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o Defective Kernel 1 (DEK1) is genetically at the nexus of the 3D morphogenesis of land
plants. We aimed to localize DEK1 in the moss Physcomitrella patens to decipher its function
during this process.

e To detect DEK1 in vivo, we inserted the tdTomato fluorophore into PpDEK1 gene locus.
Confocal microscopy coupled with the use of time-gating allowed the precise DEK1 subcellu-
lar localization during 3D morphogenesis.

e DEK1 localization displays a strong polarized signal, as it is restricted to the plasma mem-
brane domain between recently divided cells during the early steps of 3D growth develop-
ment as well as during the subsequent vegetative growth. The signal furthermore displays a
clear developmental pattern because it is only detectable in recently divided and elongating
cells. Additionally, DEK1 localization appears to be independent of its calpain domain prote-
olytic activity.

e The DEK1 polar subcellular distribution in 3D tissue developing cells defines a functional cel-
lular framework to explain its role in this developmental phase. Also, the observation of DEK1
during spermatogenesis suggests another biological function for this protein in plants. Finally
the DEK1-tagged strain generated here provides a biological platform upon which further
investigations into 3D developmental processes can be performed.
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Introduction

Terrestrialization resulted in profound biochemical, developmen-
tal and morphological changes in the green lineage in response to
the new environmental conditions such as reduced water avail-
ability, increased UV radiation exposure or the increase of gravity
effect due the loss of water buoyancy (Rensing, 2018). A major
morphological innovation was the complex meristem that gener-
ates plant 3D organs we observe today such as stem, leaf or root
(Harrison, 2017). The growth coordination of such tissue
requires a positional information system to control growth
boundary, and the protein DEK1 (Defective Kernel 1) is identi-
fied among several others (Moody, 2019) as a key component of
this process in land plants. From bryophyte to angiosperm,
DEKT1 is necessary for precise and coordinated cell wall position-
ing during the early cell division of 3D tissue establishment
(Olsen et al., 2015). In maize (Zea mays) (Becraft et al., 2002;
Lid et al., 2002), rice (Oryza sativa) (Hibara et al., 2009) as well
as in Arabidopsis (Arabidopsis thaliana) (Johnson et al., 2005; Lid
et al., 2005), the dekl null mutation leads to failure of the
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embryo to establish a proper protoderm cell. Likewise in
Physcomitrella (P. patens), the PpDekl deletion stops bud devel-
opment before the establishment of any complex 3D structure
(Perroud et al., 2014). Analyses of non-null dekl mutants have
confirmed the importance of DEK1 in plant body development
and tissue integrity through cell wall misplacement (Tian ez af,
2007; Johnson ez al., 2005; Lid ez al., 2005) and cell wall compo-
sition modification (Amanda ez al, 2016). Partial PpDekI
deletions result in morphological defects in every gametophytic
tissues (Demko ez al., 2014; Johansen et al, 2016). In addition
to gametophytic and sporophytic 3D tissue development, DEK1
is necessary for endosperm development in angiosperms. The sin-
gle aleurone cell layer, the pseudo-epidermis bordering the
starchy endosperm, is missing in the maize dek! null mutant (Lid
et al., 2002). This observation was confirmed with the loss of
aleurone cell fate identity in the maize mini-endosperm system in
the absence of dekl (Gruis et al., 2006). These observations led
to the establishment of the model in which DEKT1 acts as a plant
surface sensor that detects outer tissue boundaries. DEK1 both
affects cellular events leading to specific cell plate deposition and
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triggers the gene expression patterns necessary for epidermis initi-
ation and maintenance (Gruis et 2/, 2006; Olsen ez al., 2015).

DEKI is a large multi-domain protein 240 KDa in length. Its
primary amino acid sequence shows a conserved modular structure
across land plants (Lid ez al, 2002; Tian er al,, 2007). DEK1 pre-
sents two major topological segments, both of which are important
for DEKI1 function. The membrane segment or MEM domain
contains 23 predicted trans membrane (TM) domains interrupted
by a ¢. 300 amino acid residue Loop domain (Demko ez al, 2014).
MEM mutant analyses in Arabidopsis (Tian et al, 2007; Lid et al.,
2005), rice (Hibara ez al, 2009) and Physcomitrella (Demko ez al.,
2014) indicate that this domain is necessary for proper DEKI
function. Structurally, the TM domains located after the Loop
domain display similarity with the Major Facilitator Superfamily
of Membrane Transporters (MFS), suggesting the potential pres-
ence of a pore within this domain (Demko ez 4/, 2014). Recently,
DEKI has been associated with a newly observed mechanosensing
response, the Rapid Mechanosensing Activity (RMA) in Arabidop-
sis (Tran et al, 2017), hinting at the potential nature of the signal
perceived and transduced by DEK1. The RMA, defined as a rapid
Ca”" mechanosensing response, is independent of the well-charac-
terized MscS-like (MSL) dependent plant mechanosensing answer
(see review by Hamilton ez al,, 2015) and depends on the presence
either of DEK1 or the DEK1-MEM domain in the tested cells.
There is no direct experimental evidence that DEK1 has an intrin-
sic Ca®" channel activity, although it remains possible. However,
DEK1 may interact with other Ca®" transporters such as Piezo-
type (Tran er al, 2017; Guerringue er al., 2018) and thus affect
RMA Ca®' intake. In any case the signal perceived by DEKI
appears to be related to differential membrane tension at the sur-
face of the cell (Malivert ez 4/, 2018). The DEKI cytosolic domain
contains the well-conserved calpain domain. The DEKI calpain
domain consists of CysPc, the signature catalytic domain of cal-
pains in all eukaryotic kingdoms (Zhao ez al., 2012), and the regu-
latory C2L, a C2-like domain, which also is shared with classical
animal calpains (Ono & Sorimachi, 2012). Calpains are generally
defined as Ca®"-dependent specific cysteine proteases (Ono & Sori-
machi, 2012). DEK1-Calpain domain is identified as the main sig-
nal transducer of DEKI function as its overexpression alone can
rescue dekl null mutants both in angiosperms (Johnson et al,
2008; Liang ez al., 2013) and in bryophytes (Perroud ez al., 2014).
The calpain proteolytic activity requires the presence of a so-called
conserved catalytic amino acid triad initially identified in mam-
malian calpain (Arthur ez al, 1995; Hosfield ez al., 1999) and pre-
sent in plant calpain. In maize ZmCalpain cysteine 71, part of the
triad, is indeed necessary for in vitro proteolytic activity (Wang
et al, 2003). In vive, the mutation of the same amino acid abol-
ishes the DEK1 function in Arabidopsis (Johnson ez 4/, 2008) and
in Physcomitrella (Johansen ez al., 2016).

Critical to any further elucidation of the role of DEKI is where it
is localized. DEK1 has been detected at the plasma membrane (PM)
and associated with small cytoplasmic vesicles, potential endosomes,
of maize cells (Tian et al, 2007). This PM localization furthermore
was confirmed in Arabidopsis with ectopic expression AtDekl
cDNAEs fused in C-terminal to green fluorescent protein (GFP) in
the dek1-3 mutant and in WT. It showed an enriched signal in the
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PM as well as a signal-associated endomembrane compartment as
endoplasmic reticulum (ER) in roots and flower tissues (Johnson
et al., 2008; Qu et al, 2014). However, ectopic expression of
AtCalpain cDNAs fused in C-terminal to GFP in the dek/-3 mutant
was detected in the cytoplasm and in the ER around the nucleus. In
both cases, no nuclear signal was detected (Johnson er /., 2008).
Finally, 77 situ immunolocalization using an antibody raised against
Physcomitrella DEK1 localized PpDEK1 at the periphery of phyllid
cells was consistent with a PM localization (Perroud ez 2, 2014).

Here we present the 7 vivo localization of DEK1 through tag-
ging the P. patens gene with a fluorescent protein in its native
genomic locus. The observed signal displays a clear polar subcel-
lular distribution during 3D tissue growth. This signal is linked
to the early stages of cell division and elongation, because cells of
fully developed 3D tissue no longer display the fluorescent signal.
Finally we show that DEK1 polar distribution is not dependent
on the proteolytic activity of its calpain domain. One cell type
displays a different signal: during spermatogenesis, the develop-
ing spermatozoid cell displayed a strong peripheral signal as the
released spermatozoid lost rapidly any detectable signal.

Materials and methods

Plant materials and culture procedures

The Physcomitrella  patens ecotype Gransden used previously
(Perroud ez al., 2014) was used as control and for transformation in
the present study. A standard incubator temperature was set to 22°C
with a photoperiod of 16 h: 8 h, light (70 pmols 1 m™") : dark.
Routine tissue culture was performed by forceps inoculation of
gametophytic tissue on agarized (0.7%) BCD medium supple-
mented with 5 mM ammonium tartrate dibasic (BCDA) medium
(Cove et al., 2009). To obtain homogenous protonema culture,
gametophytic tissue was blended weekly in sterile water using an
homogenizer and plated onto BCDA tissue overlaid with cello-
phane. Tissue used either for protoplast generation or inoculum
spotting was homogenized twice before use to obtain an entrained
and homogenous protonemal culture. All phenotypic analyses were
performed with tissue grown on BCD medium (Cove ez al., 2009).
Likewise, the tissue samples used for RNA extraction were grown
from single manual spot inocula for 14 d on BCD medium. For
bud counting, cultures were initiated by pipetting 5 pl fresh blendate
as described above into a regular array of 4 x 4 spots per 9 cm Petri
dish. Such cultures were incubated for 2 wk in standard growth con-
ditions and bud number was evaluated. Protoplast generation was
performed as described previously (Cove ez al., 2009). Gametogene-
sis and sporophyte culture were performed as described previously
(Perroud ez al, 2019). Antheridium and spermatozoid isolation
were performed as described previously (Meyberg er al, 2019)
between 21 to 30 d after juvenile gametophore transfer to 15°C,
with a photoperiod of 8 h: 16 h, light (20 pmols 1 m™") : dark.

Molecular procedures

Sequence information was obtained from publicly available
databases and nucleotide numberings are relative to the ATG start
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site in the Physcomitrella DEK1 gene sequence (Pp3cl7_
17550V3.1; Lang et al., 2018) unless otherwise stated. The DNA
oligonucleotides (Merck, Darmstadt, Germany) used in this study
are listed in the Supporting Information Table S1. If not men-
tioned otherwise, restriction enzymes and taq polymerases (OneTaq
for routine amplification, Q5 for reverse transcription (RT)-PCR)
were obtained from NEB (Ipswich, MA, USA) and used according
to the manufacturer’s specifications. Moss genomic DNA extrac-
tion for PCR diagnosis was as performed previously (Cove et al,
2009). The genomic DNA used for Southern blot procedures was
extracted with the Nucleon PhytoPure kit (GE Healthcare Life
Sciences, Marlborough, MA, USA) following the manufacturer’s
instructions. Moss total RNA extraction was performed with 14-d-
old plants grown on BCD medium using the RNeasy Plant Mini
Kit (Qiagen) following the manufacturer’s protocol. cDNA synthe-
sis was performed the SuperScript™ III Reverse Transcriptase
(Thermo-Fisher Scientific, Waltham, MA, USA) following the

manufacturer’s instructions.

Vector design and sequence assembly

The fluorescent protein gene insertion vector (pDEKI1-tomato-
insertion) comprises three segments: a 5’ sequence composed of
PpDEKI genomic sequence in which the tomato fluorescent
protein coding sequence has been inserted in the exon 23; a
hyromycin resistance cassette flanked with LoxP recognition
sequence; and a 3’ sequence composed of PpDEKI genomic
sequence (see Fig. 1a, yellow box, for schematic representation).

(a)

PpDEK1 10|552 11|562
: M - - -

(partial) 5.5 oa»

dek1-

tomato-

insertion P-3% P-1>

Research® 1031

The 5’ segment is formed of the nucleotide 10553-11561 of
PpDEK] genomic sequence plus, inserted at the position 11562,
the ORF of #dTomato without the stop codon (Shaner ez al,
2004) and the end of the exon 23 with a short section of the fol-
lowing intron (nucleotides 11563—11638). Additionally, this seg-
ment was flanked by the restriction enzymes Av/l and Xhol. The
3’ sequence was composed of nucleotides 11639—12646 of the
PpDEK] genomic sequence flanked by the restriction enzymes
Spel and Mlul. Each segment was cloned sequentially unto
pBHRH (Schaefer er al., 2010) using the restriction enzymes
flanking the 3’ and 5’ sequences to produce the transformation
vector pDEKI1-tomato-insertion. The fragment syntheses and
cloning were ordered and performed by GenScript (Piscataway,
NJ, USA). Before transformation, the vector was linearized using
the restriction enzymes Avrll and Mul.

The vector pArrow-DEK1° described previously in Johansen
et al. (2016) was used to generate the calpain null mutation. Prior
transformation, pArrow-DEKI1°® was cut with the restriction
enzymes Smal and Padl.

Moss transformation

Protoplast polyethylene glycol (PEG)-mediated transformation
was performed by the standard procedure described previously
(Cove et al., 2009) using either open linear DNA for stable trans-
formation or circular plasmid for transient transformation. Cre
recombinase transient expression was as performed previously
(Perroud & Quatrano, 2006; Trouiller ez al., 20006).

dek1-
tomatoint A— ==
P-3%» P> <P2 <P4
(b)
ug-\s.u i gp 2T 2

Fig. 1 Schematic representations of the dTomato insertion locus in the Physcomitrella patens genome before and after transformations (a) and of the
tagged Defective Kernel 1 protein DEK1-TOMATO™T (b). (a) Illustration of the wild-type (WT) and transformed loci leading to the establishment of dek7-
tomato™. Black bar, genomic sequence; grey boxes, exon sequences; red box, tdTomato sequence; blue box, 35S5:HPTII-CamVter resistance cassette
sequence; black arrowhead, pLox sites; yellow box, transformation vector pArrowf1insertion sequence. The dotted lines point to the vector insertion
between the WT locus and the primary transformant dek7-pArrowf1 as well as the elimination of the resistance cassette between the primary transformant

int

dek1-pArrowf1-1 and the final transformant dek7-tomato

upon Cre recombinase treatment. Arrows represents the primer position and orientation used

in the genotyping procedure. The bp values above the WT schematic indicate (respectively) the beginning of the insertion vector, the tdTomato insertion
site and the end of the transformation vector. (b) Schematic representation of the DEK1 -TOMATONT protein using Protter (Omasits et al., 2014). Orange
bar, plasma membrane; amino acid labelled in fuchsia, LOOP domain; Amino acid labelled in green, LG3 domain; Amino acid labelled in red, TOMATO

domain; Amino acid labelled in blue, Calpain domain.
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Southern blot analysis

Southern blot was performed as described previously (Perroud &
Quatrano, 2006) using 1 pg of genomic DNA per digestion.
Probes were synthesized with a PCR kit (Roche) according to the
manufacturer’s instructions. The locus-specific 5 targeting frag-
ment was used as a template for the primer pair P6-P7 to make
the 5’ probe. A locus-specific 3’ targeting fragment was used as a
template for the primer pair P8-P9 to make the 3’ probe. The
hygromycin probe was obtained by amplifying a hygromycin
coding fragment using the primer pair P10-P11 with empty
pBHRH vector as template. Finally, the dTomato probe was pro-
duced by amplifying a tdTomato partial fragment using the
primer pair P12-P13 using the tdTomato cDNA as template.
Probe hybridizations were performed successively with the same
membrane after stripping the previous probe as follows. The
membrane first was rinsed for 5 min in deionized water. Then,
the membrane was incubated in 0.5M NaOH+0.5 SDS at
37°C for 15 min twice. Finally, the membrane was neutralized in
1 x SCC for 20 min before starting the next hybridization cycle.

Spermatozoid staining

Spermatozoids were isolated from a mature antheridium as
described previously (Meyberg e al., 2019). They were dried
rapidly, fixed on a glass slide and subsequently stained with DAPI
before being mounted for microscopy observation.

Standard microscopy procedure

Routine tissue check and early phenotype analyses were per-
formed with an S8 APO binocular (Leica, Wetzlar, Germany).
Microscopic pictures were taken with an upright DM6000
equipped with a DFC295 camera (Leica). The LEICA APPLICATION
SUITE v.4.4 was used as acquisition tool. Subsequent image pro-
cessing (brightness and contrast adjustment) was performed with
Adobe PHOTOSHOP Suite.

Confocal microscopy procedure

All confocal microscopy acquisitions were performed using a
Leica TCS SP8X fitted with a pulsed white-light laser (commer-
cially, WLL) and both standard photomultiplier (PMT) detector
and HyD™ detector. Observation and image acquisition were
done using the Leica Application Suite X (LAS X) according to
the manufacturer’s instructions. For live imaging of dTomato
tagged protein, the excitation wavelength was set to 554 nm, and
the optimal excitation wavelength of the #/7Tomaro fluorophore
and the signal acquisition was performed between 578590 nm
using the HyD™ detector. Additionally the signal was gated
between 0.5 ns and 6 ns after the laser pulse. Chloroplast autoflu-
orescence was acquired using the same excitation wavelength with
an acquisition window between 660 and 710 nm using a standard
PMT. For all images, scan speed was set at 400 Hz (400 lines sh
at a resolution at 1024 x 1024 pixels and four lines averaging per
single image was used. Fixed DAPI stained images were taken
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using default DAPI settings using a 405 nm laser and a detection
range of 430-500 nm using a standard PMT. Post-acquisition
processing was performed using IMAGEJ1.52p (Rasband, 2018)
and assembled in PowerPoINT 2016.

Results

Dek1-tomato™ establishment and molecular
characterization.

Insertion of a fluorescent tag within a native locus can generate
unwanted phenotypes either due to the vector insertion or from
the tag itself (Ako ¢t al., 2017). In order to minimize this risk, we
adopted the two steps strategy used previously in partial gene
deletion in P. patens (Demko et al, 2014). The first step consists
of the insertion of the construct containing the fluorescent
marker and a selection cassette flanked with the pLox sequence
using a standard targeted transformation approach. In a second
step, the resistance cassette is removed using the transient expres-
sion of the Cre recombinase (Trouiller ez al., 2006) (Fig. 1a illus-
trates the three states). PEG-mediated protoplast
transformation (Cove et al., 2009) of the wild-type (WT) strain
using pDEK1-tomato-insertion vector (See Material and meth-
ods for vector building) yielded >60 plants (dekI-pArrowfls) dis-
playing a AdekI phenotype (i.e. multiple abortive buds; Perroud
et al., 2014). Upon successive genotyping for the loss of the WT
locus using the primer pair P-1/P-2, the presence of 5’ vector
insertion with the primer pair P-3/P-5 and the presence of the

locus

vector 3’ insertion with the primer pair P-4/P-6 and finally the
detection of a single copy of the insert using the primer pair P-3/
P-4, three transformants were found to contain a single insertion
at the locus. The observed Adekl phenotype indicated that the
construct insertion generated a null phenotype potentially caused
by the mis-splicing of the modified intron that contained the
resistance cassette, a phenomenon observed previously in
Physcomitrella (Demko et al., 2014; Johansen ez al., 2016; Ako
et al., 2017). To remove the resistance cassette, we subsequently
transiently expressed the Cre recombinase (Trouiller ez a/., 2000)
in protoplasts of the primary transformant dekI-pArrowfI-1 con-
taining a single insert at the locus. Fifty percent of the picked
protoplasts regenerated into plants forming WT-looking game-
tophores. As predicted by the treatment with Cre recombinase,
such gametophore-bearing plants lost hygromycin resistance, too
(Fig. S1). Three independent plants were picked randomly and
submitted to Southern blot analysis (Fig. S2). They all displayed
patterns consistent with the loss of the resistant marker and the
presence of a single 7dTomato sequence at the proper genomic
locus. Transformant #1 was chosen and will be referred to as
dekI-tomare™  hereafter. The predicted protein DEKI-
TOMATO™T produced in this transgenic strain is illustrated in
Fig. 1(b).

Dek1-tomato™ impacts upon the P. patens life cycle

We followed DekI-tomato™ development from regenerating pro-
tonema to sporophyte development. Undl 14d of growth on
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BCD medium, dekl-tomato™ was indistinguishable from the
WT strain. The protonema differentiates into caulonemal and
chloronemal cells and at this time point the number of buds per
filament of 15 cells is 1, similar to the WT strain (Fig. S3) and
significantly lower than all known Ppdekl mutants (Johansen
et al., 2016). The growing gametophores develop in a similar way
to the WT strain and do not show any of the aberrant growth
observed with deletion or insertion in other domains of the
PpDEK] gene (Johansen ez al., 2016). We performed sporophyte
induction as described previously (Perroud ez 4/, 2019) and ana-
lyzed gametantgia development during the fourth week of induc-
tive treatment. No obvious morphological defect was detectable,
and both archegonia and antheridia appeared to reach maturity
(Fig. S4). The opening of the neck took place in the mature
archegonium, similar to the WT (Fig. S4c-h), and the spermato-
zoids were released from the antheridia. However, we did not
detect any sporophyte in five independent trials, either at normal
procedure time (after 5wk of culture in cold conditions), nor
after extended culture growth (after 10 and 15 wk of extended
culture). In order to evaluate the female fertility of dekl-
tomato™, we co-cultivated it in the presence of Vx-red and Re-
mCherry, two efficient Physcomitrella male strains (Perroud ez al.,
2011, 2019). In both cases dekI-tomato™ remained sporophyte-
less, indicating that this specific tagging of DEK1 has an effect on

the ferdility of the female germ line, or on activation of the zygote

int

program. When isolated (Meyberg er al., 2019), dekl-tomato

and Gransden spermatozoids did not show any significant mor-
phological differences (Fig. S5). However, the partially developed
spermatozoid appeared more numerous than in the WT strain,
potentially indicating that the fluorescent tag may negatively
affect spermatogenesis. Testing for male fertility is more challeng-
ing, but the recent establishment of a male-specific sterile mutant
ccde39, without other apparent defects (Meyberg ez al., 2019),
allowed us to test dekl-tomato™ for male fertility. To this effect,
we performed a standard crossing assay between dekl-tomato™
and ccdc39 in parallel with the control cross Gransden and
ccde39. Here, no sporophytes were observed in ccde39 with dek1-
tomato™ as the male donor, whereas the control cross trial with
Gransden yielded sporophyte on ccdc39, both with standard
experimental and extended time frames. We conclude that the
dek 1-tomato™ spermatozoids were not able to fertilize the ccdc39
egg cell and hence the tagged Dekl affects the male germ line.
Taken together, these sporulation assays suggest that the tag pre-

int

sent in dekl-tomato™ induces sterility in the male and female

gamete proper development or during the fertilization event.

DEK1-TOMATO'™T displays a strong subcellular polar
distribution from the onset of 3D gametophytic
establishment

Dek1-tomato™ did not display any signal stronger than back-
ground fluorescence using fluorescent microscopy or standard

Fig. 2 Tagged Defective Kernel 1 protein DEK1-TOMATO'™T is detected at the interface of the first bud cell division in Physcomitrella patens. Two-celled
bud view perpendicular to (a—c) and facing (d-f) the cell wall separating the two cells: (a, d) DEK1 -TOMATONT specific fluorescent signal; (b, e)
Chlorophyll auto-fluorescence specific signal. (c, f) Merged picture with both fluorescent signals. Bars, 20 pm.
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confocal scanning electron microscopy (SEM) techniques.
Hence, to detect DEK1-TOMATO™" signal, we used confocal
microscopy associated with a time-gating approach (Kodama,
2016) (see the ‘Materials and Methods’ section for specific
parameters). The protonemal tissue (2D growing tissue) did not
display any signal, but the first bud cell division (transitional tis-
sue between 2D and 3D growth) showed a low but specific signal
(Fig. 2). DEKI-TOMATO™? was detectable at the interface
separating the first two cells of the Physcomitrella bud. The signal
accumulation in the outward face of the two cells was either
below the detection limit or absent, but the difference between
the two daughter cell faces (adjacent and outward) demonstrates

New
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a strong polarity distribution of DEK1-TOMATO™? in early
bud cells. During the subsequent bud cell divisions (Fig. S6), the
same signal distribution was observed at each interface of new
bud cells. By contrast, faces of the same cells not adjacent to their
sister cell continued to be devoid of the above background fluo-
rescent signal. Once the gametophore proper started to develop
further (e.g. when phyllids (nonvascular leaves) were morphologi-
cally identifiable), a similar signal distribution was observed with
a relatively stronger intensity (Fig. 3a—c). This signal remained
homogenous during the initial phyllid growth stage (Fig. 3d—f).
During this growth phase, the overall higher signal strength
allowed the confirmation of a very weak signal in noncontiguous

Fig. 3 Tagged Defective Kernel 1 protein DEK1-TOMATO™T localizes at the interface of all growing cells in bud and young phyllids in Physcomitrella
patens. (a—c) Phyllid cells display a strong asymmetrical DEK1-TOMATO™T fluorescent signal as soon as they are formed in very early gametophores. (df)
Phyllid cells display a strong asymmetrical DEK1-TOMATO'™T fluorescent signal during phyllid formation. (g-i) The signal is easily detectable at the
interface of all cells but is low in the cell faces not in contact with their neighbouring cells. White arrows pointing to cell faces at the edge of the phyllid
show very low signal accumulation. (a, d, g) DEK1-TOMATO™T specific fluorescent signal. (b, e, h) Chlorophyll auto-fluorescence specific signal. (c, f, i)

Merged picture with both fluorescent signals. Bars, 20 um.
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cell faces in this tissue (Fig. 3g—i). Additionally, the signal in this
tissue confirmed the plasma membrane DEKI localization. As
the plasma membrane retracts upon osmolyte treatment, the sig-
nal strength drops rapidly and the remaining signal stays associ-
ated with the plasma membrane leaving a cell wall free of
fluorescent signal (Fig. S7).

DEK1-TOMATO™T detection is associated specifically with
developing tissue

As the phyllid grew, the DEKI-TOMATO™ polarized signal
displayed a decreasing gradient from the base of the phyllid
where cells are still dividing and elongating actively, to the tips of
the phyllid where cells have a reduced overall growth activity
(Fig. 4a—c). When the phyllid has fully developed, when it
reached its maximum size, regardless of its position on the game-
tophore, the polarized signal disappeared completely to a diffuse
signal indistinguishable from the background (Fig. S8). The
DEK1-TOMATO™" asymmetrical cell distribution and its
organ developmental pattern (the clear signal in actively growing
cell, and the loss of the signal in cells of mature organ) also were
observed during gametangia development. Both developing
archegonia (Fig. Se—f) and developing antheridia (Fig. 5j-1) cells
displayed similar strong asymmetrical signal distribution
observed in phyllid cells. In the case of the archegonia, this signal
vanished completely at the opening of the fertilization (neck)
canal (Fig. 5g-1). Male gamete development leads to the forma-
tion of the single-celled motile spermatozoid in which the
DEK1-TOMATO™T signal is different. During the growing
antheridium phase, the DEK1-TOMATO™T signal initially was
similar to the other gametophytic tissues: a polar accumulation at
the interface of two divided cells. But as spermatozoid differentia-
tion started, DEKI-TOMATO™' disappeared from the
antheridium jacket cells and a strong signal was detectable in the
developing spermatozoid (Fig. 5m—o). As spermatogenesis was
initiated, the DEK1-TOMATO™T signal was first observable as
a large dot when the antheridium reaches the developmental stage
7 (Landberg er al., 2013) and remained strong as the spermato-
zoid differentiated into their final fasciculate shape, during stages
8 and 9 of antheridium development (Figs 5m—o, S9). Upon

spermatozoid release in water the signal vanished rapidly.

PpDEK1 does not require an active calpain to localize at the
initial cell bud division

In order to evaluate the importance of the calpain activity in the
localization of DEKI, we generated the specific single-codon
replacement mutant dekI° (Johansen er al., 2016) in the dekI-
tomaro™ background. This mutation is situated in the active site
of the DEK1-Calpain domain where the Cys-1782 is replaced by
a Ser, produces a Adekl null phenotype, but leaves a mutated full
transcript in the plant. Dekl-tomato™/dekI® was established by
transforming the dekI-tomato™ strain with the vector pArrow-
DEKI1° (Fig. S10) as performed previously (Johansen er al,
2016). The Dekl-tomato™ protoplast yield and appearance were
similar to those of WT origin and the transformation yielded
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Fig. 4 Tagged Defective Kernel 1 protein DEK1-TOMATO™T polarized
signal fades away as phyllid cells of Physcomitrella patens reach maximum
size. At the base of both phyllids a strong signal is observed in all cells as
they divide and elongate. The polarized signal is easily detectable up to the
tip of left (younger and shorter phyllid) (*) and already is totally diffuse at
the tip of the older and larger phyllid (**). (a) DEK1-TOMATO™T specific
fluorescent signal. (b) Chlorophyll auto-fluorescence specific signal. (c)
Merged picture with both fluorescent signals. Bars, 10 um.

muldple transformants displaying the previously observed dekI°
(abortive buds). The PCR genotyping performed on three such
transformants using primers designed outside of the targeted
locus confirmed the 5 and 3’ proper insertion of the vector
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Fig. 5 Tagged Defective Kernel 1 protein DEK1-TOMATO'™T during gametangia development of Physcomitrella patens. (a—c) The developing
archegonium (female gametangium) is displaying DEK1-TOMATO'™T signal at the interface of dividing cell. Bars, 10 um. (d—f) Mature archegonium
(fertilization canal opened) is displaying a very low diffuse DEK1-TOMATO™ signal. Bars, 50 um. (g-i) A developing antheridium (male gametangium) is
displaying DEK1-TOMATO™T signal at the interface of dividing cell. Bars, 20 um. (j-I): In closed mature antheridium before spermatozoid release the
DEK1-TOMATO'™T polarized signal in the antheridial jacket is almost gone but a strong signal is present in individual spermatozoids. For comparison, see
the DEK1-TOMATO™T in the edge of a young phyllid on the right side of the image. Bars, 20 um. (a, d, g, j) DEK1-TOMATO'T specific fluorescent signal.
(b, €, h, k) Chlorophyll auto-fluorescence specific signal. (c, f, i, ) Merged picture with both fluorescent signals.

(Fig. S10b). Furthermore, sequencing of the RT-PCR fragment
performed on the three transformants confirmed the presence of
the mutated site in the transcript (Figs S11a,b, S12). Transfor-
mant #2 was chosen as representative strain and is referred to
hereafter as dekl-tomatoi”’/dek1°. A final RT-PCR performed
with a primer pair flanking the #/Tomato sequence confirmed the
presence of the fluorophore sequence in dek 1-tomato™ /dek 1°
DekI transcript (Fig. S11c). In addition to the absence of devel-
oping leafy gametophore of dekI-tomato™/dek1°, the comparison
between the WT strain, dekI-tomatoi” and dekI-tomato™/dek1°
confirmed the overabundance of budding events in dekl-
tomato™/ dek1°, as observed previously in Adekl and dekl® (Per-
roud et al., 2014; Johansen er al., 2016) (Fig. S3). The DEK1-
TOMATO™? fluorescent signal in dekl-tomato™]dek1° emerg-
ing two-celled bud, observed between 7 and 9d after culture
inoculation, displayed a low signal similar to that detected in
dek1-tomato™ (Fig. 6a—c) indicating that if the codon change
generated abortive gametophores, it did not affect the DEK1
localization upon bud initiation. In older buds observed between
10 and 14d post-inoculation, the signal was still detectable

New Phytologist (2020) 226: 1029-1041
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between the most recently divided cells but appeared to fade in
the oldest cells of the bud (Fig. 6d—f). Additionally, some multi-
celled buds observed at the same time point completely lost the
polarized signal (Fig. 6g—i). Overall, the signal seems present
between recently divided bud cells but vanishes as the bud under-
goes mitotic arrest. Apparently, an active calpain is not necessary
to localize DEK1 at the interface of the first bud cell division, but
is required for the maintenance of such signal and the further
establishment of the gametophore.

Discussion

The detection of Defective Kernel 1 (DEK1) using fluorescent
protein tagging in a native expression context was successful and
revealed two main notable distribution features in 3D developing
tissue. DEK1 displays a strong polarized subcellular distribution
in cells of 3D developing tissues (Fig. 3) and shows a specific
developmental pattern linked to tissue growth both in terms of
cell division and cell elongation (Figs 4, 5). Localization of the
tagged Defective Kernel 1 protein DEK1-TOMATO™ at the
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Fig. 6 Tagged Defective Kernel 1 protein DEK1-TOMATO™ signal is detected in dek?-tomato™/dek1° Physcomitrella patens plant. (a—c) A two-celled
bud displays DEK1-TOMATO™T signal at the interface of divided cell. (d—f) A five-celled bud displays DEK1-TOMATO'™T signal at the interface of recently
divided cells, whereas older cells display a reduced DEK1-TOMATO™ signal. (g—i) A five-celled bud displays no detectable DEK1-TOMATO'™ signal. (a,
d, g) DEK1 -TOMATO'NT specific fluorescent signal. (b, e, h) Chlorophyll auto-fluorescence specific signal. (c, f, i) Merged picture with both fluorescent
signals. Bars, 20 um.
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plasma membrane matches both the structural prediction based
on the primary amino acid sequence (Lid ez 4/, 2002) and the
previous detection in Arabidopsis (Johnson ez al., 2008) and in
Physcomitrella (Perroud et al., 2014). However, its asymmetrical
localization at the face of recently divided cells of 3D tissue is
new and can probably only be observed due to the sensitive in
locus tagging approach used here.

A polarized signal is in accordance with the functional model
(Tian ez al., 2007; Gruis et al., 2006), which proposes that DEK1
is responsible for the perception of tissue boundaries in land
plants. In the relatively simple gametophores model system, con-
tiguous cell sides are considered as the inner side of the tissue with
all cell sides free of cell contact being the outer side. DEK1 detec-
tion at the interface of cells rather than at the outside indicates that
DEKI1 function could be the integration of neighbouring cell pres-
ence as primary cue, rather than perceiving the outer boundary of
a tissue per se. In a second step, the cell could interpret the polar-
ization (or lack thereof for internal cells) directly through calpain
activity and its interaction with other proteins to trigger specific
developmental steps. The inidal DEK1 localization could be
developmental by nature: once the bud developmental program is
initiated, the DEKI is targeted and stabilized at the cell plate dur-
ing mitosis, where its accumulation leads to the observed signal.
The question which arises then is: What conveys DEK1 localiza-
tion at the interface of the two dividing cell in developing 3D tis-
sue? We show clearly that calpain activity is not necessary to
initiate DEK1 localization (Fig. 6) and furthermore the successful
complementation experiments with solely the calpain domain
(Johnson ez al., 2008; Johansen ¢t al., 2016) indicate that calpain
polarity is not necessary to fulfill activated calpain domain func-
tion. Hence the polarity factor lies most likely in the DEK1-MEM
(membrane) domain. One or multiple external MEM subdomains
linking its many transmembrane spans could act as linker(s) to
parietal compounds present at cell plate deposition. The effect of
deletion of the largest Loop domain (Demko ez al., 2014) pleads
for a complex interaction, as in this case, in which the bud devel-
opment is not arrested but the development of the phyllid is.
Alternatively, DEK1 localization could be triggered actively
through local mechanisms such as mechanosensing (Tran ez 4/,
2017). DEK1 would perceive the difference between the mechani-
cal properties in the outer cell wall and the intercalary cell wall,
and accumulate only in the latter. Another potential local variable
that DEK1 could integrate is the differential solute composition
and/or concentration between apoplast and outer boundary tissue
limit. The recently isolated Nucleolar G-protein 70g/ mutant
(Moody ez al., 2018) may give a clue for a nonexclusive alternative
to explain DEK1 polarity distribution: targeted protein degrada-
tion. NogI phenotype displays abortive buds identical to those of
Adek1, and similar to the complementation of Adekl by cDNA
overexpression (Perroud ez al., 2014) shows overall reduction (or a
delay) of bud initiation events (Moody ez al, 2018). In a similar
way to DEKI, the specific structure of NOG1 protein is highly
conserved in land plants and its transcript is present in all observed
tissues (Moody ez al., 2018). The protein NOG1 contains a well-
defined ubiquitin domain that targets bound proteins to the 26S
proteasome for degradation that led to a multi-target indirect
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protein degradation model to explain the effect of NOG1 muta-
tion in Physcomitrella (Moody et al., 2018). Retaining the NOG1
protein degradation hypothesis, a direct interaction model
between DEK1 and NOGI1 could explain the observed DEK1
polarity and its effect on bud formation. When DEKI is associ-
ated with the recently divided cell wall it is protected from the
PpNOG!1-mediated degradation process, as any DEK1 delivered
to the outer cell wall domain will be targeted for degradation, lead-
ing to the polar DEK1-TOMATO™ signal that we observe. The
DEKI1 polarity observed is thus necessary for bud development
not only through the regulation of DEK1-calpain activity, but also
to control the MEM-DEKI1 domain abundance as its overexpres-
sion alone leads to aberrant plant development (Tian ez al., 2007).
As cells elongate and age in the developing tissue, the protection
initially conferred at cell division is reduced and ultimately goes
away, and DEK1 become target of the degradation process that
leads to the observed DEK1-TOMATO™ signal developmental
pattern. This model of the interaction between DEK1 and NOG1
also would explain the bud number change observed in the pro-
tonema with their respective mutants. The absence of NOGI1
would increase DEK1 abundance that results in observed reduced
number of bud initiation (Moody ez /., 2018), the opposite phe-
notype observed in Adekl where the over-budding is detected.
Concordantly, the complementation of AdekI by its cDNA over-
expression (Perroud e al., 2014) displays a delayed gametophore
initiation and development. Such cell polarity maintenance
through modulation of protein degradation is a phenomenon
observed in other eukaryotic organisms (Bérquez & Gonzilez-Bil-
lault, 2011). For example, in zebrafish the protein Retinitis Pig-
mentosa GTPase Regulator-Interacting Protein 1-like prevents
dishevelled degradation and maintains planar polarity (Mahuzier
et al, 2012) and in mammalian epithelial cells, the serine/thre-
onine kinase salt induciblekinase 1-mediated targeting of the
polarity determinant like-polarity complex protein 3 leads to pro-
tein degradation and cell polarity loss (Vanlandewijck ez al,
2018).

In the dekI° background, DEK1-TOMATO™ localizes prop-
erly at the onset of the bud formation but the signal fades within
three to five days leading to an arrested bud. The observation of
DEK1-TOMATO™ signal reduction over time either with tissue
development in dekI-tomato™ where mature tissue does not dis-
play any signal or at bud arrest in dekI-tomato™"/dek1°, underli-
nes the link between DEKT1 and the cell cycle. In both cases, next
to no cell divisions are observed, but the tissue remains viable for
an extended period of time. Indeed, not only are mature phyllids
still photosynthetically active, a function necessary for future
sporophyte development (Regmi er al, 2017), but also their
developmental program can be redirected toward protonemal
faith upon wounding signal for example (Ishikawa ez /., 2011), a
tissue that does not require DEK1 for it growth.

The DEK1-TOMATO™ subcellular localization and develop-
mental pattern distribution are reminiscent of the PIN-
FORMED (PIN) proteins, well-described auxin efflux carriers
(Bennett, 2015), in the gametophore. Immunolocalization of
PINA and PINB in young phyllids revealed a similar polarized
signal, with the signal essentially detected at the interface of cell,
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leaving the outer cell face free of signal (Bennett ez a/., 2014). In
vivo detection of the same proteins using green fluorescent pro-
tein (GFP) fusion tagging depicted a similar picture but revealed
difference with DEK1-TOMATO™ (Viaene et al, 2014). First,
the signal for these proteins was detected at high leveld in pro-
tonema filamentd, in which DEKI is not observed. However,
PINSs are absent from early buds and only become apparent after
the initiation of phyllid development. In phyllids the develop-
mental signal is divergent: as DEK1 vanished as soon as phyllid
maximum cell size was achieved, PINA or PINB remained visible
in adult phyllids for longer time. Additionally signal polarity
appeared to be lost near the base of the phyllid, even as the PIN
signal remains detectable at the plasma membrane. It is of note
that even if the double knockout (KO) of these genes affects phyl-
lid morphological development, this mutant remains fertile
notwithstanding that sporophyte development is strongly affected
(Bennett et al., 2014; Viaene et al., 2014). Unfortunately the
triple KO PpPINABC is apparently lethal as no viable dissue
could be recovered, so the potential impact of the absence of
plasma membrane PIN on 3D growth could not be evaluated
(Viaene ez al., 2014). In any case the similar co-occurrence of
DEKI1 and PINs indicates a potential common function in 3D
growth establishment that would directly link DEK1 to auxin-
controlled growth mechanisms. Alternatively, both protein types
may use similar cues to localize during gametophore develop-
ment. Other membrane-bound proteins such as PpCLAVATA
and PpRPK2 recently have been shown to be involved in game-
tophore development (Whitewoods ez al., 2018). Their exact cel-
lular localization remains unknown and their mutations lead to
clear meristematic activity disorganization in gametophore, mir-
roring their meristem maintenance function in angiosperms. But
phyllid development remains present in their mutants, suggesting
that their biological function is downstream of DEK1. However,
they could interact with DEK1 at the plasma membrane to per-
form their developmental function.

The detection of DEKI-tomato™ in the male germ line during
spermatogenesis is novel in plants. However, the presence of cal-
pain in mammals in sperm/testis is well-described. Multiple cal-
pains are present during this developmental phase as well as in
fully formed sperm cells (Schollmeyer, 1986; Macqueen & Wil-
cox, 2014). Additionally, one classical calpain, CAP11 appears to
be expressed and accumulated specifically during spermatogenesis
in spermatozoids in human and mouse testes (Dear ez al., 1999;
Ben-Aharon ez al., 2006). Involvement of calpains in cytoskele-
ton rearrangement during sperm cell development (Ben-Aharon
et al., 2006), in acrosome function (Schollmeyer, 1986), as well
as during fertilization events (Rojas & Moretti-Rojas, 2000) have
been proposed for these calpains, although they remain to be
demonstrated. Calpains also have been associated with protozoan
motile cells, such as CALP1.3 with flagellum of Trypanosoma
brucei (Liu et al., 2010). DEK1 could be the bearer of such func-
tions in land plant motile gametes. In plants, there is no reason
to postulate a different DEKI molecular activity function be-
tween spermatozoids and gametophore cells. But, the biological
context, the differentiation of a unicellular cell motile type by
opposition to the 3D gametophore growth, suggests that the
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signal DEK1 perceives as well as the downstream regulatory net-
work it influences may be different. At the phenotypic level, the
strong signal during spermatogenesis may hint at the cause of the
male sterility observed in crossing trial. We ruled out that the
absence of a sporophyte could be attributed to the well-docu-
mented low male fertility of the Gransden strain in general (Per-
roud et al., 2011, 2019; Landberg ez al., 2013; Ashton & Raju,
2014; Hiss et al., 2017; Meyberg et al., 2019). However, it is pos-
sible that vegetative amplification of dekI-tomato™ for several
years led to a sterility problem. Future investigation in fully fertile
background Physcomitrella ecotypes such as Villersexel (Perroud
et al., 2011) or Reute (Hiss ez al., 2017) may help refine these
observations. However, the presence of the tag in the protein
may be causing this spermatozoid sterility. The observed signal
may reflect a specific function in spermatogenesis that the tag
deregulates by stabilizing or destabilizing the DEK1 protein in
this context, as cellular processes in general can be potendially
affected by a fluorescent tag presence (Weill er al, 2019; Ansari
et al., 2016). Why dekI-tomaro™ displays such a sterility defect
remains an open question as it could be attributed to female and/
or male gametogenesis or potentially to the fertilization event.
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