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Summary

� Clade II basic helix–loop–helix transcription factors (bHLH TFs) are essential for pollen pro-

duction and tapetal nursing functions in angiosperm anthers. As pollen has been suggested to

be related to bryophyte spores by descent, we characterized two Physcomitrium

(Physcomitrella) patens clade II bHLH TFs (PpbHLH092 and PpbHLH098), to test if regulation

of sporogenous cells and the nursing cells surrounding them is conserved between

angiosperm anthers and bryophyte sporangia.
� We made CRISPR-Cas9 reporter and loss-of-function lines to address the function of

PpbHLH092/098. We sectioned and analyzed WT and mutant sporophytes for a comprehen-

sive stage-by-stage comparison of sporangium development.
� Spore precursors in the P. patens sporangium are surrounded by nursing cells showing strik-

ing similarities to tapetal cells in angiosperms. Moss clade II bHLH TFs are essential for the dif-

ferentiation of these tapetal-like cells and for the production of functional spores.
� Clade II bHLH TFs provide a conserved role in controlling the sporophytic somatic cells sur-

rounding and nursing the sporogenous cells in both moss sporangia and angiosperm anthers.

This supports the hypothesis that such nursing functions in mosses and angiosperms, lineages

separated by c. 450 million years, are related by descent.

Introduction

The monophyletic group of land plants differ from the aquatic
streptophytic algae from which they evolved by having both hap-
loid and diploid multicellular generations (Graham et al., 2000;
Renzaglia et al., 2000; Ligrone et al., 2012; Harrison et al., 2017).
A dominant haploid generation with a subordinate diploid
sporophyte specialized in the production and dispersal of spores
is a trait likely to have been inherited from ancestral land plants
to bryophytes, possibly representing the most basal group of
extant land plants. Accordingly, the three bryophyte lineages of
mosses, hornworts and liverworts all develop nonbranched sporo-
phytes consisting of a foot and an apical capsule (sporangium) in
which sporogenous cells undergo meiosis to form spores with a
resistant spore wall.

Angiosperms differ from bryophytes by having a dominant
diploid sporophyte generation combined with extremely reduced
haploid generations (Graham et al., 2000; Renzaglia et al., 2000;
Ligrone et al., 2012; Harrison et al., 2017). Fertilization depends

on male gamete delivery mediated by pollen produced in diploid
anthers (Goldberg et al., 1993; Gomez et al., 2015;�Astrand et al.,
2021). In the model plant Arabidopsis, the anther develops
microsporocytes in locules surrounded by distinct somatic
cell layers, the innermost being the tapetum (Sanders et al.,
1999). The microsporocytes undergo meiosis to form haploid
microspores, which develop into pollen through specialized
mitotic divisions resulting in two male gametes contained within
the cytoplasm of a vegetative cell (Berger & Twell, 2011). Mean-
while, a resistant multilayered wall, partly consisting of the com-
plex biopolymer sporopollenin, is formed around the developing
pollen (Ma et al., 2021). The formation and maturation of pollen
is strictly dependent on nutrients, enzymes, signals and wall com-
ponents provided by the diploid somatic tapetum layer (Gold-
berg et al., 1993; Lei & Liu, 2020). In fact, the diploid tapetum
layer is sacrificed for the benefit of the newly established haploid
generation as it undergoes programmed cell death to complete its
nursing functions (Parish & Li, 2010).

By contrast, bryophyte male gametes consist of motile flagellated
sperm produced by male reproductive organs formed in the haploid
gametophyte generation (Renzaglia et al., 2000; Hackenberg &*These authors contributed equally to this work.
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Twell, 2019). Male gametogenesis in bryophytes is believed to
reflect that of ancestral land plants while the pollen-based gameto-
genesis of angiosperms is a derived state (Hackenberg & Twell,
2019). It is not trivial to picture how pollen evolved from an
ancestral state reminiscent of that in extant bryophytes, but the
prevailing hypothesis is that angiosperm pollen evolved from
bryophyte-like spores (Hackenberg & Twell, 2019, and references
therein).

The homology between bryophyte spores and angiosperm
pollen is supported by the inclusion of the biopolymer
sporopollenin in the outer walls of both. Homologs to
angiosperm genes encoding enzymes essential for proper
sporopollenin pollen wall formation (PpASCL, PpMS2 and
PpCYP703B1/2) and transcription factors (TFs) regulating the
expression of those genes (PpGAMYB1/2) are all needed for
proper spore wall formation in the bryophyte model moss
Physcomitrium patens (Aya et al., 2011; Colpitts et al., 2011;
Wallace et al., 2015; Daku et al., 2016). Some of these moss
genes are expressed in both the sporogenous cells and the
cells immediately surrounding them, and manipulation of
their expression can affect the deposition/distribution of
sporopollenin matter in the spore chamber (Aya et al., 2011;
Wallace et al., 2015; Daku et al., 2016). While this indicates
that the cells surrounding the sporogenous cells in moss are
likely to provide the developing spores with wall material,
much like anther tapetal cells, the extent of common regula-
tion and function of these possibly distantly related cells is
still unclear.

In angiosperms, the specification and function of tapetal
cells is tightly controlled by a cascade of TFs (Gomez et al.,
2015; Verma et al., 2019). At the heart of this regulation lies
basic helix–loop–helix (bHLH) TFs belonging to the land
plant-specific clades II and III(a + c)1 (Catarino et al., 2016;
Zheng et al., 2020). Loss of function in any of these two
bHLH subfamilies is detrimental to tapetal functions, and
hence to the production of functional pollen, both in mono-
cots such as rice and in dicots such as Arabidopsis (Sorensen
et al., 2003; Jung et al., 2005; Li et al., 2006; Zhang et al.,
2006; Xu et al., 2010; Niu et al., 2013; Fu et al., 2014; Ko
et al., 2014; Zhu et al., 2015). Homologs belonging to these
two bHLH subfamilies are clearly identifiable also in
bryophytes (Pires & Dolan, 2010; Catarino et al., 2016; Zhang
et al., 2020), and it was recently hypothesized that tapetal-like
tissues and their control by bHLH TFs could have been estab-
lished already in the common ancestors of bryophytes and
angiosperms (Zheng et al., 2020).

We here report the functional characterization of two closely
related clade II bHLH TFs, PpbHLH092 and PpbHLH098, in
the bryophyte model moss P. patens. We show that the genes
exert their functions in the moss sporangium where they are
redundantly needed for the production of spores and for the
nursing of sporogenous cells by surrounding somatic cells. This
shows that clade II bHLH TFs are functionally conserved
between mosses and angiosperms and supports the hypothesis
that cells nursing developing spores in mosses and pollen in
angiosperms are related by descent.

Materials and Methods

Plant material, growth conditions and tissue harvest

The P. patens ecotype Reute (Hiss et al., 2017) was used as the
wild-type (WT) and background for transgenic lines. For subcul-
tivation, moss was grown in constant white light at
30 µmol m�2 s�1 using side irradiation in a Sanyo MLR-350
chamber at 25°C. For phenotypic analysis, protonema was sub-
cultivated twice for 7 d on cellophane-covered BCD media (The-
lander et al., 2007) supplemented with 5 mM ammonium
tartrate and 0.8% agar. Protonemal tissue, shaped into 1–2 mm
balls, was then placed on solid BCD medium supplemented with
0.8% agar in deep Petri dishes (909 25 mm; WVR PHOE305;
Radnor, PA, USA) and grown for 5–6 wk. To induce reproduc-
tive organ formation and sporophyte development, the plants
were transferred to short day conditions (8 h : 16 h, light : dark
photoperiod) with 30 µmol m�2 s�1 light intensity in a Sanyo
MLR-350 chamber at 15°C. At 20� 1 d of short-day incuba-
tion, plants were submerged in water overnight to increase fertil-
ization. To prepare sporophytes for downstream analysis,
gametophores (gametophyte shoots) growing in the periphery of
colonies were harvested at specified time points after watering.
Gametophore apices were stripped free from leaves, antheridia
and nonfertilized archegonia using tweezers, leaving samples con-
sisting of a short apical stem section terminating in a single
archegonium harboring an embryo/sporophyte. From stage 8,
the calyptra was excluded from samples.

Generation of CRISPR loss-of-function mutants

Constructs expressing genomic RNAs (gRNAs) targeting exon 3
of PpbHLH092 and PpbHLH098 were designed using
CRISPOR (Haeussler et al., 2016). To produce the plasmids
pMLO6-8 (Supporting Information Fig. S1a; Table S1), AttB1-
PpU6-SgRNAs-AttB2 fragments produced by gene synthesis
(Integrated DNA Technologies, Coralville, IA, USA) were cloned
into the vector pDONR221 by Gateway recombination (Invitro-
gen). Inserts were confirmed by sequencing. CRISPR single and
double loss-of-function mutants were then obtained as previously
described (Lopez-Obando et al., 2016). In short, PEG-mediated
transformation (Schaefer et al., 1991) was used to cotransform
8 µg of pACT1:hCAS9, 4 µg of pBNRF, and 4 µg of one or two
of the plasmids pMLO6-8 into WT protoplasts (pMLO6 for
PpbHLH092, pMLO7 for PpbHLH098, and pML06 and
pMLO8 for combined PpbHLH092 and PpbHLH098 editing).
Transformants were selected on 50 µg ml�1 G418 (Thermo
Fisher Scientific, Waltham, MA, USA) and mutations were eval-
uated by PCR amplification and sequencing of gDNA with gene-
specific primers. For PpbHLH092, primers SS647/SS648 and for
PpbHLH098 primers SS649/SS650 were used (Fig. S1a;
Table S2). For phenotypic analysis, two independent lines with
loss-of-function mutations were selected for each genotype
(Ppbhlh092-1/2, Ppbhlh098-1/2, Ppbhlh092Ppbhlh098-1/2). For
a summary of CRISPR-induced mutations in these lines, see
Table S3.
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Generation of PpbHLH092 translational knock-in reporter
lines

Primer sequences are shown in Table S2. Inserts and fusion
points of new constructs were verified by sequencing. The trans-
lational reporter construct pMLO9 (Fig. S1b), serving to inte-
grate a GFP-GUS (green fluorescent protein and beta-
glucuronidase) gene in frame near the end of the PpbHLH092
coding sequence, was generated by the fusion of four PCR frag-
ments using In-Fusion technology (TaKaRa Bio): a 4548 bp vec-
tor fragment amplified with primers SS657/SS658 from plasmid
pDEST14 (Thermo Fisher Scientific); a fragment covering
739 bp from intron 4 to near the end of the PpbHLH092 coding
sequence (CDS) amplified with primers SS651/SS652 from WT
gDNA; a fragment covering a 2556 bp GFP-GUS gene amplified
with primers SS655/SS656 from plasmid pMT211 (Thelander
et al., 2019); and a fragment covering 502 bp of the extreme end
of the CDS and the 30 untranslated region (UTR) of
PpbHLH092 amplified with primers SS653/654 from WT
gDNA. To promote CRISPR-CAS9-mediated integration of the
reporter in pMLO9, plasmid pMLO10 expressing a gRNA tar-
geting the C-terminal region of PpbHLH092 (Fig. S1b; Table S1)
was generated. The annealing product of the complementary
primers SS667/SS668 was cloned into the vector
pENTR_PpU6_L1L2 opened with BsaI (Mallett et al., 2019).
Finally, to generate the PpbHLH092pro::PpbHLH092-GFPGUS
reporter lines, 8 µg of pMLO9 and 4 µg of pMLO10 were
cotransformed into WT protoplasts (Schaefer et al., 1991)
together with 8 µg pACT1:hCAS9 and 4 µg pBNRF (Lopez-
Obando et al., 2016). Stable transformants were selected on
50 µg ml�1 G418 (Thermo Fisher Scientific) and integration of
the pMLO9 reporter construct was evaluated by PCR confirma-
tion of 50 and 30 junctions using the primers SS719/SS721 and
SS716/SS718, respectively (Fig. S1c,d), and by PCR amplifica-
tion and sequencing of the in-frame fusion between the
PpbHLH092 CDS and the GFP-GUS gene using the primers
SS669/SS627 (Fig. S1b). Three independent lines showing the
desired in-frame integration of the GFP-GUS gene (Table S3)
were selected for histochemical GUS staining and were found to
show similar expression patterns.

GUS staining

Gametophores harboring sporophytes at different stages of devel-
opment were harvested from reporter lines and settled in GUS
solution (50 mM NaPO4, pH 7.2, 2 mM Fe2+CN, 2 mM
Fe3+CN, 2 mM X-Gluc and 0.2% (v/v) Triton X-100). Vacuum
was applied twice for 2 min and samples were incubated
overnight at 37°C. Samples were then cleared in 75% ethanol.

Sporophyte sectioning

In total, 275 WT and 187 Ppbhlh092Ppbhlh098-1 sporophytes
of different developmental stages were harvested from 1 (WT)/6
(mutant) to 37 days post-watering (dpw). Sporangia harvested
after 12 dpw were impermeable, and such sporangia were

carefully perforated using a fine needle before fixation/infiltra-
tion/embedding (for 14–20 dpw sporangia this resulted in partial
loss of sporogenous cells). Samples were fixed in FGPX (3% (v/v)
formaldehyde, 1.5% (v/v) glutaraldehyde, 0.01% Triton X-100
in 0.1M pH 7 Pi-buffer) overnight at 4°C, dehydrated by incu-
bation for 20 min each in 10, 30, 50, 70, 85, 95 and 99.5%
ethanol, preinfiltrated in a 1 : 1 solution of 99.5% ethanol : infil-
tration solution (50 ml historesin base and 0.5 g activator powder
from Leica historesin embedding kit #7022 31731 supplemented
with 1 ml PEG400) for 3 h at room temperature, and finally
infiltrated overnight in concentrated infiltration solution.
Embedding in a 15 : 1 mix of infiltration solution and hardener
was carried out at room temperature in plastic Histomolds of
69 8 mm (Leica). Longitudinal sections 6 µm thick obtained
using a Microm HM 355S microtome with a glass knife were
transferred to water-covered microscopy slides kept on a 42°C
heating table. Once the water had evaporated, the dried-in sec-
tions were stained in 0.01% Toluidine blue (w/v, 0.1M phos-
phate buffer pH 7.0) for 2 min and washed three times in
water for 1 min. Sections of GUS-stained PpbHLH092pro::
PpbHLH092-GFPGUS sporophytes were produced in the same
way, but here sections were made 10 µm thick and Toluidine
blue staining was omitted.

Microscopy, image processing and analysis

Images of intact nonfixed sporophytes were obtained using a
MZ16 stereo microscope, a DFC295 camera and LAS AF soft-
ware (Leica Microsystems, Wetzlar, Germany). Images of
sporogenous cells released from disrupted sporangia and
mounted in 30% glycerol were obtained using a DMI4000B
microscope with differential interference contrast optics, a
DFC360FX camera and LAS AF software (Leica Microsystems).
Images of GUS-stained sporophytes mounted in 30% glycerol
and Toluidine blue- or GUS-stained sporophyte sections were
obtained using an Axioscope A1 microscope, an AxioCam ICc 5
camera and Zen Blue software (Zeiss). Adobe PHOTOSHOP CC
was used to adjust intensity and contrast, remove background
and trace structures in figures. Numerical distance data were gen-
erated by measurements in micrographs using the IMAGEJ Fiji
platform (Schindelin et al., 2012). Microsoft EXCEL was used to
create bar charts, calculate means and SD, and to perform Stu-
dent’s t-tests.

RT-qPCR

Tissue samples from vegetative gametophore apices, antheridia
and archegonia have been previously described (Landberg et al.,
2020). For the sporophyte samples, colonies with numerous
adult gametophores were flooded 20 d after transfer to inductive
conditions, after which 100 sporophytes of the proper develop-
mental stage were harvested after 4 d (S1), 7–8 d (S2), 14–15 d
(S3) or 37 d (S4), respectively (stages S1–4 as in Ort�ız-Ramirez
et al., 2016). For S1 and S2 samples both the embryo/sporo-
phyte and the surrounding archegonial mother tissues was
harvested. Tissue harvest, RNA extraction, cDNA synthesis and
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amplification, setup and cycling of quantitative PCRs (qPCRs),
normalization using three reference genes and calculations have
been previously described (Landberg et al., 2020). The gene-
specific primers used were SS588/SS589 for PpbHLH092,
SS590/SS591 for PpbHLH098, SS712/SS713 for PpbHLH003
and SS710/SS711 for PpbHLH044 (Table S2). To avoid amplifi-
cation of genomic DNA contamination, the annealing site for
one primer in each pair is interrupted by an intron. Melt curve,
gel and standard curve analyses confirmed that both primer pairs
amplified a single product of the expected size with efficiencies
close to 100% (data not shown). Data are presented as relative
expression calculated with the 2–DDCT method, using the gene
with the highest transcript abundance across the samples as the
calibrator. Each data point is based on biological triplicates and
error bars represent standard deviations.

Clade II bHLH protein sequence retrieval and phylogenetic
analysis

Sequences of clade II bHLH gene products from Arabidopsis
thaliana (AtbHLH010/AT2G31220.1; AtbHLH089/AT1G-
06170.1; AtbHLH091/AT2G31210.1), Medicago truncatula
(MtEAN1/Medtr4g094762.1; MtEAN2/Medtr4g094758.1),
Oryza sativa (OsbHLH141/LOC_Os04g51070.1; OsbHLH142/
LOC_Os01g18870.1), Zea mays (ZmbHLH122/AC233960.1_
FGT005; ZmbHLH16/GRMZM2G021276_T04), Selaginella
moellendorffii (SmbHLH037/81013; SmbHLH084/402928),
Marchantia polymorpha (MpbHLH008/Mp2g06450.1; Mpb
HLH036/Mp2g04180.1; MpbHLH037/Mp2g04200.1; Mpb
HLH050/Mp2g04190.1) and P. patens (PpbHLH092/Pp3c5_
20560V3.1; PpbHLH09/Pp3c6_8660V3.1) were obtained by
BLASTP searches from Phytozome V12.1 while gene products
from the fern Salvinia cucullata (ScbHLH_CII/Sacu_v1.1_
s0019.g007717) and the hornwort Anthoceros agrestis OXF
(AgbHLH_CII/AagrOXF_evm.model.utg0000081.115.1) were
obtained from www.fernbase.org and www.hornworts.uzh.ch,
respectively. Amino acid sequences were aligned using the M-
Coffee algorithm in T-COFFEE (Notredame et al., 2000; Wallace
et al., 2006) after which they were filtered using transitive consis-
tency scores (Chang et al., 2014). The resulting filtered alignment
(Fig. S2) was used for phylogenetic reconstruction in MEGAX

(v.10.1.5; Kumar et al., 2018) with the maximum-likelihood
method (LG amino acid substitution model, gamma distribution
among sites) and 500 replications of bootstrapping.

Results

Homologs of bHLH TFs regulating tapetum development in
angiosperms are expressed in the developing P. patens
sporophyte

The bHLH TF clades II and III(a + c)1 comprise angiosperm
genes essential for tapetum and pollen development (Zheng et al.,
2020). Genes belonging to the same two bHLH TF clades appear
to exist in all land plants (Catarino et al., 2016), and in P. patens
the clade II genes PpbHLH092 and PpbHLH098, and the clade

III(a + c)1 genes PpbHLH003 and PpbHLH044, are found
(Zheng et al., 2020). To get a first indication of where and when
these moss genes are expressed, we surveyed publicly available
tissue-specific gene expression data (Ort�ız-Ramirez et al., 2016;
Perroud et al., 2018; Fernandez-Pozo et al., 2020). This revealed
that all four genes are expressed primarily in the developing moss
sporophyte (Fig. S3). To verify this, we analyzed tissue-specific
transcript abundance by qPCR, which confirmed that all four
genes are expressed primarily in globular sporophytes, with clade
II genes showing a somewhat earlier peak than clade III(a + c)1
genes (Fig. 1a,b). To investigate if this sporophyte expression
may reflect that bHLH TFs are needed for the nursing of haploid
products by tapetal-like cells also in moss, we initiated a func-
tional characterization of the clade II genes PpbHLH092 and
PpbHLH098.

The clade II bHLH TFs PphBLH092 and PpbHLH098
encode highly similar proteins sharing domain architecture
with angiosperm homologs

PpbHLH092 and PpbHLH098 share the same exon–intron orga-
nization and encode proteins of 601 and 594 amino acids,
respectively (Fig. 1c). A survey of PpbHLH092 and PpbHLH098
homologs followed by a phylogenetic analysis confirmed the exis-
tence of bHLH TFs belonging to clade II in all major land plant
lineages, including ferns, lycophytes, mosses, hornworts and liv-
erworts (Fig. 1d).

PpbHLH092 and PpbHLH098 are highly similar to each
other throughout the lengths of their amino acid sequences
(Fig. S4). By contrast, sequence conservation between the two
moss proteins and their Arabidopsis and rice homologs is largely
limited to the central bHLH domain and a C-terminal BIF
domain, demonstrated in angiosperms to mediate regulatory
interactions with other bHLH TFs (Figs 1e,f, S4; Cui et al.,
2016; Zheng et al., 2020). Striking sequence similarity is largely
restricted to the same two domains also when functionally con-
served homologs from dicots and monocots are compared
(Fig. S4), suggesting that clade II bHLH TFs could potentially
be functionally conserved also between bryophytes and
angiosperms.

The two clade II bHLH TFs are together essential for spore
production

To elucidate the function of PpbHLH092 and PpbHLH098,
we generated single and double loss-of-function mutants by
CRISPR-Cas9 using single guide RNAs (sgRNAs) targeting
regions of exon 3 located upstream of the sequences encoding
the conserved bHLH and BIF domains (Fig. S1a; Table S1).
For each sgRNA used, putative off-targets had at least four
mismatches making off-target editing events highly unlikely
(Table S1; Modrzejewski et al., 2020). Two independent lines
of each genotype (Ppbhlh092-1/2, Ppbhlh098-1/2,
Ppbhlh092Ppbhlh098-1/2) with mutations in the relevant gene
(s) likely to block protein function (Table S3) were selected
for phenotypic analysis.
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We could not detect any obvious alterations in the growth or
development of the haploid gametophyte generation in the single
and double mutants. Thus, development of vegetative filamen-
tous protonema and gametophores, as well as of male and female
reproductive organs, progressed as in the WT (data not shown).
Even if subtle differences do exist, the Pphbhl092 and Pphbhl098
single mutants lacked obvious phenotypic deviations also in the
diploid sporophyte and were able to produce germination-
competent spores at normal rates (data not shown). By contrast,
the Pphbhl092Pphbhl098 double mutants consistently showed

striking alterations in the sporophyte generation. Only data from
one double mutant line are shown in most figures and graphs
below because the two independent lines exhibited an identical
phenotype.

The mature P. patens sporophyte consists of an apical spo-
rangium (spore capsule) connected via a short seta to a foot
anchored in gametophytic mother tissues. We achieved a syn-
chronized onset of sporophyte development, allowing systematic
comparisons of WT and Pphbhl092Pphbhl098 double mutant
sporophytes by flooding the moss gametophores to boost

(a)

(c)

(e)

(f)

(b) (d)

Fig. 1 Expression, architecture and sequence conservation of the Physcomitrium patens proteins PpbHLH092 and PpbHLH098. (a, b) Relative transcript
abundance of PpbHLH092/098 (a) and PpbHLH003/044 (b) assayed by qPCR in gametophore apices (Gam. ap.), antheridia (Anth.), archegonia (Arch.)
and sporophytes (sp.) at developmental stages as defined by Ort�ız-Ramirez et al. (2016). Each data point represents an average of three independent
biological replicates and error bars indicate standard deviation. (c) Schematic representation of PpbHLH092 and PpbHLH098 indicating their identical
exon/intron and domain organization. Flanking untranslated regions (UTR) are colored in gray, central bHLH domains are colored in orange and C-
terminal BIF domains are colored in light blue. (d) Phylogeny of clade II bHLH TFs from representative land plant species. At, Arabidopsis thaliana (dicot);
Mt,Medicago truncatula (dicot); Os,Oriza sativa (monocot); Zm, Zea mays (monocot); Sc, Salvinia cucullata (fern); Sm, Selaginella moellondorffii

(lycophyte); Pp, P. patens (moss); Aa, Anthoceros agrestis (Oxford; hornwort); Mp,Marchantia polymorpha (liverwort). Selected genes from clade XVII
bHLH TFs were included as an outgroup. (e) Amino acid sequence alignment of central bHLH domains from clade II bHLH TFs in P. patens, Arabidopsis and
rice. (f) Amino acid sequence alignment of the C-terminal BIF domains from clade II bHLH TFs in P. patens (moss), Arabidopsis (dicot) and rice (monocot).
In (e, f), positions showing identical residues are boxed while similar amino acids are marked by the same color. For a full amino acid sequence alignment
including all bHLH clade II proteins represented in (d), see Supporting Information Fig. S4.
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fertilization when fertilization competency had just been reached.
External examination revealed that WT and double mutant
sporophytes appeared morphologically identical without signifi-
cant differences in sporangium width up until 12 dpw, a stage
when radial expansion of the green sporangium is highly active
(Fig. 2a,b).

Radial expansion of the WT sporangium slows down succes-
sively between 12 and 16 dpw, and thereafter spore formation,
marked by a change of sporangium color from light green to dark
brown, becomes evident (Fig. 2b; Daku et al., 2016; Hiss et al.,
2017). By contrast, expansion of Pphbhl092Pphbhl098 double
mutant sporangia started to lag behind from 14 dpw and they
also failed to show browning (Fig. 2a,b). Instead, double mutant
sporangia stayed light green at least until 37 dpw, well beyond
the time point when mature spores are released from the WT. A
subset of double mutant sporangia eventually showed some light
internal browning, but this is attributed to tissue degeneration
(see second last section of results). These observations suggest
that Pphbhl092Pphbhl098 double mutants are affected in spore
formation and/or maturation. In line with this, double mutant
sporangia failed to release spores when punctured even after
months of incubation.

Clade II bHLH TFs are dispensable for the cell division
phase of sporangium patterning

To unravel the details behind the developmental arrest of double
mutant sporangia, we sectioned longitudinally and analyzed 275
WT and 187 Ppbhlh092Ppbhlh098 sporophytes ranging from early
embryos to mature specimens. We expanded previous descriptions
of P. patens sporophyte ontogeny and divided it into 15 distinct
stages based on morphological characters related to sporangium
patterning and maturation (Table 1; Figs 3a, S5a; Sakakibara et al.,
2008; Kofuji et al., 2009; Daku et al., 2016; Yip et al., 2016;
Coudert et al., 2019). To gain details about the temporal and spa-
tial distribution of clade II bHLH TFs during sporophyte

development we also produced translational knock-in reporters for
PpbHLH092 by CRISPR-CAS9-mediated insertion of a GFP-
GUS gene just before its stop codon (Fig. S1b). This resulted in
three independent PpbHLH092pro::PpbHLH092-GFPGUS lines
exhibiting informative and identical GUS staining patterns (see
below) while GFP signals were below the detection level.

After fertilization, the WT P. patens zygote undergoes a
transversal division to form a basal cell contributing to the sporo-
phyte foot and an apical stem cell cleaving off daughters in two
files to promote early growth of the spindle-shaped embryo
(Fig. S5a, st1; Kofuji et al., 2009; Yip et al., 2016). Development
of the sporangium then initiates by radial expansion promoted
by periclinal divisions of the subapical daughter cells, resulting in
an outer amphithecium and an inner endothecium layer
(Fig. S5a, st2; Yip et al., 2016). Amphithecium cells undergo
additional periclinal divisions, typically resulting in three cell lay-
ers eventually forming the sporangium wall (Figs 3a, S5a, st3-4).
Inner endothecium cells then go through successive periclinal
divisions to produce 12 cell files in a medial longitudinal section
at the start of stage 8 (Figs 3a, S5a, st5–8): a core of six files mak-
ing up the central columella flanked on both sides by single files
of sporogenous cells surrounded by two additional layers,
together often referred to as the tapetum (or the spore sac). Even
if the sporogenous and tapetal cell layers surround most of the
columella, medial sections clearly show that the columella is
directly connected to tissues below and above it (Figs 3a, S5a,
>st8). In sections, a darkly stained boundary, or even a gap (most
frequent at st9), between the amphithecium and endothecium
indicates the distinct nature and possible symplastic isolation of
these two cell populations (Figs 3a, S5a).

We could not detect any defects in Ppbhlh092Ppbhlh098 dou-
ble mutant sporophytes up to completion of the periclinal spo-
rangial divisions at the transition from stage 7 to 8 (Figs 3a, S5b).
Consistent with this, PpbHLH092 reporter output indicated that
the gene is silent until the very end of this developmental win-
dow. Thus, the first signs of weak endothecium-specific

(a) (b)

Fig. 2 Sporangium development in the Physcomitrium patens Ppbhlh092Ppbhlh098 double mutant is arrested after 12 days post-watering (dpw). (a) Bar
graph showing the average width across WT and Ppbhlh092Ppbhlh098 double mutant sporangia of different ages (n = 9–24). Error bars indicate standard
deviation and asterisks mark statistically significant differences between the two genotypes (Student’s t-test, P < 0.05). (b) Representative sporophytes
fromWT and the Ppbhlh092Ppbhlh098-2 double mutant harvested from 6 to 37 dpw. Note that calyptra (remnants of female reproductive organ
normally covering the upper part of the sporophyte) were removed from all specimen harvested after 8 dpw.
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expression are not seen until stage 7 (Fig. 4). The lack of reporter
signals and mutant phenotypes in stage 1–8 sporangia shows that
clade II bHLH TFs are dispensable for cell division-promoted
early patterning of the moss sporangium.

When the periclinal divisions shaping the sporangium are
completed at stage 8, the sporophyte foot and seta, important for
the transfer of nutrients from the gametophytic tissue to the
growing sporophyte, have already assumed their final organiza-
tion, partly thanks to the activity of an intercalary meristem posi-
tioned proximal to the sporangium (Figs 3a, S5a; Regmi et al.,
2017; Coudert et al., 2019). The PpbHLH092 reporter indicated
a weak expression in the foot of developing sporophytes (Fig. 4a),
but we were unable to detect any developmental aberrations
affecting this part of the sporophyte in the Ppbhlh092 Ppbhlh098
double mutant (Figs 3a, S5b).

Early functions of clade II bHLH TFs include promotion of
columella expansion and termination of tapetal cell division

In WT sporangia, the columella and tapetum layers next switch
to a transient expansion phase during which significant cell
enlargement in three dimensions accompanied by increased vac-
uolarization is evident (Figs 3a, S6a,b, st9–11). During this
phase, we detected PpbHLH092 reporter signals throughout the
endothecium, indicating strong expression in the columella and
tapetum layers but also in the sporogenous cells (Fig. 4). Consis-
tent with this expression, we observed a first obvious aberration
in Ppbhlh092Ppbhlh098 sporangia from around stage 9/12 dpw,
manifested as reduced columella cell expansion (Figs 3a, S6b).
Also, at around the same stage, we more frequently observed por-
tions of the tapetum consisting of three cell layers, rather than

Table 1 Wild-type (WT) sporophyte development in Physcomitrium patens divided into 15 stages based on sporangia characters.

Stage

Sporangium hallmarks evident in longitudinal
medial sections (Fig. 3a,b, Supporting
Information Fig. S5a)

Sporophyte characters evident by external
examination (Fig. 2b) dpw1

Sporophyte
height
(µm)2

Sporophyte
width (µm)3 n4

1 1–2 cell files The embryo is developing inside the growing
translucent spheroid archegonium venter

0.9� 1.2 54� 21 36� 6 33
2 2 amphi- & 2 endothecium files 3.2� 1.1 120� 26 52� 7 21
3 4 amphi- & 2 endothecium files 4.8� 1.0 240� 50 71� 8 25
4 6 amphi- & 2 endothecium files Sporophyte still developing inside the

archegonium venter. Midparts of archegonial
mother tissues bulge out to form a conspicuous
ridge. Sporangial part of sporophyte is
becoming increasingly green.

6.7� 0.5 383� 50 89� 5 10
5 6 amphi- & 4 endothecium files 7.1� 0.9 440� 40 101� 8 7
6 6 amphi- & 5–8 endothecium files 8.0� 0 514� 66 102� 6 6
7 6 amphi- & 9–12 endothecium files 9.0� 1.3 732� 89 152� 24 7

8 All primary cell layers have formed.
Amphithecium cells start to expand

Archegonial mother tissue is ruptured at base of
recently formed ridge. Rupture site marked by
pigmented collar. Upper part of remaining
mother tissues (calyptra) loose but keeps
covering sporangia tip

9.8� 1.1 874� 59 214� 26 10

9 The single-celled sporogenous layer is distinct
and stains dark blue. Columella and tapetum
cells start to expand

The light green sporangium undergoes
successive radial expansion until it reaches a
near globular shape

11.5� 1.7 1131� 147 339� 71 13

10 Sporogenous cells go through final divisions
and start to round up and separate. Active
cytoplasm in parts of columella and tapetum
cells facing sporogenous cells become evident

13.9� 1.7 1196� 90 483� 30 24

11 Sporogenous cells completely rounded up and
clearly liberated from each other. Cell
expansion of columella and tapetum
completed

16.3� 1.5 1165� 76 509� 33 6

12 Sporogenous cells have undergone meioses
and are visible as intact held-together tetrads.
Columella and tapetum undergo compaction

The near globular sporangium changes color
from light green via yellow/orange to dark
brown

18.2� 1.4 1187� 89 518� 36 21

13 Tetrads disintegrate, releasing immature spore
cells.

19.2� 1.0 1177� 85 534� 40 25

14 Spores have started to form spore walls.
Particulate matter probably deposited by
columella and tapetum cells is evident in spore
chamber

23.7� 2.4 1235� 70 564� 42 18

15 Spore wall formation is completed. Compaction
of columella and tapetum layers, and also of
the amphithecium/sporangium wall further
pronounced

Sporangia ready to crack open so that mature
spores are exposed/released

31.3� 4.0 1260� 62 579� 33 46

1Days post-watering when occurrence of stage peaked.
2Average length from base of foot to pointed tip of sporangium (µm, � SD), measured in longitudinal medial sections.
3Average width across the widest part of the sporophyte (µm, � SD), measured in longitudinal medial sections.
4Number of sectioned sporophytes analyzed.
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two, which is typical in the WT (Fig. 3a,b). This may indicate
that termination of periclinal cell divisions in the tapetum is
delayed in the double mutant. After this point, as further out-
lined below, WT-like sporangial development is blocked, and the
stage of the double mutant sporangia from 14 dpw and onwards
is referred to as 10+ in Fig. S5(b).

Sporogenous cells arrest before meiosis in the absence of
clade II bHLH TFs

While the WT columella and tapetum cells undergo expansion
and vacuolarization, the sporogenous cells undergo a final set of
divisions with a seemingly random division plane during stage 10
(Fig. 3a,b). These cells then retract from their original cell walls,
round up and form new walls, believed to consist of
mucopolysaccharides, between the plasma membranes and the
original walls (Brown & Lemmon, 2013). The original cell walls
soon degrade to liberate isolated globular sporocytes into the suc-
cessively expanding spore chamber between the columella and
the tapetum layers (Figs 3a,b, S7, st11). Thereafter, the sporo-
cytes go through meiosis to produce tetrads consisting of four
haploid spore cells enclosed by the still intact sporocyte wall
(Figs 3a,b, S7, st12). The sporocyte wall is eventually ruptured to
release the individual spores into the spore chamber (Figs 3a,b,
S7, st13). Once freed, the spores soon acquire a conspicuous
multilayered sporopollenin-containing wall (Figs 3a,b, S7, st14–
15; Aya et al., 2011; Colpitts et al., 2011; Wallace et al., 2015;
Daku et al., 2016).

Reporter data suggest that PpbHLH092 expression in the
sporogenous cells, as well as in the columella and tapetum, peaks
at around stage 11, after which it successively declines (Fig. 4).
Examination of sections of Ppbhlh092Ppbhlh098 double mutant
sporangia showed that this expression is an absolute prerequisite
for the production of functional spores (Fig. 3a,b). We found
that double mutant sporogenous cells did undergo the final cell
divisions during stage 10 as in the WT, while further develop-
mental progression was deficient. The double mutant sporoge-
nous cells thus failed to round up, to completely degrade their
original cell walls, to completely detach from each other, to form
clearly discernible sporocyte walls, to go through meiosis or to
form a discernable spore wall. Instead, the sporogenous cells of
the double mutant started to shrink and were eventually
degraded, which resulted in internal light browning of the spo-
rangium.

Somatic nursing cells surrounding the sporogenous cells fail
to accumulate active cytoplasm, compact/degrade and
release extracellular matter in the absence of clade II bHLH
TFs

By examination of WT sporophyte sections, we found that transi-
tion from premeiotic sporocytes to mature spores is accompanied
by drastic and highly ordered changes affecting the columella and
tapetum layers (Fig. 3b). While all columella and tapetum cells
are largely vacuolated at the end of the cell expansion phase, cells
in both layers positioned immediately adjacent to the

sporogenous layer stand out by possessing residual and/or reaccu-
mulated active cytoplasm in domains directly facing the sporoge-
nous cells during stages 10–13 (Fig. 3b). At stage 11, when
liberated sporocytes have formed, expansion of the width of col-
umella and tapetum is abruptly turned into successive width
reduction, contributing to expansion of the intervening chamber
in which spores mature (Figs 3a,b, S6a,b). While this reduction
in layer width is due partly to compaction of cells, our observa-
tions suggest that it also may involve loss of cells immediately
adjacent to the sporogenous layer. Thus, the average number of
clearly discernible cells across the width of the columella is suc-
cessively reduced through stages 11 to 15 in the WT (Figs 3a,
S6c). Similarly, cells of the innermost tapetum layer are often not
possible to spot in sections when stages 14 and 15 are reached
(Fig. 3a,b). Our data do not allow us to tell with certainty
whether these observations are caused by programmed cell death/
degradation or compaction making cells impossible to see in
sections.

The compaction and possible loss of WT columella and
tapetum cells facing the spore chamber coincides with the
deposition of extracellular particulate matter outside these lay-
ers at stages 14 and 15 (Fig. 3b). It appears likely that this
matter is a product of the active cytoplasm seen in these cells
during stages 10–13 and that it is released during the com-
paction/degradation of these cells during stages 14 and 15.
This fits well with previous reports suggesting that the material
is tapetum-derived sporopollenin orbicules needed for the for-
mation of the outer walls of spores (Aya et al., 2011; Wallace
et al., 2015; Daku et al., 2016).

The behavior of columella and tapetum cells during the
later stages of sporangium development was severely compro-
mised in the double mutant. Thus, the compaction and possi-
ble loss of cells seen in the WT after stage 11 was completely
missing in the double mutant (Figs 3a,b, S6a–c). Also, double
mutant cells of both layers directly facing the sporogenous cells
completely failed to accumulate active cytoplasm and later
failed to deposit extracellular matter, in contrast to their WT
counterparts (Fig. 3b). In essence, all signs of the columella
and tapetum cell activities accompanying spore formation and
maturation in the WT was missing in the double mutant.
Together, this clearly shows that endothecium expression of
clade II bHLH TFs is not only crucial for maturation of the
sporogenous cells, but also for the columella and tapetum cells
likely to nurse them.

Discussion

Clade II bHLH TFs play a conserved role in controlling
somatic nursing cells in moss sporangia and angiosperm
anthers

Proper development of microsporocytes/microspores/pollen in
angiosperm anthers is dependent on nursing functions provided
by somatic sporophytic cells, most notably the tapetum. Two
main types of tapetum are recognized in plants, the secretory
(parietal) type and the amoeboid (periplasmodial) type (Pacini
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et al., 1985). Among these, the secretory type found in most
angiosperms is likely to be the more primitive (Pacini et al.,
1985). The development and function of this tapetum type is
strictly dependent on conserved clade II bHLH TFs in both

dicots such as Arabidopsis and monocots such as rice (Niu et al.,
2013; Fu et al., 2014; Ko et al., 2014; Zhu et al., 2015).

Here we identify striking similarities in how clade II bHLH
TFs control the behavior of somatic nursing cells surrounding

(a)

(b)
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the sporogenous cells in angiosperm anthers and the sporangium
of the model moss P. patens. In P. patens, these similarities apply
to all cells immediately adjacent to the sporogenous cells, that is
the innermost tapetum layer and the outermost columella layer,
and we propose that these two cell layers have largely similar
functions. The three clade II bHLH Arabidopsis genes
AtbHLH010, AtbHLH089 and AtbHLH091 and the P. patens
homolog PpbHLH092 are all expressed both in the sporogenous
cells and in the tapetal/columella cells surrounding them, with an
onset at around when formative cell divisions are completed and
a peak at around when the sporogenous cells enter meiosis
(Fig. 4; Zhu et al., 2015; Fu et al., 2020). In line with this expres-
sion profile, restriction of clade II bHLH TF activity leaves the
formative cell divisions unaffected in both species, while matura-
tion/differentiation of the sporogenous cells and the

tapetal/columella cells surrounding them is severely deficient
(Figs 3, S6; Zhu et al., 2015). Expansion accompanied by vacuo-
larization of tapetal/columella cells is initiated in mutants of both
species, but these processes completely fail to reverse into com-
paction/degradation as in the WT. Both moss and Arabidopsis
loss-of-function mutants furthermore completely fail to produce
functional pollen/spores.

While the three Arabidopsis and two P. patens clade II bHLH
genes provide largely redundant functions, the two rice homologs
OsTIP2 and OsEAT1, being the result of a relatively early
monocot-specific gene duplication, have acquired unique and
partly sequential functions, as manifested by clear phenotypes
when either of the two genes is mutated (this study; Niu et al.,
2013; Fu et al., 2014; Ko et al., 2014; Zhu et al., 2015). How-
ever, the general pattern from Arabidopsis and P. patens can still

(a)

(b)

Fig. 4 PpbHLH092 translational reporter
shows signals in endothecium layers and foot
of the Physcomitrium patens sporophyte.
Whole-mounted (a) and sectioned (b) GUS-
stained PpbHLH092pro::PpbHLH092-

GFPGUS sporophytes ranging from stage 4/5
to 13. Signals were clearly detected in the
columella (C), the sporogenous cells (S) and
the tapetum (T) layers of the endothecium
(En) from stage 7 to stage 10–11, but were
essentially missing from the amphithecium
(Am). Faint signals were reproducibly
detected also in the extreme foot as seen in
the stage 7 organ in (a). Numbers below
organs indicate probable developmental
stages. Stage 4–5 sporophytes lacking signals
are still contained within gametophytic
mother tissues and they have been traced for
clarity.

Fig. 3 Mid- and late-stage development of sporogenous, tapetum and columella cells is deficient in the Physcomitrium patens Ppbhlh092Ppbhlh098

double mutant. (a) Representative longitudinal medial sections throughWT and Ppbhlh092Ppbhlh098-1 sporophytes. SectionedWT sporophytes range
from developmental stage 4 to 15 and dpw-values denote days post watering when these stages peaked in occurrence (see also Table 1). Sectioned double
mutant sporophytes were harvested at the same time points as their WT counterparts even if stages equivalent to those in the WT cannot be readily
identified from 14 dpw and onwards. Stages 4–7 sporophytes are shown in their entirety while later stage sporophytes have been trimmed to mostly show
sporangia. For clarity, gametophytic mother tissues surrounding the sporophytes have been removed from images. For similar series of sporophyte sections
showing entire organs with surrounding gametophytic mother tissues for all specimens, and also including the earliest stages, see Supporting Information
Fig. S5. Cell layers discussed in the text have been marked in stage 4 and 9 organs for both genotypes: amphithecium (Am); endothecium (En); tapetum
(T); sporogenous cells (S); columella (C). Gaps between the Am and En layers frequently seen in stage 9 organs are marked by hash (#) signs. (b) Details at
high magnification from representative medial sections through WT sporangia ranging from developmental stage 9 to 15, as well as through
Ppbhlh092Ppbhlh098-1 sporangia harvested at the corresponding time points. Cell types have been marked: tapetum (T); sporogenous cells (S); columella
(C); sporocytes (Sc); aberrant/degrading mutant sporocytes (Sc^); spores (Sp). Asterisks mark active cytoplasm in otherwise vacuolarized cells. Arrows
mark deposited extracellular matter. Dpw-values denote days post watering when WT stages peaked in occurrence (see also Table 1). For differential
interference contrast images of liberated sporogenous WT cells from stages 11–14, see Fig. S7.
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be recognized, with expression of both genes in tapetum and
sporogenous cells and single loss-of-function mutants showing
deficient tapetum compaction/degradation and pollen produc-
tion (Niu et al., 2013; Fu et al., 2014; Ko et al., 2014). The two
rice single mutants also show unique phenotypes. The Ostip2
mutant exhibits ectopic periclinal divisions of tapetal cells while
the Oseat1 mutant exhibits aberrant extracellular sporopollenin
deposition into so-called Ubisch bodies (Niu et al., 2013; Fu
et al., 2014; Ko et al., 2014). This fits well with our observations
of occasional extra periclinal tapetum cell divisions and a com-
plete lack of sporopollenin orbicule deposition in the P. patens
Ppbhlh092Ppbhlh098 double mutant (Fig. 3).

Thus, the findings presented here indicate strongly that moss
and angiosperm clade II bHLH TFs provide a functionally con-
served role in controlling the sporophytic somatic cells surround-
ing and nursing the sporogenous cells in sporangia and anthers,
respectively. By inference, this lends solid support to the idea that
such nursing functions in mosses and angiosperms, lineages sepa-
rated by c. 450 million years of evolution (Morris et al., 2018),
are related by descent.

Evolutionary origin of clade II bHLH-dependent tapetal-like
functions

The fact that clade II bHLH TFs exist in all major land plant lin-
eages (Fig. 1d; Zhang et al., 2020; Zheng et al., 2020) could indi-
cate that tapetal-like functions controlled by this TF family had
been established already in the last common ancestor of all extant
land plants. This interpretation can be questioned, however, by
the notion that tapetal-like functions are difficult to distinguish,
or even missing, in liverworts and hornworts, the two lineages
which together with mosses make up the bryophytes (Pacini
et al., 1985; Wellman, 2004; Wallace et al., 2011; Zheng et al.,
2020). Even if they are all unbranched and carry a single terminal
sporangium, the difference in tapetum occurrence and appear-
ance is just one of several fundamental differences between the
sporophytes of mosses, liverworts and hornworts, possibly indi-
cating considerable diversification of this structure after the evo-
lutionary split of the three lineages (Renzaglia et al., 2000; Shaw
et al., 2011; Ligrone et al., 2012). The interrelationship of
bryophytes has long been debated, but a monophyletic origin of
the three groups with hornworts being the sister of an internal
moss and liverwort clade has recently gained increased support
(discussed in Frangedakis et al., 2021, and references therein). In
light of this, the lack of obvious tapetal tissues in liverworts
and hornworts could indicate that elaborate clade II bHLH TF-
dependent tapetal functions may have existed in the common
ancestors of all extant land plants but were changed beyond easy
recognition, or lost, in these two lineages over time. Alternatively,
but perhaps less likely, elaborate tapetal functions may have
arisen by convergent evolution in mosses and vascular plants
from primitive clade II bHLH-dependent precursor functions. In
either case, studies of clade II bHLH functions in liverworts and
hornworts have the potential to shed light on the origin of
tapetal-like functions by providing information about their evo-
lutionary remnants or precursors.

Open questions related to the function of tapetal-like
nursing cells and their regulation by clade II bHLH TFs in
the moss sporangium

Angiosperm clade II bHLH proteins are part of a larger network
of TFs which together provide temporal and spatial control of an
array of genes needed for proper anther development and pollen
production (Gomez et al., 2015; Verma, 2019). Within this net-
work, the functions of clade II and clade III(a + c)1 bHLH TFs
appear to be particularly closely intertwined. That genes belong-
ing to one clade are needed for normal transcription of genes
belonging to the other, and that BIF-domain-dependent
heterodimer formation between gene products of different clades
controls nuclear localization and trans-activating capacity are
recurring general themes evident in both Arabidopsis and rice
(Feng et al., 2012; Niu et al., 2013; Fu et al., 2014, 2020; Ko
et al., 2014, 2017; Zhu et al., 2015; Cui et al., 2016; Ranjan
et al., 2017). The fact that P. patens encodes both clade II and
clade III(a + c)1 bHLH proteins with seemingly conserved BIF
domains that are specifically expressed in developing sporophytes
opens the possibility that some of these regulatory interactions
were established already in the common ancestors of mosses and
angiosperms (Figs 1a,b, S3, S4).

PpbHLH092 was found to be expressed not only in the spo-
rangium, but also weakly in the foot of developing sporophytes
(Fig. 4). However, we could not observe any clear loss-of-
function phenotypes in this tissue. While the foot expression
could be of limited functional importance, it is also possible that
it controls functions not giving obvious morphological conse-
quences when compromised, or that it affects development at a
distant site by unknown mechanisms (possibly even the spo-
rangium). Furthermore, both clade II and clade III(a + c)1
bHLH genes also show putative basal expression in some non-
sporophytic tissues (Figs 1a,b, S3), and even if we were unable to
score obvious phenotypes in gametophytic tissues of the
Ppbhlh092Ppbhlh098 double mutant, it cannot be excluded that
genes from one or both clades have functions also in this genera-
tion.

In addition to aberrations affecting the tapetum and columella
layers, the Ppbhlh092Ppbhlh098 double mutant also shows an
abrupt arrest in the development of sporogenous cells (Fig. 3).
Higher resolution methods are needed to pinpoint the exact tim-
ing of this arrest in relation to meiotic progression, but our sec-
tions at least show that it occurs well before completion of
cytokinesis (Fig. 3b). This is in line with rice clade II bHLH loss-
of-function mutants which also show arrested/aberrant meiosis
(Fu et al., 2014; Ko et al., 2014; Ono et al., 2018), but contrasts
with the corresponding Arabidopsis mutants in which meiosis
appears normal (Zhu et al., 2015). Premeiotic processes may thus
be targets for clade II bHLH regulation in some land plants, but
not in others. Another possibility, at least regarding differences
between moss and vascular plants, is that they reflect fundamental
differences in the sequence of events during meiosis and sporula-
tion. Sporogenesis in bryophytes is known to differ from that in
vascular plants, as the initiation of cytokinesis proceeds meiotic
nuclear divisions, typically leading to early sporocytes that are
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quadrilobed with a centrally positioned diploid nucleus (Brown
& Lemmon, 2013). This precocious quadrilobing may represent
a relic of the evolutionary process of transferring the sporopol-
lenin coat from the zygote to its meiotic products, as it may have
allowed the zygotic nucleus to drive the deposition of wall mate-
rial around spores in making, before the onset of nuclear divi-
sions (Brown & Lemmon, 2011). Although speculative, this
opens the possibility that the target processes of clade II bHLH
regulation are the same in both mosses and vascular plants, but
that these processes occur at different time points in relation to
the completion of meiosis.

At this point, we cannot tell with certainty if the failure of
Ppbhlh092Ppbhlh098 sporogenous cells to complete meiosis is
caused by the loss of clade II bHLH functions in these cells and/
or the loss of such functions in the nursing tapetum and columella
cells surrounding them. In angiosperms, an increasing body of
evidence suggests that gene expression in the microsporocytes/mi-
crospores may be controlled nonautonomously by the tapetal cells
(Lei & Liu, 2020. and references therein). Possible mechanisms
being discussed include the tapetal production of small RNAs
which, directly or indirectly, may control gene expression in the
microsporocytes/microspores. Interestingly, the rice clade II
bHLH TF OsEAT1 has been shown to control the biogenesis of
small RNAs produced in the tapetum, which hypothetically may
control the expression of microsporocyte genes important for
meiosis (Ono et al., 2018). Future studies will need to reveal
whether this and other putative mechanisms for communication
between sporocytes/spores and surrounding diploid somatic nurs-
ing tissues may be conserved between angiosperms and mosses.
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