned 3.6kb

proMPARF3to drive a natural expression pattern, and (3) evaluate the level of functional
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conservation of class C ARF proteins from angiosperms and liverworts. \&goessed

dual gRNAs targeting the endogenousAR¥-3locus with either @9-resistant
MpARFZ2°Rehr AtARF1Q one of the three redundaftabidopsisclass C ARF paralogs,
using three selectable markers in primary sporeling transformants (see materials and
methods). After,~2 months, wild-type plants had grown to an average area of Bgcm
7a,e), vhile Mparf3 mutants had grown to approx. ¥4 that sizg.(7b,e). Complementation
with ,,MpARF3MpARFZ**R*{Fig. 7c,e) completely restores growth (Student’s t test, P =
0.006), whilesro,MpARF3AtARF10(Fig. 7d,e)complementation lines restored only 60%

the wildtype/grewth (Student’stest,P = 0.028) .Branching was significantly restored by
both p,eMpARF3MpARFF**R*and ,,,MpARF3AtARF1Q although AARF10
complementation lines displayed only a 75% res€ig {f). Even without full gemma cup
restoration Fig. 7g), 70% of cups restored gemmae production usingRFE-2s7Res
(Student’st test,P=0.048), while only 8% of cups did using®RF10(Fig. 7hH. Our results

point at a'nearly full complementation by MRF3°**%ut only partial complementation

by AtARF10

Other congerved PB1 domain containing proteins can modulate auxin signalling

Two clades'of'conserved genes distinct from AUX/IAA genes possess PB1 domaiaskbut |
the B3 domainKig. 1). One, NCIAA, las its origins in the charophycean algae while the
other NCARFis of more recent origin within land plants. To test whether MWR¥Cand
MpNCIAAPB1 domains has the potential to interact with MpARFs, we traoisédly fused
PB1PNARE apd PBYPNCAA to the endogenous MpTPL aepressor. Just as in
oroEF1:MpTPL-PBIP"* controls o EF1:MpTPL-PBIMPNCARFMPNCIAA hlants were unable to
transition into a thredimensional thallus, and instead remaining reminiscent of younger

developmental prothallus stages. This suggested that unlike Mp@Ri8sSandovakt al,
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2015) MpNCARF and MpNCIAA have the capacity to interact with some of the elements of

the M. polymorphaauxin signalling pathwayHg. S19.

Discussion
Evolution of the, ARF and AUX/IAA gene families in streptophytes

While both ARE and AUX/IAA genes encode PB1 domains, the precise evolutionary
relationshipsbetween these gene families has been enigmatic due to lack of an appropriate
PB1-containing outgrougDe Smett al, 2011; Fineet al, 2013) Both charophycean algal

and liverwort RAV orthologs possess both B3 and PB1 domains, thus providing a potential
outgroup. Usingsthe RAV genes as an outgroup, the three ARF classes form a single clade
sister to onethat contains the AUX/IAA genes and a prelyatnidentified clade of genes
containing PB1 domains but lacking B3 domains, here called NCIAA. The NCIlAl tlas
persisted.in all major lineages of land plants, but have not previously been red@mize
distinct froem AUX/IAA genes, and have not yet been investigated functionally. The
observation that charophycean algal sequences are present in each of the AUX/IAA, NCIAA,
C ARF, and A/B ARF+NCARF clades indicates that these gene classes were present in an
algal ancestor of land planBy contrast, gien their phylogenetic distribution, the A ARF, B
ARF, and NCARF genes may have evolved in an ancestral land plant via gene duplications
from an ancestral A/B ARF gene. NCARF genes, which also lack a B3 domain, weéne los
the seed plant ancestor. Translaal fusions of the PB1 domains from either NMpARFor
MpNCIAAwith. MpTPL results in similar phenotypes as those observed when the PB1
domains offMplAA, MpARF1 or MpARF2 are translationally fused to MpTPlores

Sandovakt al, 2015), suggesting that both proteins may modulate auxin signalling. The
major assumption we have made in our phylogenetic analysis is the choice of RAV

sequences as an outgroup. In other approaches lacking this assumption, e.g. midpoint rooting
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or an unrooted tree, the relationzshbetween the major clades (RAV, AUX/IAA+NCIAA,

ARF) are ambiguous, but their times of origin remain unchariggd$1e)

Comparative analyses across charophycean algae and land plants indicate that the
canonical land,plant auxin transcriptional signalling system is a land plant inno{étiormet
al., 2014; Bowmaset al, 2017). This conclusion is based on the observation that
charophycean AUX/IAA orthologs encode proteins lacking both domains | and Il required
for interaction with TIR1, auxin, and tloe-repressor TOPLESS, and that furthermore,
charophycean.TIR1/COI orthologs lack specific amino acids required to intetlact
AUX/IAA proteins and auxin (Bowmaaet al, 2017). Thus, it was proposed that assembly of
the canonical land plant auxin signalling system involved neo-functionalization of both
AUX/IAA and TIR1 in the ancestral land plafgowmanet al, 2017).By contrast, at least
two classes.of ARFs (C, A/B), and twlasses of potential ARF regulators (AUX/IAA,
NCIAA) already existed in a charophycean algal ancdsttorethe assembly of the ARFs
and AUX/IAAs.into an auxin signalling system. This implies that these ARF classes and
related proteinstacted in an ancalsalga in a transcriptional network whose function is as
yet unknown. Finally, the evolutionary scenario presented here implies that auxin and
mMiR160 wererintegrated as repressors into g&pigting transcriptional network in the

ancestral land“plant.

MpARF3 inhibits:differentiation with pleiotropic roles in development

We chose to characterize the class C ARFARIB3 due to its ancient evolutionary origin,

i.e. before‘the evolution of the canonical auxin signalling pathway. Both loss- and gain-of-
function alleles of MP\RF3result in pleiotropic defects throughout the gametophytic stages
of the life cycle that do not correlate with specific changes in cell or tissue identity. However,

a consistent pattern involving MiRF3as a negative regulator of difentiation or a
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promoter of cell proliferation emerges. First, the smaller cell size erf@mutants could be
interpreted as a loss of coordination between cell proliferation and diffei@mti@econd,
despite having delayed growth, Bii3 plants diferentiate more air pores per area than the
wild-type, produce increased numbers of pegged rhizoids and ventral scales, and produce
more gametophores per thallus area than-typé. Both the formation of ectopic antheridia
and fused_archegoniophores cobédinterpreted as defects caused by differences in tissue
growth rates. Gonversely, Mpril60alleles seem to lack proper differentiation of air pores,
gemmae cups, meristematic scales and gametophores upon inductive (FRLyrenditi
Third, MpARF3is required for regeneration of thalloid tiss&&y( 3) and formation of
undifferentiated gemmaling&ig. 4). Finally, increasing levels of ectopic MpARF3
expressionstransform plants into more juvenile states whose morphology resemhdés that
wild-type prothall, sporelings, and eventually a mass of cells lacking tissue patteFang (
5). These observations are consistent with the idea that ARFs facilitate rather than determine
developmental processgstewart and Nemhauser, 2010; Bennett and Leyser, 20¥ésFlo
Sandovakt al, 2015) adding a role for class C ARFs as specific modulators of
differentiation rates and totipotency. One speculative hypothesis is tAdRRacts in
shifting the balance between meristematic and differentiated states in a issliertype
dependentimanner. These processes, proliferation and differentiation, occurred in the
ancestral alga and might represent reasonable candidates for the fundtmARBFt
transcriptional-network in extant charophycean algae. In this scenariojelgration of

auxin or miR160.into an ancestral regulatory network may have led to focal growth

(meristems) rather than more diffuse growth and differentiation.

Given the antiquity of class C ARFs and their minimal pregeotein interactions
with other classes of ARF and AUX/IAAs, it is unknown how, or even whether, class C

ARFs function directly in the auxin transcriptional pathway akip alleles retain the ability
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to respond to auxin, indicating that, unlike MpF1, auxin signalling does not depend on
MpARF3activity (Figs 5, S15). Furthermore, the awsignalling pathway appears to inhibit
MpARF3transcription, and thus, activit§ig. 2). By contrast, strong gain-of-function
miR160 resistant MpRF3alleles can antagonize auxin signallipgMpARF3MpARF3"
alleles phenocoph/roEFl:MpTPL—PBl'\"p'AA alleles in which repressive regulation of
interacting ARF partners is decoupled from auxin signa(lifigresSandovakt al, 2015)

and ,EF1:MpARF3" alleles phenocopy,EF1:amiRVpTAAPMRleles in which the
IPyA-biosynthetic pathway is compromised (Eklwetdal, 2015) These observations raise
the possibility that most, if not all, of the defects observed italimutants might be

attributed to theloss of auxin transcriptional signaling.

The ablility of MpARF3to repress auxin response in a dose dependent fashion raises
the question.of whether the different ARF classes may antagonize and share some common
downstream targets. Counterintuitively, some conserved auxin-induced genes guéatgue
or dependant.en MARF3activity in certain developmental or environmental conditidfig.(
S18). However;"Marfl loss-of-function mutants do not phenocopyAR¥-3gain-of-
function mutants and vice versa (Katioal 2017), suggesting any antagonisgtationship
depends onrinteractions with other transcriptional networks. One hypothesisertngitt
these observations is that ARF target genes may be regulated, in conjundtiotheitARF-
unrelated transcription factors, positively (via MpF1) or negatively (via MARF2 in an
auxin-dependent manner, with MRF3antagonizing auxin signaling in an auxin-
independent manner. In this scenario the evolution of A and B class ARFs in anraoicest
land plantssmay have been critical in facilitating both positive and negative-depéendent

gene regulation:

C class ARF activity is conserved across land plants
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The ancestral land plant C class ARF was regulated by miR160, but miR160 target sites are
not evident in any of the charophycean algal C class ARF gends polymorphaboth
MpARF3and MpMIR160exhibit feedback regulation, with both genes upregulated in their
respective mutant backgrounds. Such compensatory regulation might tune the regulation of

MpARF3activity as tissues differentiate from méeimatic regions.

The activity of C class ARF proteins is largely conserved across land plants, as
attested by the ability of ARF10to partially complement Mgrf3 lossof-function alleles
when driven by,MpRF3regulatory sequences. Growth and branching were restored to a
large extent'when Mgrf3 mutants were complemented with eitherAlRF-3or AtARF1Q
but the heterologous gene failed to complement the ability to regenerate onthgdorof
gemmae. Itis of ote that the latter two attributes, vegetative propagules and regeneration,

have been lost te a great extent in derived land plants.
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Fig. SI9MpNCARF and MpNCIAA PB1 domains can interact watinxin signaling

components.
Table S1Primers used in this study
Table S2RNA"seq data

Methods, S1Supplementary materials and methods.

Please note: Wiley Blackwell are not responsible for the content or fundyoonélany
supporting information suppliedy the authors. Any queries (other than missing material)

should be directed to tiéew Phytologis€Central Office.

Fig. 1 Phylegenetic context AUXIN RESPONSE FACTOR (ARE)AA and related gene
families in Streptophyte&.eft panel aBayesiarphylogram of Streptophyte genes. Tree was
constructed using amino acid alignment in supplementary data (Supporting Inforiigtion
S1f). Numbers at branches indicate posterior probability values; the most relevant are
enlarged. Taxa are color coded acaugdo major taxonomic classifications. The
evolutionary history of protein domain gain or loss is represented by green or red notation,
respectively, on the phylogram. Right panel, protein domain structures encoded by members
of the different.clades predted in the ancestral land plant. The B3 and AP2 DNA binding
domains and the PB1 protein-protein interaction domain define the ARF and RAV gene
families, while domains | and Il define the AUX/IAA gene fan(@uilfoyle, 2015) The DD
domain issinvolved imimerization(Boeret al, 2014) while the functions of the previously
described FOGuilfoyle, 2015)and LFG(Finetet al, 2013) domains are unknown. The

CLP, KR, and EHDY domains, the latter two with unknown function, are definegsrS4

and S5.

This article is protected by copyright. All rights reserved



Fig. 2MpARF3spatial expression associates with fog$unction phenotypes in

Marchantia Expression patterns of (a—d) MpARF3 andhfegMpMIR160 as assessed by the
promoter:GUS, reporter gene fusions,@MpARF3(3.6kb):GU%nd
proMPMIR160(4kb):GUSespectively in (ag) 3d-old, (b,f) 4-d-old (c,g) 5-d-old and (d, h)
6-d-old gemmalings. Expression is detectable in the apical notches (asterisks) and central
zone (cz) for both MpARF3 and MpMIR160 across the developmental series.
proMPARF3:GUSexpression is also detected in the differentiating air pores (ap) of 6-d-old
gemmalings, a"pattern not observed folNMIR16Q (i) Gemmalings of
proMPARF3(3.6kb):GU3ines grown in mock (i, j) ot uM 2,4-D (k, I) for 7 consecutive

days. (m) semigR'PCRshowing decrease of MyRF3expression in the wild type upon

growth in 20uM.2,4D for 48 h. Bars (a-h), 0.1mm; (i-I) 0.5 mm.

Fig. 3 The single class C ARF (MYRF3 in Marchantiapromotes growth in the
gametophyte(a) RLM-RACE adapter is bound to M\{RF3transcript between bases 10 and
11 of the miR160-binding site (red arrows), a putative cleavage site conseruedt(i®r
embryophyte orthologues. (c) Sequencing obMp- alleles show deletions spanning the
gRNA bindingssites (d) Sequencing of Mp160-alleles show deletions affecting stem loop,
miR and miR* sequences (BpmiR160expression relative to MpiR166in wild-type and
Mpmirl60=alleles as measured by gPCR. (f) Surface area comparisons irdtdld wild-
type and foup,EF1:MpMIR160lines. (g) Apical notch counts of 14-d-old gemmaling
populations comparing wittype with four independent, EF1:MpMIR160lines (k-n)
Representative images 8d-d-old regenerateMarchantia polymorphalants from a single
branch from (h) wiletype, (i) arf3-51%° CRISPR knoclout, (j) proEF1:MpMIR160knock

down, (k) Mpmir160-3° CRISPR knockout, (I) miR1606resistant MARF3
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(,roMpARF3MpARF3") overexpressors, (m, n) plants carrying a 229-bp lesion iRE3

and coexpressing (M),,MpARF3MpARFZ?*°R¢21 or (n) ,,xMpARF3:AtARF101. Dashed
lines in all plants indicate cut site of subcultured apical naRhdenotes tissue regenerated
from the excision as compared to growth derived from the apical notch. White asterisks
denote a branch with two or maapical notches each. All plants were grown in ¥2 B5 media.
(f, g) Red asterisks denokevalues < 0.01 obtained from twaHed student’$-test. (Mp
MarchantiaspolymorphaPp, Physcomitrella patens$sm, Selaginellamoellendorffij At,

Arabidopsis thalianpa Error bars: (f and g) $D; (e)x SE Bars (i—0) 1cm.

Fig. 4 MpARE3is required for multiple developmental processddanchantia Scanning
electron micrographéSEM) depicting the aerial view above gemma cups from (a) wild-type,
(b) proEF1:MpMIR16Q (c) Mparf3ko-22° and (d) M@arf3ko-12°lines. Dormant gemma are
visible in wild-type (ge), but are either stunted (arrow) or absent (arroshieaother
genotypes. Quantification of (e) dormant gemmae counts from three independent
proEFLMpPMIR1® lines, compared to wild type and (f) the number of air pores pérahm
12 gemmalings from wild type, Mpirl60-2°and,,,EF1:MpMIR160after 14 d of growth.
SEMs of epidermal air pore distribution in (g)d-type, (h) Mparf3-22and(i) Mpmir160-2

c. 1-month-oldplants. Dotted line indicates sections of thallus without air poresaMeeatw
of mature wildtype (j), Mparf3ko-12 (k) andMparf3ko-2(l) plants showing smooth rhizoids
(SR) and pegged rhizoids (PR) associated with ventral scales (vsaf3Mjteles show an
increase in formation of pegged rhizoids along the ventral midrib. (m) Dorsal view of
Mpmirl60-4line shows accumulation of smooth rhizoids.pniew of meristematic scales
(msc) protectingithe (n) wittype, (0) Mparf3-22 and (p)Mpmirl60-2 apical notches.
Mparf3-22has more scales with increased complexity, whilenilp60-2does not have

meristematic scales (asterisk). (q) Dorsal view of ayjoke (left) andViparf3ko-22(right)

This article is protected by copyright. All rights reserved



thalli show ventral scales (vsc) protrusiorMparf3ko-22.Dorsal view of(r) wild-type and

(s) poEF1:MpMIR160antheridiophores. Ectopic antheridia are shown (asterisks) and inset of
(s). Dorsal view oft) wild-type andu) prrEF1:MpMIR160archegoniophores emerging from

an apical notch. Numbers indicate stgtkssent per apical notch withEF1:MpMIR160

lines showing 2/stalks per notch. Inset in (u) shows different degrees of fasialues are

shown using a twadailed Student’s-test comparing wildype s mutant populationg*, P

values <0.01; *P < 0.05.Error bars ine, f) indicatex SD. Bars (a,c, d, g, hji, q) 0.5 mm

(b) 0.3 mm; "k, 1, m, s) Imm; (n, 0) 0.2mm; (p) 0.25 mm (r, t, u) 1.2mm.

Fig. 5 Enhanced MpRF3activity results in drastic reversions to undifferentiated cell states
in Marchantia (a) poMpARF3MpARF3" lines have stronger phenotypes than
proMPARF3MpARF3after 2 months of growtl{b) Scanning electron micrograph (SEMf)
representativg,,MpARF3MpARF3line showing clear apical notches and branches with air
pore differentiation. Inset shows that growth,@MpARF3MpARF3Ilines is convoluted and
reminiscent of other gaiaf-function phenotypes. Inset scalanm. (c) Representative SEM
of proMPARE:MpARRF3™ plant showing a collection of prothallus-like outgrowths. Lines have
putative ngtches, (asterisks) but no air chambers. (d) DetaiMpARFMpARF3" lines

show single cell layer thick prothallke tissue (arrowhead). Mature witglpe (e),

oo SHI:MPARES(f), and 5o SHI:MpARF3" (g) plants grown for 2 months. Experimental lines
show ectopic formation of branches. (h) Dorsal SEM¢SHI:MpARF3"shows
differentiation-ef air pores. (i) LefbiEF1:MpARF3line shows a convoluted thallus with
poor differetiation; right, ,rEF1:MpARF3" lines have an undifferentiated calliile
appearance. (j) SEM @fEF1:MpARF3shows that the epidermis lacks air pores. (k)
oroEF1:MpARF3"lines show no clear establishment of brancheg.BF1:MpARF3"lines

show a los®f differentiation. (m) MARF3expression relative to MCT1as measured by
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gRT-PCR inWT, Hyd™®$ ,,oMpARF3MpARF3and ,,MpARFMpARF3" lines (n) Auxin
sensitivity assay of MBRF3alleles.P values after a twavay student’s-test comparing
treated g unireated are showR values in red are <0.01. All genotypes had a significant
growth decrease in high doses of auxin exceps$MpARF3MpARF3". Error bars in(m,

n) indicate ¢$SD./Bars (a) 0.075 mm; (b) 0.17 mmg,(g, i, j, k, m)1 mny (d) 0.5 mm; (e) 1
cm; (f, 1) 0.6 mm;(h) = 0.3 mm; (n, 0) 0.25 mm; (p) 0.06 mjAuthor, please check text
‘(n, 0) 0.25.mm;,(p) 0.06 mm.’ as there are no scale bars in (n), and no panels (p) and

(0).] [Author,"please insert text to explain * and ** in pands (m) and (n).]

Fig. 6 Transeriptional regulatory feedbacks associated with loss éiRf3and MpMIR160

in Marchantia.(a) RPKM values of MARF3loci in three independeiVT, Mparf3- and
Mpmirl60alleles. (b) RPKM values of MPIR160precursor in three independé,

Mparf3- and Mpnirl60alleles.P values for{a) and (b)come from the voom/limma pipeline
(c) Raw RNAseq density reads (Sashimi plots) of MIRR160in all replicates. miR/miR*

sites are indicated with a red arrowhead. Reads are undetectable at the primary stem loop site
(dotted rectangle) in th&/T, suggesting processing by DICER. {3 alleles (12, -22 & -2)
show loss/of MMIR160transcription, while Mmirl60-alleles €2, -3 & -4) show increases

in raw reads throughothe locus and particularly at putative processing site (red asterisks).
(d) Relativerexpression levels of matiipmirl60transcripts taMpmiR166 usingRT-PCR,

in Hyg***controls, and multiplg,,MpARF3MpARF3and,,,MpARF3MpARFJ" lines.

Levels of significance indicated above columns using a Stidest. (€) Raw RNAseq

density reads (Sashimi plots) of MRF3loci in all replicates. Marf3-12and M@arf3-2

show transcriptional gaps at deletion sites (red asterisks), producingratbeanscripts.
Mparf3-22has a 100-bp insertion and did not show production of aberrant transcripts. All

alleles have increased transcription of ARRF-3as a putative feedback mechanism. Blue
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arrows indicate direction of transcription. Junction readdaplayed as arks connecting
exons.Error bargandicate:(a, b) +SD; (d)+ SE Scale = 8600 raw readgAuthor, please

insert text to explain * and ** in panels (a), (b) and (d).]

Fig. 7 MpARF3#%Res3nd AMRF10complement Mprf3 mutations inMarchantia (a—d)

Aerial view of three representatize2-montheold mature plants from (a) witype, (b)

Mparf3 lines, co-expressing gRNA4/5 targeting MpF3 (c) plants ceexpressing
oroMPARF3MPARFZ2*°**and dual gRNAs (4/5) targeting MRF3show a wildtype

growth rescue, (d) plants co-expressiptyIpARF3AtARF10as well as dual gRNAs 4/5
targeting MgARF3with confirmed mutations in the endogenous gene. Quantification of
various marphological features of plant growth of the plants shown ) {j@elicating (e)

thallus area”(€f) measurements, (f) apical notch counts, (g) the number of gemmae cups and
(h) the proportion of cups with dormant gemmaealues shown are comparisons of means

of all genotypeswMparf3 mutants fparf3-42, -43, -4%using a two-tailed Studentidest.

P values shown in red are lower than 0.01). Error inalisate+ SD. Bars (a—d) 1cm

Table 1 Mutant alleles useuh this study

[ Typesetters;please see separate Excel file for Table 1]
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