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for gametophore patterning in Physcomitrella patens
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Abstract

DEK1 of higher plants plays an essential role in position dependent signaling
and consists of a large transmembrane domain (MEM) linked to a protease catalytic
domain (CysPc) and a regulatory domain (C2L). Here we show that the postulated
sensory Loop of the MEM domain plays an important role in the developmental
regulation of DEK1 activity in the moss Physcomitrella patens. Compared with P.
patens lacking DEK1 (Adekl), the dek1Aloop mutant correctly positions the division
plane in the bud apical cell. In contrast to an early developmental arrest of Adekl
buds, dek1Aloop develops aberrant gametophores lacking expanded phyllids resulting
from mis-regulation of mitotic activity. In contrast to the highly conserved sequence
of the catalytic CysPc domain, the Loop is highly variable in land plants.
Functionally, the sequence from Marchantia polymorpha fully complements the
dek1Aloop phenotype, whereas sequences from Zea mays and Arabidopsis thaliana
give phenotypes with retarded growth and affected phyllid development. New
bioinformatic analysis identifies MEM as a member of the Mgor Facilitator
Superfamily, membrane transporters reacting to stimuli from the externa
environment. Transcriptome analysis comparing WT and Adekl tissues identifies an
effect on two groups of transcripts connected to dekl mutant phenotypes, i.e.
transcripts related to cell wall remodeling and regulation of the APB2 and APB3
transcription factors known to regulate bud initiation. Finaly, new sequence data
support the hypothesis that the advanced charophyte algae that evolved into ancestral
land plants lost cytosolic calpains, retaining DEK 1 as the sole calpain in the evolving

land plant lineage.
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A novel principle introduced in body patterning of early land plants, evolving
from green algae related to charophytes 470-450 million years ago, was the ability to
control growth in three dimensions (Graham et al, 2000; Pires and Dolan, 2012). The
earliest multicellular forms of charophytes resembled Klebsormidiales, which form
unbranched filaments with cells dividing by centripetal furrowing. Later, within
Charales, Coleochaetales and Zygnematales, cell plate expansion was facilitated by
phragmoplast (Leliaert et al., 2012). The ability to orient cell division in two cutting
faces contributed to the formation of branched filaments and a more complex stem-
like or discoid thallus. Finally, three-dimensional body patterning evolved within the
early diverging land plants represented by bryophytes, displaying apical meristematic
cells capable of dividing in three or more cutting faces (Graham et al., 2000).
Subsequent evolution of multicellular apical meristems facilitated an increased
morphological complexity in seed plants. Precise determination of division plane
became critical for asymmetric cell divisons that drive plant morphogenesis (De
Smet and Beeckman, 2011). An asymmetric cell division is tightly linked to
differential cell fate establishment and several molecular players have been identified
which play arole in these processes in land plants. These include transcription factors
(e.g. WOX family, ATML1, PDF2, GRAS family) (reviewed in Lau et al., 2012),
microtubule-associated proteins (e.g. TANGLED1, CLASP, MAPG5) (reviewed in
Miller et a., 2009), protein phosphatases (e.g. PP2A complex) (Spinner et a., 2013),
protein kinases (e.g. CLAVATAL, CRINKLY4), proteins involved in vesicular
trafficking and hormonal signaling (e.g. GNOM, PIN carriers) and others (reviewed in
De Smet et al., 2009; De Smet and Beeckman, 2011). In all current models for the
regulation of plant body patterning facilitated by coordinated cell divisions, an
upstream-acting mechanism that detects interprets and transmits positional
information (external, mechanical and intrinsic) triggering the down-stream events

remains unknown.

We previously proposed DEK1 as a candidate protein for sensing and
signaling surface cell position in land plants based on its predicted structure as well as
genetics and evolutionary data (Tian et al., 2007; Liang et a., 2013). DEK1 consists
of a multi-(21)-spanning transmembrane domain, DEK1 MEM (MEM), interrupted
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by a suggested “sensor’-DEK 1 Loop (Loop) and a C-terminal calpain protease DEK 1
CysPc-C2L (CysPc-C2L) connected to MEM by the DEK1 Arm (Arm) segment (Lid
et a., 2002). Depending on the computer algorithms used, the Loop is predicted to be
extracellular (Lid et al, 2002) or cytosolic (Kumar et al., 2010). Neither the 3D
structure of DEK 1, nor the specific function of MEM or Arm is known. The emerging
model for DEK1 function holds that the CysPc-C2L domains, encoding a calpain-like
cysteine proteinase, is released from its inhibitory state by activation of MEM,
resulting in autocatalytic cleavage of CysPc-C2L mediated by the Arm (Tian et al.,
2007, Johnson et al., 2008). Confirmation of CysPc-C2L as the effector molecule has
come from the observation that the dekl mutant phenotypes of A. thaliana and P.
patens can be fully complemented by expression of the CysPc-C2L domain alone
(Johnson et a., 2008; Perroud et d., 2014) if certain conditions are met. These
conditions include expression under a promoter with sufficiently high activity during
early embryogenesis and a ubiquitous pattern of expression throughout the
development, as pRPSHA (Johnson et a., 2008). In addition, when pRPSBA is used to
express CysPc-C2L, there appears to be a narrow window of transgene expression for
full complementation to occur (Johnson et al., 2008). Deviation from these conditions,
e.g. expression under the control of the 35S promoter in A. thaliana or overexpression
of the CysPc-C2L under the control of pRPSBA introduces a range of new phenotypes
affecting organ development globally (Lid et al., 2005; Johnson et al., 2008). In the P.
patens Adekl mutant complemented with the CysPc-C2L driven by the native DEK1
promoter or with full-length DEK1 cDNA driven by 2x35S promoter, phenotypes
ranging from WT-like to stunted plants develop (Perroud et al., 2014). These
observations all point to an important role for MEM and Arm in the proper regulation
of CysPc-C2L activity during plant development. This conclusion is further supported
by the observation that overexpression of MEM in A. thaliana causes a dominant
negative phenotype, mimicking the phenotypes of 35S-DEK1 RNA.i lines (Tian et al.,
2007).

Requirement of DEK1 for surface position-dependent aeurone cell fate
specification and maintenance as well as normal embryogenesis was shown in maize
(Lid et al., 2002). The involvement of DEK1 in three-dimensiona body plan
transition of early land plants is further supported by the phenotype of the DEK1
deletion mutant in P. patens (Perroud et a., 2014). In this mutant, the development of
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protonemata, filamentous cells growing by polar tip growth, is not affected, whereas
the transition to the three-dimensional growth of the gamethophore is severely
affected in its ability to reorient the division plane in the bud apica cell
perpendicularly to the first asymmetric division of the bud initia (Perroud et al.,
2014). This phenotype is highly reminiscent of the dekl embryo phenotype of A.
thaliana, where the first asymmetric division of the zygote, similarly to P. patens bud
initial, gives rise to the cytoplasm-rich apical cell and a vacuolated basal cell. After
the correct zygote division, subsequent cell divisions fail to occur in the oriented
manner specified in wild-type embryos and as a consequence, the protoderm (the
outermost cell layer of the globular embryo) fails to develop (Johnson et al., 2005; Lid
et al., 2005). We interpret these data to suggest that the basic function of DEK1 in cell
division plane orientation is conserved between mosses, one of the earliest diverging

lineages of land plants, and angiosperms.

DEK1 is a member of one of four ancestral calpain variants that were
established in the early evolution of eukaryotes, TML-calpains, in which the CysPc-
C2L domains are attached to multi-spanning transmembrane anchors (Zhao et al.,
2012). The other ancient calpains consisted either of CysPc aone, or CysPc attached
to other domains (Zhao et a., 2012). Among modern calpains, the so-called classical
calpains in humans are the most intensively studied, with the domain structure Nter-
CysPc-C2L-PEF (Ono and Sorimachi, 2012). Our working hypothesis is that DEK1
assumed a novel role in positional signaling during land plant evolution, contributing
to the ability of land plants to develop three-dimensional organs. This hypothesis is
supported by several lines of circumstantia evidence, including the highly conserved
sequence and function of DEK1 in land plants, forming a separate clade among the
land-plants (Zhao et a., 2012, Liang 2013). Recently, we showed that the CysPc-C2L
calpain moiety of DEK1 from the moss P. patens is capable of complementing the A.
thaliana dek1-3 mutant (Liang et al., 2013), representing a functional conservation
that spans about 450 million years of evolutionary time (Kenrick and Crane, 1997). In
contrast, the CysPc-C2L domains of the unicellular alga Mesostigma viride, the
earliest diverging lineage of charophyte algae, do not complement the A. thaliana
dekl mutant (Liang et a., 2013). Importantly, the appearance of the DEK1-clade
during land plant evolution coincides with the establishment of three-dimensional
growth habit of land plants, whereas members of the chlorophytes that display
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unicellular or planar body plans lost TML-calpains, but retained multiple cytosolic
capans (Zhao et a., 2012; Liang et a., 2013). The exact point in time during

charophyte evolution when only DEK 1-calpains were retained is unknown.

In this paper we continue to explore the separate DEK 1-domains, focusing on
the Loop region. First, using homologous recombination, we create a P. patens Loop
deletion mutant, dek11loop. Based on phylogenetic analysis of Loop sequences from
Charophyta and land plant species we use Loop coding regions from Marchantia
polymorpha, Zea mays and A. thaliana to complement the dekl4loop mutant in P.
patens in order to study the functional conservation of Loop sequences from land
plants. Bioinformatics analysis is used to re-examine the structure of DEK1 MEM in
order to identify homologous proteins or protein domains that help elucidating the
MEM function. Next, in order to develop a better understanding of the global role of
DEK1, we use RNAseq differential expression analysis to study the effect of DEK1
on the transcriptome of P. patens by comparing WT and A4dekl protonemata before
and after bud initiation. Finally, we use novel data to identify the last charophycean
species of green algae that possessed multiple calpain forms before retention of DEK1

asthesingle calpain of land plants.

Results
The DEK 1 Loop of land plantsis highly divergent from its algae counter parts.

The transmembrane domain of PpDEK1 is interrupted by a ~300 amino acid
residue Loop segment located between the 9" and 10" transmembrane segment
(TMS) (Fg. 1A, Supplemental Fig. S1A). To anayze the degree of sequence
conservation, we aligned the Loop sequence of 60 DEK1 proteins, including the
sequences from three charophyte algae species (Supplemental Table S1). This
analysis revealed that the algae Loop sequences are highly divergent from each other
and from the corresponding land plant sequences, preventing meaningful alignments
(data not shown). To further investigate whether any local similarity in the Loop
exists, we carried out pairwise comparisons between the different algae and P. patens
Loop sequences using the exact Smith-Waterman algorithm (EMBOSS Water). Only
the N-terminal end of the charophyte algae Loop sequences align with significant

Downloaded from www.plantphysiol.org on September 5, 2014 - Published by www.plant.org
Copyright © 2014 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

© 00 N o u b~ w

10
11
12
13
14

15
16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

expect (E) values to the P. patens Loop, but with low similarity scores (< 20%) (data

not shown).

Next, we investigated the phylogenetic relationship among land plant Loop
sequences. This analysis grouped the sequences into the major clusters corresponding
to bryophytes, lycophytes, monocots and dicots (Fig. 1B). A pairwise sequence
comparison of the Loop sequences shows that the amino acid identity decreases with
evolutionary distance; the sequence identity between A. thaliana and P. patens being
38% (Supplemental Fig. S1B). As portrayed by the sequence logo representation of
the alignment (Supplemental Fig. S1C), the N- and C-terminal ends of Loop are
highly conserved with a more divergent middle part. In the conserved regions, blocks
of conserved amino acids, single amino acid positions with conservative substitutions
within the Loop are identified. Using the consensus sequences from each group
alignment we performed a new alignment identifying the fully conserved positions in

the Loop sequences (Fig. 1C).

The DEK1 MEM shows homology to Major Facilitator Superfamily of

membr ane transporters.

In spite of the fact that DEK1 was discovered more than a decade ago,
similarity of the MEM domain to proteins in existing databases that could hint to a
function has remained elusive. In addition, computer modeling of MEM has given
inconsistent results both with respect to the number of TMS (21 vs. 23) and the
position of the Loop (intracellular vs. extracellular) (Lid et al., 2002; Kumar et al.,
2010). Here, we present areanalysis of MEM from A. thaliana, Z. mays and P. patens
using TMHMM (Krogh et a., 2001), SPOCTOPUS (Viklund et. a., 2008),
TOPCONS (Bernsel et al., 2009), PHOBIUS (K&l et a., 2004) and HMMTOP
(Tusnady & Simon, 1998). This analysis consistently locates the Loop intracellularly
in al species (Fig. 1D) and predicts 23 TMSs located N-terminally to the predicted
Arm segment (Supplemental Fig. S1A). Furthermore, the MEM topography of
charophyte algae, as represented by Klebsormidium flaccidum (Klebsormidiales),
Nitella mirabilis (Charales) and Mougeotia scalaris (Zygnematales) is highly similar
to land plants, showing overall structural conservation of MEM in Streptophyta,
representing an evolutionary time of ~1000 million years (Zimmer et al., 2007; Pires

and Dolan, 2012), (Supplemental Fig. S1A). New homology searches in recent

Downloaded from www.plantphysiol.org on September 5, 2014 - Published by www.plant.org
Copyright © 2014 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

N o o o ko wN

(o]

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

10

protein databases also detect similarity between the Maor Facilitator Superfamily
(MFS) domain of secondary transporters (cd:06174) and TMSs 16-22 of DEK1-MEM
(Supplemental Fig. S2). MFS proteins includes uni-, sym- and anti-porters and are a
large and diverse group of proteins facilitating transport of various solutes across the
membranes in response to chemiosmotic gradients, including ions, sugars,
phosphates, drugs, neurotransmitters, nucleosides, amino acids and peptides (for

review see Y an, 2013).

Deletion of the DEK1 Loop severely affects P. patens gametophore body

patter ning.

Our strategy for assessing the function of the Loop in P. patens is first to
utilize homologous recombination to create a Loop deletion mutant (dek14loop) and
then re-target Loop-coding sequences from representatives of the bryophytes,
monocots and dicots grouped in the phylogenetic studies above (Fig. 1B). In order to
create the dekl4loop mutant we first transformed P. patens protoplasts using the
pBHRF-DEK1-4Loop construct (Supplemental Fig. S3A). Out of the 65 stable
transformants, 47 displayed the Adekl phenotype lacking gametophores as described
in Perroud et al., 2014. The PCR genotyping of the dek14loop locus was performed in
two steps. First, we assessed the loss of Loop ORF by attempting to PCR-amplify a
sequence targeted for removal using the primer pair delta loop fra-fw and delta loop
fra-rv (Supplemental Table S2 for primer sequence). Twenty-one transformants
lacked WT bands and were analyzed further. Second, we PCR amplified the targeted
locus using the primer pair delta loop diag fw and delta loop diag rv designed outside
the genomic fragment used to build the pPBHRF-DEK1-/4Loop vector to select single
insertion events. Four transformants showed a signa corresponding to a single
replacement event. All of these events displayed the Adekl phenotype lacking
gametophores (Perroud et al., 2014) (Supplemental Fig. S4A and B). Potentially, an
insertion of a resistance marker in an intron may cause a null mutant phenotype by
interfering with posttranscriptional modifications of the transcript thus preventing
expression of an active protein. To test this we generated transformants showing loss
of hygromycin resistance using the Cre recombinase approach (Trouiller et al. 2006).
Interestingly, the resistance marker-free mutants we obtained displayed a distinct new
phenotype, different from WT or previously described Adekl, carrying gametophores
with atered morphology (Supplemental Fig. SAC shows the line designated
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dek14loop selected for further description). The new locus was cloned and sequenced,
confirming loss of the resistance marker and Southern blot analysis confirmed that the
Loop was eliminated from the genome (Supplemental Fig. S5A and B). To confirm
proper splicing of the DEK1 transcript in dekl4loop line, the cDNA region
overlapping the deleted Loop-coding sequence was amplified and sequenced using the
RT-Loop-F and RT-Loop-R primers (Supplemental Fig. S3A). Sequencing confirmed
in-frame removal of the Loop-coding sequence from exon 7 and proper splicing at the
locus. Transcription of the truncated gene was also confirmed by RT-PCR using the
primers from DEK1 CysPc-C2L coding regions and judged from this semi
quantitative RT-PCR, the level of dekl14loop transcript is not changed compared to
WT (Supplemental Fig. S5D).

In contrast to emerging phyllids of WT plants (Fig. 2A), the most pronounced
phenotype of the dekl4loop mutant gametophores is retarded growth and lack of
expanded phyllids (Fig. 2B). Instead, short filamentous protrusions form on the
mutant gametophore stem (Fig. 2B and E). Neither phyllids nor gametangia are
formed on the mutant gametophore even after two months of cultivation under
sporophyte-inducing conditions (Fig. 2E). Thus, we conclude that dek14loop mutant
is capable of forming gametophore apical stem cells giving rise to a phyllid-less stem,
but that cell divison and differentiation activities from the lateral domains which

normally shape a leafy-shoot gametophore are blocked.

Gametophore pattern formation depends on asymmetric cell divisions
coordinated by local cues within the developing body as described in details by
Harrison et al. (2009). In order to characterize morphological changes in dekl/loop
gametophores we studied the pattern of cell divisions in early buds and juvenile
gametophores (Fig. 3). In WT, the bud initial cell divides first asymmetricaly (Fig.
3A) giving rise to the bud apical and basal cells, respectively, which in a few hours
undergo additional asymmetric divisions. The apical cell divides perpendicular to the
first asymmetric division of the bud initial (Fig. 3A). As previously described by
Perroud et al. (2014), positioning of the division plane in bud apical cells depends on
DEK1 activity, misorientation of cell divisions in Adekl mutants preventing
establishment of the stem cell. Subsequently, the Adekl mutant fails to undergo
transition to three-dimensional growth and further development of the gametophore is
arrested at the early bud stage (Fig, 2C) (Perroud et al., 2014). As shownin Fig. 3E,
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the apical cell of the two-cell stage bud in dekl41loop mutant divides similar to WT,
although with a slight bending of the cell wall. Unlike the 4dekl mutant, the
dekl1loop mutant buds continue to grow. However, the pattern of cell division
become irregular when compared to WT (Fig. 3G and H). In WT, phyllid initial cells
emerge from the lateral domains early during juvenile gametophore development
(Fig. 3D). Phyllid primordials then start to expand in medio-lateral and proximo-distal
dimensions (two-cell file phyllid shown on Fig. 3l). The dekl4loop mutant initiates
formation of the phyllid progenitor cell-like structures (Fig. 3H), however they fail to
expand laterally and, instead, continue to proliferate as curved filamentous structures
(Fig. 3J). Further proliferation of the filamentous protrusions from defective
gametophores stops when they reach the 3-6 cell state (Supplemental Fig. S6). Based
on the reduced growth and lack of expanded phyllids in the dekl4loop mutant we
infer that an intact Loop is critical for DEK1 calpain activity required for locally
coordinated asymmetric divisions, especialy at the lateral domains which shape

gametophore organs.

Deletion of the entire PPDEK1 coding sequence causes an over-budding
phenotype where the number of buds per 15 protonemal filaments (counted from the
apical cell) is increased to approximately four in comparison to one bud in WT
(Perroud et a., 2014). As shown on Fig. 4, the bud induction in dekl4loop mutant
reaches an intermediate level between the WT and Adekl mutant with an average

number of buds close to two.

The Loop from Liverworts, but not dicots or monocots, fully complements the

dek14loop mutant of P. patens.

To investigate whether Loops from the phylogenetically separate groups of
Loop sequences from bryophytes, monocots, and angiosperms (Fig. 1A) are
functionally conserved, we introduced the Loop coding sequences from the liverwort
M. polymorpha, the monocot Z. mays, and the dicot A. thaliana into the original locus
of the P. patens dekl4loop mutant line. In order to verify the functionality of
retargeted sequences we first retargeted the WT Loop coding sequence to the
dek14loop locus as described in Material and Methods (see also Supplemental Fig. S3
B). Four independent lines were obtained in this experiment, al of which reverted to
WT phenotype (Fig. 5A and C; Supplemental Fig. S3A; Supplemental Fig. S7TA-C).
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The Loop coding sequences from M. polymorpha, Z. mays and A. thaliana were then
targeted to the dekl41loop locus. The constructs used to transform the dekl4loop line
are depicted in Supplemental Fig. S3C and lines carrying the heterologous Loop
sequences were selected as described in Material and M ethods.

In the experiment where the Loop coding sequence from M. polymorpha was
introduced (Supplemental Fig. S3C), 15 transformants with no PCR-signal for the
original dekl1loop locus out of the 31 analyzed lines displayed the Adek1 phenotype.
In a PCR screen for single insertion events, three lines with a positive signal were
detected. One of these lines (MpLoop#29, for Southern analysis see Supplemental Fig.
S5B and C) was subjected to the Cre recombinase-mediated elimination of the
resistance cassette. Three lines with no resistance to the G418 were obtained, all fully
reverted to the WT phenotype a shown in more details for one of the lines designed
MpLoop (Fig. 5). In-frame insertion of the MpLoop coding sequence and removal of
the resistance cassette was confirmed by sequencing the Loop overleaping genomic
DNA region. Sequencing of the Loop overlapping cDNA regions confirmed proper
splicing of the PPDEK1 transcript containing heterologous MpLoop sequence (data
not shown). Semiquantitative RT-PCR using the primers from the CysPc coding
region showed that the transcript abundance in the MpLoop lineis the same asin WT
(Supplemental Fig. S5D). Fully developed gametophore of the MpLoop line is shown
in Fig. 5D. The size and overall morphology of the MpLoop gametophore is
indistinguishable from the WT with fully expanded phyllids, differentiated marginal
serrated cells and midrib (Fig. 5H). The bud onset on protonemata in the MpLoop line
shows the same rate as in the WT (Fig. 4). After cultivation of this line under
sporophyte-production conditions, we observed fully developed sporophytes
indistinguishable from WT (Supplemental Fig. S7A and D). These results show that
the heterologous DEK 1-L.oop segment from the liverwort, sharing approximately 43%
amino acid identity with PpLoop, is fully functional in moss demonstrating functional
conservation of the DEK 1-Loop within the groups of early diverging land plants (Fig.
1A).

Next, we investigated whether the monocot and dicot Loops that form separate
clusters in the phylogenetic tree (Fig. 1B) are functiona in P. patens. For the A.
thaliana Loop sequence, six P. patens lines were identified that contained the AtL.oop

out of the 95 transformants obtained. All of these lines showed proper targeting of the
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construct from both 5’and 3'end and they all contained multiple copies of the targeted
seguence at the locus. The line AtLoop#14 was next subjected to the Cre recombinase-
mediated elimination of the resistance cassette. Three AtLoop lines were obtained
with no resistance to G418, al showing the same phenotype as described in more
details for one of the lines below (for construct design and Southern blots see
Supplemental Figs. S3C and S5B and C, respectively). Correct in-frame insertion of
the AtLoop was confirmed by sequencing of the Loop overlapping genomic region.
Semi quantitative RT-PCR using the primers from the DEK1 CysPc-coding region
showed that the transcript abundance in the AtLoop line is the same as in WT
(Supplemental Fig. S5D). Replacement of the PpLoop coding sequence with its A.
thaliana counterpart causes reduced growth of gametophores and morphogenetic
changes affecting phyllid development (Fig. 5E). AtLoop phyllids are narrow with
blade composed of 3 to 8 files of cells with variable size (Fig. 51). No marginal
serrated cells are differentiated. The midrib is formed in phyllids composed of more
than 3 blade cell files, but never differentiates through the entire phyllid axis (Fig. 5I).
Onset of buds on protonemata in AtLoop line shows the same rate as in WT (Fig. 4).
After prolonged cultivation of the AtLoop line under the sporophyte development-
promoting conditions, gametangia were formed however, we were not able to detect

any sporophytes (Supplemental Fig. S7E).

A similar result as for A. thaliana was achieved when the Loop coding
sequence from amonocot Z. mays was used to replace the PpLoop (for construct
design see Supplemental Fig. S3). Out of the 86 genotyped transformants, 9 lines
showed targeting of the ZmLoop to the deklAloop locus, al showing the Adekl
mutant phenotype. Based on PCR-genotyping, al these lines showed proper targeting
of the construct from both 5'and 3’end and they all contained multiple copies of the
targeted sequence at the locus. The line ZmLoop#5 (for Southern see Supplemental
Fig. S5B and C) was then subjected to the Cre recombinase-mediated elimination of
the resistance cassette. Fifteen lines were selected with no resistance to the G418, all
showing a phenotype similar to that of the ZmLoop line described below (Fig. 5F). In-
frame insertion of the ZmLoop coding sequence and removal of the resistance cassette
was confirmed by sequencing of the Loop overlapping genomic region. Semi
guantitative RT-PCR using the primers from the DEK1 CysPc-C2L coding region
showed that transcript abundance in the ZmLoop line is the same as in WT
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(Supplemental Fig. S5D). Similar to the AtLoop line, replacement of the PpLoop with
its maize homolog caused reduced gametophore growth and aberrant phyllid
development with narrow phyllids and blades composed of 3 to 7 cell files (Fig. 5J).
The size and morphology of the phyllid blade cells are variable, effecting phyllid
morphology. All phyllids lack differentiated marginal serrated cells. The midrib-like
structures are formed only in phyllids with more than 3 blade cell files, but never
reach the phyllid tip (Fig. 5J). Morphology of such midribs in the ZmLoop line
appears more affected compared to the AtLoop line as depicted in representative
examples of isolated phyllids in Fig. 51 and J. After cultivation of the ZmLoop line
under sporophyte development-promoting conditions, gametangia were formed.
However, no sporophytes were detected (Supplemental Fig. S7F). Despite the
morphological abnormalities in ZmLoop gametophores, the number of buds formed

per 15 filament cellsis the sameasin WT (Fig. 4).
PpDEK1 deletion alters gene expression prior to bud formation.

In order to detect genes and pathways regulated by DEK1 we performed a
transcriptome analysis of WT and Adekl tissues at 6 and 14 days after culture
initiation. At the first time point, the samples consisted of protonemata cells in both
strains (Supplemental Fig. SBA and B). During the next 8 days, budding occurred in
both WT and in Adekl, but only gametophores developed in WT (Supplementa Fig.
S8C and D). Three independent culture sets were used, giving a total of 12 data
points. cDNA library building and Illumina RNA-seq were performed a BGI
(http://www.genomics.cn/en/index) as described in Material and Methods. RNA-seq

data from this article can be found in the ArrayExpress database

(www.ebi.ac.uk/arrayexpress/) under accession number E-MTAB-2588. After
sequence read mapping against the P. patens genome, transcript abundance (FPKM)
and differential expression were calculated using uniquely mapped reads only as
described in Material and Methods (see full dataset in Supplemental Table S3 and
Supplemental Protocol 1 for the datatset validation details).

As expected, the majority of genes are expressed (FPKM > 1) under al four
conditions. However, there is also a substantial number of genes that are only
expressed under certain conditions (Fig. 6A). Of the total number of transcripts

assembled, 17506 (85,2%) were present under all conditions, an unsurprising result
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since both strains are viable and they do not show morphological difference at the
early time point. A bird's view of the GO term annotation shows that the percentage
of transcript annotation for the common pool (57% of annotated transcript) is slightly
increased compared with the total published P. patens gene model annotation (41%).
At the other end of the scale Adekl and WT specific transcript pools for each time
point show a significant drop in the frequency of gene annotations with values
between 8% to 30%. This drop may reflect an understudy of multicellular
gametophytic development since this stage occurs in mosses and ferns to an extent not
present in the more well studied angiosperms. Next we focused the analysis on
transcript variation associated both with the dekl mutation as well as developmental
stages by looking at the interaction between the two factors using DESeq2
(Supplemental Table $4). In this analysis we found 380 genes for which the change
between the time points was significantly different between the wild type and the
Adekl mutant (BH adjusted p-value < 0.05, absolute log2 fold change > 1). In this set
of 380 genes there are 179 genes with a positive log2 fold change in the interaction
contrast and 201 with a negative log2 fold change. A GOSlim term analysis
performed on this gene subset (Supplemental Fig. S9) showed a clear enrichment in
term function associated with cell wall and cell periphery term. For example, the
absence of gametophore in Adekl a 14 days reflects the reduction of transcript coding
for Pp-ABCG28 (Pp1s198 152V6), a gene associated with cuticle transport present
only in gametophores (Buda et a., 2014). Similarly, NAC transcription factor PpVNS
1 and 5 (Ppl1sl182 37V6.1 and Ppls223 12V6.1 respectively, see Supplemental Fig.
S10) recently shown to control part of phyllid mid rib development (Xu et al., 2014),
remains at a protonema accumulation level in Adekl. In addition, the PpDEK1
deletion also affects the transcriptome before onset of budding. More specificaly, we
identified a gene set that can be directly linked to the Adekl phenotype, namely over-
budding, that also occur at a lower level in dekl1oop (Fig. 4). Two AP2 containing
transcription factors (Pplsl31 139V6.1 and Pplsl31 131V6.1 named ABP2 and
ABP3, respectively by Aoyama et al. (2012) are significantly up regulated in Adek1 at

both time points (Fig. 6B). These two genes belong to a small homologous gene set

analyzed by Aoyama et al. (2012), which are necessary for the budding process since
the quadruple knockout led to bud-less protonemal tissue. Conditional overexpression
of one of this gene, ABP4, in a KO background not only restored the budding
phenotype but also led to over-budding, a similar phenotype observed in the 4dekl
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line of P. patens (Perroud et a., 2014). ABP upregulation in Adekl suggests the
existence of a regulatory function of DEK1 in protonema independent of three-

dimensional development.

Charophycean algae wer ethelast group of land plant predecessors with multiple

formsof calpains.

Previous analysis concluded that the predecessor of Chlorophyta and
Charophyta possessed multiple members of the calpain superfamily (Liang et al.,
2013). In land plants, calpains are represented only by the DEK1-clade of TML-
calpain, whereas only cytosolic calpains, but not DEK1, has been identified in the
chlorophyte genome sequences available at that time (Liang et al., 2013). Using novel
RNAseq data from organisms which represent the five major lineages of charophyte
algae we identified 17 different CysPc transcripts within Mesostigmatales
(Mesostigma viride), Klebsormidiaes (Klebsormidium flaccidum), Charales (Nitella
mirabilis), Coleochaetales (Coleochaete orbicularis) and Zygnematales (Spyrogyra
pratensis and Mougeotia scalaris) (Supplemental Table S5). In all species examined,
except in S pratensis, Dek1-like transcripts were detected that encod proteins with
identical modular composition to land plant DEK 1 proteins. In addition, we identified
several CysPc sequences in transcripts encoding proteins without the unique DEK 1-
domains (MEM and Arm), including transcripts containing single or multiple CysPc
domains, with or without the conserved catalytic triad (Cys, His, Asn) and with or
without a C-terminal C2L domain (Supplemental Table S5). These cytosolic non-
DEK1-like calpains were detected in M. viride, K. flaccidum, N. mirabilis, and S.
pratensis, but not in transcriptome data available for C. orbicularis, possibly
representing the stage at which cytosolic calpains were lost during land plant
evolution. Phylogenetic reconstruction was performed to infer the evolutionary
relationship between the various charophyte CysPc sequences, together with
representative land plant and chlorophyte sequences. The resulting phylogeny (Fig. 7)
confirmed that Mesostigmatales, Klebsormidiales and Zygnematales species, early
diverging charophytes, harbor both DEK 1-clade TML-calpains (clustering with land
plant calpains) and cytosolic calpains (clustering with cytosolic chlorophyte and

animal calpains). The cytosolic calpains where subsequently lost within the
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evolutionary advanced charophytes leaving the DEK 1 protein as the single calpain of

land plants.
Discussion

This study expands our knowledge of DEK1 evolution by showing the
distribution of calpain family in chlorophyte and charophyte algae as well as land
plants, all together representing an evolutionary time span of about 1000 million years
(Zimmer et al., 2007; Pires and Dolan, 2012). As reported earlier, TML-calpains,
capains with more than 15 transmembrane segments linked to the protease CysPc-
C2L originated approximately 1.5 billion years ago as aresult of afusion between the
CysPc-C2L domains and the TML domain, forming a monophyletic group (Zhao et
al., 2012). Reanalysis of the TML domain presented here indicate that segments of the
TML domain belong to the large family of Major Facilitator Superfamily (MFS)
domains of secondary transporters, which, similar to CysPc, are aso of prokaryotic
origin (Pao et al., 1998). Currently, we have no information about the function of
TML in the regulation of CysPc activity in groups other than plants, including
members of the Excavata, SAR supergroups, as well as in Thecamonas trahens, an
ancient eukaryote sister to Opisthokonta (animals, protists and fungi) (Zhao et d.,
2012). Previously, we have shown that the last common ancestor of the chlorophyte
and charophyte algae likely contained both TML-calpains and cytosolic calpains, but
that we were unable to detect TML-calpains in species belonging to the Chlorophyta,
including Chlamydomonas reinhradtii, Volvox carteri, Micromonas pusilla. Here we
show that early diverging charophytes harbored both the cytosolic calpains and
DEK1-like calpains. The cytosolic capains were subsequently lost within the
evolutionary advanced charophytes, leaving the TML-capain as the single calpain
giving rise to the DEK 1 clade of land plants. This supports our hypothesis that DEK 1
evolved from TML-calpains by assuming a novel positional sensing function and
thereby enabling the critical ability of land plants to direct 3D growth and
development of complex organs. One possible explanation for the loss of cytosolic
calpains is that cytosolic calpains interfered with DEK1 action and was therefore
selected against during the transition from charophyte algae to land plants. Methods
for genetic transformation of charophyte algae that could aid in elucidating calpain

function in land plant predecessors are currently underway (Serensen et a., 2014).
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A vital role of DEK1 in controlling 3D growth and development is aso
supported by the fact that DEK 1 exists as a single gene in the overwhelming majority
of plants examined to date. During land plant evolution, a single TML-calpain
evolved into the DEK1 clade, in which the calpain catalytic core domain CysPc is
highly conserved (Liang et al., 2013). As shown here, the Loop sequence is much
more divergent than the sequence of the calpain moiety domains, indicating a role for
evolutionary pressure on the regulatory function of the Loop in driving morphological
and functional divergence between bryophytes and early tracheophytes, and later
dicots and monocots. Retention of a single DEK1 gene in the vast mgority of land
plants implies selection pressure to maintain DEK1 calpain and its indispensable role
in the developmental control of land plants. Elimination of additional copies
following multiple genome-wide duplication events has been reported for genes with
essential physiological and developmental roles (De Smet et al., 2013).

Previous studies have shown that complementation of dekl mutants in both A.
thaliana and P. patens can be achieved by expression of the native CysPc-C2L
domains, and in the case of A. thaliana dekl, also by the CysPc-C2L from P. patens
(Johnson et al., 2008; Liang et al., 2013). However, the high frequency of abnormal
phenotypes, and the requirement for a promoter with specific spatio-temporal activity,
strongly point to an important role for MEM domain in regulating CysPc enzyme
activity. An overview of dekl mutants, DEK1 down-regulation and over-expression
lines as well as genetic complementation experiments in P. patens and representative
angiosperm species can be seen in Supplemental Table S6. Although a complete
understanding of the mechanism of DEK1 activation in surface cells or gametophores
via the MEM domain can only be achieved after determination of its 3D structure,
some progress towards a better understanding of how this works is provided in this
study by the identification of homology between subdomains of MEM and the Mgjor
Facilitator Superfamily (MFS) domains of secondary transporters (Supplementa Fig.
S2). We propose that the function of MFS proteins in facilitating transport of various
solutes across the membranes in response to chemiosmotic gradients is compatible
with evolution of a functional role for MEM in sensing the difference between the
surface membrane of a neighboring cell and the external environment. It is likely that
this relationship was not discovered earlier due to the large sequence divergence

between current day MFSs and MEM. The significance of the positioning of the Loop
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on the cytosolic side can only be fully appreciated after the 3D structure has been
solved. The importance of the Loop in modulating DEK1 calpain activity shown in
this study is in line with a dominant negative effect reported in A. thaliana lines on
which the MEM containing the Loop were overexpressed, while the lines
overexpressing MEM without the Loop appeared WT (Tian et a., 2007). Removing
the Loop in P. patens dekl4loop mutant has significant effect on gametophore
development. However, the effect is less severe than in the Adekl mutant, since
dekl1loop buds are able to form and orient the wall in the bud apica cell
perpendicularly to the first asymmetric division of the bud initial, and perpetuate cell
proliferation (Fig. 3). In our interpretation, this suggests that the CysPc-C2L domain
of deklloop plants undergoes a basal level of activation under less stringent control
leading to proteolytic activity, albeit at a lower level than in WT. In the subsequent
development of the gametophore, the effect of removing the Loop becomes evident,
causing complete blocking of phyllid development. Interestingly, phyllid progenitor-
like cells are formed on dekl4loop buds and later on an aberrant gametophore stem
(Fig. 2 and Fig. 3), which shows that an intact Loop is required for the CysPc-C2L
activity necessary for the asymmetric cell divisions that drive phyllid expansion. This
assumption is further supported by the phenotypes of lines with introduced Loop
coding sequences from A. thaliana and Z. mays, where the phyllids are formed but
their proximo-distal and medio-lateral expansion is greatly affected (Fig. 5). One
possible explanation for the phenotype of dekl4loop that cannot presently be
excluded is destabilization of the molecular structure of MEM as a result of removal
of the Loop. However, the observation of near normal division plane paositioning in
the dekl4loop early bud cells and progressive stem growth suggests that the MEM
structure is not completely disturbed, but rather improperly regulated without the
Loop. The independent folding of separate domains within a multi-domain protein has
been reported for several proteins as a mechanism preventing separate domains from
engaging in aberrant interactions with one another (Netzer and Hartl, 1997; Ri3mann
et al., 2012). This fact also speaks against the severe disruption of MEM in the
dek14loop mutant. The 3D structure determination and knowledge of intramolecular
interactions within the MEM would shed more light to the structure-function
relationships between the Loop and the rest of the MEM domain. In the future, we
hope to be able to measure the in vivo activity of calpains in different mutants and in

different cell types in which the effects on division plane determination is affected.
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This has met with considerable difficulties even in the best studied cases with animal
classical calpains (Zadran et a., 2010), however it represents a powerful future tool to
understand the spatio-temporal control of calpain action.

Interestingly, the Loop segment from the liverwort M. polymorpha is fully
functional in P. patens even if the amino acid identity between the Loops from these
species is only 43%. It is therefore interesting to note that the P. patens Loop shares
38% amino acid identity to A. thaliana and 35% identity to Z. mays Loop,
respectively. Recent phylogenetic studies resolved the liverworts as the earliest-
divergent clade of land plants and mosses as the sister group to hornworts plus
tracheophytes (Ligrone et al., 2012). According to a number of studies, liverworts,
mosses, and hornworts diverged sequentially and form a paraphyletic group with the
hornworts sister to the tracheophytes (Karol et al., 2001; Qiu et al., 2006). On the
other hand, according to other recent analyses, bryophytes represent a monophyletic
group (Cox et al., 2014). Our functional analysis presented in this work shows that
despite the low sequence identity and uncertain evolutionary distance, Loops from the
moss and the liverwort are inter-functional in the gametophytic and sporophytic phase
and that a likely shift in Loop function occurred in angiosperms which displayed a
different body plan organization. Another possible explanation for the lack of full
complementation is failure of the postranscriptional prosessing of the PpDEK1
transcripts containing the Loop-coding sequences from A. thaliana and maize. This
possibility is raised by the presence of aternative splicing variants in the AtLoop and

ZmLoop lines in addition to normal splice variants (data not shown).

Analysis of the transcriptome of WT and Adekl protonemata and early
gamethophores identifies DEK1 as a regulator of the initiation of gametophore buds
in protonemata by suppressing ABP2 and ABP3 transcription factors, thereby keeping
the number of buds to only one per 15 filaments in WT. In Adekl, with an increased
level of these transcription factors, four buds per filament are formed, whereas in
dek14loop the level is intermediate, consistent with the observation of less severe
phenotypes for this mutant in other traits as well. Recently, it was shown that the
AP2-type transcription factors (APB1-4) are positively regulated by auxin and restrict
the fate of the bud initial cell in P. patens protonema tissue (Aoyama et al., 2012).
Here we show that a lack of DEK1 function in the 4dek1l mutant causes an overall up

regulation of APB2 and APB3 in protonemata (Fig. 6), which is accompanied by a

Downloaded from www.plantphysiol.org on September 5, 2014 - Published by www.plant.org
Copyright © 2014 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

v b~ w N

O 00 N o

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29

30
31
32

22

significant increase in bud formation (Perroud et al., 2014 and Fig. 4 in this work).
This indicates that a physiological role of DEK1 in protonemata involves sensing of
cues defined by local gradients of signaling molecules in the growing protonemal
tissue, triggering the downstream events, which restrict the fate of side branch initial

cells.

The negative control of bud initiation is relaxed in the Adekl mutant.
However, the buds fail to establish a functiona meristematic stem cell and their
further development is arrested at an early stage (Perroud et al., 2014). Tight control
of almost invariant cell division plane positioning typical for WT buds is completely
lost in Adekl mutant, and, in addition to their misorientation, the newly formed cell
walls are often bent and wrinkled (Perroud et a., 2014). A growing body of evidence
shows that physical properties of the cell wall and mechanical forces between the
neighboring cells constrain genetic regulation of cell proliferation and specification
(Murray et al., 2012). However, the integrating mechanisms remains largely
unknown. Recently, the functional interplay between WUSCHEL -related genes, which
control stem cells in the meristems of flowering plants, and cell wall modifying
enzymes has been reported in P. patens by Sakibara et al. (2014). In their work, the
authors show that PpWOX13L activity is required for the upregulation of cell wall
loosening enzymes which appear to be involved in stem cells formation and growth in
P. patens. Potential role(s) of DEK1 in the pathways involving WUSCHEL -related
genes has been hypothesized earlier (reviewed in Lau et a., 2012). Cell division plane
orientation, cell wall expansion and fate specification are uncoupled in the Adekl
mutant (Perroud et al., 2014). As we show in this work, a lack of DEK1 function
disturbs transcriptional regulation of the genes associated with cell wall modification
and morphogenesis (Supplemental Fig. S9; Supplemental Table $4). This again may
reflect an inability of the Adekl mutant to sense and respond to the local cues
generated by mechanical forces or gradients of signaling molecules both in

protonemata and buds.
Conclusions

Here we show that P. patens strains in which the DEK1 Loop is deleted from
the transmembrane domain (dekl4loop) retain sufficient activity to allow cell

divisions during early bud development. Subsequent |leafy gametophore development
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is, however, compromised. Although dek14loop strains form phyllid primordia cells
on gametophore stems, they are incapable of further expansion. These results support
our postulated sensory/regulatory role of the Loop segment in the spatio-temporal
control of DEK1 activity. In silico re-examination of the Loop topology in DEK1
proteins from agae and land plants shows that the Loop is oriented towards the
cytosol. Furthermore, we identify for the first time significant homology between
DEK1 MEM and a known membrane protein family, namely Major Facilitator
Superfamily. We believe that the function of M SF proteins give important hints as to
how DEK1 may function in positiona signaling to be explored in future experiments.
DEK1 evolved from an ancient form of calpains containing large transmembrane
domain (TML-calpains) some 1,5 billion years ago. Here we show that in contrast to
the chlorphyte algae, which retained only cytosolic calpains, charophyte algae harbor
both DEK1-like calpains and cytosolic calpains. During the evolutionary transition
from advanced charophyte algae to land plants, the cytosolic calpins were lost, and
the DEK1-calpain clade evolved, supporting our postulated key role for DEK 1 during
land plant evolution. In contrast to the highly conserved CysPc-C2L protease
domains of land plants, we show that the Loop segment is more variable, both
between representatives of charophyte algae and between charophytes and within
DEK1 of land plants. A functional differentiation of the loop is aso supported by the
observation that the Loop sequence of the liverwort M. polymorpha genetically
complement the P. patens dek14loop phenotype, whereas Loop sequences from A.
thaliana and Z. mays only partially complement the same mutant. We interpret this
finding to show that in order to stay functional as the land plant morphology evolved,
the Loop aso evolved. Finally, we show that DEK 1 activity is required for controlled
expression of genes involved in cell wall remodeling and developmental transition in
side branch initials from secondary protonema to bud initial cells. These results
indicate that DEK1, athough not essential for protonemata cell division and
differentiation, may play a role in modulating growth responses globally, likely via
the sensing of local cues which determine bud initiation and cell wall expansion.
Later, in developing buds and gametophores, DEK1 plays essentia role in body
patterning, were various activities are likely needed to control different

morphogenetic programs.
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Material and Methods
Plant material and growth conditions

In this study, we used Physcomitrella patens Gransden strain. Tissue
maintenance and production was performed on BCDA media as described in Cove et
al. (2009). P. patens tissue and protoplasts were grown under long day conditions (16
hours light [70 to 80 umolm™s]/8 hours dark) at 25 °C. Medium was supplemented
with 30 pgl™ of Hygromycin B or 50 ugl™ of G418 for selection of transformed cells.
All phenotypic characterizations were performed on BCD medium unless specifically
mentioned (Cove et a., 2009). Culture for bud count was established as follow. BCD
containing Petri dish was inoculated with 16 equally spaced spot inoculums consisting
of 10 ul of protonemal tissue suspension. Bud count was performed after 14 days of
growth on 15 cells caulonemal filament. Standardly, 100 filaments were randomly
picked from each plate to establish a budding pattern. Tissue for sporophyte
production was grown on sterile Jiffy7 soil blocks placed in the glass flasks under
short day conditions (8 hours light [70 to 80 umolms*]/16 hours dark) at 15 °C and
manipulated as described by Perroud et a. (Perroud et al., 2011). Tissue for RNAseq
analysis was grown and harvested as follows: tissue of protonema cells grown on
BCDA medium under the long day regime (16 hours light [70 to 80 umolm®s]/8
hours dark) at 25 °C was collected, homogenized in sterile water and inoculated on
BCD medium overlaid with cellophane discs (2 ml of homogenized tissue per plate)
as described in Cove et ., (2009). Then, the tissue was collected after 6 and 14 days
of growth under the long day regime (16 hours light [70 to 80 umolm™s™]/8 hours
dark) at 25 °C, frozen in liquid nitrogen and stored a -80 °C. The procedure was
repeated three times to obtain replicates for further analysis.

In silico analyses

The DEK1 sequences used in this study are listed in Supplemental Table S1.
The topography of the transmembrane domain of DEK1 was anayzed with
HMMTOP2.0 (Tusnady and Simon, 2001), using the image creator MyDomain tool
(http://prosite.expasy.org/mydomaing/) to visualize the result. DEK1 sequences were
submitted to the SMART server (http://smart.embl-heidelberg.de/) to identify and
extract the amino acids corresponding to the DEK 1-Loop segment. The DEK1-Loop
sequences were aigned using MAFFT v.7.058b and the L-INS-i algorithm. To
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calculate the pairwise sequence identity between the DEK1-Loop sequences, the
MAFFT alignment was submitted to SIAS at http://imed.med.ucm.es/Tools/. This tool
calculates the identity as the number of identical residues divided by the length of the

shortest sequence. To generate the DEK1-Loop sequence logo, the WebLogo tool
(http://weblogo.berkeley.edu/logo.cgi) was used. We performed phylogenetic
analyses using the maximum likelihood method as implemented in RAXML
version 7.2.6 (Stamatakis, 2006). We used the WAG model of protein evolution
(Whelan and Goldman, 2001) with gamma distributed rate heterogeneity. Branch
support was assessed by running 1000 bootstrap replicates.

PpDEK1_4Loop and L oop complementation vectors constr uction

Primers used for vector construction are listed in Supplemental Table S2. The
schematics for the gene deletion and knock-in complementation constructs are shown
in Supplemental Fig. S3. All nucleotide numberings are relative to the A'TG start site
in the P. patens DEK1 gene sequence (Pp1s173_19V6.1; www.phytozome.net) unless

otherwise stated. All generated plasmid vectors were verified by restriction digestion

analysis and sequencing.

The Loop deletion vector was designed to remove the Loop coding sequence
and insert a hygromycin resistance cassette in a single intron. After sequences and
assembly design, fragment syntheses and cloning were ordered and performed by
Genscript. Inc. USA. Shortly, 5’ targeting sequence spans nucleotides 2561-3563 and
is flanked by 5’ Hindlll and 3’ Nrul restriction enzymes. This fragment ends in intron
7. In order to avoid any splicing conflict with heterologous splicing border pair, the 3
targeting sequence starts with the end of intron 6 exon 7 border, nucleotides 3562-
3609, and continue with exon 8 sequence, nucleotides 5298-6301 (Supplemental Fig.
S3A). Additionally, 5° Kasl and 3’ Nsil restrictions enzymes flank the 3' fragment.
Both fragments were cloned sequentially into pBHRH (Schaefer et al. 2010) using
HindllI/Nrul and Kasl/Nsil restriction enzyme pairs, respectively creating the
pBHRF-DEK1-Loop vector (Supplemental Fig. S3A). Prior to transformation,
pBHRF-DEK1-Loop was digested with the restriction enzymes Hindl 1l and Nsil.

Complementation constructs have been assembled to re-insert the Loop
sequences from different species into the deleted locus. First, to re-insert the P. patens

Loop sequence into its native locus, a DNA fragment, spanning the Loop sequence,
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and 5 and 3 flanking regions (nucleotides 2563-5719), was PCR amplified from
genomic P. patens DNA using primers VI/SP and VI/ASP. The resulting 3156 bp
PCR fragment was cloned into the Zero Blunt PCR cloning vector (Invitrogen,
Carlsbaden, USA), giving plasmid pCR_PpLOOP_V1 (Supplemental Fig. S3B).
pCR_PpLOOP_V1 was digested with EcoRI restriction enzyme prior protoplast
transformation. Secondly, we built three constructs aimed to test heterologous Loop
sequences from A. thaliana (At), Z. mays (Zm) and M. polymorpha (Mp). In these
constructs chimeric Loop from At (nucleotide 2028-2855 relative to the ATG start
site; AT1G55350), Zm (nucleotide 4181-5029 relative to the ATG dtart site;
A4061804.1) or Mp (see below) flanked by P. patens DEK1 5 and 3’ targeting
seguence were constructed as follow: Two DNA fragments were synthetized de novo
by GeneScript (http://www.genscript.com/): 1) The Loop 5’ targeting fragment was a
2174 bp chimeric sequence composed of P. patens DEK1 nucleotides 2565-3681/M.
polymorpha DEK1 nucleotides 1036-1935 (Liang et a., 2013)/P. patens DEK1
nucleotides 4528-4655, and flanked with 5 and 3 Pmil and Xhol restriction sites,
respectively; 2) The Loop 3 targeting fragment was a 968 bp sequence of P. patens
DEK1 nucleotides 2179-3136, and flanked with 5" and 3' Mlul and Clal restriction
sites, respectively. The Loop 5 and 3’ targeting fragments were inserted into the
vector pBNRF using PmlI/Xhol and Mlul/Clal restriction sites, respectively, resulting
in plasmid pBNRF-MpDEK1-Loop-Comp (Supplemental Fig. S3C). Before
transformation, pBNRF-MpDEK1-Loop-Comp was digested with Pmll and Clal
restriction enzymes. To make the corresponding At and Zm Loop complementation
constructs, the In-Fusion Cloning Strategy was used (Clontech Laboratory). To
generate the At and ZmLoop In-Fusion inserts, forward and reverse gene specific
primers containing 5 and 3' 15 bp extensions complementary to the P. patens Loop
3’ flanking sequences in the pBNRF-MpDEK 1-Loop-Comp plasmid was used to PCR
amplify At (primers At Loop ifc SP and At Loop ifc ASP) and Zm (primers
Zm Loop_ifc SP and Zm Loop_ifc ASP) from genomic DNA. These inserts were
each mixed with linearized vector pPBNRF-MpDEK1-Loop-Comp, produced by PCR
amplification using primers SP_Loop_Comp and ASP_Loop Comp to exclude the
MpLoop coding sequence. The inserts and linearized vector were ligated using the In-
Fusion Cloning strategy according to the manufacturer’s instructions, resulting in
plasmids  pBNRF-AtDEK1-Loop-Comp  and pPBNRF-ZmDEK1-Loop-Comp
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(Supplemental Fig. S3C). Prior transformation, these two plasmids were digested
using Sall/Swal restriction enzymes.

Transfor mation procedure

P. patens protoplast production and stable transformation was performed
according Schaefer and Zryd 1997 modified by Cove et al. 2009 with 15 pg of
linearized plasmid DNA used per transformation. Shortly, transformed protoplast
regeneration and selection was performed by transferring the culture to different
media according to the following sequence: 6 days of protoplast regeneration on
PRMB medium, 6 days of selection on BCDA medium supplemented with the
appropriate antibiotic, 14 day of growth on BCDA medium and 7 days on BCDA
supplemented with the appropriate antibiotic. Resistant plant were then picked
individually on fresh BCDA medium and used for genotyping and phenotype analysis
after sufficient growth.

Cre recombinase procedure to remove resistance marker from primary
transformant was performed as previously described (Trouiller et a 2006) with minor
modifications. Transformed tissue was grown as wild type and protoplast production
and transformation carried out using 20 y pAct-Cre (Trouiller et al 2006) using
regular procedure. Protoplasts were plated on cellophane diluted (25 000 counted
protoplast per 9 cm Petri dish) to avoid picking mixed regenerated plant. Protoplast
regeneration and test procedure were performed as follow: 1) four days protoplasts
regeneration on PRMB medium; 2) four days protoplasts growth on BCDA medium;
3) individual plant picking on fresh BCDA plate and growth for eight days; and 4)
replica plating of each individual plant unto BCDA and BCDA with the appropriate
antibiotic. Strain showing loss of antibiotic resistance were selected and grown until

sufficient tissue was available for genotyping and phenotype analysis.
Molecular characterization of transfor mants

Genomic DNA for Southern Blot anaysis was extracted using the Nucleon™
PhytoPure™ Genomic DNA Extraction Kit (GE Healthcare). Southern Blot was
performed as described by Perroud and Quatrano (2006) using 1 pg DNA per
digestion. Probes were DIG-labelled using the DIG Probe PCR synthesis kit (Roche,

Indianapolis, IN, USA) according to the manufacturer’s instructions. Templates for
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PCR amplification of probes were genomic DNA extracted from P. patens and
pBHRF vector. Four different probes (Supplemental Fig. S5) were made to hybridize
to the 5 and 3’ targeting segquences, the kanamycin resistant gene (G418) and the
Loop coding sequence using primer pars PpL5 S S/PpL5 S Asp,
PpL3 S S/PpL3 S Asp, G418-F/G418-R and PpLL_S S/  PpLL_SAsp,
respectively.

RT-PCR and sequencing was used to analyze P. patens DEK1 transcripts to
ensure proper deletion/insertions and splicing at the DEK1 Loop locus. Total RNA
was isolated from P. patens protonemata using the Plant RNeasy Kit (Qiagen). 500
ng DNasel-treated total RNA was reverse-transcribed by 200 U Superscript 11
Reverse Transcriptase (Invitrogen) primed with random hexamers (50 uM) at 55 °C
for 60 min. Phusion High-Fidelity DNA polymerase was used to amplify the target
seguence spanning a region from exon 6 to exon 9 (genomic nucleotides 3190-5358)
as follows: 1 pL undiluted cDNA template was PCR amplified with primers RT-
Loop-F and RT-Loop-R (Supplementa Fig. S3) using the following cycling
conditions: 98 °C for 30 sec, 35 cycles of 98 °C for 10 sec, 56 °C for 30 sec and 72 °C
for 30 sec, and a final elongation step of 72 °C for 5 min. The PCR product was
treated with exonuclease | (Fermentas) to remove excess primers, and then cycling
seguencing reactions were performed using primers PpL_5 Tar-Fw and PpL_3 Tar-
Rv, and the ABI BigDye v.3.1 chemistry according to the SteP method (Platt et al.,
2007). DNA fragments were precipitated using sodium-acetate/ethanol and finally
sequenced by Capillary Electrophoresis using the 3130xL Genetic Analyzer. The

Genomic Workbench Software was used to analyze the sequences.
Genotyping of the complemented lines

First, we genotyped obtained transformants by PCR, looking for loss of the
original dekl4loop locus with RT-Loop-F, RT_Loop-R primers. Then, we screened
selected lines from the first round of genotyping for single-copy insertion at the locus
using LoopGenot-F and LoopGenot-R primers annealing upstream and downstream of
the targeting sequences, respectively (Supplemental Fig. S3). To confirm targeting of
the cassette from both 5 and 3'sites, we PCR-genotyped the lines using the
LoopGenot_F and 35S-R primers (5'targeting) and Term-F and LoopGento-R primers
(3'targeting) (Supplemental Fig. S3). Southern blot was performed to identify the

Downloaded from www.plantphysiol.org on September 5, 2014 - Published by www.plant.org
Copyright © 2014 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

o A~ w N

10
11
12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29
30
31

29

lines with random insertion of the targeting construct in the genome (Supplemental
Fig. S5). Resistance cassettes were eventually removed from selected lines using Cre
recombinase-mediated approach as described above. The lines which showed loss of
the resistance against G418 were further genotyped in three steps: 1) by PCR using
the RT-Loop-F/RT_Loop-R, Southern blot and sequencing of the cDNA regions

overlapping introduced chimeric Loops as described above.
Molecular procedurefor high throughput sequencing

Total RNA was extracted from frozen material using the RNeasy lipid tissue
mini kit (Qiagen) with few modifications. Briefly, the frozen tissue was thoroughly
homogenized in liquid nitrogen using a mortar and pistil. Approximately 120 mg of
powdered tissue was lysed in 1ml QIAzol lysis reagent. Two hundred microliters of
chloroform was added and the mixture was centrifuged at 4 °C. The agueous phase
was collected, 1.5 volume of 100% ethanol was added and the mixture was vortexed.
After binding of the RNA to the RNeasy mini spin column, on-column DNasel
treatment was performed to remove genomic DNA. The column was washed with the
RPE buffer, dried and RNA eluted in 45ul of RNase-free water. The concentration of
RNA was measured and RNA integrity was further assessed using an Agilent 2100
Bioanalyzer (DE54704553, Agilent Technologies, Inc.) with a RNA 6000 LabChip
kit. The RNA samples were stored at -80°C until sent for sequencing.

The library construction and sequencing was performed at Beijing Genomics
Institute (BGI), Hong Kong, China (http://www.genomics.cn/en/index). The total

RNA samples were trested with DNase | to degrade any possible DNA
contamination. Then the mMRNA was enriched by using the oligo(dT) magnetic beads.
Mixed with the fragmentation buffer, the mRNA was fragmented into short fragments
(about 200 bp). The first strand of cDNA was synthesized by using random hexamer-
primers. Buffer, dNTPs, RNase H and DNA polymerase | were added to synthesize
the second strand and the double strand cDNA was purified with magnetic beads. End
reparation and 3'-end single nucleotide adenine addition was then performed. Finaly,
sequencing adaptors were ligated to the fragments and the fragments were enriched by
PCR amplification. During the QC step, Agilent 2100 Bioanaylzer and ABI
StepOnePlus Real-Time PCR System were used to qualify and quantify the sample
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library. The library products were sequenced via lllumina HiSeqgTM 2000. The read
length for all samples was 49 bp.

Bioinformatics analyses of high throughtput dataset

Reads were aligned against the genomic assembly of P. patens (Rensing et al.,
2008; Zimmer et a., 2013), (http://www.phytozome.net/physcomitrella.php, v1.6;
Ppatens _152.fa and Ppatens 152 gene_exons.gff3) using Bowtie (2.1.0) (Langmead
et al., 2009) and Tophat (2.0.10) (Trapnell et a., 2009) using default parameters.
Sample quality was assessed using FastQC (0.10.2)
(http://www . bioinformatics.babraham.ac.uk/projects/fastqe/), with al samples passing

quality control. For downstream analysis only uniquely mapped reads were kept
(Supplemental Table S7).

Gene ontology (GO) (Ashburner et a., 2000) terms were taken from the
Physcomitrella annotation  (http://www.phytozome.net/physcomitrella.php, v1.6;

Ppatens_152_annotation_info.txt). GOSlim terms were derived using GOSlimAuto
provided by AgBase (McCarthy et al., 2006) based on the automated slimming of GO
term annotations (Davis et a., 2010). The significance of over representation was
quantified using hypergeometric tests as implemented in the R package GOstats
(Falcon and Gentleman, 2007) with parameter conditional set to FALSE and FDR
adjustment of p-values (Benjamini and Hochberg, 1995). We applied cuffdiff (2.1.1)
(Trapnell et a., 2010) to estimate gene abundance and to test for pair-wise differential
expression using the Physcomitrella gene models (parameters. -dispersion-method
per-condition --library-norm-method quartile --frag-bias-correct Ppatens 152.fa).
Genes with an FPKM larger than 1 as reported from cuffdiff were marked as being
expressed. We applied a count-based approach for finding genes showing a significant
difference between WT and 4dek1 in the change of expression between 6 days and 14
days. After extracting the gene-wise unigque raw counts by using HTSeq (http://www-
huber.embl.de/users/anders/HT Seq), we applied DESeq2 (Anders and Huber, 2010)
which makes use of negative binomial generalized linear models to test for
differentially expressed genes. We tested for an interaction between genotype and
time, so that the resulting genes were those for which the amount of change between
the two time points was significantly different between WT and 4dekl. Genes with an
FDR-adjusted p-value below 0.05 and an absolute log2 fold change larger than 1 were
kept as being differentially expressed.
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Figurelegends

Figure 1. Land plant Loop phylogeny and structure. Bioinformatic analyses of land
plant Loop sequences. A, Diagram of the predicted DEK1 structure. Bar represents
the length of 100 amino acids. B, Phylogenetic analysis of land plant Loop sequences.
The Loop sequences cluster in four major phylogenetic groups corresponding to
bryophytes, lycophytes, monocots and dicots. C, Alignments between the bryophyte
and lycophyte (group 1), monocot (group 2) and dicot (group 3) Loop consensus
sequences showing the absolutely conserved positions and the degree of sequence
conservation (red = 100 % conserved positions/regions) using CLC Genomic
Workbench to visualizethe result. D, Consensus prediction of Physcomitrella patens
DEK1 membrane protein topology (TOPCONS) suggests the Loop (black lined box)

to be localized at the cytoplasmic side of the plasma membrane.

Figure 2. Gametophore development in WT, dekl4loop and Adekl. A, young WT
gametophore grown on BCD medium. B, young dekl4loop gametophore grown on
BCD medium. C, arrested A4dekl bud grown on BCD medium. D, mature WT
gametophore with differentiated sporophyte cultivated under the sporophyte-
production conditions on soil block. E, mature deklloop gametophore cultivated
under the sporophyte-production conditions on soil block (lower left sector shows the
same mutant gametophore in the scale comparable to WT gametophore on D). Arrow
points to the Adekl bud; arrowheads point to the filamentous protrusions formed on

the dek111oop gametophore stem. Bar: 500 pum.
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Figure 3. Bud and early gametophore development in WT and dekl111oop mutant.
A-D, bud development in WT. E-H, bud development in dekl4loop. I, juvenile WT
gametophore with emerging phylid. J, juvenile dekl4loop gametophore with
filamentous protrusion formed from the phyllid progenitor cell. White arrows point to
the first asymmetric division of the bud initial. Red arrows point to the first division
of the bud apical cell. Arrowheads point to the phyllid primordials. Barr: 50 pm.

Figure 4. Bud initiation in WT, Adekl, dekl4loop, MpLoop, AtLoop and ZmLoop
lines. Graph showing average number of buds formed per 15 filament cells in WT,
Adekl, dekl4loop, MpLoop, AtLoop and ZmLoop lines. Vaues shown are means +
s.e. Different letters denote significant differences at P = 0.05 (ANOVA, LSD-test).

Figure 5. Gametophore development in WT and dekl4loop complementation lines.
A, WT gametophore. B, dekldloop gametophore. C, PpLoop - deklAloop
complemented with the Loop coding sequence from Physcomitrella patens showing
the WT phenotype. D, MpLoop - dekl4loop complemented with the Loop coding
segquence from Marchantia polymorpha. E, AtLoop - dekl4loop complemented with
the Loop coding sequence from Arabidopsis thaliana. F, ZmLoop - deklAloop
complemented with the Loop coding sequence from Zea mays. G-J, isolated phyllids
from apical, sub-apical, middle and basal part of the gametophores. G, WT. H,
MpLoop. I, AtLoop. J, ZmLoop. Bar: 1 mm (A-F), 500 um (G-K).

Figure 6. Transcriptome comparison between WT and Adekl. A, Venn diagram
representing the number of detected transcripts with a FPKM>1 in the two strains
(WT and 4dekl) at the two time points (7 and 14 days). B, Expression of AP2-type
transcription factors. Expression of the AP2-type transcription factors, APB1, APB2,
APB3, and APB4. The height of the bars corresponds to the reported FPKM, and the
error bars represent the standard error (n=3). Asterisks indicate significance based on
the adjusted p-value (**: p-value < 0.01; ***: p-value < 0.001).

Figure 7. Phylogenetic analysis of streptophyte and representative chlorophyte CysPc
sequences. The CysPc sequences were aligned with MAFFT v.7.058b. The tree was
constructed using RAXML with 1000 bootstrap replicates using the WAG model with
GAMMA distributed rate heterogeneity. TML-calpains cluster in a separate group
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from the cytosolic calpains. Land plant sequences are highlighted in green,
charophyte and chlorophyte algae sequences in red and blue, respectively. capnl-3

represent cytosolic rat calpains.
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Figure 1. Land plant Loop phylogeny and structure. Bioinformatic analyses of land plant Loop sequences.

A, Diagram of the predicted DEKZ1 structure. Bar represents the length of 100 amino acids. B, Phylogenetic
analysis of land plant Loop sequences. The Loop sequences cluster in four major phylogenetic groups
corresponding to bryophytes, lycophytes, monocots and dicots. C, Alignments between the bryophyte and
lycophyte (group 1), monocot (group 2) and dicot (group 3) Loop consensus sequences showing the absolutely
conserved positions and the degree of sequence conservation (red = 100 % conserved positions/regions) using
CLC Genomic Workbench to visualizethe result. D Consensus predlctlon of Physcomltrella patens DEK1
membrane protein topology (1P CE et aaRa i Gope iAok o kax)tbRe taaattzBa 5t the

cytoplasmic side of the plasma membrane.
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Figure 2. Gametophore development in WT, deklAloop and Adekl. A, young WT gametophore

grown on BCD medium. B, young dekI4loop gametophore grown on BCD medium. C, arrested Adek! bud
grown on BCD medium. D, mature WT gametophore with differentiated sporophyte grown on soil block.
E, mature dekl4loop gametophore cultivated under the sporophyte-production conditions on soil block
(lower left sector shows the same mutant gametophore in the scale comparable to WT gametophore on D).
Arrow points to the Adekl bud ; arrowheads point to the filamentous protrusions formed on the dekiAloop

. (pﬁ\mloaded from www.plantphysiol.org on September 5, 2014 - Published by www.plant.org
gametophore stem. Bar: 50 " Copyright © 2014 American Society of Plant Biologists. All rights reserved.
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Figure 3. Bud and early gametophore development in WT and dek14loop mutant. A-D, bud

development in WT. E-H, bud development in dek14loop. I, juvenile WT gametophore with
emerging phylid. J, juvenile dek14loop gametophore with filamentous protrusion formed
from the phyllid progenitor cell. White arrows point to the first asymmetric division of the bud

initial. Red arrows poivﬂmﬁﬂoﬂaedﬁiﬁst\d/iwiﬂkamrofidikmdmdsapi@abrceﬂoﬁrmmhmd& poeintida.the phyllid
0

Copyright © 2014 American Society lant Biologists. All rights reserved.

primordials. Barr: 50 pm.
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Figure 4. Bud initiation in WT, Adek1, dek14loop, MpLoop, AtLoop and ZmLoop lines. Graph showing
average number of buds formed per 15 filament cells in WT, 4dek1, dek14loop, MpLoop, AtLoop and
ZmLoop lines. Values shown are means + s.e. Different letters denote significant differences

at P = 0.05 (ANOVA, LSD-test).
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Figure 5. Gametophore development in WT and dek14loop complementation lines, six weeks old.

A, WT gametophore. B, dek14loop gametophore. C, PpLoop - dek14loop complemented with the Loop
coding sequence from Physcomitrella patens showing the WT phenotype. D, MpLoop - dek14loop
complemented with the Loop coding sequence from Marchantia polymorpha. E, AtLoop - dek14loop
complemented with the Loop coding sequence from Arabidopsis thaliana. F, ZmLoop - dek14loop
complemented with the Loop coding sequence from Zea mays. G-J, isolated phyllids from apical,

sub-apical, middle and bRAr PREE P et AR e T F o SR ORI A R "E R oop.

Bar: 1 mm (A-F), 500 pm (G-K).
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Figure 6. Transcriptome comparison between WT and 4dek1. A, Genes present in different conditions.
As expected we find the majority of genes to be expressed (FPKM > 1) in all four conditions. However,
there is also a substantial number of genes that are only expressed under certain conditions. B, Expression
of AP2-type transcription factors. Expression of the AP2-type transcription factors, APB1, APB2, APB3,
and APB4. The height of the bars corresponds to the reported FPKM, and the error bars represent the
standard error (n=3). Asterisks indicate significance based on the adjusted p-value

(**: p-value < 0.01; ***: p-value < 0.001).
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Figure 7. Phylogenetic analysis of streptophyte and representative chlorophyte CysPc sequences.
The CysPc sequences were aligned with MAFFT v.7.058b. The tree was constructed using RAXML
with 1000 bootstrap replicates using the WAG model with GAMMA distributed rate heterogeneity.
TML-calpains cluster in a separate group from the cytosolic calpains. Land plant sequences are
highlighted in green, charophyte and chlorophyte algae sequences in red and blue, respectively.

wnloaded from www.plantphysiol.org on September 5, 2014 - Published by www.plant.org
capnl-3 represent CYtOS(I)DﬁC ra;icﬁﬁi{ﬂ@hn@.zom American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

