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Summary

e The Arabidopsis Plant HomeoDomain (PHD) proteins AtMS1 and AtMMD1 provide
chromatin-mediated transcriptional regulation essential for tapetum-dependent pollen forma-
tion. This pollen-based male gametogenesis is a derived trait of seed plants. Male gametogen-
esis in the common ancestors of land plants is instead likely to have been reminiscent of that
in extant bryophytes where flagellated sperms are produced by an elaborate gametophyte
generation. Still, also bryophytes possess MS1/MMD1-related PHD proteins.

¢ We addressed the function of two MS1/MMD1-homologues in the bryophyte model moss
Physcomitrium patens by the generation and analysis of reporter and loss-of-function lines.

e The two genes are together essential for both male and female fertility by providing func-
tions in the gamete-producing inner cells of antheridia and archegonia. They are furthermore
expressed in the diploid sporophyte generation suggesting a function during sporogenesis, a
process proposed related by descent to pollen formation in angiosperms.

¢ We propose that the moss MS1/MMD1-related regulatory network required for comple-
tion of male and female gametogenesis, and possibly for sporogenesis, represent a heritage
from ancestral land plants.

Introduction

The Plant HomeoDomain (PHD) motif defines a family of pro-
teins that can recognise and bind histones depending on covalent
modification status of the histone tails (Mouriz ez al., 2015). By
recruitment and regulation of chromatin remodelling factors and
transcriptional regulators, PHD proteins can thereby control
chromatin compaction and gene expression in a histone
modification-governed manner.

Phylogenetic analysis places angiosperm PHD proteins into
five main clades and 16 subfamilies (Cao et 4/, 2018). Among
these, clade Ila comprises members from both mono- and
dicotyledonous species including the Arabidopsis genes MALE
STERILITY 1 (AtMSI) and MALE MEIOCYTE DEATH 1
(AtMMD]I). AtMSI and AtMMD]I encode similar protein prod-
ucts that are both essential for pollen production in anthers (Wil-
son ¢t al., 2001; Reddy ez al., 2003; Yang et al., 2003). Still, the
two genes exert their functions in distinct anther cell types.
Therefore, AsMMD]1 controls gene expression and chromosome
condensation needed for completion of meiosis in microsporo-
cytes (Reddy er al., 2003; Yang ez al., 2003) while AzMSI con-
trols gene expression and function of tapetal cells surrounding
and nursing the microsporocytes and microspores on their route
towards functional pollen (Wilson ez al,, 2001; Ito & Shinoza-
ki, 2002;  Alves-Ferreira ez al, 2007; Yang ez al., 2007;
Reimegdrd ez al., 2017; Lu ez al, 2020). Both genes exert their
functions through modification of chromatin structure.
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Therefore, AtMS1 activates genes organised in clusters by the
relaxation of chromatin condensation (Reimegdrd ez al., 2017)
and AtMMD1 can bind histone tails in a modification-
dependent manner (Andreuzza er al., 2015; Wang ez al., 2016).
A detailed mode of action was recently proposed for A(MMD1
in meiotic cells where the protein is recruited to H3K4me3 marks
allowing it to modulate target specificity of nearby JUMON]I 16
(JMJ16) histone demethylases through a physical interaction
dependent on its central MMD domain (Wang ez 4/, 2020).
The monophyletic group of land plants is characterised by a
huge variation in reproductive solutions that is the result of suc-
cessive key evolutionary innovations (Renzaglia ez al, 20005
Hackenberg & Twell, 2019; Hisanaga ez al., 2019; Rensing &
Weijers, 2021; Sharma ez al., 2021). The developmental process
controlled by AtMSI and AsMMDI, that is tapetum-assisted
microspore and pollen formation facilitating downstream male
gametogenesis, is for example a derived trait of angiosperms
(Hackenberg & Twell, 2019). Gametogenesis in the common
ancestors of all extant land plants is instead likely to have been
reminiscent of that in bryophytes, ferns and lycophytes of today,
where eggs and flagellated sperms are produced by female
archegonia and male antheridia formed by a dominant haploid
gametophyte generation (Renzaglia ez 4/, 2000; Hackenberg &
Twell, 2019). These gametophytic reproductive organs were
eventually lost from the angiosperm lineage as part of a drastic
reduction of the haploid gametophyte generation accompanied
by increased complexity of the diploid sporophyte generation
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(Harrison, 2017). As part of this transition, pollen is hypothe-
sised to have evolved from walled spores reminiscent of those in
extant bryophytes thanks to two key evolutionary adaptations
(Hackenberg & Twell, 2019). First, divisions in the male game-
tophyte generation were almost completely abolished to arrive at
the situation in present-day angiosperms where only two sequen-
tial specialised divisions produce a pair of male gametes inside a
vegetative cell from the primary meiotic product (the
microspore). Second, breakage of the spore wall was deferred so
that the cell divisions producing the two gametes could be com-
pleted within a still intact wall, today recognised as the
angiosperm pollen wall. The proposed evolutionary origin of pol-
len indicates that tapetum-derived pollen production in
angiosperms is related by descent to tapetum-dependent spore
formation in bryophytes (Lopez-Obando et al., 2022).

The existence of PHD clade Ila homologues in gametophyte-
dominant bryophytes (Higo ez al, 2016; Sanchez-Vera er al.,
2022), separated from angiosperms ¢. 450 million years ago (Ma)
(Morrtis et al., 2018), suggests that clade ITa-related genes were pre-
sent already in the common ancestors of all extant land plants.
Recent transcriptome data from the bryophyte model moss
Physcomitrium patens report the expression of two clade ITa homo-
logues in sporophytes at stages during which tapetal-like cells are
active and spores and their precursors develop (Perroud ez al,
2018; Lopez-Obando et al., 2022). Moreover, the expression of
the two genes was also detected in antheridia (male reproductive
organs) and in the egg cell in archegonia (female reproductive
organs), both produced by the haploid gametophytic generation
(Meyberg ez al., 2020; Sanchez-Vera et al., 2022 and references
therein). Similarly, a putative clade IIa homologue of the model liv-
erwort Marchantia polymorpha is also active in reproductive organs,
at least in the antheridia (Higo ez 4/, 2016). This points towards a
function for bryophyte clade Ila genes during gametogenesis. Fur-
ther dissection of this function may add to our understanding
about the mechanisms, regulation and evolution of gametogenesis
in land plants (Berger & Twell, 2011; Hisanaga ez al, 2019).

Here we describe the functional characterisation of the clade
IIa PHD homologues PpMSIA and PpMSIB in the moss P.
patens. PpMSIA and PpMSIB are together required for male and
female fertility by providing functions essential for the develop-
ment of the gamete-producing inner cells of both antheridia and
archegonia. The expression domains of the two genes further-
more suggest functions in sporogenous cells and in foot transfer
cells of the diploid sporophyte generation. Based on these find-
ings, we discuss a possible ancestral function for clade Ila PHD
proteins and elaborate on how this may have evolved into the
functions evident in present-day bryophytes and angiosperms.

Materials and Methods

Plant material, growth conditions, tissue harvest,
transformation and crosses

Physcomitrium  patens (previously Physcomitrella patens) ecotype
Reute (R) (Hiss et al, 2017) was used as the wild-type (WT) and

is the background to all transgenic lines in this study. Protonemal
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moss tissue was grown aseptically on solid BCD medium (The-
lander ez al., 2007) supplemented with 5 mM ammonium tartrate
and 0.8% agar in Petri dishes at 25°C under constant white light
from fluorescent tubes (F25T8/TL741; Philips, Amsterdam,
the Netherlands) at 35 pmol m™ s™" in a Percival Scientific CU-
4114 growth chamber (Percival Scientific, Perry, IA, USA). To
induce reproductive organs and subsequent sporophyte develop-
ment, young chloronemal tissue was shaped into round balls and
placed on solid BCD medium in 15 mm deep Petri dishes (90
mm in diameter). The ball-shaped tissue was allowed to grow out
into gametophore-containing colonies for 5-6 wk after which the
platess were transferred to SD conditions (8 h of light
30 pmol m™? s™") at 15°C in a Sanyo MLR-350 light chamber
(Sanyo Electric, Tokyo, Japan) to induce reproductive develop-
ment. To enhance fertilisation the plants were submerged in water
overnight at 20 &= 1 dpi. Crosses were carried out as described in
Thelander er al (2019) and the P. patens ecotype Gransden was
used as a WT line with strongly reduced male fertility. For expres-
sion and phenotype analysis, gametophyte shoots harbouring either
reproductive organs or a developing sporophyte in the apex were
harvested from the periphery of moss colonies at the indicated time
points. Under a Leica MZ16 stereomicroscope (Leica Biosystems,
Heidelberg, Germany), all leaves were removed to expose the
antheridia and archegonia. For sporophyte analysis, also the resid-
ual reproductive organs were detached, as were the sporophyte
calyptra from stage 8. To enhance the uptake of solutions for GUS
staining, fixation, infiltration and historesin embedding, sporangia
harvested after 12 dpw were punctuated using a fine needle.
Protoplast transformation was carried out as previously described
(Schaefer et al., 1991). Stable transformants were selected in the
presence of 50 pg ml~" hygromycin (H0192; Duchefa, Haarlem,
the Netherlands) or G418 (11811023; Thermo Fisher Scientific,
Waltham, MA, USA).

Generation of reporter lines

Primer sequences are shown in Supporting Information Table
S1. The PpMSIA translational reporter construct pMLO14 (Fig.
S1a), used to integrate a GFP-GUS gene in frame near the end of
the coding sequence was generated by the fusion of four PCR
fragments using In-Fusion technology (TaKaRa Bio): A 4550-bp
vector fragment amplified with primers S§748/SS749 from plas-
mid pDEST14 (Thermo Fisher), a fragment covering 669 bp
from exon 3 to near the end of the PpMSIA CDS amplified with
primers SS750/8S751 from WT gDNA, a fragment covering a
2556-bp GFP-GUS gene amplified with primers SS752/55753
from plasmid pMT211 (Thelander ez 4/, 2019), and a fragment
covering 651 bp of the extreme end of the CDS and the 3'UTR
of PpMSIA amplified with primers SS754/SS755 from WT
gDNA. To generate the PpMSIApro::PpMSIA-GFPGUS
reporter lines, 8 pg of pMLO14 and 4 pg of pMLO13 were co-
transformed into WT protoplast together with 8 pg pACT1:
hCAS9 and 4 pg of pBNRF (Schaefer er al, 2010; Lopez-
Obando ez al., 2016). Stable transformants were selected on
G418, where after the in-frame fusion between the PpMSIA
CDS and the GFP-GUS gene resulting from the correct
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integration was confirmed by PCR amplification using the
primers SS756/55627, followed by sequencing of the resulting
PCR product with the primers SS757 and SS627. Three inde-
pendent lines showing correct integration were selected for down-
stream analysis (Table S2). If not stated otherwise, for each line,
at least 10 specimens of each relevant stage and organ type were
analysed for reporter signals with consistent results. The three
lines indicated qualitatively similar signal patterns but, while sig-
nals in PpMS1Apro::PpMSIA-GFPGUS-1 were strong and coher-
ent in both reproductive organs and sporophytes, signals in
PpMS1Apro::PpMSIA-GFPGUS-2 and -3 were generally weaker,
and, as a consequence of this, challenging to detect in reproduc-
tive organs.

To produce the PpMSIB transcriptional reporter construct
pVS1 (Fig. S1b), the PpMSIB promoter was amplified from
gDNA with primers SS738/85§739, trimmed to 2918 bp with
BamHI/ Ncol, and cloned between the same sites of the vector
pMT211. The vector pMT211 carries a hygromycin selection
cassette and allows promoters to be cloned ahead of a GFP-GUS
reporter gene for subsequent integration into the Ppl08 locus
(Thelander ez al., 2019). The resulting construct was verified by
sequencing and linearised with Sfil before transformation into
WT plants. Correct integration was confirmed by PCR verifica-
tion of 5" and 3’ junctions with the primers SS5/SS742 and
SS399/88307, respectively (Fig. S1c,d). Three independent lines
showing correct integration (PpMSI1B::GFPGUS-1,2,3) were
selected for downstream analysis. For each line, at least 10 speci-
mens of each relevant stage and organ type were analysed for
reporter signals with consistent results.

Generation of loss-of-function mutants

Primer sequences are shown in Table S1. PpMSIA loss-of-function
mutants were generated by CRISPR technology, and gRNA-
expressing constructs were designed using CrisPor (Haeussler ez 4/,
2016). For each gRNA used, putative off-targets had at least four
mismatches making off-target editing events highly unlikely (Table
S3; Modrzejewski ez al., 2020). To produce the plasmids pMLO11
and pMLO12 (Table S3; Fig. S2a), AuB1-PpU6-SgRNAs-AttB2
fragments produced by gene synthesis (Integrated DNA Technolo-
gies, Coralville, IA, USA) were cloned into the vector pPDONR221
by Gateway recombination (Invitrogen). To produce plasmid
pMLO13 (Table S3; Fig. S2a), the annealing product of the com-
plementary primers SS743/SS744 was cloned into vector
pENTR_PpUG6_L1L2 opened with Bsal (Mallett et al, 2019).
Inserts were confirmed by sequencing. CRISPR mutants were then
obtained as previously described (Lopez-Obando ez al, 2016). In
short, WT or ms1b-1 (please refer to subsequent paragraphs) proto-
plasts were co-transformed with 8 pg of pACT1:hCAS9, 4 pg of
pBNREF, and 4 pg of each of the plasmids pMLO11 and pMLO12
or pMLO13. Transformants were selected in the presence of G418
and mutations were evaluated by PCR amplification and sequenc-
ing of gDNA with the gene-specific primers SS745/5S746 and
SS745/SS747 (Table S2; Fig. S2a). For phenotypic analysis, three
single (msla-1,2,3) and two double (mslamslb-1,2) mutant lines
with mutations in PpMS1A4, likely to block protein function, were
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selected for phenotypic analysis (Table S2). For each line, a mini-
mum of 20 specimens of each relevant stage and organ type were
subjected to phenotypic analysis with consistent results.

PpMS1B loss-of-function mutants were generated by homolo-
gous recombination and, to produce the PpA1S1B knockout con-
struct pVS2 (Fig. S2b), Gateway 3-fragment recombination
technology was used (Thermo Fisher). Therefore, LR recombina-
tion was used to fuse a 909-bp PpMSIB 5' fragment (amplified
with the primers S§734/85735 and cloned into the entry vector
pDONR P1-P4), a G418 resistance fragment from the entry
clone pDONR4r-3r-G418 (Landberg ez al., 2020), and a 1180-
bp PpMSIB 3' fragment (amplified with the primers SS736/
SS§737 and cloned into the entry vector pPDONR P3-P2), into
the destination vector pDEST14. The resulting construct was
verified by sequencing and was linearised with Hpal/Avrl before
transformation into WT moss and the selection of stable transfor-
mants in presence of hygromycin. Correct integration was con-
firmed by PCR verification of 5 and 3’ junctions with the
primers SS58/8S§759 and SS762/SS763, respectively (Fig. S2c).
Two independent lines showing the correct integration (ms16-
1,2) were selected for downstream analysis. For each line, a mini-
mum of 20 specimen of each relevant stage and organ type was
subjected to phenotypic analysis with consistent results.

RT-qPCR

For analysis of PpMSIA and PpMSIB expression in various WT
tissues, samples from gametophore apices harvested at different
time points after induction, antheridia, archegonia, and sporo-
phyte samples corresponding to different developmental stages
have been previously described (Landberg ez al., 2020; Lopez-
Obando et al., 2022). Tissue harvest, RNA extraction, cDNA
synthesis and amplification, setup and cycling of qPCR reactions,
normalisation using three reference genes, and calculations have
been previously described (Landberg ez al, 2020). The gene-
specific primers used were SS586/SS587 for PpMSIA and
S8584/85585 for PpMS1B (Table S1). To avoid amplification of
genomic DNA contamination, the annealing site for one primer
in each pair was interrupted by an intron. Melt curve, gel, and
standard curve analyses confirmed that both primer pairs ampli-
fied a single product of the expected size with efficiencies close to
100% (data not shown). Data are presented as relative expression
calculated using the 27AACT method. In Fig. 1(b,c) the sample
with the highest transcript abundance for each gene was set to 1.
In Fig. S3(a,b), the same data are presented, but here the sample
with the highest overall transcript abundance (regardless of
whether it was PpMSIA or PpMSIB) was set to 1. Each data
point was based on biological triplicates and error bars repre-
sented standard deviations.

Sequence retrieval, proteins alignments and phylogenetic
analysis

Gene and protein sequences of PHD clade IIa homologues dis-
played in the phylogenetic tree of Fig. 1(a) were retrieved follow-
ing Brast-based gene identification from phycocosm.jgi.doe.gov
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Fig. 1 Phylogeny of plant PHD clade Ila homologues and their expression in the moss Physcomitrium patens. (a) Maximum likelihood tree demonstrating
the phylogenetic relationship of PHD clade lla-related transcription factors from representative species of the main land plant lineages and from strepto-
phytic algae, using homologues from chlorophytic algae as the outgroup. The taxonomic belonging of species represented in the tree is indicated by a com-
bination of colour and number of asterisks according to the boxed key. (b) Relative transcript abundance of PpMS7A and PpMS1B in WT gametophore
apices at different days post induction (dpi) of reproductive development. Typical occurrence of reproductive organs at selected time points: 0 and 2 dpi,
no reproductive organs; 10 dpi, young antheridia; 13 dpi, mid-stage antheridia and young archegonia; 17 dpi, mature antheridia and mid-stage archego-
nia. (c) Relative transcript abundance of PpMS7A and PpMS1B in isolated WT gametophore shoot apices (without reproductive organs), antheridia
bundles, archegonia bundles and sporophytes of different developmental stages. Sporophyte samples contain organs roughly correlating to the following
stages described in Lopez-Obando et al. (2022): S1, st.1-3; S2, st.4-8; S3, st.9-11; S4, st.12-14. In both (b, ¢), the sample with the highest transcript
abundance for each gene is set to 1, each data point represents an average of three independent biological replicates, error bars indicate standard deviation
and asterisks indicate a statistically significant difference from gametophore apex sample before reproductive organ formation (Student's ¢-test:

* P <0.05; **, P < 0.01). Please refer to also Supporting Information Fig. S3(a,b) for presentation of the same data in a way making comparisons of
transcript abundance levels between PpMS7A and PpMS1B possible.

(streptophytic algae), hornworts.uzh.ch (hornworts), fernbase.org ~ manually assigned altogether. For phylogenetic reconstruction,
(ferns), congenie.org (gymnosperms), and PHYTOZOME v.13 (all amino acid sequences were aligned using the M-CoFFEE algo-
other). Gene models for Solyc03g116440 from Solanum lycoper- rithm in T-Corree (Notredame ez 2l, 2000; Wallace ez al.,
sicum, Zm00001d020680 from Zea mays, and s1844.g028194 2006) after which the alignment was filtered using Transitive

from Salvinia cucullata were subjected to minor manual curation. Consistency Scores (Chang ez al., 2014). The resulting filtered
Gene models from four Selaginella moellendorffii loci were alignment (Fig. S4) was used for phylogenetic reconstruction in
© 2022 The Authors New Phytologist (2022) 236: 512-524
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MEGAX (v.10.1.5; Kumar er 4/, 2018) with the maximum likeli-
hood method (JTT amino acid substitution model, gamma dis-
tribution among sites) and 500 replications of bootstrapping.
The nonfiltered alignment of full length proteins in Fig. S5 was
also produced using the M-Corree algorithm in T-CoOFEEE.
Alignments in Figs S4 and S5 were displayed using CrustaLX
2.1 software (Larkin ez al., 2007).

GUS staining

Gametophore apices with reproductive organs or sporophytes
were harvested as described above and incubated in GUS solution
(50 mM NaPOy, pH 7.2, 2 mM Fe**CN, 2 mM Fe’*CN, 2
mM X-Gluc and 0.2% (v/v) Triton X-100) at room temperature
for 48 h. For analysis of intact organs the tissue was transferred
to 70% EtOH and, before analysis, the organs were mounted on
objective glasses in 30% glycerol. For sectioning, the tissue was
transferred from GUS solution to the FGPX fixative (Lopez-
Obando ez al,, 2022) and then treated as describe in the follow-
ing section.

Sporophyte sectioning

Thin sectioning of sporophytes was carried out as described in
Lopez-Obando e al. (2022). In short, samples were incubated
overnight in FGPX fixative, dehydrated in an ethanol series, infil-
trated twice in activated historesin solutions of different
strengths, and embedded in activated historesin with hardener in
plastic moulds. For phenotypic analyses, 6-pum longitudinal sec-
tions produced using a microtome equipped with a glass knife
were dried-in onto microscopy slides and stained with toluidine
blue. Sections of GUS-stained sporophytes were produced in the
same way, but here sections were cut to be 10 pm thick and tolu-
idine blue staining was omitted.

Microscopy

Intact GUS-stained reproductive organs and sporophytes
mounted in 30% glycerol as well as toluidine blue- or GUS-
stained sections of mutant and reporter lines were analysed using
an Axioscope Al microscope equipped with an AxioCam ICc 5
camera and the ZEN BLUE software (Zeiss) at X10, X20 and X63
magnification. Images of mutant antheridia and archegonia
mounted in 30% glycerol were captured using a DMI4000B
microscope with differential interference contrast optics at X63
magnification, a DFC360FX camera, and Las AF software (Leica
Microsystems, Wetzlar, Germany). For GFP expression analysis,
reproductive organs and the developing sporophytes of the indi-
cated reporter lines were harvested and mounted in water imme-
diately before analysis. Signals were documented using a LSM
780 confocal laser scanning microscope (Carl Zeiss) with a
GaAsP detector and X20 (NA 0.8) and x63 (NA1.2, water
immersion) objectives. Excitation/detection parameters were 488
nm/491-598 nm for GFP and 633/647-721 nm for chlorophyll
autofluorescence. Images were acquired using ZEN Brack soft-
ware and are snapshots of a single focal plane with selected
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channels overlaid. Adobe PrOTOSHOP CC was used to adjust
intensity and contrast, mark borders and cells, cut away sur-
rounding areas and merge images to visualise entire large organs
at high magnification. Bar charts, tables, calculation of means,
standard deviation and Student’s #test were performed using
Microsoft EXCEL.

Results

PHD clade lla transcription factors predate the emergence
of land plants

Previous phylogenetic analyses places the Arabidopsis genes
AtMS1, AtMMDI, AT2G01810, and AT1G33420 in subfamily
ITa of PHD transcription factors (Cao ez al, 2018). To confirm
the suggested existence of subfamily Ila PHD genes also in
bryophytes (Higo ez al, 2016; Sanchez-Vera er al, 2022), we
screened green plant genomes for homologues. This revealed sub-
family ITa PHD genes not only in all major land plant lineages,
but also in their streptophytic algal sisters and in chlorophytic
algae. Deduced amino acid sequences were subjected to phyloge-
netic analyses using chlorophyte sequences as an outgroup (Figs
la, S4). The resulting tree places land plant sequences in four well
supported subclades: The angiosperm-specific MMD1 and MS1
subclades; an ancestral MS1/MMDI subclade gathering the
majority of bryophyte, lycophyte, fern, and gymnosperm
sequences; and the AtlG33420-subclade harbouring sequences
primarily from angiosperms but also from gymnosperms, ferns
and a liverwort (Fig. 1a). The relationships of these four distinct
subclades are more poorly resolved, but the tree indicates that the
angiosperm-specific MS1 and MMD1 subclades emerged from
within the ancestral MS1/MMDI1 subclade via a duplication event
taking place in the common ancestor of monocots and dicots. A
common origin for land plant genes belonging to the MMDI,
MSI1, and ancestral MMD1/MS1 subclades is further supported
by identical intron positioning and the conservation of domains in
their protein products demonstrated to be functionally important
in angiosperm MS1 and/or MMDI1 proteins (Fig. S5). Therefore,
well conserved regions include the C-terminal PHD domain, a
suggested N-terminal nuclear localisation signal, and the internal
MMD domain that in AtMMD1 regulates the substrate specificity
of the JMJ16 histone demethylase by a physical interaction (Fig.
S5; Wilson ez al, 2001; Ito & Shinozaki, 2002; Reddy ez al,
2003; Yang er al., 2003; Wang ez al., 2020).

PpMS1A and PpMS1B are expressed in developing
sporophytes, as well as in male and female reproductive
organs

To reveal the function of PHD clade Ila genes in bryophytes,
and with hope of gaining insight about ancestral functions of this
gene family in land plants, we have functionally characterised the
two  P. patens  subfamily Ila  homologues  PpMSIA
(Pp3c15_21830V3.1) and PpMSIB (Pp3c9_20410V3.1). As
published transcriptome data indicate that PpMSIA and
PpMSIB are exclusively expressed in the early sporophyte
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generation, and in reproductive organs produced by the haploid
gametophyte generation (Sanchez-Vera ez al, 2022 and refer-
ences therein), we first verified this using qPCR. We checked the
expression in gametophore (gametophytic shoot) apices at differ-
ent times post induction (dpi) of reproductive development (for
typical ontogeny, please refer to Landberg et al, 2013). This
revealed a complete lack of expression in apices yet to develop
reproductive organs (0, 2 dpi), but a clear expression of both
genes in apices that had developed reproductive organs (10, 13,
17 dpi) (Figs 1b, S3a). Next, we checked expression in isolated
antheridia and archegonia, as well as in isolated sporophytes of
different developmental stages. This revealed significantly
increased expression in all three tissue types of at least one of the
genes when compared with vegetative shoot apices (Figs 1c, S3b).
Antheridia showed highly significant expression of both genes,
whereas expression in archegonia was lower and proved signifi-
cant only for PpMSIA. The relatively low expression in archego-
nia may be explained by expression in only a fraction of the cells
in the organ, a prospect fitting well with the previous observation
that expression of the two genes is scored in eggs but not in cavity
wall cells (Sanchez-Vera er al., 2022). In sporophytes, transcript
abundance of both PpMSIA and PpMSIB peaked in the S3 sam-
ple (Ortiz-Ramirez et al., 2016), corresponding to developmen-
tal stages 9-11 in Lopez-Obando et 4l (2022), indicating active
expression sometime between completion of embryogenesis and
the appearance of mature spores. Finally, even if comparisons of
expression between genes based on qPCR data should be handled
with care, our data indicate that PpMSIA is expressed at generally
higher levels than PpMS1B (Fig. S3a,b).

PpMS1 activity is essential for developmental progression
of spermatogenous cells

In the haploid gametophyte generation, all three major lineages
of bryophytes produce flagellated sperms in antheridia (Renzaglia
et al., 2000). In P. patens, the vegetative shoot apex is repro-
grammed to produce antheridia in response to low temperatures
and short day-length through a stereotypical developmental pro-
gramme (Hohe ez al., 2002; Landberg ez al., 2013; Hiss et al.,
2017; Kofuji ez al, 2018). To get a more detailed picture of
where and when during antheridia development the PpMSI
genes are expressed, we produced translational reporter lines for
PpMSIA (PpMSI1Apro::PpMSIA-GFPGUS-1,2,3) and transcrip-
tional reporter lines for PpMSIB (PpMSI1Bpro::GFPGUS-1,2,3)
(the Materials and Methods section; Fig. S1).

The translational PpMSIA reporter showed signals in
antheridial inner cells from stages 3—7, with a peak around stage 5,
whereas no signals were detected in jacket and tip cells (Fig. 2a;
stages defined in Landberg er al, 2013). PpMS1A expression was
therefore restricted to the spermatogenous cells, and occurs as soon
as they appear, stays active throughout their division phase, and
fades out at around their entrance into spermatogenesis. By con-
trast, the transcriptional PpMS1B reporter failed to detect expres-
sion in any stage or in any part of the antheridia. This fits well
with our qPCR data indicating a significant but several fold lower
expression of PpMS1B than of PpMSIA in antheridia (Fig. S3a,b).
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To address the functional relevance of PpMSI expression in
antheridia, we went on to produce single and double loss-of-
function mutants for the two genes. PpMSIA single mutants
(msla-1,2,3) were produced by CRISPR editing, PpMS1B single
mutants (mslb-1,2) were produced by homologous recombina-
tion, and double mutants (mslamslb-1,2) were produced by
CRISPR editing of PpMSIA on the mslb-1 background (the
Materials and Methods section; Fig. S2). Although neither single
loss-of-function mutant showed obvious deviations in antheridia
development, the male organs of mslamsib double mutants dis-
played an arrest of inner cell development resulting in a complete
inability to produce functional sperms (Fig. 2b,c). The periclinal
divisions in the early antheridium giving rise to the first 4-6 inner
cells appeared unaffected, and the newly formed inner cells typi-
cally also divided once but, after this, inner cell divisions ceased
in the double mutant. WT inner cells continued to divide at the
expense of cell size during stages 46, after which they entered
spermatogenesis at stage 7, but double mutant inner cells instead
remained large and kept an appearance similar to the outer cells
from which they had first originated (Fig. 2b,c; Table S4). The
sterile jacket and tip cells of double mutant antheridia matured as
in WT, as indicated by their elongation/pigmentation and
swelling/vacuolation, respectively, even if the organ tip failed to
open at maturity. This suggests that jacket and tip cell maturation
is independent on successful differentiation of inner cells into
sperms, but that the bursting of organ tips may somehow require
the formation of sperms.

PpMS1 activity is needed for canal clearance and egg cell
maturation in archegonia

Physcomitrium patens female reproductive organs (archegonia) are
initiated from a lateral position close to the gametophore apex a
few days after the outgrowth of the first antheridia, and their
development has been described previously (Kofuji ez al., 2009;
Landberg ez al., 2013, 2020). Signals in archegonia from the
translational PpMSIA reporter were restricted to the central cell
file, consisting of a basal-most pre-egg/egg, an upper basal cell,
and four canal cells (two basal and two apical) (Fig. 3a). The sig-
nals indicated relatively strong PpMSIA protein expression in
the pre-egg/egg and the upper basal cell from stages 5 to 7, after
which expression in these two cells declined successively during
stages 8 and 9, when the egg matures and the canal cells degrade
(stages defined in Landberg ez al., 2013). The reporter also indi-
cated weak PpMS1A expression in canal cells from stages 6 to 8.
As in antheridia, we were unable to detect signals from the tran-
scriptional PpMSIB reporter in archegonia, probably reflecting
generally low expression levels as indicated by our initial gPCR
experiments (Figs 1c, S3d).

The phenotypic defects of the mslamslb archegonia correlated
spatially and temporally with the expression domains of the
PpMS1A reporter (Fig. 3b). Archegonia from the mslamslb dou-
ble mutant developed normally until stage 7, by concluding cell
divisions in the central cell file including an asymmetric division
of the basal-most cell to produce the egg and the upper basal cell.
However, they consistently failed to complete degradation of the
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Fig. 2 PpMST functions in Physcomitrium patens antheridia. (a) PoMS1A::PpMS1A-GFPGUS-1 reporter signals in representative antheridia. A merge of
confocal channels detecting green fluorescent protein (green) and chloroplast autofluorescence (magenta) is shown, and the numbers 1-9 indicate
developmental stages according to Landberg et al. (2013). Each image shows a medial focal plane through an organ with radial symmetry in which all cell
types can be seen. Note the expression in spermatogenous inner cells from stages 3 to 7. Bar, 20 pm. (b) Differential interference contrast images of
representative stages 4, 7 and 9 antheridia from wild-type (WT) and the ms7ams7b-1 double mutant. Note problems with proliferation and differentiation
of spermatogenous inner cells in the double mutant. Stage 9 ms7a-7 and ms1b-17 single mutant antheridia are also shown to demonstrate normal sperm
production in these genotypes. Bar, 20 pm. (c) High magnification of boxed areas in stage 9 organs in (b). Bar, 10 pm. Cell type labels: tip cells (t); jacket
cells (j); inner cells (i); sperm cells (s). In (b, c), contours of selected cells have been marked in black for clarity.

upper basal cell and canal cells during stage 8, which is required
for the formation of an open canal down to the egg through
which sperms can enter when the organ tip opens at stage 9 (Fig.
3b; Table S5). This deficiency prevented canal clearance, and is
likely to block sperm access to the egg, even if the organ tip
opened as in WT during stage 9. We also observed that egg cells
in stage 9 mslamslb archegonia were generally smaller and more
compact than in WT (Fig. 3b; Table S5).

While the 7516 single mutant produced WT-like archegonia,
the female reproductive organs of the ms/a single mutant showed
similar but milder deficiencies compared with mslamslb organs,
with only partially blocked degradation of upper basal and canal
cells, and lower penetrance of abnormal egg cell compaction (Fig.
3b; Table S5). The fact that phenotypes in the mslamsib double
mutant were more severe than in the msla single mutant suggests
that PpMSI1B contributed to PpMSI functions in archegonia, at
least in the absence of PpMSIA.

PpMS1 functions are essential for both male and female
fertility

Physcomitrium patens is a monoicous species fully capable of self-

fertilisation (Perroud et al., 2019). To assess the effect of reduced
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or lost PpMS1 function on fertility, we next carried out a series of
crossing experiments. The results confirmed that the mslamslb
double mutant is completely unable to self (Table 1). This was
expected as the double mutant cannot produce sperms (please
refer to above), but crosses also showed that sporophyte produc-
tion from mutant archegonia could not be restored even when
the highly fertile Reute WT was used as the sperm donor, indi-
cating that the double mutant was both male and female sterile
(Table 1).

We also explored the fertility of the msla single mutant by
subjecting it to selfing and crosses to both the fertile Reute WT
and the largely male sterile Gransden WT (Landberg ez al., 2020;
Meyberg ez al., 2020). The crosses showed that the msla single
mutant can self, albeit at much lower frequencies than its parental
Reute WT, indicating that the single mutant suffers from
reduced fertility but is able to produce fertilisation competent
male and female gametes to some extent (Table 1). The much-
reduced fertilisation frequency could not be restored, even when
the highly fertile Reute WT was used as the sperm donor, indi-
cating that the deficiency was mainly due to a female fertility
problem (Table 1). This conclusion was partially supported by
the ability of msla single mutant sperms to significantly increase
the frequency of sporophyte formation from archegonia of the
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Fig. 3 PpMST functions in Physcomitrium patens archegonia. (a) PpMSTA::PpMSTA-GFPGUS-1 reporter signals in representative archegonia. A merge of
confocal channels detecting green fluorescent protein (green) and chloroplast autofluorescence (magenta) are shown, and the numbers 1-9 indicate
developmental stages according to Landberg et al. (2013). Each image represents a single near-medial plane from a full Z-stack of an organ representative
for that stage. Cells in planes or parts of organs not shown produced no signals. The white line in the stage 7 organ indicates that basal and apical portions
are from different Z-planes. Note the expression in the central file of inner cells. Bar, 50 pm. (b) Differential interference contrast images of representative
stages 7, 8 and 9 archegonia from wild-type (WT) and the ms7ams7b-17 double mutant. Note the problems with degradation of upper basal cell and canals
cells during stages 8 and 9, and the reduced size of the egg at stage 9 in the double mutant. Stages 8 and 9 ms7a-17 organs, displaying a mild version of the
double mutant phenotype, and stage 9 ms7b-17 single mutant archegonia, displaying no clear phenotype, are also shown. Please refer to Supporting Infor-
mation Table S5 for numerical data. Inner cells have been false coloured in dark grey for clarity. Cell type labels: canal cells (c); upper basal cell (u); pre-egg

(pe); egg (e). Bar, 50 pm.

Table 1 Fertility of Physcomitrium patens ms1 mutants.

Frequency of shoots
Number  with initiated
of shoots  sporophyte

Female genotype Male genotype analysed  development (%)

RWT RWT 300 98
Gd WT GdWT 448 0.9
GdWT RWT 48 71
ms1b-1 ms1b-1 284 95
msTa-2 msi1a-2 233 0.9
GdWT msia-2 148 32
ms1a-2 RWT 248 1.2
msi1a-3 msia-3 232 1.3
msT1ams1b-1 ms1ams1b-1 456 0
ms1amsib-2 ms1amsib-2 357 0
mslams1b-2 RWT 387 0

Number of shoots that formed sporophytes after selfing or after crosses
between indicated ms7 mutant line and wild-type (WT) strains Reute (R)
or Gransden (Gd).
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largely male sterile Gransden WT, demonstrating that msla single
mutant sperms are at least partly functional (Table 1). As expected
from its lack of reproductive organ phenotypes, the msib single
mutant could self at a frequency similar to that of the WT.

PpMS1 expression domains suggests functions in the foot
and in sporogenous cells of the sporophyte

PpMSIA and PpMSIB are also active in mid-stage sporophytes
supporting a PpMS] function in the diploid generation (Figs 1d,
S3b). As in all bryophytes, the moss zygote develops into a non-
branched sporophyte consisting of a foot and an apical capsule
(sporangium) in which sporogenous cells undergo meiosis to
form spores. Physcomitrium patens sporophyte ontogeny is highly
reproducible (Sakakibara ez al., 2008; Kofuji ez al., 2009; Daku
et al., 2016; Ortiz-Ramirez ez al., 2016; Yip et al., 2016; Coud-
ert et al., 2019). For a definition of the developmental stages
referred to below, please refer to Lopez-Obando ez al. (2022).
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Unfortunately, the PpMSI loss-of-function mutants failed to
provide clues to the functional relevance of PpMSI expression in
sporophytes. As already described, the mslamslb double mutant
was completely unable to produce sporophytes due to reproduc-
tive organ and gamete deficiencies (Figs 2, 3; Table 1), while the
two single mutants produced WT-like sporophytes (albeit at
reduced rates in the msl/a mutant) (Fig. 4a). This suggests that
the two PpMS1 genes have redundant functions during sporo-
phyte development, a prospect supported by the fact that expres-
sion of the two genes peaks in S3 sporophytes and is less different
in strength than in reproductive organs (Figs 1d, S3b). In addi-
tion, the reporter lines also revealed a spatial overlap of PpMSIA
and PpMS1B expression in two discrete domains during sporo-
phyte development. Although no signals were detected in young
embryos, both reporters were actively expressed in the foot of the
slender embryo with an onset at around stage 5 (Figs 4b, S6).
The signals were largely concentrated to the epidermal transfer
cells suggested to be important for nutrient uptake from the
gametophore (Regmi & Gaxiola, 2017). Signals from the transla-
tional PpMSIA reporter eventually spread from the foot to parts
of the seta connecting the foot to the sporangium, and largely
persisted until sporophyte maturity. By contrast, signals from the
transcriptional PpMSIB reporter were more restricted to the
sporophyte foot and peaked in strength at around stage 8 after
which they faded out.

In addition to expression in the sporophyte foot, the two
reporters also indicated expression of PpMSIA and PpMSIB in
the sporogenous cells. Therefore, signals from both reporters
were evident in the sole sporogenous cell layer from early stage 9,
that is immediately following completion of the cell division
phase giving rise to the different cell layers of the sporangium
(Figs 4b—d, S6). The signals in the sporogenous cells persisted
during their final division at stage 10 and their maturation into
liberated globular sporocytes at stage 11, after which the signals
started to fade before meiosis and spore formation at stage 12
(Figs 4c,d, S6). Signals from the translational PpMSIA reporter
peaked at stages 9 and 10 and were completely lost around meio-
sis at stage 12 (Fig. 4c,d). Signals from the transcriptional
PpMSIB reporter peaked at stages 10 and 11, dropped in inten-
sity at around meiosis at stage 12, but were often weakly evident
as late as in mature spores (Figs 4c,d, S6).

Discussion

This study revealed that the PHD clade Ila genes in moss control
developmental processes in antheridia, archegonia and possibly
in sporophytes. PpMSI activity is absolutely essential both for
male and female fertility, and fundamental features of how it
affects the development of antheridia and archegonia are shared.
PpMS]I activity therefore appears to be dispensable for the initia-
tion of the two organ types, the development of their sterile struc-
tural parts, and the inwards formative divisions giving rise to the
gamete-producing inner cell population. Instead, PpMSI activity
is needed for the specification and further development of these
inner cells. In antheridia, PpMS1 controls the proliferation and
differentiation of inner cells into sperms. In archegonia, PpMSI
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is needed for proper maturation of the egg, and for degradation
of the remaining inner cells to leave a free canal passage for
sperms to access the egg.

The reporter genes indicate that PpMSIA and PpMSIB have
functions also in the diploid sporophyte generation. Their expres-
sion domains suggests that PpMS] activity is dispensable for early
embryo development, but may have functions in transfer cells of
the sporophyte foot and in the developing sporangium. In the
sporangium, the PpMS1 genes are expressed in the sporogenous
cell layer soon after its establishment, supporting a possible func-
tion of PpMS1I activity for the specification of these cells. In
angiosperms, MS1 and MMD1 are part of a complex gene regu-
latory network facilitating tapetum-mediated pollen development
(Ferguson ez al., 2017; Lei & Liu, 2020). Among other factors,
this network also includes bHLH clade II and III(a+c) genes.
The PpMS1 expression pattern in moss sporophytes, combined
with that of PpbHLH clade II and II(a+c) genes (Lopez-
Obando ez al., 2022), supported the fact that moss sporogenesis
could be regulated by a homologous network inherited from the
common ancestor of land plants.

Our finding that PpMSI1A and PpMS1B provide possible func-
tions in sporophytes, as well as during male and female gameto-
genesis, whereas the function of their angiosperm homologues is
restricted to processes finally leading to completion of male
gametogenesis only, raises questions about what may have been
the original PHD clade Ila function in the ancestors of all extant
land plants. We speculate that the functions in antheridia,
archegonia, and possibly sporophytes of mosses today, all may
have originated from the one and the same function in a hypo-
thetical ancestral plant, with morphologically similar gametes
(isogamy) and a haplontic life cycle in which the zygote under-
went meiosis without intervening mitotic divisions. Therefore,
we hypothesise that PHD clade Ila activity served to specify the
two gametes, after which it was carried over via fertilisation to the
zygote, in which it secured expression of genes needed, not only
for meiosis, but also for nutrient uptake from the gametophyte
generation, representing a feature hypothesised to have been pre-
adaptive and critical for the emergence of multicellular sporo-
phytes (Graham & Wilcox, 2000). Later during evolution, when
mitotic divisions of the zygote morphologically separated the cells
destined for meiosis from the cells carrying over nutrients from
the gametophyte, this was accompanied by a similar spatiotem-
poral separation of clade Ila activity.

To challenge this speculative hypothesis, it would be highly
interesting to investigate the expression pattern and function of
possible PHD clade IIa homologues in the algal sisters of land
plants (Fig. 1a; Ito ez al, 2007). Using a recent transcriptome
study (Sanchez-Vera er al., 2022), we in fact identified 135 addi-
tional moss genes with significantly higher expression levels in
egg cells, antheridia and the diploid sporophyte generation at the
green stage when sporogenesis occurs, compared with vegetative
haploid tissues (Table S6). They therefore have the potential to
play specific roles in both gametogenesis and sporogenesis. Possi-
bly, the hypothetical evolutionary history outlined for clade Ila
genes could be shared also with these genes. These include the
two PpBNB genes encoding class VIIIa bHLH transcription
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Fig. 4 PpMST activity in Physcomitrium patens sporophytes. (a) Medial longitudinal sections through wild-type (WT), ms7a-2 and ms7b-1 stage 14 sporo-
phytes to demonstrate the lack of phenotypes in ms7 single mutants. For each genotype, an entire sporophyte is shown to the left and a magnification of a
sporangium to the right. There is no size difference between the genotypes even if the ms7a sporophyte overview may give this impression, as the section
is not perfectly medial through the sporangium. Labels: foot (f); seta (se); sporangium (sp). (b—d) PopMSTA::PpMSTA-GFPGUS-1 and PpMS1B::GFPGUS-1
GUS reporter signals in sporophytes. (b) Whole-mounted stages 3, 5-6 and 9 GUS-stained sporophytes of the PpMS1A::PpMS1A-GFPGUS-1 (upper) and
the PpoMS1B::GFPGUS-1 (lower) reporter lines. Note early signals in sporophyte foot and later signals in the central part of sporangium. Contours of stages
3 and 5 embryos have been traced with dashed lines for clarity. (c) Sections of stages 8, 9, 10, 12 and 14 GUS-stained sporangia of the PpMSTA::PpMSTA-
GFPGUS-1 (upper) and the PpMS1B::GFPGUS-1 (lower) reporter lines. Some displayed sporangia were sectioned at an angle why organ tips are missing.
Note that signals restricted to the sporogenous cell layer comes on at stage 9. (d) High magnification of boxed areas in (c) showing that PpMSTA::
PpMSTA-GFPGUS-1 (left) and PpMS1B::GFPGUS-1 (right) signals are restricted to the sporogenous cell layer (s), whereas signals are missing from the sur-
rounding columella (c) and tapetum (t) cells layers. Numbers in (b, ), indicate the developmental stages according to Lopez-Obando et al. (2022). Please

refer also to Supporting Information Fig. S6 for PpMS1B::GFPGUS-1 GFP reporter signals in sporophytes. Bars: (a—c) 200 pm; (d) 50 pm.

factors. Whereas the Arabidopsis BNB genes are required only for
specification of male generative cells, the M. polymorpha homo-
logues are essential for the initiation of both male and female
reproductive organs, and are active in egg and sperm progenitors
(Yamaoka et al, 2018; Hisanaga ez al, 2019). In P. patens,
BNB’s are important for both male and female germ cell specifi-
cations, making it difficult to assess their potential role in the
green sporophyte, where it is also expressed (Sanchez-Vera ez al.,
2022). A moss gene, PpMKNI, encoding a class 2 KNOTTED1-
LIKE HOMEOBOX (KNOX2) transcription factor preventing
haploid-specific development in the sporophyte phase (Sakak-
ibara et al., 2013) is also significantly upregulated in the egg and
antheridia, although at a much-reduced level compared with the
green sporophyte. Additional transcription factor genes, such as
homologues to Arabidopsis WRI2, LEC2, EFM, NAC56, are also

upregulated in all three reproductive tissue types, but their
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functions in moss are unknown and not easy to extrapolate from
their functions in Arabidopsis. A homologue to CCR4-NOT
complex component NOT1, which in Arabidopsis regulates
RNA-directed methylation and transcriptional silencing (Zhou ez
al., 2020), is also elevated in the reproductive organs and the
green sporophytes. AtINOT1 is necessary for example proper
male germ cell development, pollen germination and embryogen-
esis (Motomura et al., 2020; Pereira ez al., 2020). A moss homo-
logue of MBD9, a SWRI-C interacting protein required for
H2A.Z deposition at a subset of actively transcribing genes in
Arabidopsis (Potok ez al., 2019; Luo ez al., 2020), also showed
elevated expression in the three selected tissue types.

Assuming that the need for PHD clade Ila functions in moss
to complete male and female gametogenesis and possibly sporo-
genesis represents a heritage from ancestral land plants, one can
ask how this has evolved into the clade Ila regulation in anthers
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evident in angiosperms. It appears very likely that this can be
attributed to the loss of gametangia as part of a dramatic reduc-
tion of the gametophyte generation in angiosperms (Hisanaga
et al., 2019). Therefore, the need for clade Ila functions during
gametogenesis may either have been lost, or at least become diffi-
cult to separate from sporophytic functions facilitating meiosis,
as the two processes have become intimately coupled in time and
space in angiosperms.

The possible homology between clade Ila functions in
angiosperm anthers and moss sporangia is complicated by the fact
that Arabidopsis AtMS1 and AtMMD]I exert their functions in dis-
tinct anther cell types. Therefore, AZMMD]I controls gene expres-
sion and chromosome condensation in microsporocytes (Reddy
et al., 2003; Yang et al, 2003), whereas AtMSI controls gene
expression in tapetal cells (Wilson ez 4/, 2001; Ito & Shinoza-
ki, 2002; Alves-Ferreira e al., 2007; Yang et al., 2007; Reimegard
et al., 2017; Lu er al, 2020). Our phylogenetic analysis suggests
that the occurrence in moss of a single type of the MSI/MMD]I
homologue may reflect an ancestral state, whereas the angiosperm-
specific MS1 and MMD1 subclades emerged via a duplication
event taking place in the common ancestor of monocots and
dicots. If so, the distinct functions of AtMSI and AtMMDI may
have evolved by neo- or subfunctionalisation from a function simi-
lar to that performed by PpMS] in extant moss sporangia.

Even if the current study does not address the molecular basis
of PpMS1 activity, the conservation of key protein domains, such
as the N-terminal nuclear localisation signal, the central MMD
domain, and the C-terminal PHD domain supports the idea that
also bryophyte PHD clade Ila proteins function by controlling
cell identity through the regulation of chromatin structure and
gene expression (Andreuzza er al., 2015; Reimegard ez al., 2017;
Wang ez al., 2020). Future studies will aim to reveal if this is
indeed the case, and to what extent related genes and gene clus-
ters are targeted by clade Ila regulation in the angiosperm anther
and in the reproductive organs and the sporophyte of moss.
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