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The vast majority of land plants develop gas-exchange tissues with intercellular spaces (ICSs) connected directly to the air.
Although the developmental processes of ICS have been described in detail at the morphological and ultrastructural level in
diverse land plants, little is known about the molecular mechanism responsible for ICS formation. The liverwort Marchantia
polymorpha develops a multilayered tissue with a large ICS (air chamber), whose formation is initiated at selected positions of
epidermal cells. We isolated a mutant of M. polymorpha showing impaired air-chamber formation, nopperabo1 (nop1), from
T-DNA-tagged lines. In nop1 plants, no ICS was formed; consequently, a single-layered epidermis developed on the dorsal
side of the thallus. The causal gene NOP1 encodes a Plant U-box (PUB) E3 ubiquitin ligase carrying tandem ARMADILLO
(ARM) repeats in the C terminus. An in vitro ubiquitination assay indicated that the NOP1 protein possesses E3 ubiquitin ligase
activity in a U-box-dependent manner. Confocal microscopy and biochemical analysis showed that NOP1 was localized to
the plasma membrane. Our investigation demonstrated the essential role of the PUB-ARM-type ubiquitin ligase in ICS
formation in M. polymorpha, which sheds light on the molecular mechanism of schizogenous ICS formation in land plants.

INTRODUCTION

All living organisms exchange gases to sustain vital activities.
For single-celled organisms, this can be accomplished by direct
contact of the cells with the environment. However, for large
multicellular organisms, gas exchange is accomplished through
systems specialized for circulation and gas uptake. For exam-
ple, animals have a closed or open circulatory system pumped
by a heart, and gas exchange with the environment occurs
through lungs or gills. By contrast, plants lack such a system for
circulation and gas exchange. Instead, many plants develop
intercellular spaces (ICSs), connected to the external environ-
ment via small pores, stomata, or air pores, which allow for ef-
ficient gas exchange (Raven, 1996; Jackson and Armstrong,
1999; Evans, 2004). Development of the gas exchange system is
critical in plants, as gaseous carbon dioxide is the only substrate
for carbon fixation in photosynthesis. Spongy mesophyll in the
leaves of vascular plants is a typical example of tissue con-
taining ICSs connected to the external environment via stomata.
ICSs are extensively developed in stems and roots of wetland
plants that grow in hypoxic soils (Seago et al., 2005; Joshi and
Kumar, 2012). ICSs also are present in bryophytes (e.g., stomata
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in the sporophyte of mosses and hornworts and air chambers in
the gametophyte of some liverworts; Renzaglia et al., 2000).
Fossil records of stomata and ICSs in early land plants found in
the 400-million-year-old Rhynie chert, that is, an early Devonian
deposit preserving fossils of plants and animals at the cellular
level, indicate that presence of ICSs is one of the most con-
servative characters in embryophytes (Edwards et al., 1998).
Throughout the evolution of land plants, internalization of the
gas exchange surface by ICSs is implicated to be one of the
critical developments for adaptation to terrestrial environments,
together with development of the cuticle, stomata, and the water
conduction system (Raven, 2002).

In the most cases, the developmental origin of ICSs in me-
sophyll is schizogenous, in which development results in cell
wall separation between adjacent cells in the middle lamella,
rather than lysigenous, in which cell death creates the gas space
(Sachs et al., 1882; Dale, 1988). Although the ICS developmental
process has been described in detail in a number of species
at the histological level, little is known about the underlying
molecular mechanism (Jackson and Armstrong, 1999; Evans,
2004).

The Marchantiales, a group of liverworts that includes
Marchantia polymorpha, develop specialized organs, termed air
chambers, on the dorsal surface of the gametophyte plant body,
which is termed the thallus (Smith, 1955). The air chambers in
M. polymorpha contain a large ICS containing photosynthetic
filaments developed from the subepidermis and connected with
the external environment by means of air pores formed in the
epidermis at the center of the chamber (Barnes and Land, 1907;
Apostolakos et al., 1982). The morphology of the air pores and
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filaments in the air chambers are analogous to stomata and
spongy mesophyll in leaves of vascular plants and are believed
to facilitate gas exchange during photosynthesis, transpiration,
and respiration, especially under waterlogged conditions
(Schénherr and Ziegler, 1975; Green and Snelgar, 1982). The
development of air pores and air chambers in Marchantiales has
been studied since the nineteenth century (Barnes and Land,
1907). The developmental process was elucidated on the basis
of a series of histological observations on Marchantia paleacea
(Apostolakos et al., 1982; Apostolakos and Galatis, 1985). Ac-
cording to detailed observations by Apostolakos, the ontogeny
of the air pores and air chambers of Marchantia begins with the
schizogenous development of protodermal ICSs, termed initial
apertures, between the anticlinal walls of protodermal cells of
the thallus apex (Apostolakos et al., 1982). An air chamber re-
sults from broadening of the base of the initial apertures by
coordination of the rate of cell division and growth of the pro-
todermal and subprotodermal cells surrounding the initial
aperture (Apostolakos et al., 1982). Despite a number of his-
tological studies over the course of the last century focusing
on the morphology and development of air pores and air
chambers in Marchantiales, the molecular mechanism re-
sponsible is unclear.

M. polymorpha has a long history as an experimental organ-
ism. There is renewed interest in the potential of M. polymorpha
as a developmental model organism because of its critical
evolutionary position (Bowman et al., 2007) and the availability
of molecular genetic tools, including transformation techniques
(Chiyoda et al., 2008; Ishizaki et al., 2008; Kubota et al., 2013)
and gene-targeting strategies (Ishizaki et al., 2013).

In this study, we isolated a mutant, called nopperabo1 (nop1),
of the liverwort M. polymorpha that shows impaired formation of
air chambers by T-DNA tagging. Consistent with previous de-
scriptions, schizogenous ICSs were observed at an early stage
of air-pore and air-chamber development in the wild type, but no
such structure was observed in nop7. Molecular and genetic
characterization enabled identification of the causal gene NOP1,
which encodes an E3 ubiquitin ligase localized on the plasma
membrane. This represents an example of successful forward
genetics by T-DNA tagging in bryophytes. Potential roles of the
plasma membrane-localized E3 ligase NOP1 in the regulation of
ICS formation in M. polymorpha are discussed.

RESULTS

Isolation and Characterization of nop1 in M. polymorpha

A mutant of M. polymorpha with impaired air-chamber formation
was identified during the screening of 10,000 T-DNA-tagged
lines for morphological phenotypes of the thallus. We named the
mutant nop1, after a famous monster in Japanese folklore
whose face has no eyes, nose, or mouth. Numerous air pores,
stomata-like structures associated with each air chamber, were
distributed regularly on the entire dorsal surface of the wild-type
thallus (Figures 1A and 1C), whereas no air pores were observed
on the dorsal surface of the nop1 thallus (Figures 1B and 1D).
Transverse sections of the thallus showed that well-defined air

chamber structures formed on the dorsal side of the thallus in
wild-type plants (Figure 1E), whereas a single epidermal layer,
distinguished by the presence of well-developed chloroplasts,
was observed on the dorsal side of the thallus in nop7 plants
(Figure 1F). No distinct impairment of the growth rate of nop1
thalli compared with that of wild-type thalli was observed when
cultured on agar medium under continuous white fluorescent
light at 22°C.

To investigate the phenotype of nop7 in more detail, the initial
stage of dorsal tissue development was observed in the wild
type and nop1 using a series of histological sections (Figure 2).
The transverse section at the apical notch area of wild-type
plants showed a single apical cell (a in Figure 2) with four planes
of sectioning: one dorsal, one ventral, and two laterals (Figures
2A to 2C). In general, the apical cell and lateral derivatives
(subapical cells) of marchantialian liverworts have the same
shape and segmentation pattern (Figure 2B) (Crandall-Stotler,
1981; Shimamura, 2012). The ventral derivatives of subapical

Figure 1. Air-Chamber Phenotype of nop7 Mutant.

(A) and (B) Ten-day-old thalli grown from gemmae of the wild type (A)
and nop1 (B) and magnified images (insets).

(C) and (D) Scanning electron micrographs of wild-type (C) and nop1 (D)
thalli.

(E) and (F) Transverse sections (150-pym thick) from agar-embedded
10-d-old thalli of the wild type (E) and nop1 (F).



Figure 2. Histological Observation of Thalli of the Wild Type and nop1
Mutant.

(A) Diagram showing transverse planes in which thallus sections were
cut.

(B) Schematic illustration of the pattern of dorsiventral division of the
apical cell and subapical cells of M. polymorpha.

(C) and (D) Transverse sections of wild-type (C) and nop1 (D) thalli.

(E) Diagram showing vertical longitudinal planes in which thallus sections
were cut.

(F) Schematic illustration of a typical vertical longitudinal section around
the subapical cell of wild-type M. polymorpha.

(G) and (H) Vertical longitudinal sections of wild-type (G) and nop7 (H)
thalli.

Arrows indicate the initiation of ICSs in the wild type ([F] and [G]).
a, apical cell; a’, subapical cell; s, ventral scale.

cells develop into rows of leaf-like ventral scales (s in Figure 2)
(Crandall-Stotler, 1981; Shimamura, 2012). In the transverse
sections, there were no obvious differences in the shape of
apical cells, the segmentation pattern around the apical cell, and
the tissue differentiation pattern on the ventral side between the
wild type and nop1 (Figures 2C and 2D).

ICSs are formed between the dorsal derivatives of an apical
and subapical cells (Figures 2E and 2F) (Crandall-Stotler, 1981;
Apostolakos et al., 1982; Shimamura, 2012). A vertical longitu-
dinal section of the thallus wing in the apical region of the wild
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type is shown in Figures 2G and 2F. Along the margin of the
thallus wing were wedge-shaped subapical cells (a’ in Figure 2)
that have meristematic activity and that give rise to derivative
cells on both dorsal and ventral sides (Crandall-Stotler, 1981;
Shimamura, 2012). The derivative cells on the dorsal side further
divided periclinally and generated the protodermal and sub-
protodermal cell layers. ICSs first appeared between the anti-
clinal walls of protodermal cells as an initial aperture (Figures 2F
and 2G). Through the course of cell divisions and growth of the
protodermal and subprotodermal cells surrounding the initial
aperture, the base of the initial aperture broadened and the
primary air chamber was formed (arrows in Figures 2F and 2G).
In vertical longitudinal sections of the same region in nop1, al-
though wedge-shaped subapical cells and periclinal cell divi-
sions to form protodermal and subprotodermal cell layers were
observed, no ICS was formed among the protodermal and
subprotodermal cells (Figure 2H). No indication of ICS formation
was observed in serial sections in various orientations in the
apical region. These observations indicated that in nop7, the
initial stage of air-pore and air-chamber development was de-
fective; that is, ICS formation was schizogenous.

Molecular Characterization of nop7 Mutant

Segregation in an F1 population generated by a cross between
nop1 and the wild-type accession Takaragaike-1 (Tak-1) was
123:135 (nop1:NOP1), which showed a good fit to the expected
1:1 ratio as indicated by the x? test. The nop7 phenotype in 123
F1 progeny was completely linked with hygromycin resistance
(Figure 3A).

To identify the causal gene of nop1, a genomic DNA gel blot
analysis of the mutant was performed. Four restriction enzymes
(Clal, Bglll, Xhol, and Pstl) were used to digest genomic DNA
isolated from nop1 thalli. The cauliflower mosaic virus 35S
promoter fragment was used as the probe for hybridization
(Figure 3B). DNA gel blot analysis with the four enzyme digests
displayed single bands (Figure 3C). These results suggested
that a single T-DNA insertion is tightly linked to nop1.

The junction sequences between the M. polymorpha genome
and T-DNA were amplified from nop7 by thermal asymmetric
interlaced-PCR (TAIL-PCR), and nucleotide sequences were
determined. The T-DNA appeared to be inserted within the
gene-coding sequence (Figure 4A). The site of T-DNA insertion
was confirmed by sequencing of genomic PCR products am-
plified from nop1 (see Supplemental Figure 1 online). RT-PCR
using a primer pair designed to span the T-DNA insertion site
(Figure 4A) successfully amplified a cDNA fragment of expected
size in the wild type, whereas no amplification was observed
in nop1 plants using the same primer set (Figure 4B). The
M. polymorpha ELONGATION FACTORT-o gene (EF1a) was
amplified in all samples at similar levels, which demonstrated the
integrity of the RNA preparation. These results confirmed that
transcripts spanning the T-DNA insertion site are absent in the
nop1 mutant.

In order to further confirm that the nop? phenotype was
caused by this T-DNA insertion, we conducted a complementa-
tion experiment. The genomic DNA from 5.7 kb upstream of the
putative start codon to 0.2 kb downstream of the 3’ untranslated
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Figure 3. T-DNA Insertion in the nop7 Genome.

(A) Segregation of the nop1 phenotype with the hygromycin resistance
marker. F1 individuals obtained from a cross between nop7 and Tak-1
showed nop1 and wild-type phenotypes in the ratio of 1:1. F1 individuals
that showed the nop7 phenotype survived (left), whereas F1 individuals
that showed the wild-type phenotype (right) died after transfer to medium
containing hygromycin.

(B) Schematic representation of the T-DNA region in pCAMBIA1300. RB,
right border; LB, left border; ProCaMV35S, cauliflower mosaic virus 35S
promoter; HPT, hygromycin phosphotransferase.

(C) Genomic DNA gel blot analysis of nop7. DNA extracted from nop1
plants was digested with Clal, Bglll, Xhol, and Pstl, fractionated by
electrophoresis, and allowed to hybridize to the cauliflower mosaic virus
35S promoter probe shown in (B).

region was introduced into the nop7 mutant (see Supplemental
Figure 1 online), and two such lines restored the expression of
this gene (Figure 4B) together with air-chamber formation (Fig-
ures 4C and 4D). These results indicated that the nop7 pheno-
type was caused by disruption of the introduced gene, which we
named NOP1.

NOP1 Encodes a Plant U-Box E3 Ubiquitin Ligase

Sequences of NOP71 cDNAs that had been identified from our
EST databases revealed that the deduced amino acid sequence
of NOP1 was related to the plant U-box (PUB) protein family
(Figure 5A; see Supplemental Figure 2 online). The U-box domain is
structurally similar to the RING finger motif, and U-box—containing

proteins are proposed to function as E3 ubiquitin ligases that
catalyze the transfer of ubiquitin from the ubiquitin-conjugating
enzyme (E2) to the target for ubiquitination (Aravind and Koonin,
2000; Ohi et al., 2003). In addition to the U-box, PUB proteins
carry other predicted domains, such as tandem ARMADILLO
(ARM) repeats, Ser/Thr kinase, WD40 repeats, tetratricopeptide
repeats, or a peptidyl-prolyl isomerase domain. The PUB-ARM
family has a plant-specific domain organization (Samuel et al.,
2006; Yee and Goring, 2009). Domain structure analysis showed
that the U-box at the N terminus of NOP1 was highly conserved
and followed by a region containing at least 11 ARM repeats
(Figure 5A; see Supplemental Figure 2 online), which are pre-
sumably important for protein—protein interactions (Samuel
et al., 2006; Tewari et al., 2010). A subset of PUB-ARM proteins
in Arabidopsis thaliana, such as At PUB18 and At PUB19
(Mudgil et al., 2004), contain the conserved domain with un-
known function at the N-terminal end of the U-box (UND). Al-
though there are six potential in-frame start codons upstream of
the U-box-coding region, even the most upstream start codon
did not allow coding of the UND. The amino acid sequence of
NOP1 showed a high overall similarity, including the U-box
domain followed by the ARM repeats, to homologs from bryo-
phytes to angiosperms (see Supplemental Figure 2 online).
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Figure 4. Identification of the Causal Gene for nop1.

(A) Gene organization of NOP1. Arrow heads represent the positions of
primers used for genotyping of wild-type and transgenic lines. Solid
rectangles indicate exons, and an open triangle indicates the position of
the T-DNA insertion in nop1.

(B) RT-PCR analysis of total RNA from the wild type (WT), nop1, and
complemented lines, with the primer sets indicated on the left. The po-
sitions of each primer in the NOP7 genomic locus are indicated in (A).
(C) and (D) Phenotype of complemented lines #1 (C) and #2 (D) and
magnified images (insets).
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Figure 5. In Vitro Ubiquitination Assay of the NOP1 Protein.

(A) Schematic diagram of the NOP1 protein structure. Modular archi-
tecture of NOP1 was analyzed using SMART software (Letunic et al.,
2012). Top panel: Structure of the possible longest NOP1 protein. Bot-
tom panel: Region of NOP1 protein used for in vitro ubiquitination assay.
(B) The MBP-NOP1 protein was incubated with or without E1, E2, biotin-
Ub, and ATP. Ubiquitination in a heterogenous collection of higher mo-
lecular mass proteins was detected with HRP-bound streptavidin (top).
Recombinant MBP-NOP1 was detected with anti-MBP antibody (bottom).
(C) MBP-NOP1 and a series of U-box mutant MBP-NOP1 proteins were
incubated with E1, E2, biotin-Ub, and ATP for 120 min and subjected to
protein gel blot analysis as in (B). WT, the wild type.

A phylogenetic analysis suggested that NOP1 belongs to a sub-
group of PUB-ARMs with an extended C-terminal ARM repeat
region containing up to 12 ARM repeats but no UND (see
Supplemental Figure 3 online). In summary, the NOP1 structure is
typical of a PUB-ARM protein.

The presence of the U-box domain suggested that NOP1 is an
E3 ubiquitin ligase and functions in protein ubiquitination. To
determine whether NOP1 is a functional E3 ubiquitin ligase, we
performed an in vitro ubiquitination assay using the protein
containing the U-box domain and the ARM repeats of NOP1
purified from Escherichia coli as a C-terminal fusion with maltose
binding protein (MBP) (Figure 5). Ubiquitination assays were
performed using human E1 and E2 enzymes and biotinylated
ubiquitin (biotin-Ub). Ubiquitinated proteins were detected using
horseradish peroxidase (HRP)-bound streptavidin, and re-
combinant MBP-NOP1 was detected using an anti-MBP an-
tibody. A polyubiquitination tail was detected when E1, E2,
biotin-Ub, and ATP were present (Figure 5B). The E3 ligase
activity increased in an incubation time-dependent manner (see
Supplemental Figure 4 online) and was not observed in the
absence of any of the essential components of the reaction
(Figure 5B). Thus, NOP1 functions as an E3 ubiquitin ligase in vitro.
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We then investigated if the U-box domain is essential for the
E3 ligase activity of NOP1. The U-box domain of E3 ligases is
predicted to be involved in the interaction with the E2 ubiquitin-
conjugating enzyme, and several of its amino acids are reported
to be essential for this interaction (Pringa et al., 2001; Ohi et al.,
2003). The highly conserved Leu-261, Cys-299, and Pro-300 (see
Supplemental Figure 2 online) were mutated to Ser, Ser, and Ala,
respectively, in the NOP1 protein. These mutated proteins were
expressed as MBP fusions, and the E3 ligase activity was as-
sayed. Ubiquitin-ligase activity was greatly reduced in these
mutant NOP1 proteins (Figure 5C). Therefore, we concluded that
an intact U-box domain was essential for NOP1 E3 ligase activity.

Plasma Membrane Localization of NOP1

To investigate the expression specificity and the subcellular
localization of NOP1, we generated nop? plants expressing
NOP1 translationally fused to the Citrine reporter protein under
the control of the NOP1 promoter (hereafter designated as
gNOP1-Citrine/nop1). The impaired air-chamber phenotype of
nop1 was completely rescued by gNOP1-Citrine/nop1 (Figure 6A),
which indicated that NOP1-Citrine is functional. Fluorescence
microscopy analysis of this line showed that the fluorescence
from the NOP1-Citrine fusion protein was distributed widely
throughout the thallus, including in the apical regions where the
development of air chambers is initiated (see Supplemental
Figure 5 online). Under higher magnification, it was observed
that NOP1-Citrine was mainly localized to the plasma membrane
and was absent from the nucleus and the cytosol (Figure 6B).
The subcellular localization of NOP1-Citrine was further in-
vestigated by subcellular fractionation using the plants ex-
pressing NOP1-Citrine. Soluble, total membrane, and plasma
membrane fractions were prepared from thalli of M. polymorpha
expressing NOP1-Citrine (Figure 6C). Immunoblot analysis
demonstrated strong enrichment of the plasma membrane
H*-ATPase (Maudoux et al., 2000) in the plasma membrane
fraction compared with that of the total membrane fraction,
whereas this protein was below the detection limit in the soluble
fraction, in which cytosolic UDP-Glc pyrophosphorylase (UG-
Pase) was enriched, which indicated successful fractionation.
Immunoblot analyses with an anti-green fluorescent protein (GFP)
antibody specifically detected the expressed NOP1-Citrine fusion
proteins at 142 and 116 kD (Figure 6C); these proteins may rep-
resent the translational products from the most upstream start
codon and the one closest to the U-box, respectively. Alterna-
tively, the 142-kD band might correspond to a NOP1-Citrine
protein consisting of the 116-kD product with posttranslational
modifications. A similar partitioning pattern in the three fractions
for NOP1-Citrine and the H+*-ATPase marker (Figure 6C) indicated
that NOP1-Citrine was localized to the plasma membrane. These
data suggested that the NOP1 protein predominantly localized to
the plasma membrane could be functional.

DISCUSSION

Development of schizogenous ICSs has been reported in many
plants since the nineteenth century (Sachs et al., 1882). How-
ever, little is known about the responsible molecular mechanism
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Figure 6. Plasma Membrane Localization of NOP1.

(A) Phenotype of gNOP1-Citrine/nop1 #1 and a magnified image (inset).
Introduction of the NOP7 gene fused with Citrine in the C terminus
rescued the impaired air-chamber phenotype of nop7.

(B) Confocal microscopy of thallus cells. The panels show Citrine fluo-
rescence, chlorophyll (Chl) autofluorescence, and merged images from
left to right, respectively. Thallus cells of the gNOP1-Citrine/nop1 #1 (top
panels) and the wild type (bottom panels) were observed. Bar = 10 ym.
(C) Protein gel blot analysis of the soluble fraction (S), total membrane
fraction (M), and plasma membrane fraction (PM) from gNOP1-Citrine/
nop1 #1. Fusion proteins were detected with an anti-GFP antibody.
H+-ATPase and UGPase were chosen as subcellular markers for the plasma
membrane-bound protein and for the cytosolic protein, respectively.

(Evans, 2004). Here, we identified the NOP1 gene as an essential
factor for ICS formation in the liverwort M. polymorpha. Histo-
logical examination of air-pore and air-chamber development
in Marchantiales indicates that the ICS is of schizogenous ori-
gin (Apostolakos et al., 1982). Our histological observations
confirmed that schizogenous ICSs are formed in the initial
stage of air-pore and air-chamber development in wild-type
M. polymorpha (Figure 2). In nop1, a periclinal cell division fol-
lowed by anticlinal cell divisions, which generate protodermal
and subprotodermal cell layers, occur normally in the apical
region of nop1 as in the wild type. However, there was no
indication for the presence of an initial aperture, which later

enlarged into a subepidermal ICS in the air chamber connected
to the external environment via the air pore (Figure 2). These
observations indicated the critical role played by NOP1 in the
formation of schizogenous ICS.

NOP1 encodes a protein that shows high overall similarity to
the PUB-ARM protein family (see Supplemental Figure 2 online),
which has a U-box domain implicated in E3 ubiquitin ligases
(Yee and Goring, 2009). Several of the PUB-ARM proteins show
E3 ubiquitin ligase activity in vitro (Stone et al., 2003; Mudgil
et al., 2004; Zeng et al., 2004). Correspondingly, we demon-
strated the U-box-dependent E3 ubiquitin ligase activity of
NOP1 in vitro (Figure 5). Furthermore, confocal microscopy and
biochemical analyses showed localization of NOP1 to the
plasma membrane (Figure 6). These results demonstrated that
NOP1 is a PUB-ARM-type E3 ubiquitin ligase localized to the
plasma membrane. It should be noted that no transmembrane
helix was predicted to be present in NOP1. Interestingly,
a close Arabidopsis homolog of NOP1, PUB44/SAUL (see
Supplemental Figure 3 online), associates with the plasma
membrane via the C terminus ARM repeats, and the subcellular
localization was linked to its in vivo function (Drechsel et al.,
2011). The ARM repeat domain is a highly conserved right-
handed superhelix of a-helices involved in protein—protein in-
teractions (Samuel et al., 2006; Tewari et al., 2010). The plasma
membrane association of NOP1 might also be dependent on the
C terminus ARM repeats via interaction with the plasma mem-
brane-localized regulatory protein and critical for the regulatory
mechanism of ICS formation. Recently, Salt et al. (2011) sug-
gested a complex regulatory mechanism for subcellular locali-
zation of PUB44/SAUL. Under a variety of conditions, such as
treatment with abscisic acid, methyl jasmonate, and auxin, as well
as coexpression with receptor kinases, the localization of PUB44/
SAUL was observed to change to the cytoplasm, plasma mem-
brane, or nucleus in tobacco (Nicotiana tabacum) Bright Yellow-2
cells (Salt et al., 2011). Though the regulatory mechanism for the
subcellular localization of PUB44/SAUL has not been elucidated,
those observations suggest the involvement of various modes of
action and the potential involvement of PUB44/SAUL in plasma
membrane-localized receptor kinase signaling.

At the onset of ICS formation, the external periclinal walls of
the protodermal cells bulge locally and form small surface cav-
ities at the site where the ICS will open (Apostolakos and Galatis,
1985). Ultrastructural examination of air-pore and air-chamber
formation in M. paleacea revealed that the anticlinal cell wall
below the cavity thickens, and such cell wall remodeling below
the cavity expands gradually down to the subprotodermal cell
layer, which is accompanied by displacement of microtubule
systems (Apostolakos and Galatis, 1985). The initiation of ICS is
restricted to a subset of anticlinal cell walls between three or more
protodermal cells around the apical notch region (Apostolakos
et al., 1982). To determine the position of ICS formation, cells
must communicate for perception of their relative position within
the dorsal side of the apical notch region to regulate cell wall
remodeling for ICS initiation. In Arabidopsis, cell separation
during floral organ abscission after pollination and lateral organ
emergence are regulated by the peptide INFLORESCENCE
DEFICIENT IN ABSCISSION, which signals through the Leu-rich
repeat receptor-like kinases HAESA and HAESA-LIKE2, and the
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process is involved in the regulation of cell wall remodeling
(Stenvik et al., 2008; Kumpf et al., 2013). Increasing evidence
implicates the involvement of PUB-ARM proteins in various
plant receptor-like kinase signaling pathways, and the ARM
domains mediate binding to the kinase domains (Gu et al., 1998;
Kim et al., 2003; Samuel et al., 2006, 2008; Mbengue et al.,
2010; Lu et al.,, 2011). For example, the PUB-ARM proteins
PUB12 and PUB13 attenuate the activity of the Arabidopsis
flagellin-sensing receptor 2 by ubiquitination and subsequent
degradation (Lu et al., 2011). Similarly, NOP1 may participate in
a plasma membrane-localized receptor-like kinase signaling
pathway that regulates ICS formation of air chambers via
ubiquitination and degradation of target protein(s). Given
that NOP1 is expressed widely throughout the thallus (see
Supplemental Figure 5 online), there are likely to be target pro-
teins and regulatory factors of NOP1 that function as key factors
regulating ICS formation in M. polymorpha. Further investigations
of NOP1-mediated air-chamber development in M. polymorpha
should shed light on the regulatory mechanism of ICS formation
and its evolution in land plants.

The development of ICSs is considered to be a critical step in
the evolution of land plants (Renzaglia et al., 2000; Raven, 2002).
The ICSs in air chambers must also be significant for members
of the Marchantiales in ever-changing terrestrial environments,
which are sometimes dry and sometimes waterlogged, since
bryophytes are generally associated with wet habitats. There
were no clear differences in thallus growth between nop7 and
the wild type when cultured on agar medium under continuous
white light irradiation at optimum temperature. The humidity was
maintained at a high level, but the thalli were never submerged in
water in these culture conditions. The significance of ICSs in the
growth of M. polymorpha is difficult to detect under such labo-
ratory conditions. Further research on the growth rate and pho-
tosynthetic properties of the wild type and nop7 under various
conditions (e.g., dry and waterlogged conditions) should be con-
ducted to define the functional significance of ICSs. The use of the
air-chamber-less mutant nop7 should provide an ideal experi-
mental system to clarify the physiological significance of ICSs and
their evolutionary contribution to plants in various environments.

METHODS

Plant Material and Growth Conditions

Male and female accessions of Marchantia polymorpha, Tak-1 and Tak-2,
respectively (Ishizaki et al., 2008), were maintained asexually. F1 spores
generated by crossing Tak-2 and Tak-1 were used for transformation.
Formation of sexual organs was induced by far-red irradiation as described
previously (Chiyoda et al., 2008). Mature sporangia were collected 3 to
4 weeks after crossing, air-dried for 7 to 10 d, and stored at —80°C until use.

Plants were cultured using half-strength Gamborg’s B5 medium
(Gamborg et al., 1968) containing 1% agar under 50 to 60 umol photons
m~2 s~ continuous white fluorescent light at 22°C unless otherwise defined.

Generation and Screening of T-DNA-Tagged Lines of
M. polymorpha

Agrobacterium tumefaciens strain GV2260 transformed by the pCAM-
BIA1300 binary vector was used for preparation of T-DNA-tagged lines.
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Transformation of M. polymorpha was performed by cocultivation of
sporelings with Agrobacterium as described previously (Ishizaki et al.,
2008). Hygromycin-resistant transformants were first selected on half-
strength B5 agar medium containing 1% agar, 10 mg L~ hygromycin
(Wako Pure Chemical Industries), and 100 mg L~ cefotaxime (Claforan;
Sanofi-Aventis). After growth of hygromycin-resistant transformants to
3 to 5 mm diameter, independent T1 lines were transferred to fresh agar
plates containing half-strength B5 medium containing 1% agar and
100 mg L~ cefotaxime, grown for 3 to 4 weeks, and screened for ab-
normal thallus morphology by visual examination of phenotypes. Isogenic
lines (the G1 generation) were established from a T1 line of morphological
phenotypes using gemmae that arose asexually from single initial cells as
described previously (Ishizaki et al., 2012). Plants grown from gemmae of
G1 lines (the G2 generation) were used for further experiments.

Phenotype Analysis and Histology

Three-week-old thalli developed from gemmae were dissected into small
pieces and transferred to fixative solution containing 4% glutaraldehyde
in 0.05 M phosphate buffer, pH 7.0, and evacuated with a water aspirator
until the specimens sank. After fixation for 3 h at room temperature, the
samples were rinsed in 0.05 M phosphate buffer and postfixed in 1%
buffered osmium tetroxide at room temperature for 2 h. The samples were
dehydrated in a graded ethanol series and embedded in Quetol 651
plastic resin (Nissin EM) using a graded series of propylene oxide and
resin. Polymerization of the resin was performed at 60°C for 24 h. Semithin
sections (0.5- to 1-um thickness) for light microscopy were obtained with
an Ultramicrotome (Ultracut R; Leica Microsystems) using glass knives
and stained with toluidine blue O.

For scanning electron microscopy, 10-d-old thalli were frozen in liquid
nitrogen and observed with a JSM-8060LVS scanning electron micro-
scope (JOEL).

DNA Gel Blot Analysis

Total DNA was extracted from ~5 g of fresh weight of tissue using the
cetyltrimethylammonium bromide method (Murray and Thompson, 1980)
with modifications as described previously (Ishizaki et al., 2013). Two
micrograms of genomic DNA was digested overnight with Clal, Bglll, Xhol,
and Pstl at 37°C. The DNA was fractionated by electrophoresis in a
0.8% (w/v) agarose gel and blotted onto a positively charged nylon
membrane Biodyne A (PALL). The 1064-bp Pstl-Xhol fragment excised
from pCAMBIA1300 was used as a probe to detect the cauliflower
mosaic virus 35S promoter in the T-DNA of pCAMBIA1300. The blotted
membranes were hybridized in Church hybridization buffer (Church and
Gilbert, 1984) at 65°C with a probe labeled with [a-32P]deoxycytidine
5’-triphosphate by the Random Primer Labeling Kit Version 2 (Takara
Bio). Washing and analyses of blots were performed as described
previously (Chiyoda et al., 2008).

TAIL-PCR and Sequencing of TAIL-PCR Products

TAIL-PCR amplification was performed in accordance with the method of
Liu et al. (1995) with minor modifications using KOD FX DNA polymerase
(TOYOBO) and the PCR protocol listed in Supplemental Table 1 online.
Primary PCR was performed using ~40 ng of genomic DNA as a template.
The following nested primers for T-DNA were designed: CTL1, CTL2, and
CTL3 for the left border and CTR1, CTR2, and CTRS3 for the right border of
T-DNA in pCAMBIA1300. Each of these primers was paired with one of
the three arbitrary degenerate primers AD1, AD2, and AD3. TAIL-PCR
products of tertiary reactions were analyzed using 1% agarose gel
electrophoresis. Distinct bands were excised from agarose gels and
purified using the QIAquick gel extraction kit (Qiagen). Purified PCR
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products were sequenced using the BigDye Terminator Cycle Se-
quencing Kit (Applied Biosystems). All primers used in this study are listed
in Supplemental Table 2 online.

Complementation of nop1

For complementation, the binary plasmid containing the NOP7 genomic
fragment from 5.7 kb upstream of the putative start codon to 0.2 kb
downstream of the 3’ untranslated region and a chlorosulfuron resistance
marker gene (Ishizaki et al., 2013) was used. The plasmid was transformed
into regenerating thalli of nop7 as described previously (Kubota et al., 2013).
Selection was conducted at a concentration of 0.5 wM chlorosulfuron
(DuPont).

Genotyping

Small pieces (3 X 3 mm) of thalli were taken from individual plants and
crushed with a micropestle in 100 pL of buffer containing 100 mM Tris-
HCI, pH 9.5, 1 M KCI, and 10 mM EDTA. Sterilized water (400 pL) was
added to each tube, and 1 pL of aliquot of the extract was used as
a template for PCR using KOD FX Neo DNA polymerase (Toyobo). To
confirm the T-DNA insertion position in the mutant and the success of
complementation, 1 pL from the extract was used for PCR with the
primers L1, R1, and CTL3. Each primer position and primer combinations
used for genotyping of both types are shown in Figure 4.

Expression Analysis by RT-PCR

Total RNA was isolated using Qiagen RNeasy (Qiagen). First-strand cDNA
was synthesized from 1 pg of total RNA with ReverTra Ace reverse
transcriptase (Toyobo) and oligo(dT) primer. PCR amplification of the
NOP1 cDNA-specific sequence was performed using primers L1 and R1.
PCR amplification of the cDNA encoding the EFTa gene with primers
MPpEF1-L and MpEF1-R served as a control. These reactions were per-
formed using the GeneAmp PCR system 9700 (Applied Biosystems).

Phylogenetic Analysis

U-box domains of NOP1 and 41 Arabidopsis thaliana PUB-ARM
proteins were detected using SMART (Schultz et al., 1998) (http://
smart.embl-heidelberg.de). Multiple sequence alignments of the
U-box domains including the U-box domain of Saccharomyces
cerevisiae PRP19 were constructed using the MUSCLE program
(Edgar, 2004) implemented in Geneious software version 6.1.6
(Biomatters; http://www.geneious.com/) with default parameters. The
obtained alignment (see Supplemental Data Set 1 online) was used to
estimate the unrooted maximum likelihood phylogenetic tree with the
PhyML program version 2.1.0 (Guindon and Gascuel, 2003) implemented
in the Geneious software using the LG model and four categories of rate
substitution. Tree topology, branch length, and substitution rates were
optimized, and the tree topology was searched using the nearest-
neighbor interchange method. Bootstrap values were computed from
2000 trials.

Recombinant Protein Expression and Purification

The NOP1 fragment was amplified by PCR using the primers CDS-MBP-L
and CDS-MBP-R and cloned into pMAL-c2 (New England Biolabs) using
the InFusion HD cloning kit (Takara Bio), which generated the plasmid
pMAL-NOP1 for expression of the MBP-NOP1 fusion protein in bacterial
cells. pMAL-NOP1 derivatives each carrying a mutation of Leu-261 to Ser
(L261S), Cys-299 to Ser (C299S), or Pro-300 to Ala (P300A) were generated
by PCR using the primer pairs L261S-F/L261S-R, C299S-F/C299S-R, and

P300A-F/P300A-R, respectively. Wild-type and mutated constructs were
transformed into Escherichia coli strain Rosetta 2 (DE3; Merck Millipore).
To express proteins, overnight cultures were diluted 1:200 in a total
volume of 100 mL. Induction of proteins was performed using isopropyl-
B-p-thiogalactopyranoside for 12 h at 18°C. Following induction, cells
were harvested by centrifugation at 4°C and 4000g for 15 min, re-
suspended in 5 mL of sonication buffer (150 mM NaCl, 20 mM Tris-HCI,
and 10% glycerol, pH 7.4) to which a protease inhibitor cocktail (Complete
tablet; Roche Diagnostics) and 0.1 mg mL~" of lysozyme had been added,
and sonicated. After centrifugation (4°C and 14,000g for 10 min) of the
obtained cell lysates, recombinant proteins in the supernatants were
purified by affinity chromatography using amylose resin (New England
Biolabs) and used for the in vitro ubiquitination assay.

Ubiquitination Assays

Reactions were performed in a total volume of 50 pL using components of
the Ubiquitinylation kit (Enzo Life Sciences). Each reaction contained
0.1 yM human E1, 2.5 uM E2 (UbcH5b, His6 tagged), 2.5 uM biotin-Ub,
1X ubiquitination buffer, 1 mM DTT, 1 unit of inorganic pyrophosphatase
(Sigma-Aldrich), and 3 pg of recombinant MBP-NOP1 protein as in-
dicated. The reactions were incubated for 2 h at 30°C and stopped
by adding 50 pL 2X nonreducing loading buffer. Protein samples were
resolved on 6% SDS-PAGE gels followed by protein gel blot analysis
using a 1:4000 dilution of HRP-labeled streptavidin (High Sensitivity
Streptavidin-HRP; Thermo Fisher Scientific) and a 1:10,000 dilution of
monoclonal anti-MBP antibody (Clone MBP-17; Sigma-Aldrich).

Subcellular Localization Analysis Using Confocal Microscopy

In order to generate the gNOP1-Citrine construct, the promoter region
and the coding region without the stop codon of NOP1 were amplified by
genomic PCR using the primer sets PRO-L/PRO-R2 and gCDSL/gCDSR-ns,
respectively, and cloned into pENTR/D-TOPO (Life Technologies) to
generate pMMO001 and pMMO002, respectively. The 4.4-kb Avrll-Ascl DNA
fragment of pMMO002 was subcloned into the Avrll and Ascl sites of
pMMOO01 to generate the plasmid pMMO003, which contained the NOP1
genomic fragment from 5.7 kb upstream of the putative start codon to the
coding region up to the stop codon. The resultant NOP1 cassette was
subcloned into pMpGWB307 using LR Clonase I (Life Technologies) in
accordance with the manufacturer’s protocol, which generated fusion of
the NOP1 gene with Citrine at the C terminus. The binary plasmid was
transformed into regenerating thalli of nop7 by the method described
previously (Kubota et al., 2013). Selection was conducted with 0.5 uM
chlorosulfuron (Dupont).

Fluorescence derived from Citrine and chloroplasts was monitored in
14-d-old thalli by confocal laser scanning microscopy (FV1000; Olympus)
using 515-nm laser light for excitation, and detection windows ranged
from 525 to 565 nm for Citrine and from 650 to 750 nm for chloroplast
autofluorescence.

Membrane Fractionation

For fractionation, thallus tissues were homogenized with Polytron
(Kinematica) in ~3 volumes of the tissue weight of 500 mM Suc, 20 mM
EDTA, 20 mM EGTA, 50 mM sodium fluoride, 1% (w/v) poly-
vinylpyrrolidone, 20 uM p-amidinophenylmethanesulfonyl fluoride, 2 mM
DTT, 10% (w/v) glycerol, and 50 mM Tris-MES, pH 8.0. The homogenates
were filtered and centrifuged at 5000g for 15 min. The supernatants were
centrifuged at 200,000g for 60 min, and then the precipitates were
suspended in 0.33 M Suc, 2 mM DTT, and 10 mM potassium phosphate
buffer, pH 7.8 (Suc-KP buffer) and used as the total membrane fraction.
The plasma membrane fraction was purified from the total membrane
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fraction by the aqueous polymer two-phase partition method (Yoshida
et al., 1983; Santoni, 2007) as follows. The total membrane fraction was
mixed with a separation solution (3.0 g of polyethylene glycol-3350
[Sigma-Aldrich], 3.0 g of Dextran 500 [SERVA], 28 mL of Suc-KP buffer,
and 4.8 mL of 0.3 M NaCl in Suc-KP buffer), vigorously agitated at 4°C for
5 min, and then centrifuged at 5000g for 10 min. The resulting supernatant
fractions were diluted with 0.3 M Suc, 10 mM boric acid, 9 mM KCI, 5 mM
EDTA, 5 mM EGTA, 50 mM NaF, 2 mM DTT, and 10 mM Tris-MES, pH 8.3,
and then centrifuged at 200,000g for 60 min. The precipitates were
suspended in the same buffer and stored at —80°C as the plasma
membrane fraction. Protein concentration was measured with a protein
assay solution (Bio-Rad). Proteins were separated on 10% SDS-PAGE
gels, transferred onto polyvinylidene difluoride membranes, and detected
with antibodies as indicated in each figure. The antibodies were diluted as
follows: 1:5000 for anti-GFP (Invitrogen), 1:10,000 for anti-UGPase
(AgriSera), and anti-H*-ATPase (AgriSera), in combination with a 1:10,000
dilution of anti-rabbit IgG HRP-conjugated second antibody (GE
Healthcare). Signals were detected using the ECL Plus Western Blotting
Detection System (GE Healthcare) and the ImageQuant LAS-4010 digital
imaging system (GE Healthcare).

Accession Numbers

Sequence data from this article can be found in the DDBJ/GenBank/
EMBL databases under the following accession numbers: AB830886
(MRNA of NOP17) and AB830887 (the genomic locus of NOPT).
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